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SYNOPSIS

The role of aminopropyltriethoxysilane in the interaction between ISAF carbon black and
carboxylated nitrile rubber was studied by measurements of bound rubber, physical and
dynamic mechanical properties of the vulcanizates, and Monsanto Rheometric studies on
the rubber-filler mixes. It is believed that — NH, groups of the silane interact with
— COOH groups of the rubber, while —OC,H; groups of the silane interact with — OH
groups on the filler surface. Weak rubber-filler bonds formed during mixing are converted
into a crosslinked structure during high-temperature molding. The extent of crosslinking
of the rubber phase by the active sites on the filler surface is greater in the case of oxidized
ISAF carbon black, as compared to the nonoxidized grade. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The chemical reactivity of rubber-grade carbon
black is attributed to the presence of oxygen-con-
taining functional groups on its surface.'™ Chemical
interaction between carbon black and rubber confers
reinforcement to rubber in many instances.>® Polar
rubbers are known to exhibit stronger interaction
with carbon blacks as compared to the nonpolar
rubbers.* Recently, Roychowdhury and De®!° re-
ported that oxidized carbon black chemically reacts
with epoxidized natural rubber and chlorosulfonated
polyethylene, the extent of the reaction being de-
pendent on the concentration of oxygen-containing
functional groups on the carbon black surface.
Plueddemann!? showed that coupling agents can
improve the rubber—filler interaction in the case of
mineral fillers. Recently, Wang et al.® showed that
silane coupling agents increase the surface activity
of carbon black filler and cause improvement in the
rubber-filler interaction. In an earlier communica-
tion, it was reported that oxygen-containing groups
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on the carbon black surface can act as a crosslinking
agent for carboxylated nitrile rubber (XNBR).!!
Preliminary studies revealed that 3-aminopropyl-
triethoxysilane (APTS) enhances the degree of
chemical interaction between XNBR and carbon
black. The present article reports the results of the
studies on the effect of APTS on the interaction
between carbon black and XNBR. The carbon black
studied included two grades, namely, ISAF carbon
black and oxidized ISAF carbon black.

EXPERIMENTAL

Details of the materials used are given in Table I
and the formulations of the mixes are shown in Ta-
ble II. Mixing of carbon black, silane, and XNBR
was done in a Brabender Plasticorder { PLE-330) at
room temperature using a rotor speed of 60 rpm.
The coupling agent, APTS, was added in drops to
the carbon black—-XNBR mix and the duration of
the mixing cycle was 8 min. The mix was then taken
out from the Brabender Plasticorder and the final
sheeting was done in a laboratory-size two-roll mill.

For bound rubber measurement, the mixes were
conditioned at room temperature for 7 days and then
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Table I Details of Materials Used

Material Characteristics

Source

Carboxylated nitrile rubber (XNBR)
KRYNACK X 7.50

% acrylonitrile = 27
% carboxyl = 7
Mooney viscosity
(MI1 + 4 at 100°C), 50

Oxidized ISAF black (Spezialschwarz-550) DBP: 47 ¢c/100 g
N,SA: 110 m?%/g

pH: 2.8, %0: 1.44

ISAF black (Printex-55) DBP: 45 ¢cc/100 g
N,SA: 105 m?/g

pH: 9.5; %0: 0.9

Specific gravity: 0.942 g/cc
Boiling point: 217°C

Coupling agent, 3-aminopropyltriethoxysilane

Bayer Polysar, France

Degussa AG, Germany

Degussa AG, Germany

Fluka Chemical Corp.,

USA

cut into small pieces. Approximately 0.5 g of each
compound was immersed in 300 mL of chloroform
for 24 h. The samples were taken out and then vac-
uum-dried to a constant weight. The bound rubber
content was expressed as the weight percent of the
unextracted and insolubilized rubber on the carbon
black surface.

The cure characteristics of the compounds were
studied in a Monsanto rheometer, MDR-2000, at a
0.5° arc of oscillation and at the curing temperature
of 190°C. Molding of the samples was done at the
same temperature under 10 MPa pressure in a hy-
draulic press for 60 min. The molded samples were
taken out from the mold only after cooling them to
room temperature under pressure by cold water cir-
culation through the platens of the press.

