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The purpose of this contribution is to investigate different mechanical properties of various types of rub-
ber composite materials that were filled with carbon black nanofiller. The rubber composites were pro-
duced from three different basic rubbers. Moreover, the composites were produced with different volume
concentrations of the basic rubbers including their various ratios. Mechanical properties of the tested
rubber composites were investigated by means of tensile testing, Shore hardness, rebound resilience,
mechanical friction, abrasion, viscoelastic behaviour and vibration damping measurements. It was found
in this study that the rubber composition has a significant influence on the stiffness of the investigated

rubber composites, and thus, on their mechanical properties.
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1 Introduction

Rubbers are polymers characterized by their highly
reversible deformation (up to 1000%). Generally,
there are natural or synthetic rubbers. The natural rub-
ber is obtained by cutting the bark from Hevea brasi-
liensis (rubber tree). A milky fluid, which is called as
latex, flows from the tree. Subsequently, it is necessary
to precipitate the latex with either acetic acid or hyd-
rochloric acid. The resulting lumps are subsequently
washed, dried and compressed into bales for the pur-
pose of their export and further processing [1]. The
natural rubber is frequently used in rubber industry.
Nevertheless, the rubber is characterized by low heat
resistance and wide distribution curve (L.e. chains of
different lengths in a system). Therefore, the natural
rubber is used in combination with synthetic rubbers
due to its temperature resistance. Synthetic rubbers are
manufactured by emulsion polymerization in a re-
actor. There are different types of synthetic rubbers,
e.g. rubbers for general applications (e.g. SBR-Styrene-
butadiene rubber, BR-butadiene rubber and IR-
isopren rubber) and other purposes (e.g. EPM,
EPDM, CR and NBR rubbers) [1, 2]. Mixtures of na-
tural and synthetic elastomers are used too. The com-
bination of NR/BR rubbers is often used for dynami-
cally stressed products (e.g. tires). The BR rubber is
characterized by low glass transition temperature and
low abrasion resistance. The rubber product with the
addition of BR rubber can thus be used at low tempe-

ratures [3]. Because the rubbers haven’t required pro-

perties (e.g. plasticity and ductility), they aren’t indivi-
dually used in practice. Therefore, there are added di-
tferent ingredients (fillers, vulcanization agents, UV
stabilizers etc.) to these rubbers. A rubber mixture
composition is expressed in phr units (i.e. parts by
weight, per 100 parts of rubber). If the rubber mixture
is heated to high temperatures, the crosslinking pro-
cess occurs and the rubber mixture is changed into
elastic rubber, i.e. vulcanizate [2, 4]. The vulcanization
is defined as a chemical reaction of a vulcanizer agent
with elastomer chains. After vulcanization, the linear
molecules are crosslinked and a netwotk is formed [5].
Sulphur and peroxides are the most frequently used as
the vulcanizer agents. The advantage of sulphur is its
low price and easy availability. Nevertheless, sulphur
is characterized by a low temperature resistance. In or-
der to ensure a higher temperature resistance, it is ne-
cessary to apply peroxides for these purposes. During
the sulphur vulcanization, C-Sn-C polysulfide bonds
are formed. These bonds have lower bond energy
compared to the peroxide vulcanization that is charac-
terized by C-C bonds, which are stiffer compared to
the polysulfide bonds. For this reason, the peroxide-
vulcanized rubberts are more resistant to heat [2, 4, 6].

Rubber products are widely used in different appli-
cations, e.g. as tires, hoses, static and dynamic seals,
gas masks, conveyor belts, rubber boots and vibro-in-
sulation damping elements [7]. Different types of fill-
ers are applied in rubber mixtures in order to improve
their physical and mechanical properties and to reduce
their production costs. Generally, the fillers are divi-
ded according to the filler primary particle size (i.e.
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active and semi active fillers), their colour origin (i.e.
natural or synthetic) and the shape of primary par-
ticles. At the present time, there are applied different
types of nanofillers. Carbon black belongs to the most
frequently used fillers in rubber industry. The stiffe-
ning effect depends mainly on the size of the primary
particles and the surface activity of the filler. Gene-
rally, the stiffening effect increases with the decreasing
specific surface area of the filler. Various functional
groups on the filler surface can influence the stiffening
effect. Good mechanical properties can be obtained

with light fillers [7-11].

