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Abstract 

 
Polyethylene-terephthalate (PET) foils and glass slides 

coated with thin conductive layers were used as substrates for 
TiO2 or ZnO based photoactive electrodes of dye-sensitized 
solar cells (DSSC) finalized using standard iodine electrolyte 
and counter electrode of Pt coated glass. The nanoparticle 
oxides were applied onto the substrates in a form of alcohol 
pastes by screen printing or by doctor blade technique. 
Photocurrents and I–V load characteristics were measured 
depending on the solar cell composition and preparation. To 
block the shot circuit current a 20 nm thin dip coated TiO2 
sol-gel layer was deposited onto substrates before metal 
oxides application. The influence of the blocking layer (as 
prepared or modified) in the presence of TiO2 or ZnO active 
layer is discussed.  

 
Introduction 

 
Polyethylene-terephthalate plastic foil is a promising 

support and encapsulating material in organic and printed 
electronics, including photovoltaic applications. In the case of 
Dye Sensitized Solar Cells (DSSC) the standard photoactive 
layers based usually on TiO2 nanoparticles on glass substrates 
involve sintering at 450 °C. In order to prepare a flexible solar 
cell on polymer plastic substrates (PET, PEN,...) low 
temperature processes (below 150 °C) of the coating of all 
functional layers ought to be discovered. To keep a low cost 
production the roll-to-roll processes are preferred, including 
screen printing, and all printing techniques1,2. 

The nano and microstructure of the active oxide layer 
(TiO2) is critical to DSSC performance. In a low T process 
TiO2 film has the tendency to crack, which resulted in the 
shunt of the device and reduction of solar cell efficiency. An 
alternative ZnO films on the other hand have better 
morphology tolerance and the interparticle contacts keep 
uninterupted3. 

To prevent the internal shortening of the cells fabricated 
from a binder-free nanoparticle-oxide pastes at low T a thin 
blocking layer, usually of an amorphous TiO2, is deposited 
onto the substrate (ITO/PET) before photoactive oxide layer 
deposition. This hole blocking layer (BL) also avoids direct 
contact of the dye with the ITO surface. The electron 
conductive BL can be created chemically4, physically by 
atomic layer deposition5 or by sol-gel (SG) process6. 

The SG process is based on chemical reactions of 
hydrolysis and polycondensation of titania alcoxides, with 
formation of oxopolymers. These are transformed into oxide 

network. Condensation continues with gel formation. After 
evaporation of solution the xerogel is built and usually the 
calcination step continues at temperatures above 300 °C to 
make it more dense, ideally to anatase structure for 
application in photocatalysis or photovoltaics. To keep the 
low T technology, recently plasma treatments have been used 
as a calcination step for removal of organic additives and 
generation of mesoporous films with sol–gel precursors7.  

In this paper, physical and photoelectric properties of 
printed photoactive oxide layers and DSSC structures on PET 
and glass substrates with the codeposited BL layers were 
measured and correlated with overall cell structure and UV/
plasma pretreatment of BLs. 

 
Experimental 

 
Two electrically conductive substrates, PET foils (120 m) 

and glass slides (3 mm) coated by thin indium or fluorine 
dopped tin oxide layer (ITO or FTO, 100 /sq. or 7 /sq., 
resp., Aldrich) were coated by nanoparticle metal oxides TiO2 
(20 nm, Degussa P25, Evonik) or ZnO (100 nm, Aldrich) and 
used as bases for solar cell (dye-sensitized, DSSC) 
preparation.   

Two different types of nanopastes were prepared for 
both oxides. One, standard type for the screen printing 
application onto a glass substrates including sintering at 450 °C 
(metal-oxide, ethanol, water, acetylic acid, ethylcellulose8) 
and another paste type for low temperature application onto 
the plastic substrates (PET, with the curing temperature below 
120 °C). In the latter case the powder nano-oxides were first 
homogenized in ethanol solution of Ru-dye (0.4 mM of 
standard dye-sensitizer, N3, Aldrich) and later, after oxide 
colorization and ethanol evaporation, in butanol (1 g of oxide 
into 1 ml).  

The prepared standard pastes were applied by screen 
printing onto the FTO-glass and sintered (450 °C, 30 min, 
resulting in thickness of 1.5 m). The Ru-dye was adsorbed 
into the sintered mesoporous structure of oxide layers from 
dye-ethanol solution. Low temperature pastes (already 
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colored) were applied onto ITO/PET substrate by doctor blade 
in thickness of about 50 m and cured 30 min at 120 °C. 

To prevent the internal short currents1,3 of final solar 
cells, onto some substrates the very thin blocking (barrier) 
layer was deposited before oxide layers application described 
above. The blocking layers were deposited by sol-gel 
technique, e.g. by the simple dip coating applying the sol of 
1 % TiO2 (Ti-tetrabutoxide in ethanol, stabilized by HNO3, 
the draw up rate was 10 cm min–1)6. To increase the electric 
conductivity without sintering, the sol-gel (SG) layers were 
treated by UV light (250 W Hg lamp) or by dielectric barrier 
discharge plasma (10 kHz, 2 W cm–2) at atmospheric pressure 
in air. 

The solar cells were finalized by contacting (face to face) 
the prepared oxide electrode on PET (or glass) and the Pt 
counterelectrode on FTO/glass substrate after dropping an 
iodine electrolyte into the oxide layer between. (Pt layer was 
created by doctor blading of nano-Pt paste, Solaronix, and 
sintering at 450 °C). The active area of the cells was 1.5 cm2. 

Afterwards, the solar cells were characterized measuring 
the photocurrent and cell voltage depending on the circuit 
loading (I–V loading curve1) under the standard day-light 
illumination (1 sun) 100 mW cm–2 (AM1.5, metal halide lamp 
box) by multimeters Keithley 2000 and Metex M-3650D. 

UV-Vis absorption and AC conductivities (10 kHz) of 
sol-gel layers were measured by spectrometer CECIL 3055 
and by LCR Digibridge Quadtech 1715, respectively. The 
surface nano-texture of the layers were studied by atomic 
force microscopy, Veeco, CP II. 

 
Results and discussion 

 
The photocurrent – voltage dependence of the standard 

composition of screen printed DSSC (sintered TiO2 on FTO-
glass, Fig. 1) had a standard shape and the photocurrent was 
significantly increased after incorporating the sol-gel (SG) 
layer. The solar cell efficiency had increased 2 times (from 
0.7 to 1.4 %). However, when applying the oxide layers onto 
PET substrates, the photocurrents strongly decrease due to the 
worse contacts between nonsintered nanoparticles and more 
due to the low conductivity of sol-gel layers. The thickness 
and the specific resistivity of the coated non-treated SG layers 
were 20 nm and 20 km. So the resistivity of active area, 
1.5 cm2, of the SG layer was just 3 . (The specific resistivity 
of the crystalline anatase phase of TiO2 is referred to round 
0.1 m.) 
The plasma or UV treatment of the SG layers had practically 
no effect on the solar cell performance, while the resistivity of 
the treated layers decreased to 85 % 75 % of the nontreated 
values, respectively. 

Consequently, supposing the better interparticle contacts 
and lower sensitivity to thermic treatment in ZnO systems3 the 
ZnO pastes were applied onto PET without and including 
TiO2 sol-gel blocking layer (Fig. 2). The shape of I–V 
characteristic was similar for both ZnO and TiO2 cells. 
However, the effect of SG layer presence was different. The 
plasma and UV treatment increased the photocurrents, 
especially in the UV case. The absorption of SG layers in UV-
C region (Fig. 3) is very high, so some reconstruction of the 
amorphous and free volume rich SG layer can occur after 
strong exposition. 

There is a chance that in the case of compact but much 
thinner SG layers the photocurrent would increases. The 
compactness and the texture on nano-level can be seen in 
AFM images (Fig. 4). The root mean square roughness of the 
base ITO layer (1.3 nm) is similar to that of SG layers (1.1 
nm), but the texture is different. Above the microscale, the 
prepared xerogel layers were free of cracks and precipitates. 

 
Conclusions 

 
Mesoporous TiO2 and ZnO photoactive electrodes of 

DSSC solar cells were prepared on PET and glass substrates 
by screen printing and doctor blade technique. Considerable 
enhancement of solar cell efficiency by sol gel blocking 
sublayer found in the case of sintered oxide photolayers did 
not occur in the case of low temperature process on PET 
substrates. The better performance of ZnO layers in 
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coincidence with TiO2 sol-gel layers were confirmed, namely 
in cooperation with some reconstruction of a very thin sol-gel 
layer by UV light. 
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Introduction 

 
Polymer materials with a range of excellent mechanical 

properties, low density, durability and low cost, are widely 
used in the daily needs of contemporary society, ranging from 
simple packaging to heavy construction, and play important 
role in the improvement and quality of life. However, due to 
their persistence in the environment, polymer materials 
represent a danger to our ecosystems. However, economic 
growth results in an increase in the amount of waste generated 
over the past decades. Plastic waste has become an 
environmental problem of growing concern in the world. It is 
expected that during the beginning of the 21 st century there 
will be two-to three-fold increases in plastics consumption, 
particularly due to growth in developing countries1. There are 
several manners how to solve problems with polymeric waste, 
including material recycling as well as energetic recycling. 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 application of 
polymeric materials. Sources of raw materials for polymer 
production represent separate problem2.  

