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Abstract The molecular weight of a polymer is of prime importance and greatly influences the processing and mechanical properties of
the polymer. Trans-1,4-poly(butadiene-co-isoprene) multi-block copolymer rubbers (TBIR) exhibit outstanding fatigue resistance, low
heat build-up and good abrasion resistance, and are expected to be desirable candidate for high performance tire. Study on the influence of
TBIR with different molecular weights on the structure and properties of TBIR and natural rubber (NR)/TBIR blends is essential to
understand its contribution to the greatly improved dynamic properties of the rubber vulcanizates. TBIR with different molecular weights
characterized by 'H-NMR, '3C-NMR, GPC, and DSC were highly trans-1,4-copolymers with similar chain sequence distribution and
crystalline trans-1,4-polyisoprene (TPI) blocks. The green strength and modulus of TBIR increased with the increasing molecular weight.
The NR/TBIR compounds filled with 40 phr carbon black were chemically cured by sulfur for the preparation of NR/TBIR vulcanizates.
The compatibility between NR and TBIR, filler distribution, crosslinking bond and density, and properties of NR/TBIR vulcanizates were
studied. The NR/TBIR vulcanizates showed increasing tensile strength, hardness, modulus, rebound, abrasion resistance, and flexural
fatigue properties with increasing molecular weight of TBIR. Furthermore, they presented significant improvement in flexural fatigue
resistance when compared with that of NR vulcanizate. The contribution mechanism of TBIR on the NR/TBIR blends was discussed. The

TBIR with a wide range of molecular weight are ideal rubbers for high performance tires.
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INTRODUCTION

In view of the rapid development of automobile industry and
the increasing security consciousness, high performance tire
stocks with lower rolling resistance (oil saving), better fati-
gue and wear resistance (longer serving life), and higher wet
skid resistance (safer) have attracted growing attention.[!™]
One of the most popular ways to manufacturing high perfor-
mance tire stocks is the stock formula optimization, including
rubber stock modification by changing or functionalizating
the rubber materials based on commercialized rubbers like
NR, cis-1,4-polybutadiene rubber (BR), and styrene-buta-
diene rubber (SBR),* 7 or adjusting the kinds or ratios of
fillers and/or the other additives.[® ']
Trans-1,4-poly(butadiene-co-isoprene) copolymer rub-
bers (TBIR) as a novel kind of elastomers provide an oppor-
tunity for rubber stock modification. OQur previous work[!2-17]
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showed that TBIR were copolymers with multi-TPI blocks
and presented melting temperature in the range of 25—40 °C,
glass transition temperature in the range from —65 °C to
=75 °C, and relatively high green strength and modulus.
When the commercialized rubber stocks like NR, NR/BR,
and SSBR/BR were blended with 10—-30 phr TBIR, the mo-
dified blends presented superior flexural fatigue resistance,
better abrasion resistance, improved wet skid resistance, and
lower rolling resistance.l'8231 Therefore, TBIR show great
potentials in the application of high performance tire.
However, the influence of TBIR with different molecular
weights was not considered which might influence the flex-
ural fatigue properties and abrasion resistance of the modi-
fied blends. The higher the molecular weight of TBIR, the
more superior the fatigue properties and abrasion resistance.
Thus, evaluating the influence of TBIR with different mo-
lecular weights on the structure and properties of rubber
blends is necessary for the formula optimization of high per-
formance tire stocks. In this study, TBIR with different mo-
lecular weights were synthesized in our lab. The influences
of TBIR with varied molecular weight on the physical and
dynamic properties of TBIR and NR/TBIR blends were fur-
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ther studied.

EXPERIMENTAL

Materials

Nature rubber (NR), SMR 20, Mooney viscosity ML+4!90°C =
80.0, Mw = 133 x 10* Mw/Mn = 7.9, was produced from
Malaysia. Trans-1,4-poly(butadiene-co-isoprene) copolymer
rubbers (TBIR) with different molecular weights were
prepared by Shandong Huaju Polymer Materials Co., Ltd.
The rubber additives, including carbon black (CB), treated
distillate aromatic extract (TDAE) oil, zinc oxide (ZnO),
stearic acid, antioxidant, accelerator, and sulfur, were used as
received.

