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A B S T R A C T   

The effect of the SBR/BR blend ratio on marching modulus – no-plateau torque profile in vulcametry – of a silica 
filled tire tread compound is investigated. This is a tedious recurring problem, as it precludes the establishment of 
optimal vulcanization conditions. It was expected that the elastomer characteristics, SBR and BR in this study, 
and their physical affinity towards silica will influence the degree of silica dispersion and flocculation, thus the 
curing kinetics and marching modulus. Within this study, a wide series of properties related to dispersion and 
curing was measured depending on the polymer ratio, with the final goal to elaborate the contribution of the 
SBR/BR ratio to the marching modulus, as a means to suppress this phenomenon. 

The SBR/BR ratio indeed does influence the vulcanization characteristics of silica compounds; in particular the 
tendency to marching modulus. This effect stems from the specific characteristics of the polymers, mainly their 
interaction with silica and crosslinking reactivity. This was concluded based on the correlations found between 
the Marching Modulus Index (MMI) and the polymer ratio, as well as filler flocculation rate (FFR) and polymer- 
filler coupling rate (CR). A model explaining the different trends of MMI and FFR in the SBR-rich and BR-rich 
compounds is proposed.   

1. Introduction 

In tire tread compounding, two or more different types of elastomers 
are in general blended in order to achieve appropriate rubber properties 
for optimal tire performance. However, this elastomer blending tech-
nique results in a balance of properties: some specific properties might 
even deteriorate. As an example, Styrene-Butadiene Rubber (SBR) and 
polyButadiene Rubber (BR) are often blended for winter tire applica-
tions [1,2]. A high styrene content of SBR leads to better wet skid and 
traction properties; however, it also results in a higher Glass Transition 
Temperature (Tg) which in turn negatively influences the low temper-
ature performance of a tire [1,3]. High-cis BR has a very low glass 
transition temperature, thus the Tg of a typical tire tread compound can 
be controlled by adjusting the ratio of SBR to BR in the blend. 

Due to thermodynamic considerations, elastomer blends are often 
heterogeneous on micro- and nano-scale and show a certain phase 
morphology according to the level of miscibility of the blended species 
[1,4–6]. Furthermore, each type of elastomer has its own specific af-
finity to reinforcing fillers, silica in the present case [4,7]. Wang and 

Wolff compared the affinity of model chemical probes representing 
elastomers and found, that the degree of interaction of rubber with silica 
fillers varies in the following order [8]: 

Nitrile butadiene rubber (NBR) > Styrene Butadiene Rubber >
Natural Rubber (NR) > Butadiene Rubber > Ethylene Propylene Diene 
polyMethylene Rubber (EPDM) > Butyl Rubber (IIR). 

Le et al. reported that the nature of the rubber-filler interactions 
strongly affects the filler surface wetting behavior [7,9,10]. In turn, this 
will also have an influence on the flocculation behavior: the tendency of 
the silica filler to re-cluster after having been mixed. Stöckelhuber re-
ported that flocculation can be reduced by a higher compatibility be-
tween rubber and filler surface [11]. These studies imply that the 
characteristics of the materials such as the chemistry of the polymer and 
the filler surface, are recognized as crucial factors for filler dispersion 
and network formation during vulcanization [12–16]. 

In the present study, the effect of incompatible SBR/BR blends with 
different polymer ratios on factors affecting the marching modulus of 
silica filled compounds are evaluated. Marching modulus is the phe-
nomenon that no plateau profile or constant modulus is reached during 
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vulcanization within acceptable time scale: curing slowly progresses 
over time. For a tire producer this poses a problem in determining the 
optimum vulcanization time, and as a consequence the physical prop-
erties may vary. The factors are correlated with the vulcanization 
characteristics of these compounds as measured at small (approx. 7%) 
and large (approx. 42%) strain. According to literature, the chemical 
structure of the polymers influences their interaction with the silane as 
well as with the curatives, thus influencing the curing kinetics [17]. The 
current study goes beyond this: correlations of the SBR/BR ratio with 
other properties such as bound rubber, Payne effect, and flocculation 
rate, and their influence in turn on marching modulus are also investi-
gated. The results are interpreted in terms of the degree of silanization as 
well as the chemical structure of SBR and BR, their cis/trans and 1, 
2-vinyl butadiene units and their respective reactivities. 

2. Experimental 

2.1. Materials 

Blends of the following polymers were used in this study:  

- Solution Styrene-Butadiene Rubber (S-SBR), extended with 37.5 phr 
Treated Distillate Aromatic Extract (TDAE) oil with a Mooney vis-
cosity (ML1+4@100 ◦C) of 65 and composed of 75% butadiene with 
a 50% vinyl-content and 25% styrene-content;  

- High cis-1,4 Butadiene Rubber (BR) with a Mooney viscosity 
(ML1+4@100 ◦C) of 44 and a cis-1,4 content of 96%. 

