
Polymer surfaces are the phase boundaries that
reside between the bulk polymer and the outer
environments. For many applications they have to
be modified using physical or chemical processes
to achieve the desired functional properties. Exam-
ples are biomedical, automobile, microelectronic or
packaging applications. While the driving force of
surface modification is generally the functional
properties, good surface and global mechanical
properties are necessary in most applications. Sur-
face analytical methodologies have already been
well established, but mechanical characterization of
polymeric surfaces is still a subject of debate.
The so-called depth sensing indentation or nanoin-
dentation is a well established instrumental tech-
nique to assess Young’s Modulus and hardness, of
hard inorganic engineering materials, but its usage
is rather questionable for thin and low compliant
materials like soft polymers and polymeric films.
The analysis of nanoindentation data is often based
on the Oliver and Pharr approach which displays
limitations in describing viscoelastic and viscoplas-
tic behavior of polymers, and uneven yielding
behavior under multiaxial stress systems. Experi-
ments also depends on a number of parameters like
the shape of the indenter tip, the strain history of
the sample or adhesion phenomena between tip and
surface, surface preparation and pre-conditioning
of the sample. Besides, properties of polymeric
materials also depend on many intrinsic factors
which range from monomeric level to macroscopic

level, such as monomer sequence, tacticity, short-
chain branching, long-chain branching, molecular
weight, molecular weight distribution, degree of
chain orientation, degree of crystallization, and the
states of the crystal-amorphous interfaces which
may promote, for instance, strain hardening.
Despite the mentioned limitations, comparative
studies of polymers have been recently reported
which encourage the use of this technique to assess
surface modified polymers.
Further research on the nanoscale mechanical
response of polymers should be focused on the
development of new analysis procedures assisted
by mathematical modeling and numerical simula-
tion capable of determining absolute quantitative
constitutive equations representative of the actual
mechanical behavior of polymers. When this goal
has been met, nanoindentation will become a pow-
erful tool to optimize the surface polymer tailoring.
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1. Introduction

Thermoplastic elastomers (TPEs) are being used in
a variety of applications because of their desirable
mechanical properties and recyclability [1, 2].
Dynamic mechanical thermal analysis (DMTA) has
proved to be an effective tool in the characterisation
studies of viscoelastic materials.
Several researchers [3–9] have investigated effects
of blend ratio and compatibilisation on the dynamic
mechanical properties. Al-Malaika and Kong [10]
studied the compatibilisation of functionalised EPR
with GMA. Examination of the DMA of the reac-
tive and physically compatibilized blends shows a
smaller separation between the glass transition tem-

peratures. Rajan et al. [11] have studied the
dynamic mechanical properties of PP in the ther-
moplastic elastomeric state. α-relaxation peaks of
PEEK and PES and their blends were studied by
Nandan et al. [12]. Kumar et al. [13] have studied
the dynamic mechanical properties of EPDM-g-
VOS/LLDPE blends with special reference to the
effect of blend ratio. They found that increasing the
proportion of LLDPE decreases the Tg value of
blend and there were increase in E' and E '' due to
increase in crystallinity. Karger-Kocsis and Kiss
[14] have investigated morphology and dynamic
mechanical properties of EPDM/PP blends and PP
block polymers. In these blends as the concentra-
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tion of EPDM increases, E' of the blends decreases.
The dynamic mechanical spectrum showed two
separate damping peaks and therefore has a two-
phase morphology indicating that the blend is
incompatible. Guo et al. [15] studied the dynamic
mechanical properties of PA6/PS blend systems.
Gopakumar et al. [16] found that the compatibilisa-
tion does not affect the transition temperature of the
respective components while several other
researchers [17, 18] have reported that the incorpo-
ration of the compatibilizer leads to obvious shift-
ing of Tg’s. These authors are of the opinion that the
effect of compatibilizers on the position of Tg is a
reflection of the extent of compatibilisation. Moly
et al. [19] have studied the effect of compatibilisa-
tion on the dynamic mechanical properties of
LLDPE/EVA blends and found that compatibilisa-
tion increased the storage modulus of the system
which is due to the fine dispersion of EVA domains
in the LLDPE matrix providing an increased inter-
facial interaction.
In this communication, effects of blend ratio and
compatibilisation on the dynamic mechanical prop-
erties of nylon copolymer/EPDM blends were
investigated. Viscoelastic properties like storage
modulus, loss modulus and tanδ were investigated
as a function of temperature.The dynamic mechan-
ical properties of the new generation of nylon
copolymer/EPDM blends are extremely important,
as these data are still limited in the literature. The
dynamic mechanical properties have been corre-
lated with the morphology of the blends. Attempts
have also been made to correlate the experimental
viscoelastic data with various theoretical models.

2. Experimental

2.1. Materials

The raw materials used for this work are as follows.
Nylon copolymer (PA6,66) (Tufnyl120) of melting
point 148°C and density of 1.12 g/mol, with Mn

38 000 was supplied by SRF Ltd (Madras, India).
EPDM (KELTAN 720) with E/P ratio 58/35.5 wt%
and DCPD content 6.5 wt% with Mn 120 000 was
obtained from DSM (Netherlands).
The EPM-g-MA with 1 wt% of MA grafting with
E/P ratio 55/45 having density 0.88 g/mol (Roy-
altuf 465) was supplied by Uniroyal Chemical
Company, Germany.

2.2. Blend preparation

Nylon copolymer (PA6,66) pellets were dried in
vacuum oven at 80°C for 24 h before blending .The
blends were prepared in a Brabender at a tempera-
ture of 180°C and a rotor speed of 60 rpm. Nylon
was first melted for 2 minutes and then EPDM was
added and the mixing was continued for 6 more
minutes. In the case of compatibilized blends, the
compatibilizer EPM-g-MA was mixed with EPDM
in a two roll mill at room temperature so as to get
EPM-g-MA coated EPDM. Nylon is fed into the
preheated Brabender at 180°C and melted for
2 minutes. Then EPM-g-MA coated EPDM is
added and melting is continued for 6 more minutes
(Total mixing time fixed was 8 minutes). Test sam-
ples were prepared by compression molding in a
hydraulic press at 180°C. The volumetric propor-
tion of 70/30 nylon/EPDM blends were prepared
with compatibilizer concentrations of 0, 1, 2.5, 5,
10 wt% based on the minor phase. Test specimens
are compression moulded into 2 mm thick sheets at
180°C for 3 minutes in an electrically heated
hydraulic press at a pressure of 10 MPa.

2.3. Designation of the blends

The blends were designated as follows. N0 means
EPDM and N100 means nylon copolymer. N70

means a blend of 70 parts of nylon and 30 parts of
EPDM. The binary blends were designated as N0,
N30, N50, N70 and N100 where the subscripts denote
the weight percentage of nylon in the blend. The
EPM-g-MA compatibilized N70 blends were desig-
nated as N70x, where x denotes the weight percent-
age of compatibilizer in the blend. Various blends
studied with their compositions are summarized in
Table 1.
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Table 1. Compositions and codes of the samples used

N – nylon copolymer, N0 – ethylene propylene diene rubber

System
PA6,66 EPDM EPM-g-MA

[wt%] [vol%] [wt%] [vol%] [wt%] [vol%]
N0 – – 100.0 100.0 – –
N30 30 27.6 70.0 72.4 – –
N50 50 50.0 50.0 .050.0 – –
N70 70 71.4 30.0 30.6 – –
N100 100 100.0 – – – –
N701 70 71.4 29.0 29.6 1.0 0.3
N702.5 70 71.4 27.5 28.1 2.5 0.7
N705 70 71.4 25.0 25.5 5.0 1.3
N7010 70 71.4 20.0 20.4 10.0 2.0



2.4. Measurement of dynamic mechanical
properties

The dynamic mechanical properties of nylon/
EPDM blends were determined using Dynamic
Mechanical Thermal Analyzer (DMTA; Model-
2980, supplied by TA Instrument (USA). The
shape of test sample is a rectangular strip of
40×12×2 mm3. The dual cantilever mode of defor-
mation was used under the test temperature range
from –100 to 150°C with a heating rate of 2°C/min
under liquid nitrogen flow. Storage modulus (E ' )
loss modulus (E '') and loss tangent (tanδ) of each
sample were recorded in multi-frequency mode at
0.1, 1, 10 Hz.

2.5. Morphology

The morphology of the freeze-fractured cross-sec-
tions was examined using a scanning electron
microscope JEOL JSM-820. Observations were
made from etched samples. From N70 and N50

blends EPDM phase was extracted using xylene
vapours. From N30 blend, nylon phase is extracted
using formic acid. The samples were dried in an air
oven at 120°C for 24 h and preserved in a desicca-
tor. The solvent extracted samples were sputter
coated with gold (Au) and SEM observations were
made.

3. Results and discussions

3.1. Effect of blend ratio (uncompatibilized
blends)

Dynamic mechanical analysis helps to study poly-
mer/polymer miscibility in polymer blends and also
measure the glass transition temperatures (Tg) of
polymers. Moreover, we can obtain an idea about
the storage (dynamic) modulus, loss modulus and
damping behaviour (internal friction). The results
of dynamic mechanical analysis add information
about the behaviour of the blends and phase mor-
phology. The effects of temperature and blend ratio
on the storage modulus (E ') of the samples at a fre-
quency of 10 Hz are given in the Figure 1. The
value of storage modulus, E ' signifies the stiffness
of the material. All the curves show three distinct
regions: a glassy high modulus region where the
segmental mobility is restricted, a transition zone
where a substantial decrease in the E ' values with
increase of temperature and a rubbery region (the

flow region) where a drastic decay in the modulus
with temperature. The storage modulus curve of
EPDM (N0) shows a typical behaviour of an unvul-
canized elastomer. EPDM shows a high modulus
below its Tg followed by a drastic drop in its magni-
tude around –52°C. This drastic decrease in modu-
lus with temperature around –52°C indicates dis-
tinct transition from glassy to rubbery state. At any
fixed rate of deformation, the temperature at which
E ' starts to decrease rapidly corresponds to the
glass transition temperature. But in the case of
nylon, changes in the storage modulus are less
severe around the glass transition zone because of
its semi-crystalline nature. In the semi-crystalline
materials like nylon, the crystalline chains are
arranged in a regular order, and it will remain intact
until the temperature reaches the melting point
(Tm). Only the amorphous part undergoes segmen-
tal motion. So, in the case of nylon, the storage
modulus decreases to a smaller extent than EPDM
does in the transition. 
It may be noted that nylon has the maximum and
EPDM has the minimum E ' values. The E ' values
of the blends are found to be intermediate between
those of pure components depending on the propor-
tion of EPDM. At very low temperature, modulus
of the blends is high. The blends show transition
and plateau region corresponding to EPDM and
nylon. The storage modulus decreased with increase
in temperature and finally levels off at high temper-
ature. It is seen from figure1 that the value of stor-
age modulus decreases with increase in the concen-
tration of EPDM content, which is more pro-
nounced at high temperatures. On adding more

643

Komalan et al. – eXPRESS Polymer Letters Vol.1, No.10 (2007) 641–653

Figure 1. Storage mudulus (E') curves as function of tem-
perature for nylon, EPDM and physical blend of
nylon/EPDM



EPDM, the crystallinity is reduced. Therefore the
modulus of EPDM rich blends decreases much
faster at high temperatures. EPDM is having very
low modulus in the rubbery plateau. The two-step
curves in the figure for the blends are due to two-
phase morphology indicating immiscibility. The
above results are very much in agreement with
those of systems based on blends of PP\EPDM
studied by Papke and Karger-Kocsis [20]. The
change from dispersed phase morphology in N30 to
co-continuous morphology in N50 leads to an
increase in modulus. In co-continuous structures
the storage modulus-temperature dependence
reflects a greater contribution of both components,
whereas in dispersed structures, the blend modulus
is dominated by the matrix component [21]. The
relationship between storage modulus at a given
temperature can also determine the region of phase
inversion and the existence of co-continuous struc-
tures, as shown by Dedecker and Groeninckx [22]
for reactively compatibilized PA6/PMMA blends.
Variation of loss modulus (E '') with temperature of
nylon, EPDM and nylon/EPDM blends are given in
Figure 2. The loss modulus peak corresponds to the
maximum heat dissipation per unit deformation.
The glass transition temperature, Tg was selected as
the peak position of E '' when plotted as a function
of temperature. From the figure, it is clear that N100

shows a peak around 13.5°C corresponding to the
Tg of nylon whereas EPDM (N0) shows a peak
around –44°C. Another important observation that
can be made from the figures is that nylon exhibits
a strong β-relaxation around –57°C. However two
distinct peaks each exactly corresponding to the
glass transition temperatures of nylon and EPDM

can be observed in all the blends indicating the
incompatibility and immiscibility between the
phases. The loss modulus increases with increase in
EPDM content. Various researchers [20, 22, 23]
used dynamical mechanical investigation to predict
the miscibility of polymeric systems. Generally for
incompatible system, the tanδ versus temperature
curve shows two damping peaks corresponding to
the glass transition temperatures of individual poly-
mers [20]. When blend components are compatible,
a single peak is found for the combined processes
[23]. Broadening of the transition occurs in the case
of partially compatible systems. Shift in the Tg to
higher or lower temperatures as a function of com-
position also indicates the partial miscibility. Fig-
ure 3 shows the variation of loss tangent (tanδ) with
temperature for the pure components and nylon/
EPDM blends. The main relaxation processes in the
amorphous region for the nylon and EPDM phases
in the blends can be detected from the damping
curves presented in Figure 3. As the temperature
increases, damping goes through a maximum near
Tg in the transition region, and then a minimum in
the rubbery region. At Tg, micro-Brownian motion
of molecular segments begins where short range
diffusion can take place. The damping is low below
Tg because thermal energy is insufficient to cause
rotational and transnational motions of the seg-
ments [24]. As a result of this, the chain segments
are frozen in. So, below Tg, the molecular slip
resulting in viscous flow is low. Above Tg also the
damping is low because molecular segments are
very free to move about and there is little resistance
for their flow. Hence, when the segments are either
frozen in or are free to move, damping is low. In the
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Figure 2. Loss modulus (E'') curves as function of temper-
ature for nylon, EPDM and nylon/EPDM blend

Figure 3. Tanδ curves as function of temperature for
nylon, EPDM and l blends nylon/EPDM



transition region a part of the segments are free to
move about and the remainder are not so free. A
frozen segment stores energy through deformation
and it ultimately releases it as viscous energy when
it becomes free to move. The tanδ curve of EPDM
shows a peak at –32°C due to the α-transition aris-
ing from the segmental motion. This α-transition
corresponds to the glass transition temperature (Tg)
of EPDM. Nylon shows the glass transition temper-
ature at 26°C. Another important observation that
can be made from the Figures 2, 3 is that nylon
exhibits a strong β-relaxation [25] around –55°C. It
is believed that the β damping peak is due to the
carbonyl group of nylon forming hydrogen bonds
[26]. The temperature of this peak is influenced by
nylon moisture content. Some researchers related
this secondary transition to movements involving
carbonyl groups, which have formed hydrogen
bonds with absorbed water [27]. The absence of the
β-relaxation peaks in the blends indicates that addi-
tion of EPDM into nylon decreased the water
uptake property of nylon as discussed else where.
EPDM has higher damping than nylon because of
its rubbery nature and the flexible rubber chains
respond rapidly towards a cyclic loading. Since the
rubber is uncrosslinked, the uncoiling and recoiling
process on the application and removal of the stress
makes more permanent deformation and thereby
registering the highest loss tangent (tanδmax) values.
As can be seen from the figures, all the blend com-
positions show two distinct and clearly separate
tanδ peaks corresponding to the Tg’s of nylon and
EPDM indicating that the blends are incompatible.
The Tg values obtained from the loss modulus

curve and tanδ curves are given in Table 2. As
usual, the Tg values obtained from E '' curves are
lower than those from tanδ curves. The Tg values
taken from the tanδ peaks of virgin polymers and
blends at different frequencies are given in Table 3.
In all cases the Tg values increase with the fre-
quency. As the mechanical frequency is increased
the position of the glass-rubber transition moves to
a higher temperature because the polymer chains
need more energy to respond to the shorter time
scale stresses imposed at higher frequencies. The
shift in the Tg values upon the addition of the
EPDM especially at higher concentrations of
EPDM may be due to enhanced chain mobility of
nylon due to the plasticizing action of the flexible
EPDM phase. The EPDM has the highest damping.
It is accepted that higher the tanδmax the greater the
mechanical losses. These losses are related to high
energy input required for the motion of the molecu-
lar chains of the polymer as the transition is being
approached [28]. The results also suggested that
increasing the rubber content caused an increase of
elastic behaviour. A small hump in the tanδ peak at
lower temperature (–73°C) of N30 may be due to
motion of the side chain and imperfection.
The damping behaviour of the blends increases
with an increase in the concentration of EPDM rub-
ber. The variation of tanδmax of blend as a function
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Table 2. Tg values of various nylon/EPDM blens (10 Hz)

Sample

Tg [°C] with respect to
EPDM Nylon

From 
tanδδmax

From
E''

From 
tanδδmax

From
E''

N0 –32 –42 – –
N30 –31 –46 31 17,0
N50 –37 –41 27 17,0
N70 –44 –46 26 16.7
N100 – – 26 13.5

Table 3. Tg [°C] values of various nylon/EPDM blends at various frequencies obtained

Frequency
[Hz]

N0

N30 N50 N70

N100Due to
EPDM

Due to
nylon

Due to
EPDM

Due to
nylon

Due to
EPDM

Due to
nylon

0.1 –41 –45 17 –47 20 –51 17 13
1 –38 –39 20 –42 22 –47 21 19
10 –32 –31 31 –37 27 –40 26 26

Figure 4. Variation of tanδ of nylon, EPDM and
nylon/EPDM blends with temperature



of EPDM content measured at 10 Hz is shown in
Figure 4. EPDM shows maximum value of tanδ
indicating its excellent damping behaviour. In the
blends with nylon, the crystalline plastic phase act-
ing as physical crosslinks imposes some restriction
towards cyclic loading and the tanδmax decreases
with increases in nylon content. The increase in the
damping and tanδmax with increase in EPDM con-
tent is due to the reduction in the crystalline volume
of the system on increasing the concentration of
EPDM whose damping is always higher than
nylon.The increase in tanδmax of N30 (70% of
EPDM) in Figure 4 can be explained by morpho-
logical changes. Examination of the morphology of

the blends by scanning electron microscope (Fig-
ure 5) reveals that for blends containing 70%
EPDM, the nylon phase is dispersed as spherical
particles (observed as semi-spherical holes after
etching by hot xylene to remove the EPDM phase)
in the continuous EPDM matrix. In N30, the rubber
phase has become continuous and its response
towards a cyclic loading is more effective and there
by exhibiting highest tanδmax. In N70, nylon is found
to form the continuous phase in the blends due to its
increased concentration. In this contribution of rub-
ber towards tanδmax is restricted by the crystalline
plastic phase. N50 blend shows a co-continuous
morphology and the rubber particles exist as large
domains and their contribution towards tanδmax is
increased. SEM micrographs of the blends show a
clear two phase morphology with the rubber parti-
cles being coarsely dispersed in the continuous
nylon phase and having clear and sharp interfacial
boundaries which may be attributed to high interfa-
cial tension indicating poor adhesion at phase
boundaries, and this is a manifestation of the
incompatibility of the polymer components in these
blends. It is well known that blends based on
immiscible polymer pairs are characterized by
great interfacial tension, which makes the disper-
sion during the blending operation difficult, and
contributes to unstable morphology and poor adhe-
sion [29].
The activation energy, E for the glass transition of
the blends can be calculated from the Arrhenius
equation (1):

(1)

where f is the experimental frequency of transition,
A, is a constant, E is the activation energy, R is the
universal gas constant, T is the temperature corre-
sponding to the maximum of the tanδ curve in
Kelvin scale [K]. The plots of log f versus 1/T were
constructed and the values of the activation ener-
gies were calculated from the slope of the plots.
This slope corresponds to the activation energy of
the viscous flow that accompanies the glass transi-
tion. The Arrhenius plot corresponding to EPDM
transition in 70/30 nylon/EPDM blend is given in
the Figure 6. Activation energy values are given in
the Table 4. The blends show higher activation
energy than the EPDM. Due to the amorphous
nature of the EPDM, it is less sensitive to tempera-
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Figure 5. Scanning electron micrograph of nylon copoly-
mer/EPDM blends at a magnification of 250
times



ture hence the activation energy decreases with
increase in EPDM content. The chain flexibility
increases with increase in the rubber content. As
the flexibility increases, the crystallinity decreases.
As a result of this the activation energy decreases.

