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Introduction 

 
The reinforced plastic composites are promising alterna-

tive to metal parts, although comparing with composites the 
recycling of raw materials is much easier. Despite the possi-
bility of re-processing of glass fiber-reinforced composites, 
applicability of the recovered materials have their limitations 
due to high content of reinforcing fibers. Generally, it is pos-
sible to use this kind of waste as a cheaper alternative to raw 
composite, but still frequently the combustion is used as the 
method of utilization. Recycling problems do not restrict the 
rapidly growing use of fiber reinforced composites. The 
replacement of metal parts by polymeric composites, for high 
performance plastic composites, resulted in car parts weight 
reduction, low number of components and of the processing 
operations. All these benefits lead also to cost reduction. 

The interesting alternative to glass fiber-reinforced com-
posites are single polymer composites. The idea of SPC 
(single polymer composite) is the use as reinforcement and 
composite’s matrix polymers from the same group, or even of 
the same type. The polymers used as fibers are characterized 
usually by properties different from the matrix, such as mo-
lecular weight, density, chain branching and macromolecular 
structure. However the chemical structure is usually the same. 
The main advantages of SPC are similar to glass reinforced 
composites, however problems with recycling of glass fibers 

and its high density are eliminated. The use of the same poly-
mer as a matrix and a filler results in an easy re-processing 
which is the biggest profit. During the reprocessing, fibers are 
melted together with the matrix and form a homogeneous 
mixture. 

Previous studies focused mainly on SPC materials made 
of polyamides and polyolefins. The research presented in this 
paper are focused on polyesters, poly(ethylene terephthalate) 
(PET) and its copolymer (LPET). The commonly used name 
for this type of composites is srPET, states from self-
reinforced poly(ethylene terephthalate).  

 
Experimental 

 
The presented results concern to two types of SPC mate-

rials where both were supplied by the Comfil ApS. As a 
reference materials, semi-finished products in a form of sheets 
for thermoforming were used, and the reinforcing fibers con-
tain of 50 %. The investigated material was in a form of 
pellets suitable for injection molding, with a PET fibers con-
tent of 33 %. The samples used for mechanical tests were cut 
from SRC sheets. The samples from SPC pellets were pre-
pared by injection molding, acc. to ISO 527 standard. The 
conditions of injection molding correspond to the manufac-
turers recommendations, with maximum temperature limited 
to 220 °C, to prevent the melting of reinforcing fibers. The 
reference sample was formed in the processing temperature of 
270 °C where the PET fibers are melted and the material 
acquires properties of the matrix.  

The mechanical properties of the samples were deter-
mined by means of static tension tests using INSTRON 4481 
universal testing machine and DMTA Anton Paar analysis. 
The structure observations were carried out using the NIKON 
Eclipse microscope, and the material in a form of film pro-
duced by compression molding by 200 °C.  

 
Results and discussion 

 
The mechanical tests were conducted by the tensile rate 

of 10 mm/min, at ambient temperature. The results are pre-
sented in Table I.  For samples obtained by injection molding 
low values of elastic modulus were observed, where the E 
value and the tensile strength Rm values are higher for entirely 
melted composition. The average value of E modulus, which 
may be found for standard commercial PET resin, is about 
3 GPa, and the stiffness of both investigated  samples pro-
duced by injection molding is somewhat lower. This effect 
may be explained by inferior mechanical properties of PET 
copolymer used a matrix polymer, and by irreversible changes 
of the fiber orientation due to relatively high processing tem-
perature.  

Mechanical tests of srPET sheets were realized under 
the same condition as other samples. In this case the tensile 
strength is more than twice higher, comparing to pure PET 
resin, which proves the reinforcing effect of highly oriented 
macromolecules in the PET fibers.  Only a slight increase of 
the E modulus for this type of SRC’s may be a result of an ab-Fig. 1. The SPC door airbag system (Van Buren Township) 
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sence of a draw orientation of fibers at the initial stage of de-
formation.  First during the tensile deformation the fibers 
structure is elongated at the main tensile direction, and the fi-
bers are fully charged along its intrinsic macromolecular ori-
entation.    

The thermo-mechanical tests were conducted by means 
of DMTA measurements, using rectangular samples in rota-
tional mode with deformation of 0,01 %, and frequency of 
1 Hz. The heating rate was 2 °C min–1, and the temperature 
range was –70 °C to 200 °C. The results of these measure-
ments are presented in a form of thermograms in the Fig. 2 
and 3. 

The course of the storage modulus and tangens δ peaks 
show a decrease of mechanical properties at softening tem-
perature of about 80 °C, for all three examined compositions. 
Thus, the use of srPET composites inside the car engine com-
partment is not recommended.  

The microphotographs of the srPET samples are pre-
sented in Fig. 4. The form of the fiber’s structure is different 
before and after injection molding. The processing by injec-
tion molding results in a decrease of mechanical properties, 
due to thermal relaxation of fiber orientation. This process is 
influenced mainly by the temperature and shear forces 
existing in the plasticizing unit of the injection molding press.  

 
Conclusions 

 
The results of srPET investigations did not confirm the 

possibility of using them as a full alternative to glass fiber 
composites in a car industry. The main reason is the lowering 
of mechanical properties of the polyester fibers, especially 
during processing by injection molding. The mechanical 
strength of PET fiber reinforced composite is comparable to 
the pure polyester matrix. Promising results were obtained for 
srPET sheets. The possibility of using this material for ther-
moforming applications is very broad, considering the fact of 
excellent correlation of strength, weight and cost in compari-
son with pressed metal parts. The replacing of steel and alu-
minium parts by SPC materials is very realistic prospect. 
 
REFERENCES 
 
  1. Hine P. J., Ward I. M.: J. Appl. Polym. Sci. 91, 2223 

(2004). 
  2. P. Rojanapitayakorn P., Mather P. T., Goldberg A. J., 

Weiss R. A.: Polymer 46, 761 (2005). 
  3. Evstatiev M., Fakirov S., Krasteva B., Friedrich K., 

Covas J. A., Cunha M.: Polym. Eng. Sci. 42, 826 (2002). 
  4. Sterzyński T., Śledź I.: Polimery 52, 443 (2007). 
  5. Szostak M.: Mol. Cryst. Liq. Cryst. 416, 465 (2004). 
  6. Saujanya C., Radhakrishnan S.: Polymer 42,  4537 

(2001).  
  7. Kmetty A., Tábi T., Kovács J.G., Bárány T.: eXPRESS 

Type of 
material 

Rm 
[MPa] 

E modulus 
[GPa] 

Strain 
at peak 

[%] 

Strain at 
break [%] 

srPET 
(melted) 

72,5 2,74 4 4,2 

srPET 
(unmelted) 

54 2,4 3,1 3,4 

srPET 
(sheet) 

152 3,3 23 24 

Table I 
Results of mechanical tests at an ambient temperature 

Fig. 2. The DMTA storage modulus as a function of temperature  

Fig. 3. The DMTA tangens δ vs. temperature  

Fig. 4. The PET fibers a) SPC pellets, b) after injection molding 
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Abstract 
 

Joining materials by bonding joints has spread into 
almost all sectors of practice and it would be very difficult to 
find an industry in which there is not a need to use this tech-
nology. This article describes the effect of beta radiation on 
the contact angle of wetting, on the surface energy and on the 
final strength of bonded joints of LDPE. 
  
