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ABSTRACT : The effects of zinc surfactant (ZB) on the bis(triethoxysilylpropyl)disulfide (TESPD)-
silica mixture in natural rubber (NR) and solution butadiene-co-styrene rubber (S-SBR) were compared
with respect to their rheological property, processability, physical properties, and silica dispersion.
In the NR compound, addition of the ZB increased the reversion resistance time (T-2), the tensile
modulus, and the BO time; however, lowered the viscosity, the HBU, and tan§ values. In the S-SBR
copound, addition of the ZB increased the tand values while lowered the T-2, the tensile modulus,

the BO time, the viscosity, and the HBU of the compound.

In the NR compounds, addition of

the ZB significantly increased the processability and mechanical property. However, in the S-SBR
compounds, it improved the processability the mechanical property was not improved.

Keywords : zinc surfactant, precipitated silica, TESPD bis(triethoxysilylpropyl)disulfide), rheology,

NR and S-SBR.

T . Introduction

Organo bifunctional silane, which containing
sulfur, bis(triethoxysilylpropyltetrasulfide (TESPT),
have been studied since 1970's to improve the
processability and chemical bonding between silica
and rubber chain,"” and they were utilized in the
'green tire' tread compound.‘;'5 However TESPT
exhibit less stable during mixing due to their low
dissociation energy than the bis(triethoxysilylpro-
pyl)disulfide (TESPD).’

Silane has been used to improve processability of
the silica compounds.”” Bifunctional silane into
silica compounds improves the processability "'
and the mechanical property'”"® of the compounds.
The porous and polar characteristics of the silica
surface®"” make the compound process harder than
other particle filled compounds such as carbon
black, zinc oxide, calcite etc.'
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Zinc-ion containing surfactants such as zinc stea-
rate, zinc tallowate, zinc naphthenate, and zinc
2-ethylhexanoate acts as an intermolecular lubricant
and activator because they are rubber soluble and
zinc-ion acts as an activator. Depending on their
structure such as carbon chain length, chain length
distribution, polarity, and branching, their final
product property varies. Large amount of additives
are used in the industry now, however, there were
few systematic theory or researches'™'® on the zinc
surfactant illustrated above. Addition of zinc sur-
factant in the silica/ TESPD/NR compound exhibited
significant improvement on processability and
mechanical property,”'19 however there were no
researches on zinc surfactant application in the
silica/ TESPD/SBR  compounds.

The NR compounds have been used in the area
of truck tire industries and building's vibration
absorption against earthquake ete.” The NR is non-polar
and has more double bonds than the SBR.”

The SBR/BR compounds have been used in the
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'green tire' compounds, which exhibits low rolling
resistance, good wet and snow traction.””

We present the effects of the zinc surfactant (a
class of zinc soap), which developed in our lab, on
TESPD treated silica compounds in the NR and the
SBR compounds during mixing and after vulcani-
zation. Processability, silica agglomerate disper-
sion, vulcanization characteristics, and mechanical
properties of each compound were compared.

II. Experimental

1. Materials

The silanes used in this study were the TESPD

Table 1. Materials Used In This Study

trade name SCA985, which was a product of
Struktol. The zinc surfactant used in this study was
ZB47 (ZB), which was a product of Struktol.

The elastomer used were NR, which was a
Goodyear product by the brand name of SIR-20, and
S-SBR (SBR), which was a Firestone product by
the brand name of Duradene 740 (17% styrene).

The silica used was Ultrasil VN3, which was
precipitated silica with BET area 175 (mz/g) supp-
lied by Degussa.

Various additives including activator, processing
aids, anti oxidant, homogenizer, curing agent, and
accelerators were used. The information of the ma-
terials used in this study is summarized on Table 1.

Trade name (Code) Supplier

Rubber guliaignél\ﬁ)o (S-SBR) g(r);’:giir
Peptizer A6 Struktol
Filler Ultrasil VN3 (Silica) Degussa
Activator Zinc Oxide [ZnO), Stearic acid
Processing aid Titanium dioxide [TiO;] DuPont
Antioxidant TMQ [poly(trimethyl dihydroquinilin)] Vanderbilt
Antioxidant, Antiozonant, Inhibitor Sunolite 240
Lubricant, Activator Carbowax 3350 [polyethylene glycol] Harwick
Homogenizer 60 NS Flakes Struktol
Processing aid, Dispersing agent WB 222 Struktol
Plasticizer, Softener Stanplas 2000 Harwick
Bonding agent SCA 985{bis(triethoxysilylpropyl)disulfide] Struktol
Activtor ZBA4T7*(ZB) Struktol
Vulcanizer Sulfur (S)

MOR*#*
Accelerator Vanax A (4,4'-dithiodimorpholine) **Harwick

DPG (Diphenylguanidine)
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2. Mixing

A Banbury internal mixer (BR 1600) was used
for mixing rubber and additives and a data acqui-
sition computer was attached to this to obtain the
data at the time of mastification. The fill factor
was fixed at 0.7 and the starting operation tem-
perature of mixer was set to 65.5°C. The rotor speed
was set to 77 RPM.