Swelling of the molded samples was done in chlo-
roform at room temperature for 72 h and then vac-
uum-dried to a constant weight. The results of the
swelling experiments were expressed as the per-
centage weight loss of rubber on swelling. The phys-
ical properties were measured in a Zwick universal
testing machine, Model 1445. Stress—strain prop-
erties of the molded samples were determined ac-
cording to ASTM D-412 (1987), method A. Tear
strength of the molded samples was measured using
a 90° nick-cut crescent sample according to ASTM
D-624 (1986). The tension set at 100% elongation
was carried out with the tensile specimen. The sam-
ples were stretched for 10 min and then a relaxation
time of 10 min was allowed according to ASTM D-
412 (1987).

Table II Formulations of Different Mixes and the Corresponding Bound Rubber and the Results
of Monsanto Rheometric Studies (i.e., M; and AT Values)

Mix Designation

Material X X0OB XOB, XO0B, XO0OB; XOB, XB XB, XB, XB; XB,
XNBR 100 100 100 100 100 100 100 100 100 100 100
Oxidized

ISAF — 75 75 75 75 75 — — — — —
ISAF — — — — — — 75 75 75 75 75
APTS 7.5 — 1.8 3.75 5.7 7.5 — 1.8 3.75 5.7 7.5
Bound rubber

content (%) — 19 21 24 29 35 15 17 19 21 24
M; (AN-m) 1.0 10.5 7.3 6.0 5.7 4.9 10.9 8.1 6.9 5.6 5.0
AT (AN-m) 1.0 10.0 14.5 17.6 20.2 25.4 4.0 5.6 7.5 8.9 10.2
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The dynamic mechanical properties were deter-
mined using a Rheovibron DDV-III-EP of Orientec
Corp., Japan. The testing was performed at a fre-
quency of 3.5 Hz and a double-strain amplitude
(DSA) of 0.166%, and in the temperature range
—100 to 200°C, the heating rate was 2°C min~!.
DSA is defined as (2 X A/L), where A is the am-
plitude of vibration, and L, the length of the sample.
The low-strain dynamic properties were also deter-
mined using the same instrument, in the tension
mode. The DSA was varted from 0.083 to 5%. The
experiment was conducted at room temperature and
at a frequency of 3.5 Hz.

RESULTS AND DISCUSSION

Figure 1 represents the Monsanto rheographs of
the mixes. The M, (the minimum torque) and At
(the difference in torque rise between the mea-
sured torque at 60 min and the minimum torque)
values are tabulated in Table II. If the mastication
time is kept constant, the M; value signifies the
extent of filler-filler interaggregation™ and,
therefore, the high value of M, in the case of the
XNBR-carbon black system is due to a high degree
of filler-filler interaggregation. On the addition of
APTS, the M, value gradually decreases, indicat-
ing thereby a gradual reduction in the filler-filler
interaggregation. It has been reported that use of
the silane coupling agent was an effective means
of reducing the viscosity.!*!® The reduction in
viscosity is attributed to the structure breakdown
of the filler—filler agglomerates. The results of the
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Figure 1 Monsanto Rheometric curves at 190°C:
(— A —) X;(—-+—) XOB; (——) XB; (— -—) XOBy;
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Figure 2 (a) Stress-strain plots of XNBR-oxidized
ISAF carbon black systems molded at 190°C: (——) XOB;
(—+—) XOBy; (— - - —) XOBy; (— O —) XOBg; (- - -)
XOB,. (b) Stress—strain plots of XNBR-ISAF carbon
black systems molded at 190°C: ( ) XB; (—+—) XBy;
(—++—) XBg (— O —) XBg; (- - -} XB,.

bound rubber measurements are summarized in
Table II. Although the silane coupling agent im-
proves the dispersion of the carbon black filler,
the bound rubber increases and the effect is pro-
nounced in the case of oxidized grade of carbon
black as compared to the nonoxidized grade. As
discussed later (Fig. 8), it is believed that the
amino and ethoxy groups of the APTS interact
with the carboxyl group of the XNBR and the
oxygen-containing groups on the filler surface,
respectively, thus increasing the bound rubber
content.

The increase in At in the Monsanto rheograph is
ascribed to the crosslinking of the rubber phase.!!
The At for the neat polymer is negligible, thus nul-
lifying the possibility of thermovulcanization of the
rubber. The At of XNBR-silane is also negligible,
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which indicates the absence of crosslinking in the
rubber phase in the presence APTS alone. There-
fore, the rise in torque in the case of the XNBR~
carbon black system is solely attributed to the re-
action between the carboxylic groups of XNBR and
the oxygen-containing groups on the filler surface.!!
The increase in At with increase in the concentration
of the silane is evident from Figure 1. The results
are summarized in Table II. Therefore, it can be
inferred that APTS promotes the rubber—carbon
black interface reaction. It is also further observed
that the extent of the interfacial reaction is greater
in the case of oxidized ISAF carbon black as com-
pared to the nonoxidized grade.