2 Experimental
2.1 Investigated materials

The designation and composition of the rubber
mixtures, which were investigated in this work, are

shown in Tab. 1. Styrene-butadiene rubber of SBR—
1500 type (Synthos Kralupy a.s., Kralupy nad Vltavou,
Czech Republic) containing 23.5% styrene (designated
as SBR), Buna CB 25 butadiene rubber (designated as
BR) and STR-20 natural rubber (Standard Thaisian
Rubber) with a low content of impurities (designated
as NR) were used as the basic components of the pro-
duced rubber mixtures. The rubber mixtures were
filled by carbon black N 320 nanofiller (CS CABOT
Ltd., Valasské Mezifici, Czech Republic), vulcani-
zation activators (i.e. stearin and zinc oxide ZnO),
vulcanization accelerator TBBS (i.e. N-t-butyl-2-ben-
zothiazole sulfenamide) and sulphur, as shown in Tab.
1. The used carbon black N 320 nanofiller consists of
the particles measuring (0.026+0.030) um in the dia-
meter and is applied in order to absorb ultraviolet ra-
diation [12, 13].

Tab. 1 Designation and composition (in phr units) of the tested rubber niisctures

. Rubber mixture designation
Ingredient type SBR BR NR SBR/BR | SBR/NR | NR/SBR
SBR 100 0 0 70 70 30
BR 0 100 0 30 0 0
NR 0 0 100 0 30 70
N 320 50 50 50 50 50 50
7nO 3 3 3
Stearin 1 1 1 1 1
TBBS 1 1 1 1
Sulphur 1.75 175 175 175 175 1.75

The rubber mixtures were produced by two-stage
mixing. The time record of the rubber mixing process
is described in Tab. 2. The first stage was realized on
a Pommini Farrel kneader at the temperature of 70 °C
and at the speed of 99 rev/min. After this immixture,
the mixture was drained out from the Pommini Farrel
kneader. Subsequently, vulcanization accelerator
TBBS and sulphur were added to the mixture on a
Farrel double roller. The second stage was performed

Tab. 2 Time record of rubber mixing process

at the temperature of 60°C and at the speed ratio of
12/15 of both rollers. After this mixing process, the
rubber mixture was stored for its further processing
for a period of 24 hours at the ambient temperature of
22 °C. Rubber samples wetre subsequently pressed
from the produced rubber mixtures at the temperature
of 165 °C in order to investigate their mechanical pro-
perties.

Mixing equipment Seq“enfzc‘fifl;ddmve Adding time (min)
Basic rubber type 0:00
(SBR, BR or NR)
Pommini Farrel 7ZnO + stearin 1:00
kneader 15t half of N 320 2:00
2nd half of N 320 3:00
Batch drainage 8:00
Mixture from 1+ stage 0:00
Farrel double roller TBBS + sulphur 3:00
Ending the 2d stage 7:00
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2.2 Measurement methodology

Tensile tests were performed on a T10D tensile
testing machine from Alpha Technology according to
ISO 37 standard at the ambient temperature of 23 °C.
In this case, eight samples of the given rubber type
(see Tab. 1) measuring 2 mm in thickness were stra-
ined at the test speed of 50 mm/min. Average values
of measured quantities and their standard deviations
were subsequently evaluated.

The Shore A hardness was measured according to
ISO 7619 standard at the ambient temperature of 22
°C. Samples of the given rubber type measuring 6 mm
in thickness were tested and the parameters (i.c., me-
dian and arithmetic average) were obtained from five
measured values.

The rebound resilience was realized according to
ISO 4662 standard. Three rubber specimens measu-
ring 6 mm in thickness were examined at the ambient
temperature of 22 °C. Subsequently, the average value
of the rebound resilience and its standard deviation
were determined.

Mechanical friction between two surfaces is cha-
racterized by transformation of kinetic energy into
heat and is defined as the resistance to movement. It
consisted in measurement of the static (44) and kinetic

(1) coefficients between rubber and a plastic surface
by means of the FS-5N digital force gauge (from
Imada CO, Toyohashi, Japan). In the case of solid-on-
solid friction, these friction coefficients are defined as
follows [14]:

B
m—;H, M

F
m=fFl )

Where:

F...Force just sufficient to prevent the relative
motion between two bodies [N],

Fi...Force needed to maintain relative motion
between two bodies [N],

P...Force normal to the interface between the sli-
ding bodies [N].