The mixing formulations and procedures are
included in Table 2.

Table 2. Mixing Formulations (phr) and Procedure
(D Formulation

D 1st Stage

Material | S2 |S272]S285] S2 |S2z2]s275
NR 100.0] 100.0] 100.0] 00| 00] 00
S-SBR 00| 00/ 00] 100.0] 100.0] 100.0
A 86 025 025 025 025 025 025
Silica s7.0] 570 70| s7.0] 570/ s57.0
Zinc Oxide 20l 40l a0] 40l 40l a0
Stearic Acid 2.0 2.0 2.0 2.0 2.0 2.0
TiO2 sof 50l sol sof sof 50
™Q 1ol 1ol 1o 1ol 10l 10
Sunolite 240 | 1.25] 125 125 125 125 125
PEG o] 10l 10/ 10/ 10 10
60 NS Flakes | 3.5] 3.5 35| 35 35| 35
WB 222 200 200 20] 20/ 20/ 20
Stanplas 2000 | 40| 40| 40| 40/ 40| 40
TESPD 25] 25] 25 23] 25 25
7B 00| 20/ 50 o] 20/ 50

© 2nd Stage

Sulfur [ 200 20 20 20 20[ 20
MOR 200 20/ 20] 20 20| 20
Vanax A 0.5 05 05] 05 05] 05
DPG 05 05 05 03[ os[ 05

@ Mixing Procedure

. Add rubber and A86

. Mix to 30 sec

. Add rest additives

. Mix to 250°F and sweep
. Mix to 5 min and dump.

[ N S

3. Shear Viscosity Measurement

Shear viscosities were measured in a pressurized

rotational rheometer with a biconical rotor. This was
the instrument described by Montes et al,”’ which
measures the viscosity at various speeds. The shear
rate and shear stress were given by

r= (1a)

_3M
O = 47R’ (1b)

where @ is the angular velocity, @ is the cone angle,
M is the torque and R is the cone radius.”

4. Reversion Test

An oscillating disc cure rheometer (ODR 2000)
manufactured from Monsanto Co. was used measu-
ring vulcanization property and reversion resistance
time (T-2) of the compounds following ASTM D
2084 method at 160°C. T-2 is length of the time
that takes two Mooney unit drop from the Mooney
maximum torque My. The oscillation frequency was
100 cycles/min (1.66 Hz) with amplitude of 3°.

5. Viscoelastic Property (tand)

The wulcanized materials were characterized
using Mechanical Energy Resolver (MER-1100B)
manufactured by Instrumentors, Inc. Oscillatory
tension/compression signal responses from test
specimens were measured as follow™:

E'fe) = E* cosb (2a)
E'(w) = E* siné (2b)
Ex = (2 + E*)"” = Ef1 + (tand’]” (2¢)
wpa = E” (2d)

where @ represents oscillation frequency, E* is the
complex dynamic modulus, & is the phase angle, E'
(#) is the real dynamic modulus, E"(#) is the
imaginary dynamic modulus, and 7.4) is the tensile
viscosity.
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6. Tensile Test

The tensile test results were obtained from the
dumbbell shaped specimens measured following
ASTM D 412-87 method. The tensile modulus at
100% elongation (Pa) of each compound was
measured. The thickness and the width of the speci-
mens were average 2.2 mm and 6.3 mm, res-
pectively.

7. Blowout (BO) Time and Heat Build
Up (HBU)

The “Firestone Flexometer”** was used measu-
ring BO time and HBU temperature of each sample
as of ASTM D 623. This is a testing apparatus for
applying a uniform circulatory oscillating action
under compression. The bottom moving part is
circulatory oscillating at constant speed of 13.1 Hz.
The amplitude of the lower moving part was 7.6
mm. The test specimen was in the shape of a frustum
of a rectangular pyramid with dimensions; base, 54
by 28.6 mm; top, 50.8 by 25.4 mm; and altitude,
38.1 mm.

