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Introduction 

 
Increasing ecological problems in the last tenth of years 

bring new approaches in all spheres of human activities in 
principal. Rising content of green house gases in atmosphere, 
increasing of global temperature, deliberation of air pollutants 
as well as increasing of waste waters volume in rivers and 
oceans, growing of bigger and bigger waste dumps, various 
ecological catastrophes connected with industrial human ac-
tivities etc. force us to finding new solutions how to protect 
environment. The most of negative effects on environment 
have origin in industrial activities. Production of polymers 
dramatically increases in the last 5 decades from 1.5 million 
tons in 1950 to 245 million tons in 2008 (ref.1). Modern poly-
meric materials exhibit very good application properties, high 
level of resistance to various type of degradation what is very 
useful during application life of goods. On the other hand, 
after lifetime these materials are stable against most forms of 
degradation (biodegradation include) and they are able to 
remain in environment many years. There are several manners 
how to solve problems with polymeric waste, including mate-
rial recycling and energetic recycling (energy recovery in 
incinerators). In the modern age only reduction or elimination 
of plastic waste is not sufficient way to solve the ecological 
problems connected with production, processing and applica-
tion of polymeric materials. Sources of raw materials for 
polymer production represent separate problem. Petrol which 
is main raw material for plastics production represents big 
reservoir of green house gases which are deliberated during 
combustion or also during biodegradation of “petrol” poly-
mers. Therefore not only biodegradability of polymers is nec-
essary for protection of environment against the pollutions 
originated in produced polymers, but also the sources of raw 
materials have to be solved. In the present time biopolymers, 
or polymers based on renewable sources appears as the best 
alternative to petrol based polymers. Substitution of petrol 
based polymers by biopolymers is not so simple because of 
some specifics of biopolymers (or bio based polymers). Bio-
polymers are usually more sensitive to high temperatures in 
comparison to petrol polymers. Thermal sensitivity brings 

problems during its processing in the melt using the conven-
tional technologies for plastics processing. Many biopolymers 
like starch, cellulose etc. are sensitive to moisture. Their prop-
erties are not stable and they vary in dependency on relative 
moisture of application environment. Biopolymers have also 
usually semi-crystalline and polar character. This gives them 
such properties like high stiffness, high modulus, but also 
high brittleness.  All  these mentioned specifics are regard 
more as disadvantages. Also price level of majority of bio-
polymers (or polymers based on renewable sources) is signifi-
cantly higher in comparison to petrol based plastics.  

With respect to all aspects of application of bioplastics 
in industrial scale, there are several problems which have to 
be solving for successful introduction of them into industrial 
life. Polyesters based on renewable sources which exhibit 
very similar mechanical and physical properties like PP, PET, 
PS etc. have potential from this point of view. Polylactide 
acid and polyhydroxyalcanoates (namely PHB) meet most of 
these conditions, but price of them is relatively high in the 
present and also processing parameters as well as some me-
chanical properties represent the barrier to their wider applica-
tion. PHB is very sensitive to degradation during melt proc-
essing and rapid decreasing of molecular weight causes loss 
of mechanical properties as well as it becomes unprocessable 
by extrusion due to very low viscosity of its melt. From this 
point of view PLA is polymer with much better stability of 
melt, but films prepared from this polymer is very brittle be-
cause of high level of crystalinity and physical ageing. Also 
some physical properties like permeability to gases are worse 
in comparison to PET or PP. This disadvantage decreases 
potential of PLA for its application in food packaging where 
protection of foods against oxygen is important.  

The possibilities how to solve mentioned problems can 
be found in modification of these polymers by addition of 
modifiers, plasticizers or by blending of two or more poly-
mers together. By this way new materials with new properties 
can be  designed.  Possibilities  for  preparation of  polymer 
blends based on PLA, PHB and starch are investigated in our 
work with aim to prepare more stable polymer blends during 
melt processing with better combination of final mechanical 
properties. Starch as cheap nature polymer was used namely 
for price reduction of final material.    

 
 

Materials and methods 
 
PLA 4042D from NatureWorks, LLC, USA was used as 

polylactide acid, PHB from Biomer, Germany was used as 
polyhydroxybutyrate, Triacetine was used as plasticizer and 
Joncryl ADR-4368 and Joncryl ADR - 4300 from BASF, Asia 
were used as modifiers (styrene-acrylate copolymers contain-
ing epoxy groups). Glycerol (GL) from H. C. I. Slovakia was 
used as starch plasticizer. 

All blends were prepared using twin screw extruder L/
D=40, diameter = 16 mm, Labtech, Thailand. Tensile tests 
were done according to ISO 527 standard using Zwick ma-
chine at cross-head speed 1 mm min1 in the deformation 
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range of 03 % and after this value of elongation the speed 
was 50 mm/min.  Rheological  parameters of  blends were 
measured using oscillation rheometer RPA 2000 from Alpha 
Technologies. Two types of tests were used in our work – 
strain sweep for flow curves measurement and timed test for 
processing  stability  evaluation.  Frequency  was  set  up  to 
50 cpm during the strain sweep, while angle of strain varied 
from 0–60°. Timed test was done at constant angle of strain 
30° and constant frequency 60 cpm. Time period of test was 
20 min. Temperature of measurement for all tested blends was 
200 °C.  

 
 

Results and discussion 
 
Processing stability of PLA and PHB was studied using 

oscillation rheometer RPA 2000. The dependency of relative 
values of complex viscosity on time during the timed test was 
evaluated at various temperatures. Relative values of complex 
viscosity were calculated according to formula: 

 
 

where η*rel is relative value of complex viscosity, η* is com-
plex viscosity at time t, and  η*0 is complex viscosity at the 
start of test. Results are presented in Fig. 1. It can be seen that 
PHB is much more sensitive to thermal degradation than 
PLA. Both polymers undergo to degradation process rapidly 
with temperature rising. Decreasing viscosity is connected 
with decreasing of molecular weight which was confirmed by 
determination of limiting viscosity number of prepared sam-
ples of PLA using Ubelohde viscometer.  

 
Possible stabilisation of biopolyesters during melt proc-

essing was tested using copolymer styrene-acrylate which 
contains epoxy groups (commercial name Joncryl ADR 4368 
and Joncryl ADR 4300 from BASF). Effect of used chain 
extenders  on  PLA  melt  viscosity  is  shown  in  
Fig. 2. 

Joncryls are able significantly improve processing sta-
bility of PLA during its melt processing. Effectiveness of 
Joncryls depends on concentration of epoxy groups on poly-
mer chain (in case of Joncryl ADR 4368 it is higher). Effect 
of Joncryls on PHB was not so strong probably due to much 

higher rate of degradation of PHB but positive effect was 
observed in case of PLA/PHB blend if triacetine was used as 
plasticiser. Flow curves as well as dependencies of relative 
complex viscosity for PLA/PHB and PLA/PHB/TAC with or 
without Joncryl ADR 4368 are shown in Fig. 3 and 4. 

Effect of triacetine on processing stability is weak but 
addition of Joncryl ADR 4368 significantly improves proc-
essability of PLA/PHB as well as PLA/PHB/TAC blends. 
While TAC slightly decreases processing stability of PLA/
PHB/J4368 blend, it is useful to apply it because of improving 
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Fig. 1. Dependency of relative complex viscosity on time and tem-
perature during timed test for PLA (A) and PHB (B) 
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Fig. 2. Effect of Joncryls on thermal degradation of PLA at 190 °
C and 210 °C 
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of mechanical properties. Dependencies of tensile strength at 
yield, tensile strength at break as well as elongation at break 
are shown in Fig. 57.  

