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A B S T R A C T   

In recent years, many patents have been published that are claiming the use of low molecular weight ‘liquid’ 
polymers in tire tread applications. Herein, tire producers generally introduce improved balances of the tire 
performances such as wet grip, abrasion resistance and rolling resistance. To understand the influence of the low 
molecular weight ‘liquid’ polymers in detail, an investigation was carried out to create more clarity about the 
influence of the structure of these polymers on in-rubber properties and about their interaction with the base 
polymers and fillers. One basic formulation was selected: A silica filled compound with styrene butadiene 
copolymer (SSBR), polybutadiene (BR) and natural rubber (NR) that is representing a winter tire tread formu-
lation. Different structures of the low molecular weight ‘liquid’ polymer were added to this compound and 
compared. Results are discussed for the curing torques and crosslink densities to evaluate the influence on the 
crosslinking. Payne effect and bound rubber content was measured to evaluate the filler-filler interactions and 
filler-polymer interactions, respectively. The mechanical properties and dynamic mechanical analysis results 
deliver finally indications for the expected tire performance.   

1. Introduction 

This investigation focuses on the usage of low molecular weight 
polymers in passenger car tire applications, particularly compounds 
used in winter tire treads. The molecular weight typically ranges from 
1000 to 50,000 g/mol [1]. Liquid Butadiene Rubber (L-BR), Liquid 
Isoprene Rubber (L-IR) and Liquid Styrene-Butadiene Rubber (L-SBR), 
commonly called “Liquid Polymers”, are special materials that modifies 
the softness and elastic properties. 

Industrially manufactured “Liquid Polymers” are widely used as a co- 
vulcanizable plasticizer in tires, mechanical rubber compounds, plastic 
products, printing inks, paints and coatings or sealants. “Liquid” refers 
to the physical state as a result from the low molecular weight. However, 
they are produced in a similar way than solid diene polymers and co-
polymers [2]. The first L-BR, “Plastikator 32”, was produced in 1925 in 
Germany [3]. Later, in the fifties, many major chemical corporations 
including DuPont, Budium, and Colorado Chemicals, Ricon, explored 
the production of liquid polymers [2]. However, it was not before the 
1970s, that more significant production volumes were achieved. It was 

realized by introducing these new materials to the coating and ink in-
dustry in Western Europe and Japan [3]. Besides this, nowadays the 
main use is in tires. 

In recent years, many patents about the improvement of tire per-
formances with liquid polymers have been filed from different tire 
producers [4–7]. Improvements are claimed for the abrasion resistance 
and for a better balance for low temperature properties in winter tires 
[4,5]. The second big application field are racing tires. Herein the wet 
and dry grip properties are claimed to be improved [6,7]. From the 
mixture characteristics, the patents concluding the advantages of the use 
of Liquid Polymers as a contribution to improved filler distributions. 
Choi et al. [8] also showed similar conclusions in their research of L-BR 
in a silica-filled ESBR compound. Reduced Mooney viscosities, reduced 
crosslinking densities and reduced Modulus - implying the more 
destructive filler-filler interactions – were also observed. 

The patents describe the effects and performances of the tire for-
mulations that comprises the liquid polymers. However, there are no 
publications that describes the reasons for the observed effects. A better 
understanding of it would lead to more effective developments and 
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usages in tire tread compounds. Therefore, the goal of the present 
investigation is to provide more clarity about the effects of liquid 
polymers in tire formulations: i) influence of the polymer structure of 
liquid polymers on crosslinking and mechanical properties; ii) the 
impact on the filler interactions and the dynamic mechanical properties 
of the liquid polymers in-rubber performances. 

For the study, a passenger car tire tread formulation was defined 
according to references [4–7]. This formulation contains silica as a filler 
and SSBR, BR and NR as the polymer composition and TDAE as a 
standard plasticizer. The compound filled only with TDAE was used as 
reference. The liquid polymer was used to replace the TDAE and study 
the properties as an alternative plasticizer. 

2. Experimental 

2.1. Raw materials 

The raw materials used are commonly known in the tire industry and 
commercially available. The following raw materials were used: Solu-
tion polymerized styrene-butadiene copolymer (SSBR), SPRINTAN™ 
4601 supplied by Trinseo, high cis-polybutadiene (BR), BUNA CB24 
supplied by Arlanxeo and ribbed smoked natural rubber sheets (RSS3), 
supplied from Saksham Gati were used as polymers. Carbon black 
(N330) and highly dispersible silica, ULTRASIL® 7000 with organo-
silane, bis(triethoxysilylpropyl)disulfide (TESPD), Si266 were used as 
filler system, all supplied from Evonik. The antioxidants were N-phenyl- 
N0-1,3-dimethylbutyl-p-phenylenediamine (6PPD), supplied from Sigma 
Flexsys and Antiozonant paraffinic wax, supplied from Sasol. Additives 
used for vulcanization include zinc oxide, stearic acid and sulfur, all 
supplied from Sigma Aldrich. Rubber accelerators used throughout the 
formulations were n-cyclohexyl-2-benzothiazolesulfenamide (CBS), 
supplied from Flexsys and diphenyl guanidine (DPG), supplied from 
Sigma Aldrich. As a commonly used plasticizer, an aromatic oil, Treated 
Distillate Aromatic Extract (TDAE), VIVATEC 500, supplied from Han-
sen & Rosenthal was used for the comparison with the different liquid 
polymers. 