With these polymers, all series of experiments were done based on a 
tire tread compound as shown in Table 1. Bis(triethoxysilylpropyl)tet-
rasulfide (TESPT) was selected as silane coupling agent; it is the most 
commonly used one for silica-filled tire compounds. The total amount of 
TESPT applied in the formulations was calculated according to Equation 
(1) as the optimal amount related to the silica surface coverage and 
silica/polymer interaction [18]. 

TESPT(phr)= 5.3× 10− 4 ×ACTAB × Q (1)  

Where the ACTAB is the specific surface area of the silica measured by 

using the Cetyl-Trimethyl-Ammonium Bromide (CTAB) absorption 
method, and Q is the quantity of the silica added to the compound in phr, 
where phr means parts per hundred rubber on weight basis. 

The S-SBR used in this work contained 27.3 wt% (or 37.5 phr) of 
TDAE oil, whereas the BR did not contain oil. Therefore, except for 
SBR100, the amount of TDAE oil for all the blends was adjusted to the 
same amount, and it was added in the pre-blending step. 50 phr of silica 
– without TESPT – was introduced at the same time with TDAE oil in 
order to avoid slippage of the compound in the mixing chamber as well 
as to provide a similar amount of mixing energy for all samples. 

Table 1 
Compound formulation.  

Mixing stage Ingredient Product name Company SBR Rich Half BR Rich 

SBR100 
[phr] 

SBR80 
[phr] 

SBR60 
[phr] 

SBR50 
[phr] 

SBR40 
[phr] 

SBR20 
[phr] 

SBR00 
[phr] 

Pre- 
blending 

S-SBRa) Buna VSL5025-2HM Arlanxeo 137.6 110.0 82.5 68.8 55.0 27.5 0.0 
BRb) Buna CB24 Arlanxeo 0.0 20.0 40.0 50.0 60.0 80.0 100.0 
HD Silicac) ULTRASIL7005 

(CTAB:177 m2/g) 
Evonik 50 → → → → → → 

TDAE oil VIVATEC 500 Hansen & 
Rosenthal 

0.0 7.6 15.1 18.8 22.6 30.1 37.6 

Masterbatch Pre-blendings – – 187.6 → → → → → → 
HD silicac) ULTRASIL7005 

(CTAB:177 m2/g) 
Evonik 50 → → → → → → 

Silane 
(TESPT) 

Si69 Evonik 8.4 → → → → → → 

Stearic acid Stearic acid Merck 2 → → → → → → 
Zinc Oxide ZnO Merck 2 → → → → → → 
DPGd) Perkacit DPG Flexsys 1.5 → → → → → → 

Final Masterbatches – – 251.5 → → → → → → 
Sulfur S J. T Baker 0.7 → → → → → → 
ZBECe) Vulkacit ZBEC Lanxess 0.2 → → → → → → 
CBSf) Santocure CBS Flexsys 2.2 → → → → → →  

a 27.3% TDAE oil extended S-SBR. 
b Non-oil extended BR. 
c HD silica: Highly Dispersible silica. 
d DPG: 1,3-diphenylguanidine. 
e ZBEC: zinc dibenzyldithiocarbamate. 
f CBS: N-cyclohexyl-2-benzothiazolesulphenamide. 

Fig. 1. Mixing process diagram.  
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2.2. Mixing 

As shown in Fig. 1, the compounds were mixed in four steps: pre- 
blending, batch fusion, masterbatch and final steps. The pre-blending 
and masterbatch steps were done by using a lab scale internal mixer 
(Brabender Plasticorder) with a chamber volume of 390 ml, and the 
other steps took place on a lab scale two-roll mill (Polymix 80T). The 
details of each mixing step are shown in Table 2 and Table 3. Before the 
masterbatch stage, two batches of the pre-blending stage having the 
same formulation were combined in order to minimize unintended 
variations from this step. All measurements were done on these two 
batches in parallel; given values are the averages of these two results. 

