Effects of Silane Coupling Agents on
Mica-Filled Styrene-Butadiene Rubber

SHANKAR DEBNATH, SADHAN K. DE, and DIPAK
KHASTGIR, Rubber Technology Centre, Indian Institute of
Technology, Kharagpur 721302, India

Synopsis

The effects of silane coupling agents on styrene-butadiene rubber (SBR)-mica composites have
been studied with special reference to the technical properties and polymer-filler interaction.
Silane-treated mica improves polymer—filler interaction, which subsequently enhances the tensile
and other technically important mechanical properties. Failure surfaces of tensile, tear, and wear
specimens have been examined under scanning electron microscope (SEM) and the fractographs
have been correlated with the strength and failure mode of the composites.

INTRODUCTION

Recently mica has shown promise as a useful filler for thermoplastics due to
its low cost, availability, and outstanding electrical, heat, and chemical resis-
tance.! Extent of reinforcement by mica depends on the aspect ratio® (ratio of
length to thickness). Breakdown of mica particles during mixing and process-
ing reduces the aspect ratio.? Use of hot runners, longer sprues, and streamlin-
ing may reduce the particle breakdown.? Enhancement of mica—polymer
interaction by treatment of chlorinated paraffin,® maleated polypropylene,®
silane,”® and titanate® coupling agents has been studied in detail. Ultrasoni-
cally delaminated mica’® has been found to impart superior properties to
polypropylene composites over conventionally prepared mica. VuKhanh
et al.}'"!3 have made an in-depth study on the fracture behavior of mica-poly-
propylene composites. Xavier and Sharma'* have shown the structure—prop-
erty relationship of mica—polypropylene composites.

Flow properties'>~!7 of mica-filled polyolefins have been extensively investi-
gated. Utracki'® has pointed out the anisometric flow of PP-mica composites.
Flow, mechanical, and electrical properties of plasma-treated mica-polyolefins
composites'® %% have been found to be better than conventional mica-poly-
olefins composites.

However, reports on the use of mica as filler in rubber are scant. It has been
reported that mica enhances anisometric swelling of nitrile rubber vulcani-
zates?! and reduces permeability * of gases and liquids.

In earlier communications we have reported the network structure-technical
property relationship,? kinetics of vulcanization,?* electrical properties,? and
anisotropic?® behavior of mica-filled styrene-butadiene rubber.

In the present work we have chosen one sulfur-bearing and one nonsulfur
coupling agent in order to study their effects on vulcanization, polymer-filler
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interaction, and structure-property relationship. Scanning electron photomi-
crographs have been used to follow the failure mechanism.

EXPERIMENTAL

Preparation of Mixes, Rheometry, and Preparation of
Test Samples

Formulations of the mixes are given in Table 1. Mixing was done on an open
two-roll mill with a nip gap of 0.25 mm and at a friction ratio of 1:1.10 at
70°C.

Optimum cure time at 150°C was obtained from rheographs (Fig. 1) using
Monsanto Rheometer R-100. Vulcanization of mixes was done in an electri-
cally heated press at 150°C and at a pressure of 4.5 MPa. Vulcanizates were
cooled rapidly in water at the end of curing cycles and then conditioned for
24 h before testing. All properties were measured along the grain direction.

Physical Testing of the Samples

Stress—strain data were determined on Instron Universal Testing machine
(model 1195) using an ASTM C-type dumbbell specimen according to ASTM
D412-81. Tear strength was determined according to ASTM D624-81 test
method using 90° angle test piece. Abrasion resistance was determined in a
DuPont Cryodon abrader according to ASTM D-394, method A.

A Dunlop tripsometer was used to measure rebound resilience at 35°C
according to B.S. 903, Pt. 22, 1950. A Goodrich flexometer was used to
measure heat build-up and dynamic set according to ASTM D623-67,
method A.

Compression set at constant stress (187 kg) and the same at constant strain
(25%) were measured according to ASTM methods D395-61, method A and
D395-61, method B, respectively.

Chemical Testing of the Samples

Volume fraction of swollen rubber (V) in the vulcanizates was determined
by equilibrium swelling method in benzene at 37°C using the following
equation,?’

v (D — FT)p;!
" (D= FT)p* + A,p,

(1)

where,

T = weight of the test specimen,
F = weight fraction of insoluble components in the samples,
D = deswollen weight of the test specimen,
A, = weight of absorbed solvent, corrected for swelling increment,
p, = density of rubber, and
p, = density of solvent.
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Fig. 1. Rheographs of Si-69-treated mica-filled SBR mixes at 150°C: (-) 10 phr, (---) 20 phr,
(---) 30 phr, and (-- --) 40 phr mica-filled stocks.

Scanning Electron Microscopy Studies

SEM observations of tensile, tear, and wear failure surfaces were made
using a Philips 500 model scanning electron microscope. The failure surface of
the test samples was carefully cut out and then sputter-coated with gold
within 24 h of testing. The tilt was kept at 0° in all cases.

RESULTS AND DISCUSSION

Curing Characteristics

Representative rheographs and curing characteristics are shown in Figure 1
and Table I, respectively.