Elongation at break increases (approx. from 200 % to 
400 %) in whole range of PHB concentration in PLA/PHB/
TAC/J4368 blends.  Tensile  strength  at  break and tensile 
strength at yield reached approximately the same values (up 
to 50 MPa). Obtained results show that combination of two 
bio-based polymers PLA and PHB with suitable additives and 
modifiers can be optimised to blends with balanced properties 

include processing as well as mechanical properties. 
The other possibility how to improve application poten-

tial of PLA in industrial scale is decreasing of price of final 
material.  Starch  can  be  considered  for  such  applications 
which  do not  need very  high values  of  tensile  strength 
(packaging films for example). We try to applied starch plasti-
cized with glycerol in PLA. Dependencies of tensile strength 
at break, tensile strength at yield and elongation at break are 
shown on Fig. 8–10. Various concentration of glycerol was 
used. 

Application of TPS logically decreases tensile strength 
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at break and tensile strength at yield but real values can be 
adjusted higher than 20 MPa. Such values are sufficient for 
common application in packaging. On the other hand by ap-
plication of TPS much better elongation at break can by ob-
tained if suitable concentration of TPS is used. The maximum 
of elongation at break reached values about 300400 % in 
comparison to values of the pure PLA which are very low 
near to 0. Position of maximum of elongation at break on axis 
of TPS concentration can by adjusted by concentration of 
glycerol in TPS. Obtained results show that there are possi-
bilities to design biodegradable material based on renewable 
sources with required mechanical properties. Starch satisfy 
price decreasing as well. These results give better chance to 
indtroduce such materials into real market. 

 
 

Conclusion 
 
Results obtained in our work show possibilities how to 

improve processing as well as some mechanical properties of 
PLA/PHB blends. Thermal stability and elongation at break 
were significantly improved if plasticizer triacetine and modi-
fier Joncryl were used. Thermoplastic starch in suitable con-
centration in dependency on glycerol content is able to im-
prove elongation at break of PLA simultaneously with price 
decreasing of final material. 

 
This project is supported by Norwegian Financial Mecha-
nism, Financial Mechanism of EEA and State budget of Slo-
vakia  project No. SK 0094. 
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Whatever the chemical nature and composition, rubber 

compounds are reinforced system of complex heterogeneous 
nature. They are consisting of several phases and at least one 
phase is a viscoelastic material. As a consequence, particular 
morphologies are observed, arising from interactions between 
the polymer matrix and the reinforcing network. The resulting 
structure strongly affects flow properties and rheological re-
sponse. Addition of fillers into polymers is a common indus-
trial practice and, among factors that basically determine the 
behavior of filled polymers, like the structure of the filler, the 
viscoelasticity of the polymer matrix and the interfacial inter-
actions, the state of dispersion is known to be extremely im-
portant. Active fillers interact both with the polymer matrix 
and with each other. Physical adsorption of rubber molecules 

takes place on the filler surface occluding part of the polymer 
in internal voids. This results in a partial immobilization of 
the elastomer and an apparent increase of the filler volume 
fraction. Moreover, filler particles form aggregates and ag-
glomerates resulting in a secondary structure represented by 
a filler-filler network. 

Rheology is the science of deformation and flow of mat-
ter, whose investigation tools essentially result from contin-
uum mechanics considerations. The presence of a reinforcing 
filler is known to induce dramatic changes in the rheological 
behavior of a polymer and this effect is generally attributed to 
three main contributions: the hydrodynamic effect of the filler 
in the molten polymer, the change of the relaxation times of 
the matrix and the building of a filler network. Strong nonlin-
ear viscoelastic behavior is then observed both in shear and 
extension. 

Among flow kinematics, the extensional contribution 
proves to be essential in filler wetting and dispersive mixing. 
The use of this experimental approach reveals to be very sen-
sitive to the state-of-mix in terms of effective filler volume 
fraction. 

A commercial high-cis-polybutadiene (high-cis-BR) was 
investigated (Neocis BR40, Polimeri Europa). The polymer, 
nearly linear, has an average molecular weight of 420 000 
g mol1 and a polydispersity index of 3.8. Two series of com-
pounds were prepared in a laboratory Brabender Plasticorder 
using different mixing procedures. The first was obtained by 
adding a nearly spherical carbon black (N990) and other high 
structure grades (N330, N121). The second was obtained with 
the N330 at two different times of mixing. The added volume 
fraction of filler was 0.21 for all compounds. 

The linear viscoelasticity of high-cis-BR was investi-
gated by means of a stress controlled Anton Paar Physica 
MCR 501 and a strain controlled Rheometrics Ares A11. The 
investigated frequency range was extended by performing 
stress relaxation and creep experiments and by converting 
data by means of Schwarzl formulas1. The software used for 
the calculation of relaxation spectra was the Anton Paar 
Rheoplus/32 v. 2.62. Large amplitude strain sweep experi-
ments  were  performed  using  an  Alpha  Technologies 
RPA2000 closed chamber rheometer, equipped with serrated 
biconical geometry. 

Stress growth experiments on unfilled and filled polybu-
tadiene were performed in uniaxial extension at constant de-
formation rate using a home made assembly based on a four 
wheels Rheotens 71.97 tensile tester produced by Göttfert2. 
Extruded cylindrical specimens for extensional measurements 
were prepared by means of a Göttfert Rheograph 6000 capil-
lary rheometer and relaxed for at least three days before meas-
urement. 

The reinforcing action of carbon black can be described 
by analyzing the relaxation dynamics of the filled systems. In 
Fig. 1 the relaxation spectra of carbon black compounds are 
reported and compared to that of the pure elastomer. 

Large differences are observed at longer times, were the 
filler contribution in slowing down the terminal relaxation is 
particularly effective. The spectrum of the N990 based com-
pound is qualitatively similar to that of the polymer matrix, 
accounting for a dominant effect of hydrodynamic reinforce-
ment. The introduction of the high surface area N330, with his 
important secondary structure, completely changes the shape 
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of the relaxation spectrum, moving the characteristic maxi-
mum of the pure elastomer to shorter times and enlarging the 
range of very long relaxation dynamics. This result should be 
discussed in terms of transient rheological response, a concept 
very close to the compound processability. Dimensionless 
parameters, as for example the Deborah and Weissenberg 
numbers, commonly used to compare the characteristic time 
of the material with the characteristic times of experimental 
practice, are obviously governed by the reported relaxation 
behavior. 

The decrease in elastic modulus upon increasing strain 
amplitude, attributed by Payne to the structure of the carbon 
black, may be visualized as filler–filler linkages of physical 
nature which are broken down by straining3. The breakdown 
of the filler network by increasing strain amplitude would 
release the immobilized rubber so that the effective filler vol-
ume fraction and hence, the modulus would decrease. 

This mechanism suggests that the Payne effect can serve 
as a measure of filler networking which originates from filler–

filler  interaction  as  well  as  polymer–filler  interaction. 
A typical graph showing the shear modulus variation with 
strain amplitude of filled high-cis-polybutadiene (normalized 
using the plateau modulus of the pure polymer) is shown in 
Fig. 2 and compared with the contribution of the pure elas-
tomer. As expected, the normalized shear modulus decreases 
with increasing the amplitude of oscillation. The effect is 
more pronounced with carbon black of high surface area and 
is then associated with the properties of filler particles. The 
normalized shear modulus has been found to have a limiting 
value both at low strains and at high strains, when further 
changes of modulus with strain are negligible. The quantity at 
very high strains represents the dynamic shear modulus when 
all the carbon black structure has been broken down. This is 
higher than the gum modulus due to hydrodynamic effects 
plus the filler-polymer contribution. 

The differences in filler networking associated with the 
filler structure are depicted in Fig. 3, where the AFM tech-
nique has been used to produce the reported images of poly-
butadiene/carbon black compounds. Isolated nearly spherical 
particles of N990 are clearly visible, while aggregates are 
observed in the case of N330. 