The fill factor for the pre-blending and masterbatch steps were fixed 
to 75% and 65%, respectively, limited by the maximum load capacity of 

the mixer. The temperature of the Temperature Control Unit (TCU) was 
set at 50 ◦C for the pre-blending and masterbatch steps. In order to avoid 
the “first batch effect”, one initial batch was mixed and discarded before 
the regular mixing started for both steps. In case of the masterbatch step, 
the rotor speed was adjusted from 04:10 (min:sec) onwards in order to 
reach and subsequently keep a steady chamber temperature of 150 ◦C 
during a period of 150 s for silanization. After the mixing steps were 
done in the internal mixer, the compounds were sheeted out immedi-
ately on the two-roll mill in order to cool them down and prevent further 
silanization as well as filler-polymer coupling reaction, in particular for 
the masterbatch compounds. Two batches were mixed for each set of 
conditions in order to check the reproducibility. All batches were mixed 
with good reproducibility as judged by the mixing fingerprints: Fig. 2. 

The final mixing stage was done by using a lab scale two-roll mill 
(Polymix 80T). All ingredients to vulcanize the compounds, alterna-
tively called curatives (sulfur, curing accelerators: zinc dibenzyldithio-
carbamate (ZBEC) and N-cyclohexyl-2-benzothiazolesulphenamide 
(CBS)), were added in this step. 

2.3. Property analysis and testing 

2.3.1. Payne effect 
The Payne effect of silica-filled rubber compounds is generally used 

as an indicator of the degree of filler-filler interaction [19–21]. When a 
rubber is filled with a reinforcing filler, filler-filler interactions take 
place. Especially silica fillers have many hydroxyl (-OH) groups on their 
surface forming a strong filler network in the rubber matrix via 
hydrogen bonding [22]. In general, the storage modulus of such filled 
rubber compounds decreases with increasing strain amplitude due to the 
breakdown of the filler network. This effect is commonly known as the 
Payne effect, which is obtained from the difference in storage moduli 
between low strain and high strain amplitudes [19,20]. 

In the present work, the storage shear moduli (G′) of the uncured 
compounds were evaluated by using a Rubber Process Analyzer (RPA; 
RPA Elite, TA Instruments). The Payne effect of the uncured rubber was 
measured at a temperature of 100 ◦C, a frequency of 0.5 Hz and varying 
strains in the range of 0.56–100%. Payne effect values were calculated 
from the difference in storage shear moduli at low strain (0.56%) and 
high strain (100%), i.e. G′(0.56%) - G’(100%); the given value is the 
average of single measurements on each of the two similar compounds 
as described in Section 2.2. 

2.3.2. Filler flocculation rate 
The Filler Flocculation Rate (FFR) of the uncured compounds from 

the masterbatch step was studied by using the RPA mentioned above at 
100 ◦C, a strain of 0.56% and testing time of 14 min including 2 min of 
pre-heating. The measurement temperature was selected according to a 
typical industrially employed extrusion temperature. The storage shear 
moduli were recorded at different measurement times. According to 

Table 2 
Pre-blending and batch fusion mixing procedures.  

Pre-blending Batch fusion 

Internal mixer Open mill 

Action time [mm: 
ss] 

Action time [mm: 
ss] 

Add polymer 00:00–00:20 Add pre-blends having the 
same formulation 

00:00–01:00 

Mastication 00:20–01:20 Milling 01:00–06:00 
Silica (50 phr), 

TDAE oil 
01:20–01:40 Discharge and separation 

(by weight) 
– 

Mixing 01:40–02:40   
Ram sweep 02:40–03:10   
Mixing 03:10–04:10   
Discharge and 

sheeting 
–    

Table 3 
Masterbatch and final mixing procedure.  

Masterbatch Final 

Internal mixer Open mill 

Action time [mm: 
ss] 

Action time [mm: 
ss] 

Add fused batch 00:00–00:20 Add 
masterbatch 

– 

Mixing 00:20–01:20 Mixing 00:00–02:00 
Silica (50 phr), silane, 

remaining ingredients 
01:20–01:40 Add curatives 02:00–02:30 

Mixing 01:40–02:40 Mixing 02:30–09:00 
Ram sweep 02:40–03:10 Discharge – 
Mixing till 150 ◦C 03:10–04:10   
Ram sweep 04:10–04:14   
Mixing at 150 ◦C 04:14–06:40   
Discharge and sheeting –  –  

Fig. 2. Mixing fingerprints; (a): pre-blending; (b): masterbatch; (solid lines): Torque; (dotted lines): temperature; ( ): SBR100; ( ): SBR80; ( ): SBR60; ( ): SBR50; 
( ): SBR40; (▬): SBR20; ( ): SBR00. 
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Mihara et al. it is possible to observe the flocculation of silica particles by 
monitoring the change of storage modulus (G’) at low strain under 
isothermal conditions [23]. The results can best be fitted with Equation 
(2) [24,25]. 

