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blends. It was found that all the used ILs 
improved the dispersion of CNTs in the blends 
significantly. During the mixing process the IL 
layer pre-bound to the CNT surface was repla-
ced mainly by the NR phase and, partly, by the 
SBR phase. Thus, ILs cannot be used as coup-
ling agent in this rubber blend. For the ILs with 
surface tension similar to that of CNTs the 
filler was partly wetted by IL that imparts the 
mixture a high electrical conductivity directly 
after the mixing process. This high conductivity 
can be used for triggering the vulcanization of 
the blend by means of Joule heating. The 
preferential localization of ILs in the rubber 
matrix - but not in rubber-filler interphase - 
considerably influences the cross-linking 
behavior of the vulcanizates and thus their final 
mechanical properties significantly.  
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Reinforcement of SSBR by in-situ synthesized 
sol-gel silica particles 
 
Sankar Raman Vaikuntam, Amit Das,  
Klaus Werner Stöckelhuber, Sven Wießner, 
Gert Heinrich 
 
The tire industry is constantly searching for 
improved materials to solve current environ-
mental issues like lower CO2 emission, lower 
fuel consumption and safety aspects as well. 
Silica reinforced rubbers are one of the 
important materials playing a major role here 
due to their potential to lower rolling resis-
tance and improve wet skid resistance [1]. 
Some of major issues encountered using silica 
as high performance fillers are their difficult 
dispersion, strong flocculation tendency and 
thus a difficult controllable and adjustable 
Payne effect. Considering above consequences, 
we prepared silica based rubber composites 
adapting the in-situ sol-gel method [2]. In our 
work the silica particles are synthesized inside 
a solution of styrene butadiene rubber (SSBR) 
by using tetraethoxyorthosilicate (TEOS) as a 
silica precursor and n-butylamine as a 
catalyst. The generated in-situ silica particles 
exhibit a size of 200-400 nm and can be well 
dispersed in the rubber matrix in a subsequent 
compounding step in the internal mixer [3]. 
Fig. 1a shows the SEM morphology of in-situ 
silica powder removed from the un-vulcanized 
rubber and Fig. 1b shows the TEM and SEM 
images of in-situ silica filled SSBR composites. 
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Fig. 1: 

(a) SEM images of in-situ 

derived silica particles 

removed from the 

unvulcanized rubber,  

(b) and (c) TEM and SEM 

images of in-situ silica 

based rubber composites   
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Modification of the Bird-Carreau model for 
dilute suspensions of spherical particles 
 
Jan Domurath, Marina Saphiannikova,  
Gert Heinrich 
 
More than 100 years ago Albert Einstein 
computed in his dissertation the change in 
viscosity of a dilute suspension of rigid 
spherical particles as 𝜂𝜂∗ = 𝜂𝜂(1 + 2.5𝜑𝜑). Here 𝜂𝜂 is 
the viscosity of the matrix fluid and 𝜑𝜑 is the 
volume fraction of particles. A main assump-
tion in the calculation of Einstein is that the 
fluid is Newtonian, that is its viscosity 𝜂𝜂 is 
constant. If one looks at conventional 
polymers, as used in the production of 
consumer goods, it turns out that these 
polymers are non-Newtonian in their beha-
viour: their viscosity is not constant. In parti-
cular, it is commonly observed for many 
polymers that the shear viscosity decreases by 
orders of magnitude with increasing defor-
mation rate 𝛾̇𝛾 . Accounting for this nonlinearity 
in the properties of filled polymers is an 
important albeit challenging task with direct 
application in the polymer industry, since 
polymers are often filled with particles to 
change their properties. The reasons for filling 
polymers with rigid particles are multifold.  
The most common reasons are the improve-
ment of mechanical properties of the end 
product, especially the enhancement of 
stiffness; the inhibition of flammability (natural 
and synthetic clays) and rendering of the 
electric conductivity (carbon black, carbon 
nanotubes) to otherwise non-conducting 
polymers. 
 
In the present report we investigate the 
influence of the non-linear behaviour of the 
polymer matrix on the suspension viscosity by 
performing computational fluid dynamics 
(CFD) simulations [1]. We specifically simulate 
the flow of a Bird-Carreau fluid around a 
spherical particle and compute the effective 
viscosity of the suspension. The Bird-Carreau 
model used in the simulations captures the 
non-linear viscosity of a polymer melt very 
well. At low rates of deformation the polymer 
viscosity exhibits a Newtonian plateau with a 
constant viscosity 𝜂𝜂0. After a crossover regime, 
that appears around deformation rates of the 
inverse of the longest relaxation time 𝜆𝜆, the 

polymer viscosity follows a power-law with the 
slope 𝑛𝑛 at high rates of deformation. Using the 
results of the simulations we have been able to 
propose a modification of the original Bird-
Carreau model [1] to account for the presence 
of rigid spherical particles in the dilute limit: 