Simple shear is the customary mode of deformation for 
the study of rheology. However, simple shear experiments do 
not provide all the information necessary to describe proc-
essability of rubber compounds. The milling behavior of gum 
elastomers and filled rubber was first studied by Tokita and 
White who distinguished four characteristic milling regions 
that can be readily interpreted in terms of extensional flow 
properties of rubbers associated with convergent flows such 
as that at the approach to the nip4. Similar arguments can be 
used to describe milling in an internal mixer: as the rotor ad-
vances, the rubber passes successively through extensional 
flow and high shear regions to reach the void behind the rotor. 
In general the mixing process involves both extensional and 
shear flows, where the extensional flow is more efficient in 
the dispersion and break-up of rigid aggregates during filler 
dispersion. 

The significance and importance of the extensional flow 
investigation in the processing of rubber was discussed by 
Nakajima, who pointed out that the elongational behavior 
plays an important role in mixing elastomers with carbon-
black5. Cotten and Thiele, working on extensional behavior of 
carbon black filled SBR rubber at constant deformation rate, 
found that the composite curve showed no tendency to reach a 
steady state viscosity even at the lowest strain rate of 1.8104 s1 

Fig. 1. Relaxation spectra of high-cis-polybutadiene and related 
carbon black compounds 

Fig. 2. Strain dependence of the normalized shear modulus for 
polybutadiene  and  related  compounds  obtained  with  carbon 
black of different surface area 

Fig. 3. AFM images (20 μm) of polybutadiene compounds with 
different filler structure, BR/N990 (left) and BR/N330 (right) 
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and some upward curvature continued to persist. In analogy 
with shear behavior, they observed a viscosity decrease with 
increasing the strain rate and with decreasing the carbon black 
loading6. They also reported that, while higher carbon black 
loading or different carbon black structure caused an increase 
in viscosity without changing the transient plot shape, an in-
crease in carbon black surface area was responsible of both an 
increase in viscosity and in the upward curvature of the tran-
sient stress growth.  

Fig. 4 concerns with the transient extensional response 
of polybutadiene/carbon black composites obtained at differ-
ent mixing time. The hydrodynamic effect can be deduced 
from the difference between the linear viscoelastic envelope 
of the compounds and three time the transient shear viscosity 
of the pure elastomer, according to the Trouton rule. Both 
systems exhibit strong nonlinearities and a pronounced strain 
hardening is observed, to be intended as the upward detach-
ment from the linear viscoelastic response. At shorter mixing 
time, a less efficient carbon black dispersion is expected to-
gether with a higher effective filler volume fraction and, con-
sequently, a more pronounced strain hardening is observed. 
This is particularly true at low deformation rates, where the 
filler network disruption due to the extensional flow is less 
effective. 

According to Medalia and Tokita and Pliskin, the de-
pendence of the compound rheology on the state-of-mix can 
be related to the presence of immobilized polymer in the form 
of occluded rubber7,8. 

Occluded rubber is a geometrical concept and refers to 
rubber, which is situated within the irregular contours of 
a filler aggregate and it is thus shielded from stress. In the 
well-dispersed stage, the carbon black particles are individu-
ally isolated or grouped in small aggregates while at an earlier 
stage of mixing the particles at the same filler loading are not 
well dispersed and can be found to be agglomerated with one 
another. Each agglomerate contains not only filler particles, 
but also has rubber occluded between the particles. When 
stress is applied, the entire filler agglomerate with its oc-
cluded rubber behaves as a single filler particle so that the 
effective filler volume fraction in the early stages of mixing is 

always larger than that of the well-mixed compound. 
The amplification factor in uniaxial extension can be 

used to represent the variation in occluded rubber as a func-
tion of carbon black dispersion. In Fig. 5, the ratio between 
the tensile stress of pure polybutadiene and that of the N330 
compound is reported for the two investigated times of mix-
ing. As expected, the optimization of carbon black dispersion 
leads to a strong decrease of the amplification factor, account-
ing for a large decrease of the effective filler volume fraction. 

In conclusion, rubber compounds represent highly con-
centrated suspensions characterized by complex interactions 
between filler particles and between particles and polymer. 
A very long memory of the deformation history together with 
a strong nonlinear viscoelastic response is observed as a con-
sequence  of  restructuring  phenomena.  Reinforcement  in 
a carbon black filled polybutadiene is due to hydrodynamic 
effects together with the build-up of a secondary particulate 
structure within the rubber matrix and a consequent amount of 
occluded and immobilized polymer. In this frame, rheology 
proves to be a powerful tool for investigating the complex 
behavior  of  rubber  compounds.  Among rheological  tech-
niques, the transient extensional response results to be very 
sensitive to the filler network as a function of the state-of-
mix. 

 
The authors wish to thank Polimeri Europa for the permission 
to publish this paper. The authors are also indebted to Danilo 
Visani for the AFM contribution. Alberto Abbondanzieri and 
Pier Dante Tavolazzi are acknowledged for their technical 
support. 
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Abstract 
 
In  the  last  two  decades,  thermoplastic  vulcanizates 

(TPVs) and other thermoplastic Elastomers (TPEs) have sig-
nificantly increased their usage in the rubber industry. New 
concerns regarding variability in processing characteristics 
and product performance have emerged and new methods to 
effectively and quickly predict these differences among differ-
ent lots or different grades of TPEs have been developed us-
ing the Advanced Polymer Analyzer with parallel plate dies.  
Also this paper explores the advantages of different sample 
preparation techniques.  

 
 

Experimental 
 
Much of the testing performed in this study was done 

with the Alpha Technologies APA 2000® Advanced Polymer 
Analyzer.  The APA is very similar to the RPA 2000® Rub-
ber Process Analyzer, except that it possesses the software 
and hardware to test with parallel plate dies instead of only 
biconical dies.  The parallel plate dies are used for TPE test-
ing because when cooling the specimen from the hot melt, 
parallel plate dies allow for even cooling across the interface 
as the specimen solidifies, which does not happen as well 
with the biconical dies.  Also when testing TPE hot melts, 

there occasionally are times when the ring procedure needs to 
be used to assure that sufficient sample pressure is maintained 
so that slippage does not occur 

This  VTM  is  an  automated  “viscosity,  transition, 
modulus” rheometer.  Just as with the APA, the VTM can 
measure the viscosity, the thermal transition, and the modulus 
of TPEs and other thermoplastics as well.  In addition, testing 
was also conducted on the Alpha Technologies ARC 2020 
capillary rheometer to compare the viscosity measurements 
from the APA with those measured by the capillary rheometer 
under conditions of steady state shear.   

 
 

Discussion 
 
A  series  of  measurements  were  performed  on  the 

rheological properties of the TPEs in their melt state and their 
dynamic properties in their congealed solid state.  The three 
groups of TPE materials that were compared in this study 
were  EPDM /  Polypropylene Thermoplastic  Vulcanizates, 
Styrenic Block Copolymer Thermoplastic Elastomers,  and 
ACM / Nylon Thermoplastic Vulcanizates. 

Fig. 3 displays the differences in shear thinning profiles 
observed from the complex dynamic viscosity (η*) measure-
ments obtained from 10-point frequency sweeps of the poly-
mer melts at 215 °C. The APA frequency sweep is a very 
rapid method for measuring differences in shear thinning 
profiles  among  grades  of  TPVs.   All  TPEs  are  non-
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Newtonian,  meaning that  their  viscosity  (or  resistance to 
flow) will decrease with a rise in applied shear rate (such as 
a faster extruder speed, etc.).  By using the Cox-Merz Rule, 
one can assume that 1 radian / second under sinusoidal oscil-
lation is equivalent to 1 sec1 under steady state flow condi-
tions (such as with a capillary rheometer or a factory ex-
truder).  Fig. 4 shows the shear thinning relationship of these 
same materials when compared by the capillary rheometer 
(ARC2020). 

