
Electrospinning process is not a new technology. It
was patented by John F. Cooley in 1902 (US Patent
#692,631) but did not find much application at that
time. With the development of polymer nanomate-
rials in the early 1990s, it has re-emerged as a use-
ful technique because of its straightforward setup
and execution.
Electrospinning produces polymer nanofibers,
fibers with diameters in the range from nanometers
to a few microns. High voltage is applied to a poly-
mer solution stored in a syringe. A grounded elec-
trode – a metal plate – is placed 5–20 cm away
from the syringe needle. The polymer solution
flows from the needle tip and is stretched into a
Taylor cone due to the high electric field between
the electrodes. The entangled polymer chains in the
solution form a single liquid jet. Electrostatic forces
within the jet cause bending instabilities that whip
the jet from side to side. Concomitant evaporation
of solvent allow this jet to be stretched resulting in
the fabrication of uniform fibers with nanometer-
scale diameters, and the lengths from centimeter to
meter scale. Nanofibers are hard to be produced
without the bending instability stage in electrospin-
ning process.
In general, most polymers can be electrospun pro-
vided a suitable solvent is chosen for preparing the
polymer solution. The more sensitive parameters
determining the quality of the final product are
strength of electric field, solution feed rate and
polymer solution/viscosity, surface tension and

dielectric constant, with needle diameter having
less influence. Some polymers like polyethylene,
poly(methyl methacrylate) can be electrospun via a
melt electrospinning process but this typically gen-
erates thicker fibers. Electrospinning is not limited
to the polymer field and has been extended into sol-
gel systems to fabricate oxide nanofibers of silica
and titania. Even some metal precursors have been
added to polymer solutions to yield metal nano-
fibers of iron, copper, cobalt and nickel.
Nanofibers possess large surface area to unit mass
ratio. Thus, non-woven fabrics of these nanofibers
can be used, for example, in the filtration of submi-
cron particles in separation industries and in bio-
medical applications, such as wound dressing in
medical industry, tissue engineering scaffolds and
artificial blood vessels. Electrospun fibers have
potential as enzyme attachment surfaces and as car-
riers for catalytic nanoparticles.
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1. Introduction

1.1. Fundamentals of Vickers microhardness
(MHV) method

The microhardness of a polymeric material – resist-
ance to local deformation – is a complex property
related to mechanical properties such as modulus,
strength, elasticity and plasticity [1].
MHV test uses a square diamond pyramid, with
angles α between non-adjacent faces of the pyra-
mid of 136° ([1], p. 3). The microhardness is esti-
mated by Equation (1):

(1)

where P is the force (the load applied), [N]; d is the
mean diagonal length of the impression after

removing the indenter (pyramid), [mm]; MHV – in
[MPa].

1.2. Fundamentals of the approach –
description of deriving the equation for
surface free energy (σσMHV)

Our new approach to estimating σMHV is based on
Meyer’s power law represented by Meyer’s line
[2], as given by Equation (2a):

(2a)

where a and n are physical parameters, correspon-
ding to elastic (strength) and plastic properties of
the material [2, 3]. A critical value for n is observed
(n = 2). At this value MHV is almost constant in
depth. At n < 2 or n > 2, MHV is variable. It
decreases (n < 2) or increases (n > 2), in the sample
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depth. This phenomenon has to be attributed to
changes in the structure of the material [2, 4].
The dependence (2a) results in a straight line,
where loga is the cut and n is the slope. Parameter a
is determined using the antilogarithm of the cut-
value: a = 10loga. Further on a is denoted as ‘cut
resultant parameter’ (CRP).
CRP (a) corresponds to the elastic (strength) prop-
erties of the material and its physical meaning has
not been elucidated fully yet [2–4].
The aim of this work was to calculate σMHV via
CRP values applying empirical physical laws.
Another form of Meyer’s power law (Equation (2a))
is presented in Equation (2b):

(2b)

The CRP value (a) can be calculated from Equa-
tion (1) and Equation (2b) (Equation (3)):

(3)

Equation (3) is valid only when n = 2.
Our new approach to estimating of σMHV is based
on the general requirement n = 2 and applies empir-
ical physical laws.
The following nine steps were used to obtain the
final result.

1.2.1. Evaluation of the experimental data
viewing the fulfillment of the general
requirement

Setting n = 2 as a general requirement is based on
two considerations:
– The requirement n = 2 results from Equation (3),

which was used for deriving the relation between
σMHV, CRP (a) and d (see point (1.2.3) and
(1.2.5) below).

– In the case n ≠ 2, the unit of CRP (a) is unknown
and has no physical meaning:
· for n < 2 (i. e. n = 1), CRP (a) is measured in

N/m;
· for n > 2 (i. e. n = 3), CRP (a) is measured in

N/m3.
In case n = 2 the unit for CRP (a) is well defined
and its physical meaning is a force applied to a unit
area, [N/m2].

1.2.2. Evaluation of the dimension of d, [μμm]
As already mentioned Meyer’s power law (Equa-
tion (2a)) is represented by a Meyer’s line. For each
straight line cut and slope can be calculated. The
slope (n) has to be 2 (see point 1.2.1). The cut
(loga) is calculated every time when logd = 0, i.e.
d = 1. As in this case d = 1, if the dimension of
d is μm, than the mean diagonal length of the
impression is d = 1 μm. That is why a very small
microscopic impression (d = 1 μm) has been used
in our study. Further on the diagonal length of this
very small microscopic impression is denoted as
d1 μm.

1.2.3. Surface parameter MHV*

MHV* was derived using Equation (3) (Equa-
tion (4)):

(4)

MHV* in Equation (4) is denoted as a surface
parameter due to its unit [N/m2] corresponding to
surface stress.

1.2.4. Area of the very small microscopic
impression with d1 μμm (S1 μμm)

The equation given below was used for calculating
S1 μm (Equation (5)):

[m2] (5)

Equation (5) was deduced after simple geometrical
calculations. As the indenter is a diamond pyramid,
the impression exhibits a pyramidal shape. The
impression area is represented by the sum of the
areas of the four pyramid walls. d1 μm could be
found on the top of the pyramid (impression).

1.2.5. Force required for the formation of a very
small microscopic impression (F)

Multiplying the final results from point 1.2.3
(MHV*) and point 1.2.4 (S1 μm) the Equation (6) is
obtained:
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(6)

1.2.6. Calculation of mean values (dreal
mean, hreal

mean)

For each sample a mean d value for all loads
applied is required to be calculated and is denoted
as dreal

mean.
According to the geometry of the Vickers pyramid
a relation between indentation depth (h) and d is
derived (Equation (7)):

[m] (7)

Using dreal
mean and Equation (7) the mean h value for

all loads applied (hreal
mean) for each sample is calcu-

lated.

1.2.7. Work required for formation of the very
small microscopic impression (A)

‘A’ is calculated by Equation (8):

[N]·[m] = [J] (8)

1.2.8. Area of real impression (Sreal)

Sreal is calculated from the experimentally obtained
dreal

mean-values using Equation (9):

[m2] (9)

1.2.9. Relation between σσMHV, CRP (a) and
dreal

mean

Having in mind the steps already mentioned, σMHV

can be defined as the work, performed on a single
unit area of real impression (Sreal) as given by
Equation (10):

(10)

Summarizing Equations (4)–(9) a simple expres-
sion for σMHV can be derived, as given by Equa-
tion (11):

(11)

Equation (11) represents a simple σMHV – depend-
ence on dreal

mean and CRP (a).

1.3. Advantages and limitations of the new
approach to the evaluation of σσMHV

Another approach to calculation of surface free
energy using microhardness data is described by
Balta Calleja et al. [1, 5]. It is based on Equa-
tion (12):

(12)

where σ is the surface free energy; Δh – the energy
required for plastic deformation of the crystals;
lc – the average crystal thickness; Hc

0 – the micro-
hardness of an infinitely thick crystal (maximum
possible value of energy dissipated through plastic
deformation); Hc – the intrinsic microhardness of
the crystalline phase.
Comparing Equations (11) and (12) we should to
point out that:
– Equation (11) is a very simple expression of

σMHV dependence on the microhardness data.
σMHV depends on two parameters (CRP (a) and
dreal

mean) derived from a direct microhardness
measurement. The surface free energy was cal-
culated direct from the mean diagonal length of
the impression (d) using simple mathematical
transformations.

– Despite of microhardness measurement, Equa-
tion (12) requires data from other methods:
· The average crystal thickness (lc) has to be

determined by SAXS.
· Degree of crystallinity (determined by WAXS

or DSC) is needed for calculating Hc.
– Expression (12) is applicable to semi-crystalline

polymers like polyethylene samples of different
structure [5, 6] and polymer blends [7]. We
describe for the first time in this paper the appli-
cation of Equation (11) to γ-irradiated PE-
UHMW.
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2. Experimental

2.1. Materials

PE-UHMW samples, prepared according to Bul-
garian patent, Reg No30049 [8] (modified four
component Ziegler-Natta catalytic system has been
used), were supplied by Neftochim – Burgas. Mol-
ecular weight was determined by Vapor pressure
osmometry (Mn = 1.28·105) and by light scattering
(Mw = 1.2·106).
Test samples (4 mm thick) were prepared by press-
ing at 10–200 kN and subsequent sintering at
160–200°C.

2.2. Methods

2.2.1. γγ-irradiation

The γ-irradiation was carried out by a γ-60Co source
at room temperature in air at a dose rate of
10 kGy/h. The samples were irradiated with 11 dif-
ferent doses: 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000
and 1500 kGy. The doses were selected in such a
way that their logarithmic values should increase
linearly. In order to observe this dependence clearly
and for convenience, the dose of the un-irradiated
sample was selected to be 0.1 kGy. In this way the
graphical presentation of the data can be easier
understood and the dose dependences of the param-
eters calculated easier anticipated.

2.2.2. Vickers microhardness (MHV)

Microhardness was determined by the Vickers
method. The experiment was carried out on a stan-
dard MHV tester mhp-160 for light microscope
NU-2 (Germany). The loads applied were 0.0123,
0.0245, 0.049, 0.098, 0.196, 0.392, 0.785 N. Simi-
larly to the dose range, the loads were selected in
such a way that their logarithmic values should
increase linearly. This choice is based on the fact
that MHV is a linearly logarithmic dependent quan-
tity ([1], p. 56), eq. (3.2). In all experiments loading
time was 30 s.

3. Results and discussion

3.1. Meyer’s lines

The Meyer’s lines obtained are given on Figure 1.
The dependence follows the Meyer’s power law
(Equation (2a)), which proves the reliability of the

obtained MHV data. According to the values of the
correlation coefficient (R) and standard deviation
(SD), a good correlation between the load applied
(P) and the indentation diagonal length (d) may be
inferred from the experimental data (Table 1).

3.2. Slope data (n values)

As already mentioned the general requirement is
n = 2. The n-values (Table 2, Figure 2) of Meyer’s
lines for the PE-UHMW samples studied vary in
the range 2.05–2.1. The mean slope-value (nmean) is
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Figure 1. Meyer’s lines for γ-irradiated PE-UHMW



2.07. ‘nmean’ is very close to the slope-value,
required for applying Equation (11).

3.3. Surface free energy (σσMHV) data and their
reliability

All results are summarized in Table 2. Experimen-
tal values for surface free energy (Figure 4, σMHV =
0.057–0.173 J/m2) show good agreement with liter-
ature data [5, 9, 10]. Balta Calleja et al. [5] reported
σ = 0.079–0.091 J/m2 for a series of PE samples of
different molecular weights. Non-isothermal kinet-
ics investigations [9] show similar results: σm,c =
0.040–0.085 J/m2. According to Wunderlich [10]
σ = 0.06 J/m2.

3.4. Radiation effects

For all samples investigated loga (Figure 3), CRP
(Figure 4) and σMHV (Figure 5) exhibit well defined
dose (D) dependence. It corresponds to the radia-
tion effects theory for PE-UHMW [9] and ultra
high molecular weight polyethylene oxide
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Figure 2. Dependence of the Meyer’s lines slope value (n)
on the dose (D); the symbol for dose is D,
[kGy], in contrast to the mean diagonal length d,
[μm]. Do not confuse the two parameters,
please.

Table 1. Correlation coefficient (R) and standard deviation
(SD) of the Meyer’s lines

Dose [kGy] R SD
0.1 0.9993 0.03
1 0.9993 0.03
2 0.9992 0.03
5 0.9995 0.02

10 0.9992 0.03
20 0.9996 0.02
50 0.9989 0.03

100 0.9994 0.02
200 0.9983 0.04
500 0.9995 0.02

1000 0.9991 0.03
1500 0.9998 0.01

Table 2. Microhardness data for PE-UHMW samples γ-irradiated with different doses

D [kGy] n loga [N/m2] a·10–5 [N/m2] dreal
mean·10–5 [m] σσMHV [J/m2]

0.1 2.06 –4.73 1.86 7.96 0.062
1 2.07 –4.76 1.74 8.02 0.057
2 2.08 –4.75 1.78 7.82 0.060
5 2.07 –4.73 1.86 7.83 0.063

10 2.05 –4.68 2.09 7.64 0.072
20 2.06 –4.66 2.19 7.33 0.079
50 2.06 –4.61 2.45 6.99 0.093

100 2.10 –4.73 1.86 7.21 0.068
200 2.10 –4.67 2.14 6.82 0.083
500 2.10 –4.61 2.45 6.15 0.110

1000 2.08 –4.49 3.24 5.82 0.150
1500 2.05 –4.42 3.80 5.81 0.170

Figure 3. Dependence of the Meyer’s lines cut values
(loga) on the dose (D)



(UHMWPEO) [11, 12]. Critical dose is observed at
100 kGy – the borderline between two radiation
effects: radiation annealing and radiation melting.
The surface free energy (σMHV) shows a good linear
dependence on the dose for each (of the) radiation
effect. The first σMHV value (for the un-irradiated
sample, D = 0.1 kGy, Figure 5) is used as a referent
value. Two dose ranges were investigated and two
radiation effects were observed:
– D = 1–50 kGy (D < 100 kGy): the effect of radi-

ation annealing;
– D = 100–1500 kGy (D ≥ 100 kGy): the effect of

radiation melting.
The radiation effects result in changes in polymer
structure. These changes proceed in the inter-crys-
talline (amorphous) lamellar spaces (Figure 6).
Radiation annealing and radiation melting are simi-
lar to the temperature annealing and temperature
melting but the variable is the dose, not the temper-
ature.

In the case of PE-UHMW the γ-irradiation causes
simultaneous chain scission and recombination in
the lamellar crystal parts. According to chain mech-
anism, chain scission and chain cross-linking pro-
ceed simultaneously in the amorphous lamellar part
as well.
For these two processes, it is supposed that the
macromolecules absorb energy, hence radiation
defects/excitons occur.
In the range of radiation annealing (D < 100 kGy),
excitons move along the macromolecular segments
in the lamellar crystal part and are pushed out to the
lamellar surface. This results in decrease of crystal
defects and in increase of total crystallinity. The
effect observed is denoted as radiation annealing,
similar to temperature annealing. Low numbers of
radiation defects/excitons are caused by irradiation
doses in the range D = 1–100 kGy. They decrease
the inter-lamellar stress due to chain-scission of the
entangled and stressed tie molecules of PE-
UHMW. Hence at very low doses (Figure 5, points
at D = 1 kGy and D = 2 kGy) the lamellar surface
free energy (σMHV) is lower compared to that of the
un-irradiated sample (D = 0.1 kGy). At doses, close
to the critical value (D = 100 kGy), the number of
the excitons/radiation defects on the lamellar sur-
face slightly increases. The defects cause mainly
cross-linking. It slightly progresses to the surface
and becomes more stressed, causing slow increase
in the surface free energy (σMHV) with the increas-
ing doses (Figure 5, orange line).
In the range of radiation melting (D ≥ 100 kGy)
much more excitons are formed. The number of
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Figure 4. Dose dependence of CRP (a) values

Figure 5. Dose dependence of σMHV values

Figure 6. Lamellar structure of the polymer caused by
γ-irradiation (B and C) compared to that of the
un-irradiated sample (A): B – irradiated sample
during radiation annealing; C – irradiated sam-
ple during radiation melting. Y1, Y2, Y3 – lamel-
lar crystal part: Y1 = Y2 > Y3; X1, X2, X3 –
lamellar amorphous part: X1 > X2 < X3



high energy excitons increases, so that the chain
scission and cross-linking proceed only at the crys-
tal-amorphous boundary. In this dose range the
amorphous part thickness increases at the expense
of the crystal one. The process is similar to the sur-
face melting and therefore is denoted as radiation
melting [11]. The increase of the dose (starting at
D = 100 kGy) results in increase of the lamellar
surface and the defects expand very quickly. Sur-
face free energy (σMHV) increases rapidly (Figure 5,
red line).