3.1.1. Theoretical analysis of storage modulus

Model studies were carried out to assess the behav-
iour of the two-phase blend from the component
property data. The various composite models such
as parallel, series, Coran’s and Takayanagi’s have
been used to predict the viscoelasic behaviour of the
binary blends. The upper bound of the storage mod-
ulus is given by the rule of mixtures (Equation (2)):

Eu = E1φ1 + E2φ2 (2)

where Eu is the property of the blend and E1 and E2

are the corresponding properties of the components
φ1 and φ2 respectively. and represent the volume
fraction of components 1 and 2 respectively. This
equation is applicable to the materials in which the
components are arranged parallel to the applied
stress. The applied stress elongates each component
by the same amount. In the lowest lower bound
series model, the blend components are arranged in

series (Reuss prediction) perpendicular to the direc-
tion of the applied force. The equation for the series
combination of the components is given by Equa-
tion (3):

(3)

where EL is the moduli of the blend in the series
model. For both these models, there is no relation
between the morphology and the property.
According to Halpin-Tsai model [30, 31], the
Equation (4) that relates the morphology of the
polymer blend to the properties is:

(4)

where

(5)

In the Equation (5) the subscript 1 and 2 refer to the
continuous and dispersed phases respectively. The
constant Ai is determined by the morphology of the
system. For elastomer domains, dispersed in a con-
tinuous hard matrix, Ai = 0.66 and when the hard
material forms the dispersed phase, Ai is 1.5. This
model was also useful in determining the properties
of polymer blends that contained both continuous
and discontinuous phases. This model has also been
successfully applied by several researchers to sys-
tems [32, 33] of polymer composites.
In Coran’s model [34], the mechanical properties
are generally in between the upper bound parallel
model (EU) and the lower bound series model (EL)
(Equation (6)):

E = f(EU–EL) + EL (6)

where ‘f’ can very between zero and unity. The
value of ‘f’ is given by Equation (7):

(7)

where n contains the aspects of phase morphology.
VH and VS are the volume fractions of hard phase
and soft phase respectively. It can be seen from
Figure 7 that the experimental data are very close to
the Coran’s modal with an n value of 2.2.
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Table 4. Activation energy for the transition of EPDM
phase in nylon/EPDM blends

Sample
Activation energy (ΔΔE) [kJ/mol–1]

for EPDM phase transition
N70 423
N50 261
N30 189
N0 51
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The viscoelastic behaviour of the heterogeneous
polymer blend can be predicted using Takayanagi
model [35] in which the concept of percolation is
introduced. According to this model (Equation (8)):

(8)

where E1 is the modulus of the matrix phase, E2 is
the modulus of the dispersed phase and the values
of λ and φ2 are related to the degree of series-paral-
lel coupling.
The degree of parallel coupling of the model can be
expressed by Equation (9):

(9)

The curves resulting from the different theoretical
models and that of the experimental data for the
variation of storage modulus at 25°C with volume
fraction of nylon are given in Figure 7. Coran’s
model (n = 2) fits well with the experimental curve
and the Takayanagi model with 45% parallel cou-
pling agrees to some extent with the experimental
curve. The series model is the lowest bound over
the entire composition range.

3.2. Effect of compatibilization

As discussed in the above section, the nylon
copolymer/EPDM blend systems are incompatible.
The incorporation of a compatibilizer into an
immiscible blend reduces the interfacial energy of

the phases, stabilizes the morphology against coa-
lescence and improves the interfacial adhesion. As
a result, systems with improved and reproducible
properties are obtained.
Dynamic mechanical analysis (DMA) is sensitive
to molecular motions and transitions [36] has been
chosen as a tool for characterizing blend compati-
bilisation. The objective of the current work is to
use DMA to study the glass transition behaviour of
immiscible polymer blends in an effort to charac-
terize blend compatibilisation on the molecular
level and to make a correlation between phase mor-
phology and dynamic mechanical properties.
The variation of storage modulus as a function of
temperature for 70/30 nylon/EPDM blends compat-
ibilized with different concentrations of EPM-g-
MA is shown in Figure 8. The E ' values of compat-
ibilized N70 blends are higher than that of uncom-
patibilized blend at the same temperature. The
addition of EPM-g-MA makes the blend technolog-
ically compatible to some extent even though
molecular level miscibility cannot be achieved.
Even by the addition of 1% compatibilizer, the stor-
age modulus of the blends shifted towards the
lower temperatures, i. e, below the glass transition
temperature of nylon. The increase in the modulus
upon the addition of the compatibilizer is due to the
increase in the interfacial adhesion caused by the
emulsifying effect of the copolymer formed by the
reaction between EPM-g-MA and nylon. The pres-
ence of compatibilizer improves the interfacial
adhesion by enhancing the interfacial thickness and
thereby facilitating the stress transfer between the
components. Thus EPM-g-MA, improved the inter-
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facial adhesion, consequently, the storage modulus
of the blends enhanced. The increased interfacial
interaction is evident from the small and uniform
dispersion of EPDM particles upon the addition of
EPM-g-MA (Figure 9). A decrease in E ' by the
addition of 10 wt% EPM-g-MA indicates the for-
mation of micelles in the nylon matrix. At higher
loading of the compatibilizer, modulus value
decreases due to the formation of agglomerates of
the compatibilizer molecule.
Now let us consider the effect of compatibilisation
on the Tg’s of the blends. Figure 10 depicts the
change of loss modulus (E '') as function of temper-
ature for nylon/EPDM blends compatibilized by
EPM-g-MA. The E '' values of the compatibilized
systems are higher than those of N70 uncompatibi-
lized blend. The shift in the Tg values of the nylon
phase of the compatibilized blends compared to the
uncompatibilized blends indicate the strong inter-
action between the nylon and EPDM as a result of
reactive compatibilisation. Thus a shifting of Tg

values of the components is taken as an indication
of miscibility enhancement and therefore can be
considered as an evidence for compatibilisation.

Due to the reaction the mobility of the nylon phase
decreases.
There is no change in the Tg values of EPDM phase
of the compatibilized blends in the loss modulus
curve. This is because, at the lower Tg in the com-
patibilized blends, there are two types of con-
straints imposed on the motions of molecular
segments in the vicinity of the interface. One is due
to the presence of another phase and other is due to
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Figure 10. Effect of compatibilisation on the variation of
loss modulus as a function of temperature in
N70 blends

Figure 9. Scanning electron micrographs of N70 blend containing different levels of EPM-g-MA



the presence of chemical bonds between the two
phases. As the blend goes through the lower Tg, one
phase retains its glassiness. The constraints imposed
by the glassy phase apparently dominates the pres-
ence of chemical bonds between phases. Therefore,
no difference is observed when one compares the
lower Tg behaviour of the compatibilized and
uncompatibilized blends. And below Tg, the molec-
ular mobility is reduced. So the rate of free volume
changes with temperature is very small. Therefore,
when both blend components are below their
respective Tg, free volume effects are small and E ''
is relatively constant with temperature. Since the
compatibilisation reduces interfacial energy and
creates a finer dispersion by increasing the interfa-
cial area [37], one can expect an overall volume of
the interaction zone to increase when copolymer is
added. When the blend goes through the high Tg, all
the molecules are relaxed. In the compatibilized
blends the linked segments do not have the degree
of mobility as the unlinked segments have, so that
the effective number of segments free to com-
pletely relaxed has decreased. So there is a shift
towards lower Tg. The Tg values obtained (Table 5)
from E '' vs. temperature is always less than that
obtained from tanδ maximum.
DMA has become a classical method for the deter-
mination of miscibility because the height and posi-
tion of the mechanical damping peaks are affected
remarkably by miscibility, intermolecular interac-
tion, interface feature and morphology. The varia-
tion of tanδ as a function of temperature of the
compatibilized blends is given in Figure 11. The
compatibilized blends also show the presence of
two peaks corresponding to the Tg’s of nylon and
EPDM similar to those of the uncompatibilized

blends. This indicated that compatibilisation did
not alter the degree of miscibility. The broadening
of the peaks is an indication of the compatibilisa-
tion. The general broadening of the tanδ peaks is
associated with increased molecular mixing [38],
which is expected. As the compatibility increases,
the interpenetration of the components increases
[39]. There is no appreciable shift in the Tg towards
the average value. This emphasizes that significant
miscibility increase does not occur for the compati-
bilized blends. However, domain boundary mixing
[40] or interface mixing [41] have been shown to
cause an increased temperature dependence of stor-
age modulus and increased level of loss modulus
between Tg for compatibilized relative to uncom-
patibilized blends. From the Figure 11 it is clear
that 2.5% compatibilizer loaded blend shows the
highest tanδ than other blends in various tempera-
tures. This may be due to the maximum interfacial
interaction provided by the compatibilizer. This is
evident from the SEM analysis also. Maximum par-
ticle size reduction is obtained for 2.5% of compat-
ibilizer (Figure 9).
We can conclude that both electron microscopy and
dynamical mechanical analysis clearly show that
the system is still phase separated even in the pres-
ence of the compatibilizer and tanδ curve also indi-
cates that compatibilizer addition could not make
the system completely miscible. This is in agree-
ment with the conclusions made by Paul [42] that if
two polymers are far from being miscible, then no
copolymer is likely to make a single phase system.
In a completely immiscible system, the main role of
the copolymer is to act as an interfacial agent.
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Figure 11. Effect of compatibilisation on the variation of
tanδ as a function of temperature in N70 blends

Table 5. Effect of compatibilisation on the Tg values of
EPDM and nylon in N70 blends at 10 Hz

Blends

Glass transition temperature [°C]
From E'' vs. T curve From tanδδ vs. T curve
EPDM
phase

Nylon
phase

EPDM
phase

Nylon
phase

N70 –46 16.7 –40 26

1%
Compatibiliser –44 –11.0 –41 23

2.5% 
Compatibiliser –44 –9.3 –42 24

5%
Compatibiliser –44 –9.3 –42 24

10%
Compatibiliser –38 –12.0 –36 22



3.3. Degree of entanglement density

Degree of entanglement of the polymer blends can
be obtained from swelling measurements, stress-
strain curve and also from dynamic mechanical
analysis. We can use the storage modulus data for
determining the entanglement density using the
Equation (10):

(10)

where E ' is the storage modulus obtained from the
plateau region of E ' versus temperature curve, R is
the universal gas constant and T, is the absolute
temperature. A higher degree of entanglement is
exhibited by the compatibilized blends when com-
pared to the uncompatibilized blends. This is
because by the addition of compatibilizer the entan-
glement between the homopolymers increases and
a better adhesion is achieved as a result of decrease
in the interfacial tension. The value for degree
entanglement between nylon and EPDM are given
in the Table 6. From the morphology studies it is
clear that immiscible polymers exhibit a coarse dis-
persion. By the addition of the compatibilizer the
particle size decreased leading to a better adhesion.
Oommen et al. [43] reported that the entanglement
density increases as a result of compatibilisation. It
is interesting to note that, the entanglement density
increases up to 2.5 wt% of compatibilizer concen-
tration followed by a decrease at higher loading.
This indicates clearly that the compatibilizer leaves
the interface after critical micelle concentration
(CMC). Our earlier studies revealed that the mini-
mum amount of compatibilizer (CMC) required to
modify the interface is 2.5% of EPM-g-MA.

4. Conclusions

1. In uncompatibilized blends, nylon shows the
maximum and EPDM shows the minimum stor-
age modulus. The storage modulus of blends

was found to be intermediate between the pure
components.

2. For the uncompatibilized blends, loss modulus
and tanδ values did not able to give any informa-
tion about the favourable interactions between
nylon and EPDM, as their transition peaks (Tg of
nylon ~26°C, Tg of EPDM ~–32°C and β-relax-
ation of nylon ~–57°C) experienced no shift as
a function of blend ratio.

3. As the concentration of the EPDM rubber
increases the storage modulus decreases and the
damping and loss modulus increases.

4. The experimental data of uncompatibilized
blends were theoretically modeled and observed
that Coran’s model (n = 2.2) was best suited for
the present system and the Takayanagi model
with 45% parallel coupling agrees to some
extent.

5. The addition of EPM-g-MA as compatibilizer
improved the viscoelastic properties indicating
improved interaction between the two compo-
nents in the compatibilized system.

6. A higher degree of entanglement is exhibited by
the compatibilized blends when compared to the
uncompatibilized blends.

7. Morphologies of the blends have got a profound
influence on the dynamic mechanical properties.
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1. Introduction

Recently, we have carried out several investiga-
tions on the viscosity, tack, peel and shear strength
of natural rubber (NR) and epoxidized natural rub-
ber (ENR) [1–5]. It has been shown that the viscos-
ity and tack of natural rubber-based adhesive
increases with resin content due to the concentra-
tion effect of tackifier resin. The peel strength gen-
erally increases with resin content, an observation
which is attributed to the wettability of substrates.
On the other hand, shear strength of the adhesive
decreases gradually with increasing resin content as
a result of decreasing cohesive strength of adhesive
as resin loading is increased. For a fixed resin con-
tent, shear strength increases with increasing coat-
ing thickness suggesting that shear strength is

thickness-dependent. With regard to ENR-based
pressure-sensitive adhesives, results show that peel
strength passes through a maximum at 40 phr of
tackifying resin. However, the shear strength indi-
cates a gradual decrease with increasing resin load-
ing due to the decrease in cohesive strength of
adhesive. ENR 25 consistently exhibits higher peel
strength and shear strength than ENR 50. The vis-
cosity and loop tack of ENR-based adhesive
increases with increasing zinc oxide concentration.
For the peel strength, it increases with zinc oxide
concentration up to 30–40 phr of filler and drops
after the maximum value. However, with respect to
the effect of rubber blending on the adhesion prop-
erty of pressure-sensitive adhesives, there is no
study reported so far. We have thus carried out a
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systematic investigation to evaluate the effect of %
SBR on the viscosity, tack and peel strength of
SBR/SMR L-based pressure sensitive-adhesive.

2. Experiment

2.1. Materials

SMR L grade was used as the natural rubber. The
technical specification [6–7] of the rubber is given
in Table 1.

The molecular structure of SMR L is given in Fig-
ure 1. It is a repeating unit of isoprene monomer to
form cis-1,4 polyisoprene.
Buna Hüls 1502 grade SBR was supplied by Bayer.
It has a 33.5% by weight of target bound styrene.
The density, ash content, Mooney viscosity and
volatile matter of the rubber are 0.9 g/cc, 0.5%, 50
and 0.2% respectively.
Commercial grade phenol-formaldehyde resin was
chosen as the tackifier. Its specific gravity, refrac-
tive index and specific heat are 1.2, 1.6 and 0.5
respectively. Toluene was used as the solvent
throughout the study to prepare the rubber-based
pressure-sensitive adhesives.

2.2. Adhesive preparation

The rubbers were masticated on a 2-roll mill for
10 minutes. Different blend ratios of SBR/SMR L
corresponding to 0, 20, 40, 60, 80 and 100% SBR
were prepared. For each adhesive formulation, 5 g
of the rubber blend was used. The rubber blend was
then dissolved in 30 ml of toluene. The rubber solu-
tion was kept in a conditioned room for 24 hours
before the addition of phenol-formaldehyde resin.
In order to study the effect of phenol-formaldehyde
concentration on the adhesion properties, three dif-

ferent weights i.e. 2, 4 and 6 g corresponding to 40,
80 and 120 parts per hundred parts of rubber [phr]
of resin were added to the rubber solution to pre-
pare the adhesives. After the addition of resin, con-
stant stirring with glass rod was carried out to
ensure a homogeneous adhesive was formed. The
adhesive was left for at least 3 hours prior to test-
ing.

2.3. Testing

2.3.1. Viscosity 

The viscosity of adhesive was measured by a
HAAKE Rotary Viscometer (Model PK 100). Both
the platform and the spindle head were cleaned
with isopropyl alcohol to prevent contamination of
the adhesive to be tested. Then, a little adhesive
was dribbled onto the testing surface as well as the
spindle head. The platform was raised up to touch
the spindle head. Any excess adhesive was wiped
off with a clean tissue and testing was carried out
for one minute or ten rounds of spinning. At least
five readings were taken and the average viscosity
was computed.

2.3.2. Tack

Loop tack test is essentially a peel test involving
low contact pressure and short application time [8].
A PET film with dimension of 4 cm × 25 cm was
coated at the centre of the film (4 cm × 4 cm) with
a coating thickness of 60 μm using a SHEEN Hand
Coater. The coated surface area was covered by a
release paper and conditioned at room temperature
for 30 minutes prior to testing. Then, a loop config-
uration with the adhesive exposed was formed after
the removal of release paper. The top of the loop
was taped and clamped in a Lloyd Adhesion Tester
(Model LRXPlus with NEXYGEN software). The
clamp was lowered at a constant speed of
10 cm/min until the adhesive area touched the glass
panel. The contact area was made without any force
other than the pushing force of the loop. The loop
was then pulled at 30 cm/min until debonding from
the glass panel occurred. The three highest peaks
from the load-propagation graph were taken to cal-
culate the average debonding force. The loop tack
value is expressed as the debonding force per area
of contact [N/m2].
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Table 1. Technical specifications of SMR L

Dirt content (max. %wt) 0.03
Ash content (max. %wt) 0.50
Nitrogen (max. %wt) 0.60
Volatile matter (max. %wt) 0.80
Plasticity retention index (min. %) 30
Mooney viscosity, ML,1+4 (100°C) 78

Figure 1. Structure of SMR L



2.3.3. Peel strength 

The substrates used for the peel tests were PET film
and release paper which formed the base stock and
face stock respectively. Three testing modes, i. e.
T-Peel, 90° and 180° Peel Tests were used to deter-
mine the peel strength of adhesives. The dimen-
sions of the substrates for the T- and 90° Peel Tests
were 20 cm × 4 cm. In the case of 180° Peel Test,
the dimensions of PET film and paper substrates
were 25 cm × 4 cm and 12 cm × 6 cm respectively.
A SHEEN Hand Coater was used to coat the PET
film at 60 μm thickness from the end of the film
with a coating area of 10 cm × 4 cm. The coated
PET film was covered by the paper substrate. The
testing sample was then conditioned at room tem-
perature for 24 hours before testing on a Lloyd
Adhesion Tester operating at 30 cm/min. As in the
case of tack determination, the three highest peaks
from the load-propagation graph were recorded to
compute the average peeling force. Peel strength is
defined as the average load per width of the bond-
line required to separate progressively a flexible
member from a rigid member or another flexible
member (ASTM D 907).

3. Results and discussion

The effects of blend ratio and phenol formaldehyde
resin loading on the viscosity, tack and peel
strength of the pressure-sensitive adhesives pre-
pared from SBR/SMR L blends are discussed
below.

3.1. Viscosity of adhesive

Figure 2 shows the dependence of viscosity of
adhesive on the % SBR for various phenol
formaldehyde resin loadings. It is obvious that all
resin loadings (including the control sample), the

viscosity of adhesive decreases gradually with SBR
composition. This observation is explained by
lower molecular weight of SBR (Mooney viscos-
ity = 50) compared to that of SMR L (Mooney vis-
cosity = 78). Figure 2 also indicates that viscosity
of adhesive increases with increase in resin loading.
This observation is consistent with our previous
study on SMR 10 and SMR 20-based pressure-sen-
sitive adhesives [1–2]. The concentration effect of
the tackifying resin accounts for this increase in
viscosity. It is also observed that there is a signifi-
cant increase in viscosity from 0–40 phr of resin
loading, especially below 60% SBR composition.
This sudden increment may be attributed to the
onset of chain entanglement [9] between SMR L
and phenol formaldehyde resin. Further addition of
resin is accompanied by the steady increase in vis-
cosity as shown by the 80 and 120 phr resin load-
ing. This is especially so when SBR composition is
increased beyond 60%. In this case, chain entangle-
ment does not govern the increase in viscosity as
resin loading is increased. In other words, SBR
chain does not entangle with the resin molecule and
increment in viscosity is essentially a concentration
effect phenomenon.