Higher durometer EPDM / PP TPVs usually contain 
more polypropylene in relation to the EPDM rubber content.  
The  polypropylene  melt  functions  somewhat  like 
a “lubricating agent” at low shear rates.  Therefore at low 
shear rates, the particles of vulcanized EPDM rubber are 
spaced more widely apart and are more free to move, result-
ing in a relatively lower viscosity.  However, these TPVs are 
actually heterogeneous nanocomposites of vulcanized EPDM 
particles (representing the discontinuous phase) dispersed in 
the polypropylene continuous phase. The other “softer” TPV 
grades contain more of the dispersed, vulcanized EPDM rub-
ber particles which imparts more of a pseudoplastic (shear 
thinning) effect on the TPV at higher shear rates, causing it to 
drop its viscosity faster than TPVs (such as the D40 grade), 
which are not as shear thinning at the higher shear rates.  This 
may explain why the ordinal relationship for ranking of vis-
cosity values becomes inverted when a comparison is made 
between low shear rate measurements vs. high shear rate 
measurements.  This results in “crossovers” for both the APA 
profiles as well as the capillary rheometer profiles. 

 
 

Conclusions 
 
1. A consistent test configuration and test method was es-

tablished which has broad applicability across a broad 
range of thermoplastic elastomers. 

2. This test procedure displayed very good statistical test 
sensitivity  (discerning  power)  regarding  TPE  quality 
differences in both the melt state and congealed state. 

3. This test procedure displayed very good test repeatability 
for both the melt state and the congealed state. 

4. This system can measure changes in shear thinning pro-
files due to TPE compositional changes.  

5. Changes in melt elasticity caused by TPE compositional 
changes were effectively measured as well. 

6. The elastic modulus of the congealed TPE could be ef-
fectively measured by this test procedure. 

7. Hysteretic differences of the congealed specimens were 
also effectively measured. 

8. Differences in strain softening profiles of the congealed 
specimens were also effectively measured as well. 
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1. Introduction 

 
The service life of elastomer components is determined 

largely by aging processes. Over the course of time mechani-
cal-dynamic (fatigue), oxidation processes, temperature and 
exposition to UV light lead to irreversible changes in the 
physical and chemical properties of an elastomer material1,2. 
Alongside the selection of polymers, the aging process is 
determined mainly by the use of anti-aging agents – e.g. p-
phenylenediamines or by substituted phenols3,58. This work 
focuses specifically on temperature dependency and kinetic 
aspects of thermal-oxidative aging, on the influence of poly-
mer structure and on the consumption and mechanistic aspects 
of antioxidants (p-phenylenediamines) 

 
 

2.  Theoretical aspects of thermal-oxidative 
aging 

 
Thermal-oxidative aging is described by means of 

a (three-phase) radical mechanism913. The chain reaction is 
terminated by recombination reactions with the formation of 
stable compounds, such as, for instance, the constitution of 
C-C or C-O-C bonds from two macroradicals, tantamount to 
an increase in crosslinking density. An embrittlement of the 
material is the macroscopic consequence. On the polymer, 
there is also formation of polar oxygenic side groups, which 
likewise have a stiffening effect due to inter- and intramolecu-
lar interactions. As a function of aging conditions and the 
microstructure of the polymers, chain scission can also be 
observed, accompanied by elastomer viscosity11,17. The two 
reaction channels compete with one another1822 Antioxidants 
are usually used to avoid aging processes. The antioxidants 
have different effectiveness in dependency on their molecular 
structure and chemical reactivity. Considering chemical reac-
tion mechanism in the subject of thermal-oxidative aging two 
groups of antioxidants are exists, the primary (chain breaking) 
and secondary antioxidants10,2628.  
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3. Methods and materials 
 
For systematic investigations on aging stability of poly-

mers and on mechanisms as well on effectiveness of antioxi-
dants. Were carried out by means of rheometry, chemilumi-
nescence (CL) (ref.27), ATR-FT-IR spectroscopy, in combina-
tion with CL, extraction, extract analyses by means of GC-
MS and LC-MS and analyses of squalene model systems by 
means of LC-MS. The investigations on polymers were per-
formed with technical grades of three both polydienes (SBR, 
BR, and NR) used in technical scale and laboratory grades of 
S-SBR prepared by anionic polymerization with different 
vinyl content. For systematic investigations on antioxidants 
on one hand unvulcanized model compounds with polyiso-
prene rubber (IR) or polybutadiene rubber (BR) with different 
p-phenylene diamines (PPDs) with concentrations in the 
range from 1 to 7 phr and on the other hand a model sub-
stance system consisting of squalene and 10 phr p-PPDs were 
used.  

 
 

4. Results 
 
4.1. Investigations on polymers 

 
The thermal oxidation aging of polydienes is signifi-

cantly influenced by the double bond concentration in the 
main chain (1,4 units). The OIT value of the polymer, meas-
ured by means of Chemiluminescence is also influenced by 
the addition of stabilizers and by the types of processing. 
Changes occurring in the polymer structure during the thermal 
oxidative aging processes can be traced by coupling CL with 
IR spectroscopy methods. This yields semi-quantitative meas-
urements of the decrease of 1,4-trans units of SBR during the 
thermal oxidation reaction. These measurements also confirm 
that this aging process occurs mostly at the double bonds in 
the main chain, because the decrease of 1,2 units is signifi-
cantly lower than a decrease of 1,4-trans units.  

 
4.2. Investigations on p-phenylenediamines  

in dependency on molecular structure 
 
The systematic investigation of the influence of the 

moleculare structure of used p-PPD in dependency on concen-
tration (1 to 7 phr or 10 to 70 g kg1) in IR results in OIT-
values (oxygene induction times), which characterize the 
thermal-oxidative stability (see Fig. 1) .  

A high OIT correlates with a high stability. The effi-
ciency, that means OIT-shift per concentration p-PPD, is 
given by the slope of the linear function in Fig. 1. So the fol-
lowing sequence is resulting: 77PD < 6PPD < DPPD. The p-
PPD -type with the highest amount of aryl-aryl-substituted 
nitrogene has the best efficiency.Reaction products of p-
PPD`s in IR are identified using GC-MS in combination of 
CL-measurements and extraction. Extracts were produced in 
dependency of the shape of the CL curve at different times. 
The CL-curves shows two signals, where the first one is 
asigned to the antioxidant and the second one to the polymer. 
After the decay of the first peak no anitoxidant could be de-
tected, but some reaction products, mainly N-formyl-derivates 
or N-alkanone-yl-derivates of the p-PPD appear during the 

increase of the polymer signal. After decay of the polymer 
signal, for example in the case of the system DPPD/IR after 
120 h no antioxidant and no reaction products could be de-
tected. So it could be concluded, that the reaction products are 
reactive under aging conditions. Systematic investigations on 
the model system squalene/6PPD using aging at 150 °C in CL 
and LC-MS analyses in dependency of the aging time had the 
main objective to identify from reaction mechanism possible 
pendant groups of antioxidant/squalene, where squalene 
should act as polymer model. the question is the fate of the 
antioxidant. The LC-MS -analyses result in the typical above 
mentioned reaction products of 6PPD and in hydroxylated 
squalene. The dependency of the yield of different reaction 
products on aging time are shown in the following selected 
LC-Ms chromatogram: 
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6. Summary 
 
The results of the systematic investigations are summa-

rized as follows:  
The stability of polymers could be quantified using CL-

measurements. The double bonds in the main chain of the 
polymer are responsible for the aging stability 

The efficiency and effectiveness of the investigated p-PP`s 
correlate with the molecular structure. The aryl-aryl  types have 
the more stabilizing effect: DPPD > 6PPD > 77PD. 

Reaction products have higher mol masses than the ori-
gin antioxidant from recombination of antioxidant-radicals 
with Carbonyl-radicals. 