8. Scanning Electron Microscope Obser-
vation

A Hitachi $-2150 scanning electron microscope
(SEM) was used to characterize the order of silica
agglomerate particle size. The prepared compounds
were fractured in liquid nitrogen and coated with
silver using a sputter coater. Each specimen was
observed at 5,000 magnification.

M. Results and Discussion

1. Temperature Changes During Mixing

Figure 1 represents the stock temperature changes
during internal mixer mixing. Addition of the ZB
into the TESPD-silica compounds, S2 (NR, SBR),
lower the stock temperature rise of both the NR and
the SBR compounds. As the concentration of the
ZB increased from 0 to 2 parts by hundred rubber

At reEw] A39A A4z, 2004
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Figure 1. ZB concentration effects on the stock temperature
changes (a) the NR compounds, (b) the SBR compounds
during first stage mixing.

(phr) and to 5 phr, the temperature rises in the mixer
further decreased on both compounds during mixing.
Comparing the NR and the SBR compounds at 200s
mixing time, the stock temperature of the (S2) SBR
compound rapidly increased to 177°C (350°F) while
other compounds Z2S2 (SBR) and S2Z5 (SBR)
increased to 170°C and 160°C, respectively. At the
same mixing time at 200s, the SBR compounds
exhibited higher temperature rise than the NR
compounds i.e. SBR(S2) > NR(S2), SBR(S272) >
NR(S272), and SBR(S2Z5) > NR(82Z5), respectively.

2. Steady Shear Viscosity

Figure 2 represents the steady shear viscosity of
each compound. As the slope of the viscosity is
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closer to vertical or viscosity shows at a high stress,
it tends to show yield values or hard to process,
respectively. Addition of the ZB in the NR and the
SBR compounds lowered the viscosity of each
compound and the order of viscosity was pro-
portional to the concentration of the ZB, i.e. the
viscosity of each compound decreased as the
concentration of the ZB increased i.e. S2(NR) >
S27Z2(NR) >S2Z5(NR), and S2(SBR) > §272(SBR)
>S27Z5(SBR). Similar trend, the viscosity reduction
of the TESPT treated silica compounds depending
on the ZB concentration, was reported previously.'®

The ZB clearly reduced the viscosity of silane
treated silica compounds in the NR and the SBR.

3. Mooney Viscosity

Figure 3 represents the dynamic viscosity,
Mooney viscosity, of each compound measured at
0.2 rad/sec and 100C. As the concentration of the
ZB increased, the viscosity of the NR and the SBR
compounds decreased, which exhibited the same
trend measured from the steady shear viscosity data
as shown above ie. (S2(NR) > S2Z2(NR) >
S2Z5(NR), and S2(SBR) > S272(SBR) > S2Z5(SBR).

It is clear that the ZB acted as a lubricant on both
the NR and the SBR compounds.

4. Viscoelasticity (tand)

Figure 4 represents the tand values (£"/E") depen-
ding on the ZB concentration of each compound
after vulcanization at 23°C and 100°C, respectively.
As the test temperature increased from 23T to 10
0C the tand value of each compound decreased,
which was the typical trend on that system on
vulcanized systems. At 23°C, as the concentration
of the ZB increased the tand values of both
compounds NR and SBR decreased ie. tand
(NR,SBR)[S2 > 8272 > S2Z5]. The viscoelasticity
at 100°C, as the concentration of the ZB increased,
while the tané values of the NR decreased i.e. tand
[S2(NR) > S2Z2(NR) > S2Z5(NR)], that of the SBR
ones increased i.e. tan([S2(SBR) < S2Z2(SBR) <

(a) NR m Opﬂ
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Figure 2. ZB concentration effects on the shear viscosity
(a) the NR compounds, (b) the SBR compounds at 100C.
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Figure 3. ZB concentration effects on the Mooney viscosity
of the NR and the SBR compounds.