3.2. Loop tack

The dependence of loop tack on % SBR for various
resin loadings is shown in Figure 3.
For all resin loadings, loop tack increases with %
SBR to a maximum value at 20% SBR composi-
tion, after which it decreases with increasing %
SBR. The maximum tack value observed at 20%
SBR is attributed to the maximum wettability of
adhesive on the substrate. At this condition, the
adhesive is able to wet and conforms to the irregu-
larities of the substrate, i.e. low surface energy con-
dition is observed [10]. The surface energy of the
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Figure 2. Dependence of viscosity with % SBR for vari-
ous resin loadings

Figure 3. Dependence of loop tack with % SBR for vari-
ous resin loadings



adhesive depends on the composition as shown by
the variation of tack with % SBR and phenol-
formaldehyde resin content. As % SBR is further
increased, tack value decreases correspondingly.
This observation is associated with the lower flexi-
bility property of SBR due to its lower Tg (–53°C)
[11] compared to that of SMR L (Tg = –72°C). Fig-
ure 3 also indicates that for a fixed % SBR, maxi-
mum tack is consistently exhibited by the 40 phr
resin loading. At this resin loading, the optimum
composition of adhesive is achieved which results
in optimum wettability of adhesive. However, if
resin loading is increased beyond 40 phr, a decrease
in the tack value is obtained. This is due to the
decreasing wettability of adhesive as resin compo-
nent becomes a dominant component in the adhe-
sive system, i. e. phase inversion occurs. The low-
est tack value is shown by the control sample where
no resin is added. This means that poor adhesion
property is observed in the absence of tackifying
resin such as phenol formaldehyde suggesting low
wettability of adhesive.

3.3. Peel strength

The peel strength between paper/PET film using a
T-Peel test mode is shown in Figure 4.
No plateau level is reached during crack propaga-
tion because the surface of substrate is not perfectly
smooth. The irregularities on the surface of sub-
strate (PET and release paper) explain why peaks
occur during peel test. Debonding is observed
between adhesive and release paper. The position
of peaks changes with adhesive composition.
Except for the control sample, maximum peel
strength is observed at 60% SBR for the resin-
loaded adhesives. Owing to the difference in the
substrate systems, maximum peak position for loop
tack study (Figure 3) and that of peel strength (Fig-

ure 4) occurs at different positions. This observa-
tion is attributed to the difference in compatibility
between the adhesive and substrates. However, for
the control sample in the absence of phenol
formaldehyde resin, maximum wettability occurs at
lower % SBR, i. e. at 40% SBR. In all cases, peel
strength drops after the maximum value which is
due to the decrease in wettability with increase in %
SBR. For a fixed % SBR, it indicates that after
40 phr of phenol-formaldehyde resin content, a
decrease in peel strength is obtained. This observa-
tion suggests that phase inversion occurs between
40–80 phr of the resin. The drop in peel strength
with further addition of resin is attributed to the
dilution effect, resulting in a decrease in modulus,
i. e. resistance to rupturing of the bond is decreased.
The peel strength for the 90° and 180° Peel Tests
are shown in Figures 5 and 6 respectively. Except
for the control sample, the figures also indicate that
maximum peel strength occurs at 60% SBR for all
the resin loadings studied. All these observations
may be explained by the varying degree of compat-
ibility of adhesive with substrate following changes
in the adhesive formulation. Figure 7 shows the
comparison of peel strength obtained from the three
modes of peel tests at 60% SBR.
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Figure 4. Dependence of peel strength (T-test) with %
SBR for various resin loadings

Figure 5. Dependence of peel strength (90° test) with %
SBR for various resin loadings

Figure 6. Dependence of peel strength (180° test) with %
SBR for various resin loadings



The results also reveal that 180° Peel Test consis-
tently exhibits the highest peel strength for all phe-
nol formaldehyde loadings, including the control
sample. The difference in results is attributed to the
difference in the angle of testing where a higher
peel force is needed in the case of 180° Peel Test.
The rubber chains undergo more strain-induced
crystallization [12–13] in the 180° Peel Test com-
pared to T- and 90° Peel Tests. In other words, the
adhesive hardens at high strain levels to become a
tough solid and the adhesive layer itself cannot eas-
ily be ruptured [6]. Therefore, higher peel strength
is needed in the case of 180° Peel Test. Figure 7
also shows that the highest peel strength is exhib-
ited by 40 phr resin loading for the three modes of
peel tests carried out in this study. Adhesive defor-
mation in the bonding stage should be viscous to
conform to the irregularities of the substrate. A
high modulus during bond rupture will increase the
tack and peel strength of adhesive. From this study,
it is observed that the optimum viscosity occurs at
2.2 × 104 cP where maximum peel strength is
observed at 60% SBR and 40 phr phenol-formalde-
hyde resin content. At this particular composition,
maximum wettability and compatibility occur
resulting in mechanical interlocking and anchorage
of the adhesive in pores and irregularities in the
substrate [8, 14], hence the highest peel strength is
observed.

4. Conclusions

From this study, the following conclusions can be
drawn. 
1. The viscosity of adhesive decreases gradually

with increase in SBR composition, an observa-
tion which is attributed by lower molecular
weight of SBR compared to that of SMR L.

Below 60% SBR composition, significant
increase in viscosity from 0–40 phr of phenol
formaldehyde resin loading occurs, an observa-
tion which is associated to the onset of chain
entanglement between SMR L and phenol
formaldehyde resin.

2. Loop tack increases with % SBR up to a maxi-
mum value at 20% SBR composition, after
which it decreases with increasing % SBR. The
maximum tack value observed at 20% SBR is
ascribed to the maximum wettability of adhesive
on the substrate. For a fixed % SBR, maximum
tack is observed at 40 phr resin loading after
which tack value drops with further resin load-
ing due to phase inversion.

3. Except for the control sample, maximum peel
strength is observed at 60% SBR and 40 phr of
phenol formaldehyde resin loading for all the
three modes of peel tests carried out in this study
indicating that maximum wettability and com-
patibility occur at this composition. The highest
peel strength is shown by the 180° Peel Test for
all phenol formaldehyde loadings, including the
control sample. This observation is attributed to
the higher strain-induced crystallization of rub-
ber chain during 180° peel test, hence causing
the adhesive to harden and become a tough solid
which cannot be ruptured easily.
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1. Introduction

Polymers with a thermally stimulated volume
phase transition like poly(N-isopropylacrylamide)
(PNiPAAm) [1] and NiPAAm containing copoly-
mers can be prepared on solid surfaces by various
techniques [2–6]. The resulting coatings respond
with swelling and collapsing to small changes in
the environmental temperature and can be used as
cell culture carriers for harvesting cells and cell
sheets without enzymatic or mechanical treatments
[7–10].
Vascular endothelial cells receive a lot of attention
in tissue engineering strategies as they mediate the
interaction of flowing blood with other tissues [11].
Control of endothelial cell adhesion and growth is
therefore considered crucial for safety and perform-
ance of implants in the cardiovascular system such
as vascular grafts or stents. However, endothelial-

ization in vivo often fails and pre-seeding of
implants in vitro is applied according to various
schemes [12, 13]. However, even the time-consum-
ing procedure of growing endothelial cell linings
directly on the implant is limited because of the
lack of the characteristic functional structure of nat-
ural vasculature combining layers of smooth mus-
cle cells and endothelial cells [14–17]. To this end,
the preparation and subsequent alignment of cell
sheets may provide interesting options: Pre-fabri-
cated endothelial cell layers may be deposited on
top of smooth muscle cell linings on – degradable
or nondegadable – biomaterials and, by that, form a
functional structure closely resembling vascular tis-
sue. A defined procedure for the harvesting of
endothelial cell sheets is an essential requirement
for the implementation of this strategy.
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In the literature there are several reports on cultiva-
tion and detachment of endothelial cells from
thermo-responsive carriers [18–21]. Copolymeriza-
tion of NiPAAm with a hydrophobic comonomer
(n-butyl methacrylate) [19] was shown to be an
effective approach for adjusting the substrate prop-
erties. The main objective of the work presented
here is another route to adapt the technique of
thermo-responsive cell culture carriers to the par-
ticular requirements of human endothelial cells.
Towards this goal, the physico-chemical properties
were adjusted by combining a hydrophilic ethylene
glycol containing comonomer with a fine-tuned
pre-coating of fibronectin.
Cell culture carriers based on a statistical copoly-
mer consisting of N-isopropylacrylamide and dieth-
yleneglycol methacrylate (poly(NiPAAm-co-
DEGMA)) [22] were prepared by plasma immobi-
lization [23–26]. This technique allows to immobi-
lize polymer films with a thickness of a few
nanometers onto polymeric substrates like Teflon
AF [27] by low pressure plasma treatment. At
appropriate parameters covalent fixation is achieved
while important properties like the thermorespon-
sive swelling and collapsing of polymer chains are
preserved.
Ethylene glycol containing comonomers increase
the phase transition temperature compared to the
NiPAAm homopolymer [28]. Though this effect is
rather small for poly(NiPAAm-co-DEGMA), the
hydrophilic character of the diethylene glycol
group improves cell detachment [10] and allows a
more gentle handling of cell sheets upon harvest.

2. Experimental

2.1. Materials

Teflon AF1600™ solution (6% wt/wt) [27] was
purchased from DuPont. Teflon AF is an amor-
phous copolymer based on 2,2 bistrifluoromethyl-
4,5-difluoro-1,3-dioxole and tetrafluoroethylene.
FC75, a fluorocarbon solvent for Teflon AF, was
obtained from 3M.
Poly(NiPAAm-co-DEGMA) (Mn 40 000 g·mol–1,
Mw 130 000 g·mol–1, polydispersity ~3 by GPC),
was synthesized by free radical polymerization.
The ratio of the comonomers in the copolymer is
99.2:0.8 (NiPAAm:DEGMA) [22] (Figure 1).
For fibronectin (FN) immunostaining primary anti-
body anti FN rabbit (US Biological, Swampscott,

Massachusetts) and secondary antibodies anti FN
rabbit (Jackson Immuno Research Laboratories,
West Grove, PA) were used.

2.2. Teflon AF substrate preparation and
hydrogel coating

Thin films of Teflon AF were prepared by spin
coating on microscopy cover slips (24×24 mm2)
and on silicon wafers (15×20 mm2, oxide thickness
30 nm, for ellipsometry). For that purpose, the
Teflon AF solution as received was further diluted
using FC75 to obtain a 1% wt/wt solution. After
spin coating (maximum speed 3000 rpm, accelera-
tion 3000 rpm·s–1, 30 s), the Teflon AF films with a
thickness of about 50 nm were annealed for 10 min-
utes at 110°C. Subsequently, poly(NiPAAm-co-
DEGMA) was prepared on Teflon AF substrates
by spin coating (maximum speed 5000 rpm, accel-
eration 5000 rpm·s–1, 30 s) from a 0.25% wt/wt
solution in chloroform (99.8%, Fluka). Teflon AF
surfaces were pre-treated in argon plasma as
described below for 120 s to obtain an appropriate
wetting behavior.

2.3. Plasma immobilization

Poly(NiPAAm-co-DEGMA) thin films were immo-
bilized using low pressure argon plasma. The
plasma treatment was carried out in a computer
controlled MicroSys apparatus by Roth & Rau
(Wüstenbrand, Germany). The cylindrical vacuum
chamber, made of stainless steel, has a diameter of
350 mm and a height of 350 mm. The base pressure
obtained with a turbomolecular pump was
<10–7 mbar. On the top of the chamber a 2.46 GHz
electron cyclotron resonance (ECR) plasma source
RR160 by Roth & Rau with a diameter of 160 mm
and a maximum power of 800 W was mounted.
Argon (99.999%, Messer Griesheim) was intro-
duced into the active volume of the plasma source
via a gas flow control system. When the plasma
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Figure 1. Structure of poly(NiPAAm-co-DEGMA)



source was on, the pressure was measured by a
capacitive vacuum gauge. The samples were intro-
duced by a load-lock-system and placed on a
grounded aluminum holder near the center of the
chamber. The distance between the sample and the
excitation volume of the plasma source was about
200 mm. For the experiments of this work the fol-
lowing parameters were used: effective power
120 W, argon gas flow 38 sccm, pressure
8·10–3 mbar, treatment time 10 s. After plasma
treatment, the samples were rinsed in chloroform
(99.8%, Fluka) for 1 h at room temperature and
dried under vacuum.
To fabricate thermo-responsive cell culture carriers
with lateral microstructures, the masking technique
described in detail in [29] was used. Briefly, argon
plasma treatment of a spin-coated poly(NiPAAm-
co-DEGMA) film was performed as described
above with the sample covered by a transmission
electron microscopy grid. The grid protected the
copolymer layer underneath from plasma exposure
which left this part soluble while the exposed part
of the film was bonded to the Teflon AF surface.
By rinsing with chloroform, the copolymer could
be removed completely from the covered part leav-
ing behind a microstructure.

2.4. Spectrosopic ellipsometry

Ellipsometric measurements were performed using
a variable angle multiwavelength ellipsometer 
M-2000VI (J. A. Woollam Co., Inc.). It is a Diode
Array Rotating Compensator Ellipsometer
(DARCE™) in polarizer-compensator-sample-ana-
lyzer configuration equipped with an automatic
computer-controlled goniometer and a horizontally
mounted sample stage. The light source is a 50 W
mercury lamp. For a given angle of incidence, the
M-2000VI measures 500 wavelengths simultane-
ously covering the spectral range from 370–
1700 nm. Accurate measurements over the full
Δ and Ψ range were acquired (Δ = 0°–360°; Ψ =
0°–90°).
In case of dry samples, values from three angles of
incidence, 65°, 70° and 75° were acquired. To
investigate swollen hydrogel layers, a solid-liquid
cell (angle of incidence 68°) with de-ionized water
(pH 6.5) was used. For the variation of temperature
with a rate of 1 K·min–1, a computer controlled
heating device for the solid-liquid cell was used.

To calculate the thickness and the optical properties
of the polymer films under investigation, fit proce-
dures based on optical multi-layer models were
applied to the the ellipsometric data.

2.5. Cell cultivation

L929 mouse fibroblasts were obtained from
DSMZ, Braunschweig, Germany and cultivated at
37°C, 5% CO2 and 95% relative air moisture using
RPMI medium (RPMI 1640; Pan Biotech GmbH,
Aidenbach, Germany) containing 10% fetal calf
serum (FCS) and antibiotics.
Human endothelial cells from umbilical cord vein
were collected according to the procedure sug-
gested by Weis et al. [30]. Cells were grown at
37°C, 5% CO2 and 95% relative air moisture on
T25 culture dishes pre-coated with fibronectin
(20 µg·ml–1 in phosphate buffered saline, PBS,
30 min at 37°C) using endothelial cell growth
medium (Promocell, Heidelberg, Germany) con-
taining 2% FCS with supplement mix.
L929 mouse fibroblasts and HUVEC were har-
vested by trypsination and applied to the
poly(NiPAAm-co-DEGMA) substrates. The sub-
strates were allowed to swell for 24 hours at room
temperature in PBS and subsequently conditioned
at 37°C. In case of HUVEC a pre-coating with
fibronectin (5 µg·ml–1 in PBS; 30 min at 37°C) was
applied. Subsequently, the solution was exchanged
with the tempered cell culture medium. After a
period of 30 minutes cells were seeded with a den-
sity of 1.5·105 cells per cm2 while keeping the tem-
perature at 37°C. The cultivation was proceeded
until confluence was reached.

2.6. Imaging techniques

Microscopy images were obtained with an
Axiovert 200 microscope by Zeiss. The microscope
was equipped with a special incubator that allows
cell cultivation (37°C, air stream supplemented
with 5% CO2) and temperature variation while
images are taken with a digital camera (AxioCam
Colour). Axio Vision 3.1 software was used for
image processing.
Fluorescence micrcroscopy images were obtained
with an inverse fluorescence microscope Leica
DMIRE2 equipped with a 40× oil immersion objec-
tive. Improvision 4.03 software was used for image
processing.
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For immunostaining cells were fixed with 4%
paraformaldehyde (Fluka) in PBS for 10 min and
subsequently permeabilized with 0.5% Triton® 
X-100 (Fluka) in PBS for 10 min. Samples were
stained with the primary and secondary antibodies
(dilution 1:100 and 1:50 in PBS, retention time
45 min and 30 min respectively). After every step
the samples were rinsed twice in PBS.

3. Results and discussion

3.1. Characterization of the thermo-
responsive cell culture carriers

To study the multilayer polymer system, the optical
properties of Teflon AF and poly(NiPAAm-co-
DEGMA) were determined. For that purpose thin
films on silicon wafers were investigated by spec-
troscopic ellipsometry. Data sets were evaluated
using a fit procedure based on an optical model
consisting of the bulk silicon, the silicon oxide
layer, and the respective polymer layer. Both poly-
mers were found to be transparent, i. e., no absorp-
tion occurs in the wavelength range investigated
(k = 0). The wavelength dependence of the refrac-
tive index was fitted using a two-parameter Cauchy
equation (1):

(1)

where n: refractive index, λ: wavelength, An, Bn:
Cauchy parameters [31]. The best fit of ellipsomet-
ric data provided An = 1.32 and Bn ≤ 0.002 for
Teflon AF and An = 1.46 and Bn ≤ 0.005 for dry
poly (NiPAAm-co-DEGMA) [10].
In the next step poly(NiPAAm-co-DEGMA) thin
films covalently fixed by plasma immobilization on
Teflon AF coated silicon substrates were immersed
in distilled water at room temperature overnight
and heated above the phase transition temperature.
Subsequently, the temperature was decreased and
increased repeatedly while the thickness and the
effective refractive index of the swelling and col-
lapsing hydrogel layer were monitored by spectro-
scopic ellipsometry. Above the phase transition
temperature, constant values slightly higher than
the dry film thickness were observed while an
almost linear increase was found towards lower
temperature values (Figure 2). The reversible
switching has a amplitude of approximately 40 nm
corresponding to a swelling ratio of about 3 with

respect to the collapsed state of the poly(NiPAAm-
co-DEGMA) film. For the heating/cooling rate of
1 K·min–1 there is no significant hysteresis effect.

3.2. Cell detachment experiments

Experiments with L929 mouse fibroblasts, a simple
and well-known cell line, were carried out on
poly(NiPAAm-co-DEGMA) to ensure the compa-
rability with previous studies on different thermo-
responsive materials [9, 10]. At 37°C cells adhere,
spread, proliferate and reach confluence after 48 h
(Figure 3 left) as observed on standard T25 cell cul-
ture dishes.
After temperature decrease to 23°C cells detach
within a few minutes as a single sheet without
enzymatic or mechanical treatment. In Figure 3
(right) the L929 layer retracts from the upper right
to the lower left corner with no cells leaving behind
on the thermo-responsive surface.
In the next step HUVECs were investigated. After
seeding the cells and standard cultivation at 37°C
for 48 h only single cells or small aggregates
adhered to the copolymer surface. Cells did not
show their characteristic morphology and did not
form a confluent layer. To ensure initial cell adhe-
sion and spreading, the collapsed thermo-respon-
sive substrates were exposed to a fibronectin
solution at 37°C for 30 min. The concentration was
varied from 3 µg·ml–1 to 20 µg·ml–1. An appropri-
ate balance between initial cell adhesion and subse-
quent temperature driven cell detachment was
found for a fibronectin concentration of 5 µg·ml–1.
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Figure 2. Reversible temperature dependent swelling
behavior of poly(NiPAAm-co-DEGMA) thin
films in water (circles cooling, triangles heating)



Figure 4 shows a typical HUVEC detachment
experiment on a pre-coated poly(NiPAAm-co-
DEGMA) substrate. For standard cultivation at
37°C on the FN exposed thermo-responsive carrier
cells reach confluence after 20 h and show their
characteristic cobblestone-like morphology (left).
After temperature decrease to 23°C cells detach
within a few hours as a single sheet (right). As in
the case of L929 no cells are left behind on the
swollen thermo-responsive substrate.