 
The authors deeply acknowledge the Deutsche Kautschuk 
Gesellschaft (DKG e.V.) for the support of this work.  
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The conformational changes of end-grafted polymers, 

attached at one end to a surface or interface and entangled 
with free polymer in the bulk, have been of interest in theo-
retical and experimental studies of non-linear viscoelastic 
properties, such as shear thinning. This effect may be related 
to slip-shear observed in the bulk1,2, which has been proposed 
to  result  from disentanglement of  surface-bound polymer 
from the bulk3, changes in the local conformations of the 
polymer in the bulk4; exchange of polymer at an interface5; or 
a combination of the aforementioned phenomena. However, 
discrimination between these models are lacking. Resolution 
will lead to more accurate physics models for non-linear ef-
fects polymers, which are important in many of their applica-
tions. 

Whereas there are a number of theoretical and experi-
mental studies on end-grafted polymer in static contact with 
solvent and under flow6,7 , and some modeling studies of 
a grafted polymer in contact with a polymer melt8, there has 
been  no  work  published  on  the  molecular  response  of 
a grafted polymer against a melt under shear. In this work we 
measure fort the first time the in situ response of end-grafted 
polystyrene against a deuterated polystyrene melt with neu-
tron reflectometry as a function of shear rate.   

Protonated PS with a molecular weight of 82 kDa and 
polydispersity index of 1.05, measured by gas phase chroma-
tography, calibrated for PS, was end-grafted onto the surface 
of a quartz wafer9 and placed in contact with a deuterated 
polystyrene (dPS) melt with a molecular weight of 34.1 kDa 
and a polydispersity index of 1.19. The neutron reflectometry 
(NR) experiments were performed using the Surface Profile 
Analysis Reflectometer (SPEAR) at the Los Alamos Neutron 
Science  Center.  The  interfacial  region  between  the  end-
grafted PS in contact with the dPS melt was studied as a func-
tion of shear rate using the Los Alamos Neutron Science Cen-
ter neutron rheometer in the cone and plate geometry. 

The scattering from the end-grafted PS was first meas-
ured in air, and then, the grafted PS was placed in contact 
with the dPS melt at 190 °C. Neutron reflectivity measure-
ments were done with the sample at rest and at rates between 
1.44 and 30.24 s1 with intervening measurements with the 
sample at rest. Figure 1 shows the brush volume fraction pro-
files fort the various measurements. 

The (z) for the grafted PS are sigificantly different 
from the parabolic forms predicted1 and observed6 for grafted 
polymers in a good solvent.  There is only a small region (z < 
25 Å) that might have the predicted parabolic form. Beyond 
this domain the brushes show a long tail followed by a mush-
room like domain extending out to approximately 500 Å at 
rest and at all shear rates. 
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Metastability of the grafted PS chains was indicated by 
the observation that states where dependent on shear history.  
While the initial shear rate did not lead to a significant change 
in the (z) and hence, chain extension (Fig. 1), the higher 
shear rates did.  However, during one particular experiment 
with a high shear rate, the grafted PS chain profile reverted 
back to its original state.  Additionally, the states with the 
larger mushroom-like regions were not observed again when 
the system was returned to rest after low or high shear rates. 

The derived grafted polymer density profiles showed 
that the grafted polymer was retained on the quartz wafer.  
Furthermore, the profiles suggest that the end-grafted polymer 
response to polymer melt  shear exhibit  metastable states, 
rather than equilibrium states assumed in the current theory 
(ref.13,8).  Except for some possible extension and/or contrac-
tion of the grafted polymer with shear, there was not an obvi-
ous direct correlation of the structure and the shear thinning 
behavior observed in these samples. Within the context of the 
observed shear thinning, neither polymer exchange5 of the 
grafted PS chains with the dPS melt chains nor disentangle-
ments8 were observed. 

 
This work was supported by the use of the Lujan Neutron 
Scattering Center at LANSCE, which is funded by the Depart-
ment of Energy’s Office of Basic Energy Sciences.  Los Ala-
mos National Laboratory is operated by Los Alamos National 
Security LLC under DOE Contract DE-AC52-06NA25396. 
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Introduction 
 

In the Kyoto Protocol a reduction of greenhouse gases, 
like CO2 was fixed. This results a.o. in a proposal from the 
Commission to the European Parliament and Council for 
a regulation to reduce CO2 emissions from passenger cars 
dated from December 2007. Many efforts have been made to 
develop energy efficient tires. The main way thereby is the 
reduction of the rolling resistance. Such a reduction can be 
reached via the tire dimensions, mass and profile and/or via 
the tire mixture including new or modified filler, rubber and 
rubber-filler compatibilizer.  

The majority of tire treads is built on basis of carbon 
black and/or silica filled blends from natural rubber (NR), 
styrene-butadiene rubber (SBR) and butadiene rubber (BR). 
The properties of such composites depend strongly on the 

Fig. 1. Volume fraction profiles of end-grafted PS as a function of 
depth, z, from the quartz substrate.  End-grafted PS in air (grey trian-
gles); state 0 (green plus symbols):  initial no shear state which fol-
lows the same curve as state 1 except at very low z values; state 1 
(blue crosses):  sheared at 1.44s1 as well as at other shear rates and at 
rest, state 2 (red squares):  sheared at various rates; state 3 (turquoise 
circles):  at rest after sheared at a low rate; and state 4 (purple dia-
monds):  at rest after a moderate shear and state 5 (black inverted 
triangles):  the final state at rest. 
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morphology and localization of the filler in the blend phases. 
For carbon black and silica filled natural rubber/solution sty-
rene-butadiene rubber (S-SBR) blend systems the wetting, 
infiltration, dispersion and distribution of the filler during the 
mixing process were investigated by online measured electri-
cal conductance test (OMEC), as described in our earlier 
works19, solubility measurements on the raw mixture10,11, 
thermogravimetry11 and infrared spectroscopy12 on the rubber 
filler gel, as well as optical microscopy and atomic force mi-
croscopy in dependence on the mixing time. For the carbon 
black filled mixtures the phase selective filler distribution as 
a function of the styrene and vinyl content of the S-SBR as 
well as the influence of additives on the filler dispersion was 
investigated.  

Since the introduction of the silica-silane technology in 
the early 1990s carbon black was partly or nearly totally sub-
stituted by precipitated silica in tire tread mixtures for high 
performance  passenger  tires.  With  this  technology 
a optimization of tire properties, like rolling resistance and 
wet grip further became possible, but the compounding is 
much more complicated than for carbon black filled rubber 
mixtures. 
In silica filled rubber compounds organosilane based coupling 
agents have to be used. During the compounding process, 
a chemical reaction between silane and silica is necessary for 
the improvement of viscoelastic properties of the vulcani-
zates. Furthermore, the time of adding of process oil and addi-
tives influences the wetting behavior of the rubber. Therefore, 
the ingredients and the mixing regime of the rubber com-
pounds are key factors for the performance characteristics of 
the vulcanizates. 

 
 

Experimental 
 
Carbon black filled mixtures 
 

For the investigation of carbon black filled mixtures 
commercial  solution  styrene-butadiene  rubber  S-SBR 
(Sprintan SLR-4601, S21/ V62, MU 45, Styron Deutschland 
GmbH)  and  experimental  S-SBR (MU 61  +/3,  Styron 
Deutschland GmbH) were used. The material parameters are 

given in Table I. SMR 10 was used as NR phase, masticated 
to the MU of the S-SBR. Carbon black Corax N220 (Evonik 
Industries GmbH) was used as filler; in all cases 50 phr 
(32 wt.%). The ingredients of CB filled mixtures, for which 
the  phase  selective filler  distribution were  estimated,  are 
shown in Table II. 