The low molecular weight polydienes were selected from Kuraray to 
cover a wide range of types (butadiene, isoprene and styrene- 
butadiene), molecular weights and 1,2-vinyl contents. The main prop-
erties of these grades are shown in Table 1. The “L” refers to liquid or low 
molecular weight polymer; “BR”, “IR”, “SBR” refer to the type of poly-
mer: butadiene, isoprene or styrene-butadiene rubber, respectively. The 
number refers to the molecular weight (MN) of the polymer. 

2.2. Preparation of blends and sample plates 

Table 2 shows the SSBR-rich/Silica based winter tire tread formu-
lation. The liquid polymer is used as replacement of the plasticizer 
TDAE. 

The compounds were mixed in three stages. The first two steps were 
executed in a Brabender internal mixer with a mixing chamber size of 
350 mL. The fill factor was set at 70%. The mixing procedure of the first 
mixing stage includes the following steps (in min:sec): 1. at 0:00 poly-
mer addition, 2. at 1:00 addition of 50% of the silica, carbon black, 
silane and TDAE or low molecular weight polymer, 3. at 3:20 addition of 
the remaining 50% silica, 4. at 6:20 addition of the zinc oxide, stearic 
acid, wax and 6PPD, and discharge at 7:20. The starting temperature of 
the mixer was set at a temperature of 50 �C. The targeted temperature at 
the end of the mixing was 140 �C of the compound to reach a silanization 
with the silane coupling agent. The second mixing step was applied to 
homogenize and to complete the silanization of the compound, 16 h 
after the first mixing stage. After every mixing step the compound was 
sheeted out on a two-roll mill. The third mixing step was carried out on 
the same two-roll mill. The amount of accelerators and sulfur were 
recalculated according to the mass of the compound after the second 
mixing stage. 

The compounds were cured on a Wickert laboratory press at 160 �C 
and 100 bar, according to the t90of the specific compounds, obtained 
from Fig. 1a. The cured specimens measured 100 mm in length and 
width and 2.0 mm in thickness. The liquid polymer was used to replace 
the TDAE and study the properties on the properties as an alternative 
plasticizer. 

2.3. Rheological and mechanical properties 

The compound’s curing kinetics were determined with an Alpha 
Instruments Rubber Process Analyzer RPA 2000, dynamic mechanical 
rheological tester. The increase in torque at 160 �C and 0.5% strain was 
measured over a time period of 20 min. Two frequencies were applied, 
1.667 and 10 Hz. The optimal vulcanization time (t90) of the compounds 
were determined. 

The tensile properties of cured compounds were determined by using 
a Zwick Z020 tensile tester according to ISO-37. 

The Shore A hardness was measured by using a Zwick hardness tester 
according to ASTM D-2240. 

The dynamic measurements of the cured compounds were performed 
using a DMA2000 dynamic spectrometer. For storage (E0) and loss 
modulus (E00) as function of temperature, measurements were performed 
between � 80 �C and 80 �C with a heating rate of 2 �C/min at a dynamic 
strain of 0.1%, static strain of 1% and a frequency of 10 Hz. The tan ?? 
was taken as an indicator for the abrasion resistance (tan ?? at � 50 �C), 

Table 1 
Main properties of the liquid polybutadiene, polyisoprene and styrene- 
butadiene copolymer [1].  

Polymer Product 
Name 

Monomer Molecular 
Weight 
(Mn, g/ 
mol) 

1.2- 
vinyl 
(mol 
%) 

TG 

(�C) 
Viscosity 
(Pa�s at 
38 �C) 

L-BR- 
8.0 

L-BR- 
307 

Butadiene 8000 Lowa � 95 1.5 

L-BR- 
9.0 

L-BR- 
352 

Butadiene 9000 Higha � 60 6 

L-BR- 
45.0 

L-BR- 
300 

Butadiene 45,000 Low � 95 280 

L-IR- 
10.0 

L-IR-10 Isoprene 10,000 Low � 63 3 

L-SBR- 
8.5b 

L-SBR- 
820 

Styrene, 
Butadiene 

8500 Low � 14 350  

a L-BR-8.0 with low cis content, L-BR-9.0 with high cis content according the 
supplier. 

b L-SBR-8.5 with low styrene content (15–30%) according the supplier. 

Table 2 
Reference compound for the winter tire tread study.  