3.3. Protein staining experiments

Unraveling the fate of proteins of the extracellular
matrix (ECM) on a thermo-responsive cell culture
carrier during cell harvesting is a key to understand
the mechanism of cell detachment [32]. Accord-

ingly, the allocation of fibronectin as a major com-
ponent of the ECM was investigated by immuno-
fluorescence. For that purpose a substrate with
lateral structures in the order of several 100 µm
(i. e. well above the dimension of a single cell) of
poly(NiPAAm-co-DEGMA) was employed [29].
This allows a direct comparison of the cell behav-
iour on adhesive uncoated areas with thermo-
responsive areas in the same image (Figure 5).
A HUVEC layer grown at standard cultivation at
37°C (left) was cooled down below the phase tran-
sition temperature. Cells adhering on poly
(NiPAAm-co-DEGMA) coated areas detached as
described above (center). Subsequently, the lateral
distribution of fibronectin was visualized by
immunostaining (right). While in the adhesive areas
cells and ECM are clearly visible, no fibronectin
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Figure 3. L929 mouse fibroblast detachment from a poly(NiPAAm-co-DEGMA) substrate: Microscopy images
(873×691 µm2) after standard cultivation at 37°C (left) and after temperature decrease (right)

Figure 4. HUVEC detachment from a poly(NiPAAm-co-DEGMA) substrate: Microscopy images (512×441 µm2) after
standard cultivation at 37°C (left) and after temperature decrease (right)



appears in areas that had been occupied by cells
before. This agrees well with results from other
studies [20, 21, 33] showing that hardly any ECM
remained on the surface of thermo-responsive cell
culture carriers after cell detachment. This is an
indication, that the ECM is removed together with
endothelial cells providing coherence of the har-
vested cell sheets.

4. Conclusions

The technique of harvesting cells and cell sheets
without enzymatic treatments using thermo-respon-
sive cell culture carriers was applied to human
endothelial cells. To meet the requirements of this
cell type the physico-chemical properties of the
thermo-responsive carriers were adjusted. Poly
(NiPAAm-co-DEGMA), a polyethylene glycol
containing hydrogel, was identified to provide an
appropriate switching behaviour. The repeated
swelling and collapsing of the material was charac-
terized quantitatively by spectroscopic ellipsome-
try. A fine-tuned fibronectin pre-coating of the col-
lapsed hydrogel surface ensures the initial adhesion
and spreading of HUVEC. After reaching conflu-
ence, HUVEC sheets were detached successfully
by decreasing the temperature to 23°C. Immunos-
taining experiments prove the detachment of the
extracellular matrix together with the cell sheet.
The reported results demonstrate the applicability
of temperature-driven cell sheet harvesting to
human endothelial cells grown in culture. As this
cell type is of highest interest in the engineering of
vascular structures future activities may utilize this
approach for the design of advanced multilayered
graft substitutes consisting of degradable biomate-
rials, smooth muscle cells and endothelial cells.
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1. Introduction

PI possesses some extraordinary characteristics,
such as excellent mechanical and electrical (insu-
lating) properties, good thermal stability and chem-
ical inertness, high wear resistance, and resistance
against high energy radiation [1, 2]. Yet, it can not
be widely used as self-lubricant material because of
its high friction coefficient. Therefore, various
fillers have been tried to modify PI composites. CF
are widely used as fillers in advanced composite
materials due to their high strength and high modu-
lus, excellent electrical and thermal conductivity,
good friction and wear qualities and high resistance
to fatigue and creep [3, 4]. The CF filled PI com-
posites have especial application in aerospace,
robots, sports goods. By reinforcing PI with CF of
high strength and modulus, it might be feasible to
develop high performance PI-based composites.

The properties of fiber and matrix make a critical
contribution to the quality of a fiber-reinforced
composite. In addition, the physical-chemical inter-
action between the fiber-matrix interface plays an
important role in improving the mechanical proper-
ties of the fiber reinforced composite [4]. CF are
chemically inert and they often produce composites
with low interfacial bonding between fibers and
matrix when used without any surface treatment,
which accordingly affects most of the other
mechanical properties of the composites [5]. Numer-
ous methods concerning surface treatment, such as
chemical method [6–8], electrochemical method
[9–12], plasma treatment [13], etc., have been
developed to modify the fiber surface and thus
enhance the ability to establish strong interactions
between fibers and matrix. Rare earth treatment is
relatively novel and interesting method, which have
attracted more and more researchers’ interest.
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Our previous work found the optimum content of
CF in PI composite was 15 wt% [14]. In this work,
rare earth treatment was applied to modify the CF
surface, and its effect on the flexural strength and
tribological properties of PI composites was evalu-
ated.

2. Experimental

2.1. Materials and preparation of PI
composites

PI (YS-20) powders (<38 μm) were commercially
obtained from Shanghai Synthetic Resin Institute
(Shanghai, China). The short-cut carbon fiber was
about 1.5 mm in length and 7.8 μm in diameter, and
the density was about 1.8 g/cm3. The commercial
short-cut carbon fibers were dipped in acetone for
24 h, then cleaned ultrasonically with acetone for
0.5 h. Finally, they were dried at 100°C for 5 hours
before used.
As for the rare earth treatment, carbon fibers were
soaked in an alcoholic solution of LaCl3 for 5 h. the
LaCl3 content in the alcoholic solution was
0.3 wt%. The content of CF in PI composite was
15 wt%, the untreated and rare earth treated CF
were mixed with PI powders to prepare mixtures
for the preparation of PI composites. The tempera-
ture program of moulding is shown in Figure 1. At
the end of each run of compression sintering, the
resulting specimens were cooled with the stove in
air, cut into pre-set sizes for flexural strength and
tribological properties tests.
In order to investigate the possible change of chem-
ical composition of CF treated by rare earth, XPS
was used to detect functionalities on activated car-
bon fibers surfaces. The XPS measurement was
performed using VG Scientific ESCA LAB 210

spectrometer, the base pressure in the sample cham-
ber was about 10–7 Pa. The morphologies of the
treated and untreated CF were compared by SEM
observation, before which the tested CF specimens
were plated with gold coating to render them elec-
trically conductive.

2.2. Flexual strength test

The flexural strength of the specimens was deter-
mined in a three-point test machine (DY35 Univer-
sal material tester, France) with a span of 40 mm
and crosshead speed of 1 mm/min. The specimens
were 65 mm × 7 mm × 3 mm and the test surface
was 65 mm × 7 mm. Three specimens of each PI
composites were measured and an average value
was reported. The specific flexural strength (σf) of
the specimen was calculated from Equation (1):

[MPa] (1)

where P is the maximum load [N], l is the span
length [mm], b is the width of the specimen [mm],
h is the thickness of the specimen [mm].

2.3. Tribological properties test

The friction and wear behaviors of PI composites
sliding against stainless steel were evaluated on an
M-2000 model ring-on-block test rig (made by
Jinan Testing Machine Factory, China).The contact
schematic diagram is shown in Figure 2, the blocks
in a size of 30 mm × 7 mm × 6 mm were made of
the PI composites, the rings of ø40 mm × 16 mm
were made of GCr15 stainless steel, the chemical
composition of the GCr15 bearing steel (mass frac-
tion, %) is shown in Table 1. The tests were carried
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out at a linear velocity of 0.431 m/s in a period of
120 min with the loads of 200 N. Before each test,
the stainless steel ring and the PI composite block
were polished to a roughness (Ra) of about 0.2–
0.3 μm. The block specimen was static and the
GCr15 bearing was sliding against the block unidi-
rectionally. The friction force was measured using
a torque shaft equipped with strain gauges mounted
on a vertical arm that carried the block, which was
used to calculate the friction coefficient by taking
into account the normal load applied. The width of
the wear tracks was measured with a reading micro-
scope to an accuracy of 0.01 mm. Then the specific
wear rate (ω) of the specimen was calculated from
Equation (2):

[mm3/N·m] (2)

where B is the width of the specimen [mm], r is the
semi diameter of the stainless steel ring [mm], and
b is the width of the wear trace [mm], L is the slid-
ing distance in meter, P is the load in Newton. The
tests were repeated for three times, the wear tracks
of the composite and stainless steel specimens were
examined on a JSM- 5600LV scanning electron
microscope (SEM). In order to increase the resolu-
tion for the SEM observation, the tested composite
specimens were plated with gold coating to render
them electrically conductive.

3. Results and discussion

3.1. Morphology analysis

The SEM morphologies of the untreated and rare
earth treated CF are shown in Figure 3. The surface
of the untreated CF (Figure 3a) seems to be rela-
tively smooth and the grooves were less obvious.
The surface of the rare earth treated CF (Figure 3b)
became rougher and there appeared more etched
ridges with newly grooves and protuberances. The
LaCl3 solution can etch the surface of carbon fibers
thus increased the surface roughness. The surface
became rougher after rare earth treatment, i. e. the
fibers possessed a larger surface area, which could
contact with PI matrix and thus formed more
mechanical interlocking sites. The mechanical
interlocking provided a strong interface bonding
even though other effects were relatively weak
[15]. In addition, the enhancement of the surface
roughness reduced the contact angle between fibers
and PI and hence increased the wettability [16].

3.2. XPS analysis

The overall XPS spectra of different samples are
shown in Figure 4. It can be observed that the fiber
surfaces consisted mainly of carbon as indicated by
the intense C1s peak at approximately 285 eV. In
addition, a considerable amount of oxygen could be
found by the O1s peak at approximately 533 eV,
which varied to a certain extent with the different of
treatment. The element information got from the
XPS spectra is shown in Table 2. It can be found
that the surface C element concentration of the
untreated, rare earth treated CF samples were
84.5%, 81.7% respectively. A lower C concentra-
tion was found on the surfaces of the rare earth
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Table 1. Chemical composition of the GCr15 steel ring

Chemical composition (mass fraction, %)
C Mn Si P S Cr

0.95–1.05 0.25–0.45 0.15–0.35 ≤0.025 ≥0.025 1.40–1.65

Figure 3. SEM morphologies of the untreated (a) and rare earth treated (b) CF



treated CF sample compared with that of the
untreated one. The surface O concentration of the
untreated, rare earth treated CF samples were
15.5%, 18.3 %, respectively. The number of func-
tional groups for untreated CF sample was attrib-
uted to the residual groups of the polymeric
precursor, polyacrylonitrile and the polymeric siz-
ing on the CF after washing in acetone with ultra-
sound. La3+ has high electronegativity thus has
great oxidative ability, more new-formed oxygen-
contained groups can form on the surface when CF
was soaked in rare earth solution, which resulted in
an increase in oxygen content as well as the O/C
ratio.
The curve fitting spectra of C1s of the untreated
and rare earth treated CF is revealed in Figure 5.
The main C1s peak is presented at 285 eV, which
correspond to the graphitic linkage of carbon fiber.
In addition, there are some peaks appeared at the
higher binding energy positions compared with the
main C1s peak and they correspond to different
oxygen-containing groups. Table 3 gives the differ-
ent oxygen-contained carbon structural compo-
nents possibly existed on CF. Each functional
group gives rise to a signal in the XPS spectrum
with a particular range of binding energies.
According to Table 3, the fitting results of C1s of
different samples are shown in Table 4. It is noted
that the C1s spectra included another three peaks
except main ‘graphitic’ peak at 285 eV. After rare

earth treatment, the content of –C–C– decreased
while the content of –C–OH, –C–O–C–, Bridged
structure, C=O and –COOR increased, which
increased total surface energy and their polarity
thus enhanced the wettability of the CF with the PI
matrix. Better wetting can improve the adhesive
bond strength by increasing the thermodynamic
work of adhesion or by reducing the number of
interfacial defects [17]. Adhesion between CF and
PI matrix improved, which played an important
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Table 3. Component peak positions used in C1s curve fit-
ting

Table 4. Surface component analysis of C1s curve of dif-
ferent carbon fiber samples

Peak no. Functionality Binding energy [eV]
1 –C–C– 285.0
2 –C–OH, –C–O–C– 286.3
3 Bridged structure 287.4
4 C=O, –COOR 288.9

Table 2. XPS surface element analysis data of CF and rare
earth treated CF

Samples C [%] O [%] O/C [%]
CF 84.5 15.5 18.3
Rare earth treated CF 81.7 18.3 22.4

Figure 4. Overall XPS spectra of different samples:
Untreated CF (a); Rare earth treated CF(b)

Figure 5. Curve fitting spectra of C1s of the untreated 
(a) and rare earth treated (b) CF samples

Sample
Peak 1
Area
[%]

Peak 2
Area
[%]

Peak 3
Area
[%]

Peak 4
Area
[%]

CF 67.0 21.0 8.3 3.7
Rare earth treated CF 58.5 25.9 10.6 5.0



role on the flexural strength and tribological prop-
erties of CF filled polymer composites.

3.3. Flexual strength of PI composites

The flexual strength of CF and rare earth treated CF
filled PI samples was 193 MPa, 212 MPa, respec-
tively. It can be seen that the flexural strength of PI
composite filled with the rare earth treated CF is
improved by 10.4% compared with that with the
untreated one. The strength of fiber reinforced
composites strongly depends on the interfacial
adhesion between fibers and matrix. When there is
a strong adhesion between fibers and matrix, the
load stress is efficiently transmitted from the matrix
to fibers and the fibers can successfully carry the
load, so the fiber can bring more reinforcement
[18]. The rare earth treated CF filled PI composite
had a higher flexual strength, which indicated that
the rare earth treatment improved the interfacial
adhesion between carbon fibers and PI matrix.
Adhesion between CF and PI matrix improved,
which played an important role on improving the
tribological properties of CF reinforced polymer
composites.

3.4. The tribological property

Figure 6 shows the friction coefficient and wear
rate of untreated CF/PI and rare earth treated CF/PI
composites at a sliding speed of 0.431 m/s under
200 N. It was found that the wear rate of the rare
earth treated CF/PI composite decreased drastically
than that of the untreated CF/PI composites, though
the friction coefficient decreased slightly. It can be
concluded that the reinforcement effect of the rare

earth treated CF was better than that of the
untreated one. The reason may be that the adhesion
between CF and PI matrix improved greatly after
rare earth treatment. An improved adhesion can
transmit the load from the matrix to fibers effi-
ciently and prevent the peeling off of CF, which
resulted in better tribological behaviors. However,
the untreated CF can not bear the load efficiently
and can be easily peeled off and there formed third
body, which can result in serious abrasive wear to
the surface of the PI composites in the friction
process, which resulted in a higher friction coeffi-
cient and wear rate.

4. Conclusions

The rare earth treatment could increase the surface
roughnesss thus formed more mechanical inter-
locking sites, which can improve the interfacial
bonding. Moreover, the rare earth treatment could
increase the O/C ratio of the carbon fiber surface
and lots of active functional groups formed there,
which can improve the wettability by enhancing the
surface energy and thus enhanced the interfacial
bonding. In conclusion, the surface treatment
favored the improvement of the higher interface
strength and so had good effect on improving the
tribological behaviors of the composites.
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1. Introduction

The explosive growth in performance of semicon-
ductors devices has been fueled in part by advances
in microlithography, which in turn fueled similar
advances in photoresist technology [1]. The ability
to continually shrink the feature size and improve
the performance has occurred because of advance-
ments in materials. Tremendous advances have
been made in the development of negative resist
systems. Their sensitivity, ease of chemical modifi-
cation, and low cost have made them the materials
of choice for both Printed Wiring Boards circuitry
industry and Printed Circuit Boards industry, and
they are being continually improved to provide
greater resolution, ease of processing, and
improved physical and thermal properties. For
semiconductor industry, it has been necessary to
provide negative resists to meet the ever-increasing

circuit density requirements for every new genera-
tion of semiconductors devices.
Epoxy materials are attractive alternatives, since
there are a large variety of epoxidized polymers
available in both solid and liquid form. These mate-
rials generally offer excellent adhesion to semicon-
ductor surfaces, good sensitivity, and low cost. The
ever increasing complexity of integrated circuits –
multi-layers printed circuits (Ultra Large Scale
Integration) and the fact that the epoxy based –
photoresists cannot be easily stripped after etching
require new photosensitive dry film photopolymers
such as DuPont Riston® Dry Film Resists. Dry film
resist has numerous advantages such as good con-
formability, excellent adhesion on any substrate, no
liquid handling due to absence of solvent, excellent
thickness uniformity over the whole wafer, no for-
mation of edge beads and low exposure energy [2].
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Abstract. Thanks to the differential photocalorimetry technique DPC, characteristics of negative photoresists (Riston®

PM 215 and Riston® MM 140, 1 mil or 25.4 μm thickness) to be developed in nonorganic aqueous medium) used in
microlithography are highlighted. The photoreactivity (being evaluated by DPC) of the matrix polymer involved in these
Riston® is critical for ensuring good lithographic performance. The influence of temperature and irradiation intensity on
kinetic parameters such as the enthalpy of reaction ΔH, the time of induction (It), the conversion rate to the maximum peak
(RPM), the coefficient rate of the reaction (k), the conversion rate α, and the polymerization rate Rp were studied.
All the results highlights not only the strong differences between the two Riston® studied, but also the great reactivity of
Riston® PM 215 compared to Riston® MM 140.
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The aim of the present study involves the character-
ization of new Riston® products. The effect of
some factors on the rate of crosslinking and degree
of conversion were assessed.
A series of Dry Films (1 mil thickness –
0.0254 mm), used as received, were evaluated as
negative photoresist and characterized via free rad-
ical polymerization technique by DPC. Specimens
were prepared by casting polymer films onto alu-
mina plates (of diameter equal to 6 mm).

1.1. Photolithography

Lithographic technology has been based on project-
ing an optical image of a device onto a resist in
order to record the image for subsequent processing
steps. Photolithography is the process of transfer-
ring geometric shapes onto the substrate (silicon
wafer, pyrex, metal, ceramic).
When the image is projected onto the wafer, the
photoresist materials undergo some light-sensitive
chemical reactions, which cause the regions
exposed to light to be either more (positive pho-
toresist) or less (negative photoresist) susceptible to
chemical etch. The resist is then ‘developed’ by
immersion in a developer, which removes either the
exposed (positive-tone) or the unexposed (nega-
tive-tone) photoresist. The resulting wafer then has
a pattern coating on its surface. The pattern can
then be etched into the underlying wafer by either a
wet chemical etch or a plasma etch. When the resist
image is transferred into the substrate by etching
and related processes, the resist film that remains
after development serves as a protective mask. The
resist film must withstand the etchant and protect
the underlying substrate while the bared areas are
being etched. The remaining resist film is finally
stripped, leaving an image of the desired circuit in
the substrate.

1.2. Photoresist

Photoresist is a complex organic mixture of poly-
mers and low-molecular weight additives that
serves as light-sensitive template for manufacturing
semiconductor integrated circuits. These polymers
with a combination of properties such as high pho-
tosensitivity, good solubility, the ability to form
films, good thermal stability, resistance towards
solvent after crosslinking, resistance towards
plasma and etching agents, are very important for

practical use as negative photoresist materials.
Resist transparency is a dominant factor in the
choice of resist materials.
Exposure to the UV light causes the negative resist
to become polymerized, and more difficult to dis-
solve. Indeed, when exposed to UV light in the
range from 200 to 300 nm (4 to 6 eV) the polymers
form ‘radical species’ which can result in cross-
linking, increased molecular weight, insolubiliza-
tion, and film embrittlement [3]. The insolubiliza-
tion can be achieved by using materials which,
upon UV exposure, are photochemically rearranged
to form new insoluble products. To increase molec-
ular weight, photoinitiators are generally used.

2. Experimental procedures

2.1. Materials

Because of environmental concerns, a set of new
resists were investigated to try to enhance the
process latitude, reduce the manufacturing cost of
resists and to meet safety requirements in a manu-
facturing environment. As such, DuPont Printed
Circuit Materials supplied two types of Riston®

which requires further characterization:
– Riston® MultiMaster MM 100 Series: a ‘general

purpose’ dry film for acid and alkaline etch, cop-
per, tin, nickel and gold plating,

– Riston® PlateMaster PM 100 Series: negative
working, aqueous processable dry film photore-
sists. Specially designed for pattern plating appli-
cations on scrubbed and unscrubbed electroless
copper and direct surfaces, it is functional in acid
etching and suitable for some nickel/gold plating
applications with fine line capability and wide
exposure latitude.