The measurements of the friction coefficients were
performed on rubber samples measuring 20 mm in
thickness and 100 mm in diameter and for two inertial
masses 7 (i.e., 0 and 250 g), which were placed on the
upper side of the tested samples. The kinetic coeffi-
cient was evaluated at the sliding velocity of approx.
0.1 m/s. Average values of the static and kinetic co-
efficients and their standard deviations were sub-
sequently evaluated from ten measured values. The

measurements were realized at the ambient tempera-
ture of 23 °C.

The abrasion measurement was performed accor-
ding to CSN 62 1466 standard by means of Bussen-
Schlobach method. This method is based on the ex-
posure of a cylindrical specimen to an abrasive me-
dium. The test apparatus consisted of a rotating cylin-
der and a slider in which the specimen was clamped.
The surface of the rotating cylinder was equipped with
an abrasive paper. The slider was mounted on a pen-
dulum allowing a longitudinal movement of the tested
samples on the rotating cylinder. The samples were
tested on a total abrasion path of approx. 50 m under
a pressure force of 10 N. Abrasion properties of the
tested rubber samples were evaluated by the relative
weight loss W

/4 :¥-100[00], 3)

’
1

Where:

Wi...Sample weight before abrasion [kg],

Woa...Sample weight after abrasion [kg].

The rubber abrasion increases with an increase in
the relative weight loss W, Experimental measure-
ments were realized on rubber samples measuring 16
mm in diameter and 6+12 mm in thickness at the am-
bient temperature of 24 °C. Average values of the re-
lative weight loss and their standard deviations were
evaluated from three measured values.

Dynamical mechanical analysis (DMA) was perfor-
med on Mettler Toledo DMA 1 equipment in tensile
mode for the tested rubber specimens whose geome-
trical  dimensions were 10X5X1 mm (len-
gthXwidthXthickness). Viscoelastic parameters (i.e.,
storage modulus E , loss modulus E *“and loss factor
tan 0) were determined in the temperature sweep from
-130 °C to 25 °C at the constant deformation of 5 um
and at the excitation frequency of 1 Hz.

Rubber process analysis (RPA) was realized on
Premier RPA analyser in shear mode for the tested
rubber specimens. Viscoelastic parameters (i.e., sto-
rage modulus G, loss modulus G “" and loss factor
tan O) were determined in two different ways. Firstly,
the frequency sweep was measured at the constant de-
formation amplitude of 2 % (proportional to the an-
gular displacement amplitude of 0.14°) with the vary-
ing frequency from 0 to 50 Hz. Secondly, the strain
sweep was investigated with the varying sample defor-
mation amplitude from 0 to 70 % (proportional to the
angular displacement amplitude from 0 to 5°) at two
excitation frequencies (i.e., 1 and 5 Hz) and two tem-
peratures (i.c., 50 and 80 °C).

Vibration damping properties of the investigated
rubber composites were performed by the forced os-
cillation method using a BK 4810 (Briel & Kjar,
Narum, Denmark) mini-shaker in combination with a
BK 3560-B-030 signal pulse multi-analyzer and a BK
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2706 power amplifier at the frequency range of
2+1500 Hz. The material’s ability to dampen harmo-
nically excited vibrations for the basic linear single-de-
gree-of-freedom system is expressed by the displace-
ment transmissibility Ty [15, 16], which is in the case

of the harmonically excited vibrations defined by the
formula (4):

X A4, 1+(2¢-r)
I =—=—"= 2 B

Y o4 (-~ +cr) e
Where:

X...Displacement amplitude of the response [m],

Y...Displacement amplitude of the base [m],
Ax...Acceleration amplitude of the response

[m/s?],
Ay...Acceleration amplitude of the base [m/s?],
C...Damping ratio [—],
r...Frequency ratio [—], which is defined by the
equation (5):

R ) SE
o, kim Nkim 7

Where:

®...Frequency of forced oscillation [rad-s],

®n. .. Undamped natural frequency [rad-s1],

f...Frequency [Hz],

k...Stiffness [N-m-1],

m...Mass [kg].

