
Low-velocity impacts on fibre reinforced polymer
composites may cause irreversible damages such as
surface scratches, micro cracks or small internal
flaws that can seriously impair the load carrying
ability of structural components. In fact, these
cracks can grow under subcritical loading condi-
tions (such as fatigue or creep) and ultimately lead
to failure. Repairing these small damages is often a
difficult task since it requires non-destructive
inspections an intervention under maintenance pro-
cedures. A big challenge for polymer scientists and
engineers is to develop new polymeric matrices
having the built-in ability to partially repair dam-
ages occurring during its service life time. An ideal
self-healing polymer is able, after having been
damaged, to autonomously restore its initial mechan-
ical performances without the need of external
stimuli like temperature, radiation, pressure, etc.
This process is quite common in nature, since dam-
age to a living tissue generally elicits a healing
response.
Self-healing applied to thermosetting matrices and
composites is an emerging area of research, with
the first significant papers being published in early
2000’s and with the 1st International Conference on
Self-Healing Materials organized by the Delft Uni-
versity of Technology (NL) in 2007. The first
report of a man-made self healing polymer was by
the group of prof Scott White of the University of
Illinois at Urbana-Champaign. They developed an
epoxy system containing microcapsules filled with a
healing agent (liquid monomer). When a crack prop-
agates, the microcapsule will rupture, the monomer

will fill the crack and eventually undergo a poly-
merisation process, initiated by (Grubbs’) catalyst
particles dispersed in the system. This model sys-
tem proved to work quite well, as the service life
time of such material under fatigue conditions is
significantly improved. On the other hand, it also
presents a number of drawbacks related to the
Grubbs’ catalyst (high cost, partial deactivation by
the amine curing agent, decomposition above
120°C) and to the stability of the microcapsules
(diffusion and leakage of the healing agent, decom-
position of the capsules above 170°C). A number of
research groups world wide is trying to improve the
microencapsulation-based approach or to develop
new approaches to self-healing. A possible alterna-
tive strategy is based on the development of
reversible crosslinked polymers through self-
assembly chemistry in which the material is
repaired by the re-association of the self-assem-
blable bonds broken by the crack.
At a present, there are no commercially available
products having a self-healing ability and the chal-
lenge for materials scientists and engineers is fasci-
nating.
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1. Introduction
The viscoelastic properties of the polymers have
been widely studied [1]. Recently its modelling
also came to the front [2]. Stress oscillation occur-
ring during the tensile testing of poly(ethylene
terephthalate) (PET) – also denoted as self-oscilla-
tion – was described first in 1970, in conjunction
with necking induced by the static loading of amor-
phous PET [3]. Stress oscillation means that under
certain conditions the stress arising during necking
is not constant anymore, but exhibits a periodic
fluctuation vs. time [4]. The reasons of stress oscil-
lation have not been clarified in the literature and
are hotly debated [5]. Among possible explanations
one can find local heating caused by orientational
elongation [6–10]; oscillation of local deformation
rate during necking within a critical stress range
[11]; orientation crystallization induced by adia-
batic heat formation [12].

Karger-Kocsis et al. [13, 14] studied the oscillation
phenomenon in sPP. In their opinion necking,
which is a prerequisite of stress oscillation in any
polymer, produces an elongated, random network.
This network closely resembles partially crystalline
thermoplastic elastomers. The deformation of this
complex system is strongly inhomogeneous. This,
by itself, induces a shear deformation process.
According to their explanation, when some small
crystallites disintegrate during the tensile elonga-
tion the shear deformation is amplified further and
cavities are formed at the crossing of shear bands.
If the density of micro-waves of crossings reaches a
critical value the material is weakened and its load-
bearing capacity drops because of the abrupt cavi-
tation. This explains the stress drop in the ampli-
tude of stress oscillation. According to this expla-
nation shear bands cannot easily cross each other
on the sample surface, which is in agreement with
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the experimental observation that cavities always
appear inside the test specimen. 
According to Ebener et al. [15] oscillation arises if
the test specimen can store enough elastic energy.
For this the initial length of the test specimen
should be large enough. Elastic energy storage-
capacity can also be achieved by the application of
an external spring. According to his measurements,
if the deformation rate is increased during the oscil-
lation, the mean stress and the amplitude decrease,
while local heat removal results in the increase of
the mean stress. In his opinion during the deforma-
tion – a high degree of orientation occurs and heat
is released – the polymer may crystallize partially
in both the transparent and non-transparent parts.
As the local deformation rate is higher during the
formation of the non-transparent bands, crystalliza-
tion is easier here. Not all non-transparent bands
were found, however, to be partially crystalline. 
In our earlier study [16] we traced back the origin
of the oscillation to the cavitation of the test speci-
men. We observed that the cavitation occurs simul-
taneously with the stress oscillation, in a periodic
manner, before reaching the stress peaks. Due to
the formation of the cavities the heat conductivity
of the material decreases considerably, the temper-
ature of the deformation zone increases abruptly
(with 36–40°C), resulting in a drop of the strength
and in elongation. During neck propagation, how-
ever, the material cools down, the strength
increases again, so the process becomes periodical.
Our conclusions were corroborated by SEM (scan-
ning electron microscopy) and AE (acoustic emis-
sion) measurements. In order to describe the
phenomenon a physical model was constructed,
which traces back the phenomenon to changes of
the molecular structure. According to this model
shear forces arise between the molecular chains ori-
enting under the effect of stress and, as a result, the
material splits into molecular bundles. Ordering of
the molecules into bundles is accompanied by sig-
nificant crystallization. Micro-cracks (crazes)
between the bundles decrease the heat conductivity
of the material considerably and this leads to local
heating. 
In this article the changes in the orientation of the
molecular chains are modelled by fibre bundles.
Fibres of a bundle consisting of partially ordered,
homogeneous (uniform) fibres can be classified

according to their initial state and according to the
properties of their environment. Fibres belonging to
the same class form a partial bundle, a so-called
fibre bundle cell. In this article a pre-stressed,
breaking fibre bundle (so-called EH bundle) is used
[17, 18], with independent fibres, the strings
defined by the clamping points are well ordered,
but the individual fibres may be either pre-stressed
with a statistically variable ε0 elongation (ε0 > 0),
or may be loose, i.e. crimped (–1 < ε0 < 0). In order
to describe the viscoelastic behaviour of the test
specimen a two-element Maxwell model is used
[19].
The main goal of this study is to develop a simple
mathematical model to describe the force-elonga-
tion curve. Aim was to model two phenomena
known and explained: 1. Oscillation occurs just
over a strain rate; 2. Oscillation is connected with
forming crazes where amorphous molecular chains
like fibres get stressed/strained and create bundles
of chains and voids among them.

2. Experimental results

2.1. Material and equipment

In our experiments standard ‘dumb-bell’ specimens
were injection molded from PET (SkyPET-BL
8050, SK Chemicals) pellets using an Arburg All-
rounder 270C injection moulding machine. Zone
temperatures of the injection moulding machine
were: 235/240/245/250/255°C, injection pressure
was 500 bar. The mould was cooled by 15°C water.
Tensile testing of the specimens was performed by
a Zwick Z020 universal tensile tester at room tem-
perature. Cavities and crazing appearing in the
material were studied by a JEOL JSM 6380LA
electron microscope.

2.2. Measurements

Tensile tests were performed at a tensile rate of
60 mm/min, the initial gauge length of the test
specimens was 115 mm. Tensile curve shown in
Figure 1 was obtained during the test. As shown by
the figure, after a uniform neck propagation an
oscillation of about constant amplitude (5.8 MPa)
and cycle time (1.14 s) appears in the stress. The
lower limiting value of the oscillation is 21.2 MPa,
its upper limiting value is 27 MPa. The slope of the
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tangent at the initial portion of the curve is
4.5 MPa/s, in the initial portions of the oscillating
period it is, however, 6 MPa/s.
Figure 2 shows the longitudinal section of a speci-
men which has undergone oscillation. One can see
that the cavitation occurs periodically. Between the
cavities parallel with the load molecular bundles
can be observed with a thickness between 10 and
150 μm. The bands perpendicular to the tensile
elongation without cavities are formed during the
increasing stress interval of the stress oscillation
period, while the bands containing cavities are
formed during the stress drop interval.

3. Modelling the force oscillation and
discussion

Based on the tensile tests of PET specimens the
force oscillation appears only after the initiation of
necking, above a certain tensile rate, indicating a
load peak, therefore it can be characterized by a
critical stress (σcrit). When neglecting the initial
load peak the force-elongation curve increases
monotonously. Two forms of this is shown in Fig-

ure 3. In one case the asymptotic stress (σ1) is less
than σc = σcrit therefore oscillation does not take
place. In the other case this stress (σ2) is exceed
σcrit hence reaching σcrit the oscillation starts.
Based on these an analogous mechanical model
was developed in order to describe mathematically
the characteristics and the force oscillation shown
in Figure 1 and to study the phenomenon analyti-
cally.

3.1. Mechanical model

As shown by the experiments crazing and void for-
mation occurs periodically. It means that the
molecular chains in the amorphous phase assemble
into micro-bundles in front of the deformation
zones forming voids, some of which may develop
into macro-cavities. Amorphous chains can be con-
sidered as part of an EH type fibre bundle [17, 18]
consisting of crimped fibres which are perfectly
flexible and do not transmit tensile force while
being crimped (Figure 4).
It is assumed that the EH bundle cell is enclosed
into a rigid box which remains intact until exposed
to a critical force level. Then the box opens and
extends telescopically, but a force is transmitted
only when the fibres are straightened (see Fig-
ure 4). For the sake of simplicity let us consider the
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Figure 1. Tensile curve of PET at a tensile rate of
60 mm/s

Figure 2. SEM micrograph of the longitudinal section of
the specimen

Figure 3. Force responses to be modelled

Figure 4. Fiber bundle cell and its symbols in intact and
opened states



fibres as inextensible, the boxes as rigid and the
level of crimping uniform. In this case the deforma-
tion of the intact cell is zero, while that of the
opened cell is described in Equation (1):

(1)

where L0 is the gauge length of the test specimen,

Lc and Lp are the lengths of the intact and open cells
respectively, ε f0 < 0 is the crimping of the fibres
(see Figure 5). Note that Lp is a kind of period
length measurable on the neck.
In order to model the periodical local transitions
and the viscoelastic rate-dependent behaviour of
the specimen a stiff box containing a number of
serially connected fibre bundle cells and a two-ele-
ment Maxwell model [19] are used, respectively
(see Figure 6).

3.2. Force oscillation response

Modelling the tensile test the constant rate elonga-
tion of the model shown in Figure 6 is described
with Equation (2):

(2)

where u is the relative extension of the specimen
measured between the grips and ε.. 0 is the strain rate.
The response of the model changes in time inter-
vals because the fibre cells open one after another

periodically causing jump-like drops in the force.
The strain rate is equal to u., the rate of extension of
the specimen measured between the grips, as
described in Equation (3):

(3)

where v and L0 are the speed of the moving grip and
the gauge length of the specimen, respectively.
In the first time interval up to the first load peak
(0 ≤ t ≤ t1) every cell is closed, hence only the
spring (E = E0) and the dashpot (η = η0) of the
Maxwell model deform (Figure 6: ε2 = 0, ε = ε1),
which can be described by Equation (4):

(4)

The general solution of Equation (4) for a stimulus
according to Equation (2) can be derived easily in
Equation (5):

(5)

which tends to a constant stress value (σLim), where
τ0 is a time constant, which is described by Equa-
tion (6):

(6)

Supposing that σ(0) = 0, the stress-strain relation-
ship for the first interval (0 ≤ t ≤ t1) is given by
Equation (7):

(7)

The initial slope in this interval depends on the
strain rate and is described by Equation (8):

(8)

Consequently, increasing the strain rate increases
both the initial slope (σ.

0) and the asymptotic stress
value (σLim), therefore, if the strain rate is large
enough the stress reaches the critical stress in a
finite time (0 < t1 < ∞) (Equation (9)):
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Figure 5. Specimen with neck periods

Figure 6. Analogous mechanical model



Reaching the critical stress at time point t1 the first
fibre cell opens and the strain of the spring
decreases suddenly by εc, up to the entire straight-
ening of the fibres (εe(t1) > ε c), and the stress drops
to σ0 (Figure 7). In the real PET material a neck
forms at the first force peak, where the extension is
cumulated, the strain becomes essentially localized,
hence the strain rate increases: ε.1 > ε.0. Hence, if the
length of the neck formed at t1 is l1, and assuming
that the local extension (Δl) in the (t1, t1+Δt) inter-
val is equal to that of the specimen or the entire
model (ΔL1), i.e. if the extension of the propagating
neck outside of the given section is negligible,
which is described in Equation (10):

(10)

where L1 = L(t1). Accordingly the local strain and
strain rate are (see Figure 6) described in Equa-
tions (11) and (12):

(11)

(12)

As another consequence a kind of hardening takes
place because of the increase in the orientation.
Therefore, in an analogous way, the model parame-
ters are supposed to change as well: E = E1 and
η = η1.
On the basis of the considerations above Equa-
tion (13) is valid for the second time interval
(t1 < t ≤ t2):

(13)

The general solution of Equation (13) is in Equa-
tion (14), which is similar to that of Equation (5):

(14)

where τ1 is a new time constant (Equation (15)): 

(15)

Here σ(t1+0) = σ0, hence the stress-strain relation-
ship and the initial slope for the second interval
(t1 < t ≤ t2) are given by Figure 7 and it is described
in Equations (16) and (17):

(16)

(17)

It can be assumed that the phenomena in the next
and further intervals are similar to those in the sec-
ond interval, consequently the force process is peri-
odical.

3.3. Method of determining the model
parameters

Pre-set data of the tensile test are L0 and v. From
measurements performed on the PET specimens
the following data can be determined directly: σcrit,
σ0, σ. 0, σ. 1, ε..0, ε..1, l0, t1, …, tn, and Tp (see Table 1).
Model parameters, such as E0, E1, η0, η1, εc and ε f0

can be calculated from Equation (1–17).
If σ0 is known E0 can be determined from Equa-
tion (8) and solving the Equation (18) τ0 can be
obtained:

(18)

and from Equation (6) η0 can be calculated.
Equation (19) is given by Equation (16) for the
(i+1)-th time interval at ti+1:
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Figure 7. Model response



(19)

Equation (20) is given by expressing E1 form Equa-
tion (17) and substituting into Equation (16) and
taking into consideration that Tp = ti+1–ti:

(20)

Solving Equation (20) τ1 is obtained, then from
Equation (15) and (17) η1 and E1 can be calculated
respectively. Finally, the negative strain (εc) stored
as crimping or loosening in the fiber cells can be
calculated in the Equation (21):

(21)

The length of the Lp period can be measured on the
neck, therefore the length of the intact cell (Lc) and
the fibre crimping (εf0), as a negative strain can be
determined from Equations (22) and (23):

(22)

(23)

As a cross-check it is worth to calculate the cycle
time from Equation (20) and to compare it with the
measured value in Equation (24):

(24)

Substituting the model parameters calculated from
the measured data (Table 2) into the equations
above the oscillation curve predicted by the model
is obtained.

Figure 8 compares the measured tensile curve with
the points predicted by the model. As the model
describes only the established oscillation, a better
picture is obtained if the curve starts not in the true
t = 0 origin, but only immediately before the onset
of the oscillation. As shown by Figure 8 the ampli-
tude and frequency of the model curve are exactly
identical with the corresponding values of the
observed stress oscillation. The shape disagreement
between the two curves is due to the fact that in the
fibre bundle cells in the simplified model contain
only idealized, inextensible fibres of uniform
crimping, not real fibre bundles containing fibres of
variable crimping, which would round off the sharp
peaks of the curves.

4. Conclusions

Stress oscillation occurring during the tensile test
of PET has been studied and modelled. A mathe-
matical model was created to describe the oscilla-
tion. The amorphous molecular chains were
described as apart of modelling by special EH-type
fibre bundles containing crimped fibres enclosed
into rigid boxes. These boxes open up at a certain
critical force value, when the crimped fibres
straighten and begin to bear the load. In order to
model the periodic local transformation and the
rate-dependent viscoelastic behaviours of the test
specimens the connected fibre bundle cells were
supplemented by a two-element Maxwell model.
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Table 2. Parameters obtained by model fitting

E0 E1 η0 η1 εc εf0 τ0 τ1

[MPa] [MPa] [MPas] [MPas] [–] [–] [s] [s]
483.0 523.8 4174.5 853.7 0.01 –0.98 8.64 1.63

Table 1. Test results

v L0 σcrit σ0 σ. 0 σ. 1 σlim

[mm/min] [mm] [MPa] [MPa] [MPa/s] [MPa/s] [MPa]
60 115 27 21.1 4.5 7.2 36.3

ε. 0 ε. 1 l1 Lc Lp t1 Tp

[1/s] [1/s] [mm] [mm] [mm] [s] [s]
0.01 0.04 26 0.02 1.32 9.24 1.14

Figure 8. Comparison of the measured values and the
model



Using the parameters determined from the meas-
urements the model was compared to the real ten-
sile curve and concluded that simple model can be
well used to describe the phenomenon.
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1. Introduction
Low pressure plasma based processes are a versa-
tile tool for surface modification of polymers.
Depending on the plasma parameters, plasma etch-
ing or material deposition can predominate [1]. In
the intermediate case, a surface layer with a thick-
ness of few tens of nanometers is modified [2]. This
type of plasma treatment is relevant for a wide vari-
ety of applications. With a simple one-step proce-
dure the surface properties of the polymer can be

changed significantly while the bulk properties
remain unchanged. On the other hand, there are
well-known drawbacks of this technique, as the
heterogeneity of the obtained surface chemistry [3]
and the lack of longterm stability (hydrophobic
recovery) [4]. However, low pressure plasma treat-
ment of polymers is an attractive approach, at least
from a technological point of view, and many
strategies were proposed to avoid or minimize the
unfavourable mentioned side-effects. These
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include the covalent grafting of appropriate mole-
cules onto plasma activated surfaces or the durable
adsorption of polyelectrolytes on charged surfaces
(as obtained for example after ammonia plasma
treatment) [5]. In addition to modification of sur-
face chemical composition, plasma techniques
have also been used to modify the surface morphol-
ogy (roughening) of polymeric surfaces aiming for
example at changes in wetting behaviour [6–8].
Poly(dimethylsiloxane) (PDMS) is a commercially
available type of silicone rubber widely used in the
fabrication of medical [9] and microfluidic devices
[10], and as foul-release coating to control marine
biofouling [11, 12]. Foul-release coatings are cur-
rently a successful non-toxic, environmentally
friendly alternative to classical biocide-containing
coatings [12]. Commercially available foul-release
coatings are based on silicone elastomers since
these possess a combination of properties that min-
imize the chemical and mechanical locking of the
fouling species [13].
In this paper we report on the fluorination of PDMS
(Sylgard 184) by application of tetrafluoromethane
(CF4) plasma to combine the bulk elasticity of
PDMS with a desirable surface chemistry, without
introducing changes in surface roughness. Towards
this goal, a customized low pressure plasma set-up
with a sample position far away from the excitation
volume of the discharge was used to fabricate sur-
faces with a particularly high fluorine content con-
sisting mainly of CF2 and CF3 moieties. This
approach based on remote plasma configuration
ensures an especially smooth but efficient treat-
ment. The properties and stability of the fluorine
containing PDMS were characterized in detail con-
cerning chemical composition by X-ray photoelec-
tron spectroscopy (XPS), morphology and elasticity
by atomic force microscopy (AFM) and wetting by
contact angle measurements. The antifouling
potentialities of the CF4 plasma treated PDMS
towards microbes were evaluated by testing the
attachment and adhesion strength of two species of
bacteria (Marinobacter hydrocarbonoclasticus and
Cobetia marina). These bacteria form biofilms that
coat surfaces when in contact with sea water –
either when surfaces are immersed in the sea (e.g.
ship hulls) or are exposed to sea water (as in cool-
ing systems) [14].

2. Experimental

2.1. Materials

The silicone elastomer Sylgard 184 and the Primer
1200 OS were purchased from Dow Corning (Ger-
many). Tetrafluoromethane (99.99%) was obtained
from Messer Griesheim (Germany). For stability
tests and surface characterization experiments an
artificial sea water (ASW*) solution was prepared
using the five main components of natural sea
water as described in ASTM D 1141–98 (24.53 g/l
NaCl; 5.20 g/l MgCl2; 4.09 g/l Na2SO4; 0.695 g/l
KCl; 1.16 g/l CaCl2) [15]. The ASW* solution was
prepared using high purity salts and autoclaved
before use. For the assays with marine bacteria,
SSP growth medium (containing sea salt and pep-
tone) was purchased from Sigma Aldrich (Ger-
many), and natural sea water (SW) was collected in
Den Helder, The Netherlands.

2.2. Sample preparation

Poly(dimethylsiloxane) (PDMS) coatings were pre-
pared on inorganic carriers of variable dimensions
for further modification by low pressure CF4

plasma treatment. The PDMS coatings were fabri-
cated using the two-part elastomer Sylgard 184.
The elastomer was prepared using a ratio base to
curing agent 10:1 (weight), following the sugges-
tion of the manufacturer. The base and curing agent
were mixed using a homogeneizer (Kontes; USA)
for 3 min and then degassed under vacuum until all
air bubbles were removed (ca. 30 min). The poly-
mer was then deposited onto either silicon wafers
of different sizes for physicochemical analysis, or
onto standard microscope glass slides (26×76 mm2)
for biological testing.
Silicon wafers were coated by pouring defined
amounts of pre-polymer (depending on the wafer
dimensions) onto the cleaned surface. The pre-
polymer was air-spread for complete, homoge-
neous coverage of the surface. The coatings were
cured at 65°C for 5 h 45 min.
For preparation of PDMS coatings onto standard
microscopy slides used to test bacteria biofilm for-
mation and release, an in-house film preparation
system was developed (Figure 1). This consists of a
metallic base onto which the glass slides were
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assembled using an adhesive foil. Since the bacter-
ial adhesion strength tests implied exposing the
coatings to high shear, there was a need to improve
adhesion between PDMS and glass to avoid failure
during testing. This was achieved by applying a
thin layer of the adhesion promoter Primer 1200
OS onto the clean glass surface. After assembly of
the cleaned slides into the film preparation system,
a thin layer of the adhesion promoter was applied
onto the glass surface by using a fiber-free tissue
(following the instructions of the provider). After
30 min, Sylgard 184 was poured onto the immobi-
lized microscope slides and spread until homoge-
neous coverage of the surface. PDMS coatings with
desired, well-defined thickness were then obtained
using the film applicator. The metallic base con-
taining the immobilized samples was incubated at
65°C for 45 min, after which the samples were
removed from the metallic holder and further cured
at 65°C for 5 h.