Introduction 
  

In comparison with conventional joining methods 
(riveting, welding and screwing) bonding provides a new 
combination of options and it allows obtaining special shapes 
and properties which cannot be created by conventional 
methods of coupling. Joining materials using an adhesive of-
fers several benefits over mechanical joints2,4: 
1. Bonding allows connecting the same or dissimilar mate-

rials, irrespective of their thickness. 
2. It is possible to prepare water – tight and gas – tight 

joints and the profile of bonded file is not disturbed. 
3. Joints are more resistant to flexural, fatigue, and vibra-

tional stresses.  
4. Bonding does not grow weight of bonded file and 

dampens vibrations in construction. 
5. Bonding is often less expensive and faster than mechani-

cal joining2. 
For the formation of quality bonded joints it is important 

to wet the adhesive bonding surface well. Wettability is 
characterized by the contact angle of wetting. The liquid must 
have a lower surface tension than the solid in order to be able 
to wetting the solid substance2,5.  
 

Experimental 
 
Materials 
 

For this experiment Low Density Polyethylene LDPE 
DOW – LDPE 780E, DOW – Chemical company, USA were 
used. LDPE material has a non-polar character and due to 
a low surface energy it is difficult to bond. For the formation 
of quality joint is necessary to activate the surface of bonded 
material3,6.  

The samples were made using the injection molding 
technology on the injection molding machine Arburg 
Allrounder 420C. Processing temperature was 190–220 °C, 
mold temperature 40 °C, injection pressure 80 MPa, injection 
rate 50 mm s–1. The samples had the shape and dimensions 
according to the CSN EN ISO 527-2 (ref.3).  

 
Surface treatment by beta radiation 

 
For bonding LDPE is necessary to modify surfaces 

which will be bonded. Surface modification improves its wet-
tability and surface energy. The ionization beta radiation is a 
very effective tool1,3. 

Before bonding surfaces of samples ionization beta radi-
ation were irradiated with doses of 0, 33, 66, 99 and 132 kGy 
at Beta – Gamma Service GmbH & Co. KG, Germany6.  

 
Wetting contact angle measurements 

 
 To measure the contact angle of wetting the sessile 

drop method was used and surface energy was determined by 
WORK method (Owens – Wendt – Rabel – Kaeble method). 
The distilled water, glycerol and ethylene glycol with known 
γp (polar component) and γd (dispersive component) were 
used for the calculating of the surface energy of LDPE2,4. 
 
Testing the strength of bonded joints 
 

After irradiation of samples and measuring the contact 
angles of wetting surface energy were calculated. Then the 
samples were bonded and their strength was measured. For 
testing the strength of bonded joints there was used a tensile 
test on the test machine Zwick 1456. Test conditions were 
according to the CSN EN ISO 527-1 and CSN EN ISO 527-2. 
Speed was 10 mm min–1 and evaluation software was Test/
Expert Standard6.  
 

Liquid γ1 [mJ m–2] γ1
d [mJ m–2] γ1

p [mJ m–2] 

Distilled water 72,8 21,8 51,0 
Glycerol 64,0 34,0 30,0 
Ethylene glycol 48,0 29,0 19,0 

Table I 
Surface energy (γ1) and its dispersive component (γ1

d) and 
polar component (γ1

p) of used liquids  
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Results and discussion 
 
Contact angle and surface energy 
 

The measurement results of contact angle of LDPE for 
different doses of radiation and for different test liquids are 
shown in Fig. 1. Results show that the contact angle is the 
highest in the untreated surface and its size is 89.2°, 79.2°, 
and 67.9° for distilled water, glycerol, and ethylene glycol, re-
spectively. After irradiation dose of 132 kGy the contact an-
gles considerably reduced to values 66.4°, 62.1°, and 50.5° 
for distilled water, glycerol, and ethylene glycol, respectively.     

The following figure (referring to: Fig. 2) shows a plot of 
surface energy from the measured contact angles on the sur-
face of the LDPE. It shows that surface energy of untreated 
surface is 24.1 mJ m–2 and 23.2 mJ m–2 for water + glycol and 
water + ethylene glycol, respectively.  

Similar trend was observed for the polar component 
(referring to: Fig. 3). The properties such as wettability, adhe-
sion strongly depend upon the surface energy.  

Beta radiation increases the surface energy. The surface 
energy values considerably increased after irradiation by a 
dose of 132 kGy shifting them to higher values 35.8 mJ m–2 

and 35.7 mJ m–2 for water + glycol and water + ethylene gly-
col, respectively. 
 
Strength of bonded joins 
 

Strength of bonded joints is characterized by the maxi-
mum burdensome force which endured bonded sample. For 
bonding of LDPE two types of cyanoacrylate adhesives of 
companies Cyberbond were used (Cyberbond 1008 and 
Cyberbond 2028). 

The highest strength of bonded joints samples have those 
which were irradiated by a dose of 132 kGy. After the irradia-
tion by a dose of 132 kGy strength is increased by more than 
100 % for both adhesives.  

 
Conclusion 

 
This article describes the effect of beta radiation on the 

contact angle of wetting, on the surface energy and on the fi-
nal strength of bonded joints of LDPE. Beta radiation 
increases the strength of bonded joints of LDPE and improves 
its adhesion properties. The best results were achieved by irra-

Fig. 2. Variation of surface energy with respect to radiation dose 

Fig. 1. Variation of contact angle with respect to radiation dose 

Fig. 3. Variation of polar component with respect to radiation 
dose 

Fig. 4. Variation of strength of bonded joints with respect to radi-
ation dose 
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diation at a dose of 132 kGy by which the highest surface 
energy and the highest strength of bonded joints of LDPE 
were achieved. 
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Introduction 
 

Polyethylene terephthalate (PET) is a very important 
polymer for industrial applications; particularly, bottles have 
experienced a rapid growth since the 1970s when the tech-
nique of blow moulding was introduced1. Plastics such as 
PET are strong, inexpensive, easily to process and durable. 
This kind of materials is resistant to biological degradation 
because their carbon components cannot be broken down by 
the enzymes of microorganisms and also their hydrophobic 
character inhibits enzyme activity2. Furthermore, consumers 
are demanding food packaging materials that are potentially 
biodegradable, for this reason there is an urgent need to de-
velop renewable source based biopolymers able to degrade 
via a natural composting process. 