FFR=

d log

(

G′

0.56

(
t
)/

G′

0,56i

)

d log
(

t/ti

) (2)  

Where FFR is a dimensionless flocculation rate, G′
0.56(t) is the storage 

modulus at 0.56% strain at time t. Equation (2) is normalized with 
G′

0.56i, the initial storage modulus at ti, and ti is 1 min. The values given 
in the Results Section are averages of single measurements on two 
similar compounds. 

2.3.3. Filler-polymer coupling rate 
The filler-polymer Coupling Rate (CR) of the uncured compounds 

from the masterbatch step was studied by using the RPA under the 
following conditions: 160 ◦C, 1.677 Hz and 3◦ (~42% of strain) for 40 
min. A large strain was applied for the CR measurements in order to 
avoid filler-filler interaction. Therefore, only the filler-polymer inter-
action is taken into account in the CR. After the torque levels at different 
times were recorded and normalized, CR was calculated following 
Equation (3), based on a same concept as Equation (2) [24,25]. 

CR=

d log
(

T(t)/Tscorch

)

d log
(

t/tscorch

) (3)  

Where CR is the dimensionless filler-polymer coupling rate, T(t) is the 
torque level at test time t, Tscorch is the torque level at tscorch, the time to 
incipient cure or scorch. The latter corresponds to the time for the torque 
to increase by 1 dN m: T(t)=Tmin+1 (dN m). Tmin is the minimum torque 
level which is observed during the measurement. Two parallel mea-
surements were done, and the average is reported. 

2.3.4. Cure characteristics and marching modulus intensity 
The rheograms of the compounds after the final mixing step were 

measured at 160 ◦C for 40 min under two different strain conditions as 
follows:  

- 0.5◦ (~7% of strain) and a frequency of 1.667 Hz: ASTM D5289-95 
[26];  

- 3◦ (~42% of strain) and a frequency of 1.667 Hz. 

The Marching Modulus Intensity (MMI) was calculated from the 
rheograms by using Equation (4) [24,25]. 

MMI=
T40 − T20

40min − 20min
(4)  

Where MMI is the marching modulus intensity, T40 and T20 are the 
corresponding torque values at 40 min and 20 min. Parallel measure-
ments were done on both compounds; the reported values are the 
average of two measurements. 

2.3.5. Total bound rubber content 
Approximately 0.2 g of the rubber compounds without curatives, as 

obtained from the masterbatch step, were cut into small pieces and 
immersed in toluene at room temperature for 5 days, while the toluene 
was renewed every day. Thereafter, the samples were removed from the 
toluene, dried at 105 ◦C for 24 h and weighed. The bound rubber content 
was calculated according to Equation (5) [27]. 

Boundrubbercontent(%)=

Wfg − W
(

mf
/(
mf + mp

)
)

W
(

mp
/(
mf + mp

)
) × 100 (5)  

Where Wfg is the weight of filler plus gel, W is the original weight of the 
specimen, and mf and mp are the weights of filler and polymer in the 
compound, respectively. Two parallel measurements were done, re-
ported is the average. 

2.3.6. Chemically and physically bound rubber content 
The degree of filler-polymer coupling can be measured by the 

chemically bound rubber content. For this analysis, approximately 0.2 g 
of each of the two the rubber compounds without curatives, as obtained 
from the masterbatch step, were cut into small pieces and immersed in 
toluene at room temperature for 5 days. If this is done under ammonia 
atmosphere, scission of physical linkages occurs as well. Toluene was 
renewed every day. The samples were removed from toluene, dried at 
105 ◦C for 24 h and weighed. The chemically bound rubber content was 
calculated according to Equation (5). The physically bound rubber 
content was calculated by subtraction of the chemically bound rubber 
content from the total bound rubber content. The reported values are 
averages of the two measurements. 

2.3.7. Vulcanization 
Vulcanization of the compounds from the final mixing step was done 

using a Wickert laboratory press (WLP1600). The samples were vulca-
nized at two different cure times for solvent swelling and Mooney-Rivlin 
plots in order to be able to compare the overall crosslink density 
depending on the choice of the curing time for the compounds: either the 
Calculated Cure Time (CCT) or a fixed time of 30 min. The CCT was 
determined as the average of the two measurements. The compounds 
showed marching modulus behavior, therefore CCT of the compound 
was calculated by using a differential curve of the rheogram according to 
Mihara’s work, as shown in Fig. 3 [28]. The time at the cross point of two 
tangential lines A and B of the differential curve plus 1 min was selected 
as CCT. 

Fig. 3. Cure time calculation for compounds showing marching modulus [28].  
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2.3.8. Mooney-Rivlin plot 
Limited polymer chain extensibility evaluated by the Mooney-Rivlin 

approach, gives additional information on the filler-polymer interaction 
of vulcanizates [29–34]. The Mooney-Rivlin formulation is given in 

Equation (6) [31]. 