Formulation and Specimen Preparation

Recipes (weight fraction, parts per hundreds of rubber (phr))
Rubber 100, ZnO-80 5.0, stearic acid 2.0, antioxidant 2.5,
CB N 330 40.0, TDAE oil 1.6, accelerator N-fert-butylben-
zothiazole-2-sulphenamide (NS) 0.25, accelerator N,N-2-
dicyclohexyl-2,2-two benzothiazole sulfonamide (DZ) 0.45,
insoluble sulfur (IS, 7020) 2.5.

Preparation of the rubber compounds

The raw rubbers were mixed by a RM-200C Hapro torque
rheometer (Harbin Hapro Electric technology Co., Ltd.,
Harbin, China) at 70 °C and 70 rad/min for 2 min. ZnO-80,
stearic acid, antioxidant, and half amount of carbon black
was added into the torque and mixed with the rubbers for
3 min; the other half amount of carbon black was then put
into the torque rheometer and mixed for another 7 min. The
master batch was taken out of the rheometer below 145 °C
and stored at room temperature for 30 min, followed by
putting into the torque rheometer again and mixing for
another 8 min. Next, accelerator and sulfur were added into
the rubber compounds by an open two-roll miller (Shanghai
Kechuang Rubber Machinery Equipment Co., Ltd., Shang-
hai, China) at 60 °C, and the rubber compounds were sheeted
for future use.

Preparation of the vulcanizates

The above mentioned rubber compounds were stored at room
temperature for 48 h and then compression molded at 150 °C
for optimum cure time (fc90) under 10 MPa with a HS-100T-
RTMO type automatic operation vulcanizing press (Jiaxin
Electronic Equipment Technology Co., Ltd., Shenzhen,
China).

Characterization

NMR, GPC, and DSC

"H-NMR (500 MHz) and '3C-NMR (100 MHz) spectra were
recorded with a Bruker 500 MHz spectrometer at 25 °C in
CDCI3 containing tetramethylsilane as standard. The micro-
structures of TBIRs were calculated by the equations acc-
ording to reference.['”] The weight-average molecular weight
(Mw) and molecular weight distribution (Mw/Mn) of the
TBIRs were determined by HLC-8320 GPC gel permeation
chromatography (Tosohcorporation, Japan) in tetrahydro-
furan at 40 °C and calibrated by polystyrene standards.
Differential scanning calorimetry (DSC) characterization of
TBIRs was conducted on a PerkinElmer DSC-8500 differ-
ential scanning dalorimeter under N2 atmosphere. The sam-

ple was heated from 0 °C to 150 °C at a rate of 10 °C/min
and maintained at 150 °C for 3 min to eliminate the thermal
history, and then cooled to —90 °C at a rate of 10 °C/min.
Then the samples were heated to 150 °C from —90 °C at a
rate of 10 °C/min to record the heat flow versus time and
determine the melting temperature (7m).

Curing characteristics

The curing characteristics of the compounds were determi-
ned by a MDR 2000 DISC vulkameter (Alpha Technologies
Co. US.) according to GB/T 16584-1996.

Mooney viscosity

The Mooney viscosities ML1+4!%°C and ML3+4!%°¢ were
measured with an MV 2000 Mooney viscometer (Alpha
Technologies Co. US.) at 100 °C according to GB/T1232.1-
2000.

