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Abstract 
 

Poly(vinyl alcohol) (PVA) is a water soluble, film-
forming, biodegradable polymer. It unfortunately has insuffi-
cient resistance to water and water vapour. It is believed that 
modification of PVA by various organic moieties can signifi-
cantly improve the barrier properties of coatings prepared 
from these modified grades of PVA thus widening the appli-
cation possibilities in the industry. Selected UV cured formu-
lations were coated on four types of paper and the influence 
of coatings on paper properties (swelling, water vapour sorp-
tion and permeability) was studied. 
 
Introduction 
 

Barrier materials has many packaging and protective 
applications. As barriers, they separate a system, such as arti-
cle of food or electronic component, from outer environment. 
Paper, cardboard and other materials based on cellulose fibres 
are widely used in printing and packaging. Their porous struc-
tures make these materials highly permeable to gases and wa-
ter vapour, which is unwelcome. One of the recent tendencies 
in packaging and printing papers is the improvement of their 
physical-mechanical and barrier properties, recycling and 
secondary use. Today, the barrier properties of standard 
packaging materials are commonly achieved by lamination. 
An additional polymer layer is used to prevent water sorption. 
For this purpose polyolefins are often chosen. Unfortunately, 
due to the addition of this synthetic layer, the material loses 
its natural and biodegradable properties as well as its recycla-
bility1. An alternative to the lamination can be an introduction 
of the biodegradable polymer coating for the paper surface in 
order to enhance protective properties of printing or 
packaging materials. 

To protect prints or paper substrates from the influence 
of the atmospheric humidity and the oxygen it is possible to 
use the hydrophobic protective coatings. On the other hand, 
the hydrophilicity of printing media is required in the case of 
widely used water-based inks. The possible solution is re-
sulting from the introduction of the coating with the switcha-
ble properties, meaning that it shows both hydrophilic charac-
ter before the printing process to ensure printability and re-
quired final quality of print, and the hydrophobic character in-
duced after printing to improve weather fastness. The suitable 
solution can be presented by introduction of the hydrophilic 
waterbased systems and their finishing modification by UV-
curing technology in order to achieve the hydrophobic surface 
of a print by a exposure to the UV-light after the printing2.  

The poly(vinyl alcohol) (PVA) is a water soluble poly-
mer with applications in paper coating, textile sizing and 
packing. It is the only polyvinyl-type synthetic polymer that 
has been confirmed to be biodegradable3. This polymer fills 
the paper pores and forms a dense layer at the paper surface. 
Hydrogen bonds between the polar groups of PVA mainly ex-
plain the high cohesive energy density of this film and its 
good gas barrier properties in the anhydrous state2. PVA high 
barrier properties to gases are depend on low humidity. More-
over, its barrier properties to water vapour is not good. The 
modification of PVA by organic compounds such as acry-
lates, or carboxylic acids anhydrides can improve barrier 
properties of PVA coatings, that allows their application in 
the food packaging industry. In the case of application of in-
organic-organic hybrid polymers (ORMOCER®s) as barrier 
coating, the modified PVA can be used also as coating pri-
mer4,5.  

The objective of our work was to investigate the influ-
ence of photochemically cured layers prepared from PVA 
GMA (PVA modified by glycidyl methacrylate) and pho-
toinitiator Irgacure®2959 on the sorption and barrier proper-
ties of four kinds of paper with various grammages. The water 
diffusion of papers and cured coatings was determined by 
swelling measurement, the water vapour adsorption and per-
meability were investigated gravimetrically. 
 
Experimental 
 
Materials 

 
Poly(vinyl alcohol) Sloviol 10-98 (NCHZ, Slovakia) of 

a degree of hydrolysis of 98.6 %, glycidylmethacrylate 
(Merck, Germany), dimethylformamid (DMF, Lachema, 
Czech Republic), dimethyl sulfoxide (DMSO, Merck, Germa-
ny), Irgacure®2959 (Ciba SC, Switzerland), and Acetone 
(Merck, Germany) were used. 

Four types of paper were chosen to perform the tests: of-
fice paper A (grammage 80 g m–2), packaging paper B 
(90 g m–2, Mondi SCP), Arctic volume white paper C 
(100 g m–2, Polo Sinak) and Arctic volume paper D (115 g m–2, 
Polo Sinak).  
 
Preparation of samples 

 
10 g PVA was dissolved in 50 ml DMFA and 50 ml 

DMSO at 90 °C. After complete dissolution, the mixture was 
cooled down to 70 °C and 4.2 ml of GMA and 2.5 ml of 
5 wt.% ethanolic solution of KOH was added dropwise. Mix-
ture was kept at 70 °C for one hour. Then it was cooled to am-
bient temperature, diluted with 25 ml of deionized water and 
the product was precipitated into an excess of acetone. The 
precipitate (PVA GMA) was collected, washed in acetone and 
dried to constant weight at room temperature. 

The water solution containing PVA GMA (5 wt.%) and 
photoinitiator Irgacure®2959 (0.1 wt.%) was prepared and ap-
plied onto the paper sheets from both sides. The samples con-
taining 2 wt.% of photoinitiator in regards to PVA GMA were 
cured by a medium pressure mercury lamp (exposition dose 
10 J cm–2). 
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Measurements 
 

The water diffusion to the UV-cured polymer coatings 
was investigated through swelling measurements by 
a Dogatkin device, thus allowing measuring a volume of wa-
ter absorbed by a coating Q. 

The water vapour permeability (WVP) was quantified 
according to a German norm DIN 53122 and determined as an 
amount of the water vapour in grams passed through paper 
coated with UV-curable coating of a certain thickness within 
24 hours at the temperature of 20–23 °C and relative humidity 
of 85 % provided by saturated KCl solution. Water vapour 
was quantitatively absorbed on silicagel. 

Water vapour sorption was measured by a gravimetric 
method6, using classical McBain balances with a fine quartz 
spiral (diameter  = 0.2 mm, coil diameter = 25 mm, number of 
turns = 50). The accuracy of the McBain balances was 
5·10−6 g. 