One possibility how to solve these problems can be 
production of biodegradable polymers. On the basis of origin, 
biodegradable polymers are derived from renewable and 
petrochemical resources. There are three principal ways to 
produce polymers from renewable resources, i.e. bio-based 
polymers, i.e.: (1) to make use of natural polymers which may 
be modified but remain intact to a large extent (e.g. starch 
polymers), (2) to produce bio-based monomers by 
fermentation which are then polymerized (e.g. polylactic 
acid), (3) to produce bio-based polymers directly in 
microorganisms or in genetically modified crops 
(polyhydroxyalkanoates, bacterial cellulose)3. Biodegradable 
polymers from petroleum sources comprise: (1) aliphatic 
polyesters and copolyesters (e.g. poly(butylenes succinate), 
poly(butylenes succinate adipate), (2) aromatic copolyesters 
(e.g. poly(butylenes adipate terephthalate), (3) poly(-
caprolactone), (4) polyesteramides, (5) polyvinyl alcohol)1. 

On the other hand, these materials usually caused 
problems during processing, because of their partial 
sensitivity to thermal degradation which leads to lower 
mechanical properties. The possibilities how to solve 
mentioned problems can be found in modification of these 
polymers by addition of large variety of modifiers, 
plasticizers or by blending of two or more polymers together. 
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In this work modification of PLA, PHB and PCL was 
studied. Two types of styrene-acrylate copolymers containing 
epoxy groups were used as modifiers. The aim of our work 
was to study the influence of modifier on the processing 
stability of biodegradable polymers. 

 
Materials and methods 

  
Polylactic acid (PLA 4042D) from NatureWorks, LLC, 

USA was used as a biodegradable polymer produced by 
chemical synthesis from monomers of native renewable 
resources, Polyhydroxybutyrate (PHB) from Biomer, 
Germany was used as biodegradable polymer which is 
produced directly in microorganisms or in genetically 
modified crops, Poly(-caprolactone) (PCL) was used as 
synthetic biodegradable polymer and Joncryl ADR-4368 and 
Joncryl ADR-4300S from BASF, Asia were used as modifiers 
(styrene-acrylate copolymers containing epoxy groups). 

 
Preparation of blends 

 
The blends of biodegradable polymers and modifier with 

content of 2 %wt. were prepared using twin screw extruder 
with screw diameter 16 mm, L/D = 40 with three kneading 
zones, Labtech, Thailand. 

 
Evaluation of processing stability of polymers 

 
Processing stability of biodegradable polymers/modifier 

blends was measured by using oscillation rheometer RPA 
2000 from Alpha Technologies. For this purpose, the timed 
test at constant strain 30° and constant frequency 60 cpm was 
used. Time periods of test was 20 min. Processing stability 
was evaluated from the dependency of relative values of 
complex viscosity vs. time. Relative values of complex 
viscosity were calculated according to the Eq. (1): 

*
rel(t) = (* / 0

*) – 1                                   (1) 

where *
rel(t)  is relative value of complex viscosity,   *  is 

complex viscosity at time t, and 0
* is complex viscosity at 

the start of test. Temperature of measurements for all tested 
polymers was kept constant at 210 °C.   

 
Results and discussion 

 
Processing stability of PLA, PHB and PCL was studied 

in oscillation rheometer RPA 2000. Possible stabilization 
effect of biodegradable polymers modified with styrene-
acrylate copolymer containing epoxy groups (Joncryl ADR-
4368 and Joncryl ADR-4300S) during melt processing was 
studied. The dependencies of relative values of complex 
viscosity vs time during the timed test for PLA/modifiers, 
PHB/modifiers and PCL/modifiers are shown in Fig. 1–3.  

From Fig. 1 it can be seen, that addition of Joncryls does 
not influence the viscosity of PCL because PCL has good 
thermal stability at tested temperature. 

 In case of polylactic acid (Fig. 2), it is possible to 
observe, that Joncryls are able to significantly improve 
processing stability of PLA during its melt processing. From 
the curves of relative values of complex viscosity vs. time the 
maximums can be clearly observed. Effectiveness of Joncryls 

as modifiers depends on concentration of epoxy groups on 
polymer chain (in case of Joncryl ADR-4368 it is higher). 
Observed maximums can be apparently related with two 
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contrary actions – degradation of PLA which leads to 
decreasing of molecular weight and subsequent reaction of 
polyester fragments with epoxy groups of modifier which 
leads to increasing of molecular weight. Viscosity of PLA 
melt is increased if there is sufficient number of epoxy groups 
able to react with final groups of degraded polyesters in 
system. Influence of degradation on increasing molecular 
weight is eliminated and in case of connecting several 
fragments through one ´s molecule of modifier is possible 
increasing molecular weight above original value of polyester. 
Increasing viscosity is connected with increasing molecular 
weight. This was confirmed by determination of intrinsic 
viscosity of prepared samples of PLA without and with 
addition of modifiers by using Ubbelohde capillary 
viscometer. Viscosity of polyester was decreasing as 
a function of decreasing concentration of epoxy groups of 
modifiers in studied systems during degradation.  

From Fig. 3 it can be seen, that from tested 
biodegradable polymers, PHB is the most sensitive to thermal 
degradation. Effect of Joncryls on PHB is not strong enough, 
probably due to much higher rate of degradation of PHB. It is 
possible to suppose that rate of PHB degradation is such high 
because epoxy groups of modifiers are spent in first stages of 
thermal loading. From obtained results, it can concluded that 
Joncryls can eliminate negative effect of degradation, i.e. 
decreasing values of viscosity of melt as well as drop of 
molecular weight of polyesters. 

 
Conclusion 

 
Results obtained in this work show how to improve 

processing stability of biodegradable polymers. From the 
results it is obvious that epoxided styrene-acrylate copolymers 
improve processing stability of biodegradable polymers. The 
effectiveness of Joncryls depends on concentration of epoxy 
groups on polymer chain. 
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Abstract 

 
Radiation processing involves the use of natural or 

manmade sources of high energy radiation on an industrial 
scale. The principle of radiation processing is the ability of 
high energy radiation to produce reactive cations, anions and 
free radicals in materials. The industrial applications of the 
radiation processing of plastics and composites include 
polymerization, cross-linking, degradation and grafting. 
Radiation processing mainly involves the use of either 
electron beams from electron accelerators or gamma radiation 
from Cobalt-60 sources. The low density polyethylene 
(LDPE) tested showed significant changes of temperature 
stability and mechanical properties after irradiation. From this 
point-of-view, new applications could also be seen in areas 
with service temperatures higher than their former melting 
point. The comparison of the temperature stability and 
mechanical properties of irradiated and non irradiated LDPE 
is presented in this paper. 

 
Introduction 

 
Polymers belong to constructive materials which find use 

at the most industry branches. The advantage is a low weight 
together with the excellent mechanical properties, very good 
chemical resistance and other properties, which assign them 
for various applications. Disadvantage is mainly low 
temperature stability which significantly reduces usage of 
these polymers. 

Every properties improvement especially temperature 
stability helps to increase application possibilities. In addition, 
properties modification of standard polymers, which are 
relatively cheap products, gives them advantage for another 
usage. One of the possibilities of polymers properties 
improvement is their radiation cross-linking. 

The irradiation cross-linking of thermoplastic materials 
via electron beam or cobalt 60 (gamma rays) is performed 
separately, after processing. Generally, ionizing radiation 
includes accelerated electrons, gamma rays and X-rays. 
Radiation processing with an electron beam offers several 
distinct advantages when compared with other radiation 
sources, particularly γ-rays and x-rays. The process is very 
fast, clean and can be controlled with much precision. There 
is no permanent radioactivity since the machine can be 
switched off. In contrast to γ-rays and x-rays, the electron 
beam can be steered relatively easily, thus allowing 
irradiation of a variety of physical shapes. The electron beam 
radiation process is practically free of waste products and 
therefore is no serious environmental hazard. The main 
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difference between beta and gamma rays is in their different 
abilities to penetrate 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 dosage 
can be applied within seconds, whereas several hours are 
required in the gamma radiation plant1,2. 

Irradiation of polyolefins, particularly the family of 
polyethylenes, represents an important segment of the 
radiation processing. Polyolefins can be irradiated in many 
forms, such as pellets and powder, films, extruded and 
molded parts or as wire and cable insulation1. 