S2Z5(SBR)].
Addition of the 7B clearly lowered the tand values
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N
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Figure 4. ZB concentration effects on the viscoelastic
property (tand) of the NR and SBR compounds at 1 Hz,
23°C and 100C.

of the NR compounds at both 23C and 1007C;
however in the SBR compounds it was not effective
lowering the tan§ values, which was the same trend
observed from the TESPT treated silica compound.'®

5. Reversion Test

Figure 5 shows the vulcanization curves of the
NR and the SBR compounds at 160°C for 30 min.
While the S2(NR) compound exhibit the reversion
behavior, the S2(SBR) compound did not exhibit
reversion behavior, rather this exhibited a marching
behavior. While addition of the ZB increased the
T-2 in the NR compounds, it decreased the T-2 in
the SBR compounds. The higher minimum torque
(Mp) of both the S2(NR) and the S2(SBR) com-
pound matches with the shear viscosity data and the
Mooney viscosity as shown previously. Addition of
the ZB in the NR compounds increased the T-2 of
each compound and it increased proportionally as
the ZB concentration increased; however, it
decreased the T-2 in the SBR ones. The S2Z5(NR)
and S2(SBR) compounds exhibited no reversion
behavior. Addition of ZB in the NR systems seems
increased the degree of cross-linking; however it
decreased the degree of cross-linking in the SBR
systems due to their different matrix characteristics.
This will be discussed in section 3.10.
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Figure 5. ZB concentration effects on the vulcanization
curves (a) the NR compounds, (b) the SBR compounds.

6. Tensile Test

Figure 6 represents the modulus changes at 100%
elongation as a function of the ZB concentration,
which measured from the dumbbell shaped speci-
mens. As the ZB concentration increased from 0 to
2 and to 5 phr, in the S2(NR) compounds, the
modulus of each compound increased; however, in
the S2(SBR) compounds it decreased.

7. Blowout (BO) and Heat Build Up
(HBU)

Figure 7 represents the order of deformation after
the BO test measured from the Firestone Flexo-
meter. Addition of the ZB into the S2(NR) com-
pounds lowered the deformation ratio from 5.9% to
1.7%; however, in the SBR compounds, it increased
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Figure 6. ZB concentration effects on the tensile modulus
at 100% elongation of the NR and the SBR compounds.
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NR and the SBR compounds.
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Figure 7. ZB concentration effects on the BO detormation
ratio (d/D) of the NR and the SBR compounds.

the deformation ratio from 0.01% to 1.0%.

Figure 8 represents the BO time of each com-
pound measured from the Firestone Flexometer.
Addition of the ZB(5phr) into the S2(NR) com-
pounds increased the BO time considerably from
80min.(S2(NR)) to 8640min.(S2Z5(NR); however,
it lowered the BO time in the S2(SBR) compounds
from 8040min.(S2(SBR)) to 500min.(S2Z5(SBR)),
respectively.

Figure 9 represents the HBU temperature of each
compound measured from the Firestone Flexometer.
Addition of the ZB(5phr) into the S2(NR) com-
pound decreased the HBU temperature from 121°C
(S2(NR)) to 109°C(S2Z5(NR)), and into the S2
(SBR) compound decreased it from 125°C(S2
(SBR)) to 120°C(S2Z5(SBR)), respectively. In the

ZB Concentration (phr)

Figure 9. ZB concentration effects on the HBU temperature
of the NR and the SBR compounds.

NR system, this trend is consistent with the tand
values as showed in Figure 4. However, in SBR
system, as the temperature in the compound in-
creases, S$2Z2 compound showed higher tempe-
rature than S2 compound, which matches with the
tand values showed in Figure 4. The S2Z5(SBR)
compound showed lower temperature rise than the
control, but higher tan( than the S2(SBR). This may
come from the differences from the rubber matrix,
which represents some of the ZB in the SBR might
play a lubricant role in the compound.

Stiffer compounds generate less heat and smaller
temperature tise due to the smaller amplitude of
oscillation at constant load arnplitude.23

Addition of the ZB into the S2(NR) compounds
seems formed a stronger 3-dimension network than

Elastomer Vol. 39, No. 4, 2004
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the S2(SBR) compounds.

8. SEM Observation

Figure 10 represents typical SEM photographs of
the NR and the SBR compounds after vulcanization.
In the S2(NR) compounds, the silica agglomerates
were well dispersed; however, in the S2(SBR) com-
pounds, several big agglomerates exists. In the NR
compounds, addition of the ZB exhibited several big
agglomerates; however, in the SBR compounds,
smaller agglomerates disappeared significantly. We
will discuss about the mechanism at section I-9.

The zinc ion seems to help the re-agglomeration
of silica particles in the presence of silane, which
is rubber-(silane-silica)y-silane-rubber network. The
role of zinc ion on silica re-agglomeration mecha-
nism is not clear at this stage.