It was found that a strong influence of the styrene con-
tent on the phase specific localization of the carbon black 
exists in the binary 50/50 S-SBR/NR blends. An increased CB 
content in the NR phase results with increasing styrene con-
tent. No influence of the vinyl content on the phase specific 
CB distribution was observed within the series with varied 
vinyl content, but including all investigated samples a certain 
trend is to observe. Increasing vinyl content results in an in-
creased CB content within the S-SBR phase, contrary to the 
influence of the styrene content. 
Both styrene and vinyl content influence the compatibility of 
the S-SBR with NR, but in opposite direction. The solubility 
parameters of the S-SBRs were calculated in dependence on 
styrene and vinyl content according to Schuster13. If the phase 
specific distribution of the CB is brought in correlation with 
the difference of the solubility parameters of S-SBR and NR 
(DSP (SSBR-NR)), it becomes obvious that the main influence 
factor on the phase specific CB distribution in the 50/50 
S-SBR/NR blends is the compatibility between both rubbers14. 

Latest investigation of nanofiller containing rubber sin-
gle mixtures and blends shows the essential influence of type, 
amount and input moment of additives on the dispersion and 
distribution behavior of the filler. In the case of carbon black 
filled S-SBR, some additives, like stearic acid, accelerate the 
filler dispersion, others act retarding15. 

The normalized online conductance curves with respect 
to the conductance value measured at the BIT G/GBIT of CB 
filled SBR SLR-4601 without and with additives (stearic acid, 
zinc oxide, sulphur, accelerator) were analysed in dependence 
on mixing time (Fig. 1).  

The curves show the typical shape as received in1. The 
onset time tonset  of the conductance is observed at about 
5.3 min and the BIT at 10.2 min for the mixture without addi-
tive and 3.5 min and 7.2 min for the other one. As discussed 
in our previous works1,5,6 the macrodispersion and the online 
conductance correlate closely to each other in the period be-
tween the tonset and BIT. The largest change of the size of CB 
agglomerates takes place in this range. Passing the BIT the 
macrodispersion increases slightly but the conductance started 
to decrease gradually. As discussed before the main reason for 
the decay of conductance is related to the distribution process 
of small aggregates throughout the matrix that is described by 

S-SBR type Styrene % Vinyl  % 

S0/V67 0 67 

S14/V61 14 61 

S21/V61 21 61 

S30/V62 30 62 

S48/V10 48 10 

S49/V22 49 22 

S49/V30 49 30 

S50/V33 50 33 

Table I 
Styrene and vinyl content of experimental S-SBR 

Table II 
Ingredients of carbon black filled mixtures 

Ingredients Content, phr 

Rubber 100 

N 220 50 

Stearic acid/ZnO 6 

Antioxidants 3,5 

Sulphur/Accelerator 2,8 
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the microdispersion1,5,6. It was found that for a certain mate-
rial system the macrodispersion obtained at the BIT is ap-
proximately the same for different mixing conditions. Thus, 
the BIT can be used to compare the dispersion behavior of 
different mixtures with each other. 

In the present work a small quantity of each mixture 
was taken out during the mixing process and investigated by 
optical microscopy (OM). Dispersion degrees of 90 % and 
99 % were calculated for the mixture without additives and 
with all additives, respectively, at 11 min. 

The effect of any single additive on the online conduc-
tance G/GBIT was investigated. It is obviously seen that the 
addition of ZnO shows no effect on the BIT. Sulphur and 
CBS slightly prolong the BIT, whereas addition of stearic acid 
or DPG leads to a significant shortening of the BIT15. 

 
Silica filled mixtures 
 

The used rubbers were solution styrene-butadiene rubber 
(S-SBR) (Sprintan SLR-4601,  S21/  V62,  MU 45,  Styron 
Deutschland GmbH) and natural rubber (NR) SVR-L (Phuoc 
Hoa Rubber Company). The used silica was Ultrasil 7000 GR 
(Evonik Industries GmbH ) with specific surface area CTAB 
= 160 m2 g1 and BET = 170 m2 g1, pH-value = 6.8. Bis-[3-
(triethoxysilyl)-propyl]-tetrasulfide (TESPT) Si 69 (Evonik) 
was used as coupling agent. Mixing experiments were per-
formed by a Poly Lab System Rheocord 300 p with a 75 cm3 
mixing chamber Rheomix 610 p (Thermo Haake). 

Silica filled S-SBR- and NR-compounds were prepared 
without and with silane in a three-step mixing process. In step 
2 the chamber temperature TA was varied stepwise from 50 °C 
to 175 °C in order to accelerate the chemical reaction between 
silane and silica and to characterize the effect of temperature 
on the wetting process. 

The dependence of the rubber-layer L10,11 on the mixing 
time of filled S-SBR and NR-compounds prepared at TA = 
50 °C without and with silane is presented in Fig. 2. Without 
silane the rubber-layer LSBR of SSBR and LNR of NR increase 
with different rates. With increasing mixing time the infiltra-
tion of S-SBR and NR molecules and the dispersion of silica 
agglomerates take place simultaneously. LSBR and LNR reach a 

level-off value after about 10 min and 6 min mixing, respec-
tively. 

The rubber-layer LNR of NR increases very fast in com-
parison to SBR, that is related to the high mobility of the lin-
ear and flexible NR molecules vs. S-SBR molecules contain-
ing sterically hindered phenyl rings. The fast wetting behavior 
of NR was also found in carbon black and carbon nanotubes 
(CNT) filled rubber compounds as reported in our previous 
works11,16. 

In S-SBR/NR blends in the earlier mixing stage the NR 
phase wets silica very fast compared to S-SBR. In the subse-
quent mixing stage the loosely bonded component of rubber-
layer LB(NR) is replaced by SBR molecules because of the bet-
ter affinity of SBR to silica. The tightly bonded component of 
LB(NR) remains permanently on the silica surface. Using the 
wetting concept10,11 the kinetics of the phase selective silica 
localization in rubber blends could be characterized. During 
the first mixing stage, silica localization is strongly affected 
by the wetting rate ratio of the rubber blend components. 

Fig. 1. Normalized OMEC for carbon black filled S-SBR with and 
without additives 
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Because of the higher wetting rate of the NR phase more sil-
ica is located in the NR phase than in S-SBR. In the next 
stage, the rubber filler interaction dominantly influences the 
localization kinetics. As a result, silica is transferred from the 
NR phase toward the S-SBR phase until the loosely bonded 
component of LB(NR) is fully replaced by S-SBR (Fig. 3). The 
increasing chamber temperature increases the rubber layer L, 
but does not influence the phase selective silica distribution in 
the investigated blends12. 
 
 
Conclusions 
 

With the application of the wetting concept based on the 
analysis of bonded rubber by solubility analysis of raw com-
pounds and TGA and/or FTIR analysis of the rubber-filler gel 
of filled rubber blends, a deep insight into the morphology 
development during the mixing process is possible, as well as 
the quantitative analysis of the phase selective filler localiza-
tion during the mixing process. The measure of rubber-layer L 
was introduced to describe the wetting behavior of rubber to 
filler. NR shows a significantly higher wetting rate than SBR. 
This result was found for CB and silica filled mixtures and 
does not depend on the addition of silane. 
 
The authors thank the German Research Foundation (DFG) 
and Deutsche Kautschuk-Gesellschaft (DKG) for the financial 
support of this work. 
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Abstract 

 
Radiation processing involves the use of natural or man-

made sources of high energy radiation on an industrial scale. 
The principle of the radiation processing is the ability of the 
high energy radiation to produce reactive cations, anions, and 
free radicals in materials. The industrial application of the 
radiation processing of plastic and composites includes po-
lymerization, cross-linking, degradation and grafting. Radia-
tion processing involves mainly the use of either electron 
beams from electron accelerators or gamma radiation from 
Cobalt-60 sources. Tested polymers (PE, PP, PA) show sig-
nificant  changes  of  temperature  stability  after  irradiation. 
From this point view new application could be seen also in 
areas with service temperature much higher than their former 
melting point. The comparison of temperature stability of 
irradiates and not irradiated PE, PP and PA is presented in this 
paper. 