The resist formulation, a thin film ‘dry’, is sand-
wiched between a polyolefin sheet and a polyester
base, rolled up on a support core.

2.2. Method

The analysis of the photoreactivity has been per-
fomed by Differential Scanning Photocalorimeter
(DPC), method widely described in [4]. Note that
the technique is based on heat produced during all
polymerization or crosslinking process, when the
photoreactive compound is irradiated.
The exotherm of the curve leads to assess some
kinetic paramteres such as:
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– enthalpy of the photochemical reaction (ΔH),
– induction time (It) of the system corresponding

to the consumption of 1% of monomer. In prac-
tice, it gives a good information of the photo
reactivity of the film; the lower the induction
time, the higher the reactivity of the photosensi-
tive layer,

– resin reacted at maximum peak (RPM),
– percentage of conversion (degree of conversion

α),
– coefficient of rate k given by Sestak and
Berggren equation, see Equations (1) and (2) [5]:

(1)

with

(2)

where m and n the oder of initiation and propaga-
tion respectively, Ea the activation energy of the
crosslinking reaction.
The specimen of about 1 mg is light-cured with UV
light of intensity of 1.2 mW/cm2, 2.2 mW/cm2 and
3.3 mW/cm2 respectively. The measurements are
carried out in air atmosphere. The sample analyzed
is peeled out from polyethylene sheet, sticked
directly to the pan, the upper layer being protected
by the polyethyleneterephthalate film. This geome-
try of the sample allows preventing the sample
from air, inhibitor of radical polymerization.

3. Results and discussion

3.1. Kinetic parameters

3.1.1. Effect of intensity I of the irradiation 

The results representing evolutions of these param-
eters, according to intensity I, are consigned in
Table 1 for Riston® MM 140 and Riston® PM 215.
The Table 1 shows that intensity I of the irradiation
in the range of 1 to 3 mW/cm2 does not have very

significant effect on the kinetic parameters such as
ΔH, RPM, It; however, the coefficient rate k
increases with the intensity. In addition one
observes a greater reactivity for Riston® PM 215
(larger values of ΔH, k, RPM and smaller value
of It).
According to the nature of Riston®, it is noted that
the variation of the enthalpy of reaction is not very
sensitive for the two Ristons and a slight difference
appears for the time of induction. Significant differ-
ences appear in the case of the percentage of con-
version to the maximum peak (RPM) and of the
coefficient rate k. These last two parameters of Ris-
ton® PM 215 are higher than those of Riston®

MM 140. That is probably due to the nature of their
initial composition related to the specificity of their
use. Although the composition of these samples is
confidential (by DuPont Technologies) and there-
fore unknown, we can emphasise that the different
reactivity observed for the two Ristons® is probably
due to the chemical structure of the (meth)acrylate
used, especially the presence of flexibilizer along
the chain bearing the (meth)acrylate function which
makes it more reactive. For example the use of tri-
acrylate product such as trimethylolpropane-tri(eth-
yleneoxyde)acrylate [TMPT(EO)A] compared to
trimethylolpropane-triacrylate [TMPTA] or a mix-
ture TMPTA/TMPT(EO)A could explain the dif-
ferences observed. The presence of oxygen of the
ethyleneoxide structure –O–CH2–CH2– linked to
the acrylate function for TMPT(EO)A gives more
flexibility to the chain and therefore permits a bet-
ter reactivity of the acrylate function. This struc-
ture-property relationship could explain why
Riston® PM 215 is more photosensitive than Ris-
ton® MM 140.

3.1.2. Effect of temperature of polymerization

Tables 2 and 3 demonstrate that the temperature of
polymerization constitutes a significant parameter
and strongly affects the kinetic behaviour of the
crosslinking polymerization of the photoresists.
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Table 1. Comparative values of the kinetic parameters of the Ristons® studied (1 mil thickness – 0.0254 mm)

(ΔH enthalpy, It induction time, RPM resin reacted at peak maximum, k coefficient of rate)

Riston® MM 140 Riston® PM 215
I [mW/cm2] ΔΔH [J/g] It [s] RPM αα [%] k [min–1] ΔΔH [J/g] It [s] RPM [%] k [1/min]

1.2 53±4 2.9±0.1 6.9±0.3 9.2±0.2 60±4 2.1±0.1 9.8±0.3 12.6±0.2
2.2 53±4 2.9±0.1 6.2±0.3 9.7±0.2 59±4 1.9±0.1 9.7±0.3 13.8±0.2
3.3 58±4 2.9±0.1 6.3±0.3 10.3±0.2 62±4 1.8±0.1 9.6±0.3 16.8±0.2



The examination of Tables 2 and 3 shows that gen-
erally the increase in the temperature contributes
more reactivity in both samples (ΔH, k, α increase
with the temperature and It and gel time tg decreas-
ing when the temperature increases). Riston®

PM 215 is more reactive across all temperatures
except at 65°C, at which similar reactivity were
observed (close α and It).
It should be highlighted that at higher temperatures
the period of induction is less significant. It is thus
necessary to determine an optimum temperature for
each type of photoresist to obtain a good polymer-
ization. Our study locates this temperature to be
65°C, at which the conversion rate is 99%.
The influence of the temperature also gives access
the energy of activation while following the evolu-
tion of the coefficient rate k as a function of 103/T
according to the expression lnk = lnZ – Ehas/RT.
We represented on Figure 1 these variations, in
semi-logarithmic scale, T is the temperature of
measurement. One reaches easily the value of the
energy of Ea activation of the reaction of polymer-
ization of the two types of Riston® thanks to the
slope of these lines. The value of Ea is about
(17.7±0.5) kJ/mol and (11.7±0.5) kJ/mol respec-
tively for Riston® MM 140 and Riston® PM 215.
As the activation energy of Riston® PM 215 is
lower than the Riston® MM 140, it appears that the
conversion of the Riston® PM 215 is easier than
that of the Riston® MM 140, which confirms the
superior photosensitivity of the Riston® PM 215.

3.2. Others kinetic parameters

The photoreactivity of Riston® photoresists through
the polymerisation speed and the conversion rate
under UV will be analyzed.

3.2.1. Degree of conversion

Figures 2 and 3 present the evolution of the conver-
sion rate α according to the time of irradiation of
Riston® MM 140 and Riston® PM 215 respectively
for I = 3.3 mW/cm2.
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Table 2. Effect of measurement temperature on kinetic parameters, @ I = 3.3 mW/cm2, for Riston® MM 140

(ΔH enthalpy, RPM resin reacted at peak maximum, It induction time, tg gel time, k coefficient of rate, αf ×100 degree of conversion, 
Rp rate of polymerization)

Table 3. Effect of measurement temperature on kinetic parameters, @ I = 3.3 mW/cm2, for Riston® PM 215

(ΔH enthalpy, RPM resin reacted at peak maximum, It induction time, tg gel time, k coefficient of rate, αf ×100 degree of conversion, 
Rp rate of polymerization)

Temperature [°C] ΔΔH [J/g] RPM αα [%] It [s] tg [s] k [min–1] ααf ·100 [%] Rpmax [min–1]
25 058±40 6.3±0.3 2.9±0.1 4.8 10.3±0.2 30 1.8±0.1
35 095±60 8.9±0.3 1.8±0.1 3.6 14.8±0.2 40 3.2±0.1
45 160±10 12.1±0.5 1.6±0.1 3.4 18.1±0.3 80 4.2±0.1
55 170±10 14.1±0.7 1.3±0.1 3.0 21.4±0.3 – –
65 168±10 13.0±0.7 1.2±0.1 2.8 24.8±0.3 99 5.8±0.1

Temperature [°C] ΔΔH [J/g] RPM αα [%] It [s] tg [s] k [min–1] ααf ·100 [%] Rpmax [min–1]
25 62 09.6±0.3 1.8±0.1 3.6 16.8±0.2 40 3.6±0.1
35 76 10.0±0.3 1.5±0.1 3.0 20.4±0.3 45 4.8±0.1
45 119 12.3±0.5 1.3±0.1 2.8 22.6±0.3 55 6.0±0.1
55 175 13.7±0.5 1.2±0.1 2.6 25.9±0.3 85 7.0±0.1
65 266 15.1±0.7 1.1±0.1 2.6 30.4±0.3 99 7.2±0.1

Figure 1. Variation of lnk as function of temperature of
measurement (Riston® PM 215, Riston®

MM 140)



Rate of photoconversion of 58 and 65% of Riston®

MM 140 and Riston® MP 215 respectively, are
reached after 12 s of irradiation. The rate of 98% of
conversion is obtained at the end of 54 s of irradia-
tion for sample Riston® MM 140 and 48 s for sam-
ple Riston® PM 215. Although the two samples
have a good photoreactivity, that of Riston®

PM 215 is superior.

3.2.2. Effect of the temperature

The influence of the temperature of measurement
on the photoconversion, under irradiation intensity
I = 3.3 mW/cm2 is illustrated in Figures 4 and 5
(the experimental conditions are the same for all
temperatures).
For the Riston® MM 140 (Figure 4), at the end of
one minute reaction, the rate of photoconversion is
33, 46 and 77% when the temperature increases
from 25 to 35 and 45°C respectively. And finally
conversion is quasi complete at 65°C.
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Figure 2. Evolution of conversion rate as function of irra-
diation time, for Riston® MM 140, at T = 65°C
and I = 3.3 mW/cm2

Figure 3. Evolution of conversion rate as function of irra-
diation time, for Riston® PM 215, at T = 65°C
and I = 3.3 mW/cm2

Figure 4. Evolution of conversion rate as a function of
polymerization time at different temperatures
(Ristons® MM 140, I = 3.3 mW/cm2)

Figure 5. Evolution of conversion rate as a function of
polymerization time at different temperatures
(Ristons® PM 215, I = 3.3 mW/cm2)



With regards to the Riston® PM 215, Figure 5
shows that the limiting conversion rate of 40% is
reached upon 30 s of irradiation at 25°C. When
temperature increases from 35 to 55°C, the conver-
sion rate, at the end of one minute of irradiation, is
respectively 50, 62 and 82%. The quasi complete
consumption of the double bonds C=C (since the
resists contain a significant amount of multifunc-
tional acrylate) is observed at 65°C upon 48 s irra-
diation.
Moreover, the curves representing the evolutions of
the rate of photoconversion indicate that the tem-
perature of polymerization play a significant role in
the kinetics of the crosslinking polymerization of
Ristons®. Indeed, when the temperature of meas-
urement is high, the reactive species benefit from a
larger kinetic energy and an improved mobility.
The period of induction is less significant and the
values of the limiting rate of photoconversion are
sufficiently high to predict a complete reticulating
polymerization samples.

3.2.3. Effect of intensity I of irradiation

The effect of irradiation intensity on the conversion
rate is analyzed at the temperature T = 65°C (tem-
perature inducing the optimum value of the kinetic
parameters).
For both samples the curves have the same slope:
– fast increase in the conversion rate from the very

start of the exposure:
for Riston® PM 215, during this period, the conver-
sion rate is independent of the intensity during the
9 first second of the exposition (at 9 s, α = 58%
regardless of the intensity I); 
– increase much slower at the end of the exposure. 
The influence of the irradiation intensity increases
with the exposition time. For the most reactive Ris-
ton® PM 215, conversion rates of 100% is obtained
at the end of 49 s with an intensity of I =
3.3 mW/cm2 while the conversion rate is only 90%
at the end of one minute with an intensity of I =
2.2 mW/cm2. The increase in intensity I is accom-
panied by an increase in the conversion rate
throughout the process of crosslinking reaction.
This result is justified by the fact that combined
effects of the temperature, which increases the
mobility of the reactive species and the intensity of
the irradiation which breaks the bonds C=C, makes
the medium more favourable. Decker (1996)
showed that the luminous flow of excitation plays a

dominating role in the reactions of polymerization
process; it acts by its wavelength, its intensity and
its homogeneity. Quantum yield being related to
the intensity of the irradiation, Figure 6 shows
clearly that any increase in the light intensity of
radiation UV involves an increase proportional in
limiting conversion and in parallel a reduction in
the period of induction is observed (see Table 1).
The curves of photoconversion (Figures 7 and 8)
clearly exhibit that Riston® PM 215 has a rate of
crosslinking higher than Riston® MM 140 for iden-
tical experimental conditions.
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Figure 6. Influence of intensity I on conversion rate at
T = 65°C, I = 3.3 et I = 2.2 mW/cm2 (Riston®

PM 215)

Figure 7. Comparison of conversion rate evolution during
polymerization of the two Ristons®

(I = 3.3 mW/cm2 and T = 65°C)



From the two samples, the Riston® PM 215 is most
reactive. It is may be an intrinsic property which is
due to its composition and its structure.
This observation is also emphasized regardless of
the temperature of measurement and the intensity
of the irradiation. 
The effect of the temperature shows that the con-
version rate is maximum at T = 65°C. We also
observed that the irradiation time necessary to
obtain a maximum conversion rate is one minute 
(1 min).
The irradiation intensity of I = 3.3 mW/cm2 is suf-
ficient and induces a larger conversion rate.
These curves highlight the influence of the nature
of the resist on the kinetic profile. Indeed it appears
clearly that the values of final conversion (esti-
mated approximately at the end of a minute of reac-
tion) depend primarily on the formulation or basic
composition of the resist. Thus in the case of the
system PlateMaster 100 conversion proves to be
almost complete (value of final conversion near to
100%) whereas this value is 80% for the system
MultiMaster 100. The remarkable reactivity of
PlateMaster 100 is probably due to its composition:
the functionality of the monomer, the nature of the
initiators and activators. If we examine the kinetic
profile of the two systems closely, we notice that it
is the same during the first three seconds of the
reaction. That highlights the importance of the
mobility of the polymeric radicals in growth and
the density of the formed polymeric network.

3.3. Photopolymerization rate

Figures 9 and 10 represent the evolution of poly-
merization rate as function of irradiation time for
the two samples studied at both intensity I =
3.3 mW/cm2 and I = 2.2 mW/cm2.
The photopolymerization, of the two samples,
begins with a maximum rate which decreases
quickly. The maximum value, reached at the end of
3 s, is 5.80 min–1 for Riston® MM 140 and 7 min–1

for Riston® PM 215. The larger reactivity of Ris-
ton® PM 215 is noticed here.
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Figure 8. Comparison of conversion rate evolution during
polymerization of the two Ristons®

(I = 2.2 mW/cm2 and T = 65°C)

Figure 9. Comparison of conversion rate evolution during
polymerization of the two Ristons® (T = 65°C
and I = 3.3 mW/cm2)

Figure 10. Comparison of conversion rate evolution dur-
ing polymerization of the two Ristons®

(T = 65°C and I = 2.2 mW/cm2)



The strong reactivity of Riston® PM 215 compared
to Riston® MM 140 is highlighted by the maximum
values of polymerization rate.
The crosslinking photoreaction of the two samples
under UV exposure as a function of time indicates
that the reaction was fast during the first second and
then followed attenuation (Figure 9). It is very
short even if the intensity of irradiation is relatively
weak (I = 2.2 mW/cm2) and constitutes a major
asset in the process of photolithography (Fig-
ure 10).
It appears clearly that the value of limiting poly-
merization rate also depends on the formulation or
basic composition on the photoresist.

4. Conclusions

The kinetics of reticulation of negative photoresists
allowed, by differential photocalorimetry with
compensation of power (DPC), the quantification
of a certain number of significant parameters such
as enthalpy of polymerization, induction time,
coefficient of rate, activation energy and the con-
version rate.
We examined the effect of irradiation intensity and
temperature on several kinetic parameters (ΔH,
k, It), conversion to the reacted maximum peak
(RPM), the degree of conversion α and the poly-
merization rate Rp.
The values of these kinetic parameters (ΔH, k, It

and RPM) indicate that Riston® PM 215 presents a
stronger photoreactivity compared to Riston®

MM 140, probably due to the difference in the
chemical structure of the acrylates used. Increasing
the intensity increases the photoconversion through-
out the polymerization process for the two samples.
While monitoring, by DPC, the evolution of the
photoconversion of irradiated film, one finds a
kinetic curve representing an almost complete con-
version. The high values of the limiting conversion
rate and the polymerization rate show that the reac-
tivity of both the radical initiators and monomers in
the formulation of these two samples is very signif-
icant.

The photoconversion is not only quasi-instanta-
neous but also completes at temperature T = 65°C;
this value would thus be indicated during the irradi-
ation in the microlithographic process.
Although at T = 65°C the two samples have similar
reactivities, the low value of the energy of activa-
tion is obtained for Riston® PM 215 attesting that
the conversion of this Riston® is easier and con-
firms its strong photosensitivity compared to Ris-
ton® MM 140.
All kinetic parameters studied emphasized the
strong photoreactivity of Riston® PM 215. The
photosensitivity of the Riston® PM 215 is better
than Riston® MM 140 and hence makes it more
suitable for an efficient microlithography.
We believe that the new generation of Riston®

PM 215 is more powerful on the kinetic level for an
etching. Our study recommends its formulation to
the industrials and to manufacturers of printed cir-
cuits with the following conditions for optimum
performance: an irradiation of intensity I =
3.3 mW/cm2 at the temperature T = 65°C.
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1. Introduction

Fibre reinforced polymer composites are being
used in almost every type of applications in our
daily life and its usage continues to grow at an
impressive rate. The manufacture, use and removal
of traditional composite structures usually made of
glass, carbon and aramid fibres are considered crit-
ically because of the growing environmental con-
sciousness [1]. In recent years, there is a growing
interest in the use of biofibres as reinforcing com-
ponents for thermoplastics and thermosets. Sisal
fiber (SF), a member of the Agavaceae family is a
biodegradable and environmental friendly crop.
Moreover, sisal is a strong, stable and versatile
material and it has been recognized as an important
source of fibre for composites [2–4].
It is generally accepted that the mechanical proper-
ties of fiber reinforced polymer composites are

controlled by factors such as nature of matrix,
fiber-matrix interface, fiber volume or weight frac-
tion, fiber aspect ratio etc. Many scientists are
working in this field and the reinforcement of poly-
mer with SF has been widely reported. Low-density
polyethylene-sisal [5], Polyester-sisal [6], epoxy-
sisal [7], polypropylene-sisal [8, 9], urea-formalde-
hyde-sisal [10], phenol-formaldehyde-sisal [11,
12], polyvinyl-acetate-sisal [13], and starch-based-
sisal [14] are some of the promising systems. A fur-
ther attempt to use sisal fibre as reinforcement for
heat and pressure applications has been found in
the literature [15]. Manikandan Naira et al. [16]
studied the thermal behaviour of polystyrene com-
posites reinforced with short SF by means of ther-
mogravimetric and dynamic mechanical thermal
analysis. It has been found [17] that matrix crack-
ing, fibre bridging, fibre breakage and pull-out are
the major fracture modes of sisal textile reinforced

681

*Corresponding author, e-mail: glweichun@glite.edu.cn
© BME-PT and GTE

Mechanical properties of sisal fibre reinforced urea-
formaldehyde resin composites

J. B. Zhong, J. Lv, C. Wei*

Key Laboratory of New Processing Technology for Nonferrous Metals and Materials, Ministry of Education, Guilin 
University of Technology, Guilin541004, China

Received 6 June 2007; accepted in revised form 12 August 2007

Abstract. Alkali-treated sisal fibres were used as novel reinforcement to obtain composites with self-synthesized urea-
formaldehyde resin as matrix phase. The composites were prepared by means of compression molding, and then the effects
of sisal loading on mechanical properties such as impact strength, flexural strength, and wear resistance were investigated.
In addition, water uptake was studied and structural features were revealed by the scanning electron microscopy (SEM).
The composite with 30 wt% sisal fibres gives excellent flexural strength, water absorption, and especially the wear resist-
ance showing that it has the most superior bonding and adhesion of all the composites. In particular, the highest value
9.42 kJ/m2 of charpy impact strength is observed in the composite with 50 wt% sisal fibre. SEM micrographs of impact
fractured and worn surfaces clearly demonstrate the interfacial adhesion between fibre and matrix. This work shows the
potential of sisal fibre (SF) to improve the composite wear resistance and to be used in fibreboard.