Poly (lactic acid) (PLA) is an interesting biodegradable 
polymer, which is obtained from renewable agricultural re-
sources3. Polylactic acid (PLA) is a rigid thermoplastic poly-
mer that can be semicrystalline or totally amorphous, de-
pending on the stereopurity of the polymer backbone. L(_)-
lactic acid (2-hydroxy propionic acid) is the natural and most 
common form of the acid, but D(_)-lactic acid can also be 
produced by microorganisms or through racemization and this 
“impurity” acts much like comonomers in other polymers. 

PLA possesses good mechanical properties, with elastic 
modulus and tensile strength in the range of 3.2–3.7 GPa and 
55–60 MPa, respectively. PLA is a partially crystalline poly-
mer with a glass transition temperature (Tg) in the range of 
65–70 °C and a melting temperature (Tm) around 160–170 °C. 
However, PLA has not good barrier properties and has rela-
tively high cost. And therefore its usage in packing industries 
(especially in production of bottles) is still limited4. 

This article is focused on study of possibility of prepara-
tion of binary blends polylactic acid (PLA)/polyethylene 
terephthalate (PET). The basic description of influence of 
blend composition on properties of blends was done. Based 
on the results obtained in the present work conclusions and 
recommendations were done for designing of PET/PLA 
blends exhibit improved biodegradibility. 

 
Experimental 
 
Materials 

 
– Polylactic acid – PLA 4042D from NatureWorks, LLC, 

USA, 
– Polyethylene terephthalate (PET),  
– Catalysts of type A, B, C and D from Kenrich Petro-

chemicals, USA, 
– Triacetine as PLA plasticizer. 
 
PET/PLA blends preparation 
 

Both polymers PET and PLA were dried 120 minutes at 
the temperature of 80 °C in hot-air oven and then blends were 
prepared using  twin-screw extruder. PLA content in the 
blends gradually changed from 0 % to 100 % wt. Thermal 
profile of extrusion in the direction from feeder to die was set 
on 250 – 260 – 260 – 260 – 260 – 260 – 255 – 250 – 245 – 
240 °C and extrusion speed was 80 rpm. Extruded material 
was chilled with cold water and then it was granulated into 
small parts.  

 
PET/PLA monofils preparation 

 
Granulated material was dried again 120 minutes at the 

temperature of 80 °C in hot-air chamber. Dried granules were 
used to PET/PLA monofilaments preparation using. Tempera-
ture profile of monofils extrusion in the direction from feeder 
to die was set on 240 – 250 – 270 – 260 °C and extrusion 
speed was 10 rpm.  

 
Measurement of physical-mechanical properties of pre-
pared blends 

 
Yield strength (σy), tensile strength (σb) and the elonga-

tion at break (εb) were measured with Zwick machine at 
cross-head speed 1 mm min–1 in the deformation range of 
0–3 % and after this value of elongation the speed increased 
up to 50 mm min–1. These properties were determined based 
on recorded tensile curves. 
 



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

s106 

Results and discussion 
 

In first part of our work we focused on basic research of 
effect of PLA content in the binary blends PET/PLA. Fig. 1 
and 2 show dependence of tensile strength at yield, tensile 
strength at break and elongation at break on PLA content in 
PET/PLA blends. 

Fig. 1 shows that tensile strength at yield (σy) hardly 
decreased at the PLA content in blends of 20 %  and at the 
higher content of PLA was σy slightly increased. Tensile 
strength at break (σb) of PET/PLA blends was decreased with 
an addition of PLA nearly to the half of initil value. 

Fig. 2 shows dependency of elongation at break (εb) on 
PLA content in PET/PLA blends. Effect of PLA content in 
blends has already been achieved in its content of 5 %. The 
value of εb decreased from 920 % to 3 %. This tendency cor-
responded with property of pure PLA. Therefore the plasti-
ciser (PLA) was used in the next step with aim to improve 
elongation at break (εb). 

We prepared mixtures of PET/PLA in ratio 80:20; with 
four concentrations of TAC in the PLA (5, 10, 15 and 20 %. 
To measure the mechanical properties, we found that the addi-

tion of 15 % of the TAC increase σb and does not increase σy, 
and also significantly increase the Eb, as it is shown in Fig. 3 
and 4. 

Positive effect of TAC is originated probably in the 
effect of similar viscosity of PLA and PET. Finer dispersion 
of PLA is probably resulting of it and tensile strength is 
improved. The presence of plasticizers also logically 
improves the relative elongation at break. 

 
Conclusion 

 
Based on obtained  results it can be concluded that the 

concentration of PLA in the PET/PLA blends has significant 
influence on physico-mechanical properties. We found that at 
20 % of the PLA in mixtures can be achieved comparable 
yield strength as for pure PET. However, PLA significantly 
reduced the value of elongation at break. Applying 15 % TAC 
causes gives sufficient strength values as	 well	 as	 relative 
elongation at break.  

 
Fig. 2. Dependence of elongation at break on PLA content in PET/
PLA blends 

Fig. 1. Dependence of tensile strength at yield and tensile strength 
at break on PLA content in PET/PLA blends 

Fig. 3. Dependence of elongation at break on TAC content in PLA 
in PET/PLA blends 

Fig. 4. Dependence of tensile strength at yield and tensile strength 
at break  on TAC content in PLA in PET/PLA blends 
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Introduction 

 
Plastic packages based on nonbiodegredable material 

(polyethylene, terephalate) cause increasing of their accumu-
lation in the environment. These materials are difficult to re-
cycle or reuse due to mixed levels of contamination and com-
plex composites1. The current trend predict that in the next 
couple of years, many plastic material as packages or bottles 
will be replaced by biodegradable materials that could be 
compostable.  

The compostability attribute is very important for 
biopolymer materials because while recycling is energy 
expensive, composting allows disposal of packages in the soil. 
By biological degradation it produced only water, carbon di-
oxide, biomass and inorganic compounds’ without toxic resi-
dues2 

In our work PHB/Starch/Glycerol/water/Modifier blends 
were studied. The aim of our work was study of influence of 
modifier and plasticizer on rheological and mechanical 
properties of PLA/PHB blends. 

 
Materials and methods  

 
PHB from Biomer, Germany was used as polyhydroxy-

butyrate, Starch from Amylum Slovakia, Glycerine (GL) was 
used as plasticizer.  

 
Preparation of blends 

 
The blends of polyhydroxybutyrate/starch with content 

of polyhydroxybutyrate 60 %wt. were prepared using twin 
screw extruder with screw diameter 16 mm, L/D = 40 with 
three kneading zones. The content of glycerol was 40, 50, 60 
%wt., content of water was 20 %wt. These blends were modi-
fied by addition of specific modifier (0/ 0,2/0,4/0,6/0,8/1/1,5/3 
%wt.)  as well.  