The colorimetric coordinates of samples (L*, a*, b*) 
were obtained by means of spectrophotometer Spectrodens 
(Techkon, illumination D50, standard observer 2°). The total 
color difference Eab* was calculated from the Eq. (1)7  

where values L*, a* and b* are the differences between 
relevant values attributed to coated and non-coated samples. 
  
Results and discussion 
 

The surface treatment of papers leads to change of their 
sorption and barrier properties. We measured water penetra-
tion, water vapour sorption and permeability for non-coated 
papers and papers coated with photochemically active poly-

mer layers (uncured, cured). As the mentioned layers have po-
tential to be used in packaging and printing industry, we also 
measured the colorimetric coordinates of samples (L*, a*, 
b*). The calculated Eab* between coated and non-coated pa-
per hasn't exceeded value 1.1 in any case, hence the used 
coatings didn´t significantly influence the optical properties of 
paper. 

The time dependence of water penetration were fitted by 
exponential function Q = Qmax(1–e–kt). The swelling degree 
for uncoated papers varied between 0.34–0,6 ml g–1. The 
values of swelling degree for papers coated with uncured 
layers were similar (0.32–0.58 ml g–1). It is evident, that the 
swelling degree of paper coated with modified poly(vinyl 
alcohol) PVA GMA with 2 wt.% of initiator Irgacure®2959 
decreased with the UV exposition (Tab. I). The exposure 
reduced water diffusion into polymer layers, the lowest 
swelling values were achieved by the exposure dose 12 J cm–2 
(0.26–0.28 ml g–1) which are lower about 25–30 % than that 
for unexposed layer. The additional extension of exposure 
increased water diffusion into polymer layers, causing the 
deterioration of their barrier properties. 

Adsorption properties of all samples were measured, 
each test lasted for 2 hours. The coating and even more sig-
nificantly the curing of the coat layers influenced the resulting 
decrease of sorption of water vapour (Fig. 1). Measured 
curves are not equilibrium sorption isotherms because the data 
were gathered by non-equilibrium measurement. The water 
retention of layers was calculated from the measured weight 
changes as m /mlayer in percentage (m relates just to the 
weight increase of the layers). The retention should be inde-
pendent on the layer thickness and used substrate; however, it 
is problematic because of active interface absorption and con-
densation of water in pores as well as possible cracks due to 
surface roughness of used paper (according to AFM). The 
values of sorption of water vapour at 60 % relative humidity 
are in the Table I. For non-coated papers, the values varied 
between 5.0–6.9 %, but they tend to decrease with increasing 
grammage. Application of barrier layers and their subsequent 

Paper Qmax  
[ml g–1] 

m/mlayer)60 
[%] 

WVP 
 [g m–2 day–1] 

A (n) 0.60 6.9 1200 

A (u) 0.48 6.0 1150 

A (c) 0,26 2.8 750 

B (n) 0.47 6.4 1130 

B (u) 0.37 5.4 1100 

B (c) 0.28 2.7 850 

C (n) 0.35 5.9 1020 

C (u) 0.32 5.5 970 

C (c) 0.25 2.6 730 

D (n) 0.34 5.0 1030 

D (u) 0.32 5.3 1010 

D (c) 0.27 2.7 820 

   (1) * * 2 * 2 * 2( ) ( ) ( )abE L a b      

Table I 
Maximal swelling degree (Qmax), water vapour sorption at RH 
60 % m/mlayer)60 and water vapour permeability (WVP) for 
non-coated papers (n) and papers coated with photochemical-
ly active layers (uncured u, cured c) 

Fig. 1. The dependency of the water retention of layers on relative 
humidity for paper B non coated (■), coated (●) and coated and 
cured (▲) 
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curing led to decrease of sorption values down to 2.6–2.8 % 
in all samples.  

Water vapour permeability (WVP) is a very important 
property of packaging materials. WVP was measured as de-
scribed in experimental part. The above results showed, that 
all samples sorb water vapuor. Presence of water in the 
coating of the paper was detected by FTIR spectroscopy. Wa-
ter vapour vibrational bands at 3400 cm–1 a 1600 cm–1 showed 
higher values for WVP tested samples (24 hours) compared to 
untested samples. In order to eliminate the influence of ab-
sorbed water in the layer, we subtracted weight of water 
sorbed in the paper from total weight change in sample 
covered by tested paper. 

We observed the changes in WVP after coating with 
photochemically active layer. WVP was determined gravi-
metrically and the results are summarised in Table I. The 
WVP was basically not altered by coating with PVA-GMA, 
after curing of these coatings, the WVP decreased by 
20–35 %.  

 
Conclusions 

 
The photochemically active polymer films were prepared 

by addition of the radical type photoinitiator to synthesized 
unsatured derivatives of poly(vinyl alcohol). The changes of 
barrier properties of coatings during curing were observed by 
swelling, water vapour sorption and permeability measure-
ments. The optimal UV exposure leads to lowering all three 
measured parameters. The studied layers can be used as a pla-
narizing primers for other types of overcoats, the result will 
be more pronounced barrier effect of multilayer systems. 

 
The authors thank the Slovak Grant Agencies APVV 

(Project No. 0324-10) and VEGA (Project No.1/0811/11 and 
1/0818/13) for their financial support. 

This publication is the result of the project implementa-
tion: ITMS: 26240120016 supported by the Research & De-
velopment Operational Programme funded by the ERDF.  
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1. Abstract 

 
Shape optimization of rubber diaphragms for a pneu-

matic regulation valves is the subject of this article. Numeri-
cal analyses (by FEM system) of initial shapes of the dia-
phragms were made and their results were used for the shape 
optimization of diaphragms. Then new numerical analyses of 
optimized diaphragms were made and the fulfillment of the 
initial requirements was approved. 
 
2. Introduction 

 
Using finite element method (FEM) analysis leads to 

significant reduction of cost of design and moreover we can 
analyze deformation and stress of FEM model in more details 
then deformation of prototype. 