Radiation cross-linking usually improves strength, 
reduces creep, contributes to chemical resistance 
improvement and in many cases improves tribological 
properties. Effect of radiation cross-linking significantly 
improves temperature stability. Because of that, materials 
which belong to group of standard polymers can be used in 
applications, which would be in term of temperature stability 
intended only to constructive thermoplastic polymers. 

 
Material 

 
As the basic polymer material was used Low Density 

Polyethylene (LDPE 780E) made in DOW Chemical 
Company. An ARBURG Allrounder 420C Advance Injection 
molding machine was used for sample preparation, with the 
processing conditional to comply with the LDPE producer’s 
recommendations. Irradiation of tested LDPE polymer was 
performed with the kind help of BGS Germany, in the BGS 
Wiehl plant using accelerated electrons with a dosage range 
of 0 to 198 kGy. The mechanical properties and the thermal 
stability of non-irradiated and irradiated low density 
polyethylene were tested after irradiation. 

 
Methods 

 
Firstly, was determined the degree of cross-linking by 

gel measurements (gel content), according to the standard EN 
ISO 579. Then the mechanical properties were measured. 
Tensile test was carried out on tensile machine ZWICK 1456, 
according to standard CSN EN ISO 527-1, 527-2. Used rate: 
50mm/min. Test data was processed by Test Expert Standard 
software and modulus (E [MPa]) and tensile stress (σt [MPa]) 
were determined. The shape and the dimensions of the testing 
samples were in accord with the CSN 621431 standard. Lastly 
were measured the thermo-mechanical properties and the 
temperature stability. Perkin – Elmer Thermal Analyser 
TMA7 was used for the thermo-mechanical analysis; heated 
from 50 °C to 250 °C at 20 °C min–1, hold for 1 min at 50 °C. 
The temperature stability was determined by visual 
observation in the temperature chamber. 

 
Results and discussion 

 
The gel content, mechanical and thermal behaviour of 

low density polyethylene (LDPE), before and after irradiation, 
was studied. For easy of evaluation of the measured data 
reasons, and the comparison of the irradiated polymer with 
a non-irradiated one, dimensionless values (–) were used in 

some cases. The property of the non-irradiated polymer had 
the dimensionless value of 1, while others were expressed as 
the ratio of measured property of irradiated polymers to the 
same property of non-irradiated polymer. 

After performing the tensile test at ambient (23 °C) and 
elevated (100 °C) temperature the observed parameters 
(tensile strength and E-modulus) were compared. As can be 
seen from Fig. 1, there was a significant growth of the tensile 
strength with increasing doses of irradiation for both 
temperatures. At 23 °C it was just a steady increase, but at 
100 °C it was a dramatic one. At 23 °C the tensile strength 
rises by 10% after irradiation with a dosage of 198 kGy, but at 
100 °C the tensile strength rises by 60 % after the same 
irradiation. 

In the Fig. 2 it is possible to see comparison of LDPE 
E-modulus in percentage at the ambient temperature and 100 °C. 

The E-modulus rises more than 20 % after irradiation 
with a dosage of 198 kGy at 23 °C but at 100 °C the E-
modulus rises only by 8 % after the same irradiation. 

Fig. 3 shows effect of LDPE irradiation on the thermo-
mechanical properties. As can be seen already small dose of 
radiation (up to 33 kGy) move the softening point up to 140 °C. 
LDPE irradiated by the dose of 198 kGy evince the significant 
improvement of the temperature stability. There is 20 % spike 

Fig. 2. Comparison of LDPE E-modulus 

Fig. 1. Comparison of LDPE Tensile Strength 
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penetration into LDPE radiated by dose of 198 kGy at 220 °C. 
The visual observation of sample behavior at the 

temperature is given in Fig. 4. Specimens are fitted 
horizontally in the temperature chamber and loaded by the 
bending moment both form its own weight and the weight on 
the end of specimen. As can be seen the higher irradiation 
dosage, the better temperature stability of these polymers is. 
The tested specimens remained without dimensional changes 
at the higher temperatures after irradiation. The same 
specimen, at higher temperatures, creates changes of colour 
and surface due to thermal oxidation – but its dimension/
cross-section remains without change. Their better 
temperature stability make possible to use the studied selected 
polymers even at service temperatures higher than their 
former melting point. 

Conclusion 
 
As can be seen from the tests results, the irradiation 

cross-linking improves the LDPE mechanical properties. The 
improvement is more considerable in case of higher 
temperature (100 °C), as a consequence of creation of cross-
link (during irradiation cross-linking) resulting in protraction 
of macromolecular chain, which is thus more flexible during 
thermal load than individual shorter macromolecular chains. 

Irradiation improves the thermal properties of polymer. 
Tested polymer (LDPE) shows 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 paper is supported by the internal grant of TBU in 
Zlin No. IGA/FT/2013/020 funded from the resources of 
specific university research and by the European Regional 
Development Fund under the project CEBIA-Tech No. 
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Abstract 

 
Radiation processing involves the use of natural or 

manmade sources of high energy radiation on an industrial 
scale. The principle of radiation processing is the ability of 
high energy radiation to produce reactive cations, anions and 
free radicals in materials. The industrial applications of the 
radiation processing of plastics and composites include 
polymerization, cross-linking, degradation and grafting. 
Radiation processing mainly involves the use of either 
electron beams from electron accelerators or gamma radiation 
from Cobalt-60 sources. The thermo-plastic elastomer (TPE-
E) tested showed significant changes of temperature stability 
and mechanical properties after irradiation. From this point-
of-view, new applications could also be seen in areas with 
service temperatures higher than their former melting point. 
The comparison of the temperature stability and mechanical 

Fig. 3. LDPE Thermo-mechanical Analysis 

Fig. 4. LDPE Specimen Deformation at 220 °C (1. non-irradiated, 
2. 33 kGy, 3. 66 kGy, 4. 99 kGy, 5. 132 kGy, 6. 165 kGy and 7. 
198 kGy) 
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properties of irradiated and non irradiated TPE-E is presented 
in this paper. 

 
Introduction 

 
The cross-linking of rubbers and thermoplastic polymers 

is a well-proven process for the improvement of thermal 
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 
processing. 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, thermosets 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 at all. The 
irradiation cross-linking of thermoplastic materials via 
electron beam or cobalt 60 (gamma rays) is performed 
separately, after processing. Generally, ionizing radiation 
includes accelerated electrons, gamma rays and X-rays1. 

Radiation processing with an electron beam offers 
several distinct advantages when compared with other 
radiation sources, particularly γ-rays and x-rays. The process 
is very fast, clean and can be controlled with much precision. 
There is no permanent radioactivity since the machine can be 
switched off. In contrast to γ-rays and x-rays, the electron 
beam can be steered relatively easily, thus allowing 
irradiation of a variety of physical shapes. The electron beam 
radiation process is practically free of waste products and 
therefore is no serious environmental hazard. The main 
difference between beta and gamma rays is in their different 
abilities to penetrate 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 dosage 
can be applied within seconds, whereas several hours are 
required in the gamma radiation plant1,2. 

The thermoplastics which are used for the production of 
various types of products have very different properties. The 
special group of polymers which exhibit elastic behaviour 
similar to that of a vulcanised conventional elastomer and 
which can be processed as thermoplastics (i.e. by melt 
processing) are called Thermo-Plastic Elastomers (TPEs). 
Most thermoplastic elastomers are essentially phase-separated 
systems. Usually, one phase is hard and solid at ambient 
temperature, whereas the other is an elastomer. Often, the 
phases are bonded chemically by block or graft 
polymerisation. In other cases, a fine dispersion of the phases 
is apparently sufficient. The hard phase gives these TPEs their 
strength and represents physical crosslinking. Without it, the 
elastomer phase would be free to flow under stress and the 
polymer would be practically unusable. On the other hand, the 
elastomer phase provides flexibility and elasticity to the 
system. When the hard phase is melted, the material can flow 
and be processed by the usual processing methods. Upon 
cooling, the hard phase solidifies and the material regains its 
strength and elasticity3. 

Radiation cross-linking usually improves strength, 
reduces creep, contributes to chemical resistance 

improvement and in many cases improves tribological 
properties. Effect of radiation cross-linking significantly 
improves temperature stability. Because of that, materials 
which belong to group of standard polymers can be used in 
applications, which would be in term of temperature stability 
intended only to constructive thermoplastic polymers. 

 
Material 

 
As the basic polymer material was used thermo-plastic 

elastomer (V-PTS-UNIFLEX-E25D/M*M800/20 natur) made 
in PTS Company. An ARBURG Allrounder 420C Advance 
Injection molding machine was used for sample preparation, 
with the processing conditional to comply with the TPE-E 
producer’s recommendations. Irradiation of tested TPE-E 
polymer was performed with the kind help of BGS Germany, 
in the BGS Wiehl plant using accelerated electrons with 
a dosage range of 0 to 198 kGy. The mechanical properties 
and the thermal stability of non-irradiated and irradiated 
TPE-E were tested after irradiation. 