Rheological  measurements  
 
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 and 
timed test. 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 frequen-
cy 60 cpm. Time period of test was 20 min. Temperature of 
measurement for all prepared blends was 200 °C.  

 
Mechanical properties measurement  

 
For tensile test according to ISO 527  the Zwick machine 

was used at cross-head speed 1 mm min–1 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 modifier 

content in the blends of PHB/starch/Glycerol/water/modifier 
are shown in Fig. 1–3.  

At first, we prepared and analyzed mixtures with maxi-
mum content of modifier 1 %wt. Fig. 1 and Fig. 2   show that 
tensile strength and elongation at break had   minimal increase 

Fig. 2. The dependency of elongation at break on modifier content 

Fig. 1. The dependency of tensile strength at break on modifier 
content  
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at GL concentration at 40 and 60 %wt. However at 50 %wt. 
concentration of GL, significant increase of both characteris-
tics is visible with increasing amount of modifier. Based on 
this results were decided to increase the amount of modifier to 
3 %wt. for samples which contains 50 %wt. of GL. Based on 
these results we determined that optimal amount of modifier 
which is 1.5 %wt. in samples contain 50 %wt. of GL.   

In terms of elongation at break the results show in-
creasing values with increasing amount of modifier, however 
the absolute values of elongation at break are too low – maxi-
mum 2.5 %. 

 

For illustration, dependence of η*(rel) on concentration of 
modifier ())  at 40, 50 and 60 %wt. of GL content was con-
structed. The viscosity after 4th minute of test was taken in 
account (Fig. 3).  The results show that more stable mixtures 
are obtained in concentration range from 0.2 to 1.5 %wt. of 
modifier compared to PHB aloneAddition of modifier shows 
significant influence on viscosity in mixtures. The biggest in-
fluence is observed in mixtures with 40 % amount of GL as 
plasticizer. 

Based on obtained results it can be concluded that such 
mixtures are more stable during processing in the melt state as 
pure PHB. 

Dependences of complex viscosity (η*) on modifier at 2 
different shear rate for 40, 50, 60 %wt. of plasticizer are 
shown in Fig. 4. All curves show maximum. Based on these 

results, we determined the optimal mixture, which contain 
0.2 %wt. of modifier and 40 to 50 %wt. of GL. 

 
Conclusion 

 
Tested specific modifier effectively decreases viscosity 

of thermoplastic starch and increase viscosity of PHB. The 
modifier significantly reduces high sensitivity of PHB during 
thermal processing as well. The results show that individu-
al components of mixtures are able to change processing and 
mechanical properties. Effect of individual components 
(modifier, plasticizer) does not have synergic effect, but in the 
studied system significant interactions were observed. By ad-
dition of modifier to the mixture with suitable concentration 
of plasticizers it is possible to obtain mixture with better pro-
cessing and mechanical properties compared to the PHB 
alone.  
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Introduction 

 
In recent years, a growing interest in the use of bio-based 

materials or materials from renewable resources has been de-
tected. This interest has also reached the technical industries 
because of increasing environmental concerns, potential biodeg-
radability and the use of overall eco-friendly materials1. 

Since last few years biodegradable nonwoven industry 
has grown abruptly and apart from its application in geo-
textiles, nappies, filters, bags, etc. have now started to find its 
application in textile and automotive industry. Automotive 
textiles are the growing markets in terms of quantity, quality 
and product variety. 

Flexible nonwoven structures can be used as thermal 
and/or acoustic insulating materials in interior automotive 
parts. These can provide interesting properties as lining mate-
rials because of their ease of handling and shape adaptability2. 
The use of nonwovens is also being generalized as filtering 
media and new substrates based on natural fibers are being 
developed3. Nonwovens have been increasingly used in car 
interiors for noise reduction. Most of these nonwovens are 
subjected to thermal treatments to give the nonwovens their 

Fig. 4. The dependency of complex viscosity (η*) on modifier 
content with 2 different shear rate 
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final three-dimensional forms. According to present need, 
nonwovens have been modified which opens a wide variety of 
new applications5. 

This work is focused on surface modification of nonwo-
ven from poly (lactic acid) with cyclodextrins (CD). 
Cyclodextrins contain a hydrophobic internal cavity that can 
act as a host for various, generally lipophilic, guest molecules. 
Therefore, molecules such as fragnances, drugs and textile 
dyestuffs can be complexed by CDs. 

As pretreatment method before coating, plasma activa-
tion by Diffuse coplanar surface barrier discharge (DCSBD) 
has been used5. The possible aims of this are improved wetta-
bility and adhesion of coatings. 
 

Experimental 

 
The poly (lactic acid) nonwoven (PLANW) was acti-

vated by atmospheric-pressure plasma treatment in ambient 
air or nitrogen. Based on our previous result, the times of acti-
vation was 2 seconds on one side. The activated samples were 
immersed in solution of β-cyclodextrins/chitosan. The con-
centration of cyclodextrins were 6, 12, 18 g l–1. The drying 
process for PLA sample was realized in the air at laboratory 
temperature or in drying chamber at temperature 120 °C. 

 Surface modification was confirmed gravimetrically and 
using SEM and ATR-FTIR spectroscopy. 

 
Results and discussion 

 
At first, the PLANW samples without plasma activation 

were coated with solution of β-CD/chitosan and after drying 
the modified samples were washed in distilled water. It was 
found by gravimetric analysis, that about 82 % from all 
coated amount of modifying β-CD layer was removed. 

Because of that fact, it was chosen the possibility to 
modify the PLANW by β-CD in combination with chitosan 
after plasma activation in air or nitrogen atmosphere. DCSBD 
have been used to incorporate new functionalities at the sur-
face of PLANW. The type of functionalization of PLA im-
parted by plasma varied by selection of plasma gas and 
operating parameters. Air plasma has been used to incorporate 
oxygen containing functional groups to PLA surface and ni-
trogen plasma has been used to impart also amine group to the 
surface. 

Three parameters were studied, working atmosphere 
during plasma activation, the concentration of CD solution 
and adhesion of modified layer on PLANW.  

Fig. 1 indicated that the amount of β-CD/chitosan ad-
hered to the PLA fibers without plasma  activation  increases 
to the concentration of β-cyclodextrin in solution  and varied 
from 4,5 wt.% to 7 wt.%. After washing almost the all content 
of β-CD/chitosan layer was washed out.  