We need to know how the rubber diaphragm will behave 
in real conditions in valve. If we would made and test a num-
ber of prototypes during design procedure it would be very 
time and money consuming. The monitoring of the diaphragm 
behavior in real valve would be next problem and in a many 
industrial applications it is absolutely impossible to study be-
havior of the material in real situations1. 

The diaphragm is made from silicone rubber. The large 
elastic strain is characteristic for behavior of rubber. The 
stress-strain relation of elastomers is strongly nonlinear. Such 
materials are called hyperelastic and we can use a number of 
hyperelastic material models to simulate this nonlinear be-
havior today2,3. We have to measure properties of every par-
ticular material for FEM analysis in laboratory tests. 

The diaphragm is used as a component of pneumatic 
regulatory valve and it will be loaded by compressed air. The 
movable rod is fixed in the center of the diaphragm. Different 
pressure on inner and outer side of the diaphragm moves the 
rod to its upper or lower position and thus some parameters 
can be regulated by the rod position. 

 
3. Material and methods 
 
3.1. Material Characterization 

 
For the exact evaluation of hyperelastic material con-

stants, the test data obtained from the uniaxial and equibiaxial 
tension tests are suitable4–6. The uniaxial tension test was per-
formed on standard testing machine in accordance with ISO 
37 standard. 

There are not currently ISO standard methods for equi-
biaxial tension test and such tests are rarely performed in in-
dustrial laboratories. Thus the bubble inflation technique was 
used for equibiaxial characterization of diaphragms5–7. In this 
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method a uniform circular specimen of elastomer is clamped 
at the rim and inflated using compressed air to one side. The 
specimen is deformed to the shape of bubble. The inflation of 
the specimen results in an equibiaxial stretching near the pole 
of the bubble and in the planar tension near the rim. The infla-
tion of the specimen and current value of pressure is recorded 
in short time intervals using a high resolution digital camera. 
We are measuring stress/strain relation during the entire test. 

 
3.2. Material model 

 
The James-Green-Simpson (by another name 3rd order 

deformation) hyperelastic model was able to fit experimental 
data most closely and was chosen for analysis. The strain 
energy density function W for this model is in the following 
form: 

(1) 
W = c10(J1 – 3) + c01(J2 – 3) + c11(J1 – 3)(J2 – 3) + c20(J1 – 3)2 + 
c30(J1 – 3)3      
     

Measured coefficients (in Pa) for this model are: 
c10 = 510140; c01 = 70468.1; c11 = –946.852; c20 = 36418.3;        
c30 = –234.302, error of model is 1.822. 

 
3.3. Shape and function of the diaphragm 

 
Initial shape of the diaphragm is shown in Fig. 1. Radius 

of the diaphragm is 35 mm, height is 12 mm and diaphragm 
thickness is 0.3 mm. Maximum stress value in the diaphragm 
must not exceed 2.5 Mpa. 

 

3.4. Numerical model 
 
Due to the fact that the diaphragm has axisymmetric 

shape it is very useful to create 2D axisymmetric FEM model. 
The diaphragm is mounted on the rod in center of valve and 
the outer rim of the diaphragm is clamped between two parts 
of valve body (Fig. 1). 

Both parts of the valve body and the rod are modeled as 
absolutely rigid. The diaphragm is modeled as hyperelastic 
using material model (1) described above. Analysis consists 
of four steps (Fig. 1). The rod moves right in first step. In 
other words the diaphragm is mounted on the rod. Part II of 
valve body moves down in second step – the diaphragm is 
fixed in basic position in the valve now. The rod is moved to 
its upper position in third step and pressure is applied in last 

step because maximum of pressure can occur only when the 
rod is up. 
 
4. Results 

 
Two criteria were used for results evaluation: maximum 

stress in the diaphragm (2.5 MPa) and functionality of the dia-
phragm. It means that the diaphragm must stay fixed in all 
other parts (the rod and the body of valve) during maximal 
loading and it must remain hermetic. 

First critical point of initial design is located at the rim 
of diaphragm. Critical situation occurred at the end of second 
step. Due to the fact that there was not enough space in the 
groove of valve body for proper deformation of the dia-
phragm rim, the stress increased to high. Thus the enlarge-
ment of this groove was the first modification of design. 

Then the next analysis of the modified model was made. 
Problem at the outer rim was solved and the maximum stress 
in this area is 1.5 MPa. 

The most critical point in the second version is near the 
central rim of the diaphragm. Its position is pointed as A in 
Fig. 2 and stress maximum (4.5 MPa) is located here. We can 
also see that the rim of the diaphragm is almost pulled out 
from the rod groove. But we can find others points where 
stress values are locally much higher than stress in their 
vicinity (points B and C in Fig. 2). Although stress does not 
exceed 2.5 MPa in these points we can reduce stress values by 
next modification of shape of the diaphragm. The two corners 
of the initial shape are reason of stress concentration in these 
areas. 

With consideration of these results the final shape modi-
fications were done: for point A – widening diaphragm thick-
ness close to central rim and increasing the depth of rod 
groove; for point B – elimination of corner; and for point C – 
increasing corner radius (Fig. 3). 

The shape shown in Fig. 3 was taken as the final design 
because its analysis did not reveal any critical points. The 
stress maximum of this shape is located in the same point as 
in previous version, but its value was significantly reduced to 
2.3 MPa. Also the central rim is much steadier in the rod 

Fig. 1. Initial shape of the diaphragm, its boundary conditions 
and loading 

Fig. 2. Results of second version of design (after 4th step) 
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groove. Reduction of stress in points B and C was reached 
too. Nevertheless it is not as significant as in case of the cen-
tral rim (point A). 
 