Mechanical vibrations are the source of noise [17].
Based on the value of the displacement transmissibi-
lity, there are generally three different types of mecha-
nical vibration, i.e. resonance (T >1), undamped (T
=1) and damped (T; <1) vibration. Under the con-
dition d1,/dr = 0 in the equation (4), it is possible to
find the local extreme of the displacement transmissi-
bility T at the frequency ratio 7 [15]:

JA1+82 -1 0

2

}"O:

©)

It is evident from the above-mentioned equation
that the maximum value of the displacement transmis-
sibility is generally shifted to lower values of the
frequency ratio r with an increase in the damping ratio
¢ (or with a decrease in the stiffness £). The accelera-
tion amplitudes .4x and Ay were recorded by BK 4393
(Britel & Kjer, Nerum, Denmark) accelerometers.
Measurements of the displacement transmissibility
were performed for different inertial masses 7 (i.e.,
160 and 305 g), which were placed on the upper side
of the harmonically loaded rubber samples. Further-
more, vibration damping properties of the tested rub-
ber samples with the ground plane dimensions 60X60
mm were performed for two different material thic-
knesses (i.e., 10 and 20 mm). Each measurement was
repeated 5 times at the ambient temperature of 22 °C.

3 Measured results and discussion

Basic mechanical properties (namely the modulus
of elasticity Fso at 50 % sample extension, the Shore
A hardness and the rebound resilience R) of the tested
rubber specimens are shown in Tab. 3. It is evident
that the lowest values of the hardness and the rebound
resilience and the highest values of the modulus FEso
were found for the samples that were produced with a
higher content of the SBR rubber. Contrariwise, the
samples produced with a higher content of the NR
and BR rubbers showed lower values of the modulus
of elasticity and higher values of the hardness and the
rebound resilience (see Tab. 3).

The experimentally obtained values of the static

(u;) and kinetic (1) coefficients between the tested
rubber surfaces and a plastic material for two different
inertial masses () are shown in Tab. 4. It was found
that higher values of the friction coefficients were ge-
nerally obtained for harder rubber samples (i.e., NR
type). On the contrary, the softest SBR rubber type
embodied the lowest mechanical friction. It is visible
(see Tab. 4) that the higher inertial mass » led to
higher values of the friction coefficients. It was caused
by a higher acting pressure force on the plastic mate-
rial, and thus, by a higher resistance to rubber motion.
It was also verified that the static friction coefficient is

higher than the kinetic friction coefficient [18].

Tab. 3 Basic mechanical properties of the investigated rubber samples

Eso Shore A R

Rubber sample [MPa] [Sh A] [%]
SBR 1.62%0.10 611 3441

BR 1.58+0.06 64x1 541

NR 1.38+0.09 65+1 50£1
SBR/BR 1.67£0.09 65+1 46%1
SBR/NR 1.63+0.17 62+1 37+1
NR/SBR 1.38+0.07 65+1 45+1
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Tab. 4 Measured values of the friction coefficients between a plastic material and the tested rubber samples

Rubber sample m Hs Hi
[g] -] (-]
SBR 0 0.54%0.04 0.38+0.01
250 0.80%0.06 0.58+0.04
BR 0 0.81%0.08 0.62%0.06
250 0.8610.07 0.7410.07
NR 0 0.951+0.09 0.7910.07
250 1.050.09 0.84%+0.05
0 0.6410.06 0.5310.03
SBR/BR 250 0.84%0.07 0.59+0.05
0 0.76x0.05 0.61£0.02
SBR/NR 250 0.91£0.06 0.62%0.06
0 0.83%0.04 0.65%0.06
NR/SBR 250 0.94%0.06 0.70£0.06

As shown in Tab. 5, the rubber composition has
a big influence on its abrasion too. It is evident that
a higher abrasion (or a higher relative weight loss IV))
after the abrasion process was observed for the NR

rubber sample (incl. its mixtures). On the contrary, the
BR rubber type exhibited the lowest abrasion re-
sistance.

Tab. 5 Results of the abrasion testing for the investigated rubber samples

W,y W, W;
Rubber sample
P [2] [¢] [%]
SBR 1.984+0.02 1.900.02 4.19£0.23
BR 1.92+0.03 1.90£0.03 1.14£0.25
NR 1.90+0.02 1.78+0.03 6.19£0.24
SBR/BR 1.95+0.03 1.88+0.03 3.34£0.19
SBR/NR 2.01+0.02 1.91+0.02 4.65%£0.01
NR/SBR 1.9340.01 1.82+0.01 5.66x0.15
4 1.5 -
—SBR |
—-BR
---NR B
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Fig. 1 Temperature dependencies of the tensile storage modulus (a) and the loss factor (b) of the tested rubber samples at the sample
deformation x = 5 um and the frequency f =1 Hzg

The tested rubber composites were subsequently
investigated in terms of their viscoelastic behaviour.
The storage modulus, the loss modulus and the loss
factor [19] were investigated in the tensile and shear
modes.