On the contrary, plasma activated PLANW samples in 
air or nitrogen atmosphere (Fig. 2, Fig. 3) have two times 
higher content of modifying β-CD/chitosan layer on PLA fi-
bers after coating and also after washing. The content of per-
manently fixed CD layer was about 2 wt.% independently of 
type of plasma activation in air or nitrogen. The best results 
from the point of view of permanently fixed CD layer were 
obtained after plasma activation in nitrogen and using for 

coating CD solution in concentration of 18 g l–1. 
The modification of PLANW by β-CD was analyzed by 

scanning electron microscopy (Fig. 4).  

Fig. 1. The content of CD+CH layer on concentration of CD solu-
tion, without plasma activation 

Fig. 3. The content of β-CD/chitosan layer on concentration of CD 
solution, plasma activated in nitrogen atmosphere 

Fig. 2. The content of CD+CH layer on concentration of CD solu-
tion, plasma activated in air atmosphere 
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As can be seen in SEM pictures (Fig. 4) β-cyclodextrine 
layer effectively coated not only PLANW fibres, but is situ-
ated also in the space between fibers. The adhesion of modi-
fying CD layer to the fibre was tested by washing in distilled 
water. Fig. 5 illustrates that first of all the CD layer situated in 
inter fibre space was washed out. The fibres were coated with 
CD layer also after washing, as it is evident from the picture 
Fig. 5B. 

 
Conclusion 

 
In this work the effect of plasma pretreatment of poly 

(lactic acid) nonwoven before modifying with cyclodextrins 
has been studied. It was found that non-thermal plasmas as 
Diffuse coplanar surface barrier discharge are suited to apply 
to the poly (lactic acid) nonwoven activation.  

The adhesion between modifying β-CD/chitosan layer 
and fiber surface of PLA was improved and the content of 
permanently fixed CD/chitosan layer on PLA was two times 
higher in comparison with samples whithout plasma pretreat-
ment. 

 

Fig. 4. SEM pictures of A) PLANW and B) plasma activated 
PLANW coated by β-CD/chitosan   

Fig. 5. SEM pictures of PLANW coated with CD /chitosan, 
A) before washing B) after washing   
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Abstract 
 
 Improper storage, transportation and other manipulation 
of raw natural rubber can lead to introduction of moisture into 
rubber. Moisture can be introduced into a rubber mixture also 
with additives especially with fillers. Improper storage condi-
tions of rubber mixtures can affect their moisture content as 
well. The influence of moisture on four types of rubber mix-
tures with different accelerators was studied. Moisture incor-
porated by rubber influenced vulcanization characteristics, 
like scorch time or modulus. Sensitivity of accelerators and 
their mixtures to moisture content is different. 
 
Introduction 

 
Absorption of water relates to many types of rubber 

products and this way their various properties can be changed. 
For example electrical properties of cables and insulating ma-
terials, or mechanical properties (adhesion, rolling resistance, 
abrasion, creep, stress relaxation) of tyres, hosepipes, sealing, 
etc.1 Moisture and water have influence on processes that take 
place during production (rubber processing, vulcanization, 
storage) or product testing. 

Two types of moisture are distinguished in rubber. The 
first one can be removed by drying at room temperature with 
usage of drying agent (e.g. sulphuric acid). The second one, 
residual moisture, can be removed by drying at temperatures 
higher than 100 °C only2. The rate of moisture absorption and 

A     B 

A     B 
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the amount of absorbed water by rubber depends on air rela-
tive humidity and temperature. At relative humidity of 75 %, 
the amount of water absorbed by natural rubber (NR) (less 
than 0.5 %) is constant after 10 hours. When relative humidity 
increases to 85 %, the constant amount of absorbed water 
(0.8 %) is reached also after 10 hours. When relative humidity 
is getting closer to 100 % the rubber (after the exposure of 
50 hours) absorbs 2.5 % of water. All these measurements 
were done at room temperature3. 

Nonrubber constituencies (proteins, saccharides, esters 
of fatty acids …) in NR are responsible for difficulties with 
the prediction of rubber behaviour during processing4–9. They 
have some influence on moisture content as well.  For exam-
ple, residual moisture content decreases with the increasing 
amount of proteins in the rubber2.   

NR with moisture can be attacked by a mould. The rub-
ber, thanks to many nonrubber constituencies, is source of nu-
trition for microorganisms. If the moisture content in rubber is 
higher than 0.7 %, then the growth of mould is possible. 
Nuclei of mould could be introduced to the rubber in the latex 
stadium or during its converting to raw “dry” rubber, but also 
during transportation and storage10. But the influence of the 
mould on rubber properties is slightly disputable. There are 
articles, where the role of the mould is downplayed, in others 
is significant. 

Moisture can be introduced into a rubber mixture also 
with additives especially with fillers. Moisture can cause 
chemical changes of some additives, what can lead to changes 
of rubber mixture properties. Authors1 studied the influence of 
moisture on the behaviour of sulphur vulcanization accelera-
tor (N-morpholylbenzothiazole-2-sulfenamide, MBS). Present 
moisture hydrolyzed nitrogen – sulphur bond, what led to 
change of MBS to 2-merkaptobenzothiazol (MBT). This 
change influenced the vulcanization reaction; vulcanization 
was faster due to MBT.  

Improper storage conditions of rubber mixtures can 
affect their moisture content as well. Subsequent chemical 
changes of rubber additives in the mixture can influence final 
mechanical properties of vulcanisates – adhesion, rolling re-
sistance, abrasion …1    

 
Experimental 

 
The influence of moisture on four types of rubber mix-

tures with four types of accelerators was studied. The mix-
tures were prepared according to ASTM ACS I recipe – natu-
ral rubber SIR 10 (100 phr), zinc oxide 6 phr, stearic acid 
0.5 phr, sulphur 3.5 and an accelerator 0.5 phr (ref.11). Rubber 
mixture was prepared on two roll mill. Accelerators which 
were used have different vulcanization activity: mercapto-
benzothiazole (MBT), N-cyclohexyl-2-benzothiazole (CBS), 
tetramethylthiuram disulfide (TMTD) and zinc dimethyl-
dithiocarbamate (ZDMDC).  

One part of prepared mixtures was put in the desiccator 
with relative humidity of 100 % and the second part was put 
in the desiccator with relative humidity approaching 0 %.  

Samples of rubber mixtures from both desiccators were 
measured on RPA instrument in specified intervals. Vulcani-
zation characteristics of rubber mixtures from 0 % and 100 % 
relative humidity environments were measured and compared.  

 

Results and discussion 
 
Mixtures with MBT accelerator which contained higher 

content of moisture had vulcanised faster than mixtures 
without moisture and also than mixtures with lower moisture 
content. Values of storage modulus were shifted to the lower 
values with increasing moisture content.  

TMTD mixtures with higher content of moisture were 
faster as well. Mixtures after 50 days of moisture treatment 
(2.5 weight percent) had no scorch time.Mixtures with higher 
moisture content had storage modulus at vulcanization maxi-
mum by 6 units lower than “drier” mixtures.  

