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ABSTRACT : Influence of low molecular weight polybutadiene (liquid PB) treated with maleic
anhydride on properties of a silica-filled SBR compounds was studied. Silica dispersion was improved
by adding liquid PB. The liquid PB treated with maleic anhydride (liquid MAPB) was found to be
more effective for the improvement of silica dispersion than the liquid PB without maleic anhydride
(liquid NPB). Viscosity of the SBR compound decreased by adding the liquid PB. The crosslink
density decreased with increase of the liquid PB content and the cure rate became slower with increasing
the liquid PB content. Considering the experimental results, it was believed that addition of small
amount of the liquid PB (less than 5 phr) was desirable to improve properties of silica-filled SBR
compounds.
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1. Introduction

Silica has a number of hydroxyl groups on the
surface, which results in strong filler-filler interac-
tions and adsorption of polar materials by hydrogen
bonds.”” Since intermolecular hydrogen bonds
between hydroxyl groups on the silica surface are
very strong, it can aggregate tig,htly.?"3 Its property
can cause a poor dispersion of silica in a rubber
compound. Thus, for a silica-filled rubber com-
pound, the filler dispersion is a critical problem to
solve in order to make good compounds. A good
dispersibility in a silica-filled rubber compound im-
proves tensile strength, elongation at break, abrasion
resistance, and fatigue resistance.” Dispersibility of
filler in a rubber compound is very important. In
order to improve the dispersibility, various proce-
ssing aids are used in mixing of a rubber com-
pound.™® A rubber compound with a poor filler
dispersion will have worse physical properties than
that with a good one.

The polar surface of silica makes hydrogen bonds
with polar materials in a rubber compound. Since
the silica surface is acidic, especially it forms a
strong hydrogen bond with basic materials. The
adsorption of curatives by silica results in delay of
the scorch time and reduction of the crosslink
density. In general, a silane coupling agent such as
bis-(3-(triethoxysilyl)-propyl)-tetrasulfide (TESPT)
is used to improve the filler dispersion and to
prevent adsorption of curatives on the silica sur-
face.”"" The silane coupling agent reacts with silanol
on the surface of silica and a siloxane bond is
formed. The silane molecule is bound to the silica
surface.

In the previous works,”"” we reported that pro-
perties of a silica-filled styrene-butadiene rubber
(SBR) compound were improved by adding acry-
lonitrile-butadiene rubber (NBR) or low molecular
weight polybutadiene (liquid PB). NBR has nitrile
groups (-CN). The basic nitrile groups makes hyd-
rogen bonds with silica and the filler dispersion is
improved. The adsorbed NBR molecules on the

silica surface prevent adsorption of curatives. SBR
consists of the four components of styrene, cis-1,4-,
trans-1,4-, and 1,2-units. The 1,2-unit is more in-
teractive with silica than the other components.lé'18
Polybutadiene can have three different components
of cis-1,4-, trans-1,4-, and 1,2-units. Liquid PB with
high content of the 1,2-unit improves the filler
dispersion in silica-filled SBR compounds.'*"

In general, less polar rubber molecules become
compatible with polar materials by treating with
maleic anhydride.lg'20 In the present work, we study
the improvement of the filler dispersion in silica-
filled SBR compounds using liquid PB treated with
maleic anhydride. We believe that the maleic anhy-
dride may help to improve the silica dispersion. The
liquid PBs having 0, 10, and 20 wt% of maleic
anhydride content were used.

II. Experimental

The compounds were made of SBR, liquid PB
(3, 6, and 9 phr), silica, silane coupling agent (5169,
TESPT), cure activators (stearic acid and ZnO),
antidegradants (HPPD and wax), and curatives
(TBBS and sulfur). Ricon131, Ricon131MA10, and
Ricon130MA20 of Sartomer Co. were employed as
liquid PB. The maleic anhydride contents of
Ricon131, Ricon131MA10, and Ricon130MA?20 are
0, 10, 20 wt%, respectively. Average moleculr
weights (M,) are 4500, 5000, and 3100, respec-
tively. The 1,2-unit contents are the same (28%).
7175 (pH = 6.9, BET = 175 m’/g) of Kofran Co.
was used as silica. The formulations were given in
Table 1.

