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Introduction 
 

The glass fiber reinforcement (GF), in particular study 
utilized to strengthen the polypropylene (PP) matrix, is used 
mainly as mechanical properties improving filler. Stiffness, 
strength, heat deflection temperature, and the beneficial to 
weight properties allows to apply the glass fiber reinforced 
polypropylene composites (GFPP) as a metal replacing 
material. Since several years the polypropylene based 
reinforcement composites are replacing the automotive parts, 
up to now made from polyamide. For example the air-intake 
systems are now made from GFPP. The other trend observed 
in the car industry composite materials is the wide range of 
applications of long glass fiber composites. These automotive 
applications, where the elevated temperature conditions are 
standard, requires the best quality material which are 
normally fulfilled by  long glass fiber reinforced 
polypropylene composites (LGFPP). The basic mechanical 
properties of long fiber composites are generally twice better, 
comparing with the short fiber composites. 

The benefits resulting from the application of LGFPP 
composites manifest themselves through the more functional 
products and shorter manufacturing cycle. Other advantage is 
the material and weight saving ability, achieved through wall 
thinning and the lowest density that PA or PC resins.  

In this work the results of the comparison of two types 
of polypropylene based composites reinforced with long and 
short glass fiber reinforcement are presented. Particularly, the 
influence of processing conditions on the properties of 
injection molded samples were investigated 

 

Experimental 
 

Two types of glass fiber reinforced PP composites were 
used for these studies. First one filled with 45 wt.% of short 
glass fiber, second one filled with 60 wt. % of long glass 
fiber. As a reference material neat polypropylene matrix has 
been applied. Injection molding machine ENGEL ES80/20 
HLS, has been used for samples preparation, the screw 
diameter was 22 mm and L/D =18. The nozzle diameter was 
2 mm, the injection temperature was 225 °C for both 
materials, and the screw rotation speed was equal to 80 rpm. 

The “dog bone” samples (according to ISO 527), 
produced by injection molding were analyzed in terms of the 
structure and mechanical properties. Mechanical properties 
were determined by means of static tension test, at normal and 
elevated temperatures. The DMTA test were performed using 
variable frequencies. 

The investigated fibers were recovered from incineration of 
composite samples (according to DIN EN 60). The samples of 
raw pellets, and molded parts were kept 2 hours at 650 °C in a 
muffle furnace, after that the PP matrix was removed. The 
fiber length observations were performed using the NIKON 
Eclipse microscope. The length of selected fibers was 
measured, thus the fiber length distribution could be 
estimated.  

 
Results and discussion 

 
The results of the mechanical tests are presented in 

Table I. The measurements were carried out at ambient 
temperature, and at the operating temperature of the car 
engine compartment, which is equal to 80 °C. The recycling 
process, consisting of parts milling, should have a significant 
influence on the properties of recycled molded parts. 
Nevertheless, the relatively low decrease in mechanical 
properties of recycled LGFPP composites have been 
observed.  

Type of material Rm 
[MPa] 

E modulus 
[GPa] 

Strain at 
peak [%] 

Strain at 
break [%] 

pure PP 
  

26,5 
(12,1)* 

1,8 
(0,52)* 

3,7 
(6,8)* 

24,5 
(>100)* 

PP+longGF 
  

102 
(62)* 

5.5 
(2,65)* 

2,4 
(2,9)* 

2,6 
(3,2)* 

PP+longGF 
(recycled) 

92,5 
(45,2)* 

3,7 
(2,3)* 

3,3 
(3,5)* 

3,3 
(3,8)* 

PP+shortGF 
  

81 
(38,4)* 

4,6 
(1,83)* 

4,5 
(6,4)* 

4,6 
(7,9)* 

PP+short GF 
(recycled) 

68,5 
(31,5)* 

2,65 
(1,6)* 

5,4 
(6,1)* 

5,6 
(8,4)* 

Fig. 1. Underbody shield made from LGFPP (provided by Styron) 

Table I 
Results of mechanical tests at normal conditions (20 °C) and 
at elevated temperatures * (80 °C) 
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The results obtained from the DMTA test, such as 
storage modulus E’ and tangent δ as a function of temperature 
are presented in Fig. 2 and 3. The values of storage modulus 
at 80 °C of the LGFPP is 2 times higher than GFPP, and 
several times for neat PP resin. It is interesting that changes of 
material properties after second injection molding process 
were observed only for one  type of composites. The 
significant decrease of E’ modulus have been noticed only for 
long fiber reinforced materials, where the average decrease 
was 25 %, for short fiber it was only 15 %. Nevertheless, the 
40 % higher  values of E’ modulus for recycled LGFPP than 
for raw GFPP composite have been observed. The analysis of 
the Tg from the tangent δ curve did not show any significant 
changes in that area. The reduction in length of the glass fiber 
leads to an increase of the damping factor, which can be 
explained by lower energy dissipation for stronger fiber/
matrix interface.   

Microscopic examination were conducted in order to 
estimate the length of the glass fibers before and after 

processing. The pictures on Fig. 4 present the glass fibers 
obtained directly from the pellets. The length of the short 
fibers was in average about 300 µm, where for long type GF it 
was about 11 mm. The diameter of both fiber types was the 
same, 12 µm. The microphotographs on Fig. 5 illustrate the 
influence of injection molding on the short and long fibers 
length and distribution. As it may be seen most often the 
breakage occurs not in the middle but at the end of the fiber. 
Thus, the mechanical properties of the long glass fiber 
reinforced composite after two stage injection molding are not 
decreasing rapidly. Shortening the fibers ends result in the 
appearance of a significant amount of glass fiber sections with 
a maximum length 30 µm, and a larger distribution of this 
fraction occurs in long fiber composite.  
 
Conclusion 
 

The results of the study allowed to draw several 
conclusions. A significant difference in mechanical properties 
remains after the recycling process. Fiber breaking process 
takes place mainly at its ends, which finally doesn’t result in 
dramatic decrease in the length of the reinforcement. The use 
of long fibers leads to superior mechanical properties, even 
after several processing cycles. This knowledge may be 
important if the recycled materials should be applied. The 
properties of LGFPP composites are significantly better, than 
of conventional GFPP materials. Therefore by application of 
recycled LGFPP, its good quality properties and possibility to 
use as a full value material for car industry parts  should be 
taken into account. 
 

Fig. 3. The DMTA tangent δ  as a function of temperature  

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

Fig. 4. Microphotographs of a) short and b) long fibers obtained 
directly from raw pellets  

Fig. 5. Microphotographs of a) short and b) long fibers obtained 
after injection molding 
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This paper describes an application of a laser vibrometry 
technique in order to determine the vibroacoustical properties 
of interior car door panel. The testing procedure was based on  
non-contact vibration measurements executed by a laser beam 
scanning the surface of a car door element in several 
representative points after acoustic excitation of specimens. 
A methodology and a description of measuring procedure 
were also presented.  

  
Introduction 
 

Dynamic, technical and economical development 
observed in the automotive industry is accompanied with 
a permanent increase of the amount of polymeric materials 
used in production. Most of all used polymeric materials are 
thermoplastics such as polyolefins, polycarbonate, polyamide 
and thermoplastic elastomers. Due to relatively low cost of 
isotactic polypropylene and its good processability during 
injection moulding, it is often applied as a material proper for 
large and unloaded elements. Usually polymeric matrix is 
modified or filled accordingly to technical and economical 
requirements which must be fulfilled1–3.  

Most of measuring techniques used for determination of 
polymer’s properties require a preparation of a specific 
sample for each test. In case of determination of damping 
behavior or sound/vibration attenuation it is important not 
only to observe the specific parameters occurring during 
standardized test but also to evaluate behavior of a complete 

part. The application of non-contact tests results in 
a possibility of properties’ investigation of used polymeric 
material but also allows to examine the influence of shape and 
manufacturing process on the behavior of ready-to-assembly 
parts. Several methods of mechanical and damping properties 
determination of thin walled parts were described in many 
papers. Differences between them are caused by the way of 
excitation (modal hammer, sound excitation) and also by the 
measuring method (piezoelectric accelerometer, laser 
vibrometer)4–10.  

In presented case studies the laser vibrometry technique 
was applied in order to determine vibroacoustical properties 
of indoor car door panel made of isotactic polypropylene 
under acoustic excitation.      
 
Experimental 
 

The experiments were performed by means of 
a specially designed measuring system which consists of 
a tested object (internal car door panel), a laser vibrometer 
(Polytec OFV-505), a special loudspeaker (omnidirectional  
sound source), a free-field microphone, and a signal 
acquisition and analysis system. To reduce the effect of 
boundary conditions on the test results the indoor car door 

Fig. 1. Connections diagram and procedures of the digital signal 
processing system 
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panel was hanged by four mounting holes. Connections 
diagram, the system elements and digital signal processing 
procedures are presented in Fig. 1.    

The pink noise was used as a signal of an acoustic 
excitation. During the test procedure the sound pressure levels 
(SPL) close to specimen’s surface (in a distance of 10 cm) in 
the octave bands (center frequencies from 125 Hz to 8 kHz) 
were stabilized  on  the level of 80 dB. Due to acoustic source 
used type and loudspeaker’s characteristics it was problematic 
to achieve the nominal of 80 dB SPL in the octave bands 
below 125 Hz and above 8 kHz. However, when only acoustic 
properties are evaluated the analyzed frequency band can be 
limited to the frequency band of best noise perception of 
human ear. 
 
