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ABSTRACT 

Liquid silicone rubber is an interesting material at an industrial level, but there are great 

difficulties in the design and machining of molds, and in addition, it cannot be processed using 

conventional equipment. Therefore, new lines of research have focused on the search for new 

materials capable of providing final properties similar to liquid silicone rubber, that can also be 

engineered using simple, conventional processes and machinery. In this investigation, a range 

of compatible blends, based on two commercial grades of styrene-b-ethyleneco-butylene-b-

styrene (SEBS) thermoplastic elastomer, was studied in order to obtain a range of different Shore 

A hardness blends for industrial applications where liquid silicone rubber (different hardness) is 

currently used. The two blended elastomers used had widely differing Shore A hardness values 

(5 and 90). Once the blended materials had been characterized, the Cross and Williams et al. 

[20] (Cross-WLF) mathematical model was applied in order to obtain theoretical performance 

curves for the viscosity of each of the blends. After this, a model was developed using the 

Computer Aided Engineering (CAE) software package Autodesk Moldflow 2012TM. This 

computer modeling validated the results obtained from the mathematical models, thus making 

available to process engineers the full range of hardnesses necessary for industrial products 

(where liquid silicone rubber is used), while still providing the advantages of thermoplastic 

injection molding. 
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INTRODUCTION 

In the last few years styrene polymers have received great attention due to the wide variety of 

properties that can be achieved with their use. Hydrogenation of styrenebutadiene-styrene 

rubber (SBS) leads to styrene-b-ethylene-co-butylene-b-styrene (SEBS) polymers. These are 

widely used as compatibilizers of other thermoplastics or as a blend to improve specific 

properties of a material (mainly impact resistance due the elastomeric nature of SEBS). 



It is possible to find different papers on the characterization of SEBS blends; Zhang et al. [1] 

investigated the mechanical performance of nylon 6 ternary composite blends with SEBS nano 

SiO2 particles, with controlled morphology. Feng-Hua et al. [2] analyzed the mechanical 

behavior of polypropylene-SEBS blends with organically modified montmorillonite (OMMT) and 

the effects of different formulations on the system’s rheology. 

Sugimoto et al. [3] analyzed the changes in morphology and rheology of SEBS blends combined 

with different hydrocarbons. There is very little literature about the use of SEBS as an individual 

material, but recently there has been increased interest in its use at the industrial level due to 

some of the properties that this material can provide, such as transparency and enhanced 

resistance to degradation by ultraviolet (UV) light and chemical attack. The detailed analysis of 

SEBS in terms of thermal and rheological characterization provides an efficient approach in order 

to solve problems in which there is some uncertainty about its behavior. There are various 

factors which have an influence on its behavior, and there is a range of variables that need to be 

studied. 

Interesting new commercial grades of SEBS have been developed recently; these are 

characterized by high transparency, excellent chemical and light resistance, and easy processing. 

This has opened up the possibility of new applications by replacing other materials, such as liquid 

silicone, in some industrial processes for the manufacture of child care and orthopedics 

products, in which elastic properties, chemical inertness, and thermal stability are of great 

importance. 

The research discussed in this article focuses on the use of two commercial SEBS grades 

(characterized by extreme Shore D hardness values, 5 and 90) to obtain SEBS materials with 

different mechanical properties [4–6] by the physical blending of these two extreme grades. The 

main aim of this study was to obtain a full range of material hardness while only using two 

references, thereby optimizing the material’s processing and allowing SEBS to replace liquid 

silicone in industrial applications. The next step was to carry out rheological characterization of 

the blends by analyzing the changes in viscosity values at different temperatures for all the 

SEBS blends followed by subsequent mathematical modeling of the data obtained. 

Using conventional Computer Aided Engineering (CAE) tools such as Autodesk Moldflow Inside 

2012TM, the aim was to understand and analyze the injection process [7–11], using values 

obtained by fitting the Cross-WLF model to the experimental data. This gave key parameters to 

simulate the rheological behavior [12] of blends during the injection process. As these 

parameters are not included in the simulator for a given thermoplastic, it is necessary to 

determine them beforehand. 