Formulation Concentration 

SSBR 65 
BR 25 
NR 10 

Silica 80 
Carbon Black 20 
TESPD 6 

TDAE or Liquid Polymer 25 

Zinc Oxide 3 

Additives 1.5 (6PPD) 
1.7 (Stearic Acid) 
1.5 (Wax) 

Sulfur 1.4 
Accelerator 1,.7 (CBS) 

2.0 (DPG)  
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wet grip performance (tan ?? at 0 �C) and rolling resistance (tan ?? at 70 
�C), knowing well that only the prediction of the rolling resistance seems 
to be reliable. 

2.4. Filler-filler and filler-polymer interactions 

The Payne effect and the Bound Rubber Content (BRC) was measured 
to study the filler-filler and filler-polymer interactions. Both measure-
ments provide an indication of the microdispersion of the filler. 

2.4.1. Payne Effect 
The Payne effect was measured by using the RPA 2000 in order to 

investigate the filler-filler interactions. The storage modulus between 
0.56% and 100% strain were measured at the temperature of 100 �C and 
a frequency of 0.5 Hz. 

2.4.2. bound rubber content 
Approximately, 0.25–0.3 g of the uncured compound obtained after 

the second mixing without sulfur and accelerators were introduced into 
a glass container and mixed/dissolved in 20 ml toluene. The samples 
were removed after 7 days at room temperature from the solvent and 
dried for 24 h at 85 �C. The bound rubber measurements were carried 
out with and without ammonia treatment. The total bound rubber is 
determined without ammonia treatment. The chemical bound rubber is 
with ammonia treatment and cleaves the physical linkages between the 
polymer chains and the silica [9]. The bound rubber content was 
calculated according to Equation (1.1) [9]: 

Bound Rubber Content ð%Þ¼
Wfg � Wf

Wp
*100 (1.1)  

Where Wfg (g) is the weight of the filler and the bounded rubber 
attached. It is determined from the sample weight after exposure in 
solvent. Wp (g) is the polymer amount in the sample and Wf (g) is the 
filler amount in the sample. Wp and Wf are calculated from the 
formulation. 

2.5. Crosslinking density 

The Crosslinking Density (CLD) was determinate by swelling test. To 
remove low-molecular soluble substances (e.g. residues, decomposition 
products, fatty acids, antioxidants etc.) prior to the swelling, the samples 
were extracted with acetone, and subsequently, with tetrahydrofuran 
for 3 days in each solvent, following 3 days drying in a vacuum oven. 
Then, samples of approximately 0.4 g were swollen to equilibrium in 
toluene for 7 days at ambient temperatures. After that, the samples were 

dried to constant weight for 3 days at 50 �C in a vacuum oven. The CLD 
was measured according to the Flory-Rehner equation [10] (Equation 
(1.2)): 

ν¼ � lnð1 � Vr Þ þ Vr þ xV2
r

V0

0

B
@ V

1
3
r �

2Vr
f

1

C
A

(1.2)  

ν is the CLD per unit volume (mol/cm3). Vr is the volume fraction of the 
rubber in a swollen sample. V0 is the solvent molar volume (in case of 
toluene ¼ 106.9 cm3/mol), f is the functionality of the polymer (f ¼ 4, 
assumption for the formation of tetra-functional crosslinks) and χ is the 
Flory-Huggins polymer-solvent interaction parameter. For an SBR/ 
toluene system, χ is 0.378 as reporter by George et al. [11]. The 
SBR/Toluene system was selected because of the highest content of SBR 
in the formulation. The morphology is therefore dominated by the SSBR 
and the interpretation is mostly considering this fact. The 
above-mentioned Flory-Rehner equation is only valid for non-filled 
systems. For systems with fillers, especially when different filler com-
positions are introduced, the volume fraction of the filler should be 
corrected according to Kraus [12]. However, due to the fact that the 
filler content and the filler system is the same for all compositions, the 
crosslink densities were calculated without the Kraus correction. Similar 
effects can be assumed in all samples. The Kraus correction can be 
neglected for a comparison within this study. 

3. Results and discussion 

3.1. Curing characteristics and crosslinking density (CLD) 

3.1.1. Curing characteristics 
The cure characteristics of the sulfur vulcanized mixtures with 

different liquid polymers are depicted in Fig. 1a. All compounds 
comprising the liquid polymers showing clear differences in the curing 
kinetics depending on their molecular weight, viscosity and polymer 
structure. In general, the L-IR and L-BR containing compounds vulca-
nizes initially faster than the compound with TDAE. However, they 
reach lower maximum torque levels, indicating a decrease in the CLD 
(crosslinking density), introduced in the next section. The maximum 
torque decreases in the order L-SBR-8.5 > L-BR-45.0 > L-IR-10.0 > L- 
BR-9.0 > L-BR-8.0. 