Results and discussion 
 

Internal car door panel with a measuring grid used to  
positioning of the laser beam is presented in Fig. 2. 

The results of investigations carried out according to 
a proposed testing procedure could be presented in a form of: 
vibroactivity maps (VA maps) obtained in the octave band 

(Fig. 3) or  in the wide frequency range (Lin), 
global measures – an average of vibration levels determined 

for the whole tested surface (by VA maps postprocessing) 
in octave bands and wide frequency range, respectively 
(Fig. 4). 

An example of the vibroactivity map presented in Fig. 3 
indicates the regions of the highest vibrations levels for 
250 Hz octave. Representative measuring points, useful in 
further fast industrial testing procedures, can be determined 
on the base of this type of graphical results presentation. The 
global measures can be applied in order to determine and 
evaluate the vibroacoustical properties or to proceed overall 
quality control of internal car door panels (Fig. 4). 
 
Conclusion 
 

Results obtained from presented test method can be 
applied to: 
an optimization of the vibroacoustical thin walled polymer car 
parts (e.g. the effect of incorporation of different additional 
damping materials in the regions of the highest vibroactivity, 
based on VA maps),  
a manufacturing quality control procedure, by a comparison 
of VA maps (e.g. differential maps) or advanced pattern 
recognizing  techniques. In this case local failures of polymer 
parts caused by improper injection moulding parameters or 
differences in used material damping behavior can be 
detected, 
a fast final product qualification (intact/wrong) based on 
global measures by comparison to experimentally determined 
criteria or limit values of intact products. 

 In comparison to a typical modal analysis the proposed 
test method does not provide detailed information about the 
modal/dynamic properties of tested elements. Obtained data 
are rather characterized as a general. However, this type of 
results is more suitable and useful for direct application in the 
industrial systems of products’ automatic quality control.  
 

 

Fig. 2. Measurement grid on the tested object (5 × 5 cm) used for 
laser beam scanning 
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Abstract 

 
Homogeneity of solution cast films of the PVC/triblock 

copolymer blends was examined with scanning electron 
microscopy (SEM) and dynamic mechanical thermal analysis 
(DMTA). The micrographs revealed that the blends are 
compatible for all blend ratios examined. The mechanical 
properties of the blend films were determined. Blending of the 
triblock copolymers with PVC improved the elasticity of PVC 
but reduced the tensile strength. The elongation at break, % 
and the tensile strength values show straight line behavior 
versus the triblock copolymer content in the blend, indicating 
the homogeneity of those blends. 

 
Introduction 

 
The blends of PVC and acrylic copolymers1–3 are still of 

great interest due to their diverse mechanical properties, in 
addition to the contradictory results about the system 
compatibility4–6. Acrylic/PVC products have been used for 
construction purposes such as siding, window profiles and 
decking2. In the present research commercial triblock acrylic 
copolymers based on poly (MMA)-b-poly(n-butylacrylate)-b-
poly(MMA), were blended separately with PVC of 67 k 
value, in different blend ratios. Homogeneity of these blends 

was investigated with SEM, DMTA and mechanical 
properties.  
  
Experimental 

 
Triblock copolymes (LA 1401, LA 2140 and LA 2250) 

of various MMA ratios (15 %, 23 % and 32.5 %) and with 
weight average molecular weights 85000, 80000 and 75000, 
respectively, are gifts from Kurary America INC. USA). 
PVC/triblock copolymer blend films were prepared by casting 
the mixed solutions (in tetrahydrofuran) at different blend 
ratios (100/0, 75/25, 50/50, 25/75, and 0/100 wt.%) on glass 
plates, and were left to dry at room temperature.  

  

Results and discussion 
 
The morphology of PVC/ triblock copolymer blend 

films (50/50 by weight) was examined by scanning electron 
microscope at magnification M = 500×. The SEM 
micrographs of PVC and its blends with the triblock 
copolymers of different PMMA ratios are illustrated in Fig. 1
(a–d). Fig. 1a illustrates the PVC phase. Fig. 1(b–d) shows 
one phase for the PVC/ triblock copolymer blend films 
(50/50) and illustrates no phase separation taking place. The 
PVC agglomerates spread through the triblock copolymer 
phase. The morphology revealed homogeneity of the PVC/ 
triblock copolymer blends for the blend ratio investigated. 
This can be explained as a result of the hydrogen bonding 
interaction between the acidic hydrogen atoms of PVC with 
the carbonyl groups of acrylic moiety of the triblock 
copolymer, this in turn results in decreasing the surface 
tension of the two phases, leading to improvement in the 
blend homogeneity.  
  
  
 
Dynamic mechanical thermal analysis (DMTA)  

 
The DMTA tg ∂ peaks for all the blends are shown in 

Table I. In some cases only one peak appeared, in others, 
either two peaks or shoulders were observed. The DMTA 
record for PVC shows Tg to be 62 °C which corresponds to 
PVC with 10 ppp (parts per polymer) of DOP plasticizer. 

Tg data of the two triblock copolymers, namely LA 
1401 and LA 2250 (both with 10 ppp of DOP) are identical 
being –34 °C and much lower than Tg of PVC/DOP. When 

Fig. 1. SEM micrographs of PVC and its blends with triblock 
copolymers of different PMMA ratios 

a) PVC 

b) PVC/LA 1401 (50/50) blend 

c) PVC/LA 2140 (50/50) blend 

d) PVC/LA 2250 (50/50) blend 
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discussing the blends of these two copolymers with PVC, the 
trends are quite obvious and understandable. For both 
polymeric components of the blend in virgin state one peak is 
only appearing. In blends of PVC/LA 1401, two peaks are 

clearly seen at composition 50/50, for all other compositions, 
only one peak is observed corresponding to PVC for lower 
LA 1401 content and to LA 1401 at higher triblock content. 
Similar situation occurs also for blend of LA 2250 triblock 
with PVC, just some shoulders are visible also for blend 
75/25 and two peaks appear at composition 25/75. The 
DMTA records showing the thermal dependence of loss angle 
are shown in Figs. 2 and 3, demonstrating the facts described 
above. It is also clear that Tg values corresponding to the 
individual blend components are not constant. This means 
that the two-phase morphology should be present in the 
blends, depending on the content of the components. On the 
other hand, the blends seem to be partially miscible since Tg 
of both components is changing with changes of the blend 
composition. The latter conclusion should be discussed in 
more details. The peculiar aspect consists in the fact that the 
addition of the triblock copolymer leads to an increase of the 
temperature corresponding to the PVC peak although Tg of 
the triblock is much lower compared to PVC. On the other 
hand, Tg of the both triblocks is decreasing with a decrease of 
PVC content that corresponds to the Fox equation based on 
additivity of blend components regarding the effect on Tg 
changes in the blend of two thermodynamically miscible 
polymers. This inconsistency can be explained by proposing 
that the two polymers (PVC and triblock copolymer) are 
partially miscible up to certain content of triblock in the 
blend. 

 
Mechanical properties 

 
Mechanical properties of PVC/triblock copolymer (of 

different PMMA ratios) blend films of different blend ratios 
namely (100/0, 75/25, 50/50, 25/75, and 0/100 wt.%), were 

PVC     Triblock    LA 1401 
1st.       2nd. 

   LA 2250 
1st.       2nd. 

 10             0 62.2 62.2 
 7.5            2.5 87.4 75.2      35  sh 
  5              5 78         5.7 72           7 sh 
 2.5            7.5             –5.7 91.6       –2.9 
  0              10           –34.2             –34.5 

Table I 
Composition of prepared blends and temperatures of tg ∂ max-
ima of peaks for each blend 

Fig. 2. Curves of loss angle tan ∂ measured by DMTA for PVC(1), 
triblock LA 1401 (5) and blends PVC/LA 75/25 (2), 50/50 (3) and 
25/75 (4)  

Fig. 4.  Tensile strength and elongation % of PVC/LA 1401 blends 

Fig. 3. Curves of loss angle tan ∂ measured by DMTA for PVC(1), 
triblock LA 1401(13) and blends PVC/LA 75/25 (10), 50/50 (11) 
and 25/75(12)  

Fig. 5. Tensile strength and elongation % of PVC/LA 2140 blends 

Fig. 6. Tensile strength and elongation % of PVC/ LA 2250 blends 
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measured and illustrated in Figs. 4–6. It was found that, as the 
triblock copolymer content in its blend with PVC increases, 
the elongation at break% increases; due to the elasticity of the 
triblock copolymer because of the butylacrylate portion. 
However the tensile strength at rupture increases as the PVC 
content in the blend increases because of the rigidity and 
crystalinity of PVC. Also, as the PMMA ratio increases (or 
the butylacrylate ratio decreases) in the triblock copolymer, 
the elongation at break% decreases. This can be attributed to 
the crystalinity of PMMA portion. It is obvious that the 
elongation at break increases linearly, whereas tensile 
strengths at rupture decreases linearly as the triblock 
copolymer amount increases in the blend. The linear behavior 
of mechanical properties vs the triblock copolymer content 
indicates homogeneity of PVC/ triblock copolymer blend. 