Cure rate decreases on addition of mica, indicating curative absorption on
the filler surface. This is also manifested in optimum cure times. In case of
A-187-treated mica, cure rate as well as optimum cure time remains nearly
constant. Increase of optimum cure time, and consequently, decrease of cure
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rate in Si-69-treated stock has been attributed to the slow mica coupling agent
reaction and slow crosslinking of SBR by Si-69.8

Maximum rheometric torque values increase on addition of the coupling
agents. Improvement in modulus (Table III) is due to higher polymer-filler
interaction. In case of Si-69, still higher torque (Fig. 1 and Table II), is due to
the extra crosslinkings introduced through Si-69 itself.® Higher V. values are
an indirect indication of this type of crosslinking.

Silane coupling agents do not change the viscosity appreciably. The
Mooney-scorch time at 120°C is very high. The decrease of scorch time on
addition of silane coupling agents is due to secondary bond formation through
coupling agents.?

Solvent Swelling of Rubber Vulcanisates

Figure 2 shows the change in V, (apparent crosslink density) as a function of
filler loading. In cases of untreated stock, decrease of V, is due to adsorption
of accelerators which has also been manifested by the higher elongation at
break (Table III) at higher mica loading. The increase of V, with the addition
of A-187 and Si-69 coupling agents is due to higher polymer-filler interaction,
as evident from Figures 3 to 5.
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Fig. 2. Plots of volume fraction of swollen rubber as a function of filler loading: (0O)
mica-filled; (@) A-187-treated, and (a) Si-69-treated mica-filled stocks.
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Fig. 3. Plots according to Westlinning-Wolff's equation [28]: (0) mica-filled; (®) A-187-treated,
and (a) Si-69-treated mica-filled stocks.

Mica-Rubber Interaction

Figure 3 shows the plots according to Westlinning—-Wolff’s equation (2)%

AL,
aF:(KL_g—l) w (2)

where, AL, and AL, are Rheometric torque differences between maximum
and minimum torque values for filled and gum compounds, w is the weight
fraction of filler to polymer. aj, obtained from the slope of (AL;/AL, = 1)
against w plot, is known to represent the filler activity. Figure 3 yields an «aj
value 0.15 for untreated mica and 0.27 and 0.95 for A-187-treated and
Si-69-treated mica, respectively. It is apparent that the higher values of AL;
are due to the enhanced polymer-filler interaction in presence of silane
coupling agents.
Figure 4 shows the plots according to Cunnen-Russel equation (3)%

\%4

ro

Vi

=qe "+ b (3)

where, V,, and V,; are the volume fraction of rubber in solvent-swollen gum
and mica-filled vulcanisates, respectively. The ratio of V,, to V; is a measure
of polymer-filler interaction in filled system. z is the weight fraction of filler in
polymer, a and b are two constants which depend on the filler activity. High
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Fig. 4. Plots according to Cunnen-Russell equation [29]: (O) mica-filled, (@) A-187-treated,
and (a) Si-69-treated mica-filled stocks.

value of a and low value of b indicate strong polymer-filler attachment.?
Untreated mica acts as a nonreinforcing filler, reflecting very poor rubber-filler
interaction where V,,/V,, > 1.

But for A-187- and Si-69-treated mica composites, V,,/V,; values are always
less than unity, which indicates higher polymer-filler interaction. It is also
evident that the intercepts for untreated mica are higher than those of
silane-treated stocks, indicating enhanced polymer-filler interaction due to the
coupling agents.

Figure 5 shows the plot of V,,/V,, against §/(1 — 8) according to Kraus
equations (4) and (5)%°

Vo _,__ml @
v, (-9)
where,
m=3C(1-VY)+V,-1 (5)

where, V,, and V,; are explained earlier, C is a constant characteristic of filler
but independent of solvent. # is the volume fraction of filler in the vulcan-
izate, m is designated as the ‘polymer-filler interaction’ parameter obtained
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from the slope of the plot of V,,/V,, against 6/1 — 8. It is seen from Figure 5
that untreated mica shows a nonreinforcing trend beyond 3.0 volume percent-
age. However, both A-187- and Si-69-teated mica show reinforcing characteris-
tics at all filler loadings studied due to enhanced polymer-filler interaction.

A mechanism of polymer-filler interaction due to the incorporation of Si-69
and A-187 in mica-filled SBR has been proposed.

T
C—H EtO\ | ./OEt
I + EtO781—(CHz)a—(S)4—*(CH2)3*—SliOEt
?H EtO OEt
T
+H—~o~s|i§
mica surfaces
l -2C,H,OH
|
T
I + 28—S—(CH,),—Si—0——Si—
C—H PUNG | >
‘ OFEt
s
under vulcanization condition
P OBt
HC-—(8),—(CH,),— SiZ—0—8i<
<~ O | Some |
7Si—O7Si(CH2)3—(S)2~—(!JH OEt
EtO CH,

The mechanism is self-explanatory. However, the salient features of the
mechanism is that, one molecule of Si-69 couples through free radical mecha-
nism with one olefinic unit of the elastomer molecule and also two molecules
of —OH groups of mica, resulting in higher polymer-filler interaction. In case

PN .
of A-187 (CH,——CH—CH,;—OC;H¢—Si(OCH;);)-treated mica, the
bridge between mica and coupling agent obviously forms through the elimina-
tion of one methyl alcohol. The other bridge between coupling agent and
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Fig. 5. Plots according to Kraus equation [30]: (O) mica-filled, (®) A-187-treated, and (a)
Si-69-treated mica-filled stocks.

polymer possibly involves interaction between active epoxy group of coupling
agent with active tertiary hydrogen atom of butadiene monomer unit of SBR.