2.3. MicroGlider®

The topography and thickness of the PDMS coat-
ings prepared onto standard microscope slides was
examined using a MicroGlider (Fries Research &
Technology GmbH, Germany). The MicroGlider
operates on the principle of chromatic aberration. It
functions as an optical profilometer (2D) and as an
imaging measuring instrument (3D) by means of a
scanning process. The MicroGlider was applied for
the evaluation of surface morphology and thickness
of the PDMS coatings because of its large-scale
vertical resolution (from 10 nm to 300 μm), and the
possibility to investigate large sample areas (up to
100×100 mm2). The lateral resolution is, however,
determined by the spot size of the reflected light on
the sample and is about 1–2 μm.

2.4. Plasma treatment

The low pressure plasma set-up is shown schemati-
cally in Figure 2. The vacuum system consists of a
quartz tube with an inner diameter of 20 mm and a
length of 300 mm on top of a cylindrical part with
an inner diameter of 200 mm and a length of
800 mm connected to a rotary vane pump. Tetraflu-
oromethane (CF4) is introduced into the chamber
by a gas flow control system. Pressure is measured
by a capacitive vacuum gauge. The control unit is
connected to a butterfly valve between the pump
and the chamber and allows to set a particular pres-
sure for a given gas flow. For plasma generation
electrodes are attached to the outer surface of the
quartz tube. The electrodes are connected to a
13.56 MHz radio frequency (RF) generator (Hüt-
tinger PFG300RF) via an automatic matching net-
work. This leads to a discharge operated in the
small diameter tube. The distance between the dis-
charge and the electrically grounded sample holder
in the bottom part of the chamber was set to 60 cm.
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Figure 1. In-house developed setup for preparation of homogeneous PDMS coatings with defined thickness onto standard
microscope slides

Figure 2. Low pressure plasma set-up



For the investigations of this work the set-up was
operated with a CF4 flow of 42 standard cm3/min
and a pressure of 7·10–2 mbar. Distinct parameter
sets regarding the effective RF power and the treat-
ment time were applied.

2.5. X-ray photoelectron spectroscopy

XPS was carried out using an Amicus spectrometer
(Kratos Analytical, UK) equipped with a non-
monochromatic Mg Kα X-ray source operated at
240 W and 8 kV. The kinetic energy of the photo-
electrons was determined using an analyzer with a
pass energy of 75 eV. The take-off angle between
the sample surfaces’s normal and the electron opti-
cal axis of the spectrometer was 0°. In this case, the
information depth is about 8 nm. Spectra were ref-
erenced to the 1s peak of aliphatic carbon at
285 eV. A satellite subtraction procedure was
applied. Quantitative elemental compositions were
determined from peak areas using experimentally
determined sensitivity factors and the spectrometer
transmission function. High-resolution spectra
were deconvoluted by means of CasaXPS (Casa
Software Ltd., UK).

2.6. Atomic force microscopy

Morphological features of the PDMS surface
before and after CF4 plasma treatment were charac-
terized by atomic force microscopy (AFM) in tap-
ping mode (Nanoscope IIIa Dimension 3100,
Veeco, USA) using silicon cantilevers (Budget
Sensors, Bulgaria) with a tip radius lower than
10 nm and a resonance frequency of about 75 kHz.
To investigate the possible effect of aqueous media
on the morphology of the plasma treated surfaces,
these were imaged in deionized water (DIW) and
artificial sea water (ASW*) in contact mode using
Pointprobe silicon-SPM-sensors (Nanosensors,
Germany) with a spring constant of about 0.2 N/m
and tip radius lower than 10 nm.
The root-mean-square-roughness (RMS) and the
average roughness (Sa) of 10×10 μm2 scanned
areas were calculated using the NanoScope soft-
ware V530v3sr3.
Scratches on the PDMS surface were produced
before imaging either upon tip engagement or
application of high forces, depending on the surface
mechanical properties. Nanoindentation measure-
ments with five different loads (195, 391, 586, 782,

977 nN) were carried out to estimate both thickness
and hardness of the top-most layer generated by the
plasma treatment.

2.7. Contact angle measurements

Advancing and receding water contact angle meas-
urements were carried out using a DataPhysics
OCA 20 apparatus (DataPhysics, Germany) using
the sessile drop method. The results presented are
the average of measurements carried out onto 3
replicates. 3 to 5 individual water droplets were
measured onto each replicate.
Static contact angle measurements using the cap-
tive bubble technique were carried out by attaching
sessile air bubbles to the coating surface immersed
in ASW* using a microsyringe. The water contact
angle was obtained by averaging at least five differ-
ent measurements done at different locations on
each replicate and subtracted to 180°. A minimum
of 3 replicates per chemistry were analyzed. The
samples were conditioned in ASW* for three hours
prior to measurement.

2.8. Biological tests with marine bacteria

The potential of the CF4 plasma treated PDMS sur-
faces for inhibition of initial cell attachment and
decrease of cell adhesion strength was investigated
using biofilms of single marine bacterial species,
Cobetia marina (collection code DSMZ 4741) and
Marinobacter hydrocarbonoclasticus (DSMZ
8798). The bacterial strains were kept on sea salt
peptone agar at 28°C and stored in the dark. Sus-
pension cultures were prepared from the agar
stocks. Briefly, untreated and plasma treated
PDMS coated microscope slides were immersed in
recirculating sterile (UV treated) deionized water
for 7 days and then pre-conditioned in sterile artifi-
cial seawater (ASW) for 1 h prior to bacterial assay.
Conditioned slides (in replicate) were immersed in
8 ml bacterial suspensions of 0.2 optical density (at
595 nm) in polystyrene quadriPERM plates
(Greiner Bio-one Ltd). The plates were incubated at
28°C on a rotary shaker (150 rpm). After 1 h incu-
bation, the slides were gently dipped in sterile sea-
water (SW) to remove suspended cells. The slides
were transferred back into quadriPERM plates con-
taining 8 ml of sterile SW with added growth
medium and incubated again for 4 h at 28°C under
gentle shaking (150 rpm). At the end of incubation
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the slides were again gently rinsed, then placed into
slide holders and partially air-dried. The attached
biomass was quantified by staining the attached
cells with 1.5 μM of the fluorochrome SYTO13
(Invitrogen) and measuring absorption with a
Tecan plate reader (GENios, Magellan software)
[16].
The adhesion strength of adhered bacteria was
quantified using a rotating drum test that was origi-
nally designed for the determination of antifouling
performance of marine antifouling coatings as
described in ASTM D 4939 [17]. After the growth
step, replicate slides were mounted on the surface
of a custom-made high-speed rotating drum [18].
The drum was then rotated with the surface speed
of ~340 m/min for 10 min in SW. This rotational
speed of the drum exposes the bacteria to shear
stress (turbulent flow), removing bacteria cells
from the surfaces. The remaining bacteria were
quantified using the stain SYTO13 as described
above. The results were expressed as the percent-
age of bacteria removed or detached by shear stress
[(RFU of attached bacteria before release – RFU of
bacteria remaining after release)/RFU of attached
bacteria before release ×100]. Confidence limits of
95% were calculated.

3. Results and discussion

3.1. Coating preparation

PDMS coatings were prepared on inorganic carri-
ers of variable dimensions for further surface mod-
ification by low pressure CF4 plasma treatment.
The PDMS coatings to be used for biological test-
ing were prepared onto standard microscopy slides
using an in-house developed film preparation setup,
which allowed the control of the coating thickness.
It has been demonstrated that the coating thickness
influences the adhesion strength of fouling organ-
isms [19, 20]. Therefore, the homogeneity and
thickness of the PDMS coatings to be tested with
organisms were evaluated by optical analysis using
the MicroGlider®. The surface of the PDMS coat-
ing was very smooth and topographically homoge-
neous (Figure 3a). The thickness of the coating was
determined to be ca. 150 μm (Figure 3b).

3.2. Chemical composition and stability

X-ray photoelectron spectroscopy (XPS) was used
to investigate the surface chemistry upon plasma
treatment. Table 1 summarizes the atomic compo-
sition of untreated and plasma-treated PDMS sur-
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Figure 3. Representative MicroGlider® images of the PDMS coating. a – 2D image of a 17×17 mm2 area and b – 3D
image of a scratched coating at the edge of the slide (area scanned = 4×4 mm2, estimated thickness = 150 μm)

Table 1. XPS data (composition in atomic %) of plasma fluorinated PDMS

aTheoretical composition.
bData correspond to average of 5-6 samples treated in 2 different batches.

Plasma treatment
Composition (atomic %)

C 1s O 1s Si 2p F 1s
Untreateda 50.0 25.0 25.0 00.0
100 W; 300 sb 34.1 12.1 06.5 47.3
50 W; 200 sb 35.3 17.9 07.7 39.1
50 W; 100 sb 36.5 18.7 09.6 35.2



faces for different treatment conditions. The fluo-
rine content increased with power and treatment
time up to 47%. For comparison, poly(tetrafluo-
roethylene) (PTFE), the most common fully fluori-
nated polymer, has a fluorine content of 66.6%.
To further characterize the chemical structure of
the plasma treated PDMS surfaces, high resolution
C1s spectra were recorded. It was assumed, that the
spectra consist of five components corresponding
to aliphatic carbon (285.0 eV), –C–CF– (287.6 eV),
–CF– (290.4 eV), –CF2– (292.0 eV) and –CF3

(294.0 eV) [21]. To evaluate the C1s spectra of the
fluorinated PDMS surfaces obtained under differ-
ent plasma treatment parameters, a peak deconvo-
lution procedure was applied. Five component
peaks with a given shape (Gaussian-Lorentzian
ratio 50:50) were set to the energy values men-
tioned above. The fit procedure was allowed to
vary the component energies except 285 eV within
a range of ±0.5 eV, the component intensities and a
common value for the full width at half maximum.
Deconvoluted C1s spectra of fluorinated PDMS
prepared using different plasma treatment condi-
tions are presented in Figure 4. The assumptions of
the peak deconvolution model were adequate to
describe the shape of the C1s spectra, agreeing with

other studies where complex fluorinated polymer
systems, as obtained by plasma-based techniques,
were investigated [22–24]. All deconvoluted spec-
tra show the full range of differently fluorinated
carbon species suggesting a significantly branched
and/or cross-linked structure. For the investigated
parameter range the relative amount of highly fluo-
rinated species increases continuously with increas-
ing power and treatment time ([CF3]:[CxHy]
increased from 0.13 to 0.45, and [CF2]:[CxHy]
increased from 0.62 to 1.71 (Figure 4)).
Considering potential underwater applications, and
the evidence of chemical re-structuring of silicones
upon contacting water [25], we have evaluated the
chemical stability of the plasma treated PDMS in
aqueous media. Additionally, to assess the influ-
ence of ionic strength on the chemical stability of
the plasma treated samples, and envisaging the pos-
sibility to use these surfaces in marine environ-
ment, the fluorine content was determined by XPS
immediately after plasma treatment, after storage in
ambient conditions, after incubation in recirculat-
ing deionized water (DIW), and in artificial sea
water (ASW*) for up to one month (Figure 5).
The fluorine content decreased by 6% when sam-
ples were simply stored in ambient conditions for
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Figure 4. Representative XPS C1s spectra of CF4 plasma treated PDMS using the parameters: 50 W, 100 s (left), and
100 W, 300 s (right). Peak deconvolution (1) CxHy, (2) –C–CF–, (3) –CF–, (4) –CF2–, and (5) –CF3.



30 days pointing towards a re-orientation/migration
of the fluorine groups away from the surface during
aging. The introduction of functional groups onto
the surface of silicone has been recognized to lack
stability due to the reorganization of silicone elas-
tomers over time [26, 27, 29, 31, 32]. The phenom-
ena of hydrophobic recovery upon PDMS plasma
oxidation has been extensively investigated, and
explained namely by the reorientation of surface
hydrophilic groups towards the bulk and/or reorien-
tation of non-polar groups in the bulk towards the
surface, by the diffusion of pre-existing low molec-
ular weight (LMW) species through the bulk to the
surface, or migration of created LMW species dur-
ing treatment to the surface [26]. These same
effects are believed to be responsible for the
observed decrease of fluorine content on the sur-
face plasma treated PDMS during aging.
When samples were incubated in aqueous media,
the fluorine content suffered a steep initial decrease
(Figure 5). The fluorine content further decreased
after 1 week of incubation, but no additional signif-
icant differences could be observed after 4 weeks.
This decrease can be explained by re-arrangements
of fluorinated groups when the coatings are
immersed in water, and by the removal of low
molecular weight compounds generated by plasma
treatment. The loss of fluorine was significantly
higher when the surfaces were incubated in ASW*

(loss of 45% of initial content) as compared with
DIW (loss of 29% of initial content), revealing the

deleterious effect of the presence of salt on the sta-
bility of the plasma treated surfaces.

3.3. Morphology

The plasma treatment of polymer surfaces may
greatly alter their morphology [28, 29]. For this
reason, we have investigated the morphological
features of the PDMS surface before and after
plasma treatment by atomic force microscopy
(AFM) in tapping mode. The surface of the plasma
treated PDMS, even using the ‘harshest’ plasma
treatment parameters tested (Figure 6b), was very
smooth and comparable to the non-plasma treated
surface (Figure 6a). Possible effects of plasma
treatment time on surface morphology were inves-
tigated for different treatment times (100, 200, and
300 s). The surfaces were very smooth (RMS =
0.5–0.6 nm), no significant morphological differ-
ences between treatments could be detected (results
not shown).
Additionally, as the exposure of silicones to aque-
ous media (sea water, phosphate buffered saline)
can alter surface morphology [29, 30], the morpho-
logical features of the plasma treated PDMS when
incubated in DIW and ASW* for 7 days were inves-
tigated. Typical height images of the PDMS
exposed to the ‘harshest’ plasma conditions tested
when incubated in aqueous media are presented in
Figure 6c (DIW) and Figure 6d (ASW*). No mor-
phological changes were observed upon incubation
in either of the media tested.

3.4. Mechanical properties

It has been reported that the plasma treatment of
PDMS, using a variety of different gases, generates
a brittle silica-like layer at the PDMS surface [29,
31–35]. The formation of this hard layer can be
explained by the surface oxidation and the etching
effects associated with the plasma treatment,
exposing some of the silica filler to the surface of
the PDMS [29]. In order to investigate the extent of
the impact of the CF4 plasma treatment on the
mechanical properties of the PDMS, AFM imaging
was performed after indentation measurements and
after surface scratching with the AFM tip under
high load (Figure 7).
The results showed that the CF4 plasma treatment
resulted in the formation of a harder layer on the
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Figure 5. Fluorine content (atomic %) of CF4 plasma
treated PDMS. After plasma treatment (time = 0),
after storage in ambient conditions (•), after
incubation in recirculating DIW ( ), and after
incubation in recirculating ASW* ( ).



top-most surface of the PDMS, as higher force
(>195 nN) was needed to cut through the surface,
as compared with the untreated PDMS (data not
shown). An apparent wrinkling of the surface was
observed (Figure 7) as compared with the charac-
teristic cracking of brittle surfaces [31–33, 35]. The
top-most layer seems to elongate under stress,
resulting in local thinning of the layer, being
reflected on an apparent wrinkling.
The variety and extent of plasma-based surface
modification effects, in particular the alteration of
elastic properties of PDMS, depend on a multitude
of interaction mechanisms, each of them acting on
a characteristic depth scale. In low pressure plasma

reactors an effect on the scale of several tens of
nanometers is most probably attributed to (vacuum)
ultraviolet irradiation. As the ultraviolet irradiance
of plasma sources with different process gases and
different geometries can be different by orders of
magnitude [36], the mechanical properties of the
treated surface may vary over a certain extend. This
possibly explains the difference between our exper-
imental findings (non-brittle surface) and the obser-
vations reported in the literature (brittle surface)
[31–33, 35].
The differences in mechanical properties of
untreated and CF4 plasma treated PDMS surfaces
were further investigated by performing nanoin-
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Figure 6. AFM height images of a – PDMS (RMS = 1.15 nm), and b – plasma fluorinated PDMS (plasma treatment con-
ditions: 100 W; 300 s) after preparation (RMS = 1.34 nm); c – after 7 days incubation in recirculating DIW
(RMS = 1.33 nm), and d – after 7 days incubation in recirculating ASW* (RMS = 1.58 nm). a) and b) imaging
in air using tapping mode, c) imaging in DIW using contact mode, and d) imagining in ASW* using contact
mode.



dentation measurements with five different loads.
The analysis of the obtained curves allowed to con-
clude on the presence of a possible double-layer
structure, estimate its thickness, and evaluate the
hardness of the top-most surface of the PDMS. The
force-separation curves of unmodified PDMS
clearly differed from the curves obtained for
plasma treated PDMS (results not shown). In the
case of the plasma treated surfaces, a break in the
force-separation curve was observed, indicating the
presence of a double layer coating with the
mechanical properties of the top-most layer differ-
ing from the underlying one. The measured thick-

ness of the top-most layer generated by the plasma
treatment and selected indentation results for
untreated and plasma treated samples (extracted
from load-indentation curves) are presented in
Table 2.
The results showed that the thickness of the top-
most layer increased with increasing plasma treat-
ment time. The mechanical properties of the
top-most layer generated by plasma treatment can
be compared for the different plasma conditions
tested by comparing the indentation at constant low
load. It was observed that when applying a load of
195 nN, the indentation of all plasma treated sam-
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Figure 7. AFM height (left) and amplitude (right) images of plasma fluorinated PDMS (plasma conditions: 50 W; 200 s).
Imaging after a – indentation measurement at high force (440 nN); and b – scratching the surface with the AFM
tip using high force (440 nN). Imaging in air using tapping mode.



ples was below 180 nm (i.e. within the thickness of
the top-most layer) allowing the characterization of
the top-most surface of the plasma treated PDMS.
A significantly higher indentation was measured
for the untreated PDMS as compared with the
plasma treated PDMS, indicating that the top-most
layer generated by the plasma treatment was char-
acterized by a higher Young modulus. No signifi-
cant differences could be detected between the
different plasma conditions tested. This suggests
that the plasma conditions tested only had a signifi-
cant effect on the thickness of the generated top-
most layer but not on its mechanical properties.
When applying loads higher than 195 nN, the
indentation was deeper than the thickness of the
top-most layer, resulting in scattered indentation
data due to the contribution of the bulk PDMS.

3.5. Wettability

The extent of changes in the wetting properties of
the PDMS surface generated by CF4 plasma treat-
ment was evaluated by measuring advancing and
receding water contact angles using the sessile drop
technique (Table 3). Contrary to what would be
expected, the CF4 plasma treatment resulted in a
more hydrophilic surface as compared with the
untreated surface. This can be explained if we con-
sider that the effect of introduction of fluorine is
overcompensated by side effects associated with
plasma treatment as surface oxidation. Further-
more, the fluorine groups originally at the surface
will re-orient towards the bulk exposing moieties
rich in oxygen to the surface, resulting in a decrease
of the measured water contact angle. The contact

angle hysteresis increased after plasma treatment,
possibly due to chemical heterogeneities [37] intro-
duced by the plasma treatment and/or due to sur-
face reorganization [38].
Considering the potential use of these surfaces in
the marine environment, and the effect of sea water
on the surface properties of silicones [39, 40], we
have measured static water contact angles on
untreated and plasma treated surfaces using captive
air bubbles in ASW* (Table 4). The captive bubble
results in ASW* were in good agreement with the
data obtained using the sessile drop technique. The
PDMS surface was found to be more hydrophilic
after CF4 plasma treatment.