The liquid styrene-butadiene copolymer (L-SBR-8.5) and high mo-
lecular weight polybutadiene (L-BR-45.0) show similar curing profiles. 
High initial torques and high maximum torques compared to the other 

Fig. 1. Rheograms of the investigated compounds at 160 �C: a) Silica/SSBR compounds at frequencies of 1667 Hz, b) three selected Silica/SSBR compounds at 
frequencies of 10 Hz. 
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polymers were obtained. Both polymers show by far the highest static 
viscosities as shown in Table 1: 280 Pa*s (L-BR-45.0) and 350 Pa*s (L- 
SBR-8.5). However, the molecular weights are significantly different: 
45,000 g/mol (L-BR-45.0) and 8500 (L-SBR-8.5). 

From these results, it could be interpreted that the styrene butadiene 
structure reaches a higher CLD at low molecular weights compared to 
the polyisoprene or polybutadiene. The reason could be related to the 
similarity of the structure with the SSBR as the main polymer. It has to 
be taken into account that the L-SBR-8.5 exhibits the highest static 
viscosity. This may also contribute to the maximum torque and not only 
because of its higher CLD. 

Similar results were obtained between the polyisoprene (L-IR-10.0) 
and high vinyl polybutadiene (L-BR-9.0). Both polymers have relatively 
similar static viscosities, 3 Pa*s (L-IR-10.0) and 6 Pa*s (L-BR-9.0) and 
similar molecular weights of 10,000 g/mol (L-IR-10.0) and 9000 g/mol 
(L-BR-9.0), as shown in Table 1. However, although the initial level of 
torque of the high vinyl L-BR-9.0 compound is lower than the value of 
the L-IR-10.0 compound – because of the higher reactivity of the double 
bond of the isoprene structure –, similar maximum torques at the end of 
the analysis were obtained [13]. 

The replacement of the TDAE by different liquid polymers results in 
lower torque end values. It is not obvious. The viscosity of the liquid 
polymers is higher as the TDAE and the total content of polymers – 
conventional polymers plus the liquid polymer versus conventional 
polymers plus TDAE – in the mixture is higher. It has to be taken into 
consideration that the frequency range influences the viscoelastic 
behavior of the polymer and the filler interaction differently. Fig. 1b 
shows additionally the curing measurement at a higher frequency (10 
Hz). It can be assumed that a higher frequency minimizes the filler 
contribution to the torque and increases the contribution of the polymer 
– relatively to the total torque value. The filler network is reduced and 
cannot be regenerate fast enough. A similar observation and explanation 
was reported by Lion et al. [14] For this reason the liquid polymer’s 
structure dependency and interaction can be clearer observed. As a 
result, the comparison can be attributed to the interaction between the 
liquid polymer and the main polymer. 

Assuming that TDAE is not contributing to the crosslinking network, 
the total reactive polymer composition decreases in the conventional/ 
liquid polymer blends which results in an average lower molecular 
weight. The assumptions is therefore that the overall CLD is reduced in 
the presence of liquid polymers, except for the L-SBR-8.5 which shows a 
higher crosslink density as shown below in the chapter “Crosslink Den-
sity”. The liquid polymer is co-reacting with the base polymer. However, 
it occurs most likely with a lower statistical probability compared to the 
base polymers reacting with each other. As an example, considering that 
only one double bond is reactive out of 100, statistically speaking, it can 
be assumed that with a small amount of liquid low molecular weight 
polymer, not every molecule has co-reacted with the base polymer. 

One explanation can be related to the different network formation 
between the liquid polymers compared to TDAE. From the vulcaniza-
tion, a three-dimensional network is formed from separate polymer 
chain molecules that are chemically linked to each other [15,16]. 
However, several limitations have to be considered to the model of the 
ideal network. One is the influence of entanglements – also considered as 
physical crosslink units – and another one is the building of dangling 
ends, chains that are only connected with one crosslinking unit. In both 
cases, the contribution of the crosslinking units to the modulus, 
compared to the ideal network formation, is reduced. The modulus is 
reduced proportionally to the amount of dangling ends [15,16]. 

The molecular weight per volume unit is reduced with the usage of 
the low molecular weight polymers. The formation of an ideal network is 
therefore reduced what consequently results in a higher amount of 
dangling ends. These chains are reacting with the network but do not 
contribute to the total modulus. According to the ideal network theory, 
at least two crosslinking units are required to connect a chain. Fig. 2 
shows the possible incorporation of Liquid Polymer into the vulcanized 

network. It is possible that the liquid polymer is connected with one or 
two or more crosslinking units per chain with the base polymer. 

The differences are also effected by the filler-filler interactions – 
which are higher for all liquid polymers, as discussed in the chapter 
“Filler-Filler and Filler-Polymer Interactions”. It can be assumed that a 
higher polymeric content, with a higher initial torque (higher compound 
viscosity) versus the TDAE causes an increase in the Payne effect. 