Capillary rheometry is a useful technique for measuring changes in the viscosity of melted 

polymers in terms of temperature and shear rate. This technique is based on the extrusion of a 

melted polymer sample through a capillary of specific known dimensions and measuring the 

drop output pressure through the same nozzle at a known volumetric flow rate. After rheological 

characterization and modeling, different SEBS blends were injection molded in a standard mold 

for tensile tests, by using different parameters [13–17] determined by the theoretical model. 

Experimental results obtained from injected samples were then compared with the 

corresponding simulation obtained using the CAE tool Autodesk Molflow 2012TM. 

 

EXPERIMENTAL 

Materials 

SEBS blends were made using two commercial grade transparent SEBSs characterized by 

extreme hardness values: Megol TA-51 and Megol TA-901 which were supplied by Applicazioni 

Plastiche Industriali (API). The generic properties of all SEBS Megol TA1 materials provided by 

the manufacturer are shown in Table 1. Blends used for the analysis of miscibility and 

subsequent rheological characterization are shown in Table 2. 

 

Processing of SEBS Blends 

 

SEBS blends of Megol TA-51 and Megol TA-901  were injected in a Mateu & Sole´1 Meteor 

270=75 injection machine, using a standard tensile test sample mold. 

A total of 15 samples per blend were injected for subsequent mechanical characterization. 

Injection conditions used for the selected injection temperature (180�C) were recommended by 

the SEBS provider. 

 

Characterization of SEBS Blends 

The rheological characterization was analyzed using a capillary rheometer, ThermoHaake 

Rheoflixer MT1. Different temperatures (above and below the injection temperature 

recommended by the provider [18]) were used for rheological characterization (175�C and 

185�C). 

The shear rates varied in the 100–10,000 1=s range. The rheometer tests were carried out in 

accordance with ISO 11443. Three different nozzles (1mm diameter) with length to diameter 

ratios of 10, 20, and 30 were used. 

Once the apparent pressure curves were obtained, the shear stress and shear rate values were 

calculated by its conversion, using Bagley and Rabinowitsch corrections. 



The viscosity of the materials was then calculated from the ratio between Rabinowitsch and 

Bagley corrections, as shown in the following equation: 

 

corr

corr
corr γ

τ
µ =  

 

Mathematical Modeling of the Theoretical Behavior of the Material’s Viscosity 

 

The Cross [19] model was selected to determine the viscosity of the blended material because 

it is useful to simultaneously consider both the filling and the packing phases. The Cross 

approach is a powerful tool for accurately adjusting the temperature and pressure sensitivities 

in the case of zero shear-rate viscosity. A combination of the Cross approach along with the WLF 

expression ([20]) was used to calculate the viscosity of the material, with zero shear-rate 

processing conditions. 

The Cross model expression is shown as in the following equation: 

𝜂𝜂 =
𝜂𝜂0

1 + (𝜂𝜂 ∗ ϒ𝜏𝜏)(1 − 𝑛𝑛)
 

where 

𝜼𝜼[Pa s] is the melt viscosity; 

𝜼𝜼0 [Pa s] is the viscosity value under zero shear-rate conditions; 

τ[Pa] the shear stress rate at the commencement of pseudoplastic behavior); 

ϒ_ is the shear rate (1=s); and 

n [-] is the power law index in the high shear rate regime, representative of the pseudoplastic 

behavior in the form of a slope with value (1-n). 

 

To calculate the viscosity values under zero shear-rate conditions, the WLF expression was 

selected, using the following equations: 

 



where 

D1 [Pa s] is the viscosity value under zero shear-rate conditions at the glass transition 

temperature (Tg) and atmospheric pressure; 

A1 [�] shows the temperature dependence of Tg under zero shear-rate conditions; 

A2 [K] is a thermal parameter which depends on the material type; 

D3 [K=Pa] is directly related to the variation of the glass transition temperature (Tg) in terms of 

pressure; 

T [K] represents the glass transition temperature (Tg) and this values depends on the pressure; 

D2 [K] represents the glass transition temperature (Tg) at atmospheric pressure. 