Crosslinking density (CLD)

The total crosslinking density of NR and NR/TBIR vulcan-
izates before probe chemical treatment, and the residual
crosslink density including mono-sulfidic and di-sulfidic
bonds after probe chemical treatment were determined using
a XLDS-15 crosslink density analyzer and NMR spectrome-
ter (IIC Innovative Imaging Corporation, Blieskastel, Ger
many). After probe chemical treatment, the polysulfidic cros-
slinks of NR and NR/TBIR vulcanizates were cleaved.[?]
Mechanical properties

The green strength, tensile strength, and tear strength were
measured with a Zwick/Roell Z005 electrical tensile tester
produced by Zwick (Germany) according to ISO 9026-2007,
GB/T 528-2009, and GB/T 529-2008, respectively. Flexural
fatigue properties of NR and NR/TBIR vulcanizates were
measured with Demattia rubber fatigue testing machine
(Gaotie Chemical Machinery, China) according to GB/T
13934-2006. All the testing temperature was (23 £ 2) °C.
DMA

Dynamic mechanical thermal analysis (DMA, temperature
sweep) was conducted on a Q 800 (TA Instruments, US)
apparatus operated in a rectangular tension mode with tem-
perature ranging from —80 °C to 100 °C with 3 °C/min hea-
ting rate, 10 Hz frequency, and 0.1% strain amplitude.
Carbon black distribution

The carbon black (CB) aggregation throughout rubber vulcan-
izates was observed by disper GRADERTM view (Alpha
Technologies Co. US).

Swelling experiments

Equilibrium swelling experiments were carried out in toluene
at (30 = 1) °C according to the standard HG/T 3870-2008.
About 50 mg of specimen with 2 mm thickness (weighed as
m1) in the fatigue section or un-fatigue section after the
flexural fatigue test was cut off and immersed in 100 mL of
toluene at (30 = 1) °C for 12 h, and then taken out (weighed
as my) after absorbing solvent onto the surface. The swelling
coefficient ¢ was obtained according to the following
equation ¢ = my /my.

Stress relaxations

Stress relaxations of NR and NR/TBIR vulcanizates were
determined by a RPA 2000 Rubber Process Analyzer (Alpha
Technologies Co. US). NR and NR/TBIR compounds were
cured in RPA at 150 °C for optimum cure time, and then the
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stress relaxation test of the vulcanizate was carried out at
60 °C with 70% strain for 10 min.

RESULTS AND DISCUSSION

Characterizations of TBIR

The NMR spectra and GPC curves of #rans-1,4-poly(buta-
diene-co-isoprene) copolymers are shown in Fig. 1. The
assignments of chemical shifts for the obtained NMR spectra
are analyzed based on our previous works.l'’?7-?8 The cor-
responding molecular structural parameters are also sum-
marized in Table 1. As shown in Table 1, the molecular
weight and Mooney viscosity of TBIR increased gradually
from TBIR-1 (Myw = 46.5 x 10%, ML3:4'9°C = 30.0) to TBIR-
4 (Myw = 144.4 x 10%, ML3+4!'%7°C = 85.5). All the copolymers
had about 15 mol% butadiene (B) incorporation and high
trans-1,4-trans-1,4 (T-T) linkages. The chain structure in
formation including 22 mol%—25 mol% butadiene-isoprene
(BI) and isoprene-butadiene (IB) dyad sequence concentra-
tion and 71 mol%—75 mol% isoprene-isoprene (II) dyad
sequence concentration, 7.0-8.0 number-average sequence
length for isoprene units (#1) and 1.3 number-average sequ-
ence length for butadiene units (nB) indicated that the TBIR
were copolymers with multi #rans-1,4-polyisoprene (TPI)
blocks.

Physical and Mechanical Properties of TBIR

Molecular weight as one of the important factors influences
the crystallization behavior and mechanical properties of
polymer materials.[> 3% The DSC curves of TBIR with diff-
erent molecular weights are shown in Fig. 2. TBIR are semi-
crystalline copolymers with the melting temperature (7m)
around 27-36 °C, which is much lower than that of TPI,
indicating the imperfect crystal. With increasing molecular
weight of TBIR, the crystallization temperature (7¢), melting
temperature (7m), and crystallization melting enthalpy (AH)
of TBIR decreased slightly due to the increased chain en-
tanglements which might lead to the crystal defects of the
TPI blocks.