At ZDMDC mixtures there was very similar trend to 
TMTD with higher difference of storage modulus.  

Mixtures of CBS accelerator exhibit trend similar to 
MBT mixtures. 

Rubber mixtures which were in desiccator with 0 % 
relative humidity environment were also measured on RPA. 
Gained values were used for correction of vulcanization 
characteristics of moist mixtures. Correction eliminated the 
influence of aging of rubber mixtures.    

 
Conclusion   

 
Vulcanization characteristics (e. g. scorch time, time of 

vulcanization maximum, storage modulus) of all mixtures 
have been influenced by moisture content. The extent of the 
influence increased with absorbed moisture. The influence on 
cured characteristics of mixtures depends also on used 
accelerator. 

 
This work has been carried out with the financial sup-
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The development of soft magnetic composites is an ex-
citing topic both from fundamental and application points of 
view. Their fundamental electromagnetic properties, complex 
permeability and permittivity may be modified by filler parti-
cle size, shape and concentration in the composite structure. 
From an application point of view, automotive systems re-
quire more and more electronics and computer technology to 
be incorporated into the automobile1. To function properly 
they should not be affected by electromagnetic radiation. Nor 
should automobiles cause emissions that pollute the electro-
magnetic environment. Soft magnetic composite materials 
consisting of magnetic powder filler with defined granulome-
try and morphology, embedded in a non-magnetic polymeric 
matrix are capable to behave as electromagnetic interference 
(EMI) suppressors (i.e. electromagnetic wave absorbers) or 
shielding materials. Ferrite-polymer composites are a good 
choice for solving EMI problems. Hybrid composites are rela-
tively a new class of materials possessing electromagnetic 
properties that could be better tuned compared to composites 
with only one kind of filler2,3. 

The aim of this investigation is to develop the hybrid 
ferrite-polymer composite materials with two kinds of soft 
magnetic filler (manganese-zinc ferrite and lithium-zinc fer-
rite) embedded in a non-magnetic polymeric (polyvinyl-
chloride) matrix. The selected electromagnetic property, 
namely frequency dispersion of complex permeability has 
been measured and analyzed. The obtained permeability spec-
tra for prepared composites were used to calculate the mono-
layer electromagnetic wave (EM-wave) absorbing parameters, 
such as return loss, matching thickness, matching frequency 
and bandwidth. Based on achieved results, the best candidate 
from composites for high-frequency EMI noise suppression in 
automobile electronic devices and circuits has been chosen. 

Hybrid ferrite-polymer composite materials were fabri-
cated by mixing a commercially available polyvinylchloride 
(PVC) with two different spinel ferrites: MnZn ferrite of com-
position Mn0.52Zn0.43Fe2.05O4 purchased from Pramet Šumperk 
Co., Czech Republic and LiZn ferrite of composition 
Li0.525Zn0.30Ti0.35Fe1.825O4 synthesized by a standard ceramic 
process at 1050 °C/3.5 h in air. The mixtures were then ther-
mally processed at a temperature of 145 °C and a pressure of 
5  MPa into the toroidal shape (with an outer diameter of 
7.9 mm, an inner diameter of 3.2 mm and a thickness of less 
than 2.5 mm). The concentration and particle size of the hy-
brid MnZn/LiZn ferrite filler were constant: 60 vol.% and 
0–250 µm, respectively. The morphology and granulometry 
of ferrite fillers were confirmed by scanning electron 
microscopy (SEM), Fig. 1. We adjusted the volume fraction 
ratios of MnZn:LiZn filler to: 1:0, 0.7:0.3, 0.5:0.5, 0.3:0.7, 

and 
0:1. 
 

  
 
 

Frequency dispersion of complex permeability µ = µ – jµ 
for fabricated sintered ferrites and hybrid composites was 
measured by means of a coaxial transmission line method 
using three vector analyzers (Hioki 3522-50, Agilent E4982A 
and Agilent E5071C) over the frequency interval 10 kHz – 
6.5 GHz (ref.4,5). EM-wave absorption parameters of compo-
sites such as return loss RL, matching thickness dm, matching 
frequency fm, and the bandwidth f for RL  –15 dB were 
evaluated by computer simulations. 

Frequency variation of complex permeability µ = µ – jµ 
for sintered MnZn and LiZn ferrites is depicted in Fig. 2a. At 
the testing frequency interval, the permeability is dispersive 
for both ferrites. As can be seen from the inset of Fig. 2, the µ 
of MnZn ferrite is constant with frequency at first and reached 
the value of 5130, then exhibited a small peak at a frequency 

Fig. 1. SEM photographs of a) MnZn and b) LiZn powder fillers 

Fig. 2. Complex permeability as a function of frequency for (a) 
sintered ferrites and (b) hybrid composites 

0

5

10

15

20

25

30
(b)

106                107               108                109               1010

imaginary
       parts

real parts

Hybrid MnZn/LiZn/PVC composites

C
o

m
p

le
x 

p
e

rm
e

ab
ili

ty

Frequency (Hz)

 1.0 MnZn - 0.0 LiZn
 0.7 MnZn - 0.3 LiZn
 0.5 MnZn - 0.5 LiZn
 0.3 MnZn - 0.7 LiZn
 0.0 MnZn - 1.0 LiZn

106 107 108 109 1010

0

30

60

90

120

150(a)

imaginary

real

f2 = 655 MHz

f1 = 16 MHz

LiZn ferrite

C
om

p
le

x 
p

er
m

ea
b

ili
ty

Frequency (Hz)

104 105 106 107 108

0

2000

4000

6000

imaginary

real

f1=803kHz f2 = 6.9 MHz

MnZn ferrite

C
om

p
le

x 
p

e
rm

e
a

b
ili

ty

Frequency (Hz)



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

s113 

of 250  kHz followed by an abrupt drop to a zero value at 
f2 = 6.9 MHz. The µ rises with frequency and achieved the 
maximum value 2655 at f1 = 803 kHz. In case of LiZn ferrite 
µ starts with the constant value of 92 followed by two peaks 
at 7.9 MHz and 603 MHz, respectively. The µ obtained two 
maximum values: the first is 55 at f1 = 16 MHz and the 
second is 9 at f2 = 655 MHz. The measured frequency varia-
tion of µ for both ferrites confirmed the resonance type of per-
meability dispersion which is attributed to two basic kinds of 
resonance phenomena, namely the Bloch wall resonance and 
the natural ferromagnetic resonance2,3. The former is brought 
about by vibrations of walls at lower resonance frequencies 
(denoted f1) and the latter is caused by spin precessions in 
magnetic domains at microwave resonance frequencies 
(denoted f2).  