 

In accordance with this, the following values were adopted for the independent parameters of 

the SEBS blends used [21]: 

A2 [K] =51,6 K 

D2 =Tm = 100º C =373,5 ºK 

D3 = δTg/δp ≈i 0 K/Pa 

 

RESULTS AND DISCUSSION 

Characterization of the SEBS Blendsrheology 

 

Rheological characterization of the family of blends was carried out at two temperatures, 175�C 

and 185�C. 

Figure 1 shows the experimental results for the rheological characterization of the different 

blends, ranging from 100 wt% SEBS with hardness 90, to 100 wt% SEBS with hardness 5. The 

curves show the change in viscosity vs. shear rate for all the blends studied. Blend number 1 is 

100% Megol TA-901 SEBS, which is the hardest material. 

The results show decreasing viscosity values with increasing weight percentage of the other 

material studied (Megol SEBS TA-51). All the curves clearly show a marked pseudoplastic 

behavior as the shear rate has a negative effect on viscosity. 

The values obtained suggest a normal behavior with regard to viscosity changes. Initially, a 

graphical representation of viscosity at 175�C and 185�C was produced using experimentally 

obtained data, for the sample M05 (70 30) (Fig. 2). This sample can be considered as an ideal 

alternative to other types of materials currently in use (liquid silicone rubber). 

 

 

 



Comparison of Experimental Data with the Theoretical Model 

The most important parameters determined from mathematically modeling the blends 

according to the Cross model are shown in Table 3. The following are some comparative values 

for both the experimental data and theoretical values obtained with the Cross model. 

The first comparison was made for sample M03 (30 70) at 175�C, Figure 3(a). The graph shows 

that the mathematical model is optimally adjusted to the experimental data. 

For shear rates at or above 10,000 s�1 it can be seen that the experimental data provides 

viscosity values that are lower than the mathematical model. For values above 700 s�1 the 

viscosity of the theoretical model is somewhat closer to the experimental viscosity data. 

The same operation was performed for sample M04 (50 50) at 175�C, Fig. 3(b). The theoretical 

model yielded viscosity values a little higher than the viscosity obtained experimentally. 

The next sample studied was M05 (70 30) at 175�C, Fig. 3(c). When shear rates are over 10,000 

s�1, small differences appeared between viscosities, with lower viscosity values obtained from 

the experimental data. For shear rates below 1000 s�1, the theoretical and experimental 

viscosity values were in accordance. 

 

Mathematical Modeling of n Values 

 

The next step was to study the modeling of the value of the n factor. This factor is a part of the 

Cross expression, expressed as 1-n. It represents the change in pseudoplastic behavior which 

can be interpreted as an indicator of the influence of shear rate on viscosity in the pseudoplastic 

zone. This parameter can only vary in the range 0–1. If n¼1, the polymer behaves like a 

Newtonian fluid. In contrast, if n¼0 the polymer will behave like a pure pseudoplastic. The n 

values shown in Table 4 indicate that n tends to increase as the weight percentage of the soft 

SEBS (hardness 5) increases. This means that there is an exponential variation in n values 

demonstrating that the viscosity will decrease as n increases. The first sample (0% SEBS Megol 

TA-51– 100% SEBS Megol TA-901) had an n value of 0.35, which can be correlated with the 

highest viscosity of this material. 

The other values indicate an upward trend that should be interpreted as a decrease in viscosity 

due to the presence of higher amounts of low viscosity SEBS (hardness 5). The remaining 

samples tend to have Newtonian behavior values. A maximum n value was recorded in the last 

blend (100% SEBS Megol TA-51–0% SEBS Megol TA-901) which corresponds to the least viscous 

material used As far as manufacturing is concerned, it is important that a polymer has 

pseudoplastic behavior, this means low n values and therefore high slopes, which in turn means 

lower viscosity values for the same shear rate. 



Table 4 shows the results obtained for s values. This value indicates the shear stress, which 

determines the starting point of pseudoplastic behavior. The change of the value obtained 

shows an undulating variation effect due to the rebound in values for samples M02 and M06. 

The conclusion shown in Table 4 is a trend to zero, as the percentage of SEBS Megol TA-901 

increased in the blend. The conclusion that can be drawn is that it overrides the pseudoplastic 

transition zone in the material as the percentage of the hardest SEBS increased. 