σ∗ =
σ

λ − λ− 2 = 2C1 + 2C2λ− 1 (6)  

Where σ is the engineering stress and C1, C2 are constants independent of 
the extension ratio (λ). The reduced stress (σ*) decreases with a decline 
of the reciprocal of the extension ratio (λ− 1) to reach a flat region, and 
then rises again. The λ− 1 value at the upturn point implies finite 
extensibility of the polymer chains while stretching [30]. With a better 
reinforcement (i.e. higher degree of filler-polymer coupling), the length 
of bridging polymer chains between adjacent filler particles becomes 
short and restricted, thus contributes to the modulus. Therefore, the λ− 1 

value at the upturn point can be used as an indicator for the intensity of 
filler-polymer interaction as well as the crosslink network. By using 
mathematical software, the λ− 1 value at which the slope of the tangen-
tial line of the Mooney-Rivlin plot becomes zero was selected as the λ− 1 

value at the upturn point. The reciprocal of the extension ratio was 
determined twice, and the average is reported. 

3. Results and discussion 

3.1. Filler-filler interaction (payne effect) as a function of SBR content 

The Payne effect values of the uncured compounds of the pre-blend 
and masterbatch are plotted as a function of SBR content in Fig. 4. 

Pre-blended compounds – containing 50 phr of silica – show a 
decreasing Payne effect value with increasing SBR content, even though 
there was no silane present at all: Fig. 4(a). This trend indicates that the 

Fig. 4. Payne effect as a function of SBR content; (a): pre-blending; (b): masterbatch.  

Fig. 5. Bound rubber content as a function of SBR content; ( ): total bound 
rubber; ( ): chemically bound rubber; ( ): physically bound rubber. 

Fig. 6. Possible mechanism of the reaction between the model olefin representing vinyl groups of SBR (3-methyl-1-pentene, 3m1p) and a sulfidic silane ((3-mer-
captopropyl)triethoxysilane, Si263) [17]. 
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affinity or surface wetting behavior of SBR towards silica is higher than 
of BR, as also reported by Le et al. and Wang and Wolff [7–10]. Mas-
terbatch compounds – containing 100 phr of silica and 8.4 phr of silane – 
also show a lower Payne effect value with increasing SBR content except 
for SBR00, which contains only BR. This trend is explained in literature 
with the affinity or surface wetting behavior of SBR; however, it can be 
better related to bound rubber content as discussed in the next section. 

3.2. Bound rubber content as a function of SBR content 

Fig. 5 shows the amount of bound rubber of masterbatch compounds 
as a function of SBR content. Except for SBR00 (0 phr of SBR, full BR), an 
increasing amount of total and chemically bound rubber is observed 
when the SBR content increases. 

This result can be explained with the high reactivity of vinyl groups 
in S-SBR and thiol radicals generated from the silane (TESPT). Sato 
compared the reactivity between sulfidic silane and model olefins – 
representing the vinyl group in SBR and cis as well as trans double bonds 
in SBR and BR – and found that the vinyl group is the most reactive 
moiety [17]. Additionally, he analyzed the chemical structure of the 
reaction product by using 1H and 13C NMR and found that the reaction 
between sulfidic silane and the vinyl group follows a radical and not an 
ionic pathway: Fig. 6. The reaction between a double bond (ene) and a 
thiol radical – thiol-ene click reaction – is well known for its rapid rate 
and high efficiency of the reaction [35–38]. An additional factor may be 
the higher Mooney viscosity (ML1+4@100 ◦C) of 62 for S-SBR versus 44 
for BR, which results in a gradual increase of the viscosity of the blends 
with increasing S-SBR content. This leads to higher shear forces during 
mixing, which helps to generate more fresh surface of silica (more re-
action sites), and may result in a higher bound rubber level. 

As was seen in Figs. 4(b) and Fig. 5, the Payne effect and bound 
rubber content values of SBR00 (0 phr of SBR, full BR) did not follow the 
trend. However, all Payne effect values of the masterbatch compounds 
and their chemically bound rubber contents show a fair correlation, as 
shown in Fig. 7: R2 higher than 0.9. This result indicates that the amount 
of chemically bound rubber is more effective in reducing filler-filler 
interaction than the physical affinity of the polymer towards the silica 
filler. 

3.3. Silica filler flocculation rate 

The silica Filler Flocculation Rates (FFR) are shown in Fig. 8. The FFR 
values first increase along with the SBR content up to SBR50 (50 phr of 
SBR), and then decrease. 