Mixing of the compounds was performed in a
Banbury type mixer at a rotor speed of 40 and 30
rpm for the master batch (MB) and final mixing
(FM) stages, respectively. The initial temperatures
of the mixer were 110 and 80 C for the MB and
FM stages, respectively. The MB compounds were
prepared as follow. (1) SBR was loaded into the
mixer and premixed for 0.5 min. (2) The silica,
silane coupling agent, and liquid PB were com-
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Table 1. Formulations (phr)

Compound No. 1 2 3 4 5 6 7 8 9 10
SBR1500 ¥ 100.0 97.0 96.0 91.0 97.0 96.0 91.0 97.0 96.0 91.0
Ricon131 ? 0.0 3.0 6.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0
Ricon131MA10 © 0.0 0.0 0.0 0.0 3.0 6.0 9.0 0.0 0.0 0.0
Ricon130MA20 © 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 6.0 9.0
Z175 © : 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
Si6o ? 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0 2.0 20 2,0 2.0
ZnO 4.0 4.0 4.0 40 4.0 4.0 4.0 4.0 4.0 4.0
HPPD ¢ 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Wax 2.0 2.0 20 20 20 20 2.0 2.0 2.0 2.0
TBBS ? 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Sulfur 1.4 1.4 14 1.4 1.4 1.4 1.4 1.4 14 1.4

a) SBR1500: styrene-butadiene rubber with 23.5% of styrene content

b) Riconl31: liquid polybutadiene copolymer (1,2-unit content = 28%, 8600 of M, = 4500)

¢) Riconl31MAIO: liquid polybutadiene copolymer (maleic anhydride content=10%, 1,2-unit content=28%, M, = 5000)
d) Ricon130MA20: liquid polybutadiene copolymer (maleic anhydride content=20%, 1,2-unit content =28%, M, = 3100)

e) Z175: silica (pH= 6.9, BET =175 m’/g)

) Si69: silane coupling agent, bis-(3-(triethoxysilyl)-propyl)-tetrasulfide (TESPT)

g) HPPD: N-phenyl-N’~(1,3-dimethylbutyl)-p-phenylenediamine

h) TBBS: N-fert-butyl-2-benzothiazole sulfenamide

pounded into the rubbers for 2.0 min. (3) The
ingredients (cure activators and antidegradants)
were mixed for 2.0 min and the compounds were
discharged. The FM compounds were prepared by
mixing the curatives with the MB compounds for
2.0 min. Mooney scorch time of the compound was
measured at 125 C with a Mooney viscometer MV
2000 of Alpha Technologies. Cure characteristics
were obtained using a Flexsys rheometer (MDR
2000) at 180 C. The vulcanizates were prepared by
curing at 160 C for 40 min. Physical properties of
the vulcanizates were measured with a universal
testing machine (Instron 6021).

M. Results and Discussion

Surface of the vulcanizate was observed with
scanning electron microscopy to determine the level
of the silica dispersion. Figure 1 shows the SEM
photographs. Figure 1(a) is the surface of the vulca-
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nizate without the liquid PB and Figures 1(b)-(d)
are the surfaces of the vulcanizates containing 3 phr
of the liquid PBs with the different maleic anhydride
contents. The compounds containing the liquid PB
have better silica dispersion than that without the
liquid PB. Especially, the compounds containing the
liquid PB treated with maleic anhydride show the
excellent filler dispersion. This can be explained
with the interaction of maleic anhydride group with
silica. The maleic anhydride group can make a
hydrogen bond with the silanol group of silica. Due
to the interaction, the liquid PB molecules treated
with maleic anhydride will be located around the
silica surface and then the silica dispersion will be
improved.