Fig. 2b illustrates the frequency dispersion of complex 
permeability for synthesized MnZn/LiZn/PVC composites. 
One may say that the µ and its dispersion varied fluently with 
the alternation of hybrid filler fraction ratio in composite 
structure. It is interesting that the type of dispersion changed 
from relaxation one observed in MnZn/PVC sample to reso-
nance one achieved in LiZn/PVC composite. The former is 
confirmed by our previous works2,3 while the latter is a rare 
event. At low frequency ( 1 MHz), the µ fell off from 24.5 
for MnZn/PVC composite to 12.2 for LiZn/PVC one. The 
MnZn/PVC sample exhibited only one dispersion range with 
a single resonance frequency (347 MHz). By contrast, sam-
ples with the fraction ratios of MnZn:LiZn filler 0.7:0.3, 
0.5:0.5 and 0.3:0.7 exhibited two dispersion regions (the f1 
had the values between 230 and 260 MHz and the f2 culmi-
nated around 690 MHz). The LiZn/PVC sample reached three 
dispersion ranges: the first one at 36 MHz (near the f1 of sin-
tered LiZn ferrite), the second one at 268 MHz, and the third 
one at 697 MHz (close to f2 in LiZn ferrite). The achieved be-
haviour in µ–f dependences (f stands for frequency) of 
composites can be adjudged to the formation of 
demagnetization field Hd in filler particles isolated by 
polymeric matrix. In contrary to sintered ferrites, µ decreased 
and resonance frequencies f1,f2 shifted higher due to the 
contribution of Hd. In addition, the variation of fraction ratio 
in composites had the direct influence on the change of 
magnetocrystalline anisotropy and hence also the values of µ 
and f1,f2. 

The measured frequency dependences of permeability 
for composites were used to the numerical computation of re-
turn (or reflection) loss, RL. Fig. 3a plots the RL as a function 
of frequency. The computation of RL was carried out on the 
condition that the thickness d of the monolayer absorber 
backed by a perfect conductor is small enough in comparison 
with the wavelength l of the incident plane transversal EM-
wave: RL = 20 log |(Zin–Zo)/(Zin+Zo)|, where Zin  jZo(2/)
µd is the input wave impedance at the air-composite interface 
and Zo is the wave impedance of air. The impedance-
matching condition representing the perfectly absorbing 
properties (Zin = Zo) is satisfied at a particular matching thick-
ness (dm) and a matching frequency (fm), where minimum re-
turn loss occurs2,3. 

The plots of dm, fm and the bandwidth f for RL  –15 dB 
as a function of volume fraction of LiZn ferrite filler in com-
posites are shown in Fig. 3b. As the fraction ratio of hybrid 
MnZn:LiZn filler in composite changed from 1:0 to 0:1, the 

dm 

rose from 4.3 to 12.4 mm, the fm increased from 4.7 to 
6.1 GHz and f changed from 3.7 to 2.9 GHz with the maxi-
mum value of 4.3 GHz for the sample with 
MnZn:LiZn = 0.5:0.5 filler. Thus, the composite with the 
fraction ratio of filler MnZn:LiZn = 0.5:0.5 had the highest 
bandwidth of high-frequency absorption and thus is con-
sidered to be the best candidate for EMI suppression purposes 
in automotive electronic systems especially those dedicated to 
wireless communication. 
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Introduction 
 

Most polymeric materials belong to the group of electric 
insulators. However, the addition of a portion of conductive 
material in the form of powder or fibers enables to create con-
ductive paths and increases the electrical conductivity of these 
materials1. The most frequently used electrical conductive 
fillers in polymer composite materials include metal particles, 
carbon powder, carbon black and carbon nanotubes, which 
have been examined from the viewpoint of the influence of 
the percentage on the conductivity of the composite2,3. 
However, little interest has been given so far to the carbon 
pre-impregnated materials (prepregs) and to the effect of the 
final part thickness on the conductivity. The use of prepreg 
materials with precisely defined share of fibers in the layer 
(generally about 57 %) limits problems with a weighing the 
right portion of conductive fillers and their mixing into the 
matrix or problems with perfect impregnation through fibrous 
materials without formation of bubbles and dry places4. 

The reinforcement in the form of woven fabric ensures 
a sufficient strength and stiffness in two directions and in-
creases the visual quality of the final product. The fabric used 
prepregs can consist of various weave style (plain, satin, or 
twill). Furthermore, the type of the resin within the prepreg 
affects resistance to the environment and increased tempera-
ture and also influences the difficulty of processing6. Never-
theless, the influence of the prepreg thickness on the frequen-
cy-dependent electrical conductivity has not been examined 
by previous studies. 

The aim of the present paper is to examine the frequen-
cy-dependent electrical conductivity of carbon polymer com-
posites depending on the thickness of the material, made from 
continuous carbon fiber prepreg impregnated by the epoxy 
matrix. 
 
Experimental 
  

The samples were prepared from carbon prepreg 
HexPly® M49 from the Hexcel Composites company5,6. In 
total, three series of samples were prepared with different 
thicknesses. The first one with the thickness of 1 mm (A) was 
constituted by four layers of prepreg, the samples of the 
second series consisted of six layers, corresponding to the 
thickness of 1.4 mm (B) and the last series was comprised of 
8 prepreg layers with the total thickness of 2 mm (C). 

Composite panels were produced in a laboratory press 
with heated plates (Fig. 1). The temperature of plates was set 
to 140 °C and the curing time was 10 minutes. The values of 
the above parameters were chosen according to the material 
data sheet from the manufacturer9. Constant thickness of the 
panels was ensured by steel distance bars of appropriate size. 

Electric and dielectric parameters were measured on 
LCR meter Goodwill 819. Totally, fifty frequencies in the 
range from 15 Hz to 100 kHz were used for measuring in 
alternating electric field (AC). The measuring apparatus for 
experiments was completely software controlled and adapted 
for monitoring of the changes in the polymer systems7–9. 

For the measurements, compression molded composite 
panels were cut for measurement into a shape of block with 
dimensions of base 30 × 30 mm, and the electrode was not ap-
plied directly on the sample. The measurements were con-
ducted without protective atmosphere with the access of air. 
 
Results 
 

The frequency dependence of the AC conductivity of 
prepared composite samples measured at 100 °C is shown in 
Fig. 2. As can be seen, the sample with the lowest thickness  
(1 mm) shows almost unchanged value of conductivity with 
increasing frequency. This suggests that the electric charge is 
transported between composite surfaces through the conduc-
tive carbon reinforcement. On the other hand, the conductivity 
of thicker composite samples (B and C) was recorded only at 
frequencies above 1000 Hz, and 10 kHz respectively. AC 
conductivity for these thicknesses has an increasing trend with 
growing frequency. This dependence can be explained by the 
occurrence of a certain volume fraction of phases characteris-
tic by polarization mechanisms with a short relaxation time. It 
is probable that the less conductive polymer matrix interrupts 
conductive pathways of carbon reinforcement with increasing 
thickness. 