4. Conclusions

Using direct Vickers microhardness data (d) a new
approach to calculating of surface free energy has
been developed. After simple mathematical trans-
formations, the parameters CRP (a) and dreal

mean were
calculated and an equation for σMHV was deduced.
This equation is applicable only at the general
requirement (n = 2) – i.e Meyer’s lines slope data
(n) has to fulfill this requirement. The surface free
energy (σMHV) data, obtained by applying our new
approach to estimation of surface free energy based
on Vickers microhardness data, show very good
agreement with the literature [5, 9, 10]. It has been
shown, that our new approach has rendered reliable
results for the PE-UHMW samples studied. The
σMHV values obtained are dose dependent and cor-
respond to the radiation effects theory.
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1. Introduction
In their first decades fiber reinforced composites
mainly played the role of high performance materi-
als for the high-tech industries as aerospace, mili-
tary and racing industries. Nowadays the need for
more fuel efficient vehicles in both aviation and
vehicular traffic has induced the coming of a sec-
ond golden age for composite materials. In most of
their applications the composite parts are subjected
to vibration which could lead to delamination and
thereby the failure of the part, so it is crucial to
improve the delamination resistance of polymer
matrix composite materials.
Multiple reports showed the positive effect of car-
bon nanotube filling on the crack propagation
resistance of polymer resins [1, 2]. Gojny et al. [3]
have tested a standard epoxy resin mainly used for
resin infusion filled with functionalized and

unfunctionalized nanotubes. According to their
tests a 43% increase in the fracture toughness of the
resin could be observed at a 0,5% loading of amine
functionalized DWCNTs (double walled carbon
nanotubes). Ganguli et al. [4] examined the effect
of MWCNT filling on the fracture toughness of a
tetrafunctional epoxy resin through single edge
notch three-point bending tests. They have meas-
ured a three-fold increase in the stress intensity fac-
tor at 1 weight% MWCNT loading. Delamination
occurs in the resin filled interlayer between the
reinforcement material layers in composite struc-
tures, so any toughening of the matrix material can
improve delamination resistance. Although some
promising theoretical results [5] and improvements
in other interlaminar properties like interlaminar
shear strength [6, 7] have been reported, few publi-
cations provide direct data on the interlaminar crack
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propagation in CNT (carbon nanaotube) and fiber
reinforced hybrid composites. Wichmann et al. [8]
have reported a decrease in the Mode I interlaminar
fracture toughness of DWCNT and glass fiber rein-
forced epoxy matrix composites, and pointed some
difficulties during the tests caused by the obstructed
tracking of the crack tip in the opaque resin using
the conventional visual crack tracking during DCB
testing. In our previous studies we have reported
some indirect delamination resistance improvement
in a nanotube/fiber reinforced system [9]. The aim
of this research is to directly characterize the effect
of carbon nanotube filling on the interlaminar
mechanical properties of fiber reinforced compos-
ites through standard DCB tests.

2. Experimental

2.1. Materials

FM-20 epoxy laminating resin was used (P+M
Polimerkémia Kft., Hungary) with T-16 curing
agent (P+M Polimerkémia Kft., Hungary) as
matrix. The recommended mixing weight ratio was
100:20, the resin had a curing treatment of 4 h at
60°C.
Baytubes® BT150 HP (Bayer, Germany) multi-
walled carbon nanotubes (MWCNTs) were used as
filler in one portion of the matrix (Figure 1). The
nanotubes have been produced in a CVD based cat-
alytic process resulting in an average outer diame-
ter between 13–16 nm, length above 1 μm and
carbon purity above 99% according to the manu-
facturer. The carbon nanotubes have been mixed to
the epoxy component of the resin using a three roll
mill, four pass-throughs have been carried out to

achieve uniform dispersion and appropriate particle
size (<10 μm).
Zoltek PX35FBUD0300 unidirectional carbon fab-
ric (Zoltek Ltd., Hungary) has been used as fiber
reinforcement in the composites. The fabric con-
sisted of 50k rovings, and had a surface weight of
300 g/m2.

2.2. Composite preparation

To characterize the effect of the nanotube filling of
the matrix on the properties of carbon fiber rein-
forced composites one carbon fiber/epoxy laminate
and four carbon nanotube/carbon fiber/epoxy lami-
nates with 0.1, 0.3, 0.5, and 1 weight% nanotube
filling have been produced under the same circum-
stances.
The laminates have been produced by hand lamina-
tion of 10 plies of carbon fabric impregnated with
the resin, the fiber orientation of all laminae has
been 0°. A 50 µm thick PET film has been used as a
delamination initiator insert in the center plane
(between the 5th and 6th lamina) of the laminates.
Both sides of the film have been coated with mould
release agent to minimize adhesion between the
film and the matrix of the composite. To avoid
trapped in air bubbles, the laminate has been rolled
after every two plies.
To achieve uniform thickness and fiber content the
laminate has been pressed for 12 hours under
30 kN at room temperature. The uniform thickness
of all of the laminates has been achieved by using a
4 mm thick steel plate placed as a spreader next to
the laminates in the press. The fiber contents were
49.2±1.1, 51.9±2.8, 51.7±3.2, 51.9±2.7, and
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Figure 1. SEM micrographs of the MWCNT aggregates (a) and MWCNTs (b) used (raw materials)



53.4±1.9 volume% in the unfilled and 0.1, 0.3, 0.5
and 1 weight% MWCNT filled composite respec-
tively.

2.3. Specimen preparation

8 specimens have been cut out of each laminate
parallel to the fiber orientation according to ASTM
D 5528 – 01 with a length of 210 mm, width of
25 mm, thickness of 4 mm, and an insert length of
65 mm. The edges of each specimen have been
coated just ahead of the insert with a thin layer of
water-based typewriter correction fluid to aid the
visual detection of delamination propagation. A
100 mm length of the specimens has been marked
with thin vertical lines every 2 mm from the insert
to help the recording of the crack front position.
Steel load hinges have been mounted on the top and
the bottom of each specimen using Sikadur 330
(Sika, Germany) adhesive, special care has been
taken to the correct positioning of the load blocks.
The specimen and test setup can be seen in Fig-
ure 2.

2.4. Characterization

Mode I interlaminar fracture toughness tests have
been carried out on the test specimens according to
ASTM D 5528 – 01 at a test speed of 5 mm/min
using a Zwick 005 universal, computer controlled
testing machine.
To pinpoint the position of the crack propagation
more accurately than in case of visual detection the
acoustic emission (AE) technique [10, 11] has been
used (during visual detection, the crack propagation
can only be observed after the curved crack front
has reached the edge of the specimen, while AE
signals can be detected immediately after the crack

front starts to form). Sensophone AED-40 device
with Physical Acoustics Corporation Micro30S
sensors in the frequency range from 100 to 600 kHz
have been used. Logarithmic amplifying has been
applied. The threshold has been set to 30 dB to fil-
ter out ambient noises, and the reference voltage of
the test device has been 3 mV. Two AE sensors
have been fixed on the surface of the specimens at
given positions, 120 mm-s from each other. After
the measurement of the speed of AE signal propa-
gation in the specimens (9000 m/s), the exact loca-
tion of the AE event source, and so the crack front
could be calculated from the detection time differ-
ence of the two sensors (Figure 3).

3. Results and discussion

The main results of the DCB tests are the force –
load point displacement and the crack front posi-
tion – time curves. From these curves and the spec-
imen geometry data the crack front position –
interlaminar fracture toughness curves can be cal-
culated and composed. The calculation of the strain
energy release rate has been carried out using the
modified beam theory. For the evaluation of the
critical interlaminar fracture toughness, the 5% off-
set/maximum load method of the standard has been
chosen. This method is the most effective to
exclude the subjectivity of visual crack front trac-
ing, but it has no direct connection with the failure
processes in the specimens.
The critical interlaminar toughness values provided
by this method can be observed in Figure 4. From
the results it can be said that the GIc values increase
with nanotube content to 0.3 weight% filling, after
that a decrease can be observed. At 0.3 weight%
nanotube content a 13% increase could be meas-
ured in the average toughness values compared to
the unfilled matrix specimens.
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Figure 2. The DCB test setup

Figure 3. The principles of the localization of an AE
source



The aim of using the AE technique was to introduce
a crack propagation start criteria fully free of sub-
jectivity, and in direct connection with the actual
start of crack propagation.
The crack position values of AE events localized
during the testing of a 0.1 weight% nanotube filled
specimen can be seen in Figure 5.
From the graph it can be clearly seen that a dense
region is present, containing a most of the detected
AE signals, but the full spectrum is covered with
traces. It can be explained firstly by the vast amount
of AE events, leading to some localization prob-
lems (the device could not match all detection time
differences with the right signal), secondly by the
reflection of the AE signals in the specimens, which
can make localization more difficult. In case of a
high amplitude AE signal there is a high probability
that it is a primary signal (signal detected for the
first time, directly after emitted by the source), not a

reflection. Therefore to filter improperly localized
signals an amplitude threshold has been set.
After plotting the amplitudes of all localized
events, this threshold has been set at 60 dB. Above
this level higher amplitude signals could be still
continually detected.
The events remaining after the filtering are plotted
in Figure 6. It can be observed, that the region of
the events representing the propagation of the crack
front could be successfully narrowed down, also a
clear trend can be observed according to the propa-
gation of the crack front.
The results could be refined further by calculating
the average of the crack positions in 15 s long inter-
vals (1.25 mm of load point displacement). In Fig-
ure 7 the so calculated crack tip positions and the
visually recorded positions can be compared. The
crack tip positions are close to each other, so the
AE localization could be verified by the visually
recorded data.
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Figure 5. The localized AE events of a hybrid composite
specimen with 0.1 weight% MWCNT content

Figure 7. Comparison of crack tracing methods by a
hybrid composite specimen with 0.1 weight%
MWCNT

Figure 6. The localized AE events of a hybrid composite
specimen with 0.1 weight% MWCNT content
after filtering

Figure 4. Interlaminar fracture toughness values of the
composites and hybrid composites obtained by
the 5% deviation method



In Figure 8 the cumulative AE event number versus
load point displacement plot can be seen. It can be
observed, that initially no signal is detected, then
after a short transient section the acoustic activity
and the slope of the curve increase significantly. It
is evident that the crack propagation starts in the
transient section. The crack propagation start has
been defined as follows. The points corresponding
to the 5 and 20% of total event number have been
determined, and after that a line has been fitted
between these two points using linear regression.
The intersection of the regression line and the x axis
has been defined as the opening displacement
where the crack propagation started. The GIc values
calculated using these data are plotted in Figure 9.
Compared to the method described in the standard
the tendency of the GIc values in function of carbon
nanotube content is the same, but in the values
there is a significant difference. The difference can
be explained by the more accurate crack tracing

method, the crack propagation start could be pin-
pointed more precisely using the AE technique.
The slope of the line, fitted between the EN5% and
EN20% points of the cumulative AE event number
curve (ENS in Figure 8.), which corresponds to the
acoustic activity during the stage of crack propaga-
tion (Figure 10), and also the event number local-
ized till 50 mm crack propagation have been
calculated (Figure 11).
The tendencies of both the acoustic activity and the
event number versus carbon nanotube content are
similar to the tendency of GIc. The event number
values and the initial increase in acoustic activity
suggest that the crack propagation can be com-
posed of multiple smaller cracks. In case of brittle
materials, like the epoxy used, unstable crack prop-
agation can be observed, because the energy
released during crack propagation is higher, than
the energy needed for the creation of free surfaces.
The crack front advances through unstably jumping
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Figure 8. The definition of crack propagation start for the
AE technique

Figure 10. Acoustic activity as a function of nanotube
content

Figure 9. Interlaminar fracture toughness values of the
composites and hybrid composites obtained by
the AE method

Figure 11. AE events localized till 50 mm crack propaga-
tion



and stopping microcracks, as with the advancement
of the crack, the stress in the crack front is decreas-
ing, and the crack propagation is caused by further
opening displacement. The adhesion between the
matrix and the nanotubes is fairly weak, so the nan-
otubes function as nanosized continuity flaws in the
matrix in this case. When the microcracks jump
forward, they propagate unstably, and when they
reach a continuity flaw provided by a nanotube,
they are pinned, so compared to the unfilled matrix
composite, in hybrid composites, the formation of a
higher amount, but smaller sized microcracks can
be suggested. This causes the increase in acoustic
event number and activity. According to the event
numbers, above 0.5% nanotube filling another fail-
ure mechanism dominates. In that case nanotubes
are present in such high amounts, that they tend to
contact and form larger impurities, which have still
the chance of pinning the microcracks, but they
reduce the effective length of matrix material,
which the crack has to propagate through which
leads to less AE events, and lower resistance
against crack propagation.
It is worthwhile to compare not only the GIc values,
representing only one point of crack propagation,
but also the full strain energy rate – crack length
increase curves to get a deeper understanding of the
full failure process, especially after GIc. The R-
curves obtained from the averaging of the curves of
each specimen of same nanotube contents can be
observed in Figures 12 and 13. It can be clearly
seen that the hybrid systems containing 0.1 and
0.3 weight% carbon nanotubes significantly out-
perform the unfilled matrix composite, while the
0.5 and 1 weight% nanotube filled ones remain
around the level of the unfilled specimens.

4. Conclusions

In this work the effect of MWCNT reinforcement
on the interlaminar mechanical properties of con-
ventional carbon fiber/epoxy composites has been
studied. The dispersion of the carbon nanotubes in
the epoxy resin has been carried out using easily
upscalable technique, three roll milling. Hybrid
composite laminates containing 0, 0.1, 0.3, 0.5 and
1 weight% MWCNT filled matrices have been pre-
pared by hand lamination followed by pressing
using the nanotube filled resin and unidirectional
carbon fabric. The mechanical characterization has
been carried out using standard DCB tests assisted
by acoustic emission. During the testing the nega-
tive effect of the completely opaque nanotube filled
resin on the visual crack propagation tracing has
been disabled using a novel evaluation technique
utilizing AE crack tracing. According to the tests
carbon nanotube filling of the matrix of the com-
posites has a beneficial effect on their interlaminar
properties: the interlaminar fracture toughness val-
ues of the composites have increased by a maxi-
mum of 13 and 33% at a 0.3 weight% carbon
nanotube content of the matrix according to the
conventional and AE based evaluation method
respectively. According to our results it can be
declared, that carbon nanotube filling of the matrix
of conventional fiber reinforced composites can
increase their performance, reliability when sub-
jected to the danger of delamination.
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Figure 13. Average R-curves for composites containing
0, 0.5 and 1 weight% MWCNTs

Figure 12. Average R-curves for composites containing
0, 0.1 and 0.3 weight% MWCNTs
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1. Introduction
The polymer-carbon black filler reinforcement
depends widely on the polymer type, carbon black
type and structure. Another factor affecting this
reinforcement is the filler-filler interaction which
leads to the formation of three dimensional aggre-
gation structures within the bulk of the rubber
matrix. These aggregations take various shapes
which may be spherical or ellipsoidal with different
major and minor axes [1]. Several aggregates con-
nect through Van der Waals forces to give weak,
giant assembled called agglomerates [2–4]. Several
authors investigated and discussed the structure of
these aggregates by using several techniques such
as relating the modulus of unfilled rubber to that of
filled rubber [5, 6], scanning electron microscope
[7, 8] and Transmission electron microscopy TEM
[9].