The stress-strain curves of TBIR with different molecular
weights and NR raw rubber are shown in Fig. 3. The tensile
strength of TBIR was in the range of 10—15 MPa and in-
creased with increasing molecular weight, which was pos-
sibly caused by the enhanced chain entanglements.[28] Com-
pared with the amorphous NR with about 0.4 MPa green
strength, TBIR showed much higher green strength and
Young’s modulus (the initial slope of the stress-strain curves
in Fig. 3).

Curing Characteristics of NR and NR/TBIR Compounds
The curing characteristics of NR and NR/TBIR (80/20) com-
pounds proceeding on vulka-meter at 150 °C are displayed in
Table 2. The minimum torque (ML) of the NR/TBIR com-
pounds reflecting the melt viscosity at 150 °C increased with
the increasing TBIR molecular weight. The torque difference
between the maximum and the minimum torque (Mu — ML)
of the compounds representing the crosslinking density after
curing reaction] increased as the molecular weight of TBIR
increased, which was further proved by the increased cross-
linking density measured by the crosslinking density ana-
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Fig. 1 (A) 'H-NMR and (B) '*C-NMR spectra and (C) GPC

curves of TBIRs with different molecular weights

lyzer and NMR spectrometer. Beside the increased cross-
linking density, the polysulfide-bond percentage in NR/TBIR
(80/20) vulcanizates increased with the increasing molecular
weight of TBIR. The similar scorch time (#:10) and optimum
cure time (z90) of NR/TBIR blends indicated that the curing
characteristic was hardly affected by the molecular weight of
TBIR. However, due to the relatively high Mooney viscosity
and molecular weight of NR, the incorporation of 20 phr
TBIR with relatively low molecular weight led to slight
decrease in the crosslinking density of the NR/TBIR blends.
Therefore, the NR/TBIR-4 vulcanizate with relatively high
molecular weight TBIR-4 incorporation had the similar
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Table 1 Micro-structures of TBIRs with different molecular weights

a b Isoprene (I) unit ® Butadiene (B) unit®  Dyad sequence distribution °

Rubber MLa4!0C  Mw® o pp 0 B ng® m
ubber M 107 (mol%) yans-1,4cis-1.4 34- wams-l4cis-14 12- 1 IB+BI BB =
TBIR-1 30.0 46.5 10.9 15.2 96.4 26 1.0 96.7 0.7 2.6 71.1 254 3.5 1.3 6.6
TBIR-2 43.8 51.8 8.4 15.6 97.6 1.9 0.6 99.0 0.8 0.2 72.7 23.1 4.3 14 73
TBIR-3 63.4 65.2 8.5 14.9 97.5 24 0.1 97.5 22 03 75.1 21.7 33 1.3 79
TBIR-4 85.5 144.4 7.6 15.6 96.5 25 1.0 96.5 30 05 73.3 229 3.8 1.3 74
2 Measured by GPC; ® Measured by '"H-NMR; ¢ Measured by '3*C-NMR
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Fig. 2 DSC curves of TBIRs with different molecular weights: (a) cooling; (b) the second heating
20 increased crosslinking density of the NR/TBIR vulcanizates
TBIR.I with higher molecular weight TBIR incorporation. Still, the
— o TBIR.2 tear strength of NR/TBIR-1 and NR/TBIR-2 vulcanizates
I5r —A— TBIR-3 was much higher than that of NR, which can be attributed to
= —v— TBIR-4 the improved adhesion from low molecular weight TBIR
= —< NRSMR 20 incorporation, but the lower crosslinking densities lead to the
2 10 lower abrasion resistance and hardness of NR/TBIR-1 and
z NR/TBIR-2 vulcanizates than that of NR vulcanizate.

5 The tand versus temperature curves of NR and NR/TBIR
vulcanizates are shown in Fig. 4. The tand peaks for both NR
and NR/TBIR vulcanizates changed little for the position and

0 , : . ) the height, which indicated that TBIR had good compatibil-

0 100 200 300 400 500 ity with NR.
Strain (%) The flexural fatigue properties of NR and NR/TBIR
Fig. 3  Stress-strain curves of TBIRs with different molecular (80/20) Vulc‘anlz?ltes are displayed l_n Fig. 5. As can be seen,
weights and NR NR/TBIR with higher molecular weight TBIR showed a more

crosslinking density but an interestingly high polysulfide-
bond percentage (88.4%) when compared with NR vulca-
nizate.