5. Conclusion 

 
All criteria for the diaphragm were fulfilled and the final 

design of the diaphragm was created. Three versions of the di-
aphragm were analyzed – initial, second and final version. 
The enlargement of groove in valve body was necessary after 
analysis of the initial version. The next model (second ver-
sion) with this modification was created and analyzed. With 
consideration of results of second version the rod groove was 
deepened and the shape of diaphragm was changed (final ver-
sion – Fig. 3). The analysis of this modified shape proved that 
there are not exceeded stress/strain limits in the final version 
of diaphragm. Deformation does not exceed limit even in the 
initial model. But high stress was the reason of shape modifi-
cation for the final version. The point where stress maximum 
is reached in diaphragm is near to the central rim (Fig. 2A). 
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Abstract  
 

This contribution  compares  2 samples of 6PPD (N-1,3-
dimethylbutyl-N´-phenyl-para-phenylenediamine) prepared 
by two different technologies:   
– 6PPD prepared by “traditional”    technology  
– 6PPD prepared by a new, simplified technology (NASH) 

being tested in VUCHT a.s.   
   
Introduction 
 

In spite of their colouring and staining effects, deriva-
tives of para-phenylenediamine (PPD) are the most efficient 
(and most widely used) antidegradants in rubber (tyre) indus-
try.  They protect the vulcanizates not only against oxidative 
heat aging, but   show anti-flex cracking and antiozonant ef-
fects as well. As they are produced in huge quantities 
(hundred thousands tons per year all over the world1) the eco-
nomical and ecological aspects of their production are not 
negligible. Because of these reasons VUCHT a.s. is working 
on an innovated technology for preparation of PPD deriva-
tives.    
  
Experimental 
 

Fig. 1 shows the schematic steps of preparation technolo-
gy of 4-aminodiphenylamine (ADPA), from which PPD de-
rivatives are prepared by alkylation. The steps of traditional 
technology of ADPA (the so called Ouchi technology)  are 
shown on the left side, while the   method using reduced num-
ber of steps and  the nucleophilic aromatic  substitution of hy-
drogen (NASH)2 can be seen on the right side.  We have pre-
pared samples of ADPA by both procedures shown on Fig. 1. 
Then we have used these samples of ADPA for the prepara-
tion of 6PPD  marked 6PPD-Ouchi, and 6PPD-NASH, re-
spectively. Though both samples of prepared 6PPD’s were of 
high purity (6PPD NASH superior, Tab. I), we wanted to fol-
low their behavior in rubber compounds and vulcanizates as 
well.    

Fig. 3. Final shape of the diaphragm 

  6PPD 
content 
[%] 

Melting 
point 
[°C] 

Volatile 
content 
[%] 

Ash 
[%] 

6PPD-Ouchi 99.3 48.5 0.08 0.014 
6PPD-NASH 99.7 48.4 0.09 0.012 

Table I 
Analytical parameters of prepared 6PPD samples 
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Results and discussion 
  

It is known, that the insufficiently distilled PPD deriva-
tives tend to shorten the scorch safety (initiation period, ts1) 
and optimal cure time (tc90) of rubber compounds. Fig. 2 
shows, that neither the 6PPD-Ouchi  nor the 6PPD- NASH 
samples influence these parameters of the test compound.  

As it has been mentioned, a negative property of PPD 
derivatives is their colouring effect. Fig. 3 demonstrates, that 
though the   6PPD prepared by NASH technology is colouring 
the white vulcanizate, its colouring is not more intensive than 
the effect of     6PPD –Ouchi sample.  

The sample of 6PPD prepared by the NASH technology 
also showed at least the same ( or slightly better) protective 
efficiency as   6PPD-Ouchi during the thermo-oxidative aging 
(Fig. 4), the ozone test (Fig. 5) and the dynamic fatigue–to-
failer De Mattia test (Fig. 6 ).   
      
 Conclusions 
 

The above results demonstrate, that we have managed to  
prepare  by an  economically  advantageous  and ecologically 

Fig. 1. The preparation of ADPA; traditional (Ouchi technology- 
left side) and the simplified   (NASH) technology - right side  

Fig. 4. The tensile properties4 of vulcanizates before and after 
thermo-oxidative aging (composition of vulcanizates see on Fig. 2) 

Fig. 3. The  effect of 6PPDs in a white vulcanizate exposed to UV 
light  (NR, TiO2,ZnO,Stearic acid, S, Sulfenax CBS)  

Fig. 2. Rheometer cure curves 3 of compounds containing the 
tested 6PPDs  (natural rubber -SMR 5)  
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more friendly   technology a sample of “6PPD- NASH” , 
which  in its properties and efficiency in vulcanizates equals 
or prevails  6PPD prepared by “traditional” technology.    
 

This publication is part of the results of the project im-
plementation: Hydrogenation in the liquid phase, ITMS: 
26220220144, supported by the Research & Development 
Operational Program funded by the ERDF.  
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Abstract 

 
The fracture of rubber-like materials is mostly an unde-

sirable process that reduces the service life of rubber compo-
nents dramatically, whereas the fracture behaviour and dura-
bility of rubber are determined by its structure. The aim of 
this work was to study the fracture behaviour of standardized 
rubber compounds with different fracture toughness based on 
natural rubber (NR) and styrene butadiene rubber (SBR) real-
ized due to various concentrations of carbon black and sul-
phur. The fracture behaviour has been analysed using dif-
ferent testing methods. Influence of this structure on fracture 
phenomena has been determined due to description of fracture 
surfaces by optical microscopy. As application, we introduce 
a simple method for characterization of the fracture in de-
pendence on rubber compound’s composition for efficient 
using in practice.  
  
Introduction 

 
Rubbers are elastomeric nanocomposites that have long 

been used in industry and are of great practical importance1. 
Rubber compounds are composed on a number of ingredients 
which have effect on quality of material. One of the charac-
teristic which can be influenced by composition of compound 
is resistance to mechanical fatigue. 
Mechanical fatigue is demonstrated in rubbery materials by a 
progressive weakening of physical properties as a result of 
slow crack growth during application of dynamic loads or de-
formations2. 

In addition to the compound affects the crack growth rate 
as well as the related loading speed ripping. Slow crack 
growth leads to a stable distribution, where individual small 
cracks merge into the main crack visible to the naked eye. 
During rapid tearing occurs surplus energy and material ob-
tained is then unstable crack spreads, already without addi-
tional power supply. Fracture surface of the unstable distribu-
tion is smooth, without macroscopically visible major cracks3. 
 