Temperature dependencies of the storage modulus
E “and the loss factor tan O in the tensile mode of the

investigated rubber samples at the sample deforma-
tion x = 5 um and the excitation frequency f= 1 Hz
are shown in Fig. 1. It is evident that the storage mo-
dulus decreased with an increase in the operating tem-
perature. A lower stiffness (i.e. a decrease of the sto-
rage modulus at lower temperatures) was observed for
the BR sample type, incl. the SBR/BR mixture. On the
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contrary, the SBR and NR rubber samples (incl. their
mixtures) are characterized by a higher stiffness, na-

mely at higher temperatures (see Fig. 1a). It is also vi-
sible (see Fig. 1b) that the BR and SBR/BR samples
exhibited generally higher values of the loss factor at

lower operating temperatures (in this case at 7 < -60

~~

)

&1

Ry Lo g —SBR ——BR ---NR
L —--SBR/BR -----SBR/NR ----NR/SB

§ S RS RN

0 10 20 30 40 50

a) £(Hz)

°C). Therefore, the rubber samples containing the ba-
sic BR rubber achieve better damping properties (or a
higher transformation of input mechanical energy into
heat under dynamic loading) at lower operating tem-
peratures. Contrariwise, the SBR and NR rubber
samples and their composites exhibited better dam-
ping properties at higher operating temperatures.

600
g —SBR _--BR ___---N\R
) Se— —-SBR/BR_---SBR/NR -~NR/SBR-
400 <
ri.“ r
& 300 £
W 200 F5=
7(
1) J S S S S
0 10 20 30 40 50
b) f(Hz)

Fig. 2 Frequency dependencies of the shear storage modulus (a) and the shear loss modulus (b) of the tested rubber samples at the
sample deformation amplitude x = 2 %o and the temperature t = 50 °C

Viscoelastic properties of the investigated rubber
composites were also determined by means of the
RPA measurements in the shear mode. Fig. 2 illus-
trates frequency dependencies of the shear storage and
loss moduli of the tested rubber samples at the opet-
ating temperature of 50 °C and the deformation am-
plitude of 2 %. It is evident that the shear storage
modulus G “increased with an increase in the excita-
tion frequency (see Fig. 2a). It is also visible that the
rubber composites containing the SBR rubber type are
characterized by a higher stiffness compared to the BR
and NR rubbers. Similar results were also obtained for
the shear loss modulus of the elasticity G (see Fig.

0.20
0.15
z
s
g 010
- —SBR ——BR ---NR
[ |—--SBR/BR ----- SBR/NR - NR/SBR
0.05 F—————
0 10 20 30 40 50
a) f(Hz)

2b). Nevertheless, the highest values of the shear loss

modulus were observed at the excitation frequency /=
33 Hz.

Frequency dependencies of the loss factor tan dat
the deformation amplitude of 2 % for two different
operating temperatures (i.e., 50 °C and 80 °C) are
shown in Fig. 3. They correspond with the obtained
results of the shear loss modulus of the elasticity G 7,
as shown in Fig. 2b. It was also found that the higher
operating temperature (i.e., 80 °C) resulted in lower
damping properties of the tested rubber samples.

0 10 20 30 40 50
b) £(Hz)

Fig. 3 Frequency dependencies of the loss factor of the tested rubber samples at the sample deformation amplitude x = 2 %o and the
temperatures: t = 50°C (a) and t = 80 °C (b).