Physical Properties

Physical properties are summarized in Table III. Mica causes marginal
increase in modulus and tensile strength. However, silane treatment causes
noticeable improvement in these properties. This has been ascribed to en-
hanced polymer-filler interaction.”® Higher modulus and hardness of Si-69-
treated mica composites over A-187-treated mica composites are obviously
due to extra crosslinks through Si-69,® which imparts superior polymer-filler
interaction to A-187-treated mica composites. Near constancy of elongation at
break against mica loading for Si-69-treated stock in contrast to A-187-treated
stock where EB% increases with filler loading reflects the enhanced polymer-
filler interaction as well as formation of extra crosslink through Si-69. This is
also manifested in the hysteresis values. Heat build-up (AT) increases in the
presence of mica but the increase is more pronounced in the case of Si-69-
treated filler than in A-187 ones. Similarly, resilience, dynamic set, and
compression set at constant stress and at constant strain are lower in the case
of silane-treated stock. However, the deterioration of abrasion resistance in
silane-treated stock in contrast to reported results is not understood.

Stress-Strain Behavior

The stress-strain behavior of untreated and silane-treated mica-filled SBR
vulcanisates is shown in Figure 6. Addition of mica does not make the
vulcanisate rigid,? as is evident from higher percentage of elongation at break
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Fig. 6. Stress-strain curve of vulcanizates (@) gum; (0) 40 phr mica-filled, (a) 40 phr
A-187-treated, and (O) Si-69-treated mica-filled vulcanizates.
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Fig. 7. Tensile fractograph of 30 phr mica-filled SBR composite (X400).

Fig.9. Tear fractograph of 20 phr mica-filled SBR composite (X400).
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at high mica loading. This is also manifested by significant flow region beyond
initial Hookean rise of modulus. Silane-treated mica raises the modulus more
than the untreated mica and initial slopes are also steeper particularly at
higher mica loadings. Higher modulus of silane-treated mica is due to higher
crosslink density than the untreated mica-filled vulcanisates. Higher modulus
of Si-69-treated stock is due to the superior polymer-filler attachment and
extra crosslinks through Si-69, which itself acts as a curing agent® by virtue of
its tetrasulfide functionality. The sharp rise of stress in case of 30 and 40 phr
mica-loaded vulcanizates, particularly in silane-treated stock, is an indirect
proof of enhanced polymer-filler attachment and orientation of mica?® which
is also evident from SEM fractographs (see Figs. 8 and 10) discussed later in
this article.

Scanning Electron Microscopy

Figure 7 shows the tensile fractograph of mica-filled composites where
straight fracture path and debonded mica particles indicate poor polymer-filler

Fig. 11. Wear fractograph of 20 phr mica-filled SBR composite (X100).
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Fig. 12. Wear fractograph of 20 phr mica-filled (Si-69 treated) SBR composite (X100).

interaction, whereas in Si-69-treated stock (Fig. 8), rough failure surface and
increased wetting of mica by the matrix shows higher polymer-filler interac-
tion.

Tear fractographs behave similarly. Rough tear surface of Si-69-treated
mica-filled stock (see Fig. 10) over smooth fracture surface of untreated
mica-filled stock (Fig. 9) again shows superior polymer-filler interaction with
Si-69. Oriented mica particles are also observed in case of Si-69-treated stocks
(Figs. 8 and 10).

Fractograph of wear surface of mica-filled composite (Fig. 11) show de-
formed ridges as well as lumpy materials, showing poor abrasion resistance,
but Si-69-treated stock (Fig. 12) shows deformed ridges and dimple formation
indicating higher fatigue life. However, abrasion loss values (Table III) could
not be correlated with the fractograph. It is also found from Figures 7 and 8
that addition of Si-69 influences the orientation of mica particles and is
responsible for higher strength at higher elongation in A-187- and Si-69-treated
stocks over simple mica-filled stock (Fig. 6). Fractographs of A-187-containing
composites are similar to Si-69-containing composites.

CONCLUSION

Mica marginally improves the tensile properties of styrene-butadiene rub-
ber, but abrasion loss and set properties deteriorate. Incorporation of silane
coupling agent enhances mica-rubber interaction, which in turn is responsible
for increase in tensile, modulus, set, and hysteresis properties. Marginally,
higher viscosity of silane-treated stocks reflect secondary structure formation
in presence of silane coupling agent. Scanning electron microscopic (SEM)
photomicrographs also show enhanced polymer-filler interaction in the pres-
ence of silanes. Oriented mica particles are also found in SEM . fractographs,
which might be responsible for the increase in the stress at higher elongation,
particularly in cases of higher mica loading.
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