In this paper we will discuss the shape factor of the
filler aggregates in the rubber matrix starting by the
enhancement of elastomer modulus based on the
rubber-filler interaction. These modulus studies
started by Rehner [10] who adopted the well-
known Einstein equation (Equation (1)):

(1)

where η and η0 are the viscosities of liquid having
suspended particles and that of the liquid respec-
tively and C is the volume fraction of the particles
suspended in the liquid. Smallwood, who suggested
a rubber-filler interaction [11], replaced the viscos-
ity terms in Equation (1) by Youngs modulus terms
to be Equation (2):

(2))5.21(0 CEE f +=

)5.21(0 C+η=η
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where Ef and E0 in Equation (2) are the moduli of
filled and unfilled vulcaniztes respectively and C is
the volume fraction of the filler in the mix. Equa-
tion (2) can be hold only for low concentration of
filler. Guth [12] gives a modified equation (Equa-
tion (3)):

(3)

where the last term of Equation (3) is due to the
interaction between carbon particulates and the
polymer. However, these last two equations have
been shown to hold for large particle size of carbon
black where the rubber-filler interaction is compar-
atively small. For non spherical particles Guth [13]
introduce shape factor fs, which is the ratio of
asymmetric particles length to their diameter, and
proposed the Equation (4):

(4)

For higher volume fraction of filler, several equa-
tions have been given [14, 15]. Recently Oberdisse
et al. [16, 17] studied the reinforcement effect of
soft polymer which is nanolatex polymer poly-
methyl methacrylate and polybutylacrylate by
nanosilica. They study the structure of the silica in
the composite matrix by small angle neutron scat-
terings (SANS) and stress-strain measurements. In
order to analyses their stress-strain data they use
other expression for modulus. This expression was
given by Oberdisse as shown in Equation (5):

(5)

where (Equation (6)):

(6)

where Csi is in Equation (6) the volume fraction of
silica, maxCagg is the volume fraction aggregation at
higher volume concentration 60% and υ is the
aggregate compactly factor. The experimental
determination of υ is not an easy task and that there
are a lot of arguments about maxCagg because of col-
lisions between aggregates and the dispersion of
aggregation. Similar trials for the filler aggregation
and structure were indicated by Medalia [18-19].

His technique depends on the analysis of electron
micrographs. The filler aggregate shape was sub-
jected to computer integrations. The maximum and
minimum moments of inertia were determined.
These were the two axes of an ellipse. The ratio
between these axes is the anisometry Q. The ratio
between silhouette area over the ellipse area is the
bulkiness, B, from which the structure factor
T = QB–1. Figure 1 shows an illustration for the
different anisometry (Q) of filler aggregates.
The trouble with calculating the structure factor is
that many aggregates or particles have to be
reviewed before average value for anisometry and
bulkiness can be reached and hence the measure-
ment is very consuming. Later, transmission elec-
tron microscopy combined with computerized
tomography was used by Kohjiya et al. [9] and oth-
ers to display the skeleton characteristics of
nanofiller carbon black network in natural rubber.
Their study was based on the fact that filler-filler
interaction is higher than filler to rubber and that
further association of filler aggregates, i.e. agglom-
eration leads to another form of filler network [20].
Figure 2 shows the aggregation and agglomeration
of carbon black in the rubber.
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Figure 1. Aggregation structure of carbon black [18, 19]

Figure 2. The aggregation and agglomeration of carbon
black in rubber [9]



The techniques mentioned before to display the
filler aggregation, agglomeration and the method
used to quantify the filler network showed contro-
versial results.
We used the simple stress-strain data to reach cer-
tain reliable data explaining the shape-factor of car-
bon black in a certain polymer matrix. We verify
our results by X-ray diffraction technique (XRD).

2. Experimental

2.1. Materials

The polymer used in this study is Ethylene-propy-
lene diene rubber (EPDM), Buna EPT 9650, Bayer.
The Ethylene content is 53±4, ENB content
6.5±1.1 and the viscosity ML (1+8) at 150°C is
60±6. Dicumyl peroxide (DCP), UN Korean of
density 1.56 was used as cross-linking agent. High
abrasion carbon black HAF-LS (N-326), Thermal
black MT (N-990), Semi-reinforcing SRF (N-774)
and Lampblack were used as fillers with different
concentrations in the rubber mixes. The main struc-
tural parameters of carbon blacks are listed in
Table 1. The mix formulations are given in Table 2.

2.2. Mixing and sample preparation
Mixing was carried out on two-roll laboratory open
mixing mill (152.4×330.2 mm) at a friction ratio
1:1.4. The mixing was carried out according to
ASTM D3182.89. The optimum cure time of each
compounded rubber mix was detected using a
Monsanto Rheometer (Alpha Technologies MDR
2000) working at 162°C. An average cure time for
all mixes was selected and used for all samples to
ensure fair results. Samples for testing were com-
pression molded in a laboratory hydraulic press
(Mackey Bowley, C1136199) at 162°C. The rheo-
metric properties of each mix are given in Table 3.

2.3. Stress-strain measurements

Dumbbell shape samples prepared according to
ASTM D 412-98a were used for relaxed stress-
strain measurements. Zwick tensile testing machine
Z010/TH2A was run at speed 10 mm/min and the
stress-strain curves of various mixes was recorded
up to 16% strain.
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Table 1. Formulation of the EPDM mixes containing various types of carbon blacks

Table 2. The main specifications of the carbon blacks used [1]

1According to the ASTM D1765-86
2According to the ASTM D2414

Formulation of the EPDM mixes containing HAF and SRF carbon blacks
Mixes no.

Ingredients [phr]
B H1 H2 H3 H4 H5 S1 S2 S3 S4 S5

EPDM 0 100 100 100 100 100 100 100 100 100 100
Stearic Acid 2 2 2 2 2 2 2 2 2 2 2
Zinc oxide 5 5 5 5 5 5 5 5 5 5 5
Dicumyl peroxide 3 3 3 3 3 3 3 3 3 3 3
HAF – 20 30 40 50 60 – – – – –
SRF – – – – – – 20 30 40 50 60

Formulation of the EPDM mixes containing MT and Lampblack carbon blacks
Mixes no.

Ingredients [phr] 
B M1 M2 M3 M4 M5 L1 L2 L3 L4 L5

EPDM 0 100 100 100 100 100 100 100 100 100 100
Stearic Acid 2 2 2 2 2 2 2 2 2 2 2
Zinc oxide 5 5 5 5 5 5 5 5 5 5 5
Dicumyl peroxide 3 3 3 3 3 3 3 3 3 3 3
MT – 20 30 40 50 60 – – – – –
Lampblack – – – – – – 20 30 40 50 60

Carbon black
Average (elementary) particle size1

[nm]
pH value

Structure2

[cm3 DBP/100 g filler]
HAF (N-326) 26–30 9.2 67
SRF (N-774) 061–100 9.9 70
MT (N-990) 201–500 7.4 33



2.4. X-ray diffraction (XRD)
Philips Analytical X-ray diffraction, type PW1840
of Cu radiation was used. It operates at 40 kV and
30 mA with a wavelength (λ) 1.54056 Å. The dif-
fractograms were recorded continuously in the
range 2θ = 4–70°.

3. Results and discussion:

3.1. Determination of shape factor from
stress-strain measurements

The modulus at 16% strain values of the unfilled
EPDM rubber vulcanizates (E0) and those of filled
(Ef), at the various carbon black concentrations 20,
30, 40, 50 and 60 phr was measured and the ratio
Ef/E0 were calculated. Also the carbon black vol-
ume fraction (C) was calculated for each concentra-
tion (carbon black volume/rubber filled volume).
Quadratic curves of carbon black shape-factor were
plotted using Equation (4) by implementing several
values of fs (2.5, 3, 3.5, 4 and 4.5). By plotting
curves using the values of the ratio Ef/E0 versus C
for each carbon black type, the shape-factor of each
carbon black can be adduced by selecting the quad-
ratic shape-factor curve to which the points are fit-
ted. Figure 3 shows these quadratic curves and that
of EPDM filled rubber with MT, HAF, SRF and
LB. It was found that the shape factor of Lamp-
black, SRF, HAF and MT are 4.25, 4, and 3.75, 3
respectively. These recorded results show that the

shape factor is independent of the particle size of
the carbon black that is given in Table 1.

3.2. Shape factor and pH value and structure
of carbon black

Table 2 includes two important parameters which
are the structure and pH value of these blacks. It is
to be noted here that, the Lampblack pH value is
not mentioned in this table because of the wide
range and classifications of these blacks. However,
plotting the relation between the shape factor and
pH values of the used carbon black, the pH value of
the used LB black was estimated to be nearly 10.3.
This can be shown in Figure 4. It is clear from Fig-
ure 4 that the shape factor increases as the pH val-
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Figure 3. Shape factor of different carbon blacks aggre-
gates

Table 3. Rheological and mechanical properties of filled and unfilled EPDM rubber vulcanizates

Rheological and mechanical properties of EPDM rubber vulcanizates containing HAF and SRF carbon blacks

Mixes
Curing characteristics

B H1 H2 H3 H4 H5 S1 S2 S3 S4 S5

Minimum Torque [N·mm] 0.01 0.02 0.02 0.2 0.03 0.03 0.02 0.02 0.02 0.02 0.03
Maximum Torque [N·mm] 0.15 0.19 0.21 0.25 0.29 0.32 0.20 0.22 0.25 0.30 0.31
Cure time, tC90 [min] 13.0 13.3 13.5 13.50 13.4 11.9 11.3 11.20 11.10 11.30 11.3
Scorch time tS2 [min] 0.90 0.94 0.89 0.82 0.77 0.70 0.84 0.81 0.76 0.68 0.68
Tensile Strength [MPa] 1.41 3.97 6.36 7.55 9.42 14.4 5.22 9.06 14.1 16.8 19.9
Elongation at break [%] 140 241 427 346 326 364 358 429 451 403 392

Rheological and mechanical properties of EPDM rubber vulcanizates containing MT and Lampblack carbon blacks
Mixes

Curing characteristics
B M1 M2 M3 M4 M5 L1 L2 L3 L4 L5

Minimum Torque [N·mm] 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03
Maximum Torque [N·mm] 0.15 0.20 0.30 0.24 0.26 0.28 0.22 0.26 0.27 0.33 0.35
Cure time, tC90 [min] 13.0 11.4 11.3 11.2 11.2 11.3 11.4 11.3 11.3 11.1 11.2
Scorch time tS2 [min] 0.90 0.81 0.76 0.70 0.68 0.66 0.73 0.67 0.67 0.58 0.55
Tensile Strength [MPa] 1.41 3.52 3.45 5.9 7.32 9.1 4.5 8.0 10.7 15.9 15.5
Elongation at break [%] 140 313 261 353 338 378 314 347 352 389 336



ues of carbon black increases. This is referred to the
presence of chemisorbed oxygen complexes on car-
bon black surfaces. The major functional oxy-
genated groups are carboxylic, quinoic phenolic or
lactonic groups. Oxygenated functional groups are
acidic and control the pH value of carbon black [21,
22]. The pH values of carbon black affect their dis-
persion in the polymer matrix [23].
Plotting a relation between carbon black structure
and the aggregates shape factor of carbon blacks
reveals an interesting relation as shown in Figure 5.
This relation was expected as the carbon black
structure is a sort of volume concentration of car-
bon in one cm3 of filler. Carbon black structure is
determined by Dibutyl Phthalate (DBP) absorption
(ASTM D2414) which measures the amount of oil
that can be absorbed by the filler particles. A high
value of DBP absorption indicates a high-structure
black [22, 24, 25]. A high structure black has a

strong attractive force between its aggregate and
tends to produce larger aggregates in contact sepa-
rated by small distances [26–28]. It was reported
[26] that the aggregate anisometry is associated
with the DBP absorption capacity. Figure 5 shows
that the higher structure of carbon black are the
higher the shape factor of carbon black aggregates.

3.3. XRD

In order to investigate the degree of aggregation of
carbon black in the EPDM rubber vulcanizates;
attempts were made to quantify the crystalline
regions present in EPDM filled with various types
of carbon black using X-ray diffraction technique.
As shown from Figure 6 all samples showed the
same broad pattern at 2θ = 14–20° which represent
the amorphous EPDM polymer; this is followed by
a distinct crystalline region representing the carbon
black aggregation at 2θ = 20–28°. This is expected
since carbon black aggregates tend to concentrate
in amorphous regions [29]. The width of this car-
bon black crystalline pattern depends widely on the
type of carbon black in the mix. The half-band
width of the crystalline pattern that accompanied
the amorphous pattern of the rubber was measured
accurately (relative to fixed width of the amor-
phous rubber pattern). These values were plotted
versus carbon black shape factor, found before in
section 3.1. These can be shown in Figure 7. It is
clear that the aggregates shape factor increases with
the increase of the half-band width of X-ray pat-
terns which means that the crystallite size decreases
(inverse relation) [30, 31]. In other words as the
crystallites size decrease the shape factor increases.
These results can be correlated with that obtained
by Biscoe and Warren [32] who identified the
aggregate structure as intermediate between crys-
talline and amorphous materials. Energy of interac-
tion between polymer and carbon black depends on
nature and amount of crystallites. The most ener-
getic sites, which very effectively adsorb polymers,
are usually identified as crystallite edges. Small
crystallites are not energetically favorable structure
[33]. So as the crystallite size decreases the rubber
filler interaction decreases this happens in favor to
the filler-filler interaction rather than rubber-filler
interaction. This is supposed to lead to the forma-
tion of aggregates with higher shape factor.
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Figure 4. The relation between pH values of carbon blacks
and the shape factor of carbon black aggregates

Figure 5. The relation between DBP values(Structure) of
carbon blacks and the shape factor of carbon
black aggregates



4. Conclusions

The modulus at low strain of filled and unfilled rub-
ber is a reliable method to detect the shape factor of

different carbon black aggregates in rubber. Also
the X-ray diffraction is good tool to estimate the
relative distribution of carbon black which can
express the degree of aggregation in the rubber
mixes. The shape factor of carbon black aggregates
in EPDM is independent on the carbon black parti-
cle size while it is directly proportional to the pH
value and structure of carbon black.
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1. Introduction
Aliphatic polyesters, such as Polyglycolide (PGA),
Polylactide (PLA), Poly (ε-caprolactone) (PCL)
and their copolymers have received great interest in
biomedical applications due to their good biocom-
patibility [1] and bioabsorbability. They degrade
mainly by hydrolysis of ester linkages, yield
hydroxyl carboxylic acids, which in most cases are
ultimately metabolized [2]. The functionalization
of oligomers such as ε-caprolactone, with unsatu-
rated groups and subsequent Ultraviolet (UV) cur-
ing [3, 4] or polymerization [5, 6] has been studied.
Especially, UV curing is interesting since it usually
provides fast, well-controlled and low energy con-
sumption process, capable of forming thin films or
predefined patterns, and can be carried out at low
temperatures [7]. Our research focuses on the
development of novel controlled drug release sys-

tem based on mono-functionalized polyesters/
copolyesters and successive cationic UV grafting to
yield fully or partially bioabsorbable therapeutic
multilayered surface coatings, with variable rate of
degradation. If this polyester/ copolyester is multi-
functionalized, consequent UV crosslinking can
yield fully bioabsorbable polymeric network,
which is suitable for biomedical applications such
as tissue engineering scaffolds, cell encapsulations
and short term drug delivery vehicles.
To prepare polymers with variable rates of degra-
dation, most studies have focused on copolymeriza-
tion [8–11]. Copolymerization allows blending of
two or more polymers, in order to achieve variable
degradation patterns. In-depth research of degrada-
tion behaviors of the copolymers in different com-
positions and prolonged synthesis procedure are
expected. It could be more convenient, if the vari-

159

*Corresponding author, e-mail: Liow0019@ntu.edu.sg
© BME-PT

Synthesis, characterization and photopolymerization of
vinyl functionalized poly (εε-caprolactone)

S. S. Liow*1, L. K. Widjaja1, V. T. Lipik1, M. J. M. Abadie1,2

1School of Materials Science & Engineering, MSE/NTU, Block N4.1, 50 Nanyang Avenue, Nanyang Technological
University, Singapore 639798, Singapore

2Laboratory of Polymer Science and Advanced Organic Materials, LEMP/MAO, Université Montpellier 2, S.T.L.,
Place Bataillon, 34095 Montpellier Cedex 05, France

Received 26 December 2008; accepted in revised form 9 February 2009

Abstract. Vinyl functionalized poly (ε-caprolactone) with molar mass ranging from 500–5000 Da were synthesized by ring
opening polymerization and further photopolymerized. One-step synthesis and functionalization is achieved based on ring
opening polymerization (ROP). Hydroxyl butyl vinyl ether (HBVE) was employed to play the role as the initiator of ROP,
and photo-curable functional group. The presence of CH2=CH peak in Fourier Transform Infrared (FTIR) spectra con-
firmed that vinyl end groups were successfully attached to poly (ε-caprolactone) (PCL) macromolecule. Kinetic parameters
of cationic photopolymerization of vinyl functionalized PCL were investigated. The activation energy was estimated at
11.33 kJ/mol, by assuming the cationic system followed second-order autocatalytic model.