These results can be explained by a filler re-localization process [7, 
39–42]. Reinforcing fillers such as silica can be localized in one blend 
phase or at the interphase between the two components [39,40]. Le et al. 
reported that filler transfer occurs from a less preferred blend phase into 
which silica was introduced by the mixing process to the more favorable 
one [7]. Based on the observations in our study, a new model for filler 
re-localization depending on the polymer blend ratio was developed: see 
Fig. 9. 

In the extreme cases (with 100 phr SBR or BR, Fig. 9(a) and (d)), 
silica has no alternative than the matrix of the respective polymer, 
therefore the silica clusters will be first distributed more homogeneously 
during mixing compared to a matrix with SBR or BR rich regions. When 
these compounds undergo the FFR measurements, the clusters will start 
to flocculate without any other effects induced by the immiscibility of 
SBR and BR. Due to the fact that the physical affinity of silica towards BR 
is lower compared to SBR, silica would flocculate slightly faster for the 
compound with 100% of BR [8]: Fig. 8. 

In the case of the SBR rich region (Fig. 9(b)), the silica localized in 
the BR phase or at the interphase of BR and SBR tends to migrate to the 
SBR phase, the preferred one for silica in this system. Increasing the BR 
content enhances the migration of silica to SBR, as a higher percentage 
of the total amount of silica is present in the BR phase or at the inter-
phase of BR and SBR due to the higher amount of BR compared to SBR. 
Additionally, a smaller SBR volume (dark area in Fig. 9(b)) induced by 
increasing BR content would result in a shorter distance between silica 
clusters in this phase. As a consequence, silica flocculation will be 
enhanced. 

The same phenomenon will take place for the BR rich region as well 
(Fig. 9(c)). In the BR rich region, the migration of the silica from the BR 
phase or the BR/SBR interphase into the SBR phase is blocked, when the 
silica incorporation capacity of the SBR phase reaches its limit. The 
absolute maximum silica incorporation capacity of the SBR phase de-
creases as the SBR content in the BR rich region becomes lower. As a 
consequence, the flocculation of silica mainly occurs in the BR phase or 
at the SBR/BR interphase. 

According to Jin et al. [25], the amount of chemically bound rubber 
is correlated with and the key factor for FFR reduction. Therefore, FFR 
values of the compounds within this study are plotted against the 
chemically bound rubber content in Fig. 10. Astonishingly, this corre-
lation is not valid for the BR rich compounds. This result indicates that 
the chemical characteristics of the elastomer influence the silica floc-
culation behavior. 

Fig. 7. Payne effect vs. chemically bound rubber content.  Fig. 8. FFR vs. SBR content.  
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3.4. Filler-polymer coupling rate after the masterbatch mixing step 

The filler-polymer Coupling Rates (CR) are shown in Fig. 11. The CR 
of the compounds plotted as a function of SBR content show an 
increasing trend with SBR content. As already stated in Section 3.2, 
increasing the amount of SBR in the compound formulation leads to a 
higher concentration of vinyl groups and thus to an enhancement of the 
thiol-ene click reaction. 

Jin et al. [25] reported that CR was strongly influenced by the 

amount of remaining silane and released free sulfur from TESPT after 
mixing. They obtained lower CR values for the compounds having 
higher amounts of chemically bound rubber. The amount of remaining 
silane and released free sulfur from TESPT is reduced when more 
filler-polymer coupling is achieved during mixing: a higher amount of 
chemically bound rubber. However, in the present study higher CR 
values were obtained for the compounds having a high percentage of 
chemically bound rubber: positive correlation, Fig. 12. This new finding, 
which is in contrast with the earlier observed trends, can be explained 
with the thiol-ene click reaction between the vinyl groups of SBR and the 
sulfur radicals generated from TESPT: when more vinyl-groups are 
present, enhanced filler-polymer coupling via the sulfidic silane is 
occurring. 

3.5. Marching modulus intensity 

The rheograms of the compounds and their Marching Modulus In-
tensities (MMI) measured at two different strains are plotted in Fig. 13 
and Fig. 14, respectively. 

3.5.1. Marching modulus intensity at small strain (ASTM conditions, MMI 
0.5◦) 

As can be seen in Fig. 14(a), the MMI 0.5◦ values in correlation with 
the SBR content show a similar trend as the FFR trend, see Fig. 8. Taken 
from Figs. 8 and 14(a), the MMI 0.5◦ values of the BR rich and SBR rich 
regions are plotted as a function of FFR and depicted in Fig. 15. Both 
polymer regions show positive correlations. These results indicate that 
the silica filler flocculation behavior in the rubber matrix is a strong 
influencing factor for MMI 0.5◦. This was also concluded in an earlier 
study of Jin et al. [25]. However, these two cases are not comparable, as 
the driving force of silica flocculation in the current study is funda-
mentally different. In the earlier study of Jin et al. [25], the compound 

Fig. 9. Filler localization model: the filler is localized at the interphase of SBR and BR. The population of silica is expressed by the color: a darker color represents a 
higher population of silica. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. FFR versus chemically bound rubber content; ( ): SBR rich; ( ): BR 
rich; ( ): SBR/BR = 50/50. 