Experimental 
 
Materials 

Used rubber compounds were based on NR and SBR. 
As filler was used carbon black with designation N220. Other 
used ingredients were sulphur, zinc oxide, stearin and MBTS 

Fig. 5. Development of  cracks by time (threshold deformation -
TD) on vulcanizates in ozone chamber (40 °C, 150 pphm O3,   
dynamic conditions ; composition of vulcanizates see on Fig. 2 ) 

Fig. 6. The dynamic properties of vulcanizates tested by DeMattia 
method5 (Kralex SBR 1500, Carbon Black N330, ZnO, Stearic acid, 
S, Sulfenax CBS/MG)  
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80 as accelerator. Recipe of standard compound is presented 
in the Table I. 
 
Prepared rubber compounds 

 
For each type of rubber were prepared seven compounds 

with different composition. One of them was a standard com-
pound prepared according ASTM D3192. Another three com-
pounds were prepared with different concentration of carbon 
black and three with different sulphur content. The formula-
tions of compounds are given in Tables II to III. 
 
Testing 

 
Mechanical properties were measured by tensile test on 

Alpha Technologies T2000 machine. For tensile test were 
used micro tensile dumb-bell shaped specimens. Dimensions 
of workspace were 10 × 2 × 2 millimetres and speeds of 
moving jaws were 5, 50 and 500 mm min–1. Formed crack 
surfaces were analysed by optical microscopy with light po-
larizing filter. For determine of phenomena ware used sam-
ples with defined crack. For these samples were used tensile 
dumb-bell shapes specimens with dimensions of workspaces 

40 × 6 × 2 millimetres. The following procedures were same 
as the first case. 

 
Results and discussion  

 
The tensile test showed that with increasing sulphur and 

carbon black content material becomes less pliable and modu-
lus value in tensile elongation grow up. This is due to in-
creased cross-linking density in the case of increasing the 
concentration of sulphur and bracing material in case of in-
creasing carbon black additive. 

By optical microscopy can see influence of value of 
modulus on appearance of fracture surface. For material with 
higher value of modulus is fracture surface with smoother sur-
face than for material with lower value of modulus. This phe-
nomenon is shown in Fig. 1 to 2. 

For samples with defined length of crack was analysed 
influence of speed of feed rate of jaws. On created fracture 
surfaces were observed two phenomena accompanying frac-
ture of rubber parts.  

In the first case it was change of ratio of area of stable 
and unstable crack propagation. As shown in Fig. 3, in-
creasing area of unstable crack propagation with increasing 
feed rate. 

Another phenomenon which was observed was stick-slip 
effect. This effect represents jamming during crack growth. 
This means that the crack extends in differential gain and then 
growth stops until the accumulated enough energy needed to 
grow the crack. Stick-slip effect is visible in particular for 
compounds with a low content of carbon black for the 500 
and 50 mm min–1. This phenomenon is shown in Fig. 4. 

Ingredients phr 
Rubber 100,0 
Stearin 3,0 
Zinc Oxide 5,0 
Carbon Black 50,0 
MBTS 0,6 
Sulphur 2,5 
Total 161,1 

Compound no. phr 
XS01 1,0 
Standard compound 2,5 
XS05 5,0 
XS10 10,0 

Compound no. phr 
XC00 0 
XC20 20 
Standard compound 50 
XC70 70 

Table I 
Recipe of standard compound 

Table III 
Concentration of carbon black content 

Table II 
Concentration of sulphur content 

Fig. 2. Influence of carbon black content on the fracture surface 

Fig. 1. Influence of sulphur content on the fracture surface 
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Conclusion 
 
Optical microscopy in conjunction with the basic 

knowledge of the mechanisms of crack propagation in the 
rubber used to the fundamental description of fracture surfac-
es, depending on the composition of the rubber compound and 
rubber loading mechanism. This basic method is the first 
practical approach describing a fracture behaviour of rubber. 
For a more thorough description is needed another research 
by using of quantitative analyses, this could be for example 
based on measurement of surface roughness. 

 
This contribution was written with support of Opera-

tional Program Education for Competitiveness  co-funded by 
the European Social Fund (ESF) and national budget of 
Czech Republic, within  the framework of project Advanced 
Theoretical and Experimental Studies of Polymer Systems 
(reg. number: CZ.1.07/2.3.00/20.0104). 
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Abstract 
 

Hard surface layers of polymer materials, especially 
polypropylene, can be formed by chemical or physical pro-
cess. One of the physical methods modifying the surface layer 
is radiation cross-linking. Radiation doses used were 0, 33, 66 
and 99 kGy for unfilled polypropylene with the 5% cross-
linking agent (triallyl isocyanurate). The improvement of 
nanomechanical properties was measured by an instrumented 
nanohardness test. 
 
1. Introduction 
 

Isotactic polypropylene (iPP) is a commodity polymer 
with the semi-crystalline structure which is very complex and 
depends strongly on thermal history and processing condi-
tions. Isotactic polypropylene can crystallize in to 3 phases: 
-phase is the most stable and the most known. The crystals 
are monoclinic. Beta phase is metastable and the crystals are 
hexagonal -phase is mainly found in block PP copolymers 
and can be generated by addition of specific nucleating 
agents. This phase was discovered by Padden and Keith in 
1953 and can be improved by crystallization between 130 and 
132 °C or by orientation with high shear or through addition 
of specific nucleating agents. Presence of -phase in PP 
homopolymer generally increase ductility in the finished 
parts. Maximum effect is observed at 65 % of beta-phase. 
Gamma phase – this phase is also metastable with triclinic 
crystals. This form is not very familiar but appears mainly in 
low molecular weight polypropylene by crystallization at very 
high pressure and very low cooling rate1,2. 