Keywords: tailor-made polymers, poly (ε-caprolactone), cationic photopolymerization, functionalization; curing kinetics

eXPRESS Polymer Letters Vol.3, No.3 (2009) 159–167
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2009.21



able rate of degradation is obtained by formation of
multilayered polymeric coatings, by rapid and well-
controlled UV curing.
Photo-curable functional groups, such as methacry-
lates have been used most often as unsaturated
group attached on precursor oligomers [4–6]. Func-
tionalization with coumarin and phenylazide has
been reported as well [12, 13]. In these cases, free
radical photopolymerization was employed. When
cured radically, these photoreactive functions are
subjected to oxygen and impurities inhibition,
which could lead to incomplete conversion.
Immune inflammation reaction was reported to be
related to the leach out of monomers or unreacted
oligomers from polymeric implants. Another antic-
ipated risk of acrylates is a higher level of skin sen-
sitization as compared to most vinyl ethers [14]. In
addition, the synthesis of acrylates, coumarin and
phenylazide functionalized precursor oligomers
usually involved two-steps reaction: precursor
oligomers synthesis and subsequent functionaliza-
tion. Longer preparation time and tedious purifica-
tion are expected.
To overcome these problems, we are investigating
an alternative UV curing method – cationic pho-
topolymerization, where mono-functionalized oligo-
caprolactone was used as precursor oligomers. The
main advantage of cationic photopolymerization is
that it is not inhibited by oxygen and capable of
‘dark curing’. Synthesis and functionalization can
be achieved in one step, by using ROP. HBVE was
employed to play the role as the initiator of ROP,
and photo-curable functional group. Most vinyl
ethers are expected to have a lower level of skin
sensitization as compared to acrylates.
In this study, we report the feasibility to photopoly-
merize precursor oligomers. The kinetics of
cationic photopolymerization of HBVE functional-
ized PCL (vinyl-PCL) will be discussed.

2. Materials and methods

2.1. Materials

Epsilon-caprolactone monomer (99%) was pur-
chased from Fluka, Singapore and used without
further purification. The initiator 4-hydroxybutyl
vinyl ether (stabilized with 0.01% KOH) (HBVE)
was obtained from BASF, Canada. Tin (II) 2-ethyl-
hexanoate (SnOct2) was purchased from Sigma,
Singapore. Toluene was purified by distillation.

Chloroform, methanol and dimethyl sulfoxide
(DMSO) were of analytical grade and used as
received. The photoinitiator: bis [4(diphenylsulfo-
nio)-phenyl] sulfide-bis-hexafluoroantimonate 50%
solution in propylene carbonate supplied as
Cyracure® UVI 6976 by Union Carbide (USA) was
used without further purification.

2.2. ROP and functionalization of vinyl-PCL

To functionalize PCL of 2000 g/mol, 5 mmol of
HBVE as initiator, 0.5 mmol of SnOct2 as catalyst
and 25 ml of freshly distilled toluene were charged
into a 50 ml three neck flask. The flask was evacu-
ated by vacuum, and purged with nitrogen before
being placed into an oil bath, at 80°C. After
30 minutes, 10 g of ε-caprolactone monomer was
charged into the reaction flask. The reaction was
kept at 110°C for 24 h. The crude products were
dissolved in chloroform and precipitated in a four-
fold excess of methanol. The polymer was dried at
40°C under vacuum for 24 h.

2.3. Measurements

The molar weights (number average molar weight
Mn and weight average molar weight Mw) and poly-
dispersity index (PDI) were determined by Size
Exclusion Chromatograph (SEC) (Agilent GPC
1100 series), using monodisperse polystyrene stan-
dard for calibration. Measurements were made at
room temperature with chloroform as solvent
(1 ml: 1 mg). Matrix Assisted Laser Desorption/
Ionization-Time Of Flight (MALDI-TOF) mass
spectrometry was performed on Shimadzu Biotech
(Axima-ToF2) in linear mode. MALDI-TOF mass-
spectra were acquired by averaging at least 100
laser shots. 2,5-dihydroxyl benzoic acid was used
as matrix and tetrahydrofuran as solvent. Sodium
chloride was dissolved in methanol and used as the
ionizing agent. Samples were prepared by mixing
20 µl of polymer solution in tetrahydrofuran
(2 mg/ml) with 20 µl of matrix solution (10 mg/ml)
and 1 µl of a solution of ionizing agent (1 mg/ml).
Then 1 ml of these mixtures was deposited on a tar-
get plate and allowed to dry in air at room tempera-
ture. Calibration was made with polyethylene
glycol 10 kDalton. Nuclear magnetic resonances
based on proton (1H NMR) spectra were recorded
in CDCl3 on a Bruker 400 MHz Spectrometer.
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Glass and melt transition temperatures were deter-
mined by Differential Scanning Calorimetry (TA
Instruments Q10-0095). The measurements were
carried out from –90 to 120°C at heating rate of
10°C/min. Functional end groups were determined
by Fourier Transform Infrared Spectroscopy
(FTIR) (Perkin Elmer FTIR Spectrum GX spec-
trometer), using powdered potassium bromide
(KBr) as matrix.

2.4. Photopolymerization of vinyl-PCL

Differential Scanning PhotoCalorimetry (DPC)
(TA Instruments MDSC-2920 equipped with a
photocalorimetric accessory) was used to investi-
gate the kinetics of cationic photopolymerization of
vinyl group present in monofunctional PCL 0.5, 2
and 5 kDa. Pulverized vinyl-PCL was dissolved in
two solvents; non-photoreactive DMSO and pho-
toreactive HBVE respectively. The composition is
tabulated in Table 1.
The initiation light source was a 200 W high-pres-
sure mercury lamp, which gave a UV light intensity
over wavelength range of 200–440 nm. 3.0 mg of
samples were placed in aluminum standard pans
covered with a disc of polyethyleneterephthalate
(PET) foil to maintain equal distribution of solution
layer under investigation. The samples were
exposed to UV light of intensity in the range of
25 mW/cm2, for 5 minutes. Also, samples were
subjected to 1 minute isothermal treatment prior to
and after the UV exposure, to ensure constant tem-
perature. A nitrogen flux of 50 cm3/min assured
homogeneity of temperature in the measuring cell.

2.4.1. Calculations

The degree of conversion (α) can be obtained from
the DPC exotherm as shown in Equation (1):

(1)

and the theoretical enthalpy at full conversion of
vinyl double bonds (ΔH0) is determined by Equa-
tion (2):

(2)

where f is the functionality; ΔHTf is the theoretical
enthalpy of vinyl ether function, 14.3 kcal/mol [15]
and m is the molar weight of each macromolecule.
List of theoretical enthalpy used in this study is cal-
culated using Equation (2) and tabulated in Table 2.
As an example for the HBVE functionalized PCL
(Mn 2000 Da) in DMSO solution (80/20), the theo-
retical enthalpy is given by Equation (3):

(3)

The autocatalytic model as shown in Equation (4)
was used to calculate the kinetic parameters. Auto-
catalytic model assumes that in a curing process,
the measured heat flow is proportional to the con-
version rate (dα/dt). This assumption is valid if the
testing material exhibiting single reaction without
any other enthalpic events, such as evaporation of
solvent or significant changes in heat capacity with
conversion [16] (Equation (4)):

(4)

where dα/dt, the reaction rate [min–1]; α, the frac-
tional conversion after time t; k(T), temperature
dependent rate coefficient [min–1]; n, m, reaction
orders of propagation and initiation respectively.
Second-order autocatalytic model was assumed by
fixing (m + n = 2).Temperature dependent rate
coefficient k(T) is assumed to follow the Arrhenius
equation (Equation (5)):
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Table 1. Compositions of vinyl-PCL with non-photoreactive and photoreactive solvent

Compound PCL [wt%] Solvent [wt%] Photo reactive solvent Initiator UVI 6976 [wt%]
PCL 2k/DMSO 80 20 No 4
PCL 2k/HBVE 50 50 Yes 4

Table 2. Theoretical enthalpies (ΔH0) at full conversion
calculated from Equation (2)

Compound
Theoretical enthalpy

ΔΔH0 [J/g]
PCL 2k DMSO 80/20 022.62
PCL 2k HBVE 50/50 272.03

PCL Neat Resin HBVE 50/50 257.89



(5)

where Ea is the activation energy, A is the fre-
quency factor, R is the ideal gas constant and T is
the absolute temperature [K].

3. Results and discussion

In the preliminary experiments, we functionalized
PCL by using HBVE in the presence of SnOct2.
The resulting vinyl-PCL was characterized by its
molar weights, functional end groups and transition
temperatures, using several techniques including
SEC, MALDI-TOF, FTIR and Differential Scan-
ning Calorimetry (DSC). Linearly grafted polymer
was obtained by photopolymerization of vinyl-PCL
under UV exposure.

3.1. ROP and functionalization of vinyl-PCL

ROP of cyclic ester makes it possible to prepare
polyesters with defined molar weights, low poly-
dispersity index, and functionalized end groups,
due to the absence or very limited side reactions
and by products [2]. To enable photo curing of
PCL, monofunctional vinyl ether, in this case is
HBVE, was incorporated into each PCL chain. Tar-
geted molar weight was calculated using Equa-
tion (6):

(6)

where DP is the degree of polymerization, mmonomer,
molar weight of caprolactone monomer; [M],

monomer concentration; x, functionality of initiator
(in this case x = 1 since monofuctional HBVE was
used as initiator); [I], initiator concentration. Fig-
ure 1 shows the reaction scheme.
In ROP of PCL, we used HBVE as initiator, and
SnOct2 as catalyst. SnOct2 is now widely used as
catalyst of degradable polymer synthesis because
stannous salts have been approved for pharmaceuti-
cal applications [17]. The main mechanisms of
SnOct2 catalyzed ROP proposed in literatures [18,
19] are shown in Figure 2.
PCL with wide range of molar weights ranging
from 0.5–40 kDa were successfully synthesized but
only low molar weights PCL (0.5, 2 and 5 kDa)
were used for further photo grafting. In this study,
we defined low molar weight PCL as oligomer hav-
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Figure 1. Reaction scheme for ROP of vinyl-PCL using HBVE as initiator, and SnOct2 as catalyst

Figure 2. The main ROP mechanism proposals with
SnOct2 as catalyst, a) complexation of a
monomer and alcohol prior to ROP [18] and
b) formation of a tin-alkoxide before ROP of
ε-CL [19]

Table 3. Molecular mass and melting transition temperatures of vinyl-PCL prepolymer

aND – not detected

SEC 1H NMR MALDI-TOF
Target Mn

[kDa]
[HBVE]/
[SnOct2]

Mn

[g/mol]
Mw

[g/mol]
Poly Dispersity

Index (PDI)
Mn

[g/mol]
Mn

[g/mol]
Tm

[°C]
0.5 2 1898 3502 1.84 3609 612 40.29
2 2 7091 11189 1.57 3995 1011 57.69
5 10 4574 10051 2.20 4643 NDa 58.28



ing molar weight from 500–5000 Da. An overview
of the properties of vinyl-PCL is presented in
Table 3.
For PCL 5 kDa both molar weights obtained from
SEC and NMR showed consistency with one
another. Note that the experimental Mn follows
closely to targeted value when molar ratio of
HBVE/SnOct2 is 10. It is observed in the
PCL 0.5 kDa and PCL 2 kDa that Mn (detected by
SEC and NMR) is higher than targeted value when
molar ratio of HBVE/SnOct2 was decreased to 2,
where amount of SnOct2 increased. In the pres-
ence of ROH (in our case is HBVE), if the propor-
tion [ROH]/ [SnOct2] does not exceed approxi-
mately 2, ROH acts mostly as a co-initiator,
reacting with SnOct2 [19]. The increased amount
of SnOct2 has probably initiated some macromole-
cules. This explained why Mn tends to be higher
when [ROH]/[SnOct2] ratio is 2. Above this ratio,
ROH retains its function as an initiating compound
[19].
PDI (Mw/Mn ratio) observed in all synthesized PCL
were high. In the case of PCL 5 kDa, this could
result from bimolecular transesterification in pres-
ence of SnOct2, not shifting Mn but Mw [19].
SnOct2 is well known for causing transesterifica-
tion reactions at elevated temperatures [2]. For
PCL 5 kDa, only MALDI spectra for low molar
mass fraction were detected because of high PDI.
Sometimes, the MALDI results are completely out
of range for polymer with high PDI [20].

3.2. End group analysis by FTIR

It is known that vinyl ether is a function involved in
cationic photopolymerization. From Figure 3, the
low intensity peak at 1618 cm–1 corresponds to the
vibration of the vinyl CH2=CH double bonds, and
the strong peak at 1725 cm–1 indicates vibration of
abundant C=O ester bonds in PCL. This result
shows that the vinyl group is successfully linked to
PCL after ring opening polymerization.

3.3. Photopolymerization of vinyl-PCL

Before photopolymerization, two sets of samples
were prepared by dissolving vinyl-PCL in DMSO
and HBVE respectively. Upon UV exposure, poly-
merization of double bonds leads to formation of
linearly grafted vinyl-PCL as shown in Figure 4
and Figure 5.
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Figure 3. FTIR spectra of 0.5, 2 and 5 kDa vinyl-PCL

Figure 4. Typical photopolymerization reaction of vinyl-PCL in non-photo reactive solvent (DMSO)

Figure 5. Typical photopolymerization reaction of vinyl-PCL in photo reactive solvent (HBVE)



3.3.1. Photopolymerization in non-photo
reactive solvent (DMSO)

Photocuring of the vinyl-PCL in DMSO in pres-
ence of cationic photoinitiator (Cyracure® UVI
6976) has been performed. Figure 6 shows typical
DPC exotherm plot of PCL 2 kDa photopolymer-
ized in non-reactive solvent (DMSO), initiated by
UVI 6976. The total area under the curve corre-
sponds to the polymerization enthalpy (ΔHexp) of
the sample. Broad peak is obtained indicating low
reactivity of the photopolymerization system. Low
reactivity of the system is further presented by long
induction time and low rate coefficients (k), as
compared to HBVE system. It is in fact reasonable
since the photo reactive species (vinyl double
bonds) is only a small portion in a long macromer.
From the plot of heat flow over time, one can
obtain information such as induction time (time of
1% monomer conversion), polymerization enthalpy,
percentage of conversion and reaction rate coeffi-
cient (k), as shown in Table 4. Conversion was cal-
culated from Equation (1). Average conversions
range from 73–97% within 5 minutes of UV expo-
sure.

On the other hand, note that cationic photopolymer-
ization continues curing long after exposure once
initiated [21, 22]. This is termed as ‘dark curing’.
Therefore, conversion of vinyl double bonds is
expected to continue further until complete conver-
sion after exposure. In addition, cationic pho-
topolymerization is not inhibited by traces of
oxygen in the air or radical impurities but inhibiting
and retarding effects or chain transfer reactions
were observed with bases, water, alcohols [23].
In cationic polymerization, the reaction rate coeffi-
cient (k) is affected by the nature of counter ion
[24]. Lazauskaité and coworkers have examined
the kinetic parameters of cationic photopolymeriza-
tion of epoxies monomer initiated by photoinitiator
having the same counter ions in this study [25]. At
60°C, both k values are consistent with each other.
The reaction rate coefficient (k) is assumed to fol-
low Arrhenius equation (Equation (4)). An estima-
tion of activation energy (Ea) was obtained as
11.33 kJ/mol by fitting a linear relationship of lnk
and reciprocal of temperature, as shown in Fig-
ure 7. Estimation of activation energy is considered
low as compared to vinyl ether function alone
(14.3 kcal/mol = 59.83 kJ/mol) [15]. Lower activa-
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Figure 6. Typical DSC exotherm of vinyl-PCL 2 kDa in DMSO solution at 90°C. Exothermic peak is pointing upwards.