 
Conclusions 

 
SEM micrographs revealed no phase separation in PVC/

triblock copolymers blends and showed that these blends are 
homogeneous. Blending of PVC with PMMA-b-PBA-b-
PMMA tribock copolymers is advantageous because 
enhancement of the elasticity of PVC and improvement of the 
tensile strength of the triblock copolymers. DMTA indicated 
that PVC/triblock copolymer blends seem to be partially 
miscible. 
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Polymers and metals are the key materials in automotive 
manufacturing industry. Combining of both material classes 
in polymer-metal hybrid structures is the way to create 
components with unique functionalities, exactly tailored for 
any specific requirement. Such hybrid structures are replacing 
more and more one-material solutions in all automotive 
production segments. Rubber-metal, plastic-metal or 

composite-metal structures are currently used in tires, 
carrossery, motor, interior and exterior parts. Although a great 
variety of techniques available for joining of polymers and 
metals together, there is a big interest in new technologies due 
to design, economical and environmental concerns.  

PlasmaPlus® technology (combination of plasma 
cleaning and plasma deposition of thin coatings at 
atmospheric pressure) have been applied for deposition of 
adhesion promoting coatings for direct bonding of polymers 
on metals. Solutions for rubber to metal vulcanizing, injection 
molding of fibre reinforced thermoplastics on metals, and 
welding of plastic with metals are offered. Proposed 
technology provide promising alternative to common joining 
technologies or can be used in combination with them in order 
to reduce number of production steps and consumption of 
VOC-based chemicals, minimize the amount of waste created, 
and, as a result, significantly reduce environmental impacts 
and whole process costs. Slightly modified industrial 
PlasmaPlus® equipment, used in these experiments, can be 
easily integrated in exiting production lines or applied as 
stand-alone solution.  
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The product of a usual EU automobile shredder contains 
approximately 70 wt.% of metals separated by magnetic 
separators. Other 5–6 wt.% represent non ferrous metals. 
After the separation of metals, the remaining part is 
a complex mixture of materials including plastics, foam, 
textiles, rubber, glass and others. This waste, which creates 
approx. 20–25 wt.% of the original vehicle’s mass, is called 
Automobile Shredder residue (ASR) or auto fluff. In the 
European Union, about 2–2,5 million tons of this waste are 
produced every year1,2. At the present time, ASR is usually 
landfilled but the European draft Directive 2000/53/CE  forces 
the development of alternative solutions requiring 95 % of 
ELV to be reused / recovered and 85 % to be reused / 
recycled by 1.1.2015. 

Feedstock recycling methods such as pyrolysis and 
gasification represent an economically and ecologically 
acceptable solution for the disposal of this waste3,4. The ASR 
is a heterogeneous mixture of all materials found in cars and 
the composition of ASR varies depending on the producer, 
type of shredded vehicles, used shredding technology, 
fractionation of the shredded cars and many other factors. 
However, the design of a thermal process (incineration, 
gasification or pyrolysis) requires the knowledge of the 
characteristics of the raw materials. 

In this work, thermogravimetric (TG) analyses of 
individual components and of the representative samples of 
ASR were provided by a simultaneous TG/DSC analyzer. The 
aim was to describe the thermal decomposition characteristics 
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of ASR based on the behavior of thermal decomposition of its 
individual components.  

 
Materials and methods 

 
The samples used in this work were obtained from a 

light fraction of ASR. The basic organic component of ASR 
was identified as rubber, plastics, foam, textile and other 
organic materials.  

Table I shows the mass fraction of individual material 
categories in ASR and also their proximate and elemental 
composition.  

Simultaneous thermogravimetric (TG) / differential 
scanning calorimetric (DSC) measurements using a 
simultaneous thermal analyzer (Netzsch STA 409 PC Luxx, 
selb, Germany) was applied in the thermal analysis of ASR. 
Experimental conditions were met at the linear heating rates 
of 10 °C min–1 in the nitrogen flow of 60 ml h–1. The samples 
were heated from 20 to 800 °C and they were kept at this 
temperature for round 30 minutes, then, they were combusted 
by oxygen supplied to the system. Samples of individual 
categories of ASR and of the mixed ASR with the mass of 
around 20 mg were used in the TG/DSC measurements. For 
these measurements, the plastic fraction was divided into 
three different subcategories (rigged plastics, semi-rigged 
plastics and soft plastics). In addition, a mixed sample of ASR 
with the composition shown in Table I was prepared. Data 
obtained from thermogravimetric experiments were used for 
the determination of kinetic parameters of thermal 
decomposition. 

 
Results and discussion 

 
Non-isothermal thermogravimetric analyses of 

individual material categories of ASR were used for the 
determination of kinetic parameters of thermal 
decomposition. The measured behavior of TG curves is 
shown in Fig. 1. Except for textile and plastic1, other 
components showed two degradation regions. 

For a multi-step thermal decomposition, the total 
decomposition rate can be calculated as a sum of individual 
decomposition reactions:  

where A is the apparent pre-exponential factor, E is the 
apparent activation energy, T is the temperature, n is the 
reaction order, t is the time and R is the gas constant. 
Conversion, α, was calculated according to Equation (2): 

where m0, m, and mfinal correspond to the initial, actual, and 
final sample mass, respectively.  

Parameters A, E and n for each decomposition step were 
obtained from a set of kinetic experiments on the dependence 
of the reaction rate vs. temperature by fitting the calculated 
and experimental data (Fig. 2). The used objective function 
was:  

Category 
w

i
 

[kg/kg] 
Moisture 
[wt. %] 

Volatile 
matter 
[wt. %] 

Fixed 
carbon 
[wt. %] 

Ash 
[wt. %]

N 
[%] 

C 
[%] 

H 
[%] 

S 
[%] 

O 
[%] 

Ash 
[%] 

Rubber 0,455 0,4 46,8 
15,6 

37,3 0,31 48,16 4,79 1,67 7,73 37,3 

Foam 0,018 1,4 91,4 
5,8 

1,4 6,47 62,61 8,40 0,20 20,91 1,40 

Plastics 0,474 0,3 91,9 
4,0 

3,3 2,39 69,65 8,74 0,26 15,66 3,30 

Textile 0,023 0,9 83,2 
10,0 

6,0 0,99 58,22 4,33 0,20 30,31 6,00 

Other  
OM 0,03 6,0 73,6 

13,1 
7,8 0,03 49,61 5,94 0,36 36,29 7,80 

Table I 
Proximate and elemental analysis of individual components of 
ASR  

 Other OM,  Foam,  Plastics1,  Plastic 2, 

  Rubber,  Plastic 3,  textile,  Mixed ASR 

Fig. 1. Behavior of thermal decomposition of individual compo-
nents of ASR and mixed sample of ASR 
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Fig. 2. Fitting of DTG curves for the determination of kinetic 
parameters 
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The estimated kinetic parameters for all material 
categories are presented in Table II. 

The total decomposition rate of mixed ASR can be 
calculated additively using the rate of thermal decomposition 
of individual material categories as follows: 

Using Equation (4), the rate of thermal decomposition of 
a mixed ASR was calculated and compared with the 
experimentally determined rate of reaction of a mixed ASR 
sample. The coherence between conversion calculated based 
on Equation (4) and the experimentally determined data is 
clear from Fig. 3.   

 

This work was supported by the Grant VEGA No. 
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1. Introduction 
 

Properties of materials are a summation of surface and 
bulk functions. Their functions are easily estimated to affect 
the types, processing methods of materials and the amount 
and types of additives to materials, but its actual situation is 
always not clear. For example, unsaturated rubber is widely 
known to be cured in the presence of peroxides1–4. However, 
it is not clear whether curing structure in the surface and bulk 
of rubbers is same or not so, and whether the curing level is 
same or not so. So far, in the case that peroxide-cured 
unsaturated rubbers indicate surface adhesiveness, surface 
properties have being improved as the formation of hydro 
peroxides is inhibited by carrying the curing out in vacuum. 
Peroxide curing systems do not contain the subject matters for 
surface properties while there are issues for capital cost due to 
vacuum press machine is present. However, in the peroxide 
curing systems, the difference of curing reaction and chemical 
structure in the surfaces and insides of peroxide-cured must 
be clearly caught, on the standpoint of making use of the 
positively surface function of acrylonitrile-butadiene rubber 
(NBR) cured, chemical structure was investigated by X-ray 
photoelectron spectroscopy (XPS) surface analysis in the 
surfaces and cut-surfaces of DCP-cured NBR. 

On the other hand, it is widely known that surface 
structure in the molding processing of polymer materials is 
different from surroundings to contact5–8. The surface 
structure of NBR cured by peroxides is predicted to causes 
chemical changes due to the contact surroundings and curing 
conditions during processing. The interesting subject matter 
and information such as the formation of functional groups on 

Sample A1  
[s–1] 

E1  
[J mol–1] 

n1 
  

A2  
[s–1] 

E2  
[J mol–1] 

n2 

Rubber 2,50.1011 1,70.105 1,70 2,88.1011 1,83.105 1,01 

Foam 1,00.1012 1,63.105 1,10 3,48.1014 2,10.105 1,00 

Plastic 1 1,53.1013 2,04.105 1,00 - - - 

Plastic 2 3,96.107 1,38.105 1,07 4,20.1011 1,95.105 1,08 

Plastic 3 3,59.1013 1,71.105 1,00 9,34.1011 2,01.105 1,00 

Textile 3,61.1014 2,22.105 1,00 - - - 

Other 
OM 

1,86.1010 1,33.105 1,05 1,04.1011 1,86.105 1,06 

Mixed 
ASR 

9,20.1010 1,47.105 2,02 8,61.1010 1,79.105 1,00 

(4)  
1

exp 1
n

ijASR
j j

j j i
j

E ndαdα iw w A - α
i idt dt RT

  
        

  

Table II 
Kinetic parameters of thermal decomposition of ASR compo-
nents and a mixed ASR 

Fig. 3. Conversion of ASR, determined by model and experiment  
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the NBR surfaces obtained by peroxide curing and the 
chemical change and diffusion of functional groups is 
contained a lot9. In this work, for the purpose to obtain 
fundamental information for making effective use of the 
surface function of cured NBR, it is investigated using XPS 
analysis that the types and amount of functional groups in the 
surfaces and bulk (inner) are influenced by curing conditions. 
In addition, chemical and physical properties on the cured 
NBR surfaces are also investigated. 
 