3.6. Marine bacteria: attachment and
adhesion strength

The effect of the introduction of fluorine into the
PDMS surface on the inhibition of initial attach-
ment and on the adhesion strength of the marine
bacteria Cobetia marina and Marinobacter hydro-
carbonoclasticus was investigated. These two
species were selected as they are characterized by
distinct surface energies: Cobetia marina is
hydrophilic, and Marinobacter hydrocarbonoclas-
ticus is hydrophobic [41]. The results of the assays
on glass control slides, untreated PDMS coatings,
and CF4 plasma treated PDMS with a fluorine con-
tent of 47% (atomic %) are presented in Figure 8.
The attachment of both Marinobacter hydrocar-
bonoclasticus and of Cobetia marina were dramati-
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Table 2. Thickness of the top-most layer generated by plasma treatment and indentation at low load (195 nN), determined
by analysis of AFM load-indentation curves

a data obtained for 2 independent samples
b data corresponds to the average of results extracted from 10 independent curves (± standard deviation)

Plasma treatment
Untreated 50 W; 100 s 50 W; 200 s 50 W; 300 s

Top-most layer thickness [nm]a n.a. 180–200 250–280 280–300
Indentation [nm] at load = 195 nNb 300 ± 11 112 ± 3 108 ± 3 111 ± 1

Table 3. Advancing and receding water contact angles
measured by the sessile drop technique

Plasma treatment
Advancing water
contact angle [°]

Receding water
contact angle [°]

Untreated 118.7 ± 1.4 85.6 ± 2.8
100 W; 300 s 100.9 ± 1.1 43.9 ± 5.3

Table 4. Static water contact angle measured using the
captive bubble technique

Plasma treatment
Untreated 100 W; 300 s

Static water contact angle [°] 95.2 ± 0.9 124.7 ± 1.3



cally reduced when introducing fluorine into the
PDMS coating. Bacterial adhesion to surfaces has
been attributed to many factors, including surface
chemical composition [42, 43], surface hydro-
philicity [44], surface roughness [45], and surface
mechanical properties [46]. As no significant dif-
ferences in surface roughness were detected
between untreated and plasma treated samples
(Figure 6), the differences observed in bacteria
attachment cannot be attributed to differences in
surface morphology. The plasma treatment has
altered the mechanical properties of the top-most
surface of the PDMS (Table 2). A positive correla-
tion between substrate stiffness and the initial
attachment of the bacteria Staphylococcus epider-
mis has been reported [46]. However this correla-
tion does not apply in the case of the present study
as lower bacteria attachment was observed for the
plasma treated (harder) surface. Recent bacteria
studies using silicon oxide coatings deposited by
plasma-assisted chemical vapour deposition
(PACVD) methods showed that the attachment of
Pseudomonas fluorescens decreased with increas-
ing the surface water contact angle, the same trend
being observed for Cobetia marina [41]. An oppo-
site effect was observed in our experiments. Con-
cerning the attachment of Marinobacter hydrocar-
bonoclasticus, it was observed to increase with
increasing the water contact angle of the silicon
oxide surfaces [41], being in good agreement with
our observations. The mechanism of bacteria adhe-
sion is very complex, depending not only on the
surface physicochemical properties but also on the
properties of the bacteria. Although hydrophobicity

has been generally considered to play a significant
role in bacteria adhesion, our results indicate that
the nature of the surface functional groups is criti-
cal in defining the interaction between substrate
and bacteria. The mechanism of antimicrobial
action provided by the presence of fluorinated
species at the plasma treated PDMS surface is how-
ever unknown and deserves further investigations.
The adhesion strength of Marinobacter hydrocar-
bonoclasticus decreased upon introduction of fluo-
rine into the PDMS surface (% removal increases
from 65 to 76%), while the adhesion strength of
Cobetia marina increased after plasma treatment
(% removal decrease from 87 to 64%). The easier
detachment of hydrophobic bacteria (Marinobac-
ter) from more hydrophilic surface (plasma treated)
and of hydrophilic bacteria (Cobetia) from more
hydrophobic surface (untreated) support that both
the native properties of the individual strain of bac-
teria and the chemical composition of the surface
determine bacteria adhesion strength [47].

4. Conclusions

Low pressure CF4 plasma can be used to success-
fully introduce fluorinated groups into PDMS sur-
faces. The plasma treatment generated a smooth,
non-brittle layer at the top-most surface of the
PDMS, with very high fluorine content and possi-
bly a significantly branched and/or cross-linked
structure. Stability tests revealed a loss of fluorine
in the plasma treated surface upon incubation in
aqueous media, possibly due to the removal of low
molecular weight (LMW) compounds generated by
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Figure 8. Marine bacterial biofilms of a – Marinobacter hydrocarbonoclasticus and b – Cobetia marina on glass,
untreated PDMS, and CF4 plasma treated PDMS. Bacterial biofilm formation (black bars) and remaining
marine bacteria biofilm after rotation at 340 m/min for 10 min (white bars). The release percentages (Ο) repre-
sent the percentages of biofilm removal upon exposure to shear. N = 45; error bars = 2×standard error derived
from arcsine-transformed data.



plasma treatment, and/or to the re-orientation of the
fluorine moieties away from the surface. As a con-
sequence of oxidation effects associated with the
plasma treatment, and the re-orientation of fluori-
nated groups, the PDMS surface was more hydro-
philic after plasma treatment. The antifouling
potentialities of PDMS towards two species of
marine bacteria was improved after CF4 plasma
treatment suggesting that the approach described
for the fluorination of PDMS surfaces may be
applied to minimize microbial adhesion.
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1. Introduction
Since their origin in the 1930s, cellular plastics or
polymeric foams have received wide success in
industrial and consumer applications due to the low
material costs, high strength-to-weight ratios, wide
range of properties, and ease of processing. More-
over, these materials are particularly attractive
since they can be produced with average cell sizes
ranging from few microns to hundreds of microns.
For any given polymer, the use of different blowing
agents and process conditions can yield ‘new mate-
rials’ with different densities, structures, and prop-
erties.
Foaming consists of generating tiny gas bubbles in
the polymer melt phase in order to produce light-
weight materials without sacrificing mechanical

and physical properties of the polymer. Gas bub-
bles can be generated by means of physical or
chemical blowing agents. The final foam products
usually possess better insulation properties, as well
as higher degrees of impact resistance with respect
to the starting material, thanks to the presence of
the gas bubbles in the polymer melt [1].
There are many types of polymer foaming
processes, such as foam extrusion, foam injection
molding, compression molding, and micro-foaming
[2, 3]. The final foam density depends on the origi-
nal gas loading, the gas losses to the environment,
and the foam expansion at quenching. The cell size
and the cell size distribution depend on the inten-
sity and kinetics of nucleation, on the characteris-
tics of the bubble growth processes following
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nucleation, and on the degree of cell wall collaps-
ing, or cell coalescence, during expansion. Since
the performance of foamed polymer is strongly
related to many aspects of bubble growth, it is cru-
cial to understand and control the bubble growth
during the melt processing [1].
In the last few years the production of poly(ethyl-
ene terephthalate) (PET) foamed items, particularly
sheets for insulating applications, is encountering a
rising interest. Moreover, by the contrast to the
commonly used thermoplastic resins, attention was
paid to recycled materials [4, 5]. In order to increase
the polymer viscosity and to enhance the foamabil-
ity of recycled PET, various techniques have been
investigated, including chain extension by reactive
extrusion [4–10].
The results obtained with this technique are encour-
aging since it allows to perform in a single step the
rheological upgrading of recycled polymer and
foaming process.
However, in recent years the quality control require-
ments for plastic foamed products have become
increasingly stringent. Therefore, researchers have
attempted to optimize the foaming processes in
order to produce high quality final products.
One of the most used methods for the optimization
of the manufacturing process, as well as final prod-
uct quality is numerical modeling: a large number
of mathematical models for bubble growth were
presented in the literature [11–21].
Some models have been written for bubble growth
assumed to be governed by mass transfer alone,
while others assumed momentum transfer alone.
Using an integral method, the combination of these
phenomena was presented by some authors. Exten-
sive reviews and references can be found in a
monograph edited by Lee and Ramesh [22].
The goal of this work is twofold:
– starting from preliminary results obtained in a

previous work [7], the first goal of this work is to
improve the process of extrusion foaming by
chemical blowing agent (CBA) in order to pro-
duce high density foams from PET industrial
scraps with a very low viscosity;

– the second goal of this work is to develop a sim-
ple and useful tool which can help the companies
in choosing foaming conditions without per-
forming complicated laboratory tests. With this
aim, according to literature indications [11, 14,
16], the growth of a spherical bubble in a poly-

meric liquid has been theoretically studied by
taking into account both mass transfer phenome-
non and viscous forces effect. Moreover, with
the aim of predicting the morphology of the final
foam, a non isothermal model was developed.
Model results were compared with experimental
data obtained analyzing foamed sheets produced
in laboratory starting from industrial scraps of
PET and using a chemical blowing agent. The
model was validated in relation to working con-
ditions, chemical blowing agent percentage and
initial rheological properties of recycled poly-
mer.

2. Experimental

2.1. Materials

PET industrial scraps of low intrinsic viscosity,
coming from the fibre production of a national
company (Montefibre, Italy) were used. The chain
extender used in this work is the Pyromellitic dian-
hydride (PMDA) purchased by Aldrich. The chem-
ical modification, in the proportion required for the
aim of extrusion foaming, is achieved with very
low content of PMDA in PET; specifically three
levels of PMDA contents were analyzed: 0.25, 0.50
and 0.75 weight% which proved to be the right
compromise to tailor the required rheological mod-
ification and suitable foaming processability of
PET. As far as the foam production is concerned,
the choice was directed to a chemical foaming
agent based process. In particular Hydrocerol
CT 534, kindly supplied by Clariant, was used as a
chemical foaming agent and specifically two levels
of Hydrocerol contents were analyzed: 0.30 and
0.50 weight%. It was provided in powder form, and
it is classified as an endothermic foaming agent,
recommended for PET foaming, based on a mixture
of both organic and inorganic foaming substances.
The gas yielding during the process is reported as
non toxic, presumably a blend of N2, CO2 and O2

with a very low level of water.

2.2. Reactive and foaming processes

The reactive processing of PET with the PMDA
and the foaming extrusion process were both per-
formed with a Brabender single screw extruder
(D = 20 mm, L/D = 20). The operation was accom-
plished in two steps.
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The main operative conditions for chemical modifi-
cation and foaming process are reported in Table 1.
The recycled PET was tailored by the chain exten-
sion reaction with the PMDA. The modified poly-
mers were then used for the foam production.

2.2.1. Reactive processing

The reactive processing of PET with the PMDA
was realized by making use of the mentioned
extruder equipped with a static mixer to allow the
required residence time for the reaction between
PET and PMDA. The temperature profile used for
the extrusion process was the following: extruder
temperature (2 zones) 280°C; mixer temperature
290°C; die temperature 270°C. In Table 1, the
working conditions for reactive process are
reported.
Modified PET was characterized in terms of rheo-
logical properties (flow curves, melt strength and
breaking stretching ratio (BSR)), mechanical prop-
erties (tensile and flexural properties) and densities.

Rheological properties

Rheological behavior of the modified PET was
carefully analyzed in this work because this param-
eter strongly affects the foam morphology.
The dynamic flow properties of the polymer matrix
produced by the chain extension process were
measured with a Rheometrics Dynamic Spectrome-
ter Mod. RDS-II (Rheometrics, Inc.) using a paral-
lel plates geometry (plate radius = 25 mm; gap =
2 mm). Frequency sweep tests (ω = 0.1÷100 rad/s
were made at 280°C at a constant strain amplitude
(10% strain) under a nitrogen gas purge in order to

minimize thermo-oxidative degradation phenom-
ena.
Rheological measurement in shear flow were per-
formed using a Capillary Extrusion Rheometer
(Bohlin Instruments) with a die radius of 1 mm and
a 16:1 length/diameter, equipped with a twin bore
for the Bagley correction. Viscosity measurements
were performed at 280°C within a shear rate range
of 20÷10 000 s–1. As the shear rate at the wall is
greater for pseudoplastic than for Newtonian fluids
at a given volumetric flow rate, the Rabinowitsch
corrections were applied in all cases. The Capillary
Extrusion Rheometer is equipped with a tensile
module. The measurements were performed using a
1 mm diameter capillary die (L/D = 20) with the
tensile module situated about 20 cm from the extru-
sion die. An extrusion temperature of 280°C and a
wall shear rate of 125 s–1 were used. The tests
allowed the determination of the melt strength and
the breaking stretching ratio (BSR). The samples
for testing were dried at 120°C in a vacuum oven
for 12 h.

Mechanical properties and densities

The tensile properties were analyzed according to
the standard ASTM D-638, the flexural ones were
analyzed according to the standard ASTM D-790
and the densities were measured according to the
standard ASTM D-1622.

2.2.2. Foaming process

The second step of processing consisted in the foam
production by extruding the modified PET with the
chemical blowing agent (CBA). Dry blends of
treated PET and CBA powder were fed to the previ-
ously described extruder apparatus, which was
operated without the static mixer. In Table 1 the
working conditions for the processes of polymer
foaming are reported. Further details on reactive
process and foaming can be found elsewhere [7].
Foam produced was characterized in terms of rheo-
logical properties (flow curves, melt strength and
BSR), mechanical properties (tensile and flexural
properties), densities and finally in terms of cell
size and cell size distribution by means of scanning
electronic microscopy.
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Table 1. Operating conditions for chemical modification
and foaming process

Reactive extrusion process
Extruder temperature (hopper, barrel) [°C] 280, 280
Static mixer temperature [°C] 290
Die temperature [°C] 270
Screw speed [revolution per minute] 040

Foam extrusion process
Extruder temperature (hopper, barrel) [°C] 270, 280
Die temperature [°C] 280
Extrusion die: slit die [mm2] 30×1
Screw speed [revolution per minute] 040



Cell size and cell distribution
Cell size and cell distribution was evaluated by
means of electronic scanning microscopy (SEM).
In order to evaluate cell size and cell distribution
from the SEM micrographs, a software for image
analysis was developed and implemented in Lab-
view (National Instruments). This software locates,
counts, and measures objects in a rectangular
search area. The software uses a threshold on the
pixel intensities to segment the objects from their
background. Optional filters give the capability to
ignore the objects smaller or larger than given
sizes. Other options allow rejecting the objects
touching the borders of the search area and ignoring
the holes that the segmentation process may create
in the objects. The segmented objects are then
located and measured. The software can also over-
lay on the image returned the position of the search
area, the centers and bounding boxes of the objects
detected.

3. Experimental results

3.1. Characterization of modified PET

Modified PET was characterized in terms of rheo-
logical properties (flow curves, melt strength and
BSR), mechanical properties (tensile and flexural
properties) and densities. In Table 2 main experi-
mental results obtained analyzing modified PET
samples were reported.

3.1.1. Rheological properties

Rheological behavior of the modified PET was
carefully analyzed in this work because this param-
eter strongly affects the foam morphology.
A significant increase in viscosity due to the use of
PMDA as chain extender in PET scraps (PET) is
evident from the flow curves reported in Figure 1.
These samples also exhibit a pronounced shear
thinning behavior particularly the blend PET+
PMDA 0.75%.

Values of zero shear viscosity, obtained analyzing
rheological data, are reported in Table 2 for unmod-
ified and modified PET samples.
Moreover, in order to verify if the modified PET
possesses melt properties suitable for foaming
process, melt strength measurements were per-
formed and the results being reported in Table 2.
As it can be seen in Table 2, a sharp increase in
melt strength is encountered with increasing PMDA
content. Both the effects, the shear thinning behav-
iour and melt strength improvement, can be
ascribed to the structural changes occurring during
the chain extension process, i.e. the increase in Mw,
the broadening of Mw/Mn and branching phenom-
ena accomplished during the reactive extrusion.
Actually, too large values of the MS tend to inhibit
the bubble growth during the foaming process. As
reported later, the parameters so obtained allow in
all cases the production of foams, although with
some differences. However, the sample treated
with 0.50% of PMDA appears as the best accom-
plishment between the two parameters.
Since the polymer matrix was produced by a chain
extension process, we considered the viscosity
changing with the chain extender content using a
polynomial fittings curve to interpolate the experi-
mental data of η0 vs. %PMDA [11] using Equa-
tion (1):
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Table 2. Main properties of the modified PET samples

Code %PMDA
ηη0 [Pa·s]

(T=280°C)
Melt strength

[10–2 N]
BSR

Density
[kg/m3]

ηη
[dl/g]

PET 0 0108 not meas. not meas. 1410 0.49
PET_PMDA025 0.25 0543 0.005 080 1414 0.59
PET_PMDA050 0.50 1275 0.012 120 1425 0.67
PET_PMDA075 0.75 3355 0.054 092 1435 0.77

Figure 1. Flow curves for unmodified and modified PET
samples (T=280°C)



η0 (%PMDA) =

6577 (%PMDA)2 – 742.64 (%PMDA) + 160 (1)

Viscosity is related to temperature by an Arrhenius
expression [23] and its variation with thermal pro-
file is given by Equation (2):

(2)

where Ea is an activation energy for viscous flow
(94 000 J/mol [23]), η0 and η0Tr are the zero shear
viscosity corresponding to T and Tr, respectively.
The effectiveness of the foaming process is
strongly dependent on the viscosity of the polymer
matrix and, consequently, on concentration of the
chain extender. With an amount of PMDA lower
than 0.5% no foam can be obtained.

3.2. Characterization of foam

Foam produced was characterized in terms of rheo-
logical properties (flow curves, melt strength and
BSR), mechanical properties (tensile and flexural
properties), densities and finally in terms of cell
size and cell size distribution by means of scanning
electronic microscopy. In Table 3 main experimen-
tal results obtained analyzing foamed samples were
reported.
Data reported in Table 3 show that without signifi-
cantly sacrifice the mechanical and physical prop-
erties (see results of tensile modulus and strength)
it is possible to produce lightweight materials.

3.2.1. Cell size and cell distribution

The foamed strips obtained have a closed-cell
structure (see SEM micrographs). Closed-cell
foams are most suitable for thermal insulation and
are produced when the cell membranes are suffi-
ciently strong to withstand rupture at the maximum
foam rise.

Cell size and cell distribution was evaluated by
means of electronic scanning microscopy (SEM).
SEM micrographs of the cross section are reported
in Figures 2–4 for the samples analyzed in this
work.

⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛
−=

η

η

rg

a

T

T

TTR

E

r

11
ln

0

0

88

Coccorullo et al. – eXPRESS Polymer Letters Vol.3, No.2 (2009) 84–96

Figure 2. SEM micrograph PET_PMDA050_CBA05

Table 3. Main properties of the foamed samples

Code %PMDA %CBA
Density
[kg/m3]

Tensile modulus
[MPa]

Tensile strength
[MPa]

PET 0 0 1410 1810 55.1
PET_PMDA050_CBA05 0.50 0.50 0835 1240 23.4
PET_PMDA075_CBA03 0.75 0.30 1165 1365 29.5
PET_PMDA075_CBA05 0.75 0.50 0900 1304 23.8

Figure 3. SEM micrograph PET_PMDA075_CBA03

Figure 4. SEM micrograph PET_PMDA075_CBA05



Bubble dimensions, as evaluated by the image
analysis software, are almost constant in the sam-
ple, confirming the assumption that temperature is
constant along thickness direction.
The cell size and cell distribution, reported in
Table 4, are strongly dependent, during the foam-
ing process, on the concentration of the chain
extender and, consequently, on the high viscosity
of the polymer matrix.

4. Modeling

4.1. Bubble growth dynamics (Theoretical
background)

Consider a polymer melt that has a dissolved gas
concentration c0 in equilibrium with the gas at
some elevated pressure PB0. With the release of
pressure at t = 0, the solution becomes supersatu-
rated, and nucleation and bubble growth begin. As
the bubble growth proceeds, the pressure inside the
bubble and the dissolved gas concentration at the
bubble surface decrease. With time, gas diffuses
into the bubble and a concentration gradient propa-
gates radially in the polymer melt. A schematic of

the bubble growth is shown in Figure 5. The radius
and the dissolved gas concentration are denoted by
R(t) and c(r,t).
In analyzing the bubbles growth process, the fol-
lowing assumptions can be made:
1. The bubble is spherically symmetric when it

nucleates and remains so for the entire period of
growth.

2. The gas pressure in the bubble PB(t) is related to
the dissolved gas concentration at the bubble sur-
face c(R,t) by the Henry law: c(R,t) = KHPB(t).

3. There are no chemical reactions during bubble
growth.

4. Gravitational effects and latent heat of solution
are neglected.

5. Inertial effects are neglected and the fluid is
assumed to be incompressible and Newtonian.

6. The surface tension at the gas-liquid interface
has a constant value σ.

7. The effect of foam densities on thermal conduc-
tivity of gas-filled polymeric bubble system is
neglected.

The material properties such as polymer structure,
molecular weight and its distribution, crystallinity
and others are independent of the dissolved gas
concentration and are ignored.
The neglect of inertia and the assumption of New-
tonian behavior is imposed because the fluids are
very viscous and the initial bubble growth rates are
very small. Nevertheless, Amon and Denson [13]
studied heat transfer analysis in polymer-gas sys-
tems in great detail. They found from reliable
empirical correlations that the effective thermal
conductivity of gas-filled polymeric bubble system
changes by no more than a few percentage points
over the whole range of foam densities. Moreover,
as for thermoplastic foam extrusion, growth occurs
in the molten-to-solid transition state. The polymer
is cooled from 280°C (die temperature) to 25°C
(ambient temperature) in a relatively short time:
since in these circumstances all physical properties
of the system undergo a rapid change, a transient
heat transfer problem is considered here.

4.2. Governing equations for the bubble
growth

In view of the above restrictions, the equation of
motion, integral mass (gas) balance over the bubble
and differential mass (dissolved gas) balance in the
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Figure 5. Schematic of single bubble growth

Table 4. The cell size and cell distribution for samples ana-
lyzed in this work

Samples
N bubble
[N/mm3]

Cell radius
[μμm]

PET_PMDA050_CBA05 ~110 44 ± 15
PET_PMDA075_CBA03 ~330 31 ± 10
PET_PMDA075_CBA05 ~290 37 ± 15



surroundings mother phase take the following
forms [14]. Equation of motion is given by Equa-
tion (3):

(3)

The initial condition for the above equation is:
R(0) = Ri. Here Ri is the initial radius of the bubble,
PC the pressure in the continuous phase, σ surface
tension and η melt viscosity.

Integral mass (gas) balance over the bubble

A differential mass balance in a binary system
assuming spherical symmetry, constant density and
diffusion coefficient (D) is of the form of Equa-
tion (4):

(4)

where c is the dissolved gas concentration in the
melt and D is the binary diffusion coefficient. The
boundary and initial conditions for Equation (4) are
given by Equation (5):

(5)

At a distance far from the bubble surface, the solu-
tion is not affected by the growing bubble and the
dissolved gas concentration remains c∞, the same as
before the onset of nucleation. The quantity cR is
the dissolved gas concentration at the bubble sur-
face. It is related to the gas pressure in the bubble
through the solubility coefficient KH. The quantity
ci(r) is the initial concentration profile in the melt.
The mass balance on the bubble requires that the
rate of mass added to the bubble equals the rate that
mass diffuses in through the bubble surface. Thus,
a simple mass balance at the bubble surface relates
the bubble pressure to the concentration gradient at
the surface (see Equation (6)):

(6)

The initial condition for the above equation is
PB(0) =PB0. Here PB0 is the initial bubble pressure,

Z2 the compressibility factor of the gas inside the
bubble, T temperature and Rg universal gas con-
stant.