 

Methods 
 
Firstly, was determined the degree of cross-linking by 

gel measurements (gel content), according to the standard EN 
ISO 579. Then the mechanical properties were measured. 
Tensile test was carried out on tensile machine T 2000 Alpha 
Technologies, according to standard CSN ISO 37. Used rate: 
500mm/min. Test data was processed by Test Expert Standard 
software and modulus (E [MPa]) and tensile stress (σt [MPa]) 
were determined. The shape and the dimensions of the testing 
samples were in accord with the CSN 621431 standard. Lastly 
were measured the thermo-mechanical properties, the 
temperature stability and 3D surface scan. Perkin – Elmer 
Thermal Analyser TMA7 was used for the thermo-mechanical 
analysis; heated from 50 °C to 400 °C at 20 °C min–1, hold for 
1 min at 50 °C. The temperature stability was determined by 
visual observation in the temperature chamber. 3D surface 
scan was obtained by Taylor Hobson Talysurf CLI 500. 

 

Results and discussion 
 
The gel content, mechanical and thermal behaviour of 

thermo-plastic elastomer (TPE-E), before and after 
irradiation, was studied. For easy of evaluation of the 
measured data reasons, and the comparison of the irradiated 
polymer with a non-irradiated one, dimensionless values (–) 
were used in some cases. The property of the non-irradiated 
polymer had the dimensionless value of 1, while others were 
expressed as the ratio of measured property of irradiated 
polymers to the same property of non-irradiated polymer. 

After performing the tensile test at ambient (23 °C) 
temperature the observed parameters (tensile strength and 
elongation) were compared. As can be seen from Fig. 1, the 
tensile strength rises more than 35 % after irradiation with 
a dosage of 66  kGy. Although the gel content rises with the 
dose of irradiation, the tensile strength goes down with 
dosages higher than 66 kGy. Then, with a dosage of 132 kGy 
and higher, the value of the tensile strength oscillates around 
the value of the non-irradiated polymer. Elongation of the 
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TPE-E goes down continually in line with the irradiation 
dosage. At the highest applied dosage of irradiation (i.e. 198 
kGy), the elongation is only 25 % of the former (non-
irradiated) polymer. Due to irradiation, the TPE-E studied 
significantly loses its flexibility. 

Fig. 2 shows effect of TPE-E irradiation on the thermo-
mechanical properties. As can be seen already small dose of 
radiation (up to 33 kGy) move the softening point up to 210 °C. 
TPE-E irradiated by the dose of 198 kGy evinces the 
significant improvement of the temperature stability. 
Irradiation TPE-E with the dose 198 kGy holds temperature 
stability up to 360 °C for short time. 

The visual observation of sample behavior at the 
temperature is given in Fig. 3. Specimens are fitted 
horizontally in the temperature chamber and loaded by the 
bending moment both form its own weight and the weight on 
the end of specimen. As can be seen the higher irradiation 
dosage, the better temperature stability of these polymers is. 
The tested specimens remained without dimensional changes 
at the higher temperatures after irradiation. The same 
specimen, at higher temperatures, creates changes of colour 
and surface due to thermal oxidation – but its dimension/
cross-section remains without change. Their better 
temperature stability make possible to use the studied selected 
polymers even at service temperatures higher than their 
former melting point. 

In the Fig. 4 as can be seen 3D surface scan of irradiated 
TPE-E specimen with the dosage of 66 kGy after sixty 
minutes at 200 °C.  

 
Conclusion 

 
The results of the measurements of TPE-E after 

irradiation showed significant changes of its mechanical and 
thermo-mechanical properties. The tensile strength rises by 
35 %, after irradiation with a dosage of 66 kGy. Elongation 
decreases gradually, with the dosage of irradiation. The 
lowest value of elongation was registred after irradiation by 
a dose of 198 kGy and reached only 25 % of elongation of 
a non-irradiated polymer.  

Irradiation improves the thermal properties of polymer. 
Tested polymer (TPE-E) shows 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 paper is supported by the internal grant of TBU in 

Zlin No. IGA/FT/2013/020 funded from the resources of 
specific university research and by the European Regional 

Fig. 1. Comparison of TPE-E Mechanical Properties with Gel 
Content 

Fig. 2. TPE-E Thermo-mechanical Analysis 

Fig. 3. TPE-E Specimen Deformation at 200 °C (1. non-irradiated, 
2. 33 kGy, 3. 66 kGy, 4. 99 kGy, 5. 132 kGy, 6. 165 kGy and 7. 
198 kGy) 

Fig. 4. TPE-E 3D Surface Scan after 60 minutes at 200 °C 
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Abstract 
 

Main purpose of this paper is to investigate possible 
utilization of irradiated materials (products) after their service 
life. This paper deals with an idea of using them as fillers into 
non-irradiated ones, therefore a grit of irradiated high-density 
polyethylene (HDPE) pipes was used as filler into a non-
irradiated low-density polyethylene (LDPE). Influence of this 
filler on resulting material hardness was investigated. 
 
 
Introduction 
 

Radiation technology related to polymer modification 
has been successfully implemented in industrial applications 
for more than 50 years1–6,11–14. It is well known that polymers 
which undergo radiation either degrade or crosslink1–7. Those 

which crosslink rather than degrade show significant 
improvement mainly in mechanical, thermal and chemical 
properties. Among these belongs polyethylene11–15. 
 
Materials 
 

HDPE pipes were made of TIPELIN PS 380-30/302 
which was supplied by Slovnaft Petrochemicals, Inc. These 
were furthermore irradiated by ionizing beta radiation (dose 
165kGy, energy 10MeV) in BGS Beta-Gamma-Service 
GmbH & Co. KG and provided for recyclation after their 
service life. Supplier of pure LDPE was The Dow Chemical 
Company, type 780E. 

Properties of these materials guaranteed by 
manufacturer are shown in Table I. 
 

Methods 
 

Experiment was carried out in several steps. Firstly 
supplied pipes had to be crushed into the grit (Fig. 1) in rotary 
cutter mill RAPID SK 2218, resulting particle size oscillated 
between 3 and 5 mm. 

Next step was to mix these materials and create 
compounds. Those were mixed in several concentrations 
(from 10 to 60 % of filler) and injection molded in Arburg 
Allrounder 420C injection molding machine under same 
process parameters (only for the concentrations of 50 and 
60 % had to be injection and holding pressure slightly 
increased due to worse flow properties). For comparison 
purposes only additional specimens were prepared. Those 
were made of the same HDPE as filler/pipes and half of them 
irradiated by the same radiation; however, they were made of 
raw non-recycled material. Specimens´ shape is shown in 
Fig. 2. 

Fig. 1. Crushed pipes 

  HDPE LDPE 
MFR (190°C/5kg) 0.95 g/10 min – 
MFR (190°C/2.16kg) – 20 g/10 min 

Density 0.948 g/cm3 0.923 g/cm3 
Tensile strength at 
yield 

19 MPa 8.2 MPa 

Shore D hardness 65 49 

Table I 
Basic material properties8,9 
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Hardness of thus prepared specimens was measured on 
Shore D hardness tester OMAG AFFRI ART 13 (Fig. 3) 
according to ČSN EN ISO 868 standard at ambient 
conditions. 
 
Results and discussion 
 

Four types of materials were compared in this study 
(pure LDPE, LDPE with different filler concentration, pure 
HDPE and pure irradiated HDPE). Hardness of pure LDPE 
and HDPE is according to material datasheets; therefore 
chosen test method is satisfactory. 

As can be seen from Fig. 4 irradiation has very limited 
influence on material hardness comparing non-irradiated and 
irradiated pure HDPE where it grown only by 2 %. However 
the most important finding is significant improvement in 
hardness when using recyclate of irradiated pipes as filler. 
This improvement grows gradually with increasing amount of 
filler up to 15 % (LDPE with 60 % of filler) comparing to 
pure LDPE. It might be caused by relatively high hardness of 
this filler which most probably remained unchanged even 
after service life; nevertheless, hardness of non-recycled 
HDPE was not achieved. 

 
Conclusion 
 

Possible method of recycling irradiated products after 
their service life was investigated in this paper. Irradiated 
HDPE pipes were crushed to grit and used as filler into pure 
LDPE. Results show that there is considerable increase in 
material hardness with raising amount of filler. Even though 

the hardness of original non-recycled HDPE was not 
achieved, positive effect on cheaper materials such as LDPE 
can be seen. 

This finding might suggest possible utilization of 
irradiated products after their lifetime; however, further 
research is necessary. 
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The application of inorganic materials into organic 
polymers is one of the usual ways to improve up of physical 
and mechanical properties of polymers specifically hardness, 
tensile straight, module. Composite materials show generally 
better properties than pure and homogeneous materials. The 
positive changes have been observed at very low 
concentration of inorganic mineral component in polymers1.  