Table 4. Kinetic parameters of the second-order autocatalytic model for the photopolymerization of vinyl-PCL in DMSO
solution with 4 wt% UVI 6976 obtained by TA specialty library analysis

Ea= 11.33 ± 2.44 kJ/mol, R2: 0.88
Frequency factor, A: 133.75
b Conversion within 5 minutes of UV exposure was calculated using Equation (1)

Temperature of
experiment

[°C]

Enthalpy,
ΔΔHexp

[J/g]

Peak maximum
[s]

Induction time
[s]

Reacted at peak
[%]

Rate coefficient,
k [min–1]

m Conversionb

58.9 21.9 0.47 11.2 14.0 2.20 0.637 0.967
68.8 21.4 0.49 11.7 16.2 2.48 0.623 0.947
78.6 18.4 0.50 10.7 18.4 2.65 0.625 0.815
88.6 16.5 0.55 10.6 25.0 3.44 0.683 0.728
98.4 17.1 0.67 10.9 30.5 3.23 0.706 0.755



tion energy indicates a higher reactivity system.
But, vinyl-PCL oligomeric system could not be
more easily polymerized than the vinyl ether
monomer.
Unlike monomeric system studied by Lazauskaité,
oligomeric system has lower diffusivity of active
centers than monomeric system, it is necessary to
take into account the diffusion controlled reaction.
According to Rabinowitch [26] the overall reaction
rate coefficient, ke, can be expressed as Equa-
tion (7):

(7)

where kchem is the chemically controlled and kdiff is
the diffusion controlled rate coefficient, and kchem

follows an Arrhenius temperature dependence.
System with low diffusivity can decrease the over-
all rate coefficient significantly, and thus affect

temperature dependence, resulting in low activa-
tion energy estimation.

3.3.2. Photopolymerization in photoreactive
solvent (HBVE)

Photocuring of the vinyl-PCL in HBVE in presence
of cationic photoinitiator (Cyracure® UVI 6976)
has been performed. Photopolymerization in
HBVE follows the reaction scheme presented in
Figure 5. Since HBVE is photoreactive, it is
expected to receive enthalpy contributed by poly-
merization of HBVE double bonds in addition to
vinyl-PCL double bonds. Figure 8 shows a typical
exothermic plot of this system. Sharper peak is
obtained as compared to DMSO system, indicating
higher reactivity of the photopolymerization sys-
tem. High reactivity of the system is further pre-
sented by the lower induction time and higher rate
coefficients (k), as compared to DMSO system in
Table 4. It is expected since both double bonds
from HBVE monomers and vinyl-PCL were partic-
ipating in photopolymerization.
The kinetic results of vinyl-PCL in HBVE solution
is compared with neat resin system in HBVE solu-
tion initiated by the same initiator, as shown in
Table 5. Average enthalpy of vinyl-PCL is higher
than the neat resin system. It is expected that the
difference in enthalpy is contributed when vinyl-
PCL photopolymerized. However, the difference is
too small to be conclusive. Therefore it cannot be
concluded here from results in Table 5 that the dou-
ble bonds in vinyl-PCL were photopolymerized
successfully.

diffcheme kkk

111 +=
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Figure 8. Typical DSC exotherm of vinyl-PCL 2 kDa in HBVE solution at 60°C. Exothermic peak is pointing upwards.

Figure 7. lnk vs. 1/T Arrhenius plot



4. Conclusions

Our preliminary results have proved that cationic
photopolymerization is capable of curing vinyl
ether functionalized precursor oligomers with high
conversion in DMSO solution. One-step synthesis
and functionalization is established by using
hydroxyl butyl vinyl ether as initiator and photo-
curable functional group. The presence of CH2=CH
peak in FTIR spectra confirmed that vinyl end
groups were successfully attached to PCL macro-
molecule.
Photopolymerization kinetics of vinyl-PCL was
studied in both DMSO and HBVE solution. Pho-
tocuring of the vinyl-PCL in DMSO in presence of
cationic photoinitiator (Cyracure® UVI 6976) yield
polymerization enthalpy of 17–22 J/g. The activa-
tion energy was calculated to be 11.33 kJ/mol, by
assuming the cationic system followed autocat-
alytic model. In HBVE solution, it cannot be con-
cluded that vinyl-PCL contributed to the resulted
polymerization enthalpy, in the comparison to neat
resin system. This is mainly due to the fact that the
enthalpy contribution of vinyl-PCL is too small
compare to HBVE.
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1. Introduction
Hydrogels that exhibit swelling changes in
response to environmental changes such as temper-
ature, pH, electrical field, radiation of UV or visible
light, solvent composition, salt concentration and
type of surfactants are promising as intelligent
materials. As a result they attract increasing interest
in various application areas such as drug delivery
systems, separation operations in biotechnology,
processing of agricultural products, conductive or
superabsorbent composites, sensors and actuators
[1–12]. The swelling equilibrium of gels is deter-
mined by both the free energy of elasticity and free
energy of mixing. In acrylamide-N,N′-methylene
bis(acrylamide) hydrogel/water system, water dif-
fuses into the network by the forces determined by
the difference of chemical potential of water inside
and outside of the network. The swelling gel

reaches the equilibrium state at higher concentra-
tion of water in gel phase. The contribution of elas-
tic forces to the chemical potential of water
prevents the polymer from becoming completely
dissolved [2, 9, 13, 14]. Numerous scientists have
made great effort to investigate the synthesis and
swelling properties of gel particles. In the synthesis
of gel particles, potassium persulfate (PPS) or
ammonium persulfate (APS) with or without
N,N,N′,N′-tetramethylenediamine (TEMED) ini-
tiator systems have been generally used [15–17].
Ceric salt-organic reducing agent containing thiol,
hydroxyl, carboxyl and amine functional groups
can be used for polymerization and copolymeriza-
tion of vinyl monomers. However, ceric salt-
organic reducing agent containing thiol functional
group or groups are also new sources to initiate
copolymerization of vinyl monomers at low tem-
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peratures. When reducing agent with thiol func-
tional group is used in redox system of ceric salt-
organic reducing agent, the formation of –S. radical
is energetically most favorable due to low S–H
bonding energy to initiate copolymerization of gel
particles in acid-aqueous medium at lower temper-
atures [18–23].
The swelling of polymeric networks is influenced
by the composition of the polymer i.e. by the syn-
thetic conditions, such as the nAAm/nMBAA in poly-
meric networks and by the nature of swelling
media. These types of hydrogels containing func-
tional groups have a potential to be used as colon
specific drug delivery devices and can be used for
water absorption from oil-water emulsions [24–26].
In this communication, meso-2,3-dimercaptosuc-
cinic acid-Ce(IV) redox couple was used to synthe-
size the crosslinked copolymer of acrylamide and
N,N′-methylene bis(acrylamide) in acidic aqueous
medium. The effect of parameters such as molar
ratios of acrylamide to N,N′-methylene bis(acry-
lamide), acrylamide to cerium(IV) sulfate and the
concentration of sulfuric acid were investigated.
The swelling ratios and kinetics of hydrogels syn-
thesized at different reaction parameters such as the
nAAm/nMBAA at different initiator and acid concen-
trations, the concentration of sulfuric acid for
nAAm/nMBAA = 40 at constant initiator concentration
and the nAAm/nCe(IV) at constant acid and crosslinker
concentration were studied.

2. Experimental

2.1. Materials

Acrylamide (Merck), N,N′-methylene bis(acry-
lamide) (Fluka), cerium(IV) sulfate (Merck) and
meso-2,3-dimercaptosuccinic acid (Merck) were
used as received and represented as AAm, MBAA,
Ce(IV) and DMSA respectively in the text.
Sulfuric acid (Merck) with a purity of 98% was
used in the redox reaction of meso-2,3-dimercapto-
succunic acid and cerium(IV) sulfate.

2.2. Preparation of P(AAm-MBAA) hydrogels

In order to prepare P(AAm-MBAA) hydrogels, the
solution containing the calculated amount of
Ce(IV) dissolved in acidic medium was added to
the aqueous solution of acrylamide, N,N′-methyl-
ene bis(acrylamide) and meso-2,3-dimercaptosuc-

cinic acid in a round bottomed flask equipped with
a stirrer. For this purpose, the oxidant (cerium(IV)
sulfate) was dissolved in a solution containing the
calculated amount of sulfuric acid. The solution
volume containing the oxidant was kept constant at
20 ml. The total volume of crosslinking polymer-
ization solution was 100 ml. The synthesized
P(AAm-MBAA) hydrogels were purified from
contaminants by immersion and soaking for
4 hours (three times) in 300 ml of distilled water
and dried at 60°C. After drying, the hydrogels were
placed in the sintered glass funnels which were
immersed in distilled water. The swelling of the
hydrogels were monitored by mass measurements
against time. In this study, swelling values at
167 hours have been taken as equilibrium swelling
values of all hydrogels – although equilibrium of
swelling of some hydrogels may need more time
than 167 hours. Once the equilibrium was reached,
the hydrogels were weighed, dried at 60°C in vac-
uum for 24 hours and re-weighted. The effects of
physicochemical parameters on the swelling behav-
iors and kinetics have been investigated. These
parameters are: the molar ratios of acrylamide/
cerium(IV) sulfate (nAAm/nCe(IV) = 100 and 200) at
constant crosslinker and acid concentrations, the
concentration of sulfuric acid (CH2SO4 = 0.0125 and
0.025 mol/l) at the nAAm/nMBAA = 40 and the molar
ratios of acrylamide to N,N′-methylene bis(acry-
lamide) for different acid and initiator concentra-
tions.
The radical generation in the redox reaction of
meso-2,3-dimercaptosuccinic acid and cerium(IV)
sulfate in acid-aqueous medium is supposed to
occur by one electron transfer from meso-2,3-
dimercaptosuccinic acid to Ce(IV) according to the
reactions given in Figure 1 as reported in the litera-
ture [18–22].
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Figure 1. Radical formation reactions between meso-2,3-
dimercaptosuccinic acid and Ce(IV) ions



Because of low S–H bonding energy, the formation
of free radicals in reaction I in Figure 1 is more
likely than other reactions to initiate crosslinking
polymerization of acrylamide and N,N′methylene
bis(acrylamide) and oxidative termination of poly-
mer radicals is also possible by ceric ions [18, 20,
21]. In previous investigations, it is described that
the formation of radicals on carboxyl groups may
be possible [18–22]. However, the radical forma-
tion on carboxyl groups may appear less than that
of the other radical formation reactions given in
Figure 1, as the formation of free radicals on car-
coxyl groups requires more energy.
After radical generation by redox reaction of meso-
2,3-dimercaptosuccinic acid-Ce(IV) in acid-aque-
ous medium, the crosslinking polymerization of
acrylamide-N,N′-methylene bis (acrylamide) was
performed and the crosslinked copolymer having
chemical formula given in Figure 2 was synthe-
sized.
In order to characterize the crosslinking polymers,
infrared measurements were carried out with ATI
Unicam (Mattson 1000) FT-IR spectrometer and
the spectra of crossliked polymers were determined
by KBr disk method. For this purpose, pellets of
about 300 mg KBr powder containing finely

grained powder of crosslinked polymer sample
(7–8 mg) were made. Figure 3 shows that the FT-
IR spectra of crossliked polymers containing differ-
ent crosslinker ratios (nAAm/nMBAA = 20 and 150),
synthesized using DMSA-Ce(IV) redox system
have been recorded by ATI Unicam (Mattson
1000) FT-IR spectrometer. As can be seen from
Figure 3, the bands which can be assigned to the
N–H stretching vibration in –NH-group of N,N′-
methylene bis(acrylamide) or –CONH2 groups of
acrylamide in hydrogels appear at 3470 and
1670 cm–1. The C–H stretching band is character-
ized by the peak at 2960 cm–1 due to symmetric or
asymmetric stretching vibration of the CH2 groups
of acrylamide or N,N′-methylene bis(acrylamide).

3. Results and discussion

Swelling ratios (SR) and the values of equilibrium
swelling ratios (ESR) of resulting hydrogels were
calculated by using the Equations (1) and (2):

(1)

(2)

where SR represents the average swelling ratio of
hydrogel in distilled water, obtained from triplicate
experimental results. mt and m0 are the weights of
hydrogel at time t and dried gel at initial time,
respectively. ESR denotes the equilibrium swelling
ratios in terms of g H2O/g polymer and the meq is
the weight of hydrogel at equilibrium.
The effects of the molar ratios of AAm/MBAA for
different nAAm/nCe(IV) (nAAm/nCe(IV) = 100 and 200;
nDMSA = 2nCe(IV)) and acid concentrations (CH2SO4 =
0.0125 and 0.0250 mol/l) on the swelling ratios of
hydrogels in distilled water has been shown in Fig-
ures 4 and 5. The concentration of acrylamide
monomer in these experiments was kept constant at
0.7 mol/l. As can be seen from Figures 4 and 5, it is
observed that the increase in the molar ratio of
AAm/MBAA for different acid concentrations of
0.0125 mol/l and 0.025 mol/l, and the nAAm/nCe(IV)

values of 200 and 100 has increased the swelling
ratios of hydrogels. The equilibrium swelling ratios
determined from the curves of the swelling ratios of
hydrogels depending on the nAAm/nMBAA for vari-
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Figure 2. The chemical structure of the synthesized
P(AAm-MBAA) hydrogel

Figure 3. The FT-IR spectra of P(AAm-MBAA) hydrogels
containing different nAAm/nMBAA, synthesized
using meso-2,3-dimercaptosuccinic acid-Ce(IV)
redox system. nAAm/nMBAA 20 (1) and 150 (2).
CAAm = 0.7 mol/l; CH2SO4 = 0.0125 mol/l;
2nCe(IV) = nDMSA; T = 30°C.



ous acid and initiator concentrations in crosslinking
polymerization reaction have been listed in Tab-
le 1. As can be seen from the results given in Tab-
le 1, an increase in the nAAm/nMBAA values has
resulted in an increase in the equilibrium swelling
ratios of the synthesized hydrogels in distilled
water. The photographic pictures of P(AAm-
MBAA) hydrogels containing different crosslinker
ratios are shown in Figure 6. The hydrogel repre-
sented with letter A is more opaque due to having
higher crosslinker concentration (nAAm/nMBAA =
20), whereas, the hydrogel represented with
letter D is more transparent due to having lower
crosslinker concentration (nAAm/nMBAA = 150).
These results show that hydrogels having less
crosslink bonds swell better than hydrogels having
more crosslink bonds as expected. In order to
describe the phenomenon of swelling of more
opaque hydrogels, phase separation is assumed in

the systems and in the case of AAm-based hydro-
gels it is explained by entanglements between
chains developing during polymerization in water
medium as described in a previous study [27].
The dependence of swelling ratios of hydrogels on
the acid concentration in crosslinking polymeriza-
tion reaction at constant crosslinker molar ratio of
nAAm/nDMSA = 40 is given in Figure 7. The augmen-
tation in acid concentration has led to a decrease in
the swelling ratios of hydrogels in distilled water.
With increasing acid concentration in crosslinking
polymerization, –CONH2 groups of acrylamide
may slowly undergo hydrolysis and the functional
groups of –COOH may appear [28]. The functional
groups –CONH2 and –COOH in hydrogels react
with each other to form the imide functional groups
(–CONHOC–) in P(AAm-MBAA) hydrogels. For
this reason, the hydrogel synthesized at higher acid
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Figure 4. The dependence of swelling ratios of P(AAm-
MBAA) hydrogels synthesized at the acid con-
centration of 0.025 mol/l and the nAAm/nCe(IV) of
100 on the molar ratios of AAm/MBAA.
nAAm/nMBAA = 40 ( ), 80 ( ) and 100 ( );
CAAm = 0.7 mol/l; 2nCe(IV) = nDMSA; T = 30°C

Figure 5. The effect of the molar ratios of AAm/MBAA
on swelling ratios of P(AAm-MBAA) hydrogels
synthesized at the acid concentration of
0.0125 mol/l and the nAAm/nCe(IV) of 200.
nAAm/nMBAA = 20 ( ), 60 ( ), 80 ( ) and
150 (ο); CAAm = 0.7 mol/l; 2nCe(IV) = nDMSA;
T = 30°C.