The irradiation cross-linking of thermoplastic materials 
via electron beam or cobalt 60 (gamma rays) proceeds is pro-
ceeding separately after the processing. The cross-linking 
level can be adjusted by the irradiation dosage and often by 
means of a cross-linking booster1–4.  

The main deference between - and γ-rays is in their dif-
ferent abilities of penetrating the irradiated material. γ-rays 
have a high penetration capacity (Fig. 1). The penetration ca-
pacity of electron rays depends on the energy of the 
accelerated electrons. 

The thermoplastics which are used for production of 
various types of products have very different properties. 
Standard polymers which are easy obtainable with favourable 
price conditions belong to the main class. The disadvantage of 
standard polymers is limited both by mechanical and thermal 
properties. The group of standard polymers is the most con-

Fig. 3. Stable and unstable area of crack propagation 

Fig. 4. Stick slip effect 
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siderable one and its share in the production of all polymers is 
as high as 90 %. 
The engineering polymers are a very important group of poly-
mers which offer much better properties in comparison to 
those of standard polymers. Both mechanical and thermal 
properties are much better than in case of standard polymers. 
The production of these types of polymers takes less than 1 % 
of all polymers1–4. 

High performance polymers have the best mechanical 
and thermal properties but the share in production and use of 
all polymers is less than 1 %.  

The present work deals with the influence of irradiation 
doses on the nanohardness polypropylene. Nanohardness 
testing was chosen for one reason. Small, thin layers of the PP 
specimens, which can be produced by irradiation crosslinking, 
can be characterized by this method. 
 
2. Experimental part 
 

For this experiment isotactic polypropylene iPP PTS – 
Crealen EP-2300L1-M800; PTS Plastics Technologie Service, 
Germany (unfilled, iPP+TAIC, MFR – 230 °C/2.16 kg – 
6 g/10 min) was used. The material already contained a spe-
cial cross-linking agent TAIC – triallylisocyanurate (5 vol.%), 
which should enable subsequent cross-linking by ionizing β-
radiation. The prepared specimens were irradiated with doses 
of 33.66 and 99 kGy at BGS Beta-Gamma Service GmbH & 
Co. KG, Germany1–4.  

The samples were made using the injection molding 
technology on the injection molding machine Arburg 
Allrounder 420C. Processing temperature 240–260 °C, mold 
temperature 75 °C, injection pressure 80 MPa, injection rate 
65 mm s–1. 

Instrumented nanohardness tests were done using 
a Nanoindentation Tester (NHT2) – Opx/Cpx, CSM Instru-
ments (Switzerland) according to the CSN EN ISO 650-1. 
Load and unload speed was 100 mN min–1. After a holding 
time of 90 s at maximum load 50 mN the specimens were un-
loaded. The indentation hardness HIT was calculated as maxi-
mum load to the projected area of the hardness impression ac-

cording to: 

Where hmax is the indentation depth at Fmax, hc is contact 
depth. In this study the Oliver and Pharr method was used cal-
culate the initial stiffness (S), contact depth (hc). The speci-
mens were glued on metallic sample holders1–5. 
 
3. Results and discussion 
 

The values measured during the nanohardness test 
showed that the lowest values of indentation hardness were 
found for the non-irradiated PP. On the contrary, the highest 
values of indentation hardness were obtained for PP irradiated 
by a dose of 99 kGy (by 14 % higher in comparison with the 
non-irradiated PP), as can be seen at Fig. 2.   

According to the results of measurements of nanohard-
ness, it was found that the highest values of indentation 
modulus of elasticity were achieved at the PP irradiated with 
dose of 66 kGy (by 24 % higher than compared with non-
irradiated PP). On the contrary, the lowest values of the in-
dentation modulus of elasticity were found for non-irradiated 
PP as is seen at Fig. 2. 

Material deformation in time under constant stress 
(indentation creep) measured by instrumented test of nano-
hardness showed (Fig. 3) that the highest creep values were 
measured on non-irradiated PP (13,14 %), while the lowest 
creep value was found in PP irradiated by 66 kGy dose 
(11,48 %). The creep dropped by 13 % as a result of radiation, 
which represents a considerable increase of surface layer re-
sistance. 

The highest values of plastic and elastic deformation 
work were obtained for non-irradiated PP. The lowest values 
of both elastic and plastic deformation work were obtained for 
PP irradiated with a dose of 66 kGy. Radiation of specimens 
caused lower values of elastic as well as plastic deformation 
work which is apparent in Fig. 4. This drop corresponds to the 
macro tests of impact strength conducted. The non-irradiated 
specimen did not break during impact test. However, the irra-
diated specimen broke during the impact test. 

a     b 

Fig. 1. Design of Gamma rays (a) and Electron rays (b); a) 3 – sec-
ondary electrons, 4 – irradiated material, 5 – encapsulated Co – 60 
radiation source, 6 – Gamma rays, b) 1 – penetration depth of electron, 
2 – primary electron, 3 – secondary electron, 4 – irradiated material 
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Fig. 2. Hardness and elastic modulus of polypropylene  



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

s141 

4. Conclusion 
 

Very interesting results were obtained for irradiation 
modified PP. When comparing the irradiated and non-
irradiated PP it was apparent that the values of indentation 
hardness and the indentation modulus considerably increased, 
in some cases even by 24 % at the irradiation dose of 66 kGy.  
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Investigation of the rheological and electrical behavior 
of polymer/graphite composites have attracted considerable 
interests because of their practical use for industry.  Polymer 
micro and nanocomposites filled with expanded graphite have 
shown notable improvements of mechanical, thermal, electri-
cal and barrier properties at very low filler concentrations1, 
compared to conventional composites.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The dependence of the electrical conducitivity of 
composites on the filler content for different parcticle sizes 
 