4.2.1. Dimensionless form of the governing
equations

To facilitate the subsequent analysis, the following
dimensionless variables and groups can be defined
by Equations (7)–(15):

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

In defining the above dimensionless quantities, we
picked the critical bubble radius (Equation (16)):

(16)

and the critical momentum transfer time (Equa-
tion (17)):

(17)

as our characteristic bubble radius and bubble
growth time, respectively.
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In terms of the dimensionless variables, the equa-
tions governing the bubble growth dynamics takes
the following forms (see Equations (18)–(20)):

(18)

(19)

(20)

The corresponding initial and boundary conditions
are given by Equations (21)–(25):

Ra(0) = Rai (21)

PBa(0) = PBai (22)

ca(ra,0) = cai(ra) (23)

ca(Ra,ta) = PBa (24)

ca(∞,ta) = 1 (25)

Since the critical cluster represents an equilibrium
state, this specification of the initial conditions will
not produce bubble growth. To achieve the latter,
we must perturb one or more of these variables
from the equilibrium state. The bubble growth is a
strong function of the value of the initial radius,
arbitrary choice of it can lead to considerable error
[11].

4.2.2. Initial conditions for bubble growth

In order to calculate the initial conditions for bub-
ble growth, the approach used follows from Shafi
et al. [11]. Following this procedure, we get the ini-
tial conditions for bubble growth (see Equa-
tions (26) and (27)):

(26)

(27)

where A is defined by Equation (28):

(28)

The methodology for handling the transport
processes around a single expanding bubble is valid
for a bubble growing in an infinite expanse of liq-
uid with no dissolved gas limitations. In actual
foaming, there is a finite amount of dissolved gas
that is continuously depleted by the simultaneous
growth and nucleation of bubbles.
In order to extend the analysis in a finite amount of
dissolved gas, in this work, the procedure presented
by Shafi et al. [11] was adopted (see Figure 5).
Shafi et al. applying the integral method to the
present problem introduce an undetermined func-
tion of time, Vcb. Physically it represents the vol-
ume of the melt between the bubble surface and the
radial position where the dissolved gas concentra-
tion approaches the initial dissolved gas concentra-
tion c0. Moreover, they define two new variables: x,
which represents the melt volume between the bub-
ble surface and radial position r normalized to the
volume of concentration boundary region Vcb and
also a new concentration variable C as in Equa-
tions (29) and (30):

(29)

(30)

Equations (29) and (30) transform a moving bound-
ary problem with variable boundary conditions to a
fixed boundary problem with constant boundary
conditions. C is always 0 at the bubble surface
(x = 0), and is 1 at the far end of the concentration
boundary (x = 1) and it can be assumed as a func-
tion of x only. In view of Equations (29) and (30)
and defining additional dimensionless variables
and groups as shown in Equations (31) and (32): 
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(32)

the equations governing the bubble growth dynam-
ics in terms of dimensionless quantities can be
rewritten by Equations (33)–(35):

(33)

(34)

(35)

With the initial conditions given by Equations (36)
and (37):

(36)

(37)

4.3. Model formulation

In order to calculate the evolution of the bubbles
size in the foam sheet starting from material proper-
ties and working conditions, the model above
described was implemented in a simulation code
developed in Labview (National Instruments).
With this aim Equations (33)–(35) must be solved
with the initial conditions given by Equations (36)
and (37). Moreover, as for thermoplastic foam
extrusion, growth occurs in the molten-to-solid
transition state. The polymer is cooled from 280°C
(die temperature) to 25°C (ambient temperature).
Rheological property variation certainly changes
the isothermal growth scenario and hence, a tran-
sient heat transfer problem is considered here. The
polymer is cooled by means of two cooling fans, in

this case, the energy equation combined with
Fourier's law of heat conduction, is given by Equa-
tion (38):

(38)

where ρP, Cp,P and kp are density, specific heat and
thermal conductivity, respectively.
The initial and boundary conditions are then given
by Equation (39):

(39)

where δ is the half-thickness of the foam sheet, T0

is the initial temperature of the polymer (die tem-
perature), TAIR is the ambient temperature and h is
the heat transfer coefficient.
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Figure 6. Flow chart describing the sequence of the calcu-
lations in the model



A flow chart describing the sequence of the calcula-
tions is reported in Figure 6. In Table 5, the main
variables involved in the model are reported.

4.3.1. Solution methodology

The equations governing the bubble growth
dynamics are highly nonlinear and stiff. These
equations were solved using the Gear’s method.
The nonlinear equations are solved by Brown’s
method. The equations were solved using a finite
difference scheme.
It is worth mentioning that in the model adopted in
this work there are no involved adjustable parame-
ters so that the model starting from data of materi-
als properties and the operative conditions is able to
predict bubble dimensions.

5. Model results

Model developed in this work following the litera-
ture indications allows to calculate the evolution of
the temperature, of the bubble pressure and radius
starting from the operative conditions and material
properties (Tables 1 and 6). Consistently with
experimental data, with an amount of chain exten-
der lower that 0.5% according to the model the
clusters are not sufficiently large compared to the
critical cluster in order to grow spontaneously to a
macroscopic bubble and no foam can be obtained.
In Figure 7, the calculated evolution of temperature
and bubble radius during the foaming process are
reported for PET_PMDA050_CBA05 and
PET_PMDA075_CBA05. Figures show that bub-
bles growth takes about one second, after this time
temperature become too low and viscosity too high.

In Figure 8, the calculated evolution of bubble
pressure and radius during the foaming process are
reported for PET_PMDA050_CBA05 and
PET_PMDA075_CBA05.

93

Coccorullo et al. – eXPRESS Polymer Letters Vol.3, No.2 (2009) 84–96

Table 5. Main variables involved in the model adopted in
this work

σ surface tension D binary diffusion coeffi-
cient

η melt viscosity Z2 compressibility factor of
the gas

KH solubility coeffi-
cient

Rg Universal gas constant

PB0 initial bubble pres-
sure

c∞ initial gas concentration

Ri initial radius of the
bubble

ci(r) initial gas concentration
profile

R(t) bubble radius c(r,t) dissolved gas concentra-
tion

PB(t) gas pressure in the
bubble

c(R,t)=cR dissolved gas concentra-
tion at the bubble sur-
face

PC Pressure in the con-
tinuous phase

Vcb volume of the melt between the bubble surface and the
radial position where the dissolved gas concentration
approaches the initial dissolved gas concentration c0

Figure 7. Temperature profile for the bubble growth simulation of extrusion. a – PET_PMDA050_CBA05;
b – PET_PMDA075_CBA05

Table 6. Physical properties [23] and operative conditions
used in the model

Physical properties Operative conditions
PET specific heat Cp 1130 J/(kg·K)
Thermal conductivity K 0.218 W/(m·K)
Activation energy for viscous flow Ea 94 000 J/mol
Rheological reference temperature 553 K
Surface tension σ 0.0446 N/m
Diffusivity 3·10–12 m2/s
Die pressure 1.5·106 Pa
Ambient pressure 1.01·105 Pa
Die temperature T0 543 K



The bubble pressure start from a maximum and
decreases to a value close to the ambient pressure.
The evolution of the bubble radius for the samples
analyzed in this work was compared in Figure 9.
As it can be seen from the figure, the radius of the
bubbles in the sample coded as
PET_PMDA050_CBA05 is bigger than the one of
the bubbles in PET_PMDA075_CBA05. From fig-
ure the effect of the PMDA content is evident, in
fact, the bubble radius increases on decreasing of
the PMDA content: this is mainly due to the higher
melt strength (shown by the
PET_PMDA075_CBA05) which limits the growth
of the bubbles.
The comparison between experimental results and
model prediction for the bubble radius is reported
in Figure 10. Because at the moment only few
experimental data are available, literature data [25,
26] are also reported in figure. Moreover, the model
described in this work was adopted in order to cal-
culate the evolution of the bubble radius in litera-
ture experimental conditions and results were also
reported in figure. The satisfactorily agreement

between literature experimental data and model
predictions is a further validation of the model
adopted in this work.
In order to underline results achieved in this work,
the comparison between experimental results and
model prediction for the bubble radius for
PET_PMDA050_CBA05,
PET_PMDA075_CBA03,
PET_PMDA075_CBA05 is reported in Table 7.
Comparison shows that model seems to be able to
predict experimental data of bubble radius, even if,
at the moment only few experimental data are
available.
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Figure 8. Pressure profile for the bubble growth simulation of extrusion foaming, a – PET_PMDA050_CBA05;
b – PET_PMDA075_CBA05

Figure 9. Evolution of the bubble radius for
PET_PMDA050_CBA05 and
PET_PMDA075_CBA05

Table 7. Comparison between experimental results and
model prediction for the bubble radius

Samples
Experimental

cell radius [μμm]
Calculated

cell radius [μμm]
PET_PMDA050_CBA05 44 ± 15 49
PET_PMDA075_CBA03 31 ± 10 33
PET_PMDA075_CBA05 37 ± 15 33

Figure 10. Comparison between experimental results and
model prediction for the bubble radius (litera-
ture data are also reported in figure)



The comparison between experimental data and
model prediction shown in Figure 10 is satisfacto-
rily, however, better results of prediction of the
evolution of the bubble radius during foaming
process could be achieved by means of a better rhe-
ological description, that is adopting more complex
models which better describe viscoelastic proper-
ties of the material.

5. Conclusions

In this work, the process of extrusion foaming by
chemical blowing agent (CBA) was improved in
order to produce high density foams from PET
industrial scraps with a very low viscosity. Due to
the low intrinsic viscosity of the recycled PET
(IV = 0.48 dl/g), a chain extender was also used in
order to increase the molecular weight of the poly-
mer matrix. The reactive processing of PET and the
foaming extrusion process were both performed
with a Brabender single screw extruder. The opera-
tion was accomplished in two steps. The chemical
modification, in the proportion required for the aim
of extrusion foaming, is achieved with very low
content of PMDA in PET; specifically three levels
of PMDA contents were analyzed: 0.25, 0.50 and
0.75 weight% which resulted to be the right com-
promise to tailor the required rheological modifica-
tion and suitable foaming processability of PET. As
far as the foam production is concerned, the choice
was directed to a chemical foaming agent based
process. In particular Hydrocerol CT 534 was used
as a chemical foaming agent and specifically two
levels of Hydrocerol contents were analyzed: 0.30
and 0.50 weight%.
Modified PET was characterized in terms of rheo-
logical properties (flow curves, melt strength and
BSR), mechanical properties (tensile and flexural
properties) and densities. Foam produced was char-
acterized in terms of rheological properties (flow
curves, melt strength and BSR), mechanical prop-
erties (tensile and flexural properties), densities and
finally in terms of cell size and cell size distribution
by means of scanning electronic microscopy.
Finally, the growth of a spherical bubble in a poly-
meric liquid has been theoretically studied by tak-
ing into account both mass transfer phenomenon
and viscous forces effect.
Model results were compared with experimental
data obtained analyzing foamed sheets produced in

laboratory starting from industrial scraps of PET.
As for thermoplastic foam extrusion, growth occurs
in the molten-to-solid transition state. Rheological
property variation certainly changes the isothermal
growth scenario and hence, a transient heat transfer
problem is considered and a non isothermal model
for bubble growth was developed.
The model was validated in relation to working
conditions, chemical blowing agent percentage and
initial rheological properties of recycled polymer.
A good agreement between experimental and cal-
culated data was achieved, even if, at the moment
only preliminary experimental data are available.
In order to achieve a better understanding of the
foaming process, future work will consider an addi-
tional validation by comparing model results with a
wider set of experimental data and the analysis of
the bubble nucleation.
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1. Introduction
In recent years, the responsive polymers have
attracted considerable interest for their chemical or
physical property changes in response to the exter-
nal stimuli such as temperature, pH, specific ions,
and electric field [1]. As the important responsive
polymers, the temperature or pH-responsive poly-
mers are widely applied in many fields including
drug-delivery system [2], chemical separation [3],
and gene carriers [4].
The thermo-sensitive polymers reversibly become
a uniform sphere from a random coil chain in the
solution at a certain temperature, namely, the lower
critical solution temperature (LCST) [5]. These
phenomena can also be observed when other exter-
nal parameters are changed such as pH value [6],
electric field [7], and ionic strength [8]. Normally,

the LCST value of polymer is greatly affected by
the balance of the hydrophilic and hydrophobic
groups in the polymer. In other words, the
hydrophilic and hydrophobic interactions between
the polymer chains play a significant role in deter-
mining their LCST value. The two interactions in
nature are related to the hydrophobic interaction
among polymers and to hydrophilic interaction
(hydrogen bonding) between hydrophilic groups of
polymer and water molecules. If the excessively
hydrophilic or hydrophobic groups are attached to
the polymer backbone, no thermo-sensitivities of
the polymers are observed under common condi-
tions. It has been reported that the change of
hydrophilic/hydrophobic groups on the macromol-
ecular chains leads to several thermo-sensitive
polymers with different LCST values. Such poly-
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mers include poly(N,N’-diethyl acrylamide) [1],
poly(N-isopropylacrylamide) [9], poly(2-isopropyl-
2-oxazoline) [10] , and poly(vinyl methyl ether)
[11] and so on. For example, Schild [12] reported
that the LCST of a thermo-responsive polymer con-
taining N-isopropylacrylamide was controlled by
the content of hydrophilic amide groups and
hydrophobic groups. In addition, in order to get
polymers with much better controlled temperature-
responsive properties, some copolymers were syn-
thesized by the introduction of other monomers or
natural polymers. The various copolymers were
prepared to meet the demands in many fields, such
as poly(N-isopropylacrylamide-co-acrylamide-co-
hydroxyethylmethacrylate) [13], poly(N,N-dimethyl-
acrylamide-b-N-isopropylacrylamide-b-N-acryloyl-
valine) [14], poly(N-isopropylacrylamide/carboxy-
methyl chitosan) [15], and poly(N-isopropylacry-
lamide-co-diethyleneglycol methacrylate) [16].
2-Hydroxypropyl acrylate (HPA) is extensively
applied in fibre, adhesives, rubber industry, paints
and coatings industry [17]. To the best of our
knowledge, the preparation of the copolymer
between HPA and AMHS as a temperature-respon-
sive material has not been reported in the literature.
By varying the monomer ratio in the copolymeriza-
tion of HPA and AMHS, the balance between
hydrophobicity and hydrophilicity on the copoly-
mer chain can be effectively controlled to some
extent. Accordingly, HPA/AMHS copolymer may
theoretically exhibit a reversible temperature-
responsive property. The incorporation of AMHS
into the macromolecular chain may produce a pH-
responsive copolymer, because AMHS is a kind of
weak-base/strong-acid salt. The copolymer also
responds to inorganic ion stimuli and shows a
phase transition.
The aim of this study was to prepare a novel
copolymer of HPA and AMHS and evaluate the
dual responsiveness (temperature and pH) in its
aqueous solution. The molecular structure of the
resulting copolymer and the monomer was charac-
terized by 1H NMR and FTIR measurements. By
varying the ratio of HPA to AMHS, the hydrophilic
and hydrophobic balance of the resulting copoly-
mer was adjusted effectively. When the molar ratio
of HPA to AMHS unit on polymer chain was fixed
at 1.56, 2.25, and 3.01, the LCSTs of copolymers in
the aqueous solution were found to be 36.5, 28.2
and 17.8°C, respectively. Furthermore, a series of

inorganic salts were selected to evaluate the salt
effect on LCST of the resulting copolymer.

2. Experimental section

2.1. Materials

2-aminoethanol, propylene oxide and benzoyl chlo-
ride were purchased from Dongfang health materi-
als factory (Tianjin, China) and Huadong Chemical
Factory (Tianjin, China), respectively. Acrylic acid
and methacrylic acid were purified by vacuum dis-
tillation. Potassium persulfate (KPS) was recrystal-
lized from deionized water before used. The other
solvents were analytical grade and used without
any further purification.

2.2. Measurements

Fourier-transform infrared spectra (FTIR) of the
monomer and the corresponding copolymers were
recorded on a Vector22 FT-IR spectrophotometer
with KBr pellet in the range of 400–4000 cm–1.
1H NMR spectra were measured with a Bruker
Avance-400 (400 MHz) using D2O as solvent and
TMS as internal standard. The thermo-sensitivities
of the copolymer in the solution were detected by
monitoring the optical transmittance at 500 nm on a
Shimadzu UV-120-02 spectrophotometer with a
thermally-controlled cuvette holder. The heating
rate was controlled at 0.5°C/min in our experiment.
The temperature at which the transmittance of the
copolymer solution decreased to half of the initial
value during heating was defined as LCST for the
copolymers in our study.

2.3. Synthesis of HPA and AMHS

2-aminoethanol hydrochloride was prepared via the
neutralization of 2-aminoethanol with the calcu-
lated amount of hydrochloride solution and com-
plete drying under vacuum at 70°C. Methacryloyl
chloride was synthesized by reacting methacrylic
acid with benzoyl chloride according to the litera-
ture [18]. The mixture of 2-aminoethanol hydro-
chloride and methacryloyl chloride with an excess
of 10% was heated up to 75°C and the temperature
was maintained for 2 h. Then, it was cooled and
dissolved in tetrahydrofuran. The solution of the
crude AMHS was poured into ethyl ether to remove
the un-reacted methacryloyl chloride. The pure
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AMHS, a white powder, was obtained after filtra-
tion with a yield of 81%.
FTIR [cm–1] for AMHS: 3381, 3044 (broad vN–H),
2974–2887 (strong vC–H), 1720 (strong vC=O), 1622
(weak v–C=C–), 1494 (median δN–H), 1064 (strong
vC–O–C).
0.28 mol propylene oxide, 0.2 mol acrylic acid, a
trace amount of CuCl as inhibitor and pyridine as
catalyst were added into the round flask with a con-
denser. The mixture was heated to 90°C and kept
for 4 h. Finally, the isomers (HPA) containing 2-
hydroxypropyl acrylate and 2-hydroxyisopropyl
acrylate were obtained after vacuum distillation
with a yield of 63%. From 1H NMR measurement,
HPA was composed of pure 2-hydroxypropyl acry-
late and 2-hydroxyisopropyl acrylate, and the molar
ratio of two isomers was about 1.7:1.
FTIR [cm–1] for HPA: 3420 (broad vO–H),
2977–2885 (strong vC–H), 1720 (strong vC=O), 1617
(weak v–C=C–), 1194 (strong vO–C=O), 1080 (strong
vC–O–C).

2.4. Synthesis of the copolymers from HPA
and AMHS

A series of the copolymers with various feed ratios
of HPA to AMHS were synthesized by the conven-
tional radical copolymerization using K2S2O8-
NaHSO3 as the redox initiator. In the polymeriza-
tion, the molar ratio of monomers to initiator was
fixed at 100:1 and the total monomer concentration
was 0.3 mol/l in the deionized water. The Schlenk

tube was added with the required amount of
K2S2O8-NaHSO3 initiator, HPA, AMHS and deion-
ized water. After degassing with dry nitrogen, the
reaction mixture was magnetically stirred for 10 h
at room temperature. Finally, the resulting mixture
was precipitated into cold sodium chloride solution
to remove the residual HPA, AMHS and un-reacted
initiator. After several washing with hot water, the
title copolymer was obtained via filtration and
dried under vacuum at 60°C for 48 h. When the
ratio of HPA to AMHS was fixed at 1, 2, 3 and 4 in
the copolymerization, the corresponding copoly-
mers were designated as PHA1, PHA2, PHA3, and
PHA4. From 1H NMR measurements, The molar
ratio of HPA to AMHS on polymer chain for
PHA1, PHA2, PHA3, and PHA4 were 0.75:1,
1.56:1, 2.25:1 and 3.01:1, respectively.

3. Results and discussion

3.1. Molecular design for the temperature-pH
sensitive polymers

The synthetic route for the copolymer studied in
this paper is shown in Figure 1. We firstly prepared
nonionic HPA and ionic AMHS monomer. The
temperature-pH responsive copolymer of two
monomers was obtained by solution polymeriza-
tion initiated with K2S2O8-NaHSO3. Herein, the
HPA monomer units on the copolymer chains serve
as the hydrophobic moieties and AMHS units func-
tion as the hydrophilic groups. The modulation of
hydrophobicity and hydrophilicity on the polymer
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Figure 1. Synthetic route for the temperature-pH sensitive polymer



chains was achieved via changing the ratio of HPA
to AMHS in the polymerization. It was found that
only the corresponding copolymers with given
monomer ratio did show a reversible thermo-sensi-
tiveness. In contrast with this result, no LCST was
observed in the aqueous solutions of poly(AMHS).
The reason is attributed to the following fact that
too high hydrophilic interactions allow the
homopolymer of AMHS to completely dissolve in
water. Accordingly, the appropriate balance
between hydrophobicity and hydrophilicity on the
polymer chains plays a crucial role in preparation
of thermo-responsive polymer.