Table 1. The effect of the nAAm/nMBAA on the equilibrium swelling ratios of hydrogels synthesized at different acid and ini-
tiator concentrations. CAAm = 0.7 mol/l; T = 30°C.

nAAm/nCe(IV) CH2SO4 [mol/l] nAAm/nMBAA ESR (g H2O/g polymer)
100 0.0250 040 08.59
100 0.0250 080 27.62
100 0.0250 100 43.91
200 0.0125 020 20.17
200 0.0125 060 36.41
200 0.0125 080 46.48
200 0.0125 150 57.18



concentration swells less than that synthesized at
lower acid concentration. The values of equilibrium
swelling ratios of hydrogels synthesized at different
acid concentrations of 0.025 and 0.0125 mol/l have
been determined as 8.59 and 31.53 g H2O/g poly-
mer for nAAm/nMBA = 40, respectively.
The effect of the molar ratios of AAm/Ce(IV) in
crosslinking polymerization reaction at constant
acid and crosslinker concentrations on the swelling
ratios of P(AAm-MBAA) hydrogels in distilled
water has been illustrated in Figure 8. The increase
in the nAAm/nCe(IV) has resulted in an increase in
the swelling ratios of hydrogels in distilled water.
The equilibrium swelling ratios of hydrogels have

been determined as 8.59 and 22.03 g H2O/g poly-
mer for the molar ratios of AAm/Ce(IV) of 100
and 200, respectively, in crosslinking polymeriza-
tion reaction at constant acid concentration
(0.025 mol/l) and crosslinker ratio (nAAm/nMBA =
40). It is evident that the increase in initiator con-
centration in synthesis of P(AAm-MBAA) hydro-
gel using cerium(IV) sulfate meso-2,3-dimercapto-
succinic acid redox system has decreased the
swelling ratios of synthesized P(AAm-MBAA)
hydrogels in distilled water.
The kinetic swelling results of hydrogels synthe-
sized at various reaction parameters were examined
by Peppas kinetic formula [29–31] (Equation (3)):
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Figure 7. The swelling ratios of hydrogels synthesized at
different acid concentrations.
CH2SO4 = 0.0125 ( ) and 0.025 ( ) mol/l;
CAAm = 0.7 mol/l; nAAm/nMBAA = 40;
2nCe(IV) = nDMSA; T = 30°C.

Figure 6. The photographic pictures of swelled hydrogels containing different molar ratios of AAm/MBAA.
nAAm/nMBAA = 20 (a), 40 (b), 60 (c) and 150 (d). CAAm = 0.7 mol/l; CH2SO4 = 0.0125 mol/l; nAAm/nCe(IV) = 200;
2nCe(IV) = nDMSA; T = 30°C.

Figure 8. The relation between the molar ratios of
AAm/Ce(IV) in crosslinking polymerization
reaction and the swelling ratios of P(AAm-
MBAA) hydrogels in distilled water,
nAAm/nCe(IV) = 100 (ο) and 200 (Δ).
CAAm = 0.7 mol/l; CH2SO4 = 0.025 mol/l;
nAAm/nMBAA = 40; 2nCe(IV) = nDMSA; T = 30°C.



(3)

Linearized form of Equation (3) can be written as
shown in Equation (4):

(4)

where mt and meq are the weights of hydrogels at
time, t and at equilibrium respectively. k and n are
constants. The values of exponent n are dependent
on the amount of ionic groups in hydrogel. This
equation is valid in the swelling ratio less than 60%
[13, 31]. Using this criteria, the exponent, n and k
values are obtained from the slope and intercept
determined from a plot of ln(mt/meq) versus lnt,
respectively.
Figures 9 and 10 show a logarithmic plot
(ln(mt/meq) versus to lnt) of the swelling rate of
P(AAm-MBAA) hydrogels with various crosslinker
contents. The kinetic parameters (k and n values
obtained from the slop and intercept of straight
lines) in the swelling kinetic equation of P(AAm-
MBAA) hydrogels synthesized at different acid,
initiator and crosslinker concentrations have been
summarized in Table 2. The experimental results
show that an increasing crosslinker ratio (nAAm/
nMBAA) results in significant rises in the n exponent,
whereas the k value decreases. The effect of acid
concentration of initiation system on the swelling
behaviors has been examined (Figure 11). As can
be seen from Figure 11 and Table 2 that at higher
acid concentrations, the swelling of gels is slow,
the corresponding k values increase by increasing
acid concentrations, while the n values somewhat
decrease.
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Figure 9. The effect of molar ratios of acrylamide to
crosslinker on the swelling rates of P(AAm-
MBAA) hydrogels in distilled water, synthe-
sized at the acid concentration of 0.025 mol/l
and the nAAm/nCe(IV) of 100.
nAAm/nMBAA = 40 (ο), 80 (Δ) and 100 ( ).

Table 2. The dependence of kinetic parameters in swelling kinetic equation fitting data obtained from swelling results of
P(AAm-MBAA) hydrogels in distilled water on the acid concentration in crosslinking polymerization reaction.
CAAm = 0.7 mol/l; T=30°C.

CH2SO4 [mol/l] nAAm/nCe(IV) nAAm/nMBAA n k Correlation coefficient, (R)
0.0125 200 020 0.405 0.191 0.995
0.0125 200 060 0.471 0.113 0.997
0.0125 200 080 0.472 0.103 0.996
0.0125 200 150 0.485 0.090 0.993
0.0125 100 040 0.457 0.119 0.990
0.0250 100 040 0.244 0.348 0.983
0.0250 100 080 0.421 0.161 0.997
0.0250 100 100 0.462 0.107 0.994
0.0250 200 040 0.371 0.210 0.967

Figure 10. The dependence of the swelling rate of hydro-
gels synthesized at the acid concentration of
0.0125 mol/l and the nAAm/nCe(IV) of 200 on the
nAAm/nMBAA. nAAm/nMBAA = 20 ( ), 60 ( ),
80 ( ) and 150 (ο).



The swelling rate of P(AAm-MBAA) hydrogels
synthesized at different initiator concentrations
(nAAm/nCe(IV) = 100 and 200) has been shown in
Figure 12. The augmentation in the molar ratio of
AAm/Ce(IV) in crosslinking polymerization reac-
tion shows an increase in the n exponent from
0.244 to 0.371. However, the k value decreases
from 0.348 to 0.210 (Table 2). This result indicates
that the increase in initiator concentration in
crosslinking polymerization reaction of P(AAm-
MBAA) hydrogels synthesized using DMSA-

Ce(IV) redox system in acid aqueous medium has
led to a decrease in the swelling rate.

4. Conclusions

Ceric salt-organic reducing agent containing thiol
functional groups are promising a new alternative
initiator system for crosslinking polymerization of
AAm with MBAA in acid-aqueous medium at
ambient temperatures. The dependence of swelling
ratio and swelling rate of hydrogels on the parame-
ters such as the nAAm/nMBAA, acid concentration
and the nAAm/nCe(IV) in the crosslinking polymeriza-
tion reaction of acrylamide and N,N′-methylene
bis(acrylamide) initiated with meso-2,3-dimercap-
tosuccinic acid-cerium(IV) sulfate redox system
has been investigated. It has been observed that the
augmentation in the acid, initiator and crosslinker
concentrations has led to a decrease in the swelling
ratio and rate of P(AAm-MBAA) hydrogels in dis-
tilled water. The k and n exponent values in the
kinetic equation have been calculated. The swelling
ratios and k values decrease with increasing Ce(IV)
concentration (2nCe(IV) = nDMSA) due to increase in
the concentration of meso-2,3-dimercaptosuccinic
acid. This phenomenon is attributed that thiol group
in meso-2,3-dimercaptosuccinic acid acts as a
crosslinking agent. Therefore the swelling equilib-
rium ratio and swelling rate decrease with increase
in its concentration.
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1. Introduction
Materials consisting of more than one kind of sub-
stance, that is, composite materials have been
designed for complying with various demands.
Plastics and rubbers incorporating powdery fillers
have frequently been used from the viewpoint of
mechanical properties [1]. For these particulate
composite materials, it is important to clarify the
reinforcement effect of fillers. A variety of theoret-
ical and experimental studies have been reported on
the reinforcement effect in terms of macroscopic
mechanical properties. However there are a lot of

difficulties because of the uncertainty in adhesion
between matrix and fillers, dispersion behavior of
filler in matrix etc. [2].
In recent years, new approaches are successfully
developed for the preparation of polymer compos-
ites for electronic applications. Development of
electronic devices working at high operating fre-
quencies, such as fast computers, cellular phones,
etc. require a new high-dielectric constant materials
that combine good dielectric properties with both
mechanical strength and ease of processing. The
unique combination of dielectric and mechanical
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properties is hard to achieve in a one-component
material. Pure polymers are easy to process into
mechanically robust components but generally suf-
fer from low dielectric constant [3, 4]. On the other
hand, typical high-dielectric constant materials,
such as ferroelectric ceramics, are brittle and
require high-temperature processing [5] which are
often not compatible with current circuit integra-
tion technologies. The ideal solution would be
high-K materials that are mechanically robust and
process able at ambient temperatures have to be
incorporated with suitable polymers such as ferro-
electric ceramic-polymer composites that may
combine desired properties of the components
[6, 7].
An important attribute of polymers is the ability to
modify their inherent physical properties by the
addition of fillers while retaining their characteris-
tics. Polymers can be made stronger, stiffer, and
electronically conductive by the incorporation of
various additives. Most of these modifications are
made by the addition of inorganic fillers to the
polymer. These fillers, present in varying degrees,
also affect the basic mechanical properties of the
polymer [8–12].
In the present work we have synthesized a new
class of ferroelectric ceramic material barium
sodium niobate [13–15] and prepared composites
out of it by mixing it with polystyrene. In this
paper, we report a study on the mechanical proper-
ties of polystyrene/barium sodium niobate compos-
ites. Tensile modulus, tensile strength and elonga-
tion at break data have been analyzed as a function
of BNN filler loading on the basis of theoretical
predictions for two phase systems. X-ray Diffrac-
tion (XRD), Scanning Electron Microscopy (SEM)
and Atomic Force Microscope (AFM) studies have
been made to characterize the structure and proper-
ties of the filler and the composites.

2. Experimental

2.1. Materials

The filler, ferroelectric ceramic material (Barium
Sodium Niobate, BNN) was prepared by usual
ceramic technique using reagent grade sodium car-
bonate, barium carbonate, and niobium pentoxide.
Solid-state reaction technique was adopted for the
preparation of the material. The starting materials

were BaCO3 (Merck Ltd., Mumbai, India), Na2CO3

and Nb2O5 (CDH, New Delhi, India). The specific
properties of the Polystyrene (Merck Ltd., Mumbai,
India) are reported in Table 1.
The constituent carbonates and oxides were
weighed according to the chemical formulae satis-
fying the stoichiometric relations Equation (1):

3BaCO3 + 2Na2CO3 + 5Nb2O5 →
→ Ba3Na4Nb10O30 + 5CO2 (1)

The powders were mixed, milled and calcined at a
temperature of 1000°C for three hours. For the
preparation of one gram of Ba3Na4Nb10O30,
0.30948 g of BaCO3, 0.11081 g of Na2CO3, and
0.69424 g of Nb2O5 were used. To break the
agglomerates, which get formed during the calcina-
tions stage, the powder calcined was once again
crushed and ground finely. Appropriate quantity of
polyvinyl alcohol (binder) was used for proper
mixing. Disc shaped pellets (of diameter 10 mm
and thickness 2.5 to 3 mm) were prepared at an
optimum load of 80 kN and for sintering; the
pressed pellets were placed over alumina plate dis-
persed with zirconium powder. Sintering was car-
ried out at a temperature of 1200°C for 5 hrs. A
heating rate of 10°C/min was allotted before the
dwell temperature of 600°C and of 50°C/min after
the same. The density of the sintered samples was
calculated by both sample geometry and
Archimedes methods [16]. Then these sintered
samples were named as (Barium Sodium Niobate
(Ba3Na4Nb10O30) or (BNN)). The weight % of the
constituent carbonates and oxides were calculated
using Equation (1) and presented in Table 2.
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Table 1. Properties of polystyrene

Properties Value
Dielectric constant 2.5–2.65
Poisson’s ratio 0.333
Water absorption 0.05%
Glass transition temp 108°C
Average molecular wt. 208 000

Table 2. Composition of BNN

Material Content [wt%]
BaCO3 27.75
Na2CO3 09.93
Nb2O5 62.31



2.1.1. Methods of composite preparation
The melt mixing technique was chosen for prepar-
ing the composites because it allowed solvent free
mixing for the ceramic filler. By melting at high
temperature, molten polystyrene can easily pene-
trate between filler particles, which facilitates suit-
able mixing and allow avoiding air trapping into
the composites. Consequently void free composites
were obtained [17].
Polystyrene-Ceramic composites were prepared in
a Brabender Plasticoder. The cavity for mixing in
the instrument has an internal volume of 40·10–6 m3

and is fitted with two screw type rotors of variable
speed. Filling the internal cavity completely with
mixing charges ensures a constant ram pressure and
good mixing. The rotor and the cavity were heated
with a circulated flow of electric current and the
temperature could be set at any desired level. When
the temperature of the internal mixer was raised to
180°C, polystyrene was added and complete melt-
ing of polymer was ensured by a constant minimum
torque and attainment of the desired cavity temper-
ature of 180°C. BNN powder then added to molten
PS and was mixed for about 6 minutes at a rotor
speed of 60 rpm. The compositions of the compos-
ites were 10, 20, 30 and 40% by the volume of the
filler. The mixed samples were compression molded
into sheets of desired thickness by hydraulic press
at a temperature of 180°C and were used for differ-
ent studies. The composites were named as BNN10,
BNN20, BNN30 and BNN40.

2.1.2. Measurements

Energy dispersive X-ray spectrograph was taken by
ISIS Link Oxford Instrument, UK. Powder X-ray
diffraction data were taken with Bruker X-ray dif-
fractometer using Cu-Kα line (0.154 nm) (D8
Advance). The morphology and microstructure of
the composites were analyzed by means of high
resolution scanning electron microscopy using a
JEOL JSM 840-microscope.
Tapping mode Atomic force microscope measure-
ments were carried out in air at ambient conditions
(28°C) with a Veeco Nanoscope 3D, made by Dig-
ital Instruments Inc., USA. The characteristics of
the measurements are scan rate, scan size and data
points. The selected scan rate was 1.001 Hz, scan
size 1 μm and the image contained 512 data points.
Images were analyzed using a Nanoscope image

processing software. Particle size is calculated by
the particle analysis software ‘Nanoscope V531r1.
Rectangular samples of 10×1.2×0.2 cm3 were cut
for tensile testing. Tensile testing was done using a
Universal Testing Machine (Shimadzu, model AG-
50kN) at a cross head speed of 10 mm/min. Tensile
properties were determined according to ASTM
D638.

3. Results and discussion

3.1. Morphological study

3.1.1. EDX spectrum

The EDX spectrum of BNN Figure 1 gives the
information on the elemental composition of the
material [18]. The % of carbonates and oxides used
for the preparation of BNN is reported in Table 2.
The three dominant peak positions at 1, 2.3 and
4.6 keV correspond quite well to the energy pattern
of the corresponding materials (Na, Nb and Ba)
reported in the EDX international chart, giving the
evidence that Niobium is dominant in BNN sam-
ples. Figure 1 and Table 2 are neatly coincided.