Keywords: polymer composites, mechanical properties, sisal fibres, urea-formaldehyde resin, micro-structure

eXPRESS Polymer Letters Vol.1, No.10 (2007) 681–687
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2007.93



composites with pre-cracks under the static loading
condition. However, despite the fact that several
methods have been used and great strides have been
made, there is still some lack of knowledge about
wear resistance property of sisal reinforced poly-
mer composites.
Urea-formaldehyde resins (UFR) are the most
prominent examples of the class of thermosetting
resins usually referred to as amino resins, even
though new research efforts are needed to address
to offset its major disadvantage. The use of UFR as
a major adhesive by the forest products industry is
due to a number of advantages, including low cost,
ease of use under a wide variety of curing condi-
tions, low cure temperatures, water solubility,
resistance to microorganisms and to abrasion, hard-
ness, excellent thermal properties etc.
The present paper describes the changes in the
Charpy impact, flexural and wear resistance prop-
erties of SF/UFR blend composite as a function of
weight fraction of SF. In addition to this, the effect
of SF loading on water absorption tendencies of the
composites has also been examined. Meanwhile,
the surface morphology is studied and described.
We conduct this study to determine whether the
compatibility between UFR and SF is strong or
weak, and to evaluate the abrasive wear resistance
of the composites. It is anticipated that this study
may open the way for future investigations in the
use of SF in fiberboard so that the range of sisal’s
potential applications can be widened.

2. Experimental

2.1. Materials

Fibres were soaked in 2% NaOH solution in a water
bath where the temperature was maintained
throughout at 22±2°C for 24 h, then washed with
distilled water and left to dry at room temperature
before being put in an oven for 15 h at 70°C.
Finally, fibers were chopped into 2–3 mm size.
Liquid urea-formaldehyde resin was synthesized by
us. The ratio of urea to formaldehyde used was
1:1.4. Melamine was added for improving adhesion
strength and its amount was 8 wt% of urea. The
reaction temperature was 90±1°C and reaction time
was about 2.5 h. It had an average viscosity of
3.5·10–2–4.5·10–2 Pa·s, pH between 7.0 and 7.5,
50±1% solid content and <1% free formaldehyde
content.

2.2. Sample preparation

A mixture of SF, UFR, and inorganic filler CaCO3,
curing agent (NH4Cl, 3 wt% of resin) and mold
release agent (zinc stearate, 1 wt% of the total mix-
ture mass) was prepared, and then put it in an oven
for 2 h at 90°C.The blends were taken for compos-
ite fabrication available as such. The specimens
were produced through compression molding under
a pressure of 8 MPa at 140–145°C for 4 min. After
that, the composites were post-cured at 120°C for
2 h. The composites containing 30, 40, 50, 60 and
70 wt% SF, contained UFR 50, 40, 30, 20 and
10 wt%, respectively.

2.3. Characterization

Charpy impact strengths of the specimens (120×
10×4 mm length, width and depth, respectively)
were determined with an impact tester (Chengteh
China, Model JC-25 4J) in the flatwise, unnotched
mode. The striking velocity was 2.9 m/s and the
reported values reflect an average from five meas-
urements.
Three-point bend tests were performed using Shi-
madzu electronic universal test machine (Model
AG-201).The specimens were 120×10×4 mm
length, width and depth, respectively. The span of
the supports was 60 mm, and the loading speed was
2 mm/min. The reported values reflect an average
from five measurements.
Sliding wear tests were conducted on an abrasive
wear tester (Yihua China, Model M-2000) at room
temperature according to GB3960-83. The diame-
ter of the steel ring (45#steel) was 40 mm, the hard-
ness was 45–50 HRC, and the rotation speed of the
steel was 200 rpm during operation. Before the
testing, the specimen and the steel ring were
washed with acetone and air dried. The size of the
wear specimens were 30×7×6 mm length, width
and depth, respectively. The tests were performed
at a normal load of 200 N and for 40 min. The wear
volume loss and friction coefficient were adopted
to evaluate wear resistance property. The reported
values reflect an average from five measurements.
Water absorption testing of composites has been
carried out by taking circular sheet which the diam-
eter was 50 mm and thickness was 4 mm.Samples
were first dried by heating in an oven at 50°C for
about 24 h, weighed (W1) and then soaked in dis-
tilled water in beakers at room temperature. After
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24 h, the composite samples were removed from
water, dried by a cotton cloth and weighed (W2).
Percentage water absorption of the samples was
calculated. The reported values reflect an average
from five measurements.
SEM micrographs of SF surfaces and fractured sur-
faces following impact were taken using a scanning
electron microscope (Model JEOL JSM-6380LV).
Prior to SEM evaluation, the samples were coated
with carbon by sputtering technique. The worn sur-
faces were observed using the same method.

3. Results and discussion

3.1. SEM examination of treated SF

SEM micrographs of untreated and alkali-treated
SF are shown in Figure 1. It can be observed that
the untreated SF (a) presents a network structure
and includes waxes and other low molar mass
impurities. Compared to the (b), it is clear that SF
gets thinner after treatment. It is possible that treat-
ment led to micro-fiber fibrillation. The surfaces of
the SF (b) become rather smoother as compared to
that of untreated SF. In addition, this fibrillation
could have increased the effective surface area
available for contact with the matrix in the compos-
ites, as well as reduced the diameter of sisal fibers,
thereby increasing their aspect ratio. This may offer
better fiber-matrix interface adhesion and improve

stress transfer. These will give rise to improvement
in mechanical properties.

3.2. Impact strength

Impact strength is defined as the ability of a mate-
rial to resist the fracture under stress applied at high
speed. The impact properties of composite materi-
als are directly related to its overall toughness.
Composite fracture toughness is affected by inter-
laminar and interfacial strength parameters [18].
Figure 2 shows the variation of Charpy unnotched
impact strength of SF/UFR composite with SF
loading. The impact strength of composite with
30 wt% SF is 5.78 kJ/m2.With increase in SF load-
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Figure 1. SEM micrographs of (a) untreated SF, (b) alkali-treated SF

Figure 2. Effects of sisal fibre loading on the impact
strength of SF/UFR composites



ing from 30 to 50 wt%, the impact strength
increases by 62.98%, namely achieves 9.42 kJ/m2.
With further increase in SF loading (60 wt%), there
is a considerable decrease in impact strength. The
impact strength of a composite is influenced by
many factors including the matrix fracture, fibre-
matrix debonding and fibre pull out. It has been
reported by van der Oever et al. [19] that the
Charpy impact strength decreases with enhanced
fibre-matrix adhesion. For the composite with
30 wt% SF, the UFR is sufficient and excessive;
hence, the interfacial friction stress and chemical
bond between matrix and fibre is generally higher
when compared to other samples. This is likely to
cause a drop in toughness and can explain why the
impact strength is much lower. Moreover, the supe-
rior strength of composite with 50 wt% may be
associated with proper interfacial adhesion between
the fibre and matrix; the fibres have reasonable
amounts and act as stress transferring medium. In
addition, the interspaces and stress concentrations
shoot up with the increase of the SF. These fibers
could have acted as crack initiation points during
impact. Therefore, inferior impact strength is
obtained in the composite containing 60 wt% SF.

Figure 3 shows several micrographs of the frac-
tured surface of SF/UFR composite on impact. The
images (a) and (b) show the fibres are well
anchored in the matrix and a very small amount of
fibres are pulled out. The fractured surfaces are
smooth and clear. This is observed due to the brittle
nature of the matrix. It can be concluded that the
fracture mainly happens in the matrix and the per-
formance of fibres is not available. However, in (c)
and (d), fiber bundle debonding, deformation in the
fiber leading to microcracking and fracture, and
fibers splitting are presented. Toughness is signifi-
cantly enhanced due to the fibres acting as stress
transferring medium.

3.3. Flexural property

Results from the bend tests on SF/UFR composite
are given in Table 1. It is observed that with
decrease of SF content from 70 to 30 wt%, the flex-
ural strength increases sharply i. e. from 15.28 to
58.58 MPa, increasing by about 283.4%. Mean-
while, the flexural modulus increases from 1.59 to
7.63 GPa. As the improved mixing will provide
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Figure 3. SEM micrograph of Charpy impact fractured surface of SF/UFR composites with (a, b) 30 wt% and (c, d)
50 wt% sisal fibre



better distribution of sisal, the bridging gaps
between the fibres can conduct more effectively.
To obtain qualitative information about the flexural
behavior of the composite, the load-stroke traces
are taken into consideration. In Figure 4, although
the composite with 30 wt% sisal loading yields cat-
astrophically, it bears a higher load than other sam-
ples, resulting in a higher flexural strength. In addi-
tion, it deforms less until maximum load, which
gives a higher flexural modulus. As a consequence,
the flexural strength and the flexural modulus of
the composites show larger values. Apparently, the
stroke of the composite with 50 wt% sisal loading
is larger, and this can support the impact results as
discussed earlier.

3.4. Wear resistance property

The variation of wear volume loss and friction
coefficient with weight fraction of SF for steady-
state sliding of SF/UFR composite against the
stainless steel ring under dry conditions is shown in
Figures 5 and 6. Evidently the wear volume losses
and friction coefficients of SF/UFR composite go
up with increasing sisal weight fraction. Better per-
formance of the sample with 30 wt% sisal relies

heavily on its strong interfaces, and the higher sur-
face hardness nature of the matrix. This indicates
that wear of the composite is mostly due to the
fibre-matrix adhesion and partly due to the nature
of components.
The surface in Figure 7a is significantly smoother
and one can conclude that the inclusion of SF hin-
ders the microcutting, microploughing and defor-
mation of the worn surface. Thus, adhesion and
ploughing of the composite are much reduced,
leading to a very low wear rate. In addition, the
resin may be released from the composite during
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Table 1. Effect of sisal fibre loading on the bending property of SF/UF composite

SF content
[wt%]

Flexural strength
[MPa]

Flexural modulus
[GPa]

Density
[g/cm3]

Specific strength
[MPa·cm3/g]

Specific modulus
[GPa·cm3/g]

30 58.58 7.63 1.53 38.29 4.99
40 55.80 5.27 1.52 36.71 3.47
50 53.07 4.93 1.48 35.86 3.33
60 37.73 4.09 1.44 26.20 2.84
70 15.28 1.59 1.22 12.52 1.31

Figure 4. Relationships between lode and stroke as a func-
tion of sisal fibre loading

Figure 5. Effects of sisal fibre loading on the hardness of
SF/UFR composites

Figure 6. Relationships of the wear volume loss and fric-
tion coefficient to the hardness of SF/UFR com-
posites



sliding and transfer to the interface between the
composite and the steel counter-face. The thin
transfer film adhering strongly to the metallic coun-
terpart serves as spacer, preventing the direct con-
tact between the two mating surfaces, thereby
slowing the wear rate and reducing the friction
coefficient. By contrast, as shown in Figure 7b, the
worn surface of composite with 50 wt% SF is quite
rough, displaying cracks and microploughing fur-
rows. Fibre and some other components are frac-
tured into fragments and many small filler particles
are detached from the composite leaving cavities in
the surface. These cavities are themselves stress
concentrators and resulted in more cracks and a
higher friction coefficient.

3.5. Water absorption property

Figure 8 shows the result of water absorption. We
can find out the water absorption of composite with
30 wt% SF is only 0.98 wt% .This can be attributed
to the greater adhesion between the fibre and
matrix, the low water absorption nature of the
matrix. It is observed that with increase of SF con-
tent from 30 to 70 wt%, the water absorption rock-
ets. This might be due to the poor distribution of
fibres in the composite which result in the forma-
tion of fibre lumps. These lumps require more force
to deform during hot pressing, and as a result more
stresses are built in the composites [20]. When the
composites are tested (water absorption test), a
greater proportion of these stresses are released,
causing a high water absorption. In addition, sisal
fibres are lignocellulosics and therefore hydrophilic
in nature; sisal absorbs moisture readily.

4. Conclusions

In this paper, mechanical properties of SF rein-
forced urea-formaldehyde resin composites have
been described. The composite with 50 wt% SF has
the optimal Charpy impact strength and it reaches
9.42 kJ/m2. Whereas the flexural, wear resistance
and water absorption properties are proved to be
excellent in the composite with 30 wt% SF under
the present experimental conditions adopted. The
SEM micrographs of impact fractured and worn
surfaces reveal that the proper sisal fibre addition
can improve the fracture energy, strengthen inter-
faces and lower wear rate. The composite has sig-
nificant potential for improving resistance to
abrasive wear due to sisal characteristic properties.
The fibres themselves possess a higher wear resist-
ance than the matrix and should protrude from the
surface after some time. Hence, the applicability of
these composites in fibreboard can be expanded.
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Figure 7. SEM micrograph of worn surface of SF/UFR composites with (a) 30 wt% and (b) 50 wt% sisal fibre

Figure 8. Effects of sisal fibre loading on the water
absorption property of SF/UFR composites
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1. Introduction

It is well established that the mechanical properties
of short fibre polymer composites such as strength
and modulus are derived from a combination of the
fibre and matrix properties and the ability to trans-
fer stresses across the interface between the two
constituents. These properties, however, are
affected by a number of parameters, such as the
fibre content, fibre length, fibre orientation and the
degree of interfacial adhesion between the fibre and
the matrix (e.g.: [1–15]). However, as most short
fibre composites are fabricated by an injection
moulding process, the presence of weldlines is a
major design concern as weldlines could lead to a
considerable reduction in mechanical properties
and because of this designers often need to incorpo-

rate liberal safety factors in design analysis to com-
pensate for this weakness.
Weldlines are often observed in injection moulded
components due to multigate moulding, existence
of pins, inserts, variable wall thickness and jetting
and are classified as either being cold or hot. The
cold weldlines are formed when two melt fronts
meet head on and this type of weld provides the
worst-case scenario as far as mechanical properties
are concerned. A serious reduction in tensile
strength and modulus has been reported for many
polymers and their composites in the presence of
cold weldlines (e.g.: [1–12]). In general, the pres-
ence of a weldline reduces tensile strength by up to
60% and tensile modulus by up to 40% depending
on the polymer, the characteristic features of the
reinforcing filler and the processing conditions
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being used. For example, whilst addition of spheri-
cal shaped fillers (e.g. glass spheres) has shown to
have little effect upon tensile strength of injection
moulded thermoplastics with weldlines, addition of
cylindrical shaped fillers (e.g. short fibres) has led
to a considerable reduction in weldline strength due
to the alignment of the fibres parallel to the weld-
line. The processing conditions such as melt tem-
perature, injection speed and mould temperature
could also play an important role in determining the
integrity of the welded components and many stud-
ies have addressed this issue for both amorphous
and semi-crystalline polymers (e.g.:[10, 11, 14])].
However, whilst the majority of weldline studies
have been conducted at room temperature, very few
have examined the integrity of weldlines at ele-
vated temperatures, particularly in short fibre com-
posite systems [3–5]. To this end, the present work
was undertaken to examine the effect of tempera-
ture on tensile properties of ABS and its short glass
fibre composites in the presence of weldline.

2. Experimental

2.1. Materials

Owens Corning chopped E-glass fibres of initial
length and diameter of 4.0 mm and 10 μm, respec-
tively was used as the reinforcing filler for Acry-
lonitrile Butadiene Styrene (ABS) copolymer
received from BAYER. The ABS and the short
glass fibres were compounded to produce a series
of composites with nominal glass contents of 10, 20
and 30% w/w.

2.2. Compounding

ABS and the short glass fibres were at first dry
blended to the desired glass contents of 10, 20 and

30% w/w. After drying in an oven at 80°C for
4 hours the melt compounding of ABS composites
was carried out in a counter-rotating twin-screw
extruder (Leistritz). The average screw speed was
60 rpm and the die diameter was 4 mm. The extru-
sion zone temperature ranged from 220–235°C.
The extrudates emerging from the die exit were
continuously cooled in a water bath and pelletised
for injection moulding. Prior to injection moulding,
pellets were dried in an oven at 80°C for 4 hours.

2.3. Specimen preparation

The pellets were injection moulded into dumbbell
shaped tensile bars using a Negri Bossi NB60
injection-moulding machine using the processing
conditions listed in Table 1. The mould used con-
sisted of a single and a double-feed cavity as shown
in Figure 1, each 1.7 mm in depth. In the latter a
weldline was formed as the two opposing melt
fronts met mid-way along the gauge length of the
specimen. The dimensions of weldline free speci-
mens (WFS) and weldline specimens (WLS) are
depicted in Figure 2.
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Table 1. Injection moulding conditions for each composite

Processing condition ABS
Composite

with 10% glass fibre
Composite

with 20% glass fibre
Composite

with 30% glass fibre
Barrel temperature [°C]

Zone 1 230 230 230 230
Zone 2 230 230 232 232
Zone 3 232 232 235 235

Mould temperature [°C] 70 70 70 70
Injection pressure [MPa] 8.50 8.50 9.00 9.00
Holding pressure [MPa] 3.00 3.00 3.00 3.00
Cooling time [s] 30.00 30.00 30.00 30.00
Cycle time [s] 33.00 33.00 33.00 33.00
Shot weight [g] 27.00 27.00 28.00 29.00

Figure 1. Weldline free (WFS) and unweld tensile speci-
mens



2.4. Measurement of fibre length and fibre
concentration

Fibre concentration in each composite was deter-
mined from the fibre residue remained after ashing
weighed samples cut from the gauge length of the
moulded bars at 550°C. After cooling, the ash of
fibrous material was weighed and the exact weight
fraction of fibres (wf) was determined. The wf val-
ues were subsequently converted into volume frac-
tions (φf) using the Equation (1):

(1)

Taking the density of the matrix (ρm) as 1.12 kgm–3

and density of the fibre (ρf) as 2.54 kgm–3 gave
fibre concentration values of 4.4, 9.5 and 15.5% v/v.
It must be pointed out that the void content in
moulded specimens was not measured in this study.
The residue from the ash tests were subsequently
spread on a glass slide and placed on the observa-
tion stage of a microscope. Magnified fibre images
were transmitted to a large screen, and the fibre
images were then automatically digitised by soft-
ware with a computer. From the fibre length distri-
butions, the average fibre length values (Lf) of 110,
94 and 83 μm were obtained for 4.4, 9.5 and
15.5% v/v composites, respectively. Results show
decrease in Lf with increasing φf thus indicating that
the average length of the fibre in the moulded spec-
imens was affected by the concentration level of the
fibres. The increased damage to fibre length with
increasing φf was attributed to a greater degree of

fibre-fibre interaction and increased in melt viscos-
ity at higher fibre loadings. The latter give rise to
higher bending forces on the fibres during com-
pounding and moulding process causing the fibres
to break, as noted here.

2.5. Mechanical testing

Dumbbell specimens with weldline (WLS) and
without weldline (WFS) were tested in tension in
an Instron testing machine using pneumatic clamps.
Tensile tests were performed at 25, 60 and 100°C 
at a constant crosshead displacement rate of
50 mm/min. For each composite at least six speci-
mens with weldline and six without weldline were
tested at a given temperature. The load-displace-
ment curve for each specimen was recorded using a
computer data logger from which tensile modulus
and strength were calculated using the initial slope
and the load at maximum, respectively. The modu-
lus values reported in this study are based on the
displacement of the crosshead.

3. Results and discussion

3.1. Tensile modulus

3.1.1. Effect of fibre concentration

The load-displacement curves obtained indicated
that the tensile behaviour of ABS and its compos-
ites during the early stages is linearly elastic. Fig-
ure 3 shows that composite modulus (Ec) calculated
using the initial slope of the load-displacement
curves increases with increasing φf. As illustrated in
Figure 3, variation of Ec with φf is extremely linear
at all three temperatures. The linear dependence
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between Ec and φf follows the modified ‘rule-of-
mixtures’ given by Equation (2):

(2)

where Em is the modulus of the matrix and Ef is the
modulus of the fibre whose value in this study was
taken as 76 GPa and temperature independent. The
parameter ηE is termed the overall fibre efficiency
for composite modulus whose value depends on the
length and the orientation of the fibres in the
moulded specimens. The value of ηE was deter-
mined from the slope of the line Ec versus φf in Fig-
ure 3 using Equation (2). Values obtained are given
in Table 2 where it can be seen that ηE decreases
with increasing temperature.
The overall efficiency parameter ηE is the product
of two efficiency parameters; one associated with
the orientation of the fibres (η0) and the other with
the shortness of the fibre (ηL). The parameter ηL

was evaluated using the Cox shear lag model [16]
which gives ηL by Equation (3):

(3)

where β is defined by Equation (4):

(4)

where d is the diameter of the fibres. If packing
arrangement of fibres is assumed square, then λ can
be obtained from Equation (5):

(5)

Values of ηL obtained are given in Table 2 where it
can be seen that whilst ηL is not affected by the
concentration of the fibres, it decreases with
increasing temperature. Also given in the table are
values of η0 obtained from the ratio ηE/ηL. The η0

values range between 0.663 and 0.681 which are in

the same range as 0.67–0.72 reported for some
polymer composite systems [2–4, 8, 9].  Using the
Krenchel [17] definition of η0 which is given by
Equation (6) and assuming a perfect alignment of
fibres (i. e. an = 1), one obtains fibre orientation
angle, θ of approximately 25 to 26° with respect to
loading direction.