3.2. Structural confirmation of the copolymer
from HPA and AMHS

The FTIR spectrum and the 1H NMR spectrum of
PHA4 were recorded in order to confirm the struc-
ture of the copolymer. As shown in Figure 2 of
PHA4 FTIR spectrum, the broad peaks from about
3600 to 3250 cm–1 suggested the presence of the
–OH and –NH2·HCl groups. The strong character-
istic absorption at 1735.8 cm–1 was observed,
which was ascribed to the characteristics stretching
vibration of C=O group from HPA and AMHS
repeating units. Also, the absorption bands at
1176.2 cm–1 could be attributed to the C–O–C
stretching vibration. In the 1H NMR spectrum of
PHA4 shown in Figure 3, the main peaks of the

copolymer PHA4 were found. For example, the
peaks at 4.06 and 3.61 ppm were ascribed to meth-
ylene and methine groups in [–OCH2CH(OH)CH3]
repeating unit. The chemical shift of methylene and
methine groups in [–OCH2CH(OH)CH3] repeating
unit was also observed at 3.61 and 4.06 ppm. The
peaks for the two methylene groups
[–OCH2CH2NH2·HCl] in AMHS unit were
recorded at 4.21 and 3.32 ppm respectively. Here,
the peak at 4.9 ppm possibly indicated the exis-
tence of –NH2 groups in the AMHS repeating unit.
It is necessary to state that no peaks for –OH group
were found in the measurement using D2O as sol-
vent. The above-mentioned spectral data confirmed
the structure of the target copolymer. In addition,
the molar ratio of HPA to AMHS on polymer chain
for PHA1, PHA2, PHA3, and PHA4 were found to
be 0.75:1, 1.56:1, 2.25:1 and 3.01:1, respectively,
from 1H NMR results.
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Figure 2. FTIR spectrum of the PHA4

Figure 3. 1H NMR spectrum of the PHA4



3.3. Effect of the different factors on LCST

3.3.1. Effect of copolymer concentration in
aqueous solution on LCST

In this study, the temperature at which the transmit-
tance decreased to half of the initial value was
defined as the LCST. For the thermo-sensitive
polymer, a clear aqueous copolymer solution below
LCST became cloudy upon heating. A typical opti-
cal transmittance of the solution of PHA3 as a func-
tion of temperature is shown in Figure 4. Clearly,
the PHA3 precipitated out from the aqueous solu-
tion at temperature around 25–45°C range, depend-
ing on its concentration. The LCST value decreased
as the polymer concentration increased. When
PHA3 concentration was 1 wt%, its LCST was
about 40°C. As PHA3 concentration was increased
to 2 and 3 wt%, the LCSTs of PHA3 reached about
28.2 and 30.1°C, respectively. This result shows no
remarkable dependence of LCST upon the concen-
tration values at higher copolymer concentration.
Additionally, the phase transition interval is more
than 10°C for PHA3 copolymers. The reason for
this observation can be probably ascribed to the
wider molecular weight distribution of copolymer
or the different sequence of the monomer unit on
copolymer chain. The wider phase transition tem-
perature was also reported in another copolymer
system from 2-hydroxylpropyl acrylate [19].

3.3.2. Effect of the ratio of HPA to AMHS on
LCST

The temperature-responsiveness of the title copoly-
mers was confirmed by monitoring transmittance in

3% (wt) solution as a function of temperature. As
shown in Figure 5, the LCST of copolymer were
36.5, 28.2 and 17.8°C, respectively, when the
molar ratios of HPA to AMHS on polymer chain
were fixed at 1.56, 2.25 and 3.01. This result sug-
gested that LCST of copolymer was decreased with
increasing content of hydrophoblic HPA units.
Compared to AMHS, HPA factually exhibits a
slight hydrophobicity to some extent. The similar
tendency has been reported that the LCST of N-iso-
propylacrylamides-based copolymer was decreased
by the incorporation of more hydrophobic
monomer [20]. Additionally, no obvious LCSTs
were observed in the copolymer aqueous solution
when the ratio of HPA to AMHS was under 1 or
above 5 in the copolymerization. The reasons for
this may be explained as the excessive hydrophilic-
ity or hydrophobicity in the copolymeric chains.
LCST values of the copolymers prepared in this
study, especially for PHA2, are very close to the
physiological temperature. As a result, these
copolymers are suitable to the application in the
biomedical fields. In addition, the more sensitive
responsiveness was found with increasing the
hydrophobic HPA unit content in copolymer
chains. The temperature span in the phase transition
for PHA2 was about 28°C (from 27 to 55°C),
whereas the range during the phase transition for
PHA4 reached about 12°C (from 13 to 25°C).

3.3.3. Effect of pH value on LCST

Figure 6 demonstrates the effect of pH on LCST of
PHA3 copolymer. Herein, the phosphate buffered
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Figure 4. Effect of the copolymer concentration in aque-
ous solution on LCST Solvent: deionized water;
pH = 6.5; wavelength = 500 nm

Figure 5. Transmittance as a function of temperature for
copolymer in aqueous solution Solvent: deion-
ized water; pH = 6.5; wavelength = 500 nm



saline (PBS) with the same ion strength (I = 0.6)
was used as the medium for the different pH. From
the figure it is seen that the phase transition behav-
ior is considerably dependent on the pH value in the
solution; increasing pH leads to higher LCST value
in the range of pH 1.78–5.85. This effect is related
to the dissociative behaviors of the aminoethyl
hydrochloric salt moiety on AMHS units. The ion-
ization degree of aminoethyl hydrochloric salt was
increased with increasing pH value due to its weak-
base/strong-acid salt nature. So, the hydrophilicity
of copolymer increases with pH value, resulting in
a higher LCST value. This result is consistent with
the reported phase transition behaviors of poly(N,
N-diethylacrylamide-co-methacrylic acid) in differ-
ent pH solution [21]. At too higher pH, however,
the LCST sharply decreased with increasing pH
value. For instance, when pH values were adjusted
to 7.46, 8.94 and 10.25, the LCSTs were 18.7, 12.5
and 10.5°C, respectively.

3.3.4. Effect of the additive salt on LCST of the
copolymer

The thermo-sensitiveness of the copolymers is
derived from the hydrophilic/hydrophobic interac-
tions related to the copolymer chains and water
molecules [22]. The existence of some amino salt
groups on the copolymers prepared from HPA and
AMHS may likely alter the aforementioned interac-
tion, further inducing a change of LCST value.
Some salts increase the LCST of polymers, which
is called the ‘salting-in’ effect; while other salts can
decrease the LCST value, which is called ‘salting-

out’ effect [23]. In order to investigate the effect of
some inorganic salts on LCST of the copolymer,
two series of potassium salt and metallic nitrate
(0.02–0.20 mol/l) were added into the copolymer
aqueous solution (3 wt%), and their LCSTs were
measured.
Figure 7 has shown the LCST-shifting effect with
respect to the concentration of potassium salts.
Clearly, the LCST value of copolymer PHA4
changed drastically when potassium salts was
charged to copolymer solution. The changing
LCST increased with increasing its concentration.
For example, when the concentration of KBr was
0.02, 0.05, 0.10, 0.15, and 0.20 mol/l, the LCST of
PHA4 changed to 16.4, 15.8, 15.2, 14.9 and 14.4°C
from 17.8°C (in deionized water). The result was in
a good agreement with the studies on aqueous
hydroxypropyl cellulose solution by Oshima and
co-workers [24]. In addition, different from the
effect of KBr and KCl, LCST of the copolymer
PHA4 exhibited an increasing tendency with
increasing the concentration of KI. The LCSTs of
PHA4 increased to 18.1, 18.0, 18.5, 19.5 and
20.6°C, respectively, as KI concentrations were
fixed at 0.02, 0.05, 0.10, 0.15, 0.20 mol/l. It has
generally been accepted that the larger anion such
as I– served as ‘salting-in’ effect, while the smaller
anion including F–, Br– and Cl– functioned as ‘salt-
ing-out’ effect [23]. From the comparative data of
three anions, the effectiveness order from ‘salting-
out’ to ‘salting-in’ in this system is summarized as
follows: KCl ≈ KSCN > KBr > KNO3 > KI. The
experiment result is consistent with the investiga-
tion on the other polymer system [25]. In overall,
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Figure 7. Effect of a series of potassium salts in PHA4
aqueous solution on LCST Solvent: deionized
water; wavelength = 500 nm

Figure 6. Effect of pH in copolymers aqueous solution on
LCST Solvent: phosphate buffered saline (PBS);
wavelength = 500 nm



KI seems to increase H-bonding (hydrophilic inter-
action) between water molecules and copolymer
chains, leading to an increase in LCST value. On
the contrary, KBr and KCl seem to decrease the
interaction among water and polymer, resulting in
decrease of the LCST.
Figure 8 illustrated the effect of several metallic
nitrates on the LCST of copolymers as function of
its concentration. The addition of metallic nitrate
into the aqueous copolymer solution also induced
the alteration of LCST, especially for NaNO3,
Mg(NO3)2 and KNO3. For instance, when the con-
centrations of NaNO3 and Mg (NO3)2 were con-
trolled at 0.20 mol/l, the change of LCST was
found to be 4.9°C (12.9–17.8°C) and 2.0°C (15.8
–17.8°C), respectively. Al(NO3)3, however, appears
to be a weak LCST-shifter in our system, which is
not in accordance with the study on hydroxypropyl
cellulose system by Oshima [24]. The reason may
likely be ascribed to the fact that the copolymer
with amino salts investigated in this paper is differ-
ent from the nonionic hydroxypropyl cellulose
studied by Oshima. Additionally, NO–

3 ions act as
LCST-elevating driver. The LCST-elevating poten-
tial from NO–

3 ions in Al(NO3)3, solution overtakes
that in NaNO3, Mg(NO3)2 and KNO3 solution with
the same molar concentration. Concerning the
overall effect of nitrates selected, it could be con-
cluded that the order in effectiveness from ‘salting-
in’ to ‘salting-out’ was Al(NO3)3 > KNO3 >
Mg(NO3)2 > NaNO3. Therefore, NaNO3 could be
used as the efficient LCST-shifter for this copoly-
mer from HPA and AMHS.

4. Conclusions
In this study, a novel pH-temperature responsive
copolymers were prepared by modulating the ratio
of HPA to AMHS monomers. The LCSTs of the
resulting copolymers rapidly increased as the con-
tent of hydrophilic monomer AMHS was increased.
Also, the copolymer exhibited a complicated phase
transition behavior in the different pH medium, i.e.,
its LCST first increased and thereafter decreased
with an increase in pH value. The investigation on
the effect of additive salts suggested that LCST of
copolymer shifted either down or up, depending on
the different cations and anions, as well as on their
concentration. These copolymers seem to be good
candidates for being used as controlled-drug
release carriers by pH and temperature stimuli.
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1. Introduction
Un-crosslinked polyethylene has the melting point
of 100–130°C, however, after crosslinking no flow
would be noticed even at 150°C [1, 2], where elas-
tic behaviour prevails. In addition to the advantages
associated with crosslinked polyethylene, it is also
capable of absorbing high loadings of fillers com-
pared to un-crosslinked polyethylene which
becomes brittle on incorporating fillers. By
crosslinking polyethylene, some of its important
properties (e.g. creep and wear resistance, long
term service temperature, impact strength) would
also be drastically improved [3–5]; this makes
polyethylene a good choice for applications such as
hot water pipe, heat shrinkable products, steam

resistant food packaging, and foams for thermal
insulation.
There are some methods to crosslink polyethylene,
among which silane method is a common and ben-
eficial approach to crosslink polyethylene which
per se has no functional group or cure site to be
crosslinked in a way similar to some other ther-
moset resins. This method can be done in two ways,
either by grafting unsaturated hydrolysable
alkoxysilanes onto or copolymerizing them into
polyethylene chains [6, 7], followed by processing
and shaping the polymer into final product and then
moisture curing it in the presence of catalyst. In
silane crosslinking, siloxane bridges link polyethyl-
ene chains together. Recently, it is also possible to

105

*Corresponding author, e-mail: J.Morshedian@ippi.ac.ir
© BME-PT and GTE

Effect of polymer structure and additives on silane grafting
of polyethylene

J. Morshedian1*, P. Mohammad Hoseinpour1, H. Azizi1, R. Parvizzad2

1Iran Polymer and Petrochemical Institute (IPPI), P.O. Box: 14965/115, Tehran, Iran
2Research and Development Department, Tabriz Petrochemical Company, Tabriz, Iran

Received 16 September 2008; accepted in revised form 9 January 2009

Abstract. Silane method is a preferred method in crosslinking polyethylene to modify its properties. Here, the silane graft-
ing reactions of low density (LDPE), linear low density (LLDPE) and high density polyethylene (HDPE) were compared,
all with a fixed amount of silane (vinyltrimethoxysilane) and peroxide (dicumylperoxide). Processing for silane grafting
was carried out in an internal mixer, and FTIR spectra were used for comparing the silane grafting efficiencies. The effect
of polymer physical form and pre-mixing the components was also determined. Molecular structure parameters were ana-
lyzed to investigate their effect on silane grafting efficiency. In case of LDPE and LLDPE, the probable interfering effect
of two types of antioxidants on silane grafting reactions was studied. Ethylene propylene diene monomer (EPDM) was
added to LDPE to evaluate its effect on silane grafting efficiency. Amongst different grades of polyethylene, LLDPE had a
better efficiency in silane grafting. Branchings, PDI, Mw, and MFI are all determining factors and should be considered in
comparing the silane grafting efficiency between different grades of polyethylene. In case of incorporating antioxidant, dif-
ferent results were observed when the polymer under study was different. EPDM as an additive would enhance silane graft-
ing efficiency. 

Keywords: material testing, branching number, polydispersity index, polyethylene, silane grafting

eXPRESS Polymer Letters Vol.3, No.2 (2009) 105–115
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2009.14



crosslink the silane-polyethylene copolymer at
ambient temperature in the absence of high mois-
ture content, taking the advantage of some special
catalysts [8–10]. Easy processing, low cost and
capital investments, and favourable properties of
processed materials are the advantages of silane
method [11]. Further studies on this subject would
be found in literature for interested reader [12–16]. 
Considering the role of antioxidants in preventing
or retarding oxidation degradation, it is important
to study the proper type of antioxidant in
crosslinked polyethylene which has no or the least
interference with silane grafting reactions [17–20].
Frequently applied antioxidants for crosslinked
polyethylene are mentioned in plastics additives
handbook [21], among which the influence of two
common types of antioxidants are studied here.
EPDM (ethylene propylene diene monomer) as
additive in polyethylene would contribute flexibil-
ity to polyethylene, besides improving some prop-
erties such as elongation at break and impact
resistance [22]. In silane method of crosslinking,
due to the reduction of crystallinity in polymer
matrix as a result of incorporating EPDM, water
diffusion (in moisture curing step) would be
enhanced and so does the crosslinking rate. For
these reasons, the effect of adding EPDM on graft-
ing efficiency of polyethylene is studied. The result
of this study could be generalized to material
parameters affecting extent of functionalization or
grafting of low molecular weight species to poly-
ethylene by radical reaction in melt mixing.

2. Experimental

2.1. Materials

2.1.1. Polymers

The information of low density polyethylene
(LDPE), linear low density polyethylene (LLDPE)
and high density polyethylene (HDPE) used in this
study can be found in Tables 1 and 2. Ethylene
propylene diene monomer (EPDM) with the trade
name Vistalon 7500 (supplied by ExxonMobil
Chemical Company (USA)), was a terpolymer con-
taining ethylene (55.5 wt%), propylene and ethyli-
dene norbornene (5.7 wt%). All the polymers were
received as granules except the EPDM which was
in chips form.

2.1.2. Silane

As the most common silane used in the manufac-
ture of silane crosslinkable polyethylene is
vinyltrimethoxysilane [23], here vinyltrimethoxysi-
lane was used as the silane, which was in liquid
form and with boiling temperature of 123°C, and
supplied by Evonik Industries, Germany, under the
trade name of Dynasilan VTMO.

2.1.3. Peroxide

Free radicals are needed to initiate silane grafting
by abstracting hydrogen atoms from the macromol-
ecules (said alkylradicals); these free radicals are
generated from thermally degradable organic per-
oxides [24], with the most preferred one being
dicumylperoxide. It is also possible for unsatura-
tion on silane to be attacked by peroxide followed
by reaction with the polyethylene chain [25]. For
the current study, the peroxide was dicumylperox-
ide with 98% purity and melting point of 49°C,
supplied by Ashland Inc. (USA), under the trade
name of Di-cup 40C.

2.1.4. Antioxidant

The antioxidants used in this study are listed in
Table 3, all provided by Ciba Specialty Chemicals,
Switzerland.
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Table 1. Suppliers’ information for polyethylenes used in
this study

Table 2. Properties of polyethylenes used in this study

Polyethylene Trade name Manufacture

LDPE LH0075
Bandar Imam
Petrochemicals Co. (Iran)

LLDPE BPD3052
INEOS Group Limited
(United Kingdom)

HDPE Ex3
Arak Petrochemicals Co.
(Iran)

LDPE LLDPE HDPE
MFI (190°C, 2.16 kg) [g/10 min] 0.70 3.50 0.40
Mn·10–3 17.6 17.1 13.9
Mw·10–4 12.7 6.402 13.6
Polydispersity Index (PDI) 7.234 3.736 9.770



2.1.5. Other material(s)

Acetone (99.5% purity) was supplied by Merck
Ltd, Germany, and used as received.

2.2. Equipments

The Melt Flow Index (MFI) of pure polyethylenes
was determined through a model 5MPCA MFI
equipment (Ray-Ran Co. England) according to
ASTM D1238, under 2.16 kg load, at 190°C.
In case of using polyethylenes in powder form the
granules were powdered by Pulman Powder Mill,
Germany. Pre-mixing was done using a turbo-
mixer (TM-2002 Model) manufactured by Borhan
Pooya Chemi Trading Ltd., Iran.
The grafting process was carried out in an internal
mixer (Rheomix Haake, SYS 90, NJ, USA) with a
Banbury-type rotor. Fourier transform infrared
(FTIR) spectroscopy was carried out by FTIR,
Bruker IFS 48 on thin films for evaluating the
extent of grafting.
Oxidative induction time (OIT) tests were fulfilled
for 3.50 milligram of polymer at 200°C in Differen-
tial Scanning Calorimeter, Stanton Redcraft STA-
780, according to ASTM D3895.
The molecular weight, polydispersity indices and
branchings were determined using Size Exclusion
Chromatography (SEC) equipped with a refractive
index (RI) detector, an on-line viscometer and a
Multi Angle Light Scattering (MALLS) detector.
The solvent was 1,2,4-trichlorobenzene (TCB) and
the samples were dissolved at 123°C.

2.3. Procedure

2.3.1. Processing

All the experiments were carried out using
0.04 weight part peroxide per hundred weight part
of polyethylene [phr] and 4 phr silane. A solution
of silane and peroxide in predetermined amounts
was prepared for each batch, and polyethylene (in
granular or powder form) mixed with this solution
using turbo-mixer at 1500 rpm for one hour. In case

of incorporating antioxidant, an amount of 0.1 phr
antioxidant was added to aforementioned solution
prior to mixing with polymer in turbo-mixer. Silane
grafting of polyethylene was carried out in the melt
in a batch operation using internal mixer. The rotor
speed, processing time, and the temperature were
fixed at 60 rpm, 15 minutes, and 190°C, respec-
tively. For assessing neat polymers (no other reac-
tant) they were processed directly in internal mixer.
In incorporating EPDM, it was used as received (in
form of chips), and hand-mixed with polyethylene
prior to pre-mixing. 

2.3.2. Fourier Transform Infrared (FTIR)
sample preparation

Thin films for spectroscopy analysis were prepared
by a hot press at 170°C, under 30 MPa for 20 sec-
onds; samples (or granules) to be pressed were equal
weighted and thus the obtained film thicknesses
were similar (200 micrometer). After preparation of
thin films, each film was immersed in acetone for
3 hours, followed by washing with pure acetone and
drying for 1 minute under hot air flow, to get sure
about leaching all the remnant (un-reacted) silane
out. It should be noted that by hot pressing the films,
the un-reacted silane would already evaporated as its
boiling point is 123°C [26].

3. Results and discussion

3.1. Silane grafting determination 

3.1.1. Torque monitoring

Here, the aim is to characterize the influence of
molecular structure and additives (EPDM and
antioxidants), on the extent of silane grafting in
polyethylene. Determination of silane grafting effi-
ciency is important due to its inevitable effect on
crosslinking which follows after. The later is not
the concern of current study. 
During the processing in internal mixer, the first
increase in torque observed in Figure 1 is due to
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Table 3. Information of antioxidants used in this study

Trade name Chemical name Designation in this study
Irganox® 1010 pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) AO-1
Irgastab® Cable KV10 4,6-bis (octylthiomethyl)-o-cresol AO-2



adding material(s). The torque decreases as the
polymer starts plasticating and melting. The fol-
lowing increase in case of silane-containing poly-
ethylene is an indication of starting grafting
reactions and is occurred because of the increase in
melt viscosity and continues to a plateau. The final
torque of silane-grafted polyethylene is higher than
that of the neat one (as shown in Figure 1). If the
mixing goes further in time, the torque would fur-
ther increase in result of degradation crosslinking
or silane crosslinking in presence of ambient water
vapour.

3.1.2. FTIR characterization

In studying the FTIR spectra, the transmittance
peaks of interest are listed in Table 4. Obviously,
the neat polymer has no peak at 1092 cm–1. The
1092 cm–1 is used as an indication of silane grafting
extension in samples of this study which typically
has the strongest absorbance [17, 27] compared to
799 and 1192 cm–1. The peak at 1080 cm–1 is the
result of crosslinking, which could occur to some
extent even during grafting process. In such cases,

the Si–OCH3 is apt to be masked by strong Si–O–Si
absorption [27]. Vinyl and vinylidene groups are
considered as the unsaturations in polyethylene and
used as one of their microstructure parameters
when studying the silane grafting efficiency.
As the film thicknesses (prepared for FTIR study)
were almost the same (and if not, hot pressing was
repeated to reach the film with desired thickness)
and polyethylene shows no transmittance peak at
wavenumber of 1092 cm–1, it is possible to con-
sider the height of transmittance peak in this
wavenumber as the grafting efficiency and use the
corresponding value to compare the silane grafting
efficiency in different polyethylenes, although this
would be only a realtive comparison and not a
quantitative one [26].