Natural zeolites form a group of aluminosilicate 
nanoporous materials with the special porous structure 
allowing lots of practical applications as an ion-exchange, 
adsorbent, material for reversible hydratation and 
dehydratation and also as ecological nanofiller in polymeric 
materials1,2. The best know type of zeolite is clinoptilolite. Its 
structure (Fig. 1) is based on treedimensional frameworks 
composed of tetrahedral SiO4 and AlO4 units, which are  
connected by shared oxygen atoms2.  

Porous structure of zeolites includes loosely bonded 
cations, often called exchangeable cations in the zeolite 
structure. The loosely bounded cations are easily replaceable 
in the contact of zeolites with solutions of ions. The exchange 
reaction between the zeolite and the ion solution is described as: 

M1(Z) + M2(S) ↔ M2(Z) + M1(S)          (1) 

where M1 is an exchangeable cation present in zeolite and the 

M2 is a saturated ion in solution S (ref.3). 
According to Grace M. Haggerty et al. organo-zeolites 

(Fig. 2) are zeolites, whose surface was modified with organic 
surface-active agents. These authors also propose to use that 
name for crystal materials, which have the inorganic skeleton 
of original zeolite and the covalent bounded organic part in 
the skeleton4. 

The present paper deals with the preparation of new 
mineral nanofillers on the base of monoionic and organic 
forms of natural zeolite – clinoptilolite and their utilization in 
the function of alternative mineral nanofillers in the rubber 
compounds. The modified forms of zeolite prepared have 
been added into rubber compounds to substitute the standard 
filler – carbon black5. The monoionic Co(II) form of zeolite 
has been prepared by the exchange reaction between natural 

zeolite –  clinoptilolite and the Co(II) ion solution. In the 
preparation of organo-zeolite the powdered natural 
clinoptilolite has been saturated with the vapors of organic 
dithiophosphate accelerator. The prepared modified forms of 
zeolite were used in a function of mineral nanofillers in 
rubber compounds and commercially used filler – carbon 
black (N660) was used as a standard filler. The found values 
were compared to the values of standard rubber compounds 
containing the commercial filler – carbon black. Prepared 
mineral fillers have been applied into rubber compounds and 
the rheology, vulcanization performance and physical and 
mechanical properties of new prepared modified rubber 
compounds have been studied. The found values have been 
compared with the values of commercially used rubber 
compounds with the original composition. According to the 
obtained results it can be assumed that monoionic form Co(II) 
zeolite can be applied as environmentally friendly filler and 
organo-zeolite can be used as a filler with an additional 
accelerating effect for the application in the rubber 
compounds with the improving of physical and mechanical 
properties. 
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Fig. 1. Structure of  Zeolite - Clinoptilolite 

Fig. 2. Schematic model of Organo-zeolite5  
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Abstract 
 

The influence of varying technological factors on the 
quality of wire rubberising were studied by technological 
trials carried out on a line for simultaneous winding of four 
rectangular multiwire (weft-less) beads for passenger cars. 
The bead winding line was equipped with rubberising 
extruder for 20 wires. During the trials various qualitative 
parameters of bead were recorded with respect to altering 
technological parameters, which were: rubber compounds 
(2 types), rubberising die-baffles (2 types), extrusion head 
pressure (2 levels), extrusion head temperature (2 levels) and 
line speed (four levels). The analyses of results suggest that 
the factor most significantly influencing the overall quality of 
bead wire rubberising is the rubberising die-baffle, or the 
geometrical design of extrusion head, respectively. The 
impacts of other technological factor considered seem to be 
far less important. This finding can be interpreted in such 
a way, that the rubber compounds and the range of extruder 
head pressures, extruder head temperatures and bead winding 
speeds used in the trials cover the area of optimum conditions 
of wire rubberising and the resulting bead quality strongly 
depends on the design of rubberising head.  

 
Introduction 

  
Tyre beads are rings of rubberised wire which hold the 

tyre on wheel rims1. In the manufacturing process the wire is 
rubberised in an extruder and then wound on a suitable former 
to form a ring of required dimension and cross-section. Two 
principal types of beads are used in tyres – single wire beads 
and multi-wire beads. A single-wire bead is made by winding 
a single wire on the former one turn next to the other until the 
bottom layer is wound. Then the winding continues with the 
next layer until the required number of layers is reached. 
A multi-wire bead is made of layers formed by several wires 
which are wound one on the top of the other until the required 
height of the wire is reached. 

For the bead quality the process of wire rubberising is 
critical and to achieve satisfactory results requires the tuning 
of the composition of the rubber compound, wire coating, 
extruder head geometry and the temperature and pressure in 
the extruding head. This tuning is usually the most difficult 
part of putting a bead winding line to operation. 

Having a possibility to carry out large-scale pre-
production tests on a newly-built line for simultaneous 
winding of up to five rectangular multi-wire beads for 
passenger cars, an experiment was set up to identify relative 
importance of factors influencing the quality of produced 
beads.  

 
Experimental 

 
The bead winding line used was capable of producing 

beads with diameters 12–25 inches (330–610 mm) at the 
productivity of up to 5 beads with the diameter of 14 inches in 
3.6 s. The wire rubberising extruder had the screw with the 
diameter 90 mm, pressure-regulated head with 20 inputs and 
a thermal control system. 

During the trials four beads of were wound 
simultaneously at the following settings of technological 
parameters: 
– line speed: 4 levels – 20 m min–1, 40 m min–1, 60 m min–1, 

80 m min–1 
– extrusion head pressure: 2 levels – 10 MPa, 20 MPa 
– temperature: 2 levels – 80 °C, 100 °C 
– rubber compounds: 2 levels – 1, 2 
– rubberising die-baffles: 2 levels – 1, 2 

Trials were carried out with bead diameters of 15, 16 
and 17 inches. For each combination of technological 
parameters the production cycle was repeated five times. 
Altogether 3 840 beads were produced, 1 280 in each 
diameter. As the results found at different bead diameters 
were very similar, we will demonstrate general findings on 
16-inch beads. 

Of various quantitative and qualitative parameters of 
produced beads, the following set relates directly to the 
quality of wire rubberising: 
– flawed rubber coat (Coat) 
– burnt rubber (Burnt) 
– dimensions out of tolerations (Dimensions) 
– low weight (Weight) 
– loose wires (Loose) 

The presence or absence of respective bead fault was 
quantified by assigning the value of 1 if the fault was present 
and the value of 0 if the fault was not present.  

 
Results and discussion  

 
The quality of wire rubberising can be assessed 

according to the uniformity of bead weight – the more 
uniform bead weights are achieved, the better the rubberising 
quality, as the same amount of rubber was applied (the weight 
of wire itself remaining constant). The distribution of wire 
mass with respect to the numerical order in which respective 
beads were produced is illustrated in Fig. 1. Horizontal lines 
represent lower and upper toleration limits 

As it follows from Fig. 1, the bead mass distribution 
became more uniform in the second half of the experiment, 
indicating that significant change in technological conditions 
then occurred, which was due to die-baffles alteration. 

Fig. 2 illustrates the occurrence of faults with respect to 
the numerical order in which respective beads were produced. 

As it follows from Fig. 2, beads with numerical orders in 
intervals 641–800, 921–1 120 and 1 161–1 280 were free of 
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flaws. Fig. 2 also indicates that though the alteration of 
rubberising die-baffles in the second half of the experiment 
has a significant impact on bead quality, there are also other 
factors influencing the process of wire rubberising, as faulty 
beads occur even if the die-baffle has been altered. 

To assess the importance of the impact of studied 
technological factors of the occurrence of bead flaws the 
method of Multiple Analysis of Variance was used2. The 
dependent variable was the sum of individual flaws occurred 
in a bead, i.e. Sum = 5 if all flaws are present, Sum = 0 if 
none flaw occurs, and the factors were line speed, extrusion 
head pressure, temperature, rubber compound and rubberising 
die-baffle. The respective ANOVA table is given in Tab. I. 

The ANOVA analysis showed that all studied 
technological factors – line speed, extrusion head pressure, 
temperature, rubber compound and rubberising die-baffle – 
statistically significantly influence the quality of wire 
rubberising, though in widely varying extends. The extent of 
relative influence of studied technological factors on the 

quality of extrusion wire rubberising in bead winding is 
illustrated in Fig. 3 

The most influential factor seems to be the type of 
rubberising die-baffle followed by extrusion temperature and 
line speed, while extrusion pressure and the type of rubber 
compound seem to have the least importance. A practical 
conclusion following from this finding is that it may be easier 
to improve the wire rubberising quality by experimenting with 
die baffles than by trying to develop a special coating rubber 
compound. 