The stress-strain properties of the molded sam-
ples are shown in Figure 2. The results of the mea-
surements of the physical properties are summarized
in Table II1. The moduli at 100 and 300% elongation
increase with increasing concentration of APTS.
The tensile strength and the tear resistance also in-
crease with the incorporation of the coupling agent,
indicating enhanced rubber-filler interaction and
this effect is more pronounced in the case of the
oxidized grade as compared to the nonoxidized grade
of carbon black. The drop in the tension set in the
presence of APTS, particularly at high concentra-
tion, is indicative of the formation of a tight network.
The solvent swelling results correlate directly with
the At values of the rheometric study. The decrease

in the weight loss on swelling indicates a higher ex-
tent of the interfacial reaction in the presence of
APTS.

Figures 3 and 4 show the results of the dynamic
mechanical analyses of the XNBR-carbon black
system in the presence of APTS. At T, the tan 6,,,4
decreases while the storage modulus (E’) at room
temperature increases, as the APTS concentration
increases. The effect is more pronounced in the case
of the oxidized ISAF black, as compared to the ISAF
black. As the modulus of a crosslinked polymer is
proportional to the crosslinked density, according
to the statistical theory of rubber elasticity,’” the
enhancement in the modulus in the present case is
thus attributed to the increased interfacial reaction
in the presence of APTS, particularly in the case of
oxidized ISAF carbon black. This is also responsible
for the depression of tan 6,,., at T,. The dependence
of the storage modulus at 25°C and the loss tangent
at T, (i.e., tan d,,,,) on the loading of APTS is shown
in Figure 5 and they are found to obey the following
equations:

(a) For oxidized ISAF carbon black,

o/E'=1+20C—-025C* (1)
(tan 6max )C/t‘an émax
=1-01C+0.01C* (2)

Table III Physical Properties at 25°C of the XNBR-oxidized ISAF Black Mixes Molded at 190°C*

Mix Designation

Properties X0OB XO0B; XO0B, XOB; X0B,
100% modulus (MPa) 2.9 2.8 3.2 4.2 4.3
(1.4) (1.9) (2.0) (2.1) 2.7
300% modulus (MPa) 3.7 4.9 7.0 8.3 12.3
.7 (2.6) (3.5) (5.1) (6.3)
Tensile strength (MPa) 8.1 14.2 16.8 19.2 24.1
(3.4) (6.1) (7.8) (10.4) (11.9)
Elongation at break (%) 988 902 790 654 582
(1682) (1402) (1105) (833) (702)
Tear strength (N/mm) 32.0 48.7 58.9 77.1 90.9
(21.9) (32.4) (40.2) (49.6) (55.6)
Tension set (%) 15.0 7.5 5.0 5.0 0
(20.0) (10.0) (7.5) (5.0) 2.5)
% Weight loss on swelling 49 28 18 11 6
(61) (36) (31) (25) (18)

® Values in parentheses are the results of the mixes with the corresponding nonoxidized carbon black (i.e., mix nos. XB,, XB,, XBj,

and XB,).
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Figure 3 Storage modulus and loss tangent vs. tem-
perature plots of XNBR-oxidized ISAF carbon black sys-
tems molded at 190°C: ( ) XOB; (—-—) X0By;
{(—++—) XOBy; (— O —) XOBg; (- - -) XOB,.

(b) For ISAF carbon black,

E(W/E =1+14C—-017C* (3)
(tan Bmax)c/tan 6me\x
=1-0.07C+0.008C? (4)

where C is the loading of APTS in parts per
hundred parts of rubber by weight, E'., and
(tan 4.y ). refer to APTS-containing for-
mulations, and E’ and tan 6,,,, refer to mixes
without APTS.

The variation of the in-phase storage modulus
with % DSA for the XNBR-carbon black system at
different loadings of APTS is shown in Figure 6.