The network theory is limited to the explanation of molecular weight 
per unit and the crosslinking units. It cannot fully explain the results. 
Indeed, it is possible that the L-SBR occupies a larger volume compared 
to the L-BR-45.0 which might reduce the free available volume between 
the individual polymer chains. A similar effect can be found in different 
polymers extended with TDAE oil. The bulky aromatic groups of the 
TDAE reduces the segmental motion of linear BR chains and results to an 
anti-plasticizing effect [17]. Different to SBR, where the bulky aromatics 
pushing the chains apart and increasing the free volume and segmental 
motion [17]. This finally results in similar torque values because the 
L-BR-45.0 has on the other hand more crosslinking connections: Two 
opposite effects might lead in the end to similar characteristics. This can 
also be one basis of the discrepancy for the values of the torque (lower 
for the liquid polymers) and hardness (higher for the liquid polymers) as 
shown in Table 3. 

3.1.2. Crosslinking density 
The CLD was determined by swelling test and calculated according to 

the Flory-Rehner equation [10]. It is shown in Fig. 3 as a function of the 
molecular weight, separately for two ranges of 1,2-vinyl contents (<30% 
and >50%) and different polymer types. Comparing the 1,2-vinyl con-
tents: L-BR-8.0 and L-BR-9.0 show close CLD values. As the molecular 
weight is close, it can be assumed that the vinyl content is of less sig-
nificance for the CLD. However, as the maximum torque for L-BR-9.0 is 
higher than L-BR-8.0, as shown in Fig. 1, it can be regarded to a slightly 
stronger pronouncement filler network. 

The increase of the molecular weight of the L-BR shows a clear in-
crease in the CLD. The same is true for the change of the polymer type, 
isoprene and styrene-butadiene polymers, both leads to a clear increase 
in CLD that is coherent with the maximum torque values as shown in 
Fig. 4. The same picture was already observed in the rheometer curves. 
The L-SBR shows the highest CLD, higher than the control formulation 
that contains TDAE. The torque curve measured with the high frequency 
shown in Fig. 1b, measuring a lower filler-filler network contribution 

Fig. 2. Crosslinking network built with liquid polymer assuming the combi-
nation with one or two polymer chains. 
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shows closer correlation to the CLD. The L-BR’s and L-IR showing a 
lower CLD than the TDAE in correlation with the results showed pre-
viously in Fig. 1b. 

3.2. Filler-filler and filler-polymer interactions 

3.2.1. Payne Effect 
The Payne effect provides information of the strain dependence on 

the modulus of filled rubber [18]. It is used for the characterization of 
the filler-filler and filler-polymer interactions. Fig. 5 shows the storage 
modulus G’ as a function of the dynamic strain at 100 �C for the 
unvulcanized compounds after the second mixing step. The frequency 
was set at 0.5 Hz. The Payne effect is calculated as the difference of the 
modulus between the strain at 0.56% and 100% (Fig. 6). 

In general, all compounds with liquid polymers show higher Payne 
effects than the compound with TDAE. The modulus at 0.56% strain is 
significantly higher for the different liquid polymer filled compounds. 
This would lead to the assumption that the filler-filler interactions are 
more increased than the filler-polymer interactions. 

It has to be taken into account that the exchange of TDAE with the 
different liquid polymers increases the compound’s initial viscosities 
that can be obtained from the lowest point of the curing curves in Fig. 1. 
A good filler dispersion requires sufficient shearing and a high viscosity. 
However, if the viscosity is too high, an effective mixing is impaired and 
consequently the dispersion can be worse. The change in the viscosity 
can result in a worse dispersion, which means a higher filler-filler 
network, resulting in a higher modulus G0 at lower strain and a higher 
Payne effect. Comparing the different liquid polymers, the moduli at 
0,56% strain shows the same trend with the initial torques measured in 
the curing kinetics in Fig. 7. 

The strongest filler-filler interactions are measured for the L-SBR and 
high molecular weight L-BR. The resulting Payne effects shows also the 
highest values. 

Table 3 
Comparison of crosslinking and mechanical properties.   

CLD (104 mol/cm3) Max. Torque (dNm) Shore A Hardness M100 (MPa) M300 (MPa) Tensile Strength (MPa) Elongation (%) 

TDAE 3.60E-04 18,9 54 1,8 7,7 13,2 427 
L-BR-8.0 2.88E-04 15,2 57 1,9 5,0 10,7 525 
L-IR-10.0 3.56E-04 16,4 62 1,9 – 4,4 271 
L-SBR-8.5 4.68E-04 18,0 68 3,5 – 11 271 
L-BR-45.0 3.58E-04 17,9 66 2,5 – 5,7 200 
L-BR-9.0 2.90E-04 15,9 60 3,8 12,5 14,9 359  

Fig. 3. CLD of the compounds measured by equilibrium swelling according to 
Flory-Rehner. 

Fig. 4. Maximum torque and CLD of the compounds measured by equilibrium 
swelling according to Flory-Rehner. 