Fig. 11. CR as a function of SBR content.  

Fig. 12. CR as a function of chemically bound rubber.  
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formulation was fixed and the only variable was the mixing tempera-
ture, and the amount of chemically bound rubber was identified as the 
main influencing factor for FFR. The present study shows that FFR is 
affected not only by the amount of chemically bound rubber, but also by 
the re-localization or migration of silica between the rubber phases 
induced by the different polymer blending ratios. 

The variation of the SBR/BR blend ratio had another consequence, in 
contrast to earlier findings: unexpectedly, in the current study, the 
coupling rate CR does not affect the MMI 0.5◦, see Fig. 16. The expla-
nation of this particular phenomenon lies in the mechanism of the re-
action of filler-polymer coupling via the silane coupling agent and 
sulfur. 

CR was measured on the masterbatch, which means that there were 
no accelerators present such as such CBS and ZBEC. In the case of the 
masterbatch compound, therefore, higher values of CR were obtained 
with increasing SBR content due to the higher vinyl groups concentra-
tion: Fig. 11. 

However, the presence of accelerators (CBS and ZBEC) changes the 
kinetics of the coupling reaction, and therefore a correlation is no longer 
present. The explanation of this effect can be found in the work of Sato 
[17]: a model olefin and sulfidic silane do not react in the presence of 
CBS. The silane tends to incorporate more sulfur into its structure rather 
than reacting with the model olefin. This indicates that filler-polymer 
coupling by vinyl groups of the SBR will not occur to a large extent 
during curing of the final compound containing CBS. 

Klockmann et al. [43] stated that, once the silane is coupled to the 
silica, the silane can be stabilized and react further with the polymer 
after forming a silica-silane-CBS intermediate as shown in Fig. 17. 

3.5.2. Discussion of the rheogram and marching modulus intensity at large 
strain (MMI 3◦) 

Jin et al. reported that only filler-polymer and polymer-polymer in-
teractions are active at a strain of 42% [25]: most of the filler-filler 
network will be broken when the filled rubber compound is subjected 

Fig. 13. Rheograms of the compounds; (a): 0.5◦ (~7% of strain); (b): 3◦ (~42% of strain); ( ): SBR80; ( ): SBR60; ( ): SBR50; ( ): SBR40; (▬): SBR20; ( ): SBR00.  

Fig. 14. MMI vs. SBR content; (a): MMI 0.5◦; (b): MMI 3◦.  

Fig. 15. MMI 0.5◦ as a function of FFR; (a, ): SBR rich; (b, ): BR rich; ( ): SBR/BR = 50/50.  
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to such large deformations. Measuring the MMI at a larger strain (MMI 
3◦) therefore reveals different phenomena, which are not yet reported in 
literature. 

In the rheograms of the compounds measured at large strain (Fig. 13 
(b)), a steep slope at the initial part of the rheogram (maximum cure 
rate) is observed when the SBR content decreases and the BR content 
increases. The maximum cure rate for the compounds and the time when 
the compounds show the maximum cure rate were calculated by 
differentiating the rheograms (Fig. 13(b)) and are shown in Fig. 18. A 
higher maximum cure rate is observed when the amount of BR increases: 
Fig. 18(b). Additionally, the times at which the maximum cure rate is 
reached are shorter when the amount of SBR decreases: Fig. 18(c). The 
explanation of this effect lies in the different reactivity between sulfur 
and double bonds of the 1,4- and 1,2-configurations (vinyl) of BR: the 
reactivity of the 1,4-carbon-carbon double bond is higher than the 
reactivity of the 1,2-double bond [44]: Fig. 19. 

In order to confirm this interpretation, the crosslink density of the 
vulcanizates with two different curing times – Calculated Curing Time 
(CCT, listed in Table 4) and 30 min – were compared by measuring 
swelling ratios: Fig. 20. As can be seen in this figure, the swelling ratios 
of the vulcanizates cured for the calculated time increase along with SBR 
content. As higher swelling ratio values correspond to lower crosslink 
densities, the SBR rich compounds have a lower crosslink density than 
the BR rich ones. Astonishingly, shows the SBR00 compound (100 phr of 
BR) the highest crosslink density, even though this compound was cured 
for the shortest curing time (about half the time of the SBR100 
compound). 