3.2. Effect of pre-mixing and polymer
physical form

Prior to processing in internal mixer, pre-mixing of
the silane compound and peroxide with polymers
plays an important role in final results, since silane
is hardly adsorbed by polyethylene if pre-mixing is
not carried out. To demonstrate this dependency,
first the LDPE was added to internal mixer (in form
of granules) and at the pre-fixed temperature of
115°C. After melting (observed through the first
torque reduction), silane (4 phr) was added to it by
using a glass syringe. As the boiling temperature of
silane is 123°C, it is to be added at such a tempera-
ture (115°C). Then, the temperature of internal
mixer was set to 190°C. By reaching this tempera-
ture, peroxide (0.04 phr) was added to internal
mixer (approximately 18 minutes from the first
adding polyethylene to mixer) and the processing
was continued till a rise in torque observed (nearly
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Table 4. Transmittance FTIR peaks for specified groups

Group Structure Wavenumber [cm–1] Reference

Trimethoxysilane 799, 1092, 1192 [7, 18]

Siloxane 1080 [18, 19]

Carbonyl 1720 [29]

Vinyl 909, 990 [28, 30, 31]

Vinylidene 888 [28, 30]

Figure 1. Typical plots of torque vs. time, observed for
silane grafted LDPE and the neat one (LDPE
without any silane or peroxide)



20 minutes after addition of peroxide). It is note-
worthy to say that since peroxide would initiate
polyethylene crosslinking reactions even at such a
low temperature of 120°C, where silane has still no
noticeable activity in such a temperature, in case of
adding peroxide together with silane at 115°C,
there would be a strong probability to have unde-
sired crosslinking reactions by consuming peroxide
(through formation of C–C crosslinks) and hence
no further silane grafting at higher temperatures.
Thus, by designing the procedures in such a way
that the silane was added first (at 115°C), followed
by the addition of peroxide at 190°C, we avoided
the undesired possible peroxide initiated crosslink-
ing reactions (C–C crosslinks). Besides, by choos-
ing such a low amount of peroxide (0.04 phr) and
thus making the ratio of silane to peroxide to be
almost 100, and considering that in the silane : per-
oxide ratios of more than 50 the risk of crosslinking
reactions initiated by peroxide reaches almost zero,
we avoided the undesired reactions. For confirming
this hypothesis, we further performed the gel con-
tent tests on some of the final resultant specimens,
right after the processing. By immersion of the
specimens in boiling xylene, we noticed almost no
left polyethylene (as the gel content) after 24 hours.
That proved us the reliability of our processing
method and reactants ratios.
Once again, the LDPE granules with specified
amounts of silane and peroxide was poured in
turbo-mixer and mixed for about one hour at
1500 rpm without any heating. As presented in
Table 5, in case of the non-premixed sample there
is no observed peak at 1092 cm–1 and instead, there
is a peak at 1080 cm–1. This peak is a result of
forming Si–O–Si bands, i.e. occurrence of silane
crosslinking. As it consumes more time to perform
the whole process with incorporating silane and
peroxide separately into internal mixer (when no
pre-mixing was done before), the mixture passed a
longer time under processing before reaching the
increase in torque. At such a high temperature
(190°C) and with presence of ambient water
vapour, crosslinking reactions would commonly

occur, and this is not desired. Based upon this
observation and since the normalized peak at
1080 cm–1 is still short, indicating the low effi-
ciency in silane grafting prior to crosslinking reac-
tions, all other samples in following experiments
went under an hour pre-mixing (in turbo-mixer at
1500 rpm) prior to their processing.
Now this should be noted that although the proce-
dures were designed to include the pre-mixing step
(and not adding silane and peroxide in two steps, as
previously mentioned), still both the pre-mixing
effect and the silane : peroxide ratio helps avoiding
the formation of C–C crosslinks, as proved by gel
content tests.
To study the importance of polymer physical form
(i.e. granular or powder form), LDPE was pre-
mixed with specified amount of silane-peroxide
solution in powder form. After this pre-mixing and
processing, the resultant FTIR spectra have been
shown in Figure 2, and the corresponding peak
height at 1092 cm–1 are 47 and 63 millimetre for
granular LDPE and the powder one, respectively.
Thus, it can be inferred that physical form of poly-
mer is of a great importance in increasing the silane
grafting extent; in powder form there would be
more surface area of polymer to adsorb silane-per-
oxide solution. To reach this better efficiency, all
the polymers were processed at powder form rather
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Table 5. Comparison of silane grafting in premixed and
non-premixed granular LDPE

Non-premixed
granular LDPE

Pre-mixed gran-
ular LDPE

Peak height
[mm] at

1092 cm–1 0 47
1080 cm–1 21 0

Figure 2. FTIR spectra for LDPE A) neat polymer,
B) granular silane grafted, C) powder grafted.
Both A) and B) are grafted with 4 and 0.04 phr
silane and peroxide, respectively, and the reac-
tion mixture was pre-mixed in turbo-mixer for
an hour prior to processing.



than granular form in all other experiments of the
current study.

3.3. Effect of polymer type

The extent of silane grafting for similarly grafted
LDPE, LLDPE, and HDPE have been determined
via their corresponding FTIR spectra and the meas-
ured values are presented in Table 6.
Referring to Table 6, the higher peak height at
1092 cm–1 for LLDPE with respect to that of LDPE
and HDPE indicates that LLDPE is more apt to
silane grafting reactions compared to LDPE. This is
also true for LDPE compared to HDPE. In initiat-
ing the silane grafting reaction, peroxide decompo-
sition species would participate in different
reactions [2]; they would combine with each other
to form unsaturated species; inducing to β-scission-
ing in polymer chain and thus leading to chain
extension; and finally they would react with the
vinyl unsaturation of silane for grafting the mole-
cule onto the polyethylene. Among all the afore-
mentioned reactions, only the last one is desired
and the other two would result in molecular struc-
ture changes and consequently lead to differences
in crosslinking performance [26]. Different types of
polyethylene have different tendency and probabil-
ity for these side reactions and thus different extent
of silane grafting would be obtained in fixed
amounts of reactants for each type of polyethylene.
However, the more efficient grafting in LLDPE
rather than LDPE and HDPE, would be also due to
existence of tertiary carbons in LLDPE which are

more apt to react with free radicals initiating graft-
ing reactions [26], since the associated hydrogens
are relatively easy to be abstracted during silane
grafting reactions. The less tendency to silane graft-
ing in HDPE can be related to the shortage of terti-
ary carbons: HDPE has ignorable branches.
Branching status of LLDPE and LDPE are shown
in Figures 3 and 4. As it can be observed, branch-
ings have been spread within all ranges of molecu-
lar weight in LLDPE, but in case of LDPE it is only
in low molecular weight range, although both have
nearly same branching numbers. Thus, the branch-
ing distribution (with respect to molecular weight)
affect the silane grafting in such a way that wider
distribution (bi-modal) (as in case of LLDPE)
results in higher grafting, and narrower one con-
tributes to less tendency for silane grafting.
However, there are other factors that would possi-
bly take part in determination of ultimate silane
grafting efficiency; it is obvious that the vinyl
group in silane is the active site for initiation of
grafting on polyethylene in presence of peroxide.
Thus, presence of unsaturation in polyethylene
itself would positively affect silane grafting initia-
tion. According to Table 4, the corresponding
peaks for unsaturation can be detected via FTIR
spectra. Only vinyl bonds were investigated here,
as they are more active to take part in silane graft-
ing. The vinyl group absorbs at both 909 and
990 cm–1, but only the peak at 909 cm–1 is used
here, due to its reported stronger absorption. Con-
sidering the magnified FTIR spectra for neat poly-
mers (see Figure 5), LLDPE and HDPE has a peak
height 0.055 and 0.052 millimetre, respectively,
and the corresponding peak height for LDPE is
negligible. Thus, higher relative content of vinyl
unsaturation in LLDPE would positively affect its
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Figure 4. Branching number of LDPE versus its molecular
weight, determined by SEC

Figure 3. Branching number of LLDPE versus its molecu-
lar weight, determined by SEC

Table 6. Comparison of silane grafting efficiency in
LDPE, LLDPE and HDPE

Polymer LDPE LLDPE HDPE
Peak height [mm] at 1092 cm–1 63 70 25



more efficient performance in silane grafting, while
due to the negative cumulative effects of other
parameters (discussed above or in the following
lines) in HDPE, its vinyl unsaturation would con-
tribute no significant positive effect on its silane
grafting. 
It should be noted that although a peak at 888 cm–1

can be observed (for LDPE) in Figure 5, it can not
be referred to vinylidene unsaturation, as it is
always overlapped by absorption at 889 to 903 cm–1

from vibrations of terminal methyl groups on alkyl
groups longer than ethyl [32].
Furthermore, as it can be seen from Table 2, these
polymers have different polydispersity index val-
ues and molecular weights. LLDPE has the lowest
PDI, followed by LDPE and HDPE, which means
that lower PDI provides more tendency for occur-
rence of silane grafting. Meanwhile, the higher
weight average molecular weight for HDPE and the
lower weight average molecular weight for LLDPE
would contribute to their level of tendency for
grafting reaction; i.e., for LLDPE with low weight
average molecular weight, there is more accessibil-
ity of polymer backbone for silane and the peroxide

decomposition species to start the grafting reac-
tions, while HDPE with higher molecular weight
provides less accessibility and LDPE lies between
these two. No direct relation can be deduced
between number average molecular weights (Mn)
and silane grafting efficiency of these polyethyl-
enes.
Moreover, different MFI values should be also
taken into account when comparing these types of
polyethylene. LLDPE has the highest MFI fol-
lowed by LDPE and HDPE. This shows that higher
MFI would result in more tendency for silane graft-
ing, considering the higher grafting efficiency in
LLDPE. 

3.4. Effect of additives

3.4.1. Antioxidants

Antioxidants are normally used to achieve thermo-
oxidative stabilization. During the processing in
presence of antioxidants, some part of peroxide
could be consumed in a ‘non-useful’ reaction,
which means that this portion has to be compen-
sated for with additional peroxide and if not, there
would be lesser silane grafting efficiency. The
grafting process limits the choice of antioxidants
since many of them are effective radical scavengers
and can inhibit the grafting reaction [12]. Here the
effect of two types of antioxidants on silane graft-
ing reactions of LDPE is studied. In each case, the
antioxidant was added to the silane-peroxide solu-
tion and premixed with polyethylene in turbo-
mixer prior to mixing in internal mixer. Table 7
presents the corresponding peak heights. The
thermo-oxidative products has the characteristic
peaks between 1650 and 1800 cm–1; here the trans-
mittance peak at 1720 cm–1 is considered as the
indication of thermo-degradation (designation of
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Figure 5. Magnified FTIR spectra for neat polymers,
A) LLDPE, B) HDPE, C) LDPE. The transmi-
tion range is magnified to show the range of
0.945 to 0.97, in order to highlight the vinyl
unsaturation peaks on polyethylenes.

Table.7. Comparison between the silane grafting effi-
ciency and thermal degradation in LDPE for dif-
ferent incorporated antioxidants. All the samples
contained 4 phr silane, 0.04 phr peroxide, 0.1 phr
antioxidant and premixed in turbo-mixer for one
hour, followed by processing in internal mixer for
15 min at 190°C.

Peak height [mm] at
1720 cm–1 1092 cm–1

Grafted LDPE with
AO-1 08 15
AO-2 04 11
no antioxidant 14 63



C=O groups), in which, the neat (un-processed)
sample shows no peak while the processed neat one
shows a strong peak. Thus the height of this peak is
a designation of the extent of degradation (although
only comparatively).
Here, it should be noted that except LLDPE (as
indicated by its supplier), the other two polyethyl-
enes have some amount of antioxidant but determi-
nation and evaluation of this amount and/or type is
not of this article’s concern, as we aimed to study
the effect of antioxidants on silane grafting of as
received polyethylenes, that is, the form they are
already available in market.
Referring to Table 7, it would be possible to assess
the effectiveness of antioxidants: shorter the peak
height at 1720 cm–1 and higher the peak height at
1092 cm–1 declares the more effectiveness of
antioxidant. In both cases, besides reacting with
existing peroxide decomposed species, the antioxi-
dant would also react with the polyethylene alkyl
radical which is formed during processing. This
may inhibit the grafting reactions. Comparing the
peak heights for samples containing antioxidant
with the one contains no kind of antioxidant
declares this phenomenon.
Incorporation of AO-2 resulted in the least thermal
degradation, with respect to AO-1. However,
regarding the non-considerable extent of silane
grafting, this would be of no advantage to incorpo-
rate AO-2 in LDPE in grafting process in afore-
mentioned amounts of silane and peroxide.
The previous experiment was carried out for
LLDPE in the same amounts of reactants and con-
ditions. The results obtained from the correspon-
ding FTIR spectra are presented in Table 8. 
In case of LLDPE the best antioxidant regarding
the least thermal degradation, is AO-2 (as in the
case of LDPE), however, in contrary to LDPE, the

silane grafting efficiency is considerably higher; it
should be noted that although the polyethylenes
that contain no antioxidant show less difference in
grafting efficiency (peak height of 63 mm in case
of LDPE and peak height of 70 mm in case of
LLDPE), the grafting efficiency when adding
AO-2, is considerably different for the two polyeth-
ylenes (peak height of 11 mm in case of LDPE and
peak height of 32 mm in case of LLDPE). This
shows that while exhibiting frustrating effects, even
a same antioxidant would differently affect the
silane grafting efficiency, when used in different
polymers. Thus, selecting the proper antioxidant
for silane grafting of a polyethylene, would not dic-
tate its properness for silane grafting of another
polymer.
In a later study it was observed that with employing
much higher amounts of silane and peroxide (e.g.
up to 6 phr silane and 0.4 phr peroxide) silane
grafting would occur in presence of this antioxi-
dant. Based upon OIT tests, maximum 0.1 phr
antioxidant would be necessary for preventing the
product from degradation (see Figure 6), which
imparts 32.92 minute before degradation occurs at
200°C (when the amount of antioxidant chosed
0.05 and 0.75 phr, the induction time became 19.83
and 23.75 minutes, respectively). Thus, a possible
practical method to have a desirable grafting extent
besides the least thermal degradation would be to
incorporate a part of this predetermined amount
within the process and let the left amount incorpo-
rated in the catalyst masterbatch (to be used during
crosslinking process). This has been done before in
case of other additives (such as carbon black)
which would interfere with the silane grafting reac-
tions [6]. An alternative choice is making use of
higher amounts of peroxide which has disadvan-
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Figure 6. OIT for neat LLDPE containing 0.1 phr of AO-1
(3.5 milligram of sample in aluminium pan
under 200°C)

Table 8. Comparison between the silane grafting effi-
ciency and thermal degradation in LLDPE for dif-
ferent incorporated antioxidants. All the samples
contained 4 phr silane, 0.04 phr peroxide, 0.1 phr
antioxidant and premixed in turbo-mixer for one
hour, followed by processing in internal mixer for
15 min at 190°C.

Peak height [mm] at
1720 cm–1 1092 cm–1

Grafted LLDPE with
AO-1 14 31
AO-2 05 32
no antioxidant 18 70



tage of some scorch occurring during the grafting
stage resulting in formation of gelled spots and a
rough surface on the product.

3.4.2. Polymeric additive

The influence of EPDM as polymeric additive was
investigated on silane grafting efficiency of LDPE.
The experiment was carried out with a fixed
amount of EPDM (2 phr); both polymers were hand
mixed in powder form and after pre-mixing with
reactants, processed similarly as in aforementioned
experiments. According to FTIR analysis, the
resultant grafting efficiency (peak height at
1092 cm–1) is 78 mm in case of adding EPDM,
which is higher compared to the grafting efficiency
of the sample containing no EPDM (in that case the
grafting efficiency was 63). This could be due to
the unsaturation in diene monomer exists in EPDM,
which creates some additional reactive sites for
silane grafting to occur (grafting may also occur by
the abstraction of secondary hydrogen from a poly-
ethylene sequence of EPDM [33, 34]). A schematic
of probable silane grafting on unsaturated bond in
EPDM is demonstrated in Figure 7.

4. Conclusions
In this study it was aimed to characterize the influ-
ence of molecular structure, antioxidants type, and
EPDM (as additive), on the extent of silane grafting
in polyethylene (LDPE, LLDPE and HDPE), in an
internal mixer. Grafting reactions can be well mon-
itored through increase in torque and relatively
compared by height of FTIR absorption peaks at
1092 cm–1.
It is concluded that, pre-mixing the mixture prior to
processing in a turbo-mixer would result in a better
efficiency in grafting, and reducing the probability
of premature silane crosslinking (as more time
would be required in case of not pre-mixing the
reactants, which in turn provides the possibility of
parallel crosslinking reactions in presence of ambi-
ent moisture) during silane grafting reactions. Fur-
thermore, the physical form of polyethylene plays a
critical role in this efficiency, as the powder form
results in better efficiency with regard to granules.
Amongst LDPE, LLDPE and HDPE, LLDPE has
the highest grafting efficiency followed by LDPE
and finally, HDPE. Higher content of tertiary car-
bon would be the main reason for higher grafting
efficiency in LLDPE, however, other factors such
as higher branching number and its broader distri-
bution mode (versus molecular weight), higher
unsaturation content in polymer backbone, lower
PDI, lower weight average molecular weight, and
higher MFI, all positively affect silane grafting effi-
ciency in polyethylene. No direct relation can be
deduced between number average molecular
weights (Mn) and silane grafting efficiency of the
polyethylenes under study.
In case of adding antioxidant in LDPE or LLDPE,
each of them frustrates the grafting reactions on
polyethylene; however, their relative effect on
silane grafting was different. That is, although
antioxidants reduce the occurrence of the silane
grafting reactions, an antioxidant would have less
or more effect on the silane grafting efficiency or
thermo-degradation of different types of polyethyl-
ene.
Considering that the 0.1 phr antioxidant (used in
this study) would be necessary for preventing the
product from degradation, a possible practical
method to have a desirable grafting extent (in both
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Figure 7. Schematic of silane grafting on EPDM [34]



LDPE and LLDPE) besides the least thermal degra-
dation would be the incorporation of a part of this
predetermined amount within the process and have
the left amount to be mixed in the catalyst master-
batch (to be used during crosslinking process).
Another method is increasing the amounts of per-
oxide, which makes the possibility of some scorch
occurring during the grafting stage which in turn
results in the formation of gelled spots and a rough
surface on the product.
In case of adding EPDM to LDPE, the resultant
silane grafting efficiency is higher compared to the
grafting efficiency of the sample which contains no
EPDM.
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1. Introduction
Nowadays, plastics have replaced metals and
become the material of choice in electronic compo-
nents because they have higher flexibility, lighter
weight, better colorability and higher cost effective-
ness [1, 2]. The function of antistatic agent is to pre-
vent the build-up of static electrical charge due to
the transfer of electrons to the material surface.
Electrostatic charging of composites can lead dust
deposition, electric shocks and damages in elec-
tronic equipment [3]. Antistatic agent is able to dis-
sipate or promote the decay of static electricity. In
addition, an antistatic agent could improve process-
ability, mold release, and give better internal and

external lubrication. The antistatic agents are gen-
eral ‘soap like’ molecules with a hydrophobic and a
hydrophilic part. The hydrophilic part may consist
of fatty acid esters, ethoxylated amine and phos-
phate esters which can migrate to the surface and
attract a layer of water. This could lead to the
enhancement of surface conductivity of a polymeric
material [3]. The main function of the antistatic
agent is to promote a conductive channel. A contin-
uous water layer will be formed due to the attach-
ment of vapor to the surface of the antistatic agent.
The conductivity of the water layer increased when
the number of ions increases, resulting in better anti-
static properties of the polymeric materials [4–5].
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Abstract. Polypropylene (PP) and PP/organo-montmorillonite (OMMT) compounds containing antistatic agent (3, 6 and
9 wt%) were prepared using co-rotating twin screw extruder followed by injection molding. PP/OMMT composites were
prepared by mixing of PP, OMMT and maleated PP (PPgMAH). The mechanical properties of PP blends and PP/OMMT
nanocomposites were studied by tensile and impact tests. The effect of antistatic agent (AA) on the surface resistivity of PP
and PP/OMMT nanocomposites were studied. The morphological properties of PP blends and PP/OMMT nanocomposites
were characterized by using field emission scanning electron microscopy (FESEM). The intercalation of OMMT silicates
layer in PP nanocomposites was characterized using X-ray diffraction (XRD). The impact strength of PP blends and
PP/OMMT nanocomposites did not vary significantly by the addition of antistatic agent. The tensile modulus and tensile
strength of PP/OMMT nanocomposites were slightly decreased with the increasing loading of antistatic agents. From
FESEM analysis, the dispersion of antistatic agent in the PP matrix can be revealed. In addition, the surface resistivity of
PP/OMMT compound was affected by the loading of antistatic agent. XRD results indicated the formation of intercalated
nanocomposites for PP/OMMT/AA.