Fig. 5. Strain Dependence of Polymer Type and Microstructure measured at 
100 �C for 0.5 Hz. 
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3.2.2. bound rubber content 
Fig. 8 shows the results of the bound rubber measurement for TDAE 

as the reference and the compounds containing the liquid polymers. The 
total bound rubber and the chemical bound rubber versus the molecular 
weight, vinyl content and type. 

A higher total bound rubber content than that of the reference is 
achieved in the presence of all liquid polymers. The tendencies are 
comparable for the total and chemical bound rubber. An interesting 
result is that both bound rubber contents for the L-SBR shows a closer 
similarity to those of the two low molecular weight L-BR’s. The high 1,2- 
vinyl content L-BR-9.0 shows a higher total and chemical bound rubber. 
This can be attributed to the higher cis content of the L-BR-9.0 that has a 
higher possibility to react with the silane and the silica. Masaki [18] 
confirmed that liquid polybutadiene with high vinyl and high cis content 
show a higher reactivity with TESPT and a mercaptosilane [19]. The 

finding is in contrast to the curing kinetics and Payne effect in which the 
L-SBR shows a relative similarity to the high molecular weight version of 
the L-BR. 

From thermodynamic processes, it can be expected that the attach-
ment to the polymer active side of the silane coupling agent is more 
likely in the case of the liquid polymer. The total polymer content per 
volume fraction is higher in case of the TDAE. Additionally, the average 
molecular weight is reduced. The mobility of the shorter polymer chains 
has a higher possibility to fill the voids of the silica surface and finally 
bound the polymer more effective. This can be the reason for the sig-
nificant higher chemical bound rubber of the high vinyl and high mo-
lecular weight L-BR’s compared to the TDAE and low molecular weight 
L-BR. 

High Payne effects for each sample shows a high bound rubber value 
for the same sample too. It can be assumed that both, higher filler-filler 
interactions and higher filler-polymer interactions are obtained in 
parallel. 

3.3. Mechanical properties 

The mechanical properties are shown in Table 3. The tensile prop-
erties are comparatively summarized together with the Shore hardness, 
maximum torques and CLD. Most liquid polymer types show lower 
tensile strength at break and lower maximum elongation compared to 
TDAE. The compounds are slightly more brittle and show a lower elas-
ticity than the reference. The tensile properties vary strongly based on 
the specific liquid polymer that is incorporated. Three types of liquid 
polymers, the polyisoprene L-IR-10.0, the styrene-butadiene copolymer 
L-SBR-8.5 and the high molecular weight polybutadiene, L-BR-45.0 
show the highest reduction of the tensile strength and elongation 
compared to the reference. Except for L-BR-8.0 and L-IR-10.0, an in-
crease of the M100 is shown for all liquid polymers compared to the 
TDAE. For the tensile strength, the L-BR-9.0 shows even a higher value 
than the reference compound. The compound with low molecular 
weight L-BR-8.0 shows lower tensile strength, higher elongation and 
similar M100 in comparison with the TDAE. The high 1,2-vinyl L-BR-9.0 
shows a contradictive tendency: higher tensile strengths, lower elon-
gation and higher modulus than the reference. Although the values are 
relatively close to the TDAE, differences for the vinyl contents are well 
pronounced. The higher tensile strength and modulus with the high 1,2- 
vinyl type are also coherent with the higher vulcanization torque and 
CLD as discussed above. The explanation for this can be attributed to the 
higher filler network for the high vinyl types. 

In summary, the different mechanical properties can be interpreted 
with a change in the filler-filler network and in the CLD. E.g. comparing 
L-BR-45.0 with L-BR-8.0, the increase of the liquid polymers’ molecular 
weight increases the CLD. The higher modulus of L-BR-45.0 in combi-
nation with the higher Payne effect can be further explained with a 
worse filler dispersion – that also affects the tensile strengths and 
elongation. A further possibility is that the tensile strength and elon-
gation is caused by exceeding an optimum crosslinking structure and 
density for a liquid polymer based compound – with the creation of 
shorter polysulfidic connections [12]. 

Not fully in line is the property profile of the high 1,2-vinyl content L- 
BR-9.0. This polymer causes a comparable low Payne effect but a sig-
nificant increase in the M100. The torque values are lower and show a 
more pronounced formation of dangling ends which are not contributing 
to the reinforcement. However, in the other cases – in the hardness and 
M100 measurement – the contribution of the filler network is measured 
more pronounced. 

For all liquid polymer containing mixtures, an explanation for the 
loss in the maximum torque compared to TDAE can be attributed to the 
free volume. The free volume is the volume that is not filled with atoms 
and molecules. It is defined as the difference between a total specific 
volume of sample and an occupied volume [20,21]. It is related to the 
space between molecular chains. This space provides to the chains a 

Fig. 6. Payne effects for liquid polymer.  