Figures 2- 4 show variations of the rheocurves
with the liquid PB content. The minimum and
maximum torques (Tmin and Tma, respectively)
decrease with increasing the liquid PB content,
irrespective of the liquid PB type. The decreased
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Figure 1. Scanning electron microscopy (SEM) photographs ( x 1000) of the vulcanizate surfaces. (a) the vulcanizate without
liquid PB, (b) the vulcanizate containing 3 phr of Ricon131, (c) the vulcanizate containing 3 phr of Ricon131MA10, and

(d) the vulcanizate containing 3 phr of Ricon130MA?20.
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Figure 2. Rheocurves of the compounds containing
Riconl31 at 180°C. Squares, circles, up-triangles, and
down-triangles indicate the liquid PB contents of 0, 3, 6,
and 9 phr, respectively.

Tuin can be explained with the improved filler
dispersion. The filler dispersion is improved by
adding the liquid PB as discussed previously.
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Figure 3. Rheocurves of the compounds containing
Ricon131MA10 at 180°C . Squares, circles, up-triangles, and
down-triangles indicate the liquid PB contents of 0, 3, 6,
and 9 phr, respectively.

Rheocurves of the compounds containing 3 phr of

the liquid PB were plotted together in Figure 5 to
compare the rheological behaviors during the
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Figure 4. Rheocurves of the compounds containing
Ricon130MA20 at 180°C . Squares, circles, up-triangles, and
down-triangles indicate the liquid PB contents of 0, 3, 6,
and 9 phr, respectively.

Squares: 3 phr of LPB (0% maleic anhydride)
Gircles: 3 phr of LPB (10% maleic anhydride)
Triangles: 8 phr of LPB (20% maleic anhydride)

Torque (Nm)

0 T T T T T
0 5 10 15 20 25
Time (min)

Figure 5. Rheocurves of the compounds at 180°C . Squares,
circles, and triangles indicate the compound containing 3
phr of Riconl31, the compound containing 3 phr of
Ricon131MALIO, and the compound containing 3 phr of
Ricon130MA20, respectively.

vulcanization of the compounds containing the same
content of the liquid PBs with the different maleic
/anhydride contents. The rheocurves of the com-
pounds containing the liquid PBs treated with maleic
anhydride (liquid MAPB) of 10 and 20 wt% are
nearly the same, but the rheocurve of the compound
containing the liquid PB without maleic anhydride
(liquid NPB) shows different behaviors compared
to the compounds containing the liquid MAPB.
The delta torque (AT) is the difference between
the maximum and minimum torques (AT = Ty -
Tuin). The AT is correlated closely with the crosslink
density since the torque in a rheocurve is increased
by crosslinking reactions. Figure 6 gives variation
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Figure 6. Variations of the delta torque at 180C with the
liquid PB content. Squares, circles, and triangles indicate
the compounds containing Ricon131, Ricon131MA10, and
Riconl130MA20, respectively.

of the AT with the liquid PB content. The AT
decreases with increase of the liquid PB content.
This can be explained by the big difference in
molecular weights between SBR and liquid PB and
by prevention of crosslink formations between the
SBR molecules or between the SBR molecule and
silica by the liquid PB. Crosslinks between long
polymer chains are more efficient to increase the
crosslink density than those between short chains.
Lots of the liquid PB molecules will be located
around silica since the liquid PB is more mobile than
the SBR chain. Thus, the liquid PB molecules pre-
vent the SBR chains from contacting with silica so
crosslinking reactions between the SBR and silica
will be reduced. The liquid PB molecules between
the SBR chains will also prevent the crosslinking
reactions between the SBR chains.

Variation of the Mooney scorch time (ts) with the
liquid PB content was plotted in Figure 7. The ts
means the time taken for the viscosity to reach from
the minimum point to increase of 5 MU (Mooney
Unit). The ts becomes slower as the liquid PB con-
tent increases. This can be explained by the diffe-
rence in mobility between SBR and liquid PB and
the prevention of crosslink formations between the
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Figure 7. Variations of the Mooney scorch time (ts) at 12
5°C with the liquid PB content. Squares, circles, and
triangles indicate the compounds containing Riconl31,
Ricon131MA10, and Ricon130MA20, respectively.