Keywords: nanocomposites, polypropylene, organo-montmorillonite, antistatic agent, material testing
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Polypropylene (PP) is one of the most widely used
polyolefin polymers because of its low cost, low
density and high specific properties. The PP blends
and composites find wide application in automotive
parts, extruded profiles, cable insulation, footwear,
and packaging industry. Clay minerals are com-
posed of silicate layers with the fundamental unit in
1 nm thickness planar structure [6]. Montmoril-
lonite (MMT) is a valuable mineral and is widely
used in many industrial applications because of its
high aspect ratio, plate morphology, natural abun-
dance and cost effectiveness. The expandable lay-
ered silicates of MMT can be intercalated and/or
exfoliated by polymer chain to form nanocompos-
ites [7]. The dispersion of organically modified lay-
ered silicates (organoclay) in PP induces enhance-
ment in mechanical properties, flame resistance,
heat distortion temperature and barrier properties.
Furthermore, these improvements are achieved at
clay loadings as low as 5 wt% [8, 9]. For non-polar
polymers such as polyethylene (PE) and PP, the
interaction between polymer chains and MMT sur-
face is relatively weak and the polymer chains are
difficult to intercalate into MMT. Therefore, com-
patibilizers were often added to increase the degree
of interaction between polymer chains and MMT
[10, 11]. The properties improvement of nanocom-
posites is correlated with the intercalation/exfolia-
tion and dispersion of clay layer silicate in polymer
matrix. Exfoliation of polymer in layered silicate
depends on several factors such as types of clay,
organic modifier, and polymer matrix [12, 13]. In
general, for PP/clay nanocomposites, a functional-
ized polymer such as PP grafted with maleic anhy-
dride (PPgMAH) is added to improve the interfa-
cial interaction and compatibility between PP and
clays. It is believed that the enhancement of the PP
properties depends on the molecular weight and
grafting degree of PPgMAH and the relative ratio
of PPgMAH/clay. Low grafting percentage of
PPgMAH (typically 0.5–2%) hardly enhances the
compatibility significantly. While, too much of
PPgMAH may lead to the deterioration of
nanocomposites properties [14].
In this work, the PP/OMMT compounds were first
prepared by melt blending of PP, OMMT and
PPgMAH. The aim of this study is to evaluate the
effect of antistatic agent on the mechanical proper-
ties, morphology and surface resistivity of
PP/OMMT nanocomposites. It is believed that the

antistatic agent can be intercalated into the inter-
layer spacing of OMMT silicate layers, and thus
reduce the migration of antistatic agent from the PP
nanocomposites. As a result, the antistatic effects
can be maintained for a longer time.

2. Experimental

2.1. Materials

PP copolymer (SM240) was supplied by Titan (M)
Sdn Bhd. The MFI and density of PP is 25 g/10 min
and 0.9 g/cm3, respectively. The OMMT (1.30P)
was supplied by Nanocor, USA. PPgMAH with a
percentage of MAH 1.47% was supplied by East-
man Chemical, USA. The antistatic agent (Irgastat
P 18) based on polyamide/polyether block amide
was supplied by Ciba Specialty Chemical (M) Sdn
Bhd. PP containing 3, 6, and 9 wt% of antistatic
agent (AA) is designated as PP/AA3, PP/AA6 and
PP/AA9, respectively. PP/OMMT compounds
[denoted as (PP/OMMT)MB] were first prepared
by mixing PP, OMMT and PPgMAH at a ratio of
87:3:10. The PP/OMMT nanocomposites contain-
ing 3, 6, and 9 wt% of AA is labeled as PP/
OMMT/AA3, PP/OMMT/AA6 and PP/OMMT/
AA9, respectively.

2.2. Preparation of PP nanocomposites

2.2.1. Co-rotating twin-screw extrusion

Prior to extrusion, OMMT, PPgMAH and antistatic
agent were dried in an oven for 3 hours at 80°C.
The extrusion processes of PP/AA blends and
PP/OMMT/AA composites were carried out using
a co-rotating twin screw extruder (model PSM 30,
Sino Alloy, Taiwan) with a L/D 40 and intermesh-
ing screw configuration. The screw speed was set at
150 rpm. The processing temperature was set in the
range of 155–175°C. Further, the PP/OMMT/AA
composites were prepared by mixing (PP/OMMT)
MB with the antistatic agent at three different load-
ings, i.e. 3, 6 and 9 wt%.

2.2.2. Mini vertical injection molding 

The PP samples were prepared by using a mini ver-
tical injection molding (model RR/TSMP, Ray-Ran
Test Equipment LTD, United Kingdom). The bar-
rel temperature was set in the range of 180–185°C.
The mold temperature was set at 80°C.
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2.3. Materials characterization

2.3.1. Tensile tests

The samples were prepared by compression mold-
ing method. Dumbbell specimens were cut from
1 mm thickness compression-molded sheet. Tensile
test was carried out with an Instron tensile machine
(model 3366, USA) at 27°C (50% relative humid-
ity), according to ASTM D638, at a crosshead
speed of 50 mm/min. Tensile modulus, tensile
strength and elongation at break of the PP samples
were evaluated from the stress-strain data. 

2.3.2. Impact tests

The Charpy impact strength of PP samples was
determined according to ASTM D5942 by using a
pendulum impact machine (Zwick, USA). The
Charpy impact tests were done for both un-notched
and single-notched specimens at room temperature.
A pendulum with 7.5 J was selected for the impact
tests. For unnotched specimen, the Charpy impact
strength (acU), was calculated using Equation (1).
For single-notched specimens, the Charpy impact
strength (acN) was calculated using Equation (2):

(1)

(2)

where W – corrected energy absorbed by breaking
the test specimen [J], h – thickness of the test
specimen [mm], b – width of the test specimen
[mm], bN – remaining width at the notch base of
the test specimen [mm].

2.3.3. Field emission scanning electron
microscopy (FESEM)

The fracture surface of PP/OMMT composites was
investigated using a field emission scanning elec-
tron microscopy (FESEM, Zeiss Supra 35VP) at an
accelerator voltage of 15 kV. The fracture surface
of the PP specimens was sputter-coated with a thin
gold-palladium layer in vacuum chamber for con-
ductivity before examination.

2.3.4. X-ray diffraction (XRD)

X-ray diffraction (XRD) analyses of OMMT,
(PP/OMMT)MB and PP/OMMT/AA composites
were performed on a Siemens Diffractometer
D5000 machine (Germany) using CuKα radiation.
The samples were scanned in a fixed step size,
0.040° with a step time of 10 s in the range of
2–10°. The d-spacing (d) of the interlayer gallery of
OMMT and the PP/OMMT nanocomposites was
calculated by using Bragg’s Law (c.f. Equa-
tion (3)):

(3)

2.3.5. Surface resistivity tests

Surface resistivity tests of the PP samples were car-
ried out according to ASTM D-257-99 using
Advantest R8340 Ultra High Resistance Meter. The
surface resistivity of PP composites (before and
after exposure to room temperature for
3–6 months) was determined by using Equa-
tion (4). The thickness of specimen, test voltage
and test time is 1mm, 500 V and 1 min, respec-
tively (Equation (4)):

(4)

where, ρs – surface resistivity [ohm/sq], Rs – sur-
face resistance [ohm], π – ratio of the circumfer-
ence of a circle to its diameter equal with 3.14, D –
inside diameter of guard electrode [cm], d – diam-
eter of main electrode [cm].

3. Results and discussion

3.1. Tensile properties

Figure 1 shows the effect of antistatic agents (AA)
on the tensile modulus of PP and (PP/OMMT)MB.
The tensile modulus of PP was increased by the
addition of OMMT. This is due to the reinforcing
effects of OMMT layered silicates. According to
Ding et al. [15], the uniformly dispersed MMT tac-
toid with intercalated structures could significantly
increase the mechanical properties of a polymer
composite even at a low content of OMMT fillers.
The OMMT filler could influence the orientation of
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the lamella in the polymer crystalline [16]. The
increment of degree of crystallinity could lead to
the enhancement of stiffness and modulus of the
PP. Similar observation also reported for various
different types of polymer/clay nanocomposites.
The tensile modulus of polyamide 6/polypropylene
(PA6/PP) blend was increased by the addition of
organoclay. This is due to high stiffness of silicate
layers, the large aspect ratio and surface area of sil-
icate layers and constraining effect of these layers
on molecular motion of polymer chains [17, 18]. In
Figure 1, it can be also observed that the tensile
modulus of PP was slightly increased by the addi-
tion of antistatic agent compare to pure PP. How-
ever, the increments of tensile modulus are not
significant between PP and PP/AA. The tensile
modulus of (PP/OMMT)MB was decreased by the
addition of antistatic agents. Note that the tensile
modulus of antistatic agent is 88.9 MPa. The anti-
static agent is more flexible than (PP/OMMT)MB.
Thus, the addition of antistatic agents could lead to
the reduction of tensile modulus of PP/OMMT
composites. According to Kusmono et al. [17], the

tensile modulus of PA6/PP nanocomposites was
reduced by the addition of SEBS-g-MA due to the
elastomeric nature of the SEBS-g-MA. Figure 2
shows the effect of antistatic agents (AA) on the
tensile strength of PP and (PP/OMMT)MB. The
tensile strength of (PP/OMMT)MB is relatively
higher than that of PP. This is attributed to the
improved interfacial interaction between PP and
OMMT in the presence of PPgMAH. According to
Mishra et al. [19], the intercalation of polymer
chain inside silicate layers leads to an increase in
the surface area of interaction between clay and
polymer matrix. Hence, the tensile strength of the
nanocomposite increases slightly as compared to
the pristine equivalent. The tensile strength of
PP/AA blends (3–9% of AA) is comparable to neat
PP. It can be observed that the antistatic agents did
not influence much the mechanical properties of
PP. The tensile strength of (PP/OMMT)MB was
slightly decreased by the addition of antistatic
agents. This is attributed to the high flexibility and
plasticization effects of antistatic agent. Figure 3
shows the effect of antistatic agents (AA) loading
on the elongation at break of PP and (PP/OMMT)
MB. The elongation at break for (PP/OMMT)MB
composite is lower than that of pure PP. The load-
ing of filler may increase the stress concentration
and causes the composite to fail in a brittle manner
as compared to PP [20, 21]. The elongation at break
of (PP/OMMT)MB was not influenced by the addi-
tion of antistatic agent. Thus, it is believed that the
antistatic agents’ main function is to dissipate static
electric charge accumulated on the surface of plas-
tic, rather than to alter the mechanical properties of
a plastic. However, the elongation at break of PP
was slightly decreased by the addition of antistatic
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Figure 1. Effect of antistatic agents (AA) on the tensile
modulus of PP and (PP/OMMT)MB composites

Figure 2. Effect of antistatic agents (AA) on the tensile
strength of PP and (PP/OMMT)MB composites

Figure 3. Effect of antistatic agents (AA) on the elonga-
tion at break of PP and (PP/OMMT)MB com-
posites



agent. According to Li et al. [3], phase separation
occurred between the AA and PP matrix during co-
spinning process. The AA forms the antistatic
mechanism with polymer, the polar radical groups
(e.g. C–O–C, –OH and SO3Na) attract atmospheric
moisture and transfer moisture from the polymer
surface to inner AA phases. The charge transmis-
sion path of AA in polymer matrix is formed by the
network of AA phases, and result in dissipation of
static charges. When the content of antistatic agent
is increased, more transmission paths are formed.
The build of transmission paths of AA in PP may
restrict the movement of polymer chains and conse-
quently reduce the elongation at break of PP. 

3.2. Impact properties

The effect of antistatic agents (AA) on the un-
notched Charpy impact strength of PP and
(PP/OMMT)MB composite is shown in Figure 4. It
can be seen that the loading of antistatic agents (e.g.
3, 6 and 9%) do not affect the impact strength of
PP. The impact strength of PP/AA is comparable
with neat PP. The impact strength of PP was
slightly reduced by the addition of OMMT.
According to Ding et al., [15], the OMMT was dis-
persed in the PP matrix on the nanometer scale and
part of the OMMT was intercalated by PP chains.
Thus, the OMMT layered silicates may confine the
segmental movement of PP macromolecules. How-
ever, the impact strength of (PP/OMMT)MB is
comparable to the neat PP. This is attributed to the
PPgMAH component that can improve the interfa-
cial interaction between PP and OMMT. A better
interfacial interaction could lead to improvement of
impact strength with high absorption energy during

impact deformation. According to Kusmono et al.
[17], the high impact strength of PA6/PP/OMMT
could be attributed to the improved interfacial
interaction resulting from the formation of maleic
anhydride grafted styrene-ethylene-butylenes-
styrene (SEBS-g-MA) in the composites. It is inter-
esting to note that the impact strength of
(PP/OMMT)MB was slightly increased by the
addition of antistatic agent. This is due to the flexi-
bility and ductility characteristics of the antistatic
agent. Accordingly, the PP/OMMT/AA samples
will absorb more energy during impact deforma-
tion. According to Cai et al. [20], the grafted poly-
mer might play the role of a bumper interlayer
around the filler, while absorbing impact energy
and preventing initiation of cracks. A further
improvement of nanocomposites’ ductility is
exhibited as an increase in flexibility of the grafted
polymer chains. Figure 5 shows the effect of anti-
static agents on notched Charpy impact strength of
PP and (PP/OMMT)MB composite. The different
loading of antistatic agents in PP and (PP/OMMT)
MB do not show any alteration on impact strength
obviously. However, the PP/AA blends exhibited
higher impact strength compared to PP/OMMT/AA
composites. The notched samples were fractured
easily compared to the un-notched ones. The value
of impact strength for notched samples decrease
rapidly compared to un-notched samples, espe-
cially for (PP/OMMT)MB nanocomposite. This
may be due to the dispersed and intercalated
OMMT layer silicates in the PP matrix which could
restrict the segmental movement of PP macromole-
cules and further decrease its impact strength [19].
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Figure 4. Effect of antistatic agents (AA) on the un-
notched Charpy impact strength of PP and
(PP/OMMT)MB composites

Figure 5. Effect of antistatic agents (AA) on the notched
Charpy impact strength of PP and
(PP/OMMT)MB composites



3.3. Surface resistivity 
Table 1 shows the effect of antistatic agent (AA) on
the surface resistivity of PP before and after expo-
sure to room temperature for 3–6 months. It can be
seen that the surface resistivity of all the samples
remained unchanged for the duration of 6 months.
The surface resistivity of antistatic agent is about
108 ohm/sq. Neat PP and PP/AA3 with 1012 ohm/sq
surface resistivity was in the category of insulator
materials. However, the surface resistivity of
PP/AA6 and PP/AA9 blends was recorded at
1011 ohm/sq. This indicates that both of the
PP/AA6 and PP/AA9 could be categorized as anti-
static materials. The surface resistivity of PP/AA6
and PP/AA9 were decreased by the incorporation
of antistatic agent. However, PP/AA3 did not show
significant changing of surface resistivity because
the content of antistatic agent unable imparts anti-
static properties on PP. Accordingly the probability
of migration for the hydrophilic groups to the mate-
rial surface to attract water is low. Table 1 also
shows the effect of antistatic agent (AA) on the sur-
face resistivity of (PP/OMMT)MB composites.
Surface resistivity of PP/OMMT, (PP/OMMT)/
AA3 and (PP/OMMT)/AA6 are more than
1012 ohm/sq, while (PP/OMMT)/AA9 showed the
surface resistivity of 1011 ohm/sq. It is worth noting
that the surface resistivity of PP/OMMT/AA9
remained 1011 ohm/sq for 6 months. This indicates
that (PP/OMMT)/AA9 nanocomposites could
exhibits antistatic behaviors. However, PP/OMMT,
(PP/OMMT)/AA3 and (PP/OMMT)/AA6 nano-
composites were classified in the insulator category
where the surface resistivity recorded at 1012–
1016 ohm/sq. (PP/OMMT)/AA3 and (PP/OMMT)/
AA6 nanocomposites could not achieve the antista-
tic behavior; this may be due to the insufficient and

lower content of antistatic agent. In addition, it is
believed that the antistatic agent could intercalate
into the OMMT silicate layers. This will reduce the
possibility of antistatic agent migrate to the PP
sample surface. One may believe that an optimum
migration rate has to be achieved in order to facili-
tate the migration of neighbor’s antistatic agent to
the surface from the bulk, but it should not lose the
whole amount of antistatic agent too fast. On the
other hand, when 9% antistatic agent added in
PP/OMMT, it is able to give the antistatic ability
due to the migration of antistatic agent to the PP
composites surface. According to Ratnayake and
Haworth [22], the water contact angles were
increased dramatically by adding clay into PP/anti-
static agent blends. This is because most of func-
tional group of antistatic agent interacts with clay
particles, rather than migrating onto the surface,
especially at low concentration of antistatic agent.

3.4. X-ray diffraction (XRD)

The 2θ and d-spacing of OMMT and (PP/OMMT)
MB with and without AA was shown in Table 1.
The (PP/OMMT)MB nanocomposite shows a small
shoulder which appeared at 2θ = 3.24°. The corre-
sponding d-spacing of (PP/OMMT)MB is d001 =
2.72 nm. This is due to the intercalation of clay lay-
ers by the addition of PPgMAH. According to
Bertini et al. [23], the patterns of the PP/OMMT
composite provides direct evidence of the intercala-
tion. A shoulder shifted to lower diffraction angles
of 2θ with the presence of montmorillonite. A
higher content of PPgMAH improves the intercala-
tion and clay dispersability in the PP matrix [22].
Interesting to note that, the d001 peak of PP/OMMT
has been broadened by the addition of antistatic
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Table 1. Interlayer spacing and surface resistivity of PP and (PP/OMMT)MB

Materials
designation

2θθ d001

[nm]
Surface resistivity [ohm/sq]

Category
control 3 months 6 months

AA – – 1080 1080 1080 antistatic
PP – – >1012 >1012 >1012 insulator
PP/AA3 – – >1012 >1012 >1012 insulator
PP/AA6 – – 1011 1011 1011 antistatic
PP/AA9 – – 1011 1011 1011 antistatic
OMMT 3.32 2.66 1080 1080 1080 –
PP/OMMT 3.24 2.72 >1012 >1012 >1012 insulator
PP/OMMT/AA3 3.22 2.74 >1012 >1012 >1012 insulator
PP/OMMT/AA6 3.20 2.76 >1012 >1012 >1012 insulator
PP/OMMT/AA9 3.18 2.77 1011 1011 1011 antistatic



agent. Thus, it is believed that the antistatic agent is
able to intercalate into the clay interlayer gallery. It
can be seen that the d-spacing of (PP/OMMT)MB
increased with the increasing concentration of AA.
The PP/OMMT/AA9 shows a 2θ = 3.18°, which is
corresponding to the d-spacing of 2.78 nm. Accord-
ing to Ratnayake and Haworth [22], the XRD
results clearly show that the shifting of peaks to a
lower Bragg angle as the loading of antistatic agent
(AA) in PP/OMMT composites increasing. They
also reported that by the addition of 0.5% (by
weight) of AA in composite, the highest interlayer
spacing was achieved. However, a further increase
of additive concentration in composite is not effec-
tive in modifying the interlayer spacing, probably
because of the migration of additional antistatic
agent additive onto the surface. From Table 1, it
can be seen that the intercalation and exfoliation of
OMMT layered silicate in PP composites could be
correlated to the surface resistivity of the compos-
ites. For the PP/OMMT/AA9, when d001 value of

the interlayer spacing is sufficient, it is possible for
the excess amount of AA to migrate to the materials
surface and thus provide the antistatic characteris-
tics. Figure 6a shows the possible interaction mech-
anism between PP and AA. It can be seen that the
AA can migrate to the PP surface to form a conduc-
tive layer. Figure 6b shows the possible interaction
and intercalation mechanism in PP/OMMT/AA
nanocomposites. Note that the low molecular
weight AA can intercalate into the OMMT layer
silicate. If the amount of AA is sufficient, in addi-
tion to the intercalation of AA, it is believed that
some amount of the AA can migrate to the PP sur-
face and form a conductive layer.

3.5. Field emission scanning electron
microscopy (FESEM)

Figure 7a shows the FESEM micrographs taken
from the impact fractured surface of neat PP. Fig-
ure 7b shows the FESEM micrographs taken from
the impact fractured surface of PP/AA blends.
There were two types of small particles observed
from the sample fractured surface. It can be seen
that some particles (shown by pink arrow in Fig-
ure 7b) are in the range of 5 to 6 μm which can be
observed in Figure 7a as well. Recall that the PP
used in this study is a type of PP copolymer that
contains ethylene and propylene. The ethylene is
distributed and dispersed in the PP matrix. Hence,
the small particles protruded on the fractured sur-
face of PP matrix could be assigned to ethylene.
Besides, there are lots of small particles about
0.5–1.0 (shown by orange arrow in Figure 7b) were
also observed on the fractured plane. It is believed
that the small particles present on the fracture sur-
face of PP/AA correspond to the antistatic agent.
Figures 7c and 7d shows the FESEM micrographs
taken from the impact fractured surface of
PP/OMMT and PP/OMMT/AA composites. Parti-
cle shown by blue arrow could correspond to
OMMT. EDX was used to confirm the OMMT ele-
ments. Figure 8 shows the EDX spectra taken from
PP/OMMT/AA (c.f. Figure 7d), there were 5 ele-
ments can be observed, i.e. C, O, Si, Na and Ca.
According to Chow et al. [24], the carbon is due to
the octadecylamine intercalant used. O, Si, Na and
Ca elements represent components of OMMT.
From the FESEM micrograph taken from the
PP/OMMT/AA nanocomposites, note that the anti-
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Figure 6. a – Possible interaction mechanism between PP
and AA, b – Possible interaction and intercala-
tion mechanism of PP/OMMT/AA nanocompos-
ites



static agent particles could not be observed on the
fractured surface. According to Ratnayake and
Haworth [22], they suggested that functional slip
additives and antistatic agent will intercalate into
clay galleries. They observed through TEM micro-

graph, clay particles are separated into much
smaller stacks and dispersed homogenously
throughout the PP matrix when antistatic agent and
PPgMAH are added. It can be attributed to the co-
intercalation of AA with PPgMAH that will
increase the clay dispersibility in PP matrix. There-
fore, the wettability and intercalation capability of
nanocomposites increases with the increasing of
the polarity in PPgMAH and antistatic agent.