 
 

Conclusions 
 
The analyses of results suggest that the factor most 

significantly influencing the overall quality of bead wire 
rubberising is the rubberising die-baffle, or the geometrical 
design of extrusion head, respectively.  

The impacts of other technological factors considered 
seem to be less important. This finding can be interpreted, that 
the rubber compounds and the range of extruder head 
pressures, extruder head temperatures and bead winding 
speeds used in the trials cover the area of optimum conditions 
of wire rubberising and the resulting bead quality strongly 
depends on the design of rubberising head. 

 
This publication was prepared as part of the project 

MŠSR-3933/2010-11 „Application of Knowledge-based 
Methods in Designing Manufacturing Systems and Materials 
– MANUSMAT“ co-funded by the Ministry of Education, 
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Development Incentives”. 
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Fig. 1. Distribution of bead mass with respect to beads numerical 
order 

Source Sum 
of Squares 

Df Mean 
Square 

F-Ratio P-Value

MAIN EFFECTS      
 A:Baffle 6125,0 1 6125,00 74 200,00 0,0000 
 B:Compound 5,0 1 5,00 60,57 0,0000 
 C:Pressure 5,0 1 5,00 60,57 0,0000 
 D:Speed 30,0 3 10,00 121,14 0,0000 
 E:Temperature 125,0 1 125,00 1 514,29 0,0000 
RESIDUAL 105,0 1272 0,08 
TOTAL (CORRECTED) 6395,0 1279 

Table I 
ANOVA table for dependent variable Sum 

Fig. 2. Occurrence of faults with respect to beads numerical order 
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The organo-clays produced by treatment of clay 
minerals, (montmorillonite (Fig. 1)) with organics have a lot 
of applications in many fields of industry due to their high 
surface area, specific active sites and attractive adsorptive 
properties. Isomorphous substitutions of Si4+ cation by Al3+ 
cation in the tetrahedral layer and those of Al3+ cations by 
Mg2+, Fe2+ etc. cations in the octahedral layer of the 
aluminosilicate structured clay minerals result in a negative 
charge which is balanced by the cations such as Na+, K+, Ca2+ 
etc. These substitutions and hydrated cations strongly give 
rise to hydrophilic nature of the clay surface. The surface 
modification is necessary for making natural clays suitable for 
specific adsorption and catalysis since they are not very 
effective by themselves in removal of hazardous compounds 
from water and soil environments. One of these modification 
processes is to insert the organic compound into the interlayer 
space of the clay minerals as a cationic species or a neutral 
molecule under certain conditions1,2.  

The different types of fillers were examined. These 
investigated non-conventional fillers included  dry matter 
from  fabric from waste recycling of tire (cotton waste), 
monoionic Ca2+ and Co2+ forms of clay mineral – 
montmorillonite and organo-modified clay fillers on the base 
thiazole accelerator of cure. The study of structural, spectral 
and thermal properties of organomodified clay products has 
shown, that studied organic adsorbat enter into interlayer 
spaces of initial clay materials by ion exchange mechanism4. 
The modified forms of montmorillonite prepared have been 
added into rubber compounds to substitute the standard filler 
– carbon black. The main aim of the study was closely 
connected with application of monoionic and organomodified 
clay materials on the basis of thiazole in function of fillers at 

preparation of polymer/clay (organoclay) composite materials 
and the use of cotton waste to rubber to improve the 
properties of vulcanizates. The present paper is closely 
connected with measurement of vulcanization characteristics 
(minimum torque ML, maximum torque MH, time of start of 
vulcanization ts, optimum time of vulcanization tc90, rate 
coefficient of vulcanization Rv) and evaluation of the 
measured data in relation to non-vulcanized model rubber 
compounds. Moreover, the physical and mechanical 
properties (tensile strength, modulus 300, tensibility) of 
resulting vulcanizates were investigated. All these properties 
were compared to properties of standard filler used in the 
rubber industry while this standard filler was highly 
reinforcing carbon black of type N660. 

According to the obtained results it can be assumed that 
the cotton waste added to the model rubber compounds has 
a positive impact on the properties of the resulting 
vulcanizates and prepared monoionic forms  montmorillonite 
can be applied as fillers and organo- montmorillonite can be 
used as a filler with an additional accelerating effect for the 
application in the rubber compounds with the improving of 
physical and mechanical properties. 
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Introduction 

 
The current global consumption of plastics is more than 

280 million tonnes. It represents the largest field of 
application for crude oil. It emphasises how dependent the 
plastic industry on oil and consequently how the increasing  
crude oil and natural gas price can have an economical 
influence on the plastic market. It is becoming increasingly 
important to utilize alternative raw materials. Until now 
petrochemical-based plastics have been increasingly used as 
packaging materials because of their large availability at 

Fig. 1. Montmorillonite structure, T - tetrahedral sheet, O - octa-
hedral sheet3  
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relatively low cost and because of their good mechanical 
performance. But nowadays their use has to be restricted 
because they are not completely recyclable and/or 
biodegradable so they pose serious ecological problems. 
Plastic packaging materials are also often contaminated by 
foodstuff and biological substance, so recycling these material 
is impracticable and most of the times economically not 
convenient.  The growing environmental awareness imposes 
to packaging films and process both user-friendly and eco-
friendly attributes1,2. One possibility how to solve this 
problem can be production of biodegradable polymers On the 
other hand, biodegradable polymers have often some 
disadvantages, such as low flexibility and degradation during 
processing. These disadvantages can be reduced by blending 
of two or more polymers as well as by addition of modifiers.  

In this work polylactid acid / thermoplastic starch (PLA/
TPS) blends were studied. We used three types of modifiers – 
M1, M2, M3. The aim of our work was to study the influence 
of modifiers on rheological and mechanical properties of 
PLA/TPS blends. 

 
Materials and methods  

 
Polylactid acid – PLA 4042D from NatureWorks, LLC, 

USA and corn starch from Amylum, Slovakia were used as 
biodegradable polymers, Glycerine and Water were used as 
plasticizers. Labeling of used modifiers is: M1, M2, M3. 

 
Preparation of blends 

 
The blends of polylactide acid/thermoplastic starch with 

content of thermoplastic starch 35,4 %wt. were prepared 
using twin screw extruder with screw diameter 16 mm, L/D = 
40 with four kneading zones. The content of glycerol was 
16,5 %wt. and content of water was 3,1 %wt. These blends 
were modified by addition of modifiers in content 0,1; 0,2 and 
0,4 %wt.  

 
Rheological measurements 

 
Rheological parameters of blends were measured using 

capillary rheometer Rheograph 20 from Göttfert, Germany. 
Diameter of capillary was 1 mm and length of capillary was 
30 mm. Timed test was done on oscillation rheometer RPA 
2000 from Alpha Technologies at constant angle of strain 30° 
and constant frequency 60 cpm. Time period of test was 
9 min. Temperature of measurement for both methods and for 
all prepared blends was 170 °C. 

  
Mechanical properties measurement  

 
For tensile test according to ISO 527  the Zwick 

machine was used at cross-head speed 1mm/min while 
deformation range was of 0–3 % and after this value of 
deformation the speed increased up to 50 mm min–1. The 
tensile strength of break (b), elongation at break (b) and 
tensile strength at yield (y) were determined based on 
recorded tensile curves. 

  

Results and discussion 
 
The dependencies of mechanical properties on rest time 

after preparation of sample of the blends of PLA/TPS are 
shown in Fig. 1 and Fig. 2. Content of modifiers was 0,4 %wt. 

In terms of stability of mechanical properties, modifier 
M3 gives the most stable sample. Although the film with 
modifiers M1 and M2 achieved higher value of tensile 
strength at break (Fig. 1), in terms of their change over time is 
much more advantageous stability of these properties, 
although at a lower level.  In addition, the flexibility of foil 
derived from the relative elongation at break reached the 
highest values in the applications with modifier M3 (Fig. 2). 
The highest value of elongation at break of polymer blends 
was measured immediately after preparation of films. 
Flexibility of polymer blends with modifiers M1 and M2 
decreased after one day on almost zero value. But flexibility 
of polymer blend with modifier M3 increased after one day 
from value 80 % to value 180 % after three days of sample 
preparation. Differences of tensile strength at break were 
minimal. Due to the good mechanical properties of 
biodegradable polymer blends with modifier M3, we 
examined the rheological properties and thermal stability of 
these polymer blends. 

The dependency of viscosity on shear rate for polymer 
blends with modifier M3 is on Fig. 3. The graph shows that 

Fig. 2. The dependency of elongation at break on break on rest 
time after preparation of sample 

Fig. 1. The dependency of tensile strength at break on rest time 
after preparation of sample  
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the higher modifier content reduces the viscosity of the 
polymer blend PLA/TPS. Therefore, we conclude that the 
appropriate choice of content modifier M3 can adjust the 
rheological parameters of the blends as needed for different 
processing methods of polymers. 