SBR chains or between the SBR and silica by the
liquid PB. Long chain molecule moves slower than
short one and sulfur crosslinking reactions occur
faster in less mobile long chains than in more mobile
short chains. The ts of the compound containing the
liquid MAPB is faster than that of the compound
containing the liquid NPB. This implies that maleic
anhydride group participates in vulcanizing reaction.
A rubber compound with an accelerated sulfur cure
system contains stearic acide, zinc oxide, cure
accelerator, and sulfur. Stearic acid reacts with zinc
oxide to form zinc stearate by dehydration. Zinc
stearate reacts with sulfur and cure accelerator to
form zinc complex."* This complex accelerates
crosslinking reaction so that the scorch time and
cure rate become faster. Polar materials in a rubber
compound react as a ligand of zinc complexes. The
maleic anhydride groups in the liquid PB can role
as a ligand. The zinc complexes activated by the
maleic anhydride groups can react fast and the
crosslinking reactions will be also proceeded fast.
The ts of the compound containing the liquid PB
treated with 20 wt% maleic anhydride is slower than
that of the compound containing the liquid PB
treated with 10 wt% maleic anhydride. This may

be due to the difference in the molecular weight
distribution. The compound containing the liquid PB
treated with 20 wt% maleic anhydride has lower
molecular weight distribution than the compound
containing the liquid PB treated with 10 wt% maleic
anhydride. Lower molecular weight liquid PB is
more mobile than higher moecular weight one and
the number of molecules of the former is larger than
that of the latter for the same weights. Thus, the
liquid PB treated with 20 wt% maleic anhydride
prevents the crosslinking reactions more than than
the liquid PB treated with 10 wt% maleic anhydride
since the former is more mobile the latter and the
number of molecules of the fomer is larger than that
of the latter for the same weights.

Physical properties of a rubber vulcanizate cured
by accelerated sulfur cure system depend on the
crosslink density.23 Modulus is a proportional pro-
perty to the degree of crosslink density, while elon-
gation at break is an inversely proportional property
to the degree of crosslink density. Figure 8 shows
variation of the 100% modulus with the liquid PB
content. For the vulcanizates containing the liquid
PB without maleic anhydride, the modulus de-
creases linearly with increase of the liquid PB con-
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Content of Liquid Polybutadiene (phr)

Figure 8. Variations of the 100% modulus with the liquid
PB content. Squares, circles, and triangles indicate the
vulcanizates containing Riconl31, Ricon131MAI10, and
Ricon130MA20, respectively.
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tent. This is due to the decreased crosslink density.
However, the variations of the vulcanizates con-
taining the liquid MAPB show the different trends.
For the vulcanizates containing the liquid MAPB,
the 100% modulus increases and then decreases as
the liquid PB content increases. The moduli of the
vulcanizates containing the liquid PB of 3 and 6 phr
are higher than that of the vulcanizate without the
liquid PB. This is a very surprising result because
the crosslink density decreases with increase of the
liquid PB content as shown in Figure 6. This can
be explained with the highly improved silica
dispersion by adding the liquid MAPB. Improve-
ment of the silica dispersion by the liquid MAPB
was discussed previously (Figure 1). When the
vulcanizates contain 6 and 9 phr of the liquid PB,
the modulus of the vulcanizate containing the liquid
PB treated 10% maleic anhydride is higher than that
of the vulcanizate containing the liquid PB treated
20% maleic anhydride. This is because crosslink
density of the former is higher than that of the latter
when they contain 6 and 9 phr of the liquid PB as
shown in Figure 6.