4. Conclusions

This study reveals the effects of antistatic agent
(AA) on the mechanical properties, morphology
and surface resistivity of PP and (PP/OMMT)MB
nanocomposites. The AA only give minor effects
(or in some case, insignificant effects) on the ten-
sile modulus, strength, elongation at break and
impact strength (notched and un-notched) of the PP
and (PP/OMMT)MB nanocomposites. The incor-
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Figure 7. a – FESEM micrographs taken from the impact fractured surface of PP, b – FESEM micrographs taken from
the impact fractured surface of PP/AA blends, c – FESEM micrographs taken from the impact fractured surface
of PP/OMMT composites, d – FESEM micrographs taken from the impact fractured surface of PP/OMMT/AA
composites

Figure 8. EDX spectra taken from the PP/OMMT/AA
nanocomposites



poration of AA and PPgMAH may provide better
wettability and interfacial interaction between
OMMT and PP matrix. The surface resistivity of
the PP/OMMT nanocomposites could be correlated
to the concentration of AA and intercalation/exfoli-
ation-ability of the OMMT. It is hypothesized that
the AA could be intercalated into the OMMT lay-
ered silicates which could influence the surface
resistivity of the PP and its nanocomposites. It is
worth to note that the surface resistivity of
PP/OMMT/AA9 was remained 1011 ohm/sq even
after exposure to room temperature for 6 months. 
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1. Introduction
Polymers are used in increasing amount in such
technical parts where friction and wear properties
are key factors. Wear resistant polymeric compos-
ites usually contain various fillers and reinforce-
ments. Carbon black (CB), multiwall carbon nan-
otube (MWCNT) and silica are commonly used or
considered as promising additives for rubbers to
achieve high wear resistance.
CB is a ‘preformed’ nanofiller, composed of amor-
phous carbon, which has a high specific surface. It
is mainly used as pigment and reinforcement in
various rubber and plastic products. The abrasion
wear properties of CB filled rubber products are
excellent. However, the related products are black.
When there is a special demand for colored prod-
ucts, silica (SiO2) is often adopted to replace CB.

By increasing the interaction between rubber matri-
ces and silica, using different silanes, rubber com-
pounds with very good abrasion resistance can be
produced (e.g. [1]). Multiwall carbon nanotube
(MWCNT) has high stiffness, strength and aspect
ratio. MWCNT-containing polymer composites
have outstanding mechanical performance,
strongly improved electric and thermal conductivi-
ties if the nanotubes are well dispersed (for which,
in analogy with organoclays, the term exfoliated is
also used) and well adhered to the matrix [2]. A
large body of research works addressed already the
use of CB, silica and MWCNT in wear resistant
polymer systems [1, 3–13], however, only few of
them were dealt with hydrogenated acrylonitrile/
butadiene rubber (HNBR) [14–16].
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In our previous paper [17], MWCNT and silica
were introduced in 10 and 30 parts per hundred
rubber (phr) into a peroxide-cured HNBR in order
to enhance the resistance to both sliding and rolling
wear. In the present work, the three kinds of fillers
(CB, MWCNT and silica; 20 phr for each) were
added in the HNBR and their effects on the dry
rolling and sliding wear against steel were checked
and compared to those of the unfilled HNBR. Note
that this filler amount is quite low for rubber
recipes. However, when MWCNT is added in more
than 20 phr it is undergoing considerable attrition
and breakage. Further, though the above fillers are
different in their chemical build-up and physical
structure, their tribological functions can still be
compared because all of them are active (i.e.
improving the stiffness and strength characteristics)
rubber fillers. The rolling and sliding friction and
wear properties were determined in orbital rolling
ball (steel)-on-plate (rubber) (Orbital-RBOP), pin
(steel)-on-plate (rubber) (POP), roller (steel)-on-
plate (rubber) (ROP) and oscillating cylinder (steel)
on plate (rubber) (fretting) test rigs. Dynamic-
mechanical thermal analysis (DMTA) was used to
deduce apparent network-related characteristics.
The coefficient of friction (COF) and specific wear
rate (Ws) were determined for each tribotest. The
worn surfaces were inspected in scanning electron
microscope (SEM) and the wear mechanisms were
concluded and discussed as a function of both wear
and filler types. 

2. Experimental

2.1. Materials

The composition of the peroxide curable HNBR
was as follows: HNBR (Therban® LT VP/KA 8882
of Lanxess, Leverkusen, Germany; acrylonitrile
content: 21%, Mooney viscosity ML(1+4) at
100°C = 74) – 100 part, diphenylamine-based ther-
mostabilizer (Luvomaxx CDPA of Lehmann &
Voss, Hamburg, Germany) – 1.1 part, zinc-contain-
ing mercapto-benzimidazole compound (Vul-
canox® ZMB 2/C5 of Lanxess) – 0.4 part, di(tert-
butylperoxyisopropyl) benzene (Perkadox 14-40
B-PD of Akzo-Nobel, Düren, Germany; active per-
oxide content: 40%) – 7.5 part, MgO – 2 part, trial-
lyl isocyanurate – 1.5 part, ZnO – 2 part. Note that
the amount of the listed additives corresponds to

their phr content in the recipe. This mix of practical
use was produced separately and provided by
Lanxess. The curing time of this base mix to reach
90% crosslinking was ca. 10 min at T = 175°C.
This peroxide curable HNBR was mixed with
20 phr CB (N550), unmodified MWCNT (Bay-
tubes® C 150 P from Bayer MaterialScience, Lev-
erkusen, Germany) and silica (Ultrasil® VN2 of
Degussa, Frankfurt, Germany), respectively, on a
two-roll mixing mill (LRM-150BE of Labtech,
Bangkok, Thailand) at ca. 40°C by setting a friction
ratio of 1.15.
Curing of the CB, MWCNT and silica filled HNBR
to about 2 mm thick sheets (100×100 mm2 surface)
occurred at T = 175°C for 15 min in a laboratory
press. Specimens for the investigations listed below
were cut from these sheets.
The samples prepared are referred to as HNBR-
PURE, HNBR-20CB, HNBR-20MWCNT and
HNBR-20ULTRASIL, respectively, in the text.
The digits in the designations represent the content
of fillers in phr.

2.2. Testing

2.2.1. Dynamic-mechanical thermal analysis
(DMTA)

DMTA spectra were recorded on rectangular speci-
mens (length / 40 mm / × width / 10 mm / × thick-
ness) in tensile mode with a superimposed
sinusoidal 0.01% strain at a static preload 0.01 N.
The frequency was 10 Hz and the spectra were
measured in a temperature range from –100 to
+100°C using a Q800 device of TA Instruments
(New Castle, DE, USA). From –100°C, the temper-
ature was increased by 5°C per step and for each
step the temperature was stabilized for 3 min.

2.2.2. Density determination

For the density determination the Archimedes prin-
ciple (buoyancy method with water) was adopted
according to the standard ISO 1183. 

2.2.3. Shore A hardness

The Shore A hardness of the composites was meas-
ured according to ISO 868 using a hardness meas-
uring device of Zwick (Ulm, Germany).
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2.2.4. Rolling and sliding wear

Testing

To evaluate the rolling friction and wear of the
composites, an orbital rolling ball (steel)-on-plate
(rubber) (Orbital-RBOP) home-made test rig was
used. In the rig, the rubber sheet was worn by a
steel ball (100Cr6, diameter: 14 mm, arithmetical
roughness Ra: 1 µm), which rolled along a circular
path (diameter: 33 mm) being pushed by a defined
normal load against the rubber sheet. The parame-
ters set for this configuration were: normal load:
90 N, revolution: 280 rpm, duration: 3 hours (h).
This device allowed us to record the COF as a func-
tion of time.
Sliding friction and wear characteristics were deter-
mined in pin (steel)-on-plate (rubber) (POP), roller
(steel)-on-plate (rubber) (ROP) and oscillating
cylinder (steel) on plate (rubber) (fretting) tri-
botests.
POP is mounted in a Wazau device (Berlin, Ger-
many), where a steel pin (100Cr6; arithmetical
roughness, Ra, less than 1 µm) with a hemispherical
head (diameter: 10 mm) rotated along a circular
path (diameter: 33 mm). The pin was pushed
against the rubber plate with a given load. The fol-
lowing parameters were selected for this configura-
tion – normal load: 2 N, sliding speed: 250 mm/s,
duration: 1.5 h. Measuring both the normal and the
friction force components via a torque load cell
allowed to calculate the COF and its monitoring
during the tests.
In ROP, a rotating steel roller (9SMnPb28k, diame-
ter: 10 mm, width: 20 mm, Ra ≈ 0.9 µm) was
pressed against a rubber strip of 8–9 mm width in a
SOP 3000 tribotester (Dr Tillwich GmbH, Horb-
Ahldorf, Germany). The friction force induced by
the torque was measured online and thus also the
COF was recorded during the test. The test parame-
ters were load: 2 N; sliding speed: 250 mm/s; dura-
tion: 1.5 h.
In the third tribotest (fretting) a steel cylinder oscil-
lated on the surface of the fixed rubber specimen.
The cylinder was pushed by a defined normal load
against the rubber. The diameter and the contact
length of the cylinder (Ra ≈ 0.9 µm) were 15 and
<12 mm (varied), respectively. The applied experi-
mental parameters were: normal load: 10 N, fre-
quency of the oscillation: 10 Hz, stroke: <3 mm
(varied), duration: <3 h (varied).

The specific wear rate was calculated according to
Equation (1):

(1)

where ΔV [mm3] is the volume loss, F [N] is the
normal load, L [m] is the overall rolling/sliding dis-
tance. The loss volume (ΔV) was calculated by
measuring the depth and width of the wear tracks
by white light profilometer (see later).
The test set-up of the above testing methods is
depicted schematically in Figure 1.

Failure

The worn surfaces were investigated in a Micro-
Prof white light profilometer (Fries Research &
Technology, Bergisch Gladbach, Germany) and in
SEM (JSM-6300 of Jeol, Tokyo, Japan and ZEISS
Supra™ 40VP, Oberkochen, Germany). The speci-
mens were sputtered with an Au/Pd alloy in a
device of Balzers (Lichtenstein) prior to SEM
investigation at high acceleration voltages.

3. Results and discussion

3.1. Network-related properties and hardness

Figure 2 demonstrates the measured storage modu-
lus (E′) and loss factor (tanδ) as a function of the
temperature changing from –100 to 100°C. The
position of the glass transition temperature of the
HNBR composites (Tg ≈ –25°C) was practically
not affected by the incorporation and type of the
fillers. One can get the impression that introducing
fillers in HNBR increased the stiffness in the rub-
bery stage of the composites, where the MWCNT’s
effect is much stronger than CB and silica. 
Based on the plateau modulus (Epl) at T = 25°C the
apparent mean molecular mass between crosslinks
(Mc) and the network density (vc) can be calculated
by considering the rubber elasticity theory (Equa-
tions (2) and (3)):

(2)

(3)
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where Epl is the modulus at the absolute tempera-
ture of 298 K, ρ is the density, R is the universal gas
constant (8.314 J/(K·mol)), and T is the absolute
temperature (i.e. T = 298 K).
The apparent Mc and vc values are listed in Table 1.
It is noteworthy that HNBR-20MWCNT has the
smallest Mc and accordingly the highest vc. This
reflects that MWCNT had the strongest influence
on the rubber-filler and filler-filler interactions and
thus possesses the highest reinforcing efficiency
(reflected in improved stiffness- and strength-
related parameters) among the fillers used. This is
likely due to its high aspect ratio and not to some
chemical bonding to the rubber matrix.
The Shore A hardness increased when fillers were
added in the HNBR. The ranking of the fillers in

respect to the hardness enhancement was MWCNT
> Ultrasil (silica) > CB.
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Figure 1. Schemes of the test configurations of Orbital-RBOP, POP, ROP and fretting. This figure also shows the prepa-
ration of the samples for SEM investigations after Orbital-RBOP test (top right)

Table 1. Basic network-related properties and hardness of the HNBR compounds studied

HNBR-PURE HNBR-20CB HNBR-20MWCNT HNBR-20ULTRASIL
Mc [g/mol] 2013 1775 407 1437
vc [mol/dm3] 0.52 0.61 2.7 0.76
tanδ at Tg 1.37 1.25 0.68 1.02
Density [g/cm3] 1.057 1.091 1.102 1.099
Shore A [°] 42 54 75 56

Figure 2. Storage modulus and loss factor tanδ as a func-
tion of temperature for the HNBR studied



3.2. Friction and wear
Figure 3 shows the COF and Ws of HNBR with and
without fillers measured in Orbital-RBOP (Fig-
ure 3a) and POP, ROP, fretting (Figures 3b and c)
tests. Results in Figure 3a suggests that incorpora-
tion of CB, MWCNT and silica lowered the Ws and
slightly enhanced the COF. CB proved to be better
in improving the rolling wear resistance of HNBR
compared to MWCNT and silica. The low scatter in
the COF data under Orbital-RBOP is linked with
the related wear mechanisms (see later).
The filled HNBR compounds have smaller Ws in
POP and ROP but do not perform better in fretting
than HNBR-PURE (cf. Figure 3b). The authors
have no explanation for the latter observation. It is
noteworthy that the Ws of HNBR-20MWCNT is

the smallest both under POP and ROP conditions
compared to all other HNBR mixes.
Figure 3c shows the steady-state dynamic COF for
POP and ROP tests. There are no COF data for fret-
ting because the fretting rig was not able to record
COF higher than 1.5. Filled HNBR systems have
higher COF than pure HNBR in POP. However, the
incorporation of fillers decreased the COF com-
pared to HNBR-PURE under ROP testing. SEM
photos reason this phenomenon very well (as
shown later). The MWCNT-containing HNBR has
the smallest COF compared to HNBR-20CB and
-20ULTRASIL in ROP test. It is noteworthy that
the above ranking reflects the tendency in the COF,
which is underlying to considerable scatter.
It is notable that the best fillers among the used
three in respect to rolling and sliding wear resist-
ances are CB and MWCNT, respectively. For the
rolling contact, the stress distribution can roughly
be estimated by the Hertzian law [16]. As a devia-
tion from the Hertzian law, the maximum stress is
often lying beneath the surface and this is responsi-
ble for the deterioration and failure of the material
(e.g. fatigue induced internal hole formation fol-
lowed by material spalling). As sliding and rolling
contacts are quite different the common reinforce-
ments for rubbery materials to enhance the resist-
ance to sliding wear may not be associated with a
similar improvement for rolling wear.

3.3. Failure during rolling and sliding wear

A detailed analysis on the wear mechanisms of pure
HNBR in rolling and sliding wear tests can be
found in our previous paper [17]. For the sake of
comparison selected SEM pictures on the worn sur-
faces of HNBR-PURE are still inserted in order to
facilitate the understanding of the results by the
readers.

3.3.1. Rolling wear

Figure 4 shows SEM pictures taken from the
rolling wear track of HNBR-PURE. Since the
movement of the ball in Orbital-RBOP is guided by
a bearing ring, the ball has an additional circumfer-
ential rotation (spin). As a result, the wear track
may show different features in various regions.
This was the reason to divide the track into three
regions – cf. Figure 1 [17]. Figures 4a and 4c show
the worn surfaces of the regions with additional for-
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Figure 3. a – Ws (column) and COF (line) after Orbital-
RBOP tests, b – Ws after POP, ROP and fretting
tests, c – steady-state COF after POP, ROP and
fretting tests



ward (outer region – cf. Figure 1) and backward
spins of the ball (inner region – cf. Figure 1),
respectively. Figure 4b is the region between the
outer and inner regions (centre region – cf. Fig-
ure 1).

Unlike HNBR-PURE (cf. Figure 4), the worn sur-
face of the outer region of HNBR-20CB did not
show surface waves, called Schallamach-type pat-
tern, which results from elastic instability caused
by the tangential force in the contact region
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Figure 4. SEM photos taken from the rolling wear track of
HNBR-PURE after Orbital-RBOP test. a – outer
region, b – centre region, c – inner region. Note:
rolling direction is downward.

Figure 5. SEM photos taken from the rolling wear track of
HNBR-20CB after Orbital-RBOP test. a – outer
region, b – centre region, c – inner region. Note:
rolling direction is downward.



between the rubber and the steel counterpart (cf.
Figure 4a) [18]. The introduction of CB may
account for the disappearance of the waves, as
often observed in rubbery systems with active
fillers [3, 5 and 19]. Instead, large agglomerates
appeared in the outer region (cf. Figure 5a). Frag-

mentation of debris is the wear characteristic in the
centre region (cf. Figure 5b). Fatigue induced hole
formation can be found in the inner region of the
wear track (cf. Figure 5c). Recall that their onset is
owing to spalling events.
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Figure 7. SEM photos taken from the rolling wear track of
HNBR-20ULTRASIL after Orbital-RBOP test.
a – outer region, b – centre region, c – inner
region. Note: rolling direction is downward.

Figure 6. SEM photos taken from the rolling wear track
of HNBR-20MWCNT after Orbital-RBOP test.
a – outer region, b – centre region, c – inner
region. Note: rolling direction is downward.



Figure 6 collects SEM photos taken from the three
regions of the wear track of MWCNT reinforced
HNBR. Fatigue induced-spalling and fragmenta-
tion are the main wear mechanisms in the outer and
centre regions (cf. Figures 6a and 6b). In the inner
region, flattened debris scatter over the whole area
(cf. Figure 6c).
Figure 7 displays the worn surface of HNBR-
20ULTRASIL. In the outer region, Schallamach
pattern with roll head, flat particles and agglomer-
ates are discernible (cf. Figure 7a). Fragmentation
is the main wear mechanism in the centre region
(cf. Figure 7b). ‘Ironed’ particles and holes due to
fatigue can be observed in the inner region of the
worn surface (cf. Figure 7c).
By reviewing Figures 4–7, it is noticable that the
Schallamach-type pattern disappeared completely
or the area of its onset narrowed when the HNBR
was filled. This change in the wear mechanisms is
in line with the reduced specific wear rate observed
for the filled HNBR mixes (cf. Figure 3a). The

debris and fragmented surface in the center region
of the wear track of filler containing compounds
result likely in higher COFs compared to HNBR-
PURE.

3.3.2. Sliding wear

Figure 8 shows SEM photos of the worn surfaces of
the HNBR compounds after POP tests. HNBR-
20CB and -20ULTRASIL show abrasion type pat-
tern with fragments (cf. Figures 8b and 8d). Note
that they have very similar Ws and COF values (cf.
Figures 3b and 3c). This suggests that the CB and
ULTRASIL have similar reinforcing effects in the
HNBR. By contrast, HNBR-PURE failed by crater
formation (to show this phenomenon a high magni-
fication SEM picture has been selected). When
MWCNT was added in HNBR, rolled debris, holes
and an elongated fibrillar structure appeared which
dominated the whole worn surface (cf. Figure 8c).
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Figure 8. SEM photos taken from the worn surfaces of HNBR-PURE (a), -20CB (b), -20MWCNT (c) and -20ULTRASIL
(d) after POP tests. Note: sliding direction is downward.



The worn surfaces of HNBR without and with
active fillers (CB, MWCNT and silica) after ROP
tests are displayed in Figure 9. CB and silica rein-
forcements of HNBR produce similar worn sur-
faces, where slightly extended and ‘ironed’ rolling
stripes can be observed (cf. Figures 9b and 9d).
This similarity in the wear mechanisms is reflected
in similar Ws and COF data of HNBR-20CB and
-20ULTRASIL in ROP. The failure scenario is dif-
ferent for HNBR-20MWCNT (cf. Figure 9c) in
which small particles and holes are found on the
ROP worn surface .This may hint for some reorga-
nization of the MWCNT at the interface under ROP
conditions. However, this speculative explanation
has to be checked by further testing.
In fretting tests, peeling is the common predomi-
nant wear mechanism for all three filled HNBR
compounds (cf. Figure 10). However, HNBR-
20MWCNT has some unique feature due to hole
formation in the peeling-type wear track (cf. Fig-

ure 10c). HNBR-PURE fails by crating also under
fretting (cf. Figure 10a).
Like for rolling wear, the change of the wear mech-
anisms is in line with the observed changes in the
specific wear rates. Note that similar wear mecha-
nisms result in similar wear losses, i.e. the related
Ws values are well matched. The higher (POP) and
lower (ROP) COFs of the filled HNBRs is most
likely due to the rougher (POP) and smoother
(ROP) surfaces produced.

4. Conclusions

HNBR compounds with 20 phr various active
fillers (CB, MWCNT and silica) was investigated
by different rolling and sliding wear testing config-
urations under dry condition. The network-related
apparent characteristics of the HNBR compounds
were deduced from DMTA measurements. The
COF and Ws were determined and the wear mecha-
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Figure 9. SEM photos taken from the worn surfaces of HNBR-PURE (a), -20CB (b), -20MWCNT (c) and -20ULTRASIL
(d) after ROP tests. Note: sliding direction is downward.



nisms under rolling and sliding conditions were
identified. Results of this research work can be con-
cluded as follow:
– MWCNT had the strongest reinforcing effect

and thus the most pronounced influence on the
rubber-filler and filler-filler interactions among
the fillers used.

– CB- and MWCNT-containing HNBR com-
pounds exhibited the best resistance to rolling
and sliding wear, respectively. This was attrib-
uted to a difference in the stress distributions
during rolling and sliding contacts causing pro-
nounced changes in the wear mechanisms, which
themselves depend on type and characteristics of
the filler used.

– CB and silica have similar effects in respect to
the sliding wear behavior (POP, ROP and fret-
ting) when considering the corresponding Ws,
COF data and wear mechanisms.

– Fatigue-induced hole formation is the unique
characteristic for the sliding wear mechanisms of
HNBR-20MWCNT. This may be linked with a
weaker resistance of HNBR-20MWCNT to
fatigue and with an eventual reorganization of
the MWCNT at the sliding interface. This phe-
nomenon, behind which MWCNT agglomera-
tion is suspected, needs further investigation.
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Figure 10. SEM photos taken from the worn surfaces of HNBR-PURE (a), -20CB (b), -20MWCNT (c) and -20ULTRASIL
(d) after fretting tests. Note: sliding direction is vertical.
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