3.1.2. X-ray analysis of BNN

Fine powders of BNN were obtained by crushing
the sintered pellets. Powder X-ray diffraction pat-
tern of the crushed pellets were recorded in 2θ
range of 10 to 90° as in Figure 2. Each crystalline
solid has its own characteristic X-ray powder pat-
tern, which may be used as a ‘fingerprint’ for its
identification. The lattice parameters of the com-
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Figure 1. EDX spectrum of BNN



pound were obtained using the computer file PDF
match to JCPDS data attached to the system ana-
lyzer. The patterns were indexed and identified
using the JCPDS-ICDD database (Joint Committee
on Powder diffraction Standards-International cen-
tre for Diffraction Standards-1994). The crystalline
phases obtained were structures with tetragonal
symmetry. The basic relation for indexing struc-
tures with tetragonal symmetry is given by Equa-
tion (2):

(2)

The d-spacing of a set of planes is defined as the
perpendicular distance between any pair of adja-
cent planes in the set and it is this d value that
appears in Bragg’s law. The d-spacing of the lines
in a powder pattern are governed by the values of
unit cell parameters (a, b, c), provided the various
lines have been assigned by Miller indices [h k l].
The results are again calculated by the computer
program PDP1.1 (Powder diffraction Profile 1.1)
[19].
All the characteristic peaks of BNN are reported in
Table 3. The second and third columns of Table 3

give the intensity count [%] and intensity [%] of the
diffraction lines. The observed d value from XRD
data and calculated d value using the computer pro-
gram P.D.P 1.1 are reported in the fourth and the
fifth column of the Table 3. The difference between
the observed and calculated d value for each reflec-
tion is given in the sixth column of the table. From
the examination of Δd values, it is evident that the
observed and calculated values are nearly equal for
all major peaks and hence the observed lattice
parameters fit the experimental data. So the d value
corresponds to the 2θ value of 22.767°, the [h k l]
indices are [0 0 1], directly gives the value of
c-parameter, which is 0.3903 nm for BNN crystals.
The [0 0 2] reflection corresponding to d value of
0.1955 nm and the Δd value 0.0003. The presence
of the above two reflections of the material in the
XRD pattern confirm that BNN belong to tungsten
bronze phase with tetragonal symmetry (a = b ≠ c).
For BNN the lattice parameters of the unit cell axis
are a = 1.2421 nm and c = 0.3903 nm. The axial
ratio is nearly equal to unity, and vol-
ume of the unit cell 602.16 ·10–30 m3 which is the
characteristics of tungsten bronze type structure
with tetragonal symmetry. The space group of the
above compound is found to be P4mm. The 32-
point groups of crystals can be further classified
into (a) crystals having a center of symmetry (b)
crystals, which do not posses a centre of symmetry.
Crystals with centre of symmetry include 11-point
groups and that do not show any polarity. The crys-
tals belong to the remaining 21-point groups do not
have a centre of symmetry and posses one or more
crystallographically unique directional axes. All
crystals in the class of non-centro symmetric point
groups show piezoelectric effect. In this group,
which shows piezoelectric effect, ten point groups
(including 1, 2, m, mm2, 4, 4mm, 3, 3m, 6 and
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Figure 2. XRD of BNN

Table 3. XRD data of BNN

Angle
(2θθ)

Intensity
count [%]

Intensity
[%]

d value (obs)
[nm]

d (cal)
[nm]

ΔΔd [h k l] FWHM (ββ°)
Particle size

[nm]
22.767 16.00 57.8 0.3903 0.3903 0.00 [0 0 1] 0.467 41.41
29.298 27.50 99.1 0.3046 0.3048 –0.0002 [4 1 0] 0.469 39.71
32.372 27.70 100.0 0.2763 0.2768 0.0005 [3 1 1] 0.503 37.72
46.413 08.94 32.2 0.1955 0.1952 –0.0003 [0 0 2]
47.330 05.28 19.0 0.1919 0.1927 0.0008 [1 0 2]
52.378 09.18 33.1 0.1745 0.1737 –0.0008 [5 4 1] 0.506 49.53
55.358 04.81 17.3 0.1658 0.1638 –0.002 [4 1 2]
56.456 04.70 16.9 0.1628 0.1624 –0.0004 [3 3 2]
57.565 06.57 23.7 0.1600 0.1601 0.0001 [7 1 1]
72.318 04.29 15.5 0.1306 0.1306 0.0000 [7 1 2]



6mm) have only one unique direction axis. Such
crystals are polar crystals and they show sponta-
neous polarization and ferroelectric effect [20].
The particle size is calculated from X-ray diffrac-
tion profiles of strong reflections with intensity %
greater than 30 using Scherrer’s equation by meas-
uring the full width at half maximum (FWHM).
The (FWHM) of the material is reported in the
eighth column of Table 3 and the calculated parti-
cle size is in the last column of Table 3. The Debye
Scherrer equation (3) for calculating the particle
size is given by Equation (3) [21]:

(3)

where λ is the wavelength of light used for the dif-
fraction, (Cu-Kα line) (0.154 nm) and β is the ‘full
width at half maximum’ of the sharp peaks, and θ is
the angle measured from the data chart. The calcu-
lated values of lattice parameters for BNN, which
are in close agreement with values reported in the
literature [22]. X-ray powder diffraction may be
used to measure the average crystal size in a pow-
dered sample, provided the average diameter is less
than about 200 nm. The lines in the powder diffrac-
tion are of finite breadth but if the particles are very
small the lines are broader than usual. The broaden-
ing increases with decreasing particle size. The
limit is reached with particle diameters in the range
roughly 2 to 10 nm; then the lines are so broad that
they effectively ‘disappear’ into the background
radiation.
The results reveal that the particle size of BNN is
less than 100 nm. Since XRD is a first hand meas-
uring technique for particle size calculations, one
can prefer measurement using SEM or AFM for
particle characterization.

3.1.3. X-ray analysis of the composites

The particle size of the ceramic powder and various
composites are calculated from X-ray line broaden-
ing studies using Scherrer’s equation. Figure 3 is
the XRD pattern of PS. The particle sizes in all
compositions are observed as almost same and
reveal the powder is well dispersed in PS medium.
Diffraction data is collectively given in Figure 4.
All the peaks of the composites are identified and
the [h k l] values are indexed. Humps seen in the

left side in the diffractogram Figure 4 up to a 2θ of
20° characterize the amorphous nature of PS and
they gradually diminish with the increment of filler
content. The emergence of characteristic diffraction
lines and their gradual sharpening increases with
filler content and for BNN40 all most all the char-
acteristic peaks of BNN are present. Strong and
sharp three peaks of intensity 57% at 22.767°
whose [h k l] values [0 0 1] of intensity 99.1% at
29.298° whose [h k l] values at [4 1 0] and of inten-
sity 100% at 32.372° whose [h k l] values at [3 1 1]
of BNN are seen clearly in all BNN-PS composites.
Composites also showed an XRD pattern in which
the basic peaks of BNN are intact in the composite,
(the peak position didn’t change and the particle
size remains the same as the parent material) indi-
cating that the parent material does not undergo any
transformation during the preparation of the com-
posite. Thus the comparison of XRD patterns of PS
and the composites confirmed that BNN does not
react with PS. The lattice parameters of the con-
stituent phases are almost the same in all compos-
ites. This indicates that the structure remains the

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

θβ

λ=
cos

9.0
L

181

Abraham et al. – eXPRESS Polymer Letters Vol.3, No.3 (2009) 177–189

Figure 4. X-ray Diffraction pattern of Composites

Figure 3. X-ray Diffraction pattern of Polystyrene



same even if the composition of composites is var-
ied. No other additional peak is observed apart
from the parent material. All the above evidences
confirmed the successful preparation of the two
phase composite material This sequence is gener-
ally consistent with the study of Panajkar et al. [23]
and the recent work of Lee et al. [24] who detected
the unchangability of XRD peaks of the fillers by
composite formation. Intensities of X-ray reflec-
tions are important for two main reasons. First,
quantitative measurement of intensity is necessary
in order to determine unknown crystal structures.
Second, qualitative intensity data are needed to
characterize materials and identify unknowns. The
relative measure of the crystalline phases of the
BNN composites can be obtained from the intensity
of the scattered beam. From the Figure 4 it is con-
cluded that with respect to the increment of filler
content the magnitude of intensity increases and
that reveal the increment of crystalline particles in
the composites.

3.1.4. AFM images of the composites

AFM topographic images of the surfaces and cross
sections of the composites are used for this study.
In Figure 5a, 5b) the cross sectional images of
selected composites are given. Images show some
coloured areas in the images. These are areas where

the particles are located in the PS matrix. While
increasing the filler amount the number of such
spots increases indicating the dispersion of the
fillers in the matrix. By the AFM image Figure 5a
we get a particle size of the order of 75 nm (rose
coloured) for BNN from the image of the filled
samples. The average particle size calculated by the
software (Nanoscope particle analyzer V531r1) is
reported in Table 4 and its value is 58 nm.

3.1.5. SEM Analysis

Morphology has been analyzed from Scanning
Electron Microscope. The average particle diame-
ter is found to be less than 100 nm in all compos-
ites. Three pairs of images of BNN10 and BNN40
with different magnification are given in Figure 6a
and 6b, Figure 7a and 7b), and Figure 8a and 8b.
The ceramic particles appear to be well dispersed in
both low and high concentration composites. Clus-
tering or agglomeration is seen to be absent in all
BNN-PS composites. The filler particles are dis-
tributed relatively uniform fashion and the particles
are almost spherical in shape with irregular bound-
aries. The filler particles are seen to be clearly
embedded in the polymer matrix, which establishes
the (0-3) connectivity of the composites. The
ceramic-polymer composites are made up of an
active ceramic phase embedded in a passive poly-
mer phase. The properties of the composite depend
on the connectivity of the phases, volume percent
of ceramic, and the spatial distribution of the active
phase in passive phase. The concept of connectivity
developed by Newnham [25] describes the arrange-
ment of the component phases within a composite.
It is critical in determining the electromechanical
properties of the composite. There are 10 different
types of connectivities possible in a diphasic com-
posite. It is shown in the form (A-B) where A refers
to the number of directions in which the active
phase is self connected or continuous. B shows the
continuity directions of the passive phase. In BNN-
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Figure 5. AFM image of BNN10 (a) and BNN40 (b)

Table 4. Particle size measurement through software

Dimension Mean Minimum
Height 2.58 nm –0.91 nm
Area 10 059 nm2 15.259 nm2

Diameter 58.14 nm 4.40 nm
Length 119.38 nm 5.52 nm
Width 38.29 nm 5.52 nm



PS composites, the active ceramic phase is not self-
connected and the passive polymer phase is con-
nected by the three dimensions by maintaining the
(0-3) connectivity. The particle dispersion and par-
ticle-matrix reinforcement play vital roles for both
tensile and elongation properties of the composites.
In all pictures it is seen that all the particles are

neatly coated with PS. The ceramic particles are
dispersed homogeneously with the interspaces
filled with PS at all magnification level, and large
defects are not observed. Figures 6–8a and 6–8b
showed a dense microstructure and is believed to
have affected the mechanical properties of the com-
posites. The size of the dispersed particle can be
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Figure 7. Fracture surface image of BNN10 (a) and BNN40 (b) (magnification (20 000))

Figure 8. Fracture surface image of BNN10 (a) and BNN40 (b) (magnification (40 000))

Figure 6. Fracture surface image of BNN10 (a) and BNN40  (b)(magnification (5 000))



calculated by counting a large number of particles
from various micrographs of different magnifica-
tion and quantitatively analyzed in terms of their
diameter [26].
The number average particle diameter is given by
Equation (4):

(4)

The weight average particle diameter is given by
Equation (5):

(5)

The volume average particle diameter is given by
Equation (6):

(6)

where Ni is the number of particles having diameter
Di. The polydispersity index, a measure of particle
size distribution and it is calculated as Equation (7):

(7)

The calculated polydispersity index is less than 1.2,
reported in Table 5 and the value gives clear evi-
dences for the good dispersion of filler in the matrix
[27].

3.1.6. Density calculations

The first second and third column of Table 6 reports
the density pattern of the prepared composites.

The theoretical density values are calculated using
the rule of mixtures [28] (Equation (8)):

(8)

where ρc is the density of the composite, ρp is the
density of phase 1(polymer phase), ρf is the density
of phase 2(ceramic phase) and v1 is the volume
fraction of filler. The values of ρp and ρf are taken
to be 1050 and 5950 kg·m–3 respectively. First and
second column of Table 6 compares the average of
the measured density values (by sample geometry
and Archimedes methods) with theoretical values.
As density measurements of BNN-PS, it is revealed
that the composite pellets followed the rule of mix-
tures with respect to the constituent powders, so
that no noticeable change in density is induced by
the thermal processing [29].

3.2. Mechanical properties

3.2.1. Stress Strain Behavior

So many investigators discussed the mechanical
property behavior of filled polymer systems. These
reports reveal that the tensile modulus is the easiest
property to estimate because it is a bulk property
that depends primarily on the geometry, particle
size distribution and concentration of the filler. The
two principal parameters used to describe the
mechanical behavior of polymers are stress and
strain. In the initial stages of the stress, the strain
increases linearly (Hookean region). Modulus is the
ratio of the stress to strain in the linear region of the
stress strain curve. It is well known that the modu-
lus increases for a polymer when mineral filler is
incorporated into it. The exact nature of the tensile
response of a polymeric material depends upon the
chemical structure of the polymer, conditions of the
sample preparation, molecular weight, molecular
weight distribution, and the extend of any cross
linking or branching [30].
At normal temperature and pressure, polystyrene
exhibits an increase in stress with increasing strain
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Table 5. Particle diameter measurement [nm]

Name of
sample

Number
average

Weight
average

Volume
average

PDI

BNN10 65.47 78.36 89.79 1.196
BNN40 52.50 61.25 84.96 1.166

Table 6. Some representative properties of the composites

Name of the sample
Theoretical density

[kgm–3]
Observed density

[kgm–3]
Ultimate stress

[MPa]
Young’s modulus

[GPa]
Polystyrene 1050 1050 36.61±0.50 2.89±0.02

BNN10 1542 1538 45.68±0.35 3.60±0.04
BNN20 2033 2030 54.75±0.45 4.31±0.02
BNN30 2524 2516 64.12±0.50 5.18±0.03
BNN40 3014 3010 72.15±0.35 5.68±0.03



up to the point of sample failure. The stress at fail-
ure is called ultimate stress or stress at break. Typi-
cal value of modulus and ultimate stress of the PS
and composites are reported in the Table 6.
A very good linear fit is obtained for all the curves
in Figure 9, with 99.77% correctness by origin plot
indicates a relatively homogeneous distribution of
filler particles in the matrix; structure related phe-
nomena (change of matrix properties by the intro-
duction of the filler, much aggregation, and segre-
gation of particles during processing) seem to be
absent in the composites.

3.2.2. Theoretical modeling
The mechanical properties of two-phase compos-
ites made up of a continuous polymer phase and
particulate filler phase have been studied in great
detail. As a result a variety of models are available
to describe the modulus, tensile strength, and elon-
gation at break as a function of filler volume frac-
tion. The modeling and simulation of polymer-
based composites has become an important topic in
recent times because of the need for the develop-
ment of these materials for engineering applica-
tions.
The mechanical properties of particulate filled
composites are affected by a number of parameters
such as filler orientation, particle size of the filler
and filler-matrix adhesion etc. The load transfer
from matrix to filler in a composite is strongly

related to optimum mechanical properties of the
composites.
Several theories have been proposed to model the
tensile modulus of ‘the non-interactive’ composite
materials in terms of different parameters. Among
the most prominent, historically and technically are
those developed by Einstein [31, 32], with and
without adhesion, Kerner [33], and Sato and
Furukawa [34]. Modified Kerner equation is an
upper bound one while considering adhesion
between filler and polymer. Einstein and Sato and
Furukawa models are calculated with various adhe-
sion parameters.

Einstein equation (with out adhesion parameter)
(Equation (9)):

(9)

where Mc and Mm are the Young’s modulus of the
composite and the matrix respectively and v1 the
filler volume percentage.

Einstein equation (with adhesion parameter)
(Equation (10)):

(10)

where the constant 2.5 is accounted for adhesion
between filler and polymer.

Kerner equation:
Kerner equation can be used to estimate the modu-
lus (Equation (11)):

(11)

where Vm is the matrix volume fraction and r is the
Poisson’s ratio of the matrix. For expansible poly-
mers incorporating rigid spherical particles featur-
ing adhesion, the Kerner equation can be used to
estimate the modulus.

Sato and Furukawa:
Sato and Furukawa have developed an expression
(Equations (12) and (13)) for the modulus for the
case where the adhesion is taken as a parameter:
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Figure 9. Stress strain behavior of polystyrene nanocom-
posites



(12)

(13)

where v1 is the volume fraction of filler j is the
adhesion parameter, j = 1 for poor adhesion, and
j = 0 for perfect adhesion. It can be seen (from Fig-
ure 10) that the experimental results are placed in
between Kerner and Sato Furukawa relations with
perfect adhesion.
All these predictions assume that the matrix and
filler have an appreciable degree of physical inter-
action only. The polymer matrix is stiffened by the
particulate filler. In most conventionally filled
polymer systems the modulus increases linearly
with the filler volume fraction. The enhancement of
the modulus for BNN-PS may not be attributed
simply by the introduction of the high modulus
inorganic filler to PS matrix.
The increase of modulus is mainly governed by the
particle size of the filler [35]. With Sato and
Furukawa relations Young’s modulus can be calcu-
lated with different adhesion parameters such as the
value of adhesion parameter j = 1 for poor adhe-
sion, j = 0.5 for medium adhesion and j = 0 for
good adhesion. The result obtained with adhesion
parameter (j = 0) is closely fitted with the experi-
mental curve evidenced that this type of perfect
adhesion is the cause of increment in both Young’s

modulus and tensile strength of the composites as
in Figure 10.