 
 

Introduction 
 
The cross-linking of rubbers and thermoplastic polymers 

is a well-proven process of the improvement of the thermal 
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properties. The chemical cross-linking or rubber vulcanization 
is normally induced by the effect of heating after processing 
with the presence of a curing agent. The cross-linking process 
for thermosets is very similar. In thermosets the polymer 
molecules are also chemically linked due to heat after proc-
essing. Cross-linked rubbers have a wide-meshed molecular 
network that keeps them soft and their properties change only 
slightly on a wide temperature scale. On the other hand, ther-
mosets are characterized by a very narrow-meshed network. 
Due to this fact they hardly change their high level of stiffness 
on a wide temperature scale. The irradiation cross-linking of 
thermoplastic  materials  via  electron  beam  or  cobalt  60 
(gamma rays) is proceeding separately after the processing. 
The cross-linking level can be adjusted by the irradiation 
dosage. The main difference between beta and gamma rays 
lies in their different abilities of penetrating the irradiated 
material. Gamma rays have a high penetration capacity. The 
penetration capacity of electron rays depends on the energy of 
the accelerated electrons. Due to electron accelerators, the 
required dose can be applied within seconds, whereas several 
hours are required in the gamma radiation plant.  

Beta and gamma rays can be used for irradiation of 
polyolefines,  polyesters,  halogen polymer and polyamides 
from  thermoplastics  group,  elastomers  and  thermoplastic 
elastomers. Some of them need the addition of cross-linking 
agent. The dimensional stability, strength, chemical resistance 
and wear of polymers can be improved by irradiation. Irradia-
tion cross-linking normally creates higher strength as well as 
reduced creep under load and leads to a huge improvement in 
resistance to most of the chemicals and it often leads to the 
improvement of the wear behaviour. 

The thermoplastics which are used for production of 
various types of products have very different properties. Stan-
dard, engineering and high performance thermoplastics differ 
in their properties both mechanical and thermal. In compari-
son with other construction / engineering materials, mainly 
metals, polymers have limited level of both mechanical and 
thermal properties. These limitations significantly reduce the 
application area of polymers. Every improvement of these 
properties of course makes the application wider. Irradiation 
of thermoplastics is the important way to change of thermal 
properties. From the point of use, mainly the temperature 
stability is very important factor. 

 
 

Experimental 
 
The thermal stability of irradiated PE, PP and PA after 

irradiation has been tested. Injection molding machine AR-
BURG Allrounder 420C Advance has been used for sample 
preparation. 
Used polymers: 
 PE: DOW – HDPE 25055 E 
 PE: DOW – LDPE 780 E 
 PP: PTS – Crealen EP – 2300L1 – M800 (unfilled PP) 
 PP: PTS – Crealen EP8G5HS* M0083 (PP filled 25% 

glass fibers) 
 PA: PTS – Duramid 

 
TMA test: 
 Equipment: Perkin – Elmer Thermal Analyser TMA 7 

 Heat from 50°C to 400°C at 20°C/min 
 Hold for 1 min at 50°C 

 
 
Results 

 
Polyethylene both HDPE and LDPE show significant 

changes of thermal properties after irradiation. The range of 
changes strictly depends on the dose of applied radiation and 
the best result are observed by the dose of 196 kGy (HDPE) 
and 165 kGy (LDPE). 

The temperature stability of polypropylene is also af-
fected by the irradiation. The doses of irradiation have only 

Fig. 3. Temperature stability of PP  

Fig. 2. Temperature stability of HDPE 

Fig. 1. Temperature stability of LDPE 
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limited effect on thermal stability of not filled PP (Fig. 3). 
In case of PP with reinforcement (PP 25% GF) the dose 

of irradiation is very significant. The raising dose of irradia-
tion  can  influenced  the  temperature  stability  negatively 
(Fig. 4). 

 

 
Very similar results have been obtained by the irradia-

tion of polyamide. The graph of TMA of Duramide is in 
Fig. 5. 

 
 
Conclusion 

 
Irradiation improves the thermal properties of polymer. 

All tested polymer (PE, PP and PA) show better temperature 
stability after irradiation. Irradiation significantly extends the 
application area of polymers. The service temperature can be 
higher than the melting point of not irradiated polymers. 

 

This article is financially supported by the Czech Ministry of 
Education, Youth and Sports in the R&D projects under the 
titles ‘Modelling and Control of Processing Procedures of 
Natural and Synthetic Polymers’, No. MSM 7088352102 and 
‘CEBIA Tech’, No. CZ.1.05/2.1.00/03.0089. 
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Abstract 

 
It is well accepted that mixing conditions are of para-

mount importance for the properties of silica-filled rubber 
compounds. The dump temperature and mixing interval be-
tween rubber, silica and silane coupling agent, prior to adding 
other ingredients for silica-filled natural rubber (NR) com-
pounds using bis-triethoxysilylpropyl tetrasulfide (TESPT) as 
coupling agent were optimized.  Mooney viscosity, cure char-
acteristics, silica dispersion (as indicated by the reinforcement 
parameter, flocculation rate constant and Payne effect), loss 
tangent at 60 oC (indication of rolling resistance of tires) and 
mechanical properties: tensile strength, elongation at break, 
reinforcement index and tear resistance were investigated.  
The dump temperature is the key parameter governing the 
properties of the silica-filled NR compounds.  The increase in 
viscosity of the compounds by changing the dump temperature 
from 100150 °C indicates that inevitably some crosslinking 
occurs of NR by sulfur contained in TESPT, simultaneous with 
the silanization reaction between silica and silane.  However, 
the viscosity decreases again when dump temperatures above 
150 °C are applied, indicating a dominant occurrence of deg-
radation of the NR molecules.  The results are in good agree-
ment with bound rubber contents.  The overall properties 

Fig. 4. Temperature stability of PP 25 % GF 

Fig. 5. Temperature stability of PA  
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indicate that a dump temperature in the range of 135150 °C 
and a silica-silane-rubber mixing interval of 1 0  minutes are 
the most appropriate mixing conditions for silica-filled NR 
compounds with TESPT as coupling agent. 
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Isotactic polypropylene (iPP) is one of the most impor-
tant industrially used polymers (not only) for automotive ap-
plications. Today, each passenger car contains more than 
60 kg of polypropylene based material. This fact is mainly 
arising from a variety of iPP modifications based on the mo-
lecular and supermolecular design, use of fillers, additives and 
nucleating agents or even on a blending with other polymers – 
these factors all together make from iPP the material interest-
ing also scientifically, which favorably contributes in the 
increase  of  technical  understanding.  Such  a  relation  is 
a closed loop in which developments of new applications can 
be based on a solid polymer science background. Several 
examples of these interrelations allowing a design and con-
struction  of  engineering  applications,  such  as  innovative 
bumpers, fenders, seat carriers or air-intake-manifolds will be 
presented.  