(6)

3.1.2. Effect of temperature

Temperature dependence of Ec is shown in Figure 4
where it can be seen that in the present temperature
range, Ec decreases linearly with increasing tem-
perature at a rate which is dependent upon the con-
centration of fibres in the composite. Evidently, as
φf increases so does the rate at which Ec decreases
with increasing temperature. The linear dependence
between modulus and temperature can be
expressed by Equation (7):

(7)

where E0 and κ are constants whose values at a
given temperature increased with increasing φf.
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Table 2.. Fibre efficiency parameters for composite modulus as a function of fibre volume fraction at 25, 60 and 100°C

φφf
ηηE ηL η0

25°C 60°C 100°C 25°C 60°C 100°C 25°C 60°C 100°C
0.044 0.200 0.173 0.133 0.296 0.261 0.199 0.675 0.663 0.667
0.095 0.200 0.173 0.133 0.296 .0260 0.199 0.677 0.664 0.669
0.155 0.200 0.173 0.133 0.294 0.259 0.197 0.681 0.669 0.674

Figure 4. Effect of temperature on tensile modulus of
weldline free specimens (WFS) with fibre con-
centration values (v/v) of 0% (•), 4.4% (ο), 
9.5% ( ) and 15.5% ( )



3.1.3. Effect of weldline

It was noted that the initial slope of the load-dis-
placement curves was marginally affected by the
weldline. As shown in Figure 5, modulus of the
weldline specimens (Ecw) like weld free specimens
(Ec) increased linearly with increasing φf. Using the
slopes, ηE values of 0.194, 0.168 and 0.137 were
obtained at 25, 60 and 100°C, respectively. Com-
paring the ηE values for the two specimen types it
may be said that ηE is not affected by the presence
of the weldline. The modulus retention ratio or the
weldline integrity parameter as it is commonly
known (the ratio of the modulus of a specimen with
a weldline to that of a specimen without a weldline)
ranged between 0.98 and 0.95 and showed no sys-
tematic variation with respect to either temperature
or fibre volume fraction of fibres.
It has been shown [4] that the modulus of a speci-
men with weldline (Ecw) may be represented by the
relationship given by Equation (8):

(8)

where Ew is modulus of the material inside the
weldline, Ec modulus of the material outside the
weldline and z is a dimensionless parameter whose
value depends on the ratio Lw /L0 where Lw is width
of the weldline and L0 is the length of the specimen.
Previous studies [1–4] using the same mould geom-
etry indicated that whilst fibres inside the weldline
region are predominantly aligned with their long
axis parallel to the weldline (i. e. perpendicular to
the mould-fill direction and the direction of the
applied tensile stress), outside the weldline region
they are predominantly aligned in the same direc-

tion as in the weldline free specimens. The off-axis
alignment of fibres outside the weldline region and
the transverse alignment of fibres inside the weld-
line region, implies that Ec>>Ew. Also, since the
width of the weldline region, Lw was typically less
than 1 mm and therefore much smaller than the
overall length of the specimen (L0), the ratio z
becomes very small and therefore the second term
in denominator of Equation (8) becomes small
compared to Ew, thus indicating that Ecw ≈ Ec, i. e.,
weldline has little effect on tensile modulus as
observed in this study.
As for the variation of Ecw, with temperature, a lin-
ear trend as in Figure 5 was noted with no signifi-
cant variation in the slopes due to weldline.

3.2. Tensile strength

3.2.1. Effect of fibre concentration

The effect of fibre volume fraction on tensile
strength of weldline free specimens (WFS) is
shown in Figure 6. Evidently, in the absence of
weldline, tensile strength increases with increasing
fibre concentration with a tendency to level off or
reaching a maximum on approaching fibre concen-
tration value of approximately 16% v/v. The level-
ling off effect (or reaching a maximum) which is
also noted in several other injection moulded glass
reinforced polymer systems [3, 4, 8, 9] is mainly
attributed to the separation distance between the
fibres becoming sufficiently small so that the flow
of the matrix material between fibres is severely
restricted. This effect and the higher stress concen-
tration in the matrix due to the greater number of
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Figure 5. Effect of fibre volume fraction on tensile modu-
lus of weldline specimens (WLS) at 25 (•), 
40 (ο) and 100°C ( )

Figure 6. Effect of fibre volume fraction on tensile
strength of weldline free specimens (WFS) 
at 25 (•), 40 (ο) and 100°C ( )



fibre ends at high φf, reduces the gain in strength
which one would expect otherwise.
The nonlinear relationship seen in Figure 6
between tensile strength, σc and the fibre volume
fraction, φf can be described by a polynomial func-
tion given by Equation (9):

(9)

where a0, a1 and a2 are the curve fitting parameters
whose values at the three test temperatures are
given in Table 3. However, as illustrated in Fig-
ure 7, tensile strength for fibre concentration values
in the range 0 to 10% v/v, can be reasonably
assumed to increases linearly with φf (regression
coefficients are in the range 0.96 to 0.98). The sim-
plest model that may be used to predict a linear
dependence between σc and φf in short fibre com-
posites is that of the ‘modified rule-of-mixtures’
which when rearranged can be expressed by Equa-
tion (10):

(10)

where σf is the tensile strength of the fibre taken in
this study as 2470 MPa, σm is the tensile strength of
the matrix and ησ is the overall fibre efficiency
parameter for the composite strength taking into
account the effects due to fibre length and orienta-
tion in the composite.
Using Equation (10) and the slope of the lines in
Figure 7, ησ values were evaluated. It can be seen
from Table 4 that ησ values are considerably
smaller than ηE and likewise decrease with increas-
ing temperature.
The overall efficiency parameter ησ like ηE is the
product of two efficiency parameters as given by
Equation (11):

(11)

where ηL is the fibre length and η0 is the fibre ori-
entation efficiency parameters for the composite
strength. Using the η0 values obtained via the mod-
ulus (see Table 2), values of ηL for composite
strength was evaluated as a function of temperature
using Equation (11). It can be seen from Table 4
that ηL for composite strength like for composite
modulus decreases with increasing temperature.
Using the tabulated values of ηL given in Table 4
and the average fibre lengths, the critical fibre
lengths, Lc was calculated for each composite as a
function of temperature using the Kelly-Tyson rela-
tionship given by Equation (12) [18]:

(12)
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Table 3. Curve fitting parameters for composite strength as a function of fibre volume fraction at 25, 60, and 100°C for
both WFS and WLS specimens

T [°C]
WFS WLS

a0 a1 a2 a0 a1 a2

25 49.01 422.68 –1401.6 44.48 088.81 –593.39
60 37.03 408.33 –1524.2 34.10 164.92 –946.20

100 21.44 318.46 –1176.1 20.03 171.48 –858.80

Figure 7. Effect of fibre volume fraction on tensile
strength of weldline free specimens (WFS) with
fibre concentration values in the range
0–9.5% v/v at 25 (•), 40 (ο) and 100°C ( )

Table 4. Fibre efficiency parameters for composite strength as a function of fibre volume fraction at 25, 60, and 100°C

φf
ησ η0 ηL

25°C 60°C 100°C 25°C 60°C 100°C 25°C 60°C 100°C
0.044 0.136 0.121 0.093 0.675 0.663 0.667 0.201 0.183 0.139
0.095 0.136 0.121 0.093 0.677 0.664 0.669 0.201 0.182 0.139
0.155 0.136 0.121 0.093 0.681 0.669 0.674 0.200 0.181 0.138

0ηη=ησ L

L

f
c

L
L

η
=

2



Results obtained from this analysis are presented in
Table 5 where it can be seen that Lc increases with
temperature but decreases with increasing φf

mainly due to the reduction in Lf with increasing φf.
It can be said that ησ is considerably smaller than
ηE simply because whilst ηE depends on the aver-
age length of the fibres, ησ depends on both the
average length as well as the critical fibre length
which is lower.

3.2.2. Effect of temperature

The effect of temperature on the tensile strength of
weldline free specimens is shown more explicitly
in Figure 8 where it can be seen that it decreases
with temperature in a linear manner. The effect of
increasing φf is simply an upward vertical shift in
tensile strength-temperature curve. It is also evident
that tensile strength decreases with increasing tem-
perature at a faster rate as fibre concentration is
increased. The effect of temperature on tensile
strength may be expressed by Equation (13):

(13)

where values of σ0 and λ are both dependent upon
φf.

3.2.3. Effect of weldline

Failure of the weldline specimens (WLS) was
always at the weldline as shown in Figure 9. Fig-
ure 10 shows the effect of weldline strength (σcw)
as a function of fibre volume fraction, φf at the three
temperatures selected in this study. It can be seen
that σcw increases initially and reaches a maximum
at fibre concentration value of approximately
10% v/v before decreasing. As illustrated in Fig-
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Table 5. Fibre critical length as a function of fibre volume fraction at 25, 60 and 100°C

φf Lf
ηL Lc [μm]

25°C 60°C 100°C 25°C 60°C 100°C
0.044 110 0.201 0.183 0.139 274 301 396
0.095 94 0.201 0.182 0.139 234 258 338
0.155 83 0.200 0.181 0.138 208 229 301

Figure 8. Effect of temperature on tensile strength of
weldline free specimens (WFS) with concentra-
tion values (v/v) of 0% (•), 4.4% (ο), 9.5% ( )
and 15.5% ( )

Figure 9. The broken weldline specimens (WLS) at 25°C

Figure 10. Effect of fibre volume fraction on tensile
strength of weldline specimens (WLS) 
at 25 (•), 40 (ο), and 100°C ( )



ure 10, variation of σcw with φf like σc can also be
expressed by Equation (14):

(14)

The values of a0, a1 and a2 can also be found in
Table 3. Using Equation (14) one can easily calcu-
late weldline strength of the ABS composites for
any fibre concentration value between 0 and
16% v/v.
The effect of weldline on tensile strength was quan-
titatively expressed in terms of weldline integrity
factor, Fσ defined by Equation (15):

(15)

Figures 11 and 12 show the variations of Fσ with φf

and temperature, respectively. It can be seen that Fσ

decreases with increasing φf but increases with
increasing temperature. The observed reduction in
tensile strength in the presence of weldline is attrib-
uted mainly to the reduction in the fraction of fibres
crossing the weldline region, particularly at high
concentration values of glass fibres. As a result, the
material within the weldline region acted as if it
was not reinforced. It is also evident from Fig-
ure 12 that Fσ increases with temperature in a linear
manner. As reflected by slope of the lines, Fσ for
composites shows greater temperature dependence
than for the matrix. It is interesting to note that
slope of Fσ–T lines for the three composites shows
no significant variation with respect to φf, meaning

the rate at which Fσ increases with temperature is
not sensitive to φf. It can be said, that the effect of φf

is merely a downward vertical shift in the Fσ–T
line.

3.3. Tensile strength and modulus

The effect of temperature on tensile strength and
modulus was analysed further using the general
form of the relationship between shear stress, τ and
shear modulus, G as proposed by Kitagawa [19].
Kitagawa proposed a power law relation of the
form given by Equation (16):

(16)

where τ0 and G0 are the values of shear stress and
shear modulus at some reference temperature T0,
respectively and n is a temperature independent
exponent. The shear properties G and τ in Equa-
tion (16) were converted into tensile properties 
E and σ using Equation (17):

(17)

Substituting Equation (17) into Equation (16) and
rearranging gives Equation (18):

(18)

According to Equation (18) log-log plot of (σ/T)
versus (E/T) should produce a straight line with the
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Figure 11. Effect of fibre volume fraction on weldline fac-
tor for tensile strength at 25 (•), 40 (ο) and
100°C ( )

Figure 12. Effect of temperature on weldline factor for
tensile strength with fibre concentration values
(v/v) of 0% (•), 4.4% (ο), 9.5% ( ) and 
15.5% ( )



slope of n. Figures 13 and 14 show log-log plots
according to Equation (18) for both unweld and
weld data respectively for the range of φf values
studied in this work. It is found that weld and
unweld data for the matrix and its composites fol-
low Equation (18) remarkably well with regression

coefficients of 0.996 or better. The values of n
obtained from the slope of the lines are plotted in
Figure 15 as a function of φf where it can be seen
that for the composite system studied here, expo-
nent n deceases with increasing φf for both weld
and unweld specimens with unweld specimens
exhibiting higher n particularly for the three com-
posites.

4. Conclusions

The effect of temperature (between 25 and 100°C),
fibre concentration (between 0 and 15.5% v/v) and
weldline on tensile strength and modulus of ABS
reinforced with short glass fibres was investigated.
The following observations were made:
• Tensile modulus increased linearly with increas-

ing φf and decreased linearly with increasing tem-
perature. The linear dependence between tensile
modulus and φf obeyed modified rule of mix-
tures.

• Presence of weldline had no significant effect on
tensile modulus. Weldline integrity factor was in
the range 0.98 to 0.95.

• Tensile strength of weldline free specimens
increased with increasing φf in a nonlinear man-
ner but decreased with temperature in a linear
manner. For fibre concentration values in the
range 0–10% v/v, variation of tensile strength
with φf was reasonably linear and obeyed the
modified rule of mixtures for strengths.

• Weldline strength increased with increasing φf in
a nonlinear manner reaching a maximum at fibre
concentration of about 10% v/v.

• Weldline factor for strength decreased with
increasing φf but increased linearly with increas-
ing temperature.

• The fibre efficiency parameters for composite
strength and modulus decreased with increasing
temperature. The efficiency parameter for com-
posite strength was greater than for composite
modulus.

• The effect of temperature on tensile modulus and
strength for both WFS and WLS was satisfacto-
rily modelled using the Kitagawa power law
relationship. The power law exponent was
affected by the fibre concentration and its value
for WFS was higher than for WLS.
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Figure 13. ln(σc/T) versus ln(Ec/T) according to Equa-
tion (20) for weldline free specimens (WFS)
with fibre concentration values (v/v) of 0% (•),
4.4% (ο), 9.5% ( ) and 15.5% ( )

Figure 14. ln(σcw/T) versus ln(Ecw/T) according to Equa-
tion (20) for weldline specimens (WLS) with
fibre concentration values (v/v) of 0% (•),
4.4% (ο), 9.5% ( ) and 15.5% ( )

Figure 15. Exponent n versus volume fraction of fibres for
WFS (•) and WLS  (ο)
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1. Introduction

Over the past decade, the synthesis and characteri-
zation of inorganic-organic hybrid materials by the
sol-gel process have received considerable atten-
tion. This is mainly due to the mild conditions, such
as low temperature and pressure[1–3]. In addition,
the sol-gel process is a convenient method for
preparing oxide films from alkoxysilyl group con-
taining materials via continuous reaction steps of
hydrolysis and condensation. This technology has
been a great achievement in making ceramic or
organic modified hybrid materials in the past two
decades, by which homogeneous materials with
higher thermal stability, density, and hardness can
be produced. These hybrid materials posses organic
and inorganic properties [4] which can also be
tuned through changing the functionality or seg-

ment size of each component, tayloring thermal,
mechanical, electronic, optical and optoelectronic
properties. Common applications of the hybrid
materials as passive or active layer in optoelec-
tronic devices have been reported, including pro-
tective coating [5], contact lenses [6], high refrac-
tive index films [7], thin film transistors [8], solar
cells [9], light-emitting diodes [10], optical wave-
guides materials [11] and photo chromic materials
[12]. These properties are associated with σ conju-
gation [13]. Many researchers have demonstrated
that monolithic, transparent hybrid materials with-
out macroscopic phase separation can be prepared
by properly controlling the conditions of hydrolysis
and condensation of sol-gel materials such as
tetraethoxysilane (TEOS) or tetramethoxysilane
(TMOS) [14–16]. Organic and inorganic con-
stituents can be chemically bonded or just physi-
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cally mixed in these hybrid materials. A significant
feature to enhance the compatibility in the hybrid
material, however, is the formation of covalent
bonding between organic polymers and inorganic
components.
In this study, copolymer was prepared by free radi-
cal copolymerization of styrene (St) with maleic
anhydride (MAn). Copolymer precursor holding
trimethoxysily-functionality was prepared by 
3-aminopropyltriethoxysilane (APTES), coupling
of the copolymer with miscible TEOS as an inor-
ganic silica matrix for a sol-gel process. Then the
copolymer precursor was hydrolyzed and con-
densed in the presence of an aqueous HCl catalyst
to generate poly (St-MAn-APTES)-SiO2 hybrid
material as shown in Figure 1.

2. Experimental

2.1 Materials

Styrene (St), maleic anhydride (MAn), 2,2’-azobi-
sisobutyronitrile(AIBN) and TEOS were purchased
from Shanghai Chemical Reagent Company. Initi-
ating agent AIBN was purified by recrystalization
from alcohol and then dried in a vacuum oven.
APTES was purchased from Nanjing Shuguang
Chemical Plant. Tetrahydrofuran (THF) was puri-
fied by distillation and other reagents , solvents

were obtained commercially and were used as
received.

2.2. Preparation of hybrid P 
(St-MAn-APTES)/SiO2

Hybrid was prepared according to the scheme, as
shown in Table 1. St and MAn were taken in a
500 ml three-neck round-bottomed flask. The THF
and initiator AIBN were added under nitrogen
purging. The reaction temperature was maintained
at 70°C for 3 h and the copolymerization was car-
ried out. Then APTES was added under nitrogen
and stirred for 2 h at 70°C. The copolymer precur-
sor for preparing the hybrid films was obtained.
Then the TEOS homogeneous hydrolysate, pre-
pared using deionized water, hydrochloric acid and
THF, were added into the copolymer precursor
solution. Meanwhile the sol-gel process was carried
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Table 1. Monomer compositions for preparing\hybrid thin
films

All of polymerization mixtures had the following fixed composi-
tion: [APTES]/[St] + [MAn] + [APTES] = 25 mol%;
[AIBN]/[St] + [MAn] + [APTES] = 3.25 mol%

Sample St [g] MAn [g] APTES [g] TEOS [wt%]
Z1 28.61 26.96 40.53 05
Z2 27.11 25.54 38.40 10
Z3 25.39 24.31 36.26 15
Z4 24.09 22.70 34.13 20
Z5 22.59 21.28 32.00 25

Figure 1. Preparation of organic-inorganic hybrid by sol-gel process



out. The synthetic route is shown in Figure 1. The
homogeneous transparent sol can be obtained and
then transferred to a conical flask. Solvents have
been evaporated off the resulting gel slowly for
5 days and then was dried at 110°C under vacuum
for 5 h to remove residual solvent and by-products
(water and alcohol etc.). The thermally stable sol-
gel hybrid material was obtained.

2.3. Measurement

FT-IR spectra of the prepared thin films were
obtained on KBr pellets using Nicolet AVATAR
360 spectrometer. 29Si NMR was performed using
a Bruker DPX-400WB, Germany. HITACHI H-600
Transmission Electron Microscope (TEM) meas-
ured the particle sizes. Transmission electron
microscopy (TEM) micrographs were obtained
using a Hitachi H-600 operated at 80 kV with a
35 micron objective. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC)
were performed on NETZSCH STA 449C. The
programmed heating range was from room temper-
ature to 800°C, at a heating rate of 10°C/min under
nitrogen atmosphere. The measurement was taken
using 6–10 mg samples. TGA and DSC curves
were recorded. The determination of sol fraction
was to put the obtained hybrid materials in the sor-
bite extraction set and use acetone circulation
reflux for 36 h. Then dried to constant weight in the
vacuum drying oven. Sol fraction is calculated by
Equation (1):

(1)

where A is the sol fraction, m1 and m2 are the mass
before and after extraction, respectively.