Figure 9 shows variation of the 300% modulus
with the liquid PB content. For the vulcanizates
containing the liquid NPB, the modulus decreases
linearly with increase of the liquid PB content as
similar to the 100% modulus variation. This is also
due to the decreased crosslink density. For the
vulcanizates containing the liquid MAPB, the 300%
moduli of the vulcanizates containing the liquid PB
of 3 phr are higher than that of the vulcanizate
without the liquid PB. This can be also explained
with the highly improved silica dispersion by adding
the liquid MAPB. When the vulcanizates contain 6
and 9 phr of the liquid PB, the modulus of the
vulcanizate containing the liquid PB treated .10%
maleic anhydride is higher than that of the vulca-
nizate containing the liquid PB treated 20% maleic
anhydride. This phenomenon is also observed at the
100% modulus. This may be also due to the higher
crosslink density of the vulcanizate containing the
liquid PB treated 10% maleic anhydride as shown
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Figure 9. Variations of the 300% modulus with the liquid
PB content. Squares, circles, and triangles indicate the
vulcanizates containing Riconl131, Riconl31MAL10, and
Ricon130MA20, respectively.
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Figure 10. Variations of the tensile strength with the liquid
PB content. Squares, circles, and triangles indicate the
vulcanizates containing Riconl131, Ricon!31MA10, and
Ricon130MA20, respectively.

in Figure 6.

Figure 10 shows variation of the tensile strength
with the liquid PB content. The tensile strength
increases at 3 phr of the liquid PB and then
decreases as the liquid PB increases. The elongation
at break becomes longer as the liquid PB increases
irrespective of the liquid PB type as shown in Figure
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Figure 11. Variations of the elongation at break with the
liquid PB content. Squares, circles, and triangles indicate
the vulcanizates containing Ricon131, Ricon131MA10, and
Ricon130MA20, respectively.

11. This is because the crosslink density decreases
as the liquid PB content increases. The higher tensile
strength at 3 phr of the liquid PB can be explained
with the improved silica dispersion.

IV. Conclusions

By adding liquid PB to a silica-filled SBR com-
pound, the filler dispersion was improved. Espe-
cially, the maleic anhydride-treated liquid PB was
more efficient to improve the silica dispersion
compared to the untreated liquid PB. The maleic
anhydride groups can make hydrogen bonds with
silanol bonds on the silica surface. The crosslink
density decreased with increase of the liquid PB
content. For the compounds containing the maleic
anhydride-treated liquid PB, the modulus of the
vulcanizate containing the liquid PB was higher than
that of the vulcanizate without the liquid PB though
the former had lower crosslink density than the latter
when the liquid PB content was 3 and 6 phr. It was
recommendable that small amount of the maleic
anhydride-treated liquid PB was added to a silica-
filled compound to improve the filler dispersion.

Acknowledgements

This research has been supported by Reliability
Design Technology Program (grant no. M1040100
0005) of Ministry of Science and Technology,
Korea.

References

1. Y-C. Ou, Z-Z. Yu, A. Vida, and J. B. Donnet,
“Effects of alkylation of silica filler on rubber
reinforcement”, Rubber Chem. Technol., 67, 834
(1994),

2. Y. Li, M. J. Wang, T. Zhang, F. Zhang, and X.
Fu., “Study on dispersion morphology of silica in
rubber”, Rubber Chem. Technol., 67, 693 (1994).

3. S. Wolff and M.-J. Wang, “Filler-elastomer in-
teractions. Part IV. The effect of the surface ener-
gies of fillers on elastomer reinforcement”, Rubber
Chem. Technol., 65, 329 (1992).

4. Ph. Cochet, P. Barruel, L. Barriquand, J. Grobert,
Y. Bomal, and E. Prat, “Dispersibility measure-
ment of precipitated silicas - Influence of disper-
sion on mechanical properties”, in Proceedings of
the Rubber Division 144th Meeting, American
Chemical Society, Paper No. 162 (1993).

5. D. Jividen and H. Kaufman, “A dispersion aid for
silica filler in rubber compounds compounds”,
Rubber World, 222(1), 24 (2000).