In the research we also followed changes in loss factor in 
dependence of frequency (Fig. 3) for all 3 samples. The shape 
of the curve in the case of sample A indicates that the 
transport of electric charge is achieved by particular conduc-
tive connection through fibers of woven fabric. The decline of 
loss factor for samples B and C indicates little influence of 
electrically low-conductive phase – the polymer matrix, 
which interrupts the pathways ensured by conductive fabric. 

The shape of frequency dependence of samples B and C 
is also influenced by the occurrence of another phase in the 
form of conductive particles in the volume of the composite. 
Their presence affects the frequency dependence of loss fac-

Fig. 1. Scheme of the production of tested panels 
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tor and showed an increase of this factor in the narrow value 
interval of frequencies (Fig. 4). This frequency interval is de-
pendent on the temperature. 
 

 
Conclusion 
 

The results of the study show that the thickness of the 
carbon fabric/epoxy composite affects the frequency-
dependent electrical conductivity. In the case of thin material 
(sample A), the amount of carbon fabric reinforcement is suf-
ficient to ensure the required high values of electrical conduc-
tivity. Conversely, samples with a higher thickness (B, C) 
show that the polymer matrix has a significant influence on 
the values of the frequency-dependent conductivity. 

Due to required use (facing parts in automotive) in order 
to achieve higher electrical conductivity it is necessary to use 
conductive fillers into these prepreg materials3. In this case, it 
is necessary to monitor the preparation technology of compo-
site to ensure good dispersion of conductive particles in the 
volume of the polymer matrix reinforced with carbon fabric. 
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Fig. 2. The frequency dependence of the AC conductivity 
(samples A, B, C) measured at 100 °C 

Fig. 3. The frequency dependence of the loss factor (samples A, B, 
C) measured at 100 °C 

Fig. 4. Detail of the frequency dependence of the loss factor 
(samples A, B, C) measured at 100 °C 
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Introduction 
 

Temperature dependent electrical conductivity of poly-
mer composites has been subject of many former studies1–3. It 
was proved that the increased operating temperature may 
cause chemical changes in the composite and thereby changes 
of electrical or mechanical properties4,5. 

Research in this paper continues the previous part (Part 
I) and examines the changes of the electrical conductivity of 
carbon polymer composites in dependence on the thickness of 
the sample at various measuring temperatures. The conduc-
tivity is measured for various settings of measuring frequen-
cies for different temperature conditions. The internal 
arrangement of reinforcement in the composite resulting from 
given production technology is observed. 
  
Experimental 
 

As was mentioned before, research extends the findings 
from the first part. Due to this, similar material was used for 
the production of the samples (HexPly® M49, Hexcel Com-
posites)6,7. Layers of pre-impregnated material were placed in 
configuration 0 °/ 90 °. Description of the samples is shown in 
following table. 

The samples were compression molded in a laboratory 
press at the temperature of 140 °C for 10 minutes according to 
the recommendations in the material sheet. Scheme of pro-
duction is shown in the previous part (Part I). 

LCR meter Goodwill 819 was used for measuring of 
electric conductivity at elevated temperature. The measuring 
apparatus was completely software controlled and the 
measurement itself was conducted with the access of air. The 
measurement was performed in one cycle for 6 measuring fre-

quencies in alternating electric field (AC), successively at  
20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C,  
100 °C, 110 °C, 120 °C, 130 ° C, 140 °C and 150 °C. The 
electrode was not applied directly on the samples and the 
samples were conditioned on measuring temperature before 
every measurement. The measurement was conducted in the 
cycle continuously without interruption (without removing 
from the electrode system)8,9.  
 
Results 
 

Structure formed inside the composite due to the produc-
tion technology is shown in Fig. 1. As can be seen, the layers 
in the view of microscope (50× magnification) are disordered 
and separate by differently wide layer of the polymer matrix. 
This fact is especially visible for samples A (1 mm) and B 
(1.4 mm). 

Temperature dependence of electrical conductivity for 
various measuring frequencies for differently wide samples is 
shown in following figures (Fig. 2, Fig. 3, Fig. 4). 

As can be seen in Fig. 2, the temperature-dependent elec-
trical conductivity of the sample A is stable to 90 °C, whereas 
is not practically influenced by the measurement frequency. 
This frequency independence and low temperature sensitivity 
refers to the dominant influence of the carbon reinforcement. 

Sample Thickness Layers of M49 Dimensions 
A 1 mm 4 30×30 mm 
B 1.4 mm 6 30×30 mm 
C 2 mm 8 30×30 mm 

Table I 
Samples for temperature-dependent AC conductivity 

Fig. 2. Temperature dependence of the AC conductivity (sample 
A) measured for different frequencies 

Fig. 1. Structure inside the samples 
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The part of the measurement course above the temperature of 
90 °C is probably connected with additional changes in the 
polymer matrix of the composite. These changes are apparent-
ly continuing chemical reactions, namely curing of epoxy ma-
trix. 

The values measured for sample B (Fig. 3) are burdened 
with the high variance. This high variance could be caused by 
impurities, which could fell into the interlayer of materials 
during the preparation. The significant decrease of conduc-
tivity for highest measuring frequency (100 kHz) at the tem-
perature of 90 °C is observed. The electrical conductivity for 
lower measuring frequencies was not almost recorded for this 
sample with rising temperature.  

The course of the temperature-dependent electrical con-
ductivity for the sample with the highest thickness C is shown 
in Fig. 4. This sample showed nearly constant course of con-
ductivity up to the temperature of 110 °C. After this value of 
temperature the course firstly showed upward trend and then 
a sharp rise of electrical conductivity. The fact that there is 
a displacement of this increase compared to the sample A can 
be explained by the occurrence of greater amount of the poly-
mer matrix in the structure of composite. Thus the additional 
curing occurs at a higher temperature than that of sample A. 
 
Conclusion 
 

The obtained results confirmed the dependence of elec-
trical conductivity on the temperature. The increase of con-
ductivity at temperatures above 100 °C for the samples A and 
C is observed. This increase is apparently caused by the com-
pletion of the chemical reactions of the polymer matrix. The 
measurement for sample B should be conducted again for 
eventual confirmation or refutation of the measured de-
pendence. The significant change of the electrical conductivi-
ty observed for the sample C has no longer exponential 
character of increase, which is typical for filled polymeric 
systems according to the Arrhenius relations. The subsequent 
drop of electric conductivity, despite the rising temperature, 

indicates that the values of conductivity in the temperature 
range above 120 °C are increasing as a result to significant 
changes in the structure of the reference composite. 
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Fig. 4. Temperature dependence of the AC conductivity (sample 
C) measured for different frequencies 

Fig. 3. Temperature dependence of the AC conductivity (sample 
B) measured for different frequencies 