The results of the measurements of low-strain dy-
namic mechanical properties are summarized in
Table IV. Expectedly, the storage modulus decreases
with increase in % DSA. The difference AE' [i.e.,
(E, — E. ), where Ej is the storage modulus at low
strain (0.083%) and E’_ is the storage modulus at
high strain (5% )] is believed to be due to structure
breakdown of the filler—filler networks.®!® Since AE’
is the highest in the absence of APTS and it de-
creases with increasing concentration of the APTS,
it is inferred that the low-strain storage modulus,
which is mainly due to the filler-filler networking,
decreases on formation of the rubber—filler network.
On application of a dynamic strain, the filler-filler
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Figure 4 Storage modulus and loss tangent vs. tem-
perature plots of XNBR-ISAF carbon black systems
molded at 190°C: (——) XB; (— - —) XBy; {(— « - —) XBy;
(— O —) XBy; (- --) XB,.
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Figure 6 (a) Plots of storage modulus vs. % DSA of
XNBR-oxidized ISAF carbon black systems molded at
190°C: (—) XOB; (—-—) XOB,; (—++—) XOB,;

(— O —) XOBg; (- - -) XOB,. (b) Plots of storage modulus
vs. % DSA of XNBR-ISAF carbon black systems molded
at 190°C: (——) XB; (—-—) XB;; (—--—) XBy;
(— O —) XB;; (- - -) XB,.

Table IV The Low-strain Dynamic Properties at 25°C of the Different XNBR-Black Mixes Molded

at 190°C
Storage Modulus at Storage Modulus at AFE,
Mix 0.083% DSA, E, 5% DSA, E', (Ey —E)
Designation (MPa) (MPa) (MPa)
XOB 57.7 12.1 45.6
X0OB, 52.3 18.0 34.3
XOB, 44.9 20.2 24.7
XOB; 41.1 23.3 17.8
XOB, 38.2 25.5 12.7
XB 42.6 9.3 33.3
XB, 41.0 154 25.6
XB, 40.1 16.3 23.8
XB; 38.4 17.6 20.8
XB, 37.6 18.5 19.1
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networks readily undergo breakdown, but a similar
breakdown does not occur in the case of the rubber—
filler bonds and, hence, AE’ decreases. Due to stron-
ger interaction between the rubber and the oxidized
black, the decrease in AE' in the presence of APTS
is pronounced in the case of oxidized ISAF carbon
black, as compared to the nonoxidized grade.

Ayala et al.? proposed a rubber—filler interaction
parameter (I), which is defined as

I'=gq/n (5)

where ¢ is the slope of the stress—strain curve in the
relatively linear region and 7 is the filler—filler net-
working parameter, calculated from the ratio of
storage modulus values at high strain and low strain.
Figure 7 shows that the rubber—filler interaction pa-
rameter ([) increases with increase in the loading
of APTS, while the filler-filler networking factor
(n) gradually decreases. The increase in I and the
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Figure 7 (a) Variation of interaction parameter () with
loading of APTS: (— A —) XNBR-oxidized ISAF carbon
black; (— O —) XNBR-ISAF carbon black. (b) Variation
of networking parameter (3) with loading of APTS:
(— A —) XNBR-oxidized ISAF carbon black; (— O —)
XNBR-ISAF carbon black.
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Figure 8 Schematic representation of the probable
mechanism occurring in the XNBR-carbon black system.

decrease in 7 is more prominent in the case of oxi-
dized ISAF carbon black, as compared to the non-
oxidized grade. It is concluded that in the XNBR-
carbon black system, APTS plays a dual role. On
the one hand, it reduces the filler-filler interaction
and thus improves the dispersion of the carbon
black, and, on the other hand, it assists in the cross-
linking of the rubber phase by the filler.

It has been proposed earlier that the — OH group
on the carbon black surface interacts chemically
with the — COOH groups of XNBR.! It is believed
that APTS participates in the interaction mecha-
nism through its amino and ethoxy groups. Figure
8 shows a probable mechanism of the XNBR-carbon
black bonding in the presence of APTS. On the basis
of the results of infrared spectroscopic studies, for-
mation of — CONH — groups has been reported in
the bonding between XNBR and — OH groups of
precipitated silica filler in the presence of APTS.?!

CONCLUSIONS

High-temperature molding of XNBR-carbon black
mixes causes crosslinking of the rubber phase by the
chemically reactive sites on the filler surface. Mon-
santo rheometric studies of the rubber-filler mixes
and measurements of the physical and dynamic me-
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chanical properties of the molded samples reveal
that incorporation of aminopropyltriethoxysilane to
the XNBR-carbon black system causes a manyfold
increase in the rubber-filler bonding at the expense
of the filler—filler networks.

The authors acknowledge the financial support provided
by the Department of Science and Technology, Govern-
ment of India, New Delhi.
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