Finally the crosslink densities of all compounds become similar after 

30 min of curing. Additionally, another interesting point can be seen in 
Fig. 13(b): the maximum torque – taken as the torque at 40 min (T40) – 
becomes higher when the SBR content increases. This result indicates 
that more filler-polymer coupling takes place in the SBR rich compounds 
on a longer time range. Limited polymer chain extensibility as evaluated 
by the Mooney-Rivlin equation, gives another evidence for more filler- 
polymer coupling of the compounds containing large amount of SBR. 
As can be seen in Fig. 21, λ− 1 at the upturn point increases along with the 
SBR content. In particular SBR100 shows a large difference in λ− 1 at the 
upturn point between the two curing times, which means that more 
filler-polymer coupling occurred during vulcanization. 

Taking into account Figs. 11 and 13(b) and 14(b) and 18, Figs. 20 
and 21, the following can be deduced:  

- The high increment of torque for the compounds with a high BR 
content (having 96% of 1,4-cis configuration) can be explained by 
higher reactivity for sulfur curing of the 1,4-structure double bond 
compared to the 1,2-vinyl configuration.  

- The high MMI 3◦ indicates that the reaction between the sulfidic 
silane and the 1,2-structure double bonds of SBR can still happen on 
a long time range; in contrast to the statement that the presence of a 
curing accelerator such as CBS suppresses this reaction.  

- In spite of the slow filler-polymer coupling reaction during the 
vulcanization process of SBR rich compounds, they reach a higher 
torque level, thus more crosslinks between filler and polymer. 

4. Conclusions 

In this study, the effect of the polymer (SBR/BR) blend ratio on the 
filler flocculation induced by physical affinity between silica and poly-
mer is investigated. 

The marching modulus intensity of a silica filled compound was 
investigated. The polymer blend ratio turned out to be a strong influ-
encing factor for the marching modulus as well as for the other curing 
characteristics. 

The MMI 0.5◦ of the compounds having different SBR/BR blend ra-
tios is mainly affected by the silica flocculation rate. The FFR in the BR 
rich region is not affected by the amount of bound rubber, but influenced 
by the chemical characteristics of the rubber and silica. The silica tends 
to migrate to and be localized in the more preferred rubber phase (SBR). 
However, when the incorporation capacity of the favorable elastomer 
phase reaches its maximum, silica migration and, as a consequence, 
flocculation slows down. 

The filler-polymer coupling reaction is strongly affected by the SBR 
content and the presence of an accelerator such as CBS. For the mas-
terbatch compounds, increasing percentages of SBR lead to higher CR 
values due to a thiol-ene click reaction. But as soon as CBS is added to 
the compound in the final mixing step, the reaction rate slows down. 
Therefore, MMI 0.5◦ of the compounds were not affected by the CR. 

Fig. 16. MMI 0.5◦ vs. CR.  

Fig. 17. Immobilization mechanism of a mercapto-silane reacting with CBS preventing dimerization of the silane [17,43].  
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The reactivity of the 1,4- and the 1,2-structure double bonds towards 
formation of sulfur bonds between the filler and polymer influences the 
rheogram and MMI at large strain. The 1,4-double bonds in SBR and BR 
are more reactive than 1,2-double bonds in sulfur curing. Due to the 
reactivity of these types of double bonds, faster vulcanization is 
observed for BR rich compounds. However, the slow filler-polymer 
coupling reaction during the vulcanization process for the SBR rich 
compounds results in more crosslinks as the cure time increases: 
decrease in the swelling ratio and increase in λ− 1 at the Mooney-Rivlin 
upturn point of the vulcanizates along with cure time. As a conse-
quence, a higher torque level after 40 min curing as well as MMI 3◦ were 
obtained. 
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Fig. 18. Calculated maximum cure rate and time to reach the maximum cure rate based on Fig. 13(b); (a): example rheograms for SBR100 and SBR00 at large strain 
and their differential curves; (solid lines): Torque; (dotted lines): dT/dt; ( ): SBR100; ( ): SBR00; (b): maximum cure rate; (c): time to reach the maximum cure rate. 

Fig. 19. Variation of the unsaturation of rubber with 65% of 1,4 structural 
units during vulcanization in film form in a nitrogen atmosphere at 142 ◦C; (▬): 
total unsaturation; ( ): unsaturation of 1,4-structure; ( ): unsaturation of 1,2- 
structure [44]. 

Table 4 
Calculated curing times.  

SBR content [phr] Calculated curing time [min] 

100 11.7 
80 11.6 
60 9.8 
50 9.2 
40 8.2 
20 6.5 
00 6.2  
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