2. Experimentals 
 
2.1. Materials and reagents 

 
The rubber used here is acrylonitrile-butadiene rubber 

(NBR, AN: 35 %, N230S, JSR Co.), and base compounds and 
curing systems for NBR are NBR rubber (100 phr), carbon 
black (50 phr), stearic acid (1 phr) and stabilizer ZnO (5 phr). 
Additives were prepared by company. The curing agent, bis 
(α,α-dimethyl benzyl) peroxide (dicumyl peroxide: DCP, 
reagent grade) as an accelerator was added to the base 
compounds. 
 
2.2. Compounding and Curing 

 
The uncured NBR compound sheets were obtained after 

mixed of NBR polymers, filler, stearic acid and ZnO by 
banbury mixer and then adding DCP to the NBR master batch 
on the two roll mill.  After the blending, the uncured NBR 
compound sheets were molded being folded between two 
6-nylon (PA6: UBEPA6, 100 μm, heat softening temperature; 
180 °C/451 kPa) films into a rheometer cabinat 140 °C, 150 °C, 
160 °C, 170 °C, and 180 °C for 30 min. The cured NBR 
samples were immediately removed from the rheometer 
molds. The surfaces and cut-surfaces of cured NBR rubbers 
for Analytical samples of cured NBR rubbers were prepared 
as cured NBR (2 × 2 × 10 × mm) with six surfaces which are 
obtained by cutting, after peeling out PA6 firms from NBR 
cured at first and used after 24 hr keeping in vacuum; one 
surface is the surface (outside) obtained by curing and others 
are cut-surfaces (inside) obtained by cutting and means 
chemical structure of balk in cured NBR.  
 
2.3. Measurement 

 
The surfaces and cut-surfaces of cured NBR rubbers 

were analyzed XPS (PHI QUANTERA ESCA system) with 
the Multi Technique spectrometer, the focusing 
monochromator (ULVAC-PHI inc.) and Al Kα X-ray source 
which has 100 μm×100 μm spot for surface analysis. Pass 
energies of the analyzer were 69 eV for high-resolution scans 
at 300 W. The angle resolved measurements were made at an 
electron take-off angle of θ = 45°(θ is the angle between the 
sample surface and the direction of the analysis 
photoelectrons). And the electron flood gun was used for 
charge neutralization were used and the analysis chamber 
remained at 3.0×10–6 Pa in the process of the whole XPS 
measurement. The XPS spectra were subjected to Shirley 
background subtraction formalism and the data was using the 
saturated C 1s peak at 284.8 eV and which were used in 
chemical-bonding-state assignments. The full width at half 

maximum (FWHM) of C-C/C-H component was left to vary 
freely then the other components were fixed to adopt this 
value. During all the fitting curve treatments, Gaussian-
Lorentzian lines of variable proportion were used and the 
XPS experimental curve fitting process were taken by 
Mutipak software. 

Surface morphologies were measured by automatic 
atomic force microscope (AFM, SIMAZU SPM-9600) with 
the tapping mold. The scan speed used with 1.0 kHz, and scan 
area is 1×1 μm2. 
 
3. Results and discussion 
 
3.1. Analysis of surfaces and cut-surfaces in DCP-
cured NBR 
        
Elemental component ratios calculated from the recipe in 
Table I are C: 93.6 %, N: 6.2, and O: 0.16 %.  

Fig. 1 shows the elemental component ratios of surfaces 
and cut-surfaces which are obtained from XPS analysis of 
DCP-cured NBR at various temperatures. The founded value 
for O atom is larger than the calculated value. 

N atoms arise from nitrile (-CN) groups and O atoms 
come from DCP and oxidation during curing process. The 
differences of element quantities between surfaces and cut-
surfaces are due to that the reaction on surface and at the bulk 
are different during curing process. It can be easy to 
understand that the quantity of oxygen to react with NBR on 
the surface curing reaction is much more than the cut-surface 
one. Therefore, it can explain that the oxidation reacted on the 
surfaces is much more than that on the cut-surface at the 
temperature from 140 °C to 180 °C. 

The relationships of curing temperature and N and O 
atomic concentrations are also showed in Fig. 1. From the 
figures, it can be found that on the cured NBR surface the 
tendency of the concentrations of N concentration is 
decreasing and the O concentration is increasing with the 
curing temperature growing. While, on the cut-surface of 
cured NBR there is no obvious change with the raise of curing 
temperature. When the curing temperature up to 160 °C, N 
start to be going down and O start to be going up on the 
surface of curing NBR. And when curing temperature is up to 
180 °C, N atomic concentrate is down to 3.0 at.% and O 
concentrate is up to 5.9 at. %.  

To clear the chemical structure on the surface and cut-
surface of cured NBR high-resolution XPS analysis be 
employed. The differences of functional groups on the NBR 
surfaces cured at 140 °C and 180 °C are shown in Fig. 1a and 
1b. As shown in Fig. 1, functional groups consisting of 
carbon, oxygen and nitrogen atoms, using the wave separation 
techniques of C1s peaks obtained from XPS analysis are 
investigated to know functional groups oxygen and nitrogen 
compounds in NBR cured at 140 °C. Carbon and carbon 
hydride in cured NBR appear as a main peak at the 284.7 eV 
of binding energy. Carbone hydride (CH2) of adjacent nitrile 
groups (*CH2CH(CN)*CH2, *;corresponding carbon) are 
recognized at 285.4 eV as binding energy. Functional groups 
such as *CH(CN) groups and *C- OH groups which are 
linked directly to nitrile groups are predicted to be present 
overlapping at 286.6 eV as binding energy10–13. Both carbonyl 
(>*C=O) and carboxyl (-*COOH) groups are not recognized 
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in the case of 140 °C curing temperature, but carbonyl groups 
are recognized on the NBR surface cured at 180 °C. 
       Table I shows functional groups for C1s and component 
ratios of DCP-cured NBR surrounding the carbon atomics 
after different temperature (140 ºC, 150 ºC, 160 ºC, 170 ºC, 
180 ºC,) curing processing. For the DCP-cured NBR at 140 °
C, the component ratios of >*CHOH groups on the surfaces 
are over that on the cut surface, while the component ratios of 
>*CHOH groups on the surfaces and cut-surfaces are roughly 
the same. With the curing temperature increasing, the atomic 
number of >*CN on the surface of NBR is decreasing which 
is consistent with the changes in the atomic ratios in Fig. 1. 

And it is considered that with the curing temperature going 
up, >*CN groups returned from surface to the bulk. The 
quantity of chemical structure of >*CHOH is decreasing trend 
with the curing temperature up. This can indicated that 
>*CHOH was reacted into >C=O and -COOH.  

Moreover, in the Table I it can be observed that at the 
curing temperature of 140 °C and 150 °C. There are no the 
chemical bond of >C=O and -COOH because it is difficult to 
performance under the low temperature. However, when the 
temperature up to 160 °C the reactions to form >C=O 
and -COOH started. And with the temperature increasing 
>C=O and -COOH is increasing. When the curing 
temperature up to 180 °C, >C=O and -COOH increased to 
1.3 % and 2.2 %. While, the concentration of chemical structure 
of cut surface almost have no change with curing temperature 
and the -COOH groups are not recognized on the cured NBR 
cut-surface even in the curing temperature at 180 °C. 

 
 3.2. Curing temperature and AFM images 
        

AFM has now become a relatively common tool, which 
is widely used in the study of materials. It is a powerful 
technique for distinguishing surface properties such as visco 
elasticity, stiffness, friction and adhesion of materials14,15. 
Formulti-component polymers, the differences in these 
properties for different regions of the surface can be translated 
into morphology especially from phase imaging AFM. AFM 
phase images of these blends in tapping mode displayed 
islands in the sea morphology or matrix-dispersed 
structures16. By using such a concept, AFM has been applied 
to the study of NBR to investigate the morphologies of NBR 
surfaces and cut-surface which cured at different 
temperatures. And the results are showed in Fig. 3. 