3. Results and discussion

3.1. Fourier transforms infrared spectra 

The results of FT-IR spectra (4000–400 cm–1) of
hybrid materials Z1–Z5 are shown in Figure 2. It
could be easily found that 1788 and 1850 cm–1 was
attributed to stretching peaks of carbonyl in car-
boxylic (–COOH) groups. Transmissions at 1732
and 1700 cm–1 belonged to stretching peaks of car-
bonyl in amid (–CONH) groups. Therefore it could
be confirmed that amino-group of coupling agent
APTES broke maleic anhydride of copolymer to

form carboxylic acid and amide. However the
TEOS and triethoxy-silicon group of APTES
formed inorganic network by hydrolysis and con-
densation, which could be demonstrated by the
absorption, peaks of Si–O–Si asymmetric stretch-
ing (1100 to 1050 cm–1) and symmetric stretching
(728 cm–1).
Figure 3 displays the solid-state 29Si NMR spectra
of the hybrid nanocomposite (Z3). The condensed
siloxane species originating from TEOS, the silicon
atoms through mono-, di-, tri-, and tetra-substituted
siloxane bonds were designated as Q1, Q2, Q3, and
Q4, respectively. The various QS were defined in
Figure 4.
The 3-aminopropyltriethoxysilane, APTES, simi-
larly with mono-, di-, tri-, tetra-substituted siloxane
bonds were designated as T1, T2, T3, respectively.
The various TS are defined in Figure 5.
The chemical shifts from the 29Si NMR spectra of
Q2, Q3, and Q4 were –87, –102, –116 ppm, respec-
tively, and were similar to those reported in the lit-
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Figure 2. FT-IR spectra of hybrid materials

Figure 3. Solid-state 29Si NMR spectrum of hybrid (Z3)



erature [17]. The chemical shifts of T2 and T3 were
–54 and –68 ppm, respectively, and also in good
agreement with the literature values [18]. Results
revealed that Q3, Q4 and T3 were the major
microstructures forming a network structure.

3.2. Determination of sol fraction

As is well known, good solvent will extract the
part, which doesn’t cross link with chemical bond.
After the synthetic hybrid materials were extracted

with acetone, the extraction sol is the copolymer,
which doesn’t combine to inorganic network with
the covalent bond. The results of extraction experi-
ments were 5.8% (Z1), 5.5% (Z2), 5.1% (Z3) and
4.9% (Z4) and 4.7% (Z5) respectively. This shows
combination with chemical bond between organic
and inorganic parts. Coupling agent APTES could
integrate between the organic unit of the copolymer
and inorganic network with covalent bond and
restrain the extracted hybrid materials.

3.3. Microstructure analysis

Figure 6 shows the TEM pictures of Z2 and Z5
respectively. The silica particle size was about
50–70 nm.

3.4. Thermal analysis

The results of differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) are
shown by Figures 7, 8 and Table 2. The glass tran-
sition temperatures (Tg) and the thermal degrada-
tion temperatures (Td) of the hybrids increased with
the increase of APTES content. This is due to the
fact that the plasticizing trimethoxysilyl groups
have transformed to silica network during the sol-
gel process. The large-scale cooperative movement
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Table2. Thermal properties of hybrid materials

1The glass transition temperature (Tg) was obtained from DSC
curves

2The thermal degradation temperatures (Td) were defined as
weight loss of TGA thermogram at 5 wt%

Hybrid material Tg [°C]1 Td [°C]2

Z1 122 292
Z2 134 298
Z3 148 303
Z4 152 309
Z5 160 313

Figure 6. TEM pictures of poly (St-MAn-APTES)/SiO2 for Z2 (a) and Z5 (b)

Figure 4. Abbreviations used for Si atoms attached to four
oxygen atoms in various structural positions

Figure 5. Abbreviations used for Si atoms attached to
three oxygen atoms in various structural positions



of the polymer chain segments (i. e., glass transi-
tion) was highly restricted by the cross linking
points that are generated from the formation of
covalent bonds between the polymer chains and the
silica network as well as by steric hindrance of the
rigid silica (hydrolysis and condensation of TEOS)
framework.

4. Conclusions

Different SiO2 content hybrids were synthesized by
the sol-gel process. FT-IR and 29Si NMR were used
to characterize the structure of the hybrids. The
results show that Q3, Q4 and T3 are the major
microstructures forming the network structure. The
SiO2 structures in TEOS based hybrid systems
were completely condensed. So these hybrid mate-
rials have network structure and inorganic phases
have a small size. The hybrids were nanocompos-
ites. Covalent bonding between the organic and
inorganic components enhanced miscibility between
the silica and the copolymer, which was further

confirmed by TEM and the determination of sol
content. Because the amino-group of coupling
agent APTES breaks maleic anhydride of copoly-
mer to form carboxylic acid and amide, the hybrids
have new nanosystems with extremely good heat
resistance, resulting from 
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1. Introduction

Polyacrylonitrile is an attractive polymer because
of its ability to form long conjugated imine chains
(conjugated PAN) via polymerization of its pend-
ing nitrile groups, by heating above 180°C. Also
formed by the nitrile polymerization is a condensed
cyclic structure, referred to by the term ‘ladder
polymer’, which increases the thermal stability of
the system [1]. The conjugated π system renders
PAN an outstanding candidate for various applica-
tions that involve semi-conductive properties. The
ability of PAN to form a conjugated imine system
of potential electrical conductivity had intrigued
our research for quite some time prior to the present
study. We demonstrated earlier that, considering
the analogy to polyacetylene and other conductive
polymers, it was reasonable to expect that doping

of PAN with acceptor-type compounds would be
significantly beneficial for its electrical properties
[2]. Conceivably, as in polyacetylene, doping (oxi-
dation) with iodine or bromine causes electrons of
the conjugated systems to be ejected from the poly-
mer, leaving positive charge ‘holes’ that can move
along the chain. 
Unlike polyacetylene, however, both PAN and con-
jugated imine systems exhibit a more complex state
due to the presence of nitrile/imine nitrogen that
can donate its lone electron pair to the acceptor.
Thus, acceptor type compounds and ions such as
halogens, Ag+, FeCl3, and CuCl2 can form coordi-
nation bonds with the cyano/imine nitrogen of
PAN, wherein a lone electron pair from occupied
2p orbitals is donated to the empty s orbitals of the
acceptor to form a δ-bond. The coordination of
cyano nitrogen and Ag+ was shown to be highly
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stable and to endure the reduction of silver ions in a
process to form metallic silver nanoparticles free of
aggregation [3]. The participation of nitrile/imine
groups in coordination bonds with carbon nan-
otubes was also studied recently by our group,
showing that the π interactions were stronger than
the original dipole–dipole interactions of the
nitriles [4]. It was claimed that in view of the strong
metallic character of carbon nanotubes, the role of
the nitrile groups is reversed and they act as an
electron acceptor, unlike their role as electron
donor in the formation of stable electron donor-
acceptor (EDA) complexes with Lewis acids [5].
This present work studies the behavior of doped
PAN and the ability of halogens, such as Br2, to
create charge transfer complexes/adducts with the
conjugated system and the nitrile groups. In this
communication we present corroborating evidence
for a coordination bond that forms between the
nitrile/imine nitrogen of PAN and Br2. This evi-
dence resulted from a study of molecular processes
and electronic properties of PAN doped with
bromine, which was based on frequency and tem-
perature-dependent complex dielectric permitivity
[6]. Accordingly, the new evidence is based on
mobility changes due to doping by bromine
reflected in a second order phase transition (the
γ transition) of both PAN and conjugated PAN.
Generally, amorphous or semicrystalline pending
side-group polymers exhibit two or three second
order phase transitions, respectively. In the semi-
crystalline polymers, such as polypropylene and
PAN, the three transitions are designated in
descending order from the melting temperature as
α, β, and γ [7]. A recent paper on dynamic mechan-
ical relaxation in PAN with different stereoregular-
ities presents a summary of the relaxation tempera-
tures for PAN, as reported previously in several
references, and concludes by pointing out the char-
acteristics of each transition and assigning it to cor-
responding molecular processes [8]. In agreement
with the conventional claim that the lowest temper-
ature transition (e.g., the γ transition) in side-group
polymers (PP, PVC, PS, etc.) is associated with
local motion of groups such as –CH3 and –Cl, the
paper assigns the γ transition in PAN to local mode
motions of syndiotactic and short isotactic
sequences. It is also pointed out that the lower tail
of this relaxation extends down to –150°C.

Accordingly, the molecular processes in bromine
doped PAN were characterized by dielectric meas-
urements to test the hypothesis that if a coordina-
tion bond should form between the nitrile/imine
nitrogen of PAN and Br2, the γ relaxation process
would be affected, perhaps by shifting to a higher
temperature and exhibiting a higher activation
energy.

2. Experimental procedure

2.1. Materials and sample preparation

Polyacrylonitrile powder was obtained from Scien-
tific Polymer Products, Inc.; the polymer was char-
acterized by a melting point of 317°C, a glass
transition temperature of 125°C, and Mw ~
150 000 g/mol.
Films were prepared in a solution casting method,
by mixing 2 g of PAN powder and 25 ml of
dimethyl formamide solvent at 60°C for a few min-
utes, producing a transparent mixture. The mixture
was dried in a hood for a few days and then com-
pressed (Carver 2518 press) at 100°C (pressure
2 MPa) and then returned to the hood for final dry-
ing.

2.2. Preparation of doped PAN

The samples were doped with bromine, which was
placed in a desiccator with the samples for various
durations up to 10 h. The samples were weighed
before and after doping until the weight was stabi-
lized and the weight change was calculated. 

2.3. Preparation of heat-treated PAN

The samples were heat-treated in air either at
220°C for 30 min or at 250°C for 1.5 h.

2.4. Dielectric spectroscopy measurements

Dielectric measurements were performed by using
a broad band Alpha high resolution dielectric ana-
lyzer (Novocontrol) with automatic temperature
control in a range of –100 to 160°C and at a fre-
quency range of 0.1–106 Hz. A 3°C step was
applied throughout the measurement routine. Each
sample, with a thickness in the range of 0.01–
0.3 mm, was inserted between parallel plate elec-
trodes of the measurement cell at room tempera-
ture, and measurement was preceded by cooling
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down to –100°C. The measurement produced the
complex dielectric permittivity ε* from which the
real and imaginary components, namely the permit-
tivity ε’, and the dielectric loss ε” were resolved.

3. Results and discussion

To validate the research hypothesis, four systems
were tested, namely, pristine PAN, heat-treated
PAN (at 250°C), Br2 doped PAN, and Br2 doped
heat-treated PAN. All four systems were examined
by dielectric spectroscopy and the 3-D plots of the
dielectric loss ε” as a function of frequency and
temperature for qualitative impression are pre-
sented in Figure 1. As an example, the dielectric
spectroscopy response of the pristine PAN sample
is presented over the whole tested temperature
range in Figure 1a. A total of three relaxation
processes can be observed, designated in descend-

ing order (from high to low temperature) as α, β,
and γ according to the common convention [7]. The
α relaxation is assigned to the interaction between
the amorphous and crystalline phases (but in fact,
might be masked by the dynamic percolation
process [9] – not discussed here). The β process is
situated in the temperature range 50–100°C and in
almost the whole frequency range; it is assigned to
the glass-rubber transition of the amorphous phase.
The γ process is situated in the high frequency
range and in the temperature range –100 to –30°C
and is assigned to the motion of nitrile-side-groups.
Obviously, in this study we are interested in the
γ process and how it reflects formation of a nitrile-
Br2 complex. Accordingly, Figures 1b–1d present
the dielectric spectroscopy results of the other three
samples over a lower temperature range that is lim-
ited to the γ process regime. It is seen (in Figure 1b)
that the thermal treatment that produces the conju-
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Figure 1. 3-D plots of the dielectric loss ε” as a function of frequency and temperature of: (a) the pristine PAN (over the
full experimental temperature range), showing the three typical relaxation processes; (b) heat-treated (at 250°C)
PAN; (c) bromine doped PAN; (d) bromine doped heat-treated PAN



gated imine system as part of a ladder structure
results in restriction of movement of the remaining
nitrile groups and consequently in diminishing of
the γ process. (Additional evidence for the decrease
in nitrile group concentration and their partial poly-
merization to form a conjugated imine system was
received by FTIR analysis [6].)
Doping of PAN with Br was monitored by record-
ing the weight increase and by X-ray photoelectron
spectroscopy (XPS) analysis of the proportion of
ionic/covalent Br as a function of exposure time, as
done in our previous study of Br treated graphite
nanoplatelets [10]. However, because at this stage
we were unable to identify consistent trends, only
the results of 8 and 10% Br weight increase, respec-
tively, are reported. It is seen that doping of PAN
with Br results in splitting of the γ process peak into
two peaks denoted by γ and γ’ (Figure 1c). As an
example, the split γ peak is shown again in Fig-
ure 2, where 2-D plots of the dielectric loss as a
function of temperature are shown for the 104 Hz
frequency. Apparently, a certain proportion of the
nitrile groups have formed complexes with the
bromine, producing bulkier and more hindered side
group adducts. Their movement requires higher
free volume, thus the γ’ process, thought to substi-
tute the original γ process, is shifted to a higher
temperature. The new γ process in the bromine
doped PAN is situated at a lower temperature rela-
tive to the original one. This new γ process is
assigned to –Br side groups formed by bromination
of the polymer backbone (see Figure 3 – the pro-
portion of C–Br covalent bonds as a function of

bromination time was established by XPS (not
shown here) [6]). Finally, the combined effect of
heat treatment at 250°C and bromine doping is pre-
sented in Figure 1d; in this case the γ process disap-
pears altogether, indicating that even the –Br side
groups, if formed by bromination, are locked in
place by the ladder structure.
The chemical reactions that pertain to the results in
Figure 1 and to the corresponding arguments can be
presented schematically as follows (Figure 3). A
sequence of pending nitrile groups in a PAN chain
segment can polymerize to form a conjugated lad-
der structure of restricted mobility. Doping with
bromine produces bulkier electron transfer adducts
with either the nitrile/imine groups. Bromination of
the main backbone can produce C–Br covalent
bonds in the two systems. (It is apparent that the
weight increase by doping is accounted for by
either or both Br forms.)
An additional expression of the effects of bromine
doping and nitrile polymerization is the activation
energy of the γ process. It is anticipated that both
effects produce increased activation energy as both
generate excessive restrictions on chain segment
movement. Figures 4a and 5a present plots of the
dielectric loss as a function of frequency for a num-
ber of selected example temperatures for PAN and
heat-treated PAN, respectively. In both, the peak of
the γ process is shifted to higher frequencies as the
temperature is increased. This shift sets the basis
for an Arrhenius type functionality, wherein the
logarithm of the relaxation time is a linear function
of the reciprocal peak temperature. Accordingly,
Figures 4b and 5b present the Arrhenius plots of the
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Figure 2. 2-D plots of the dielectric loss ε” as a function 
of temperature for a constant 104 Hz frequency,
showing the γ transition and the γ and γ’ transi-
tions for the pristine and bromine doped PAN,
respectively

Figure 3. Chemical reactions that pertain to the material
systems of Figure 1, showing polymerization of
a sequence of pending nitrile groups in a PAN
chain segment to form a conjugated ladder struc-
ture and doping with bromine to produce elec-
tron transfer adducts



same samples. The data comply with the model,
exhibiting linear behavior of high statistically sig-
nificant correlation coefficients and yielding (from
the slopes of the lines) activation energies of 54.2
and 62.3 kJ/mole in the temperature range from
–100 to –30°C, for PAN and heat-treated PAN,
respectively. Obviously, the activation energy of
the γ process in the partially polymerized nitrile
system is 15% higher, indicative of the restricted
movement.
Plots of the dielectric loss as a function of fre-
quency of the bromine-doped PAN for a few
selected temperatures, chosen from the temperature
range where both γ and γ’ appear, are shown in Fig-
ure 6. The Arrhenius based activation energies of
these processes were calculated (over the full tem-
perature range) to be 64.4 and 59.5 kJ/mole, respec-
tively. It is seen that the formation of bromine-
nitrile adducts, expressed by splitting of the origi-
nal γ process, results in higher activation energies

in the two processes and not only in the γ’ process
that is assigned to the adduct.
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Figure 4. Plots for PAN of: (a) the dielectric loss as a
function of frequency in a number of selected
temperatures; (b) the logarithm of relaxation
time as a function of the reciprocal peak temper-
ature

Figure 5. Plots for heat-treated PAN of: (a) the dielectric
loss as a function of frequency in a number of
selected temperatures; (b) the logarithm of
relaxation time as a function of the reciprocal
peak temperature

Figure 6. Plots of the dielectric loss ε” as a function of
frequency in a number of selected temperatures
from the temperature range where both γ and γ’
appear, indicating the activation energies of the
two processes



4. Conclusions

The γ process in PAN appears in the lower temper-
ature range and the tail of this relaxation extends
down to –100°C. It denotes a relaxation that is
associated with movement of pending nitrile
groups at activation energy of 54.2 kJ/mole. The
restriction of movement associated with the ther-
mal treatment that produces the conjugated imine
system as part of a ladder structure results in dimin-
ishing of the γ process and in raising its activation
energy by 15%. Doping with bromine produces two
consequences that relate to the γ process, namely,
the process is spilt into two and the activation ener-
gies increase by 10–15%. The appearance of the
γ’ process is taken as significant evidence for the
formation of nitrile-bromine charge transfer com-
plexes.

References
[1] Cohen D., Marom G., Zilkha A.: Physical properties

of polyacrylonitrile fibres treated with organotin com-
pounds. European Polymer Journal, 12, 795–800
(1976).

[2] Brokman A., Weger M., Marom G.: Electrical con-
ductivity of halogen doped stabilized polyacryloni-
trile. Polymer, 21, 1114–1115 (1980).

[3] Wang Y., Yang Q., Shan G., Wang C., Du J., Wang S.,
Li Y., Chen X., Jing X., Wei Y.: Preparation of silver
nanoparticles dispersed in polyacrylonitrile nanofiber
film spun by electrospinning. Materials Letters, 59,
3046–3049 (2005).

[4] Vaisman L., Larin B., Davidi I., Wachtel E., Marom
G., Wagner H. D.: Processing and characterization of
extruded drawn MWNT-PAN composite filaments.
Composites, Part A, 38, 1354–1362 (2007).

[5] Vaisman L.: The reinforcement effect in carbon nan-
otube based polymer composites. Ph.D. Thesis, The
Hebrew University of Jerusalem (2007).

[6] Cohen N.: Molecular processes and electronic proper-
ties of PAN doped with bromine. M.Sc. Thesis, The
Hebrew University of Jerusalem (2007).

[7] Ward I. M., Hadely D. W.: An introduction to the
mechanical properties of solid polymers. John Wiley
and Sons, Chichister (1993).

[8] Sawai D., Kanamoto T., Yamazaki H., Hisatani K.:
Dynamic mechanical relaxations in PAN with differ-
ent stereoregularities. Macromolecules, 37, 2839–
2846 (2004).

[9] Feldman Y., Kozlovich N., Nir I., Garti N.: Dielectric
relaxation in sodium bis(2-ethylhexyl)sulfosuccinate-
water-decane microemulsions near the percolation
temperature threshold. Physical Review E, 51, 478–
491 (1995).

[10] Li J., Vaisman L., Marom G., Kim J. K.: Br treated
graphite nanoplatelets for improved electrical conduc-
tivity of polymer composites. Carbon, 45, 744–750
(2007).

709

Cohen et al. – eXPRESS Polymer Letters Vol.1, No.10 (2007) 704–709


	EPL-10-640-640.pdf
	EPL-10-641-653.pdf
	EPL-10-654-659.pdf
	EPL-10-660-666.pdf
	EPL-10-667-672.pdf
	EPL-10-673-680.pdf
	EPL-10-681-687.pdf
	EPL-10-688-697.pdf
	EPL-10-698-703.pdf
	EPL-10-704-709.pdf