Characterization and Mechanical Properties of NR/TBIR
Vulcanizates

NR or NR/TBIR compounds were compression molded at
150 °C for optimum cure time under 10 MPa, and the vul-
canizates were finally obtained. The mechanical properties of
NR and NR/TBIR (80/20) vulcanizates are displayed in
Table 2. The results showed that, with the increase in
molecular weight of TBIR, the tensile strength, modulus,
hardness, rebound, and the abrasion resistance of the NR/
TBIR vulcanizates increased, while the tear strength and
elongation at break decreased. These can be explained by the

significant increase in the fatigue resistance. The flexural fa-
tigue time for both the 18t-class crack and the 6t-class crack
of the NR/TBIR vulcanizates were distinctly increased when
compared with that of NR vulcanizate. Even NR/TBIR-1
vulcanizate with the lowest molecular weight TBIR-1 incor-
poration showed almost 2 times higher flexural fatigue re-
sistance than NR vulcanizate. Therefore, we can deduce that
whether for NR/TBIR-1 with slightly decreased crosslinking
density and polysulfide-bond percentage or for NR/TBIR-4
with similar crosslinking density and slightly increased poly-
sulfide-bond percentage, the NR/TBIR vulcanizates presen-
ted much higher fatigue resistance than that of NR vulcaniz-
ate. Therefore, in this case, both the crosslinking density and
polysulfide-bond percentage had no critical influence on the
outstanding fatigue properties of the NR/TBIR vulcanizates.
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Table 2 Micro-structures of TBIRs with different molecular weights

. . NR NR/TBIR-1 NR/TBIR-2 NR/TBIR-3 NR/TBIR-4
Rubber blends (weight ratio)
100 80/20
Curing characteristics of the compounds
My (dN-m) 1.15 1.20 1.25 1.29 1.50
My (dN-m) 12.78 12.15 12.32 12.56 13.19
Mun — My (dN'm) 11.63 10.95 11.07 11.27 11.69
te10 (min) 7.42 7.77 8.06 7.86 7.72
fc90 (min) 16.80 18.93 19.18 19.00 19.04
Crosslinking density of the vulcanizates
Total CLD (x10~5 mol/cm®) 112 9.71 9.85 10.57 10.97
Poly CLD (x10~° mol/cm?) 9.51 7.93 8.21 9.07 9.70
Poly CLD/Total CLD (%) 84.9 81.7 83.3 85.8 88.4
Properties of the vulcanizates
Tensile strength (MPa) 27.8 25.8 25.7 26.4 28.0
Modulus at 100% (MPa) 1.7 1.4 1.5 1.6 1.6
Modulus at 300% (MPa) 8.5 6.1 6.4 6.9 7.7
Elongation at break (%) 644 750 722 728 702
Tear strength (kN/m) 56.0 75.4 62.7 59.9 40.4
Hardness (Shore A) 59 57 58 58 59
Rebound (%) 53 53 53 54 55
DIN abrasion (cm*/40m) 0.157 0.162 0.161 0.151 0.148
1.2
——NR e I The 1™-class crack
1.0F —o~ NR/TBIR-1 =80/20 B The 6"class crack 125.0
—4— NR/TBIR-2 = 80/20 120
[ % —v— NR/TBIR-3 = 80/20 T
08 r . —o— NR/TBIR-4 = 80/20

X 1
=80 —-60 —-40 -20 O 20 40 60 80 100

Temperature (°C)

Fig. 4 tand versus temperature curves of NR and NR/TBIR
vulcanizates

The statistic distribution of CB agglomerates in the NR
and NR/TBIR vulcanizates are shown in Fig. 6. A large
number of agglomerates in the range of 20—40 um were ob-
served in the NR vulcanizate. Interestingly, the amount of
larger CB agglomerates (20—40 pum) reduced obviously in
the NR/TBIR vulcanizates, and the filler dispersion became
much better with the higher molecular weight TBIR incor-
poration. Normally, the larger filler aggregates as structure
flaws will yield cracks and accelerate failure of the rubber.
The better filler dispersion will contribute to an improved
flex fatigue resistance of NR/TBIR vulcanizates.