Fig. 7. Maximum torque and Payne effect of the compounds.  
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certain mobility and therefore the possibility of a free movement. In 
uncured polymeric materials, the highest free volume is in the temper-
ature range between the glass transition temperature and the crystalline 
melting temperature. The free volume decreases with increasing cross-
linking density [22]. Comparing the compounds with different liquid 
polymers to the reference with TDAE, it can be considered that the free 
volume has changed. The longer and more complex molecules – 
compared to the TDAE molecules – of the low molecular weight poly-
mers can act as spacers between the molecular chains of the solid rubber 
as shown in Fig. 9. The remaining free volume could be lower. In this 
case, the liquid polymers would fill and utilize free volume. This, 
however, needs to be investigated in a separate study. 

3.4. Dynamic mechanical properties 

The dynamic mechanical properties were measured for two pur-
poses: 1. to characterize the material blends and predict the miscibility, 
in particular by the Tg shift and pronouncement of the Tg, which is 
influenced by the filler and 2. to discuss the potential tire performance 
based on the storage modulus and hysteresis according to the different 
performance indicators of a tire. However, it has to be taken into ac-
count that only the rolling resistance is understood as a reliable pre-
diction obtained from the DMA. 

The properties of a viscoelastic material vary in response to the 

frequency, the applied force and temperature. At low frequency, the 
deformation occurs slowly and the material appears to be elastic, the 
hysteresis is low. An increase in frequency causes a resistance in the 
material and the viscoelastic behavior becomes more important. At low 
temperature, the modulus of the rubber is high and at high temperature, 
the modulus is low. Around the glass transition temperature (Tg) of the 
material, the rubber shows more viscous behavior, the chain segments 
can sufficiently be deformed between the sulfur bridges. Furthermore, 
the Tg increases with the stress frequency for a rubber compound. 

The DMA further provide information about the material charac-
teristics such as compound compatibility and homogeneity. By incor-
poration of the different liquid polymers into the mixtures, a clear shift 
of the Tanδ curves compared to the reference compound can be observed 
as shown in Fig. 10. This can be related to the liquid polymer’s type and 
structure – miscibility with the other compound ingredients, especially 
the different base polymers – as well as the glass transition temperature 
that determines the extent of these shifts. The reference compound and 
the compounds containing L-BR-8.0 and L-SBR-8.5 show similar com-
patibilities, visibly by the sharper pronounced Tanδ peaks. The Tanδ 
shift compared to the reference sample with TDAE can be explained by 
the glass transition temperatures of the individual liquid polymer types: 
L-BR-8.0 (Tg ¼ � 95 �C), L-IR-10.0 (Tg ¼ � 63 �C), L-SBR (Tg ¼ � 14 �C) 
compared to TDAE (Tg ¼ � 55 �C). The resulting Tanδ peaks of the 
compounds are for L-BR-8.0 (� 44 �C), L-IR-10.0 (� 42 �C), L-SBR-8.5 
(� 32 �C) and TDAE (� 40 �C) (Table 4). Tendencies of these changes can 
be indicatively explained using the Flory Fox equation [20,22,23]. 

1
Tg
¼

w1

Tg;1
þ

w2

Tg;2
(1.3)  

Where w1 and w2 are the weight fractions and Tg,1 and Tg,2 the glass 
transition temperatures of the different polymers. In general, the ten-
dencies of the results are in line with results that can be calculated and 
predicted according this equation, shown in Table 4. The Tg for the 
compound comprising L-SBR is higher compared to the reference com-
pound with TDAE due to the increased contribution of the bulky styrene 
groups. These groups inhibit the free movement of the polymer chains 
and more energy is required for the polymer chains to flow. 

Eq. (1.3) is simplified for a homogeneously mixed polymer blend. It 
has to be taken into consideration that the different liquid polymers do 
not distribute weight-proportionally but according to their affinity and 
compatibility to one of the base polymers. This can be one reason for the 
relatively high differences between calculated and experimental results 
of the two low 1,2-vinyl L-BR’s (L-BR-8.0 and L-BR-45.). 

An interesting result is the pronouncement of the different L-BR 
structures as shown in Fig. 10b. The high 1,2-vinyl L-BR-9.0 (Tg � 60 �C) 

Fig. 8. Bound Rubber Content for the different liquid polymers.  

Fig. 9. Utilization of the free volume with liquid polymer (L-IR) and TDAE.  
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shows the same compound Tg as for the TDAE, both at � 40 �C. As these 
both material show more similar Tg values, the result is plausible and in 
line with the Flory Fox equation. However, the compound that com-
prises the high molecular weight L-BR-45.0 shows a Tg of � 39 �C. Even 
though its individual Tg is � 95 �C. The compounds Tanδ curve shows a 
broad and low pronounced peak that indicates a lower miscibility 
compared to the lower molecular weight types. As shown in the previous 
segments Curing and CLD and Tensile Properties the high molecular 
weight type shows a higher CLD with higher hardness and modulus, too, 
compared to the reference. The high CLD in this particular case con-
tributes to the torque modulus. 