In this work we refer the viscoelastic properties of com-
posites and their relation to the electrical behavior. The com-
posites under study were formed from low density poly-
ethylene matrix filled with various grades of expanded 
graphite having an average size 5, 50 and 500 µm. Electrical 
conductivity compared at the same filler content increases 
with an average size of the graphite. The highest value of 
electrical conducitivity of 4,1410–1 S cm–1 was found for the 
mixture LDPE/GFG 500 at 38 vol.% of the filler. The perco-
lation treshold ranged between 4,3 and 6,7 vol.% . The study 
of rheological properties shows that the reinforcement effect 
depends on the concentration of graphite in the LDPE matrix. 
Complex viscosity of composites increases with fillers content 
and complex viscosity decreases with increasing frequency. 
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Fig. 3. Indentation creep of polypropylene 

Fig. 4. Elastic and plastic deformation work of polypropylene 
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Introduction 

 
Rubber magnetic composites are group of smart 

materials consisting of magnetically polarizable particles 
incorporated in soft elastomeric matrix1,2. In rubber magnetic 
composites, magnetic particles are randomly distributed 
inside the matrix (Fig. 1a). Those of which mechanical and 
rheogical properties can be controlled by external magnetic 
field are often called magnetorheological elastomers3,4]. When 
rubber compounds with magnetic fillers are exposed to 
external magnetic field, the field induced interactions between 
particles lead to the formation of particles chains within the 
structure of elastomeric matrix. In the process of 
vulcanization, the chain-like structure of magnetic particles 
can be permanently fixed in the rubber matrix (Fig. 1b). The 
results showed that such structure inside the rubber matrix 
leads to a strong anisotropic behavior of prepared composites. 
In dependence on the concentration of magnetic filler or 
applied magnetic field, the chain-like structure of magnetic 
particles may vary in wide range. Particles anisotropy affects 
magnetic as well as mechanical properties of prepared 
composites.  

The scope of the work was to evaluate the influence of 
strontium ferrite content on physical-mechanical properties of 
prepared composites. Magnetic characteristics of these 
materials were investigated in absence or presence of an 
external magnetic field.  

Experimental 
  

1,4-cis butadiene rubber (Buna CB 24, BR, Lanxess, 
Leverkusen, Germany) was chosen as soft elastomeric matrix. 
Strontium anisotropic hexaferrite SrFe12O19, type FD8/24 
(Magnety a.s., Světlá Hora, Czech Republic) was applied as 
magnetic filler. It is product surface-modified by 
polyvinylalcohol (PVAL). Ferrite powder was dosed in 
several concentrations, varied from 0 to 100 phr. Besides 
rubber and filler, the rubber compounds contained only 
additives, which support curing process.  

Ingredients of rubber compounds were mixed in the 
laboratory mixer Brabender in two mixing steps. The curing 
process was performed at 150 °C for the optimum cure time 
under a pressure of 15 MPa without or with external magnetic 
field of 0.35 T. The physical-mechanical properties were 
determined in accordance with the valid technical standards. 
The magnetic measurements of composites using 
magnetometer TVM-1 at room temperature were evaluated.  
 
Results and discussion 
  

The values of physical-mechanical properties of 
prepared rubber composites are graphically illustrated in 
Fig. 2–4. From Fig. 2 it becomes evident that the presence of 
magnetic filler leads to the increase of modulus M100. At 
maximum ferrite loading there was spotted more than 55 % 
increase of observed property in comparison with the ferrite 
free vulcanizate. The increasing tendency on magnetic filler 
content was recorded also in case of tensile strength at break 
(Fig. 3). From the dependence of elongation at break on 
magnetic filer content (Fig. 4) it was possible to see that the 
highest value of elongation at break reached the sample with 
80 phr of ferrite.  

The achieved results revealed that ferrite incorporated in 
rubber matrix exhibit slight reinforcing effect, although the 
degree of reinforcement is not as significant as in comparison 
with traditional fillers used in rubber technology (e.g. carbon 
black). The improvement of physical-mechanical properties 
by incorporation of ferrite can be attributed to the surface 

Fig. 1. Particles alignment in rubber matrix in absence of magnet-
ic field-isotropic state (a) and in presence of applied magnetic 
field-anisotropic state (b)  

a     b 

Fig. 2. Influence of ferrite content on modulus M100 of compo-
sites 
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modification of ferrite particles. Although PVAL is polar 
polymer, it is supposed that it is able to form interfacial layer 
between the magnetic filler and the non-polar butadiene 
rubber due to polymer physical entanglements between PVAL 
and the rubber matrix. The enhancement of adhesion between 
the rubber and ferrite subsequently leads to the improvement 
of observed properties of tested systems.  

In order to investigate magnetic characteristics in 
absence and presence of magnetic field, the samples were 
cured with or without external magnetic field applied. 
Subsequently, the remanent Br and maximum Bm magnetic 
induction were determined (Fig. 5, 6). As seen in Fig. 5, the 
remanent magnetic induction was found to significantly 
increase with increasing content of magnetic filler. The values 
of both Br and Bm were spotted to be higher, when prepared 
samples were cured in presence of magnetic field. Based upon 
the obtained results, it can be stated, that during vulcanization 
process particles are aligned to the direction of applied 
magnetic field. It should be also mentioned, that alignment of 
the particles must be reached before the critical cross-linking 
plateau is finished. Otherwise the viscosity of mixtures 

increases and movement of magnetic particles is not possible 
anymore. After the curing process, the columnar structure of 
magnetic particles is permanently fixed in the rubber matrix. 
Such columnar structure within the rubber matrix leads to 
anisotropic behavior of prepared composites, what 
subsequently contributes to the enhanced values of observed 
magnetic characteristics.  

 
This work was supported by the Slovak Research and 

Development Agency under the contract No. APVV-0062-11 
and by grant agency VEGA, project No. 1/1163/12. 
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Introduction 

 
A wide range of petroleum-based plastics are produced 

worldwide. In 2010 the global production of plastics in-
creased to 265 million tonnes, European production increased 
to 57 million tonnes. The most produced plastics like PE, PP, 
PVC, PS, PET are used in various sectors of industry – auto-
motive, building and construction, electrical and electronic 
equipments and packaging – due to good mechanical and pro-
cessing properties, including the low cost1. The big amount of 
these plastics is exploited as packaging materials for food and 
beverages – for one-use applications. These materials represent 
the largest amount of plastic waste, simultaneously plastic waste 
represents growing global task to solve.  