Thermal stability of polymer blend was measured as 
dependence of relative complex viscosity on time during 
oscillation test. Relative complex viscosity is the ratio of 
complex viscosity in real time t and the complex viscosity in 
time t = 0. We can say that modifier M3 affects decrease 
viscosity of polymer blend PLA / TPS during thermal loading. 
It can be seen that the dependence of η * rel (t) in case of 
blend PLA / TPS (without modifier) decreases with time, 
indicating degradation (decreasing in molecular weight). The 
presence of modifier considerably reduced the decreasing, and 
the modifier can be considered effective processing stabilizer 
for biodegradable polymer blend PLA – TPS. 
 
Conclusion 

 
The results obtained in the work showed that the 

application of appropriate modifiers to polymer blends PLA / 
TPS can inhibit degradation processes during processing in 

the form of melt and also improves the mechanical properties 
of these materials. All the tested modifiers exhibit positive 
effects on melt viscosity of PLA and TPS themselves as well 
as of their binary blends. Tested modifier also inhibit 
degradation process of these blends. Tested modifiers act as 
effective processing stabilizers. All tested modifiers have 
a positive influence on the mechanical properties of PLA / 
TPS films. Most stable strength values, but also the relative 
elongation at break is achieved when modifier M3 is applied. 
Combination of PLA/TPS biodegradable polymer blend with 
suitable modifiers (M1-M3) give a good chance for 
application of this material in packaging industry. 
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Abstract 

 
Low-density polyethylene (LDPE) belongs to 

commodity polymer materials applied in many applications 
due to its favorable mechanical and chemical properties. Its 
main disadvantage is low resistance to bacterial infections in 
biomedical applications. Antibacterial modification of LDPE 
appears to be a solution to this problem. In this paper, 
chitosan and chitosan/pectin multilayer was immobilized via 
polyacrylic acid (PAA) brushes grafted on LDPE surface 
using low-temperature plasma treatment. The surface and 
adhesive properties of thus prepared LDPE samples were 
investigated by surface analysis techniques. The antibacterial 
effect was confirmed by inhibition zone measurements of 
Escherichia coli and Staphylococcus aureus. 

 
Introduction 
  

Polyethylene (PE) belongs among the most used 
polymers in many industrial applications1. PE has 
hydrophobic a chemical inert surface as follows from theirs 
chemical composition2. Its bulk properties exhibit appropriate 
tensile and barrier characteristics. However, the many of their 
surface and adhesion properties such as adhesion, wettability, 

Fig. 3. The dependency of viscosity on shear rate for polymer 
blends with modifier M3 

Fig. 4. The dependency of relative complex viscosity on time dur-
ing oscillation test 



Chem. Listy 107, s101s202 (2013)                           PMA 2013 & SRC 2013                                                                         Posters 

s163 

biocompatibility, printability and friction do not achieve 
required values for the purpose of some applications. 
Therefore the additional surface modification of these 
polymers is necessary. The surface treatment is being 
increasingly used modification methods based on the plasma 
effect, which is environmentally friendly, clean and dry 
process3. The uniform layer and high surface power density of 
plasma can be generated by diffuse coplanar surface barrier 
discharge (DCSBD) plasma generator. This equipment is 
working at atmospheric pressure and therefore it is suitable 
for continual industry applications4. On plasma treated surface 
polyacrylic acid (PAA) can be easily grafted that can to create 
an effective interfacial layer for antibacterial immobilization. 
The PAA brushes can be used as an interfacial layer that may 
bind antibacterial agents by effective way5. The 
polysaccharides excel appropriate properties for antibacterial 
immobilization. These substances are formed from large 
number of molecules of simple sugars and contain 
characteristic groups, by which they should be firmly 
anchored at the created brushes. Polysaccharide based on 
chitosan is representing significant compound that can be 
immobilized on pre-treated PE surface via plasma and PAA 
grafting. Chitosan is a linear cationic polysaccharide derived 
from deacetylation of chitin and used in pharmaceutical, 
cosmetic, and food industry applications6. It is composed 
from randomly distributed β-(1-4)-linked D-glucosamine and 
N-acetyl-D-glucosamine, which in contact with bacterial cell 
wall disrupts the cell metabolism and kills the bacteria. Pectin, 
a structural heteropolysaccharide is one of the most widely 
investigated polysaccharides in the field of colon-specific 
drug delivery. The characteristic structure of pectin is a linear 
chain of α-(1-4)-linked D-galacturonic acid that forms the 
backbone. Pectin has been well-tried as an effective gelling 
and thickening agent, as well as stabilizer for foods. Very 
interesting possibility of the polysaccharides effective 
immobilization is the creation of multilayer layers between 
polyelectrolytes of opposite charges of structures. Chitosan 
and pectin multilayer using layer-by-layer assembly excels in 
their surface, adhesive and antibacterial properties7. 
 

Experimental 
 
Following materials and treatment conditions were used 

in our experiment. LDPE BRALEN FB 2-17 (Slovnaft MOL, 

Slovakia) foils with thickness 20 m containing no additives 
were used. The LDPE foil modification were carried out by 
DCSBD equipment produced by Comenius University 
(Department of Experimental Physics, Faculty of 
Mathematics, Physics and Informatics) in Bratislava under 
dynamic conditions in air atmosphere: power supply was 
200 W, treatment time was 20 sec. The surface properties of 
antibacterial modified LDPE were carried out by the 
measurements of contact angle of water by Surface Energy 
Evaluation System (See system, Advex Instruments, Czech 
Republic). 

The adhesive properties represented by peel strength 
(force per unit width) of adhesive joint of LDPE samples to 
poly(2-ethylhexyl acrylate) deposited on polypropylene foil 
(with 15 mm width), were carried out by measurements of 90o 

peel test using Instron 4301 (England). 
The Fourier Transformed Infrared Spectroscopy with 

Attenuated Total Reflectance (FTIR-ATR) was used for 
investigation of the surface chemical composition. The 
spectra were recorded by FTIR NICOLET 8700 spectrometer 
(Thermo Scientific, (USA) through the single ATR Ge crystal 
at 45° incident angle. The spectral resolution and the number 
of scans were 2 cm–1 and 64, respectively for each 
measurement. A pressure clamp was used to obtain highest 
quality of the spectra. The acquired spectra were analyzed 
using OMNIC ™, v8.1 software.  

Antibacterial activity of prepared samples was tested 
against Staphylococcus aureus (CCM 4516) and Escherichia 
coli (CCM 4517) by inhibition zone method (diffusion test) 
on agar. A nutrient agar No.2 M1269 – 500 g from HiMedia 
Laboratories PII.Ltc. was used for our experiments. Tested 
samples were cut in a circular shape (d = 8 mm), washed in 
ethanol, dried and placed on agar plate inoculated by bacterial 
suspension (volume: 100 μl, concentration: 107 units/ml). The 
samples were incubated for 24 hours at 37 °C and diameters 
of inhibition zone were measured in 5 directions to obtain an 
average values for inhibition zone calculations. The test with 
each sample was triplicate. 
 

Results and discussion 
 

The hydrophobic and chemical inert surface nature of 
untreated LDPE is the reason for high values of contact angle 
of water due to a low surface wettability. A significant 
decrease of contact angle of water was observed after plasma 
treatment as result of an introduction of polar functional 
groups on the LDPE surface. The PAA grafting led to the 
further decrease of contact angle of water due to polar 
character of PAA. The creation of chitosan and chitosan/
pectin multilayer led to the significant decrease of contact 
angle of water due to the presence of polar functional groups.  

An adhesion of two materials in contact can be 
expressed by force per width (peel strength). The peel 
strength relates to the roughness and wettability of 
investigated materials forming an adhesive joint. Therefore, 
the decrease of contact angle of water results in the peel 
strength increase of adhesive joint to more polar polyacrylate 
deposited on polypropylene foil. The adhesion is thus 
a complex of the several related chemical and 
physicochemical properties. The peel strength of untreated 
LDPE achieved very low values. The plasma treatment 

Scheme 1. Multistep approach of polysaccharides binding: (1) 
plasma treatment, (2) radical generation, (3) AA radical graft 
polymerization, and (4) polysaccharides immobilization 
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resulted in an increase of the peel strength caused by the 
changes in the polarity and surface roughness. The PAA 
grafting, chitosan and chitosan/pectin multilayer coating led 
to further increase of the peel strength of LDPE. 