There was also a trend to zero in D1 values, see Table 3. The D1 parameter indicates the 

polymer’s viscosity, under null shear conditions, at the glass transition temperature (Tg), and 

under atmospheric pressure. The injection process industry is continually trying to increase 

processability in the injection process and this can be achieved by lowering viscosity (D1) to 

facilitate the flow of material in the compaction phase. 

In this case, the A1 values increased as the M07 sample values were approached. The constant 

A1 quantifies the variation of viscosity as a function of temperature. 

Simulation of the Injection Molding Process 

Finally, experimental validation of the modeled data was carried out using injection equipment. 

For thisvalidation, the values of the variables calculated in previous sections for blends of 70% 

SEBS Megol TA-51– 30% SEBS Megol TA-901 were tested. 

Different filling tests were carried out by maintaining a constant injection time and decreasing 

the injection rate gradually until there is no flow of material into the mold cavity. This is 

equivalent to modifying the injection pressure. 

Parallel to the filling machine tests, simulations of the process were also carried out using the 

modelingprogram Autodesk Moldflow 2012TM. This allowed comparisons to be made between 

the progress of the experimental data and the theoretical flow. 

The experimental validation involved filling different samples at different injection rates. The 

injection machine used sets the injection rates in percent, while the compaction pressure was 

kept constant at values close to zero. The injection time was kept constant as well. 

The next step was programming the equivalent experimental values in Autodesk Moldflow 

2012TM. The same values of time and compaction pressures were entered along with the same 

values of injection time with programmed injection speed values. 

The first sample verified, Fig. 4(a), showed a percentage of actual filling of 59.8% at a filling rate 

of 10.6 cm3=s (10% injection rate). This figure of 10.6 cm3=s was introduced into the simulator, 

and the simulation was run. The results were very similar (60.3%) to the experimental values 

obtained under the same processing conditions. A deviation of 0.8% was obtained between 

simulated and experimental data. 



The same methodology was applied for an injection rate of 12%, Fig. 4(b). The model predicted 

a filling of 86%. Just as in the previous case, the speed of the simulator was programmed with a 

value of 12.7 cm3=s. Figure 4(b) shows the comparative values obtained for the experimental 

and theoretical test pieces. The modeled filling rate was 86%, compared to the actual rate of 

85.3% for the experimental test. The deviation was 0.7% between the simulated model and the 

real injection molding process. 

 

CONCLUSIONS 

 

Rheological characterization of a series of SEBS Megol TA-51 and SEBS Megol TA-901 blends in 

different proportions was carried out at temperatures of 175�C and 185�C. Once the viscosity 

curves were established experimentally, the dependent variables in the mathematical model 

were determined, and then the viscosity curve was established according to a mathematical 

model. The observed correlation between the experimental model and mathematical model 

was found to be satisfactory, despite featuring a small deviation at shear speeds exceeding 

10,000 s�1. 

Following this, a study of the change in n factor and associated dependent variables was carried 

out in order to analyze the trend of values. These values show an upward trend, demonstrating 

a decreasing variation in viscosity as viscosity decreases. Finally, we injected the set of blends 

into a standard mold for samples designed for tensile tests, comparing the results with those 

provided by the mathematical model and its simulation by the CAE Autodesk Molflow 2012TM 

tool. The experimental validation of calculated mathematical model predictions showed a good 

alignment between the mathematical model and the experimental data. 

This research validates the results obtained from the mathematical models that simulate the 

behavior ofnew blends of SEBS made solely from two reference materials, thus allowing the 

production of an injection molding material which exhibits the full range of hardness values 

available in liquid silicone rubber and necessary for the manufacture of industrial products 

(where liquid silicone rubber is currently used), while retaining the advantages of thermoplastic 

injection processing. Finally, this research demonstrates the potential for formulating any 

combination of two references from a recyclable thermoplastic material, recently incorporated 

into the market, in order to substitute for injected liquid silicone (a thermoset material that is 

nonrecyclable and difficult to process) in the main industrial applications (including 

biocompatibility), thus simplifying processing and drastically reducing the need to store raw 

materials. 
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