The biodegradable polymers offer acceptable solution. 
There are many known types of biodegradable polymers with 
various characteristic properties. Materials like polylactid 
acid, polyhydroxybutyrate are independent on crude oil , but 
on the other hand they have some disadvantages. These mate-
rials have often low thermal stability and specific mechanical 
properties – brittleness and low thoughness because of high 
crystallinity content2. 

The possibilities how to solve mentioned problems can 
be found in modification of biodegradable polymers by addi-
tion of modifiers, plasticizers or by blending of two or more 

polymers together. In present work, the influence of various 
types of plasticizers for PLA on mechanical properties was 
studied. 

 
Materials and methods  
 
Materials 

PLA 4042D from NatureWorks, LLC, USA was used as 
polylactide acid, triacetine (TAC) and polyethylene glycol 
(PEG) with various molecular weight (600, 1500, 6000) were 
used as plasticizers. 

 
Preparation of blends 

The blends of polylactide acid/plasticizer with content of 
plasticizer 5, 10, 15 and 20 %wt. were prepared using twin 
screw extruder with screw diameter 16 mm, L/D = 40 
equipped with four kneading zones. Liquid plasticizers were 
added by plunger-pump. 

 
Preparation of films 

The films were prepared using single-screw extruder 
with screw diameter 19 mm, L/D = 25, in combination with 
chill-roll technology. 

 
Mechanical properties measurement 

For tensile test according to ISO 527  the Zwick ma-
chine was used at cross-head speed 1mm/min while defor-
mation range was of 0–3 % and after this value of defor-
mation the speed increased up to 50 mm/min. The tensile 
strength at break (sB), elongation at break (eB), tensile strength 
at yield (sY) and Young´s modulus (E) were determined based 
on recorded tensile curves. 

  
Results and discussion 

 
The dependencies of mechanical properties on plasti-

cizer content in the PLA are shown in Fig. 1–4. 
Tensile strength at yield (Fig. 1) of pure PLA is near to 

70 MPa. After addition of PEG 600 yield point disappear 
from tensile curve, as well as after addition of PEG 1500 in 

Fig. 1. The dependency of tensile strength at yield on plasticizer 
content  

*Some blends exhibit no yield point (e.g. PLA/PEG 
600). No values mean that samples exhibit no yield points. 



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

s145 

concentration range 5–15 %wt. Values of tensile strength at 
yield decreased with increasing concentration of both plasti-
cizers – TAC and PEG 6000. At the highest concentration 
(20 %wt.) of these plasticizers, the significant decreasing of 
evaluated property (sY) was achieved. 

Tensile strength at break (Fig. 2) of pure PLA is near to 
60 MPa. Addition of plasticizer results in the decreasing of 

tensile strength at break. Similar dependencies were observed 
in cases of all plasticizers. If the content of plasticizer was 
more than 15 %wt., significant decline of values of σB was 
observed in comparison with pure PLA.  

In the Fig. 3 elongation at break is shown. Considerable 
improvement of εB was obtained after application of TAC and 
PEG 6000. Application of PEG 600 and PEG 1500 does not 
effect elongation at break if content of plasticizers is lower 
than 15 %wt. In the case of 20 %wt. of PEG 1500 εB slight in-
creased near to 30 %. If 20 %wt. TAC or 15 %wt. PEG 6000 
was applied in the blend, most significant improvement of 
elongation at break was observed. In the both cases more than 
300 % elongation at break was achieved. By addition of PEG 
6000, maximal value of elongation at break was achieved at 
concentration 15 %wt. Another increasing of plasticizer con-
centration caused decline of evaluated property (εB). If the 
content of PEG 6000 or TAC was 10 %wt., reasonable im-
provement of elongation at break was achieved, whereas from 
30 to 40 MPa of tensile strength at break was observed. Maxi-
mal value of εB was observed at concentration 20 %wt. of 
TAC. On the other hand, at this content of TAC very low 
values of tensile strength and Young´s modulus was observed. 

In the Fig. 4 it is seen, that even at low concentration 
(5 %wt.) of PEG 1500, the E is significantly decreasing. 
Addition of plasticizer causes lower values of Young´s modu-
lus in comparison with pure PLA. Addition of TAC or PEG 
6000 in concentration range 5–10 %wt. causes decreasing of 
Yong´s modulus near to 1500 MPa, that is reasonable value 
for application of packaging  films.     

 
Conclusion 

 
Polyethylene glycol with various molecular weight and 

triacetine as plasticizers for polylactid acid were tested in pre-
sent work. In case of PEG 600 and PEG 1500 no or only 
slight increasing of elongation at break were observed. Ten-
sile strength at yield decreases with increasing content of 
plasticizer, as well as tensile strength at break. Even at small 
addition PEG 1500 (5 %wt.) decrease of Young´s modulus 
was significant. Using PEG with molecular weight 600 and 
1500 as plasticizers for PLA does not improve mechanical 
properties in comparison to pure PLA.  

Addition of PEG 6000 and TAC causes significant im-
provement of elongation at break (more than 300 %) while 
reasonable values of tensile strength and Young´s modulus 
were obtained. Increasing concentration of TAC results in in-
creasing of elongation at break, on the other hand results in 
decrease of tensile strength and Young´s modulus. The simi-
lar influence of PEG 6000 on properties of PLA was ob-
served. The optimal content of both plasticizers seems to be in 
the concentration range between 10 and 15 %wt.  

Using TAC or PEG 6000 gives a good chance to prepare 
PLA/plasticizer blends with properties suitable for practical 
use of such materials for example in packaging. 
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Fig. 2. The dependency of tensile strength at break on plasticizer 
content  

Fig. 3. The dependency of elongation at break on plasticizer con-
tent 

Fig. 4. The dependency of Young´s modulus on plasticizer content 
*It was not possible to prepare film of blend PLA/PEG 

600 with plasticizer content more than 10%wt. because of 
very low viscosity of blends. 