The FTIR-ATR measurements provide mostly semi-
quantitative information about chemical changes in a near-
surface region. The spectrum of untreated LDPE is 
a characteristic spectrum of PE with only few characteristic 
peaks. The plasma exposure of the LDPE sample led to 
significant changes in the measured spectrum. An 
incorporation of oxygen containing groups was observed, i.e. 
hydroperoxides (region 3700–3080 cm–1) and/or other oxygen 
containing  products at the surface of LDPE (region 1845–1510 
cm–1, 1280 cm–1, 1126 cm–1, 1150 cm–1, carboxyl, carbonyl or 
aldehydic moieties). Other significant changes in the spectra 
were observed for LDPE modified by the PAA grafting and 
also after subsequent treatment by chitosan/pectin, 
respectively. The spectrum of grafted LDPE contains several 
characteristic peaks of PAA, i.e. the most intense peak at 
1712 cm–1 (carbonyl band, C=O stretching) and also some 
unresolved peaks in the fingerprint region (1300–1100 cm–1, 
C-O stretching and CH2 bending). The presence of chitosan in 
samples was confirmed by a presence of the band at 1653 cm–1 

in corresponding spectra (amide band arising from chitosan). 
After chitosan/pectin treatment the shape of the spectrum is 
changing. Spectra of these samples indicate also the presence 
of acrylic acid (carbonyl band, 1712 cm–1), pectin – 1734 cm–1 
(C=O band arising from pectin). The changes in spectra are 
significant almost in a whole mid-infrared region, especially 
in the fingerprint region and they confirm the incorporation of 
the chemicals used for the surface treatment of LDPE. 

Chitosan/pectin coated LDPE samples showed minor 
activity only against Staphylococcus aureus, their inhibition 
zone move around 70 mm2. The highest and most clear 
inhibition zones were given by samples grafted by PAA and 
coated by chitosan. Their levels were on average 35 mm2 for 
Escherichia coli and 275 mm2 for Staphylococcus aureus. 
   
Conclusions 
 

This work has given important information in a field of 
the biocide properties study of polysaccharides coatings on 
LDPE. The multistep physicochemical approach was shown 
to be effective for binding the polysaccharides, namely 
chitosan and chitosan/pectin multilayer on the LDPE surface. 
DCSBD plasma treatment results in the increase of the LDPE 
surface roughness as well as the wettability. PAA brushes 
synthesized via plasma-initiated graft polymerization of AA 
led to the increase of the wettability representing a stable base 
for the polysaccharides binding. The most effective bacterial 
inhibition zone was observed for LDPE coated by chitosan. 
Chitosan/pectin coated LDPE sample showed minor 
antibacterial activity only against S. aureus. 
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Abstract 
 

The goal of the work was the study of influence of 
calcium lignosulfonate as a component of rubber 
compositions with fiber reinforcements. The fiber 
reinforcements are based on synthetic polymers, such as 
polyester. The experimental work was examined the effects of 
calcium lignosulfonate on the vulcanization characteristics, 
physical-mechanical and adhesive properties of rubber blends 
based on natural rubber. It was found, that the addition of 
lignosulfonate has a positive influence on the adhesive 
properties rubber composition for coating to a polyester 
textile cord. The rubber composition was consisted from 5 to 
20 phr calcium lignosulfonate.  

 
Introduction 
 

Utilization of certain types of lignin for preparation of 
crosslinked resins is described in these publications1,2. 
Application of lignin or lignosulfonate as a filler, 
antidegradant or promoter of adhesion in rubber blends was 
investigated in some earlier papers3,4.  

Calcium lignosulfonate is an amorphous light-yellow-
brown powder obtained from the sulfite pulping of softwood. 
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Calcium lignosulfonate is an amorphous material derived 
from lignin, is soluble in water, but practically insoluble in 
organic solvents. Lignosulfonates are commercially available 
as sodium and calcium salts and have been used by industry in 
a wide variety of applications. The usefulness of commercial 
lignosulfonate products comes from their dispersing, binding, 
complexing, and emulsifying properties. The structure of the 
polymeric fraction of calcium and sodium lignosulfonate is 
presented in Scheme 1 (ref.5).  
 

 
 
Scheme 1. Structure of the polymeric fraction of calcium 
lignosulfonate 
 

Our contribution deals with the study of effect of 
biopolymers as a component or fillers on the selected 
properties of rubber blends. The experimental work is 
oriented on the evaluation of calcium lignosulfonate utility as 
fillers in rubber blends.  
 
Experimental   
 

On the basis the results obtained in our previous work6 
there was decided to examine the influence of calcium 
lignosulfonate as a replacement for carbon black on selected 
properties of rubber composition for coating. Details of the 
calcium lignosulfonate (Borrement CA 120) used in the 
present study are listed in Table I. 

Calcium lignosulfonate can be used in rubber processing 
as additive, as a partial replacement of filler. The effect of 
calcium lignosulfonate was investigated by vulcanization 
characteristics, physical-mechanical, and adhesive properties. 
The composition was prepared with calcium lignosulfonate as 
a replacement for carbon black in interval 0–20 phr as shown 
in Tab. II. In the first step the compounds were mixed in a 
Banbury mixer at mixing temperature 120 °C and rotor speed 
60 rpm. In the second step the curing additives were added in 
calendar at mixing temperature 60 °C.  

The continuous measurements of vulcanization were 
carried out in a rheometer MDR 2000 E at 150 °C. The 
vulcanizates sample physical-mechanical properties were 
determined according to STN ISO 37. The adhesive properties 
were measured according to ASTM D4393/D4393-M. The 
selected vulcanization characteristics of the blends are 
displayed in Table II.  
 

Results and discussion 
 

As specified in Tab. II the ability to crosslinking 
(expressed in the difference MH and ML values) of all rubber 
compounds with increasing quantity of calcium lignosulfonate 
are decreased in comparison with reference compound L0. 
The peak rate acquires the similar characteristic. There is the 
insignificant effect of lignosulfonate on the scorch time (TS2) 
and optimum cure time (TC90).  

The physical-mechanical properties of the prepared 
vulcanizates are shown in Fig. 1–3. It is evident that 
lignosulfonate replacements for carbon black causes 
significant decrease of tensile strength and contrast to it the 
elongation at break are increased. It was investigated the 
effect after ageing what describes the parameter “change after 
ageing” displayed in Fig. 1–3. The decrease of this parameter 
indicates the improvement of measured properties after 
ageing, specifically tensile strength (Fig. 1) and elongation at 
break (Fig. 2), what pointed to the antidegradable effect of 

Product Calcium 
content 
[%] 

Sulfur 
content 
[% ] 

pH 
(10% 
solution) 

Mw 
[g mol–1] 

Specific 
Surface 
[m2 g–1 ] 

Borrement 
CA 120 

5 7 4,5 24000 3,9 

Compound (phr) L0 L5 L10 L15 L20 
SMR 5 80 80 80 80 80 
SBR 1500 20 20 20 20 20 
Borrement CA120 0 5 10 15 20 
Carbon black N550 50 45 40 35 30 
Other ingredients 26 26 26 26 26 
Rheological properties         
ML (dNm) 1,94 1,87 1,83 1,78 1,72 
MH (dNm) 15,86 13,32 12,55 11,41 10,65 
TS2 (min) 6,01 6,43 6,30 6,82 6,67 
TC90 (min) 16,14 15,67 16,73 18,32 18,89 
Peak Rate (dNm/min) 2,49 1,92 1,52 1,19 1,04 

Table I 
List of the applied calcium lignosulfonate properties 

Table II  
Formulations and rheological properties of compounds with 
calcium lignosulfonate as a replacement for carbon black 
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Fig. 1. Dependence of tensile strength at break of vulcanizates on 
lignosulfonate content before and after ageing and on change 
after ageing 
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investigated calcium lignosulfonate. Similarly, as shown on 
Fig. 3, the structural strength values decrease with higher 
content of calcium lignosulfonate except for 20 phr 
concentration.  
 Influence of calcium lignosulfonate to adhesive 
properties of tested compounds was evaluated by obtained 
values of peel strength and degree of coverage as shown in 
Fig. 4. It is seen the increase of lignosulfonate content causes 
the increase of degree of coverage, what points to increasing 
adhesion to textile cords. On other side the peel strength 
growths to the content 10 phr of lignosulfonate only. 
Consequently this concentration would be the optimum that 
takes into account the values of the tensile and adhesion tests.  
 

Conclusions 
 
 From results of used measurements is evident that 
calcium lignosulfonate has the significant effect to the process 
of vulcanization, tensile and adhesion properties.  
 The increasing amount of lignosulfonate reduces the 
crosslinking effect as shown at values of torque, peak rate and 
optimum cure time. The tensile tests revealed the increase of 
elasticity with gradually increasing amount of lignosulfonate 
in examined compounds. It was observed the improvement of 
measured tensile properties after ageing, what pointed to the 
antidegradable effect of investigated calcium lignosulfonate. 
The adhesive properties of lignosulfonate were confirmed and 
determined the optimum concentration for investigated 
composition.  
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Fig. 3. Dependence of structural strength of vulcanizates on ligno-
sulfonate content before and after ageing and on change after 
ageing  
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Fig. 2. Influence of content of lignosulfonate on elongation at 
break of vulcanizates before and after ageing and on change after 
ageing 
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