From the topographic image of NBR cured at different 
temperature, it cannot be found obvious differences so it can 
be considered that the morphology of NBR surfaces cured at 
different temperatures are almost similar. However, according 
to the phase images the obvious different from 140 °C to 
180 °C was observed. With the temperature going up, the 
black and white stripes come forth. While, they are not found 
in the topographic images. And these phase differences stand 
for the different hardness and different physics property on 
NBR surfaces cured at different temperatures. In the phase 
image of cured NBR at 140 °C, it shows the homogeneous 
surface, while at 180 °C white stripe can be considered as 
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Figure 1. Effect of curing temperature on the N and O
atomic concentration on DCP-cured NBR (a) surfaces (b)
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Figure 2.  High-resolution XPS spectra of C 1s
(a) NBR surface cured at 140 ℃ (b) NBR surface cured at 180 ℃

Binding Energy /eV

p p

NBR
Curing

Temp. / ℃

C1s component / at.%

>*CN >*CHOH >C=O －COOH

286.6 eV 286.3 eV 287.3 eV 288.8 eV

surface

140 6.9 2.6 0 0

150 7 2.3 0 0

160 6 2.5 0.1 0

170 4.6 1.5 0.7 1

180 4 0.8 1.4 2.2

Cut-
surface

140 6.8 1.7 0.7 0

180 6.5 1.8 0.9 0

Table I 
Cls component in the surface of DCP-cured NBR at various 
temperatures 

 
Fig. 1. Effect of curing temperature on the N and O atomic con-
centration on DCP-cured NBR (a) surfacec (b) cut-surface 

 
Fig. 2. High-resolution XPS spectra of C 1s a) NBR surface cured 
at 140 °C, b) NBR surface cured at 180 °C 
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butadiene group and black stripe as acrylonitrile. At the high 
curing temperature as 180 °C butadiene phase are shown on 
the surface, acrylonitrile phase return from surface to the 
bulk. Therefore, the N concentration of NBR surface cured at 
180 °C is smallest. And this result is also corresponding to the 
XPS result. 

Further to research the phase image of inner NBR cured 
different temperatures, at 180 °C it shows the cured NBR 
polymeric agglomerate structures like a big polymer block, 
whereas, there are no obvious agglomerate structures on the 
NBR cut-surface. Because at 140 and 180 °C have different 
curing rate, and which is not sufficient after 30 min curing 
process at 140 °C. 
 
4. Conclusion 
 

XPS result showed that NBR surface compositions are 
different with curing temperature change. With the 
temperature increasing, the O concentration of DCP-cured 
NBR surface is increasing, while the N concentration has the 
reverse tendency.  

AFM height images and phase images displayed the 
different morphology with islands in the sea morphology or 
polymeric agglomerate structures.  
        NBR with DCP, curing reaction and sub-reaction on the 
surfaces and cut-surface as well as chemical and physical 
properties are different. 
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The machinability of  Polyamide 6 (PA6) composite is 
presented. Samples of PA6 filled with calcium carbonate in 
different amount of mineral filler (5–20 wt.%) were mixed by 
means of twin screw extruder and compression moulded in 
form of rollers.  

2D and 3D surface measurements were made after 
longitudinal turning with cemented carbide and PCBN inserts. 
The influence of process parameters like feed rate (f) and 
cutting speed (vc) on surface roughness parameters was 
investigated. The analysis of Ra, Rz, RSm, Rsk, Rku 
parameters and bearing area ratio was presented. Assumptions 
about future surface functionality according to surface 
roughness parameter were made.  
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/ ℃
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image
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image
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Figure 3. AFM images of NBR surface cured at different curing temperatures
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Fig. 3. AFM images of NBR surface cured at different curing 
temperatures  



Chem. Listy 107, s40s100 (2013)                             PMA 2013 & SRC 2013                                                   Contributed Lectures 

s52 

The results show that turning  parameters have great 
influence on surface roughness parameters. The range of 
cutting parameters (f, vc) and tool geometry has been 
determined to give proper surface topography. The analysis of 
power spectrum density (PSD) roughness profile proved that 
all machined geometrical structure had the cutting edge 
kinematics representation.  
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1. Introduction 

 
Over the last decade, with continuously growing 

demands for greater operating performance, the growth in the 
use of adhesives, especially in ever more technically 
demanding applications, has been rapid and many major 
developments in the technology of adhesion and adhesive 
have been reported1,2. Moreover, adhesion technology plays 
a decisive role in the field of basic material manufacture 
technology and the synthetic adhesive have great progress 
with the development of polymer. However, there are many 
defects during the process of adhesion using the adhesive, for 
instance, the burrs, boundary stress, strength, persistent and 
material dependence problems3,4.  

To resolve these traditional adhesive problems a method 
called molecule adhesion technology which can successfully 
adhere to different materials and has the advantages such as 
material independence and strong adhesion strength without 
any adhesive agent. The authors’ research group have 
developed this method which succeed joined the different 
materials such as polymers, rubbers and by molecular 
adhesion of 6-triethoxysilylpropylamino-2,5-dithiol-1,3,5-
triazine (TES)5,6. All materials (Polymer Material A) have 
functional groups on the surfaces through special discharge 
treatment7,8 which can react with the molecular adhesion TES. 
According to this reaction the polymer link TES and form 
chemical bonds on material surfaces (Material A). Then 
adhesion between Material A and Material B are performed 
under optimum conditions which make TES and Material B 
react with each other on the interface. Adhesion occurs and 
exhibits strong adhesion strength when TES linked on 
Materials A reacts with Materials B (a kind of rubber or other 
polymer materials) for the formation chemical bonds on the 
interface9–11. 

The adhesion technology also have been aided greatly 
by the development of the tools, for example, specific surface 

analytical techniques, such as X-ray photoelectron 
spectroscopy (XPS) and secondary-ion mass spectroscopy 
(SIMS) which can put to good use in furthering our 
understanding of the science of adhesion12. In this work, 
acrylonitrile butadiene rubber (NBR) rheological processing 
was carried out at different temperatures and treated with 
TES. Cured NBR surfaces and after treated by TES were 
analyzed by XPS. The molecule adhesion used in the 
adhesion between the cured NBR are investigated. 

 
2. Experimentals 

 
Acrylonitrile-butadiene rubber (NBR, AN: 35%, N230S, 

JSR Co.) was used here, and base compounds and curing 
systems for NBR are NBR rubber (100 phr), carbon black 
(50 phr), stearic acid (1 phr) and stabilizer ZnO (5 phr). Those 
additives above were prepared by company. Then, the curing 
agent, dicumyl peroxide (DCP, reagent grade) was added to 
the base compounds by two-roll mixer. 6-Triethoxy-
silylpropyl amino-2,5-dithiol-1,3,5-triazine (TES) was 
prepared by the reaction of triethoxysilylpropylamine, 
cyanuric chloride and NaSH in ethanol. 1H-NMR (400MHz, 
CDCl3, ppm); 0.55 (t,2H, J=8.5Hz, CH2Si,), 1.15 
(t,9H,J=7.0Hz, CH3), 1.48~1.56 (m,2H, CH2CH2CH2), 
3.20~3.25 (m,2H,CH2N), 3.75(t,6H, J=7.0, CH2O), and 7.33 
(t,1H, J=5.5,NH). 13C-NMR (100MHz, CDCl3, ppm); 7.14, 
18.16, 22.47, 42.72, 57.67, 155.56, 177.64, and 182.36. 

After blending the curing agent DCP, uncured NBR 
compound sheets which were folded between two 6-nylon 
(PA6: UBEPA6, 100 μm, heat softening temperature; 180 °C / 
451 kPa) films and was employed the molding process with 
the hotpress condition at 140~180 °C for 30 min.  PA6 films 
were peeled out from cured NBR at first after molding 
process, then the cured NBR samples were kept in vacuum for 
24 hr as  the analyze samples.  

Cured NBR samples were immersed into 0.1% alcohol 
solution of TES at a room temperature for 10 min and after 
drying in an air, heated at 120 °C for 10 min to make 
TES-bond on NBR sheets. Obtained NBR samples are used as 
the samples for analysis and adhesion. The two TES-bond 
NBR sheets are superposed upon each other and pressed at 140 °C 
for 30 min to take adhesion process between cured NBR.  

The surfaces and cut-surfaces of cured NBR rubbers 
were analyzed by XPS (PHI QUANTERA ESCA system) 
with the Multi Technique spectrometer, the focusing 
monochromator (ULVAC-PHI inc.) and Al Kα X-ray source 
which has 100 μm×100 μm spot for surface analysis. Pass 
energies of the analyzer were 69 eV for high-resolution scans 
at 300 W. The angle resolved measurements were made at an 
electron take-off angle of θ = 45° (θ is a angle between 
sample surface and direction of analysis photoelectrons). 
During the measurement process, the electron flood gun was 
used for charge neutralization and the analysis chamber 
remained at 3.0×10–6 Pa. The XPS spectra were subjected to 
Shirley background subtraction formalism and the data was 
using the saturated C 1s peak at 284.8 eV and which were 
used in chemical-bonding-state assignments. The full width at 
half maximum (FWHM) of C-C/C-H component was left to 
vary freely and the other components were fixed to adopt this 
value. All the XPS experimental curves were fitted to 
Gaussian-Lorentzian lines of variable proportion using 
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Mutipak software. 
NBR adhesion products were evaluated with peeling 

tests for adhesion properties between TES-bond-NBR’s 
interface. The peeling test was carried out following tensile 
machine (JIS K-6854-4) according to the 180 ° type peeling 
test at a crosshead speed of 100 mm min–1 and 25 °C room 
temperature.  