6. H.-D. Luginsland, “Reactivity of the sulfur chains
of the tetrasulfane silane Si69 and the disulfide
silane TESPD", Kautsch. Gummi Kunstst., 53, 10
(2000).

7. E. Sheng, 1. Sutherland, R. H. Bradley, and P. K.
Freakley, “Effects of a multifunctional additive on
bound rubber in carbon black and silica filled
natural rubbers”, Eur. Polym. J., 32, 35 (1996).

8. H. Ismail and H. H. Chia, “The effects of multi-
functional additive and vulcanization systems on
silica filled epoxidized natural rubber compounds”,
Eur. Polym. J., 34, 1857 (1998).

9. U. Gorl and A. Hunsche, “Advanced investiga-
tions into the silica/silane reaction system”, in
Proceedings of the Rubber Division 150th Mee-
ting, American Chemical Society, Paper No. 76
(1996).

10. U. Gorl and A. Hunsche, “Investigation into the

Elastomer Vol. 41, No. 1, 2006



18

11.

12.

13.

14.

16.

Sung-Seen Choi

chemistry of the TESPT sulfur chain”, in Pro-
ceedings of the Rubber Division 151st Meeting,
American Chemical Society, Paper No. 38 (1997).
A. S. Hashim, B. Azahari, Y. lkeda, and S. Kohjiya,
“The effect of TESPT on silica reinforcement of
styrene-butadiene rubber”, Rubber Chem. Technol.,
71, 289 (1998).

S.-S. Choi, “Improvement of properties of silica-
filled styrene-butadiene rubber compounds using
acrylonitrile-butadiene rubber”, J  Appl.
Sci., 79, 1127 (2001).

S.-S. Choi, “Properties of silica-filled styrene-
butadiene rubber compounds containing acrylonitrile-
butadiene rubber: Influence of the acrylonitrile-
butadiene rubber type”, J Appl. Polym. Sci., 85,
385 (2002).

S.-S. Choi, “Influence of molecular size of liquid
BR on properties of silica-filled SBR compounds”
Elastomer, 36, 162 (2001).

Polym.

s

. 8.-8. Choi, “Influence of liquid polybutadiene on

properties of silica-filled styrene-butadiene rubber
compounds”, J. Ind. Eng. Chem., 7, 389 (2001).
S.-S. Choi, “Filler-polymer interactions in both
silica and carbon black-filled
rubber compounds”, J. Polym. Sci.: Part B: Polym.
Phys., 39, 439 (2001).

styrene-butadiene

A rew 4149 A 1=, 2006

17.

18.

19.

20.

21.

22.

23.

S.-S. Choi, “Filler-polymer interactions in filled
styrene-butadiene rubber compounds”, Kor. Polym.
J. 9, 45 (2001).

S.-S. Choi, “Characterization of bound rubber of
filled styrene-butadiene rubber compounds using
pyrolysis-gas  chromatography”, J. Anal. Appl.
Pyrolysis, 55, 161 (2000).

E. Carone, Jr., U. Kopcak, M. C. Goncalves, and
S. P. Nunes, “In situ compatibilization of polya-
mide 6/natural rubber blends with maleic anhy-
dride”, Polymer, 41, 5929 (2000).

A. K. Naskar, S. K. De, and A. K. Bhowmick,
“Thermoplastic elastomeric composition based on
maleic anhydride-grafied ground rubber tire”, J
Appl. Polym. Sci., 84, 370 (2002).

R. W. Layer, “Recuring vulcanizates. I. A novel
way to study the mechanism of vulcanization”,
Rubber Chem. Technol., 65, 211 (1992).

M. R. Krejsa and J. L. Koenig, “Review of sulfur
crosslinking fundamentals for accelerated and un-
accelerated vulcanization”, Rubber Chem. Technol.,
66, 376 (1993).

N. J. Morrison and M. Porter, “Temperature effects
on the stability of intermediates and crosslinks in
sulfur vulcanization”, Rubber Chem. Technol., 57,
63 (1984).