Viscoelastic properties of the investigated rubber
composites were also investigated by means of the
RPA measurements in the shear mode depending on
the strain amplitude. Fig. 4 demonstrates strain depen-
dencies of the loss factor at two different operation
temperatures (i.e., 50 °C and 80 °C) at the frequency

of 1 Hz. It is evident that the lowest damping proper-
ties were obtained for the NR rubber type indepen-
dently on the operating temperature. It is obvious that
damping properties are significantly influenced by the
strain amplitude. In the case of small sample deforma-
tions (at approx. x < 22 %), better damping properties
were obtained for the rubber samples containing the
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basic SBR rubber. On the contrary, the BR rubber
sample exhibited the best damping ability at higher
sample deformations (at approx. x > 22 %). It is also
visible that the operating temperature has a significant

045 -
- |—SBR -
- ——BR »
0.33 [ N ) S ;;7 ””””””””
—--SBR/BR -7

~_ ~
L 025 - SBR/NR |------------ = e
“Q ) NR/SBR -7 R
= L .
|
-

a) Strain (%)

influence on damping properties of the tested rubber
samples under dynamic loading in the shear mode.
Generally, a positive effect of the operating tempera-
ture on the loss factor was found at higher sample de-
formations (see Fig. 4).

0.45
—SBR e
| |--BR e
0.35 Th--Nr [T T S et
- [ |- -SBR/BR| - e
L 0.25 -|-=--SBR/NR---;#5wmmmoeme o T
Q o NR/SBR ) .
So1s5 | BN -
005 f v L [TVTITR e L
0 20 40 60 80
b) Strain (%)

Fig. 4 Strain dependencies of the loss factor of the tested rubber samples at the excitation frequency f= 1 Hg and the temperatures:
t=50°C (a) and t = 80 °C (b).

The effect of the strain amplitude on the loss factor
was also investigated at the excitation frequency /=5
Hz and the temperature #= 50 °C. It was found that
the higher excitation frequency generally led to better
damping properties of the tested rubber composites.
Only in the case of the SBR/BR rubber composite,
higher values of the loss factor were achieved at the
excitation frequency of 1 Hz for higher rubber defor-
mations (at approx. x> 30 %). It was further found in
this study that strain dependencies of the shear loss
modulus G " were analogous to the loss factor tan o.
The shear storage modulus G~ of the tested rubber
samples decreased significantly with an increase in the
strain amplitude.

Frequency dependencies of the displacement
transmissibility of the tested rubber types are shown
in Fig. 5. It is evident that the displacement transmis-

—-—-SBR

a) £(Hz)

sibility is significantly influenced by the rubber com-
position. Better vibration damping properties (1, < 1)
were generally observed for the rubber samples con-
taining the SBR rubber. On the contrary, the lowest
vibration damping was observed for the rubber
samples containing the NR rubber type, which is cha-
racterised by the highest hardness. The material s abi-
lity to damp mechanical vibration relates to the first
resonance frequency fki that is proportional to the ma-
ximum value of the displacement transmissibility
Tanas. In generally, the first resonance frequency peak
position is shifted to lower excitation frequencies with
a decrease in the rubber stiffness. It is consistent with
the equation (6). The values of the first resonance
frequency fri of the studied rubber composites depen-
ding on the rubber thickness and the inertial mass are
shown in Tab. 6.

——SBR/BR
+o+SBR/NR ||
-a-NR/SBR

1000 1500

b) f(Hz)

Fig. 5 Frequency dependencies of the displacement transmissibility of basic rubbers (a) and rubber composites (b) of the thickness
t =10 mm and loaded by the inertial mass m = 160 g.

The effect of the inertial mass and the sample thic-
kness on the displacement transmissibility was also in-
vestigated in this work. It was found that vibration
damping properties increased with an increase in the

rubber thickness and the inertial mass. This phenome-
non was reflected in the decrease of the first resonance
frequency peak position (see Tab. 6) to lower excita-
tion frequencies.
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Tab. 6 First resonance frequencies fry in Hz, of the studied rubber composites under harmonic excitation for different rubber thicknesses

t and inertial masses m

Rubber sample ¢ m [g]
[mm] 160 305
10 523+18 422415
SBR 20 315112 274111
BR 10 690126 552120
20 413£17 33515
NR 10 709131 561119
20 438+18 37115
10 527123 458+17
SBR/BR 20 356+17 290+11
10 57017 466116
SBR/NR 20 346+12 284110
10 705125 476+13
NR/SBR 20 37515 347114
It is also visible from Fig. 5 that vibration propet- Acknowledgements
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pending on given operation conditions. Generally,
softer rubber materials were characterized by lower
values of rebound resilience, abrasion and mechanical
friction. Furthermore, these materials exhibited better
vibration damping properties, which resulted in a
higher transformation of input mechanical energy into
heat under harmonically excited vibration and in a
decrease of the first resonance frequency.
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