 
3. Results and discussion 

 
3.1. Analysis of surfaces of DCP-cured NBR 
at different curing temperatures 

 
Chemical structures of DCP-cured NBR surfaces were 

investigated by XPS. The High-resolution XPS spectra of 
C1s peaks of NBR surface cured at different temperature are 
shown in Fig. 1. From Fig. 1 it reveals (*CH(CN), 
*;corresponding carbon) and *C-OH group peak overlapped 
at 286.6 eV on the surfaces of NBR cured at the temperature 
from 140 °C to 180 °C. In addition, at the binding energy of 
288.8 eV carboxyl (-*COOH) group peak obviously be 
obserbed in the spectra of NBR surface cured at 180 °C 
(ref.13,14). As can be seen from the spectrum, at the curing 
temperature is 140 °C the (-*COOH) peak was not observed, 
and with the curing temperature is going to be higher up to 
170 °C, (-*COOH) peak come out and with the curing 
temperature raising the intensity of (-*COOH) peak is going 
stronger than the spectra of NBR cured at low curing 
temperature. Therefore, it was indicated that the oxide 
functional group (-*COOH) reacted during the curing 
processing by DCP. It can be said that the NBR surface is 
easier oxidized at high curing temperature than at low curing 
temperature. Moreover, (*CH(CN), *; corresponding carbon) 
and *C-OH group peak is going weaker with the curing 
temperature going up. It also can be considered that the 
functional groups which reacted on the surfaces at different 
curing temperatures are different. 

 
3.2. Reaction of cured NBR with TES  

 
After curing process, cured NBR surface treated by the 

molecular adhesive (6-triethoxysilylpropylamino-1,3,5-tri-

azine-2,4-ditiols, TES) has been investigated to clarify the 
reaction mechanism between NBR and TES. The Chemical 
structures of cured rubber surfaces treated by TES were also 
investigated by X-ray photoelectron spectroscopy. 

Fig. 2 shows the high-resolution XPS spectra of the C 1s 
photoelectrons of TES treated NBR surfaces, which cured at 
different curing temperatures. The results showed that the 
peak of COOH disappeared for the NBR surfaces treated at 
over 160 °C after the treatment by TES, which is indicating 
that COOH functional groups were reacted in with TES. It is 
considered the oxidation compounds getting from the curing 
process can have reactions with TES after the immersion and 
heating treatments. As can be seen from the spectra, S2p, be 
observed on the surfaces of NBR cured at all the temperatures 
which elements belong to TES. This indicated that TES can 
react with the functional group on cured NBR surfaces at the 
curing temperature from 140 °C to180 °C.   

S2p core level spectra of TES treated NBR surfaces, 
which cured at different curing temperatures, were showed in 
Fig. 2b. The high-resolution XPS spectra are deconvoluted 
into three component peaks revealing two 2p3/2 and 2p1/2 
peaks at 162.08 eV and 164.0 eV, 167.0 eV respectively as 
expected from the spin splitting of the 2p electrons of S2p, 
which shows that composition of the chemical structures are 
C=S, S-S / SH and SOx for TES treated NBR surfaces15,16. 
Table I shows a summary of the chemical structure bond 
results about S2p after curve fitting. From the Table I, it can 
figure out that the quantity of C=S of the NBR surface cured 
at 140 °C treated after TES is the most than other NBR 
surfaces cured at 150 °C to 180 °C, whereas, the S-S group 
concentration is the fewest than any other surfaces. 

Curing temp. 140℃ 150℃ 160℃ 170℃ 180℃

C=S (162.08 eV) 62.0 43.2 31.5 36.5 38.0 

S-S/S-H(164.0) 28.3 47.4 44.2 52.4 46.3 

SOx (167.0eV) 9.7 9.4 24.3 11.1 15.7 
Fig. 1. High-resolution XPS spectra of C 1s peaks of NBR surface 
cured at different curing temperature 
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Functional groups for S2p components on DCP surfaces at 
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3.3. Non-fluid adhesion between NBR treated by TES 
 
Direct adhesion between the same NBR treated by TES 

without any adhesive were employed by hot-press at 140 °C 
and under the adhesion pressure of 1.1×10–5 kN m–2. After 
Peel the curing temperature of NBR influenced strength in the 
adherents. The interfacial surface microstructure between the 
adhered NBR after the peel measurement has been 
investigated by scanning electron microscopy (SEM). 

The results of non-fluid adhesion between the same 
treated NBR of curing and TES treatment by the peel 
measurement is shown in Fig. 3. The NBR cured at 140 °C 
showed strongest peel strength (10.1 N cm–1) than other cured 
temperatures. While when the curing temperature at 150 °C, 
the peel strength is 7.1 N cm–1, fracture phenomenon occurred 
during the peel tests. However, when the curing temperature 
at over 160 °C, the peel strength of NBR are getting lower as 
3.6 N cm–1, 2.7 N cm–1, 3.1 N cm–1, respectively. All of the 
three couples NBR sheets had peeled off from each other. 
This can explain that adhesion between the same NBR were 
directly adhered result to the reaction between SH which was 
proved by the XPS results that on the NBR surface curing at 
140 °C. According to the result of XPS S-S bonds can be not 
produced that much on the NBR cured at 140 °C during the 
reaction with TES, which is shown in Table I. After the TES 
treatment, when the group of S-S much more reacted, there 
are no much enough functional groups on the surface to react 
with the same treatment surface each other during the 
adhesion process. Moreover, It is possible that during TES 
treatment, -*COOH structures on the NBR surfaces cured at 
the temperature over 160 °C were dissolved in the solvent of 
ethanol. Afterwards, the quantity of chemical structures is 
getting fewer to react to each other during the adhesion 
process. 

The results of Photos of rubber breaking and the 
interface SEM after non-fluid adhesion between the same 
treated NBR of curing and TES treatment by the peel 
measurement are shown in Fig. 4. When the curing 
temperature is over 160 °C, although NBR did not show 
strong peel strength during the peel test, the surface after peel 

test are characterized delamination traces. It can be explain 
that NBR cured over 160 °C after treated by TES adhered 
under pressure at 140 °C can also react with each other. 

 
4. Conclusion 

 
From the XPS result, it is cleared that the functional 

structures formed on the NBR surfaces cured at different 
curing temperatures are different.  

TES can be successfully reacted on the cured NBR 
surface after TES treatment. And adhesion products fabricated 
during hot-press  adhered process between the same treatment 
NBR sheets which were cured at 140 °C and 150 °C showed 
the high peel strengths and fractured during the peel test. 
Adhesion between the same NBR were directly adhered result 
to the reaction between SH which was proved by the XPS 
results.  

Cured NBR surface treated by the molecular adhesive 
can be successfully non-fluid adhered to each other by 
molecules adhere technology. 
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The aim of the work was the study of preparation and 
properties of rubber compounds based on styrene-butadiene 
and butadiene rubber with applied crumb rubber. The crumb 
rubber based on styrene-butadiene rubber, with different 
granulometry, was used as a substitution of the part of rubber 
in the rubber compounds. The rubber crumb was applied in 
original and modified forms in various concentrations. The 
study was focused on the preparation of rubber compounds 
and evaluation of the rubber crumb influence on the curing 
characteristics, cross-link density and physical-mechanical 
properties of prepared materials. The influence of thermo-
oxidative ageing on the evaluated properties was also 
investigated.  

The commercial compound based on styrene-butadiene 
rubber SBR (DSSK 2560 M27) and butadiene rubber BR 
(NEOCIS BR 40) provided by VEGUM a.s., Dolné 
Vestenice, Slovak Republic was used. Besides rubbers and 
carbon black as a filler, the rubber compounds contained 
components of curing system, antidegradants, plasticizers and 
other processing additives. The content of filler (79 phr) and 
other additives (81 phr) was kept constant in all experiments. 
The crumb rubber with granulometry 0.2 mm and 0.4 mm in 
unmodified form, and also after its subsequent surface 
modification (only crumb rubber with granulometry 0.2 mm, 
in the work specified as 0.2 mm M) was dosed to the rubber 
compounds as a substitution of the part of styrene-butadiene 
rubber, not as a filler. The amount of crumb rubber in rubber 
compounds changed from 0 to 40 phr. The detailed 
characterization of applied crumb rubber is mentioned in 
Table I.  

The modification of crumb rubber was carried out by 
means of chemical accelerators, generally used in rubber 
industry, in the laboratory mixer BANBURY. The total time 
of mixing was 7 min. The crumb rubber was fist mixed at 60 °

C for 2 min. The modificative reagents were then added and 
temperature increased up to 90 °C. The mixing process 
continued for next 5 min. 

The rubber compounds were prepared in the laboratory 
mixer WERNER-PFLEIDERER GT 2ST in two mixing steps. 
The curing process was performed at 160 °C for the optimum 
cure time under a pressure of 20 MPa. The physical-
mechanical properties were determined in accordance with the 
valid technical standards. The Flory-Rehner equation 
modified by Krause for filled vulcanizates was introduced to 
determine the cross-link density of prepared materials. For 
ageing test (70 °C, 168 h) the Geer method was used.  

From Fig. 1 it is obvious that by incorporation of 5 phr 
of crumb rubber into the original sample, the optimum cure 
time tC90 was found to decrease (from about 6.5 min to 
approximately 2.5 min). With next increasing of crumb rubber 
content, the optimum cure time did not change significantly 
and ranged from 2.5 to 3 min, independently on the amount of 
crumb rubber incorporated.  

The rubber compounds filled with modified crumb 
rubber required the shortest time essential for their curing 
process.  