The DMA is used to predict the performance of tires [24–26]. For the 
wet grip, the frequency temperature equivalence can be determined 
with the WLF equation (Williams-Landel-Ferry) [25]. In this model, time 
and temperature can be mathematically interchanged. Wet grip is a high 
frequency phenomena (MHz) and requires low test temperatures (� 20 
�C–0 �C) in the DMA at a stress frequency of 10 Hz. The rolling resistance 
correlates as a direct parameter from the DMA temperature area be-
tween 60 �C and 70 �C at 10Hz. Fig. 11 shows the Tanδ values and 
storage moduli for the different liquid polymers and the TDAE at 0 �C (a) 
(b) and 70 �C (c) (d). All liquid polymers show higher Tanδ values at 0 �C 
and 70 �C (Fig. 11a and c). 

The low molecular weight L-BR-8.0 and L-SBR-8.5 show a good 
balance compared to the TDAE and the other liquid polymers: At 0 �C – 
as the indicator or the wet grip – the LBR-8.0 and the L-SBR-8.5 show a 
higher value implying a higher hysteresis. For the L-SBR-8.5, this is 
associated with an increase of the storage modulus. For the L-BR-8.0 the 
same storage modulus – and higher loss modulus – than the reference. At 
70 �C – as the indication for the rolling resistance – both types show a 
higher hysteresis compared to the TDAE based reference compound, in 
both cases due the increase in the storage moduli – and increase of the 
loss moduli too. The L-IR and high 1,2-vinyl L-BR show similarities, 
similar tanδ values at 0 �C and 70 �C. It can be explained by overlapping 

effects, the reduced overall Tg and the increased filler-filler network. 
Generally, the hysteresis in the temperature range from � 10 �C to 80 �C 
is increased. For the cases of the different L-BR types and the L-IR, this 
can be attributed to the lower CLD and reduced elasticity. 

4. Conclusion 

Different low molecular weight ‘liquid’ polymers have been added to 
a typical winter tire tread formulation of a sulfur curable mixture of 
SSBR/BR/NR with silica as a filler. The structure of the liquid polymers 
such as type (isoprene, butadiene and styrene butadiene), molecular 
weight and 1,2-vinyl content was varied to understand the influence on 
the compound’s characteristics and prediction of in-rubber properties. It 
includes mainly the study on the curing characteristics and final CLD, 
the mechanical and dynamical properties and filler interactions. 

In general, higher molecular weight types result in higher CLD. 
Compared to TDAE, all liquid polymers show lower levels of CLD. As a 
lower molecular weight-based material is introduced, the average mo-
lecular weight in the total compound is reduced. The potential to create 
a less ideal network – in particular through dangling ends – seems to be 
increased. This is not an obvious conclusion in the first moment as the 
total polymer content is higher. However, as TDAE is in principle not 
competing with the network formation, the liquid polymer reduces the 
average molecular weight and the molecular weight distribution of the 
total polymer composition. The reduction of the CLD could be 
compensated by adding additional sulfur to increase the number of 
crosslinking units per chain. 

The results of the filler-filler interactions and filler-polymer in-
teractions show contrary results. The use of liquid polymers and higher 
molecular weights increases the filler-filler interactions while increasing 
the filler-polymer interactions at the same time. It is likely, that a too 
viscous compound (due to the higher molecular weight) supports the 
agglomeration and the building of a more pronounced filler-filler 
network caused by a lower dispersion efficiency. However, this molec-
ular weight causes also a higher interaction with the polymer (a higher 
molecular weight polymer is more probable to attach to the polymer 
active side of silane coupling agent as a TDAE). 

The mechanical properties show differentiated results with the liquid 
polymers. While the molecular weight and CLD increases, the modulus 
(M100 and M300) increases as well. The tensile strength and elongation 
at break reduce. The properties can be explained by the crosslinking 
density, filler dispersion and compatibility. It further subjected to the 
free volume which should be investigated in a separate study. 

The DMA shows Tg shifts according the liquid polymer’s Tg. Gener-
ally, for all types, the hysteresis, tanδ is increased compared to TDAE in 
the temperature range from 0 �C to 80 �C. By adjusting the curing and 

Fig. 10. Dynamic Mechanical Properties of the Silica/SSBR-rich mixtures with different polymer types (a) and structures (b).  

Table 4 
Comparison of glass transition temperatures of the compound: calculated values 
according to Equation (1.3) (compound Tg,1 without plasticizer assumed and 
defined at 36 �C), and obtained from tanδ curve.   

Tg (calculated) (�C) Tg (DMA) (�C) 

TDAE � 40 �C � 40 �C 
L-BR-8.0 � 51 �C � 44 �C 
L-IR-10.0 � 42 �C � 42 �C 
L-SBR-8.5 � 32 �C � 32 �C 
L-BR-45.0 � 51 �C � 39 �C 
L-BR-9.0 � 41 �C � 40 �C  
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crosslinking, hardness level and compound’s Tg, the performance can be 
comparatively evaluated. 
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