(2) S2(NR)

(d) S2(SBR)

(e) S2Z2(SBR)

9. Discussion

9-1 Silica dispersion

Silica agglomerates disperse in two different
mechanisms. First, the coupling of silane (silane-
rubber, ™" silica-silane™") reduces the filler-filler
interactions due to increased filler-polymer interac-
tions.”’ Polar silica particles interact with polar
rubber results in smaller silica agglomerates in the
SBR compound than relatively non-polar NR com-
pound due to increased filler-polymer interactions;
however, the silane treated silica compounds, the
S2(NR) exhibited smaller silica agglomerate size
than the S2(SBR) compound. In the coated particle
filled system, when organic acids coat on inorganic
fillers, the interaction between the filler and polymer
decreases.”>* This™> represents the polarity of the
silane coated silica particles are lower than untreated
silica particles. Second, self agglomeration of the
silica agglomerates, which are silica(A)-silane(S)-

(¢) S2Z5(NR)

(f) S2Z5(SBR)

Figure 10. SEM photographs of the vulcanized compounds (a) S2(NR), (b) S2Z2(NR), (¢) S2Z5(NR), (d) S2(SBR), (e)

S27Z2(SBR), and (f) S2Z5(SBR) at 5,000 magnifications.

Azlxgrw] A)399W A4z, 2004
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silica(A) (ASA) and silica(A)-silane(S)-silica(B)
(ASB).""** In the ASA agglomeration type, the
silica agglomerates are easily break down due to
lowered polarity between silica agglomerates;
however, in the ASB agglomeration type, even the
big silica agglomerates remain constant, the 3D-
network between particles is stronger than without
silane coated system as shown in the SBR com-
pounds. The role of the silica source, grape shape
or branched shape, seems play a role as well as the
level of the moisture in the slica.”'®*"**

9-2 NR vs. SBR

Each rubber has different levels of double bonds
and different types of residues. The NR has more
double bonds than the SBR. The unit cell of
crystalline form NR has a density 1.0 g/cm3 and that
of amorphous unfilled rubber is 0.9 g/em’, respec-
tively.”” The NR is mainly based on isoprene and
has many other ingredients such as sugars, fats and
proteins, which influence the vulcanizate pro-
perties.18 The residue such as fatty acids, amino
acids, and proteins will also react with the initial
zinc oxide. These acids should present in the final
vulcanizate as their zinc soaps. There were many
researches focused on the nucleation rate,” crystals
growth,”'41 rubber crosslink densi‘[y,42 the tem-
perat:ure43 and the strain®; models such as Flory's
'fringed micelle’ model,* Andrews' 'chain fold
model,”*® and later authors.*™" The crystallization
is accompanied by an increase in density (i.e.
decrease in volume) and volume changes.”””' Nu-
cleation may occur spontaneously and homogeneously
throughout the amorphous phase at lower tem-
perature or is 'seeded’ by foreign surfaces or struc-
ture discontinuitics. The crystal growth™ is in-
fluenced by the type and density of nucleation.
Embryo nuclei grow to a critical size and distri-
bution before any macroscopic effect such as elastic
modulus increase is observed. We observed im-
provement of the reversion and elongational
modulus with the addition of the ZB in the NR
compounds; however, we could not observe im-

Table 3. Density and Abrasion Loss of Vulcanized NR
and SBR Compounds

NR 1 SBR
$2 |s272/5275| s2 |s2z2]275
Density
: 1171118 | 119 | 119 | 1.19 | 1.19
(g/cm’)
Abrasion 1055 33 | 436 | 431 [ 122 | 134 | 135
(mm”)

provement in the SBR compounds as shown in
Figure 5 and Figure 6, respectively. We presented
that the addition of ZB into NR compounds in-
creased the density of compound (g/cms) and lowered
the abrasion loss (mms).52 In SBR compound system,
the addition of ZB did not effect the density changes
of the compound, but increased the abrasion loss.
They are summarized on Table 3. This confirms the
ZB effectively increased the cross-linking of NR
compounds.' In the SBR compounds, it decreased
the cross-linking in this system. This system is under
further investigation.

IV. Conclusions

Addition of the ZB increase the strong 3-
dimensional network structure in the TESPD treated
silica filled NR compound; however, it was not
effective in the SBR compounds. The zinc ion in
the ZB seemed reacting differently in different
matrix systems and seemed relate to the vulcani-
zation mechanism, which related to the degree of
cross-linking of the compounds. Thus affecting the
processability and properties of the final com-
pounds.

We conclude here that the role of the zinc ion
on sulfur reaction mechanism was effective in the
NR compounds; however it was not effective in the
SBR compounds.
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