The cross-link density nch of prepared vulcanizates first 
decreased when 5 phr of unmodified crumb rubber was 
incorporated into rubber compounds, but with the next 
increasing of crumb rubber content, the cross-link density 
tends to slightly increase (Fig. 2). The cross-link density of 
vulcanizates with 30 and 40 phr unmodified crumb rubber 
(0.2 mm) achieved approximately the same values in 

Characteristics 0.2 mm 0.4 mm 
Specific surface area [m2/g] 8.43 9.71 
Total porosity [%] 13.44 8.92 
Specific volume of pores [cm3/g] 7.7×10–3 7.89×10–3 
Density [g/cm3] 1.11 1.14 
Average radius of pores [nm] 4892 3923 

Table I 
Characteristics of crumb rubber 

Fig. 1. Influence of crumb rubber content on optimum cure time 
tC90 of rubber compounds  
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comparison with the cross-link density of the reference. As 
seen in Fig. 2 the highest values of cross-link density were 
spotted in case of vulcanizates with modified crumb rubber.  

The differences in the values of nch of tested materials 
with modified and unmodified crumb rubber are attributed to 
the surface modification of crumb rubber, during which the 
active centers on its surface are formed. This leads to the 
higher interactions and adhesion between the rubber matrix 
and the particles of crumb rubber and it is estimated that 
sulphur cross-links are not formed only between the 
macromolecules of the rubber matrix, but also between the 
rubber matrix and the particles of crumb rubber.  

As a consequence of thermo-oxidative ageing, the 
values of cross-link density of test samples with unmodified 
crumb rubber increased in comparison with corresponding 
values nch of vulcanizates before ageing (Fig. 2). The increase 
of the cross-link density during thermo-oxidative ageing can 
be attributed to the additional cross-linking of the rubber. This 
presumption is also supported by the change of physical-
mechanical properties of vulcanizates, mainly by increasing 
values of moduli and decreasing values of elongation at break 
of examined vulcanizates after thermo-oxidative exposure in 
comparison with the original values before ageing. In case of 
vulcanizates with modified crumb rubber (besides the sample 
with 40 phr of crumb rubber), there was recorded the decrease 
of cross-link density after thermo-oxidative ageing.   

The influence of crumb rubber content and thermo-
oxidative ageing on physical-mechanical properties of 
prepared materials is illustrated in Fig. 3, 4. As seen in Fig. 3, 
the elongation at break exhibits the decreasing trend with 
increasing content of crumb rubber. Compared to the 
reference, there was possible to observe more than 40 % 
decrease of elongation at break of the sample with maximum 
0.2 mm unmodified crumb rubber.  In case of vulcanizates 
with 0.4 mm crumb rubber, the 40 % decrease of elongation 
at break was achieved by applying of 30 phr crumb rubber. 
The most significant decrease of elongation at break was 
shown by incorporation of modified crumb rubber. The 

tensile strength at break of prepared vulcanizates as a function 
of crumb rubber content was also examined as shown in 
Fig. 4. It becomes obvious that the tensile strength at break 
decreased in ranged from 2 to 3 MPa when 5 phr of crumb 
rubber was incorporated in rubber compounds. Then, the 
values of tensile strength fluctuated in the low range, almost 
independently on the amount of crumb rubber. From Fig. 4 it 
is possible to observe that higher values of tensile strength at 
break were obtained by applying of crumb rubber with 
granulometry 0.2 mm (modified and also unmodified).   

Based upon the results obtained by the study of 
influence of thermo-oxidative ageing, it can be stated, that 
this process affects the evaluated properties in various ways.  
But almost all evaluated properties of vulcanizates after 
ageing remained character of their variations depending on 

Fig. 2. Influence of crumb rubber content and thermo-oxidative 
ageing on cross-link density nch of vulcanizates  
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the content of crumb rubber incorporated The values of 
physical-mechanical properties of vulcanizates after ageing 
are higher or lower in comparison with corresponding values 
of vulcanizates before thermo-oxidative degradation. 

The achieved results point out the possibilities of 
preparation of rubber materials with applied crumb rubber by 
the processes used in rubber technologies. Seeing that the 
incorporation of examined type of crumb rubber into the 
rubber compounds leads mainly to the decrease of tensile 
strength at break of equivalent vulcanizates, the efficient 
methods of crumb rubber modifications should be developed, 
in order to improve the compatibility and adhesion between 
the rubber matrix and the particles of crumb rubber.  
 

The authors like to thank to Vegum, a.s., Dolné 
Vestenice for supporting this work. 
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Introduction 

 
Lignin has been long time viewed as a waste material 

with limited utilization as a fuel. However, in the recent years 
there has been an explosion of research of lignin-based 
products. Development of lignin value-added products has 
several economic and environmental benefits. Lignin can be 
used to substitute fossil based materials in wide range of 
products, from plastics to individual chemical products and 
carbon fiber and contribute to higher usage of raw materials 
from renewable resources.  

Lignin is one of the main constituents of wood and is 
available in large amounts. Chemically, lignin is a crosslinked 
macromolecular polyphenolic material which arises from 
copolymerization of three phenylpropanoid monomers – 
coniferyl, sinapyl and p-coumaryl alcohols. Lignin is a highly 
branched, three-dimensional polymer with a wide variety of 
functional groups providing active centers for chemical and 
biological interactions. In wood, the lignin is primarily a 
structural material to add strength and rigidity to cell walls 
and its content generally ranges from 19 to 35 %. Except of 
mechanical function, lignin is noted for its protective function 
in plants. In comparison with cellulose, lignin is more 
resistant to biological attack and moreover increases plants 
stability to sunlight and frost. Lignin shows antimicrobial and 
antifungal activity, acts as antioxidant, exhibit flame-retardant 
properties and serve to adhesion of the cellulose fibers. In 
addition, there are many factors which promote industrial 
utilization of lignin, such as availability in huge amounts, 
reasonable price, a number of reactive points in the structure, 
good compatibility with several chemicals, good rheological 

and viscoelastic properties etc. On the other side, many 
difficulties complicate its application in industrial products. 
Low purity, heterogeneity, odour and color of lignin-based 
product are problems, which should be overcome1–3. 

In our previous works, the basic exploration of lignin 
application in model as well as in real rubber blends was 
reported4,5. It was shown that commercial calcium 
lignosulfonate significantly improves tensile properties of NR 
vulcanizates and affects the vulcanization process. In the next 
work, it was proved that lignin can be used as a replacement 
of carbon black in quite wide range of concentrations without 
changing the evaluated properties, which could lead to the 
cheaper rubber blends. In the present work, we tested lignin as 
a stabilizer in carbon black filled NR/SBR blends. The 
prepared blends were submitted to accelerating thermo-
oxidative aging. The physical-mechanical properties as well 
as crosslink density of vulcanizates before and after aging 
were measured. Efficiency of lignin stabilizing properties was 
compared with synthetic antioxidant.   
 
Experimental 
 
Materials 

 
The batch of natural rubber SMR 5, styrene-butadiene 

rubber Kralex 1502 and carbon black N550 was used. 
Calcium lignosulfonate CA 120 in the form of brown powder 
and IPPD (N-phenyl-N-isopropyl-p-phenylene diamine) were 
added as stabilizers. The semi-EV vulcanization system was 
composed of sulphur and sulphenamide accelerator CBS (N-
cyclohexyl-2-benzothiazyl sulphenamide). 
 
Methods 

 
The components for rubber blends are given in Table 1. 

Mixing of batch and other ingredients except of curing 
additives was carried out in chamber of Plasticorder 
Brabender at mixing temperature 80 °C and a rotor speed  of 
70 rpm. Prepared blends were vulcanized in hydraulic press at 
150 °C, pressure 20 MPa and time corresponding to optimum 
cure time (tc90). Cure characteristics of the rubber blends were 
examined using RPA 2000 at 150 °C. Mechanical properties 
of vulcanizates (tensile strength and elongation at break) were 
measured using Zwick Roell at crosshead speed of 
500 mm min–1. Tested dumbbell shaped specimens for tensile 
tests were cut  from the 2 mm thick molded slabs. Crosslink 
density of prepared vulcanizates was determined on 
specimens with dimensions  10 × 10 × 2 mm, immersed in 1% 
solution of IPPD in xylene at room temperature to reach 
swelling equilibrium. The crosslink density was calculated 
using Flory-Rehner equation. Accelerating thermo-oxidative 
aging was carried out on dumbbell specimens in an air-
circulating oven for 72 and 168 hours at 70 °C. Tensile 
properties and crosslink density were measured before and 
after aging. 
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Content of all ingredients in Table I is expressed in phr. 
 
 

Results and discussion 
 
Antioxidant activity of commercial stabilizers consists 

in limiting or retarding of oxygen and heat effects. A wide 
variety of chemicals have been found that exhibit antioxidant 
activity in elastomers. Typical antioxidants include substituted 
phenols and amine materials which are more effective. Lignin 
is hindered phenolic polymer which can act as stabilizer of 
reaction induced by oxygen and its radical species6,7. FTIR 
spectrum of the tested lignin (Fig. 1) has a wide band between 
3500–3100 cm–1 assigned to OH stretching vibrations. This 
band is caused by presence of alcoholic and phenolic 
hydroxyl groups. Especially, phenolic hydroxyl groups may 
have significant influence on the stabilization of rubber 
blends. The phenolic content and compatibility between the 
additive and rubber matrix are important factors for the 
antioxidant activity of lignin. 