The structure property interrelations in PP can be gath-
ered from the individual structural levels. On the supermo-
lecular level, the variation between the crystalline and amor-
phous phases, resulting mainly from the material stereoregu-
larity, can be first considered. In addition at this level (within 
the crystalline portion), iPP exhibits polymorphic behavior as 
it  crystallizes into four different crystalline modifications, 
namely monoclinic , trigonal , orthorhombic γ and meso-
morphic smectic forms1. The -crystalline form is the most 
common and predominant in common iPP processed by stan-
dard conditions; to obtain higher amounts of -form, the use 
of specific nucleation is essential – such material shows then 
favorably enhanced toughness and drawability as compared to 
common -form iPP2,3 and is used also industrially (see Beta 
()-PPTM BE60 in Ref.4). Coming from the supermolecular to 
the next structural level  spherulitic, where the lamellae are 
organized in complex aggregates, also here their size and 
organization can be influenced by several ways, eg. by using 
of nucleating agents or clarifiers. These help to fasten the 
crystallization (ie. processing) but also favorably adjust me-
chanical properties and even improve organoleptics by in-
creased transparency: presently transparent iPP is an essential 
material related to the packaging (and other) industry, see eg. 
Ref.5. Another structural level is created by morphology being 
created by crystallization of two or more mutually immiscible 
materials where individual phases creates a system of two (or 
more) separated morphologies. Typical example is the iPP 
material called heterophasic or impact copolymer having the 
iPP matrix while the softer inclusions are based on ethylene-

propylene copolymer; impact strength even at low tempera-
ture is significantly enhanced6. Such material is a key material 
for automotive applications. Its subsequent modification with 
other components like external rubber, fillers and other addi-
tives creates another structural level encompassing the mor-
phology of the base material with the relation to other individ-
ual components; see the example in Fig. 1, top. Interfaces 
between them play then a critical role when adjusting material 
properties to a given application, see eg. a fender application 
in Fig. 1, bottom left. Another example is the iPP based com-
posite filled with glass fibers – here the use of appropriate 
compatibilizer  in  a  given  concentration  must  guarantee 
a proper interface between the glass fiber and the polymer 
resulting in a large enhancement of the material stiffness but 
yet taking into account to keep rather high impact strength. As 
a consequence, such compounds move iPP from the field of 
commodity polymeric materials into full-value member of the 
engineering plastic material pool next to polyamides, polyes-
ters  and  others.  Consequently,  resulting  applications  can 
range from structural carriers and covers, fan shrouds, front-
end and seats carriers up to motor parts like air intake mani-
fold7, see Fig. 1 bottom right  offering better technical func-
tionality (optimized air flow), design freedom (integration of 
functions), reduction in weight and at the end also lower 
costs. The knowledge of all the interrelations briefly men-
tioned above are critical when developing improved iPP based 
materials for demanding automotive applications. 
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The interest in compostable and biodegradable materials 
increases continuously shown also by the increased produc-
tion and consumption of PLA. This polymer is used in in-
creasing quantities in packaging applications, but also in the 
automotive industry. Unfortunately, PLA has several disad-
vantageous properties like fast physical ageing and limited 
impact resistance. Attempts are made to improve PLA proper-
ties by fillers, impact modifiers, plasticizers and various rein-
forcements. Mostly structural materials are needed in automo-
tive applications and the use of natural reinforcements may 
result in stiffer materials with improved dimensional stability, 
which is fully compostable at the same time. Commercial 
wood flour and other lignocellulosic reinforcements are avail-
able in a wide range of particle characteristics and prices. 
However, the chemical composition of the fillers and espe-
cially their particle characteristics influence properties consid-
erably and an optimum must be found to achieve the property 
combination needed for a certain application. The goal of the 
study reported in this communication was to determine the 
effect of particle characteristics of lingocellulosic reinforce-
ments on the mechanical properties of PLA/wood composites. 
Six reinforcements with widely differing particle sizes and 
aspect  ratios were compounded with PLA in an internal 
mixer. Mechanical properties were studied by tensile testing 
as a function of wood content. The extent of reinforcement 
was determined by modeling from the tensile strength of the 
composites. Micro-mechanical deformation processes occur-
ring during deformation were followed by acoustic emission 
measurements. The results were compared to those obtained 
on PP composites. Both modeling and micromechanical test-
ing indicated strong adhesion between ligno-cellulosic fibers 
and the PLA matrix. The results clearly proved that the final 
strength of the composites is determined by micromechanical 
processes as shown by Fig. 1, in which composite strength is 
plotted against the initiation stress of the dominating micro-
mechanical deformation process.  
 

 
 
KL-12 
CHANGES IN ENVIRONMENTAL LEGISLATION 
BOOST DEMAND FOR ECOLOGICALLY SOUND 
PRODUCTS 
 
HEINZ UNTERBERG, HERMANN-JOSEF  
WEIDENHAUPT, and MELANIE WIEDEMEIER 
 
Lanxess Deutschland GmbH, 51369 Leverkusen, Germany 
melanie.wiedemeier@lanxess.com 
 
 
Abstract 
 

This paper considers the impact of changes in legislation 
for the production of environmentally friendly rubber-goods. 

The REACH regulation is in force since June 1st 2007. 
REACH is the new European Chemicals Regulation, which 
replaces the current policy with different systems for “new” 
and “existing” chemicals. REACH regulates the handling with 
chemical substances either on their own, in preparation or in 
the final rubber-articles. REACH covers all chemical sub-
stances, dangerous or not. For dangerous chemicals like sub-
stances of very high concern (SVHC) the regulation demands 
a substitution in a very narrow timeframe. The first list of 
SVHC was published on October, 28th 2008 and updated on 
December, 15th 2010 which includes plasticizers such as 
DEHP (di-2-ethylhexylphthalate) or DBP (di-butyl-phthalate). 
Addressing this challenge the LANXESS Business Unit (BU) 
Rubber Chemicals has replaced all phthalates in its portfolio 
by safe alternatives without any negative impact on rubber 
compounding and performance. 

Starting from 2012 a new EU tire labelling will force the 
tire industry to increasingly focus on silica filled tread com-
pounds in order to fulfil the demand for tires with a good 
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rolling resistance label and well balanced other properties like 
wet grip and abrasion. DPG (diphenylguanidine) is the most 
common  used  secondary  accelerator  in  tire  com-
pounds,mainly used in silica filled passenger car tread com-
pounds. Beside its function as secondary accelerator DPG acts 
in this application also as a processing aid for the silica com-
pound. A problem accompanied with DPG is its release of 
toxic aniline during the vulcanization process. A solution to 
overcome this problem is the use of Vulcuren® as secondary 
accelerator. Vulcuren® can be used beneficially in state-of-
the-art crosslinking systems for 

silica compounds. Furthermore, it also improves the so-
called “new silica systems” based on silanes with reduced 
volatile organic chemicals (VOC). The reduction of VOC´s is 
a requirement of the authorities in the USA and now in conse-
quence a challenge for the automotive industry. 

Ultimately, the LANXESS BU Rubber Chemicals again 
reconfirms its position as a strong contributor to environmen-
tally sound and sustainable rubber chemicals usage for its 
customer base. 
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LANXESS is a worldwide operating chemical company. 
We are producing high tech polymers, chemical intermediates 
and basic chemical raw materials. 

Innovations in the form of high performance plastics and 
high  performance  applications  are  a  common  goal  of 
LANXESS and its business partners. We will show some 
examples of new products with special stabilizations and spe-
cial processing characteristics.  

The easy flowing grades and the new high modulus 
materials with their high amount of glass fibres can make it 
possible to produce thin parts at low costs. 

Modern tools and modern calculating methods make it 
possible to design parts with thin walls and few gating points. 
These require, however, plastics with a better flowability. It 
would be easy to produce such a material, just by using poly-
mers with lower molecular weights. This, however would 
have a big disadvantage, because the impact resistance would 
be much lower. LANXESS has managed to develop materials 
with a much increased flowability without losing much im-
pact resistance. Our so called Durethan Extreme Flow grades 
achieve almost the double flow length than standard grades. 

Temperatures unter the hood of automotives are rising 
due to, e.g., noise encapsulations and aerodynamic optimiza-
tions. Plastics with higher long term thermal resistancies are 
therefore required. LANXESS has developed a special heat 
stabilization. 

Blow molded nylon tubes are more and more important 
for engines with turbo loaders. Nylon is a good material for 
such applications because of its high resistance to the high 
temperature of the compressed air inside the tubes. 

The shown LANXESS specialities are based on struc-
tural viscous polymers. They are available in various stiff-
nesses, so that they can be used for tubes with rigid and flexi-
ble elements. 

The water injection technology improves the inner sur-
faces and, due to the injected water, the cycle time. 

The WIT process is, however, much more difficult to 
control and requires special materials with a likewise con-
trolled quality. 
 
 