𝜂𝜂∗(𝛾̇𝛾) = 𝑋𝑋(𝜑𝜑)𝜂𝜂0[1 + (𝑎𝑎𝑑𝑑(𝜑𝜑, 𝑛𝑛)𝜆𝜆𝛾̇𝛾)2]
𝑛𝑛
2 

Here 𝑋𝑋 is the hydrodynamic amplification 
factor that shifts the Newtonian plateau to 
higher viscosity values and 𝑎𝑎𝑑𝑑 is the strain 
amplification factor that shifts the crossover 
regime to lower deformation rates. We 
originally introduced the strain amplification 
factor 𝑎𝑎𝑑𝑑 in an earlier work [2], using an analy-
tical estimate for its value. Now we derive the 
hydrodynamic and strain amplification factors 
from the CFD simulations of dilute suspen-
sions. As polymers are normally filled with 
relatively high concentrations of particles, we 
extend our model to higher volume fractions of 
particles using a mean field approach. For this 
we introduce a free parameter 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 into the 
expressions for amplification factors 𝑋𝑋 and 𝑎𝑎𝑑𝑑. 
This parameter defines the crossover between 
a fluid behaviour and a paste-like behaviour of 
the suspension: as 𝜑𝜑 approaches 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 the sus-
pension starts to exhibit a yield stress.  
Fig. 1 shows the comparison of the modified 
Bird-Carreau model with data for a thermo-
plastic melt filled with micrometre sized glass 
beads by Poslinski et al. [3]. For this the Bird-
Carreau model is fitted first to the data set with 
𝜑𝜑 = 0% to extract the parameters of the un-
filled system. The free parameter 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 = 38% 
has been estimated from the increase of 
viscosity in the linear regime at small defor-
mation rates. As can be seen from Fig. 1 the 
predictions of the modified Bird-Carreau 
model are rather good. Especially the shift of 
the crossover between the linear and non-
linear behaviour is captured very well. 
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Fig. 1: 

Predictions of the modified 

Bird-Carreau model for a 

polymer melt filled with 

glass beads. The data is 

taken from Poslinski et al. 

[3]. 
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Model simulations on network formation and 
swelling as obtained from cross-linking  
co-polymerization reactions 
 
Michael Lang, Andreas John,  
Jens-Uwe Sommer 
 
Superabsorbent materials combine the 
properties of soft rubber networks with the 
large osmotic pressure of strong poly-
electrolytes to achieve materials that can 
absorb up to 1000g water or about 100g dilute 
salt solution per gram of material and retain it 
under moderate pressure [1]. These materials 
are typically synthesized using free-radical 
chain polymerization in aqueous acrylic acid 
solution in the presence of cross-linkers. This 
allows to adjust the material properties by a 
simple modification of the composition of the 
reaction bath. The vast majority of these 
products is used in diapers or other sanitary 
products [2], while further applications can be 
found in quite diverse fields ranging from 
horticultural water retention agents [3] to 
water penetration blockers in underground 
power or communication cables [4]. 
 
The principles of cross-linking co-polymeri-
zation in solution were studied in the presence 
of di-, tri- or tetra-functional cross-linkers 
using the Bond Fluctuation Model (BFM) [5]. 
Network formation was analyzed for varying 
cross-linker reaction rates, cross-linker 
composition and number fraction, cross-linker 
functionality and time dependent initiator 
release. Additionally, the effect of inhomoge-
neous radical release and radical aging was 
examined. For all simulations we observe an 
auto-acceleration of reaction kinetics similar 
to the ‘Trommsdorff-Norrish effect’ (or ‘gel 
effect’) independent of the degree of cross-
linking, see Fig. 1. The interesting point of our 
results in comparison with several attempts to 
explain this effect [6, 7] is that neither 
temperature increase nor viscosity changes 
(only minor changes in the mobility of free 
monomers as function of conversion) nor 
hydrodynamics play an important role in our 
simulations. This result helps to sort out some 
of the large number of previously discussed 
models on this effect, [6, 7]. 
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in wet gels, side chains of bottlebrushes act as 
swelling agent which decreases entanglement 
density in a polymer network. Contrary to 
solvent molecules, side chains are covalently 
attached to backbones and thus provide 
stability against deformation and temperature. 
The most striking feature of dry gels is that 
their mechanical properties can be systema-
tically changed with bottlebrush diameter D 
[2]. The theoretically predicted elastic modulus 
G decreases with degree of polymerization of 
side chains as G ∝ D3/lp

6 ∝ N-3/2 [1] and demon-
strates excellent agreement with experiment-
tally obtained results [2] (Fig. 3).  
 

 

Fig. 3: 

Experimentally obtained entanglement plateau 

modulus G (red circles) of bottlbrush melts plotted as a 

function of side chains degree of polymerization. 

Dashed line represents theoretically obtained power 

law G ∝ N-3/2. 
 
The architectural control of elastic modulus 
has reduced the limit for softness present in 
conventional dry polymeric materials (rubbers) 
by a factor of 1000. Bottlebrush based 
materials also exhibit uniaxial compressive 
deformability of up to nine times. These 
attributes make them attractive alternatives 
for numerous applications including biocom-
patible implants that are able to closely mimic 
modulus of human tissue, scaffolds for tissue 
growth or as protective surfaces preventing 
accumulation of bacteria and fouling. 
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