The influence of IPPD and lignin on the obtained 
vulcanization characteristics of carbon black filled rubber 
blends are shown in Table II. The effect of used stabilizers 
isn’t significant, but there are some differences in the 

behavior of blends with content of lignin and blends with 
content of IPPD. The scorch time ts1 of blends containing 
IPPD is slightly lower in comparison with standard blend 
without stabilizer (B1) and also in comparison with blend 
containing lignin. Moreover, addition of IPPD causes slight 
decrease of optimum cure time tc90.  Vice versa, the lignin 
increases scorch time as well as optimum cure time. 

In order to investigate stabilization effect of lignin in 
NR/SBR blends, the prepared vulcanizates were exposed to 
thermo-oxidative aging at 70°C for different time period 
(3 and 7 days). The mechanical properties of tested aged 
specimens were determined relative to original values (Figs. 
2-4). Tensile strength and elongation at break of non-
stabilized vulcanizates significantly decreased with extending 
aging time probably due to degradation processes. On the 
other hand, samples stabilized with lignin or IPPD were more 
stable towards accelerating aging. Vulcanizates with lignin 
content 1 or 2 phr exhibited better retention of tensile 
properties than that with addition of IPPD or mixture of IPPD 
and lignin after 3 days of aging. Samples with addition of 
lignin had even more than 100% retention of elongation at 
break. The best retention of evaluated properties after 
168 hours of thermo-oxidative aging had samples with IPPD 
in amount of 1 phr, but almost the same retention of tensile 
characteristics was displayed in case of samples stabilized 
with 1 phr of lignin. Hardness of prepared vulcanizates 
slightly increased in all specimens during aging. Based on the 
obtained results, lignin doesn’t increase stabilization effect of 
commercial antioxidant IPPD. 

  B1 B2 B3 B4 B5 
NR 80 80 80 80 80 
SBR 20 20 20 20 20 
N550 40 40 40 40 40 
CA120 0 0 1 2 1 
IPPD 0 1 0 0 1 
ZnO 5 5 5 5 5 
Stearin 2 2 2 2 2 
Sul-
phur 

2 2 2 2 2 

CBS 2 2 2 2 2 

  ts1 tc90 
B1 6,10 10,44 
B2 5,49 9,65 
B3 6,38 11,99 
B4 6,22 10,77 
B5 5,51 10,37 

Table I 
Composition of rubber blends 

Fig. 1. FTIR spectrum of tested lignin 
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Table II 
Vulcanization characteristics  

Fig. 2. Plot of percent retention of tensile strength at break vs. 
aging time of NR/SBR vulcanizates;  
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Fig. 5 shows the influence of aging time on the crosslink 
density of prepared vulcanizates stabilized with IPPD, lignin 
or with the mixture of 1 phr IPPD and 1 phr lignin.  It is seen, 
that aging caused increasing of crosslink density in all studied 
samples probably because of dominant crosslinking reactions 
during aging.   
 
 
 Conclusion 

 
The obtained results showed that tested lignin powder 

has a potential to be used as an antioxidant in carbon black 
filled NR/SBR blends.  Lignin in amount of 1 phr acted as 
stabilizer and its stabilizing effect was comparable with 
commercial rubber antioxidant IPPD. These results indicate 
the possibility of lignin to substitute commercial product 
IPPD. 
 

This work was supported by Ministry of Education of 
Slovak Republic project No.26220220091 by the Research & 
Development Operational Program funded by the ERDF. 
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Abstract 

 
Injection molding is one of the most widespread 

technologies in polymer process. Advantages of this 
technology were found in rubber industry too. But each 
product of every technology has to be tested for receiving its 
properties. By making a testing samples by cutting the sample 
can be influenced by temperature or pressure and it can lost 
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Fig. 3. Plot of percent retention of elongation at break vs. aging 
time of NR/SBR vulcanizates; 
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original properties. This poster shows laboratory device which 
was constructed for preparing rubber samples. It is checked 
by thermal camera Flir and proves that sample isn’t 
influenced by using this device.  
 
1. Introduction  

 
Rubber injection molding of rubber began in the early 

1940s. Today, the process is used for manufacturing a wide 
range of industrial products. Injection molding of rubber is 
a process whereby a rubber mix is injected into a closed mold 
where the material is shaped to the desired geometry. When 
the cavity is filled, temperature gradients persist in the rubber. 
With having completely filled the cavity rubber mix is 
vulcanized.  

Infrared light or thermography is the use of an infrared 
imaging and measurement camera to "see" and "measure" 
thermal energy emitted from an object. Thermal, or infrared 
energy, is light that is not visible because its wavelength is too 
long to be detected by the human eye; it's the part of the 
electromagnetic spectrum that we perceive as heat. Unlike 
visible light, in the infrared world, everything with 
a temperature above absolute zero emits heat. Even very cold 
objects, like ice cubes, emit infrared. 

The higher the object's temperature, the greater the IR 
radiation emitted. Infrared allows us to see what our eyes 
cannot. Infrared thermography cameras produce images of 
invisible infrared or "heat" radiation and provide precise non-
contact temperature measurement capabilities. Nearly 
everything gets hot before it fails, making infrared cameras 
extremely cost-effective, valuable diagnostic tools in many 
diverse applications. And as industry strives to improve 
manufacturing efficiencies, manage energy, improve product 
quality, and enhance worker safety, new applications for 
infrared cameras continually emerge. 

The most important feature of a surface that affects the 
amount of energy radiating from it in stationary thermal 
conditions is its emissivity. If a surface whose temperature is 
to be measured had the properties of a black body, the radiant 
exitance for fixed temperature and wavelength could be 
determined from Planck’s law. However, under real 
conditions Planck’s law determines only a limiting 
(maximum) estimate of the thermal flux density. This is a 
consequence of the fact that all physical bodies have limited 
absorbing capacity; that is, they do not satisfy Planck’s 
postulate referring to a black body.  

Therefore, it is necessary to introduce a parameter 
determining the absorbing capacity of a body’s surface.  

The emissivity ε of a body over the full radiation range, 
called the total emissivity, is the ratio of full-range radiant 
exitance M(T) of that body to full-range radiant exitance Mb
(T) of a black body at the same temperature. 

 
2. Experiment 

 
In this part of research amount of temperature influence 

was verified. The part was a cube with dimension 30 × 30 × 
30 mm. It was prepared by injection molding technology and 
it is prepared for testing tensile strength and shore A. For 
testing in each layer of products, it has to be divided. These 
layers must have identical cross section in whole length and it 
mustn’t be influenced by temperature in cutting process.  

It had to be invited laboratory device for dividing rubber 
and softened materials. 

This device consists of tool, special vice and propulsion 
mechanism. The cutting tool consists of two parts. The first is 
a toothless rotary disc with a defined edge of tool steel. The 
second part is used to clamp the chuck which is called the tool 
body and is made of ordinary structural steel. One of the 
biggest advantages is the versatility; the tool can be clamped 
to any chuck. During the process of division is important to 

Fig. 1. IR spectrum  Fig. 3. Left – Tool (rotary disc); Right – special vice for softened 
material 

Fig. 2. Laboratory device for dividing rubber material 
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use a cooling medium. If cutting parameters are optimized 
layers smaller than 1mm can be easily split. This device is 
mental protected by no. PUV2012-26920. 

Cutting process was recorded by thermal camera FLIR 
SC660. Its parameters are: IR resolution 640 × 480 pixels, 
thermal sensitivity 30 mK at 30 °C, spectral range 7.5–13 µm, 
temperature range –40 °C to +1500 °C and others. Camera 
was set according to Tab. I. 
 
3. Results and discusion 

 
As it was told, cut product was very intensively cooled 

by emulsion. In lathe there was set 560 rpm. Secondary 
movement by vice which was fastened in tool head was done 
manually.  

Recorded video took 38 minutes. It started to record 
10 second before cutting a stopped 10 second after. From this 
video it could be taken plenty of results which were evaluated 
in software ThermoCAM Researcher Professional 2.10. It is 
important to say that emissivity was set for rubber cube 
therefore results was observed there. In this cover of cube 
there were created three horizontal sections for measuring in 
software. In the beginning of measuring temperature of 
sample was the same as atmospheric temperature. In Fig. 5 is 
sample of evaluation of measuring in 10 s. There can be seen 

that temperature is almost same in whole section. In Fig. 6, 
there can be seen the highest temperature of all measuring. It 
was situated in the center of cube and it was 28,5 °C. 
 

4. Conclusion 
 
This laboratory device is ready to use for dividing 

rubber and softened material. As it was proved; product and 
each cut layers aren’t affected by high temperature. Cooling 
emulsion is sufficient for conducting away heat which is 
caused by friction in cutting process. 

 
This paper is supported by the internal grant of TBU in 

Zlin No. IGA/FT/2013/020 funded from the resources of 
specific university research and by the European Regional 
Development Fund under the project CEBIA-Tech No. 
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Emissivity – Object 0,950   
Distance – Object 1.5 m 
Reflected temperature 23.0 ˚C 
Optic’s temperature 20 ˚C 
Optic’s transmission 1 s 
Atmospheric temperature 18 °C 
Relative humidity 75 % 
Computed transmission 0,99   

Table I 
Setting of Thermal camera  

Fig. 4. Scanning device by TC Flir 660 

Fig. 5. Results from software in 10 sec  

Fig. 6. The highest temperature in product  