Table 3 shows the swelling coefficients (¢) of the speci-
mens after flexural fatigue tests. It is interesting to see that ¢
of the NR vulcanizate in the fatigue section decreased when
compared with specimen in the un-fatigue section, which in-
dicated the decreased crosslinking density of the specimen
undergoing fatigue test. We attribute this phenomenon to the

90

60

30

Flexual fatigue times x10

NR NR/TBIR-1 NR/TBIR-2 NR/TBIR-3 NR/TBIR-4

(80/20) (80/20) (80/20)
The type of vulcanizates

(80/20)

Fig. 5
nizates

Flexural fatigue properties of NR and NR/TBIR vulca-

degradation of NR vulcanizate during the long time flexural
fatigue test. The ¢ values of NR/TBIR-1 and NR/TBIR-2
vulcanizates in the fatigue section changed little when com-
pared with specimen in the un-fatigue section, while those of
NR/TBIR-3 and NR/TBIR-4 vulcanizates increased after the
fatigue test compared with those without suffering fatigue
history. These results indicate that the incorporation of TBIR
into NR helps to maintain the stability of the polymer net-
work structure. The much faster stress relaxation of the
NR/TBIR vulcanizates at 0.1 s than the NR vulcanizate as
shown in Table 3 and Fig. 7 would weaken the stress con-
centration during fatigue and help NR/TBIR vulcanizates to
present better fatigue resistance.

Therefore, the flexural fatigue properties of NR/TBIR
(80/20) vulcanizates could be greatly improved by TBIR
with different molecular weights (1.8 to 9.3 times higher
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Fig. 6 Particle distribution of CB agglomerates in the NR and NR/TBIR vulcanizates
Table 3 Swelling coefficient and stress decline percentage of the NR and NR/TBIR vulcanizates
. . NR NR/TBIR-1 NR/TBIR-2 NR/TBIR-3 NR/TBIR-4
Rubber blends (weight ratio)
100 80/20
o Un-fatigue section 0.325 0.309 0.308 0.291 0.303
Fatigue section 0.311 0.308 0.309 0.317 0.318
Stress decline percentage at 0.1 s (%) 9.88 11.87 11.49 11.04 10.31

than that of NR vulcanizate) thanks to the unique features of
TBIR like moderate crystallizability, higher green strength,
good compatibility with NR, for they can determine the evo-

lution of filler networks in the vulcanizates,[37-381 and then
endow the NR/TBIR vulcanizates with outstanding flexural
fatigue resistance when the molecalar weight is not too low.
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Fig. 7 The stress relaxation of NR and NR/TBIR vulcanizates

CONCLUSIONS

TBIR with different molecular weights were high trans-1,4-
copolymers of butadiene and isoprene with the similar chain
sequence distribution and crystalline #rans-1,4-polyisoprene
(TPI) blocks. The green strength and modulus of TBIR
increased with the increasing molecular weight, which are
higher than those of NR. The NR/TBIR vulcanizates with
40 phr carbon black filling showed increased tensile strength,
hardness, modulus, rebound, abrasion resistance, and flexural
fatigue properties with the increasing TBIR molecular wei-
ght. Compared with NR vulcanizate, all the NR/TBIR vulca-
nizates with different molecular weights showed outstanding
flexural fatigue resistance (1.8 to 9.3 times higher). The
unique features of TBIR, such as moderate crystallizability,
higher green strength, and good compatibility with NR,
contribute to the unique network structure of the NR/TBIR
vulcanizates including higher rubber matrix strength and
modulus, faster stress relaxation, more stable polymer
network structure under flexural fatigue test and much better
filler dispersion. The TBIR with a wide range of molecular
weight are ideal rubbers for high performance tires with
much longer fatigue serving life.
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