3.2.3. Tensile strength

The tensile strength of a filled polymer is more dif-
ficult to predict because it depends strongly on
local polymer filler interactions. Tensile strength is
the force required to pull the composite to the point
where it breaks. Specifically the tensile strength of
a material is the maximum amount of tensile stress
that it can be subjected to before failure. Brittle
materials, such as PS, do not have a yield point,
which means that ultimate strength and breaking
strength are same.
The effect of volume fraction of BNN on tensile
strength of the composites is given in Table 6. The
virgin PS shows a tensile strength of around
36 MPa, coincides with its reported values [36].
Tensile strength of the composites increases with
BNN filler loading. One problem in particulate-
filled composites is the poor stress transfer at the
filler-polymer interface because of the non-adher-
ence of the filler to the polymer. The nanocompos-
ites showed an increment in its ultimate stress
value. In heterogeneous polymer systems the mech-
anism of micromechanical deformations and conse-
quently, the macroscopic properties of the poly-
mers are determined by local stress distribution
around the inclusions. Because the adherence of
filler to polymer in BNN-PS composites, the filler
particles are able to carry any load, making it a
strong body. Stress distribution will be created
around the particles, increasing the composite
strength further.

3.2.4. Theoretical modeling of tensile stress

A simple model was used by Lubin [37] for the
determination of tensile stresses in unfilled and
filled polymer with inclusions. It is assumed that at
the composite tensile strength (ultimate tensile
stress), the polymer has undergone maximum plas-
tic deformation. Moreover, the load carried by the
components corresponds to their effective cross-
sections occupied in the specimen, i.e. (1–1.21v1

2/3)
for the matrix and (1.21v1

2/3) for the inclusions,
where v1 is the volume fraction of inclusions in the
composites [38]. If it is assumed that the average
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Figure 10. Theoretical modeling of the tensile modulus of
BNN-PS composites with different adhesion
parameters



stress acting across the surface of the fillers is £*,
the Equation (14) must be valid:

£* = £m(1–1.21v1
2/3) + £*(1.21v1

2/3) (14)

where £ and £m are the composite and matrix tensile
stresses, respectively. The load carried by the filler
(£*) is always very much smaller than the matrix
tensile stress when the filler with large particle size
is used, i.e. debounding takes place. When the spe-
cific surface area of the filler is larger (smaller par-
ticles), £* can significantly exceed the tensile
strength of the matrix. Considering the composi-
tion-dependence of tensile stress of composites
including adhesion parameter Pukánszky [39]
arrived the following relation (Equation (15)):

£=£m (15)

where B is an empirical parameter characterizing
the degree of particle matrix reinforcement. It
increases with specific surface area and the adhe-
sive strength of the filler polymer interphase. The
value of the parameter is found out by plotting ten-
sile strength of the composites with filler volume
fraction and linear fitting the experimental data as
in Figure 11. The value of B is 4.69. An increased
modulus is a well known fact in particulate filled
micro composites. But an increment in tensile mod-
ulus associated with an increment in tensile
strength is reported as the peculiarity of the nano
composites [40]. These results show that the small
BNN particles enable both relatively good disper-

sion and improved interfacial stress transfer in
BNN-PS composites. In contrast with the tensile
modulus, theoretical predictions of the tensile
strength are less highly developed.

3.2.5. Elongation at break

Normally addition of rigid particulate fillers to a
polymer matrix decreases the elongation at break
(strain at break). Only in rare instances, if there is a
good reinforcement between polymer and the filler,
the fracture goes from particle to particle rather
than following a direct path, and these filled poly-
mers have nearly equal elongations at break when
compared with neat polymer. BNN-PS composites
show the trend of perfect adhesion by the elonga-
tion at break value. Elongation at break value of
BNN-PS composites is almost same as that of neat
PS showing the good reinforcement between the
filler and the matrix. A basic model that describes
the elongation at break given by Equation (16)
[41–43]:

€ = €m (16)

where € and €m are the elongations at break of the
composites and the unfilled polymer, respectively.
For the case of perfect adhesion, under the assump-
tion that the polymer breaks at the same elongation
in the filled system as in the neat polymer. By
Equation (15) it is believed that in the case of poor
adhesion, the elongation is expected to decrease
more gradually with filler loading.

4. Conclusions

Polycrystalline BNN ceramic powder with particle
size less than 100 nm has been synthesized using
conventional ceramic technique. The morphology
and tensile behavior of BNN-PS composites are
studied in detail. The most fascinating property of
the composites is the relatively good dispersion of
the filler particles in the matrix. The particle disper-
sion and particle-matrix reinforcement play vital
roles for both tensile and elongation properties of
the composites. Young’s modulus and tensile
strength of polystyrene show an increment by the
incorporation of BNN filler. Elongation at break
value of the composites is same as that of neat PS
showing the good reinforcement between the filler
and the matrix and stress transfer at the filler-poly-
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Figure 11. Adhesion parameter from the tensile stress of
BNN-PS composites



mer interface is effectively possible by the efficient
dispersion and good adherence of the filler to poly-
mer.
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1. Introduction
Polymer blending, which is a very important tech-
nique in industrial practices, is performed to
achieve specific properties such as improved
mechanical properties that individual materials do
not possess [1, 2]. Polymers can be blended directly
by simply mixing them under specific conditions,
or by using appropriate compatibilizers. Polymer
blending has the following advantages: cheap, eas-
ily processable, and specific properties can be
achieved depending on the composition and prepa-
ration methods [1–4].
PP is one of the most important commodity poly-
mers and is used in many areas, such as home
appliances, automotive parts, construction and
other important industrial applications. PP’s appli-
cations are often limited due to its low impact
strength and Young’s modulus properties, particu-

larly at low temperatures and high temperature
loading conditions. Blending PP with different
polymers is an economic and effective way to
improve these drawbacks [5–8].
EVA with different VA contents (16 and 28 wt%)
have been blended with PP to enhance PP’s low
impact strength. The following observations on
PP/EVA blending have already been reported [5,
9, 10]:
– Two melting peaks and two glass transition

peaks were observed indicating that PP/EVA
blends are thermodynamically immiscible and
also technologically non-compatible.

– A co-continuous phase was observed in blends
with an EVA content of 50 wt% or higher.

– A mechanical locking interphase was found if
the blend was kept below the crystallization tem-
perature of PP.

190

*Corresponding author, e-mail: dikobedg@qwa.ufs.ac.za
© BME-PT

Morphology and properties of polypropylene/ethylene vinyl
acetate copolymer/wood powder blend composites

D. G. Dikobe*, A. S. Luyt

Department of Chemistry, University of the Free State (Qwaqwa Campus), Private Bag X13, Phuthaditjhaba, 9866,
Republic of South Africa

Received 25 Novenber 2008; accepted in revised form 16 February 2009
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– Partial compatibility was achieved by the addi-
tion of a crosslinking agent.

– EVA acts as a good impact modifier.
– When a PP/EVA blend was irradiated, chain

scission was initiated in the PP phase, while
crosslinking prevailed in the EVA phase.

Most polymer blends are immiscible on a molecu-
lar scale and form heterogeneous systems that
affect their properties. One way of improving the
properties of the blends is to introduce fillers into
the systems [11–13]. Addition of fillers is favoured
because it is a cheap, effective and a fast method to
modify the properties of the base material. The
degree of improvement often depends on the type
of the filler (synthetic or natural), particle size and
shape, filler content, and surface treatment which
promotes interaction between the filler and the
polymer matrix [5, 7].
The need for non-toxic and environmentally
friendly materials favours the use of natural fibres,
over inorganic and synthetic fillers, as fillers in
polymeric materials. Dikobe and Luyt [14] and
other researchers used lignocelluosic fillers as rein-
forcing material in different polymer matrices
[15–20].
Although there is extensive literature on the use of
natural fillers in single polymers [14–18, 21–26],
there are only a few studies dealing with polymer
blends filled with natural fillers. Espert et al. [20]
compared water absorption of natural cellulosic
fibres from wood and one-year crops in polypropy-
lene composites, as well as their influence on the
mechanical properties of the composites. They
reported that the use of a post-consumer polypropy-
lene with a low percentage of EVA in its composi-
tion in some cases leads to improved resistance to
water absorption and better mechanical properties,
and that EVA can further improve the compatibility
between the fibres and the matrix.
The purpose of this study was to investigate the
morphology and properties of PP/EVA binary
blends and PP/EVA/WP polymer blend composite
ternary systems. The paper reports on the effect of
WP content on the morphology and properties of
the polymer blend. We were interested in establish-
ing the location of WP in these composites, and
how this would influence the thermal and mechani-
cal properties of these systems.

2. Materials and methods
PP, supplied by Sasol Polymers, South Africa, has
a density of 0.90 g·cm–3, a melting point of 165°C,
a tensile strength of 30 MPa and a melt flow index
of 12 g/10 min (230°C, 2.16 kg). EVA with 9%
vinyl acetate (VA) content, supplied by Plastamid,
Elsies River, South Africa, has a density of
0.93 g·cm–3, a melting point of 95°C, melt flow
index of 2.5 g/10 min (80°C; 2.16 kg), a tensile
strength of 19 MPa and a 750% elongation at
break. Pine WP, or pine saw dust, was obtained
from FBW Taurus, Phuthaditjhaba, South Africa.
WP, supplied as a light orange coloured powder
with a density of 1.5 g·cm–3 was dried at 120°C for
48 hours. Particles with sizes ≤150 µm were
obtained by sieving the dried WP using laboratory
test sieves of 150 µm pore size.
Blends and blend composites were weighed
according to the required ratios (100/0/0, 0/100/0,
50/50/0, 45/45/10, 40/40/20 and 35/35/30 w/w
PP/EVA/WP) to make up a total of 38 g (which is
the mass required for thoroughly mixing the differ-
ent components in the Brabender Plastograph
mixer). Mixing of the samples was done at a tem-
perature of 180°C and a mixing speed of 30 rpm for
15 minutes. The samples were then melt pressed at
190°C and 100 bar for 3 minutes. The pressed sam-
ples were allowed to cool at room temperature for
10 minutes before touching them to avoid air from
penetrating, which would promote the formation of
bubbles.
DSC analyses were carried out in a Perkin Elmer
DSC7 differential scanning calorimeter (Wellesley,
Massachusetts, USA) under flowing nitrogen
(20 ml·min–1). Samples with masses of approxi-
mately 7.5 mg were heated from 25 to 190°C at a
rate of 10°C·min–1 in order to eliminate the thermal
history, cooled to 25°C at 2°C·min–1 and reheated
under the same conditions. For each sample the
melting and crystallization data were obtained from
the second scan.
The morphologies of the 50/50 w/w PP/EVA blend
and the 40/40/20 w/w PP/EVA/WP composite were
examined using a Shimadzu 5SX-550 Superscan
scanning electron microscope. The samples were
immersed in liquid nitrogen to ensure perfect
breakage. The fractured surface was sputter coated
with gold dust (60 nm) before viewing.
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A careful separation of the polymers was per-
formed by selective Soxhlet solvent extraction. The
EVA in the 50/50 w/w PP/EVA blend and the
40/40/20 w/w PP/EVA/WP blend composite were
extracted using n-heptane at 20°C for 24 hours. The
residues from these samples were dried in an oven
at 50°C for 24 h. The dried samples were sputter
coated with gold dust (60 nm) and SEM micro-
graphs were obtained using a Shimadzu 5SX-550
Superscan scanning electron microscope.
For DMA analysis, rectangular samples of
20 mm×5 mm×0.5 mm were used. A Perkin Elmer
Diamond DMA was used for the evaluation of the
storage modulus, loss modulus and mechanical
damping factor. The temperature range over which
the properties were measured was –100 to 100°C at
a heating rate of 5°C·min–1 under 30 ml·min–1

flowing nitrogen. The tests were carried out at a
frequency of 1 Hz.
FTIR microscopy was performed using a Perkin
Elmer Precisely Multiscope. Very thin samples
were placed under the microscope, and microscope
photos as well as FTIR spectra of the desired areas
were collected. The samples were scanned using a
Perkin Elmer Spectrum 100 FTIR spectrometer
over 400–4000 cm–1 at a resolution of 4 cm–1.
Thermogravimetric analyses (TGA) were carried
out on a Pelkin-Elmer TGA7 thermogravimetric
analyzer. Samples having a mass of approximately
7 mg were heated from 25 to 600°C at 20°C·min–1

under flowing nitrogen (20 ml·min–1).
Tensile testing was performed under ambient con-
ditions on a Hounsfield H5KS universal tester at a
cross-head speed of 50 mm·min–1. Tensile test
specimens (gauge length 24 mm, width 5 mm,
thickness 2 mm) were prepared using a dumbbell
shaped hollow die punch. Six samples per composi-
tion were analysed. A statistics computer pro-
gramme was used to eliminate out-of-range values,
and the mean of the accepted values was reported.

The tensile strength, Young’s modulus, and elonga-
tion at break values were obtained from this testing.

3. Results and discussion

The DSC curves in Figure 1 show endothermic
melting peaks at 99°C for EVA and 165°C for PP.
The PP/EVA blend has two melting peaks at 99 and
168°C, indicating immiscibility of EVA and PP.
The WP blend composites show a decrease in EVA
melting point to 86°C, while the PP melting point
remains around 166°C. Decreasing amounts of
EVA and PP gave rise to decreasing melting
enthalpies (Table 1). This was to be expected, since
the melting enthalpies are related to the amounts of
polymer in the sample, and since the amounts of
polymer decrease with increasing WP content in
the sample, the melting peak sizes and related
enthalpies should correspondingly decrease. It is,
however, possible that the presence of solid filler
may influence the crystallization behaviour of
either or both polymers, and it was decided to com-
pare the experimentally observed enthalpy values
with calculated enthalpy values. These values were
calculated assuming that the composites were com-
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Figure 1. DSC heating curves of pure EVA, pure PP and
PP/EVA/WP blend composites

Table 1. DSC melting data for pure PP, pure EVA and their blend composites (2°C·min–1 cooling)

PP/EVA/WP
[w/w]

TPeak [°C] ΔΔHobs [J·g–1] ΔΔHcalc [J·g–1]
EVA PP EVA PP EVA PP

100/0/0 – 165.3 ± 7.3 – 82.3 ± 4.2 – 82.3 ± 4.2
0/100/0 99.3 ± 3.5 – 54.2 ± 1.2 – 54.2 ± 1.2 –
50/50/0 99.7 ± 2.4 168.1 ± 6.4 26.9 ± 1.5 38.7 ± 3.1 27.1 ± 2.6 41.2 ± 0.9
45/45/10 85.5 ± 2.9 167.5 ± 6.2 10.2 ± 1.2 35.8 ± 3.4 24.4 ± 2.4 37.0 ± 0.5
40/40/20 86.1 ± 3.2 166.9 ± 5.4 09.8 ± 0.7 31.4 ± 2.5 21.7 ± 1.4 32.7 ± 0.5
35/35/30 86.2 ± 3.6 165.8 ± 4.3 06.7 ± 0.5 26.9 ± 1.9 18.9 ± 1.2 28.8 ± 0.9



pletely homogeneous and that neither blending nor
the presence of WP changed the crystallization
characteristics of either polymer. Table 1 shows
that there is a good correlation between the experi-
mentally observed and theoretically calculated
enthalpies for both PP and EVA in the 50/50 w/w
PP/EVA blend. This confirms that a completely
immiscible blend was formed, and that neither
polymer had an influence on the crystallization
behaviour of the other polymer. Further support for
this may be found in the fact that there was also
very little change in the melting peak temperatures
of the two polymers after blending.
In the PP/EVA/WP composites, the experimentally
observed enthalpies for EVA melting were signifi-
cantly lower than the calculated values. In compar-
ison, the experimentally observed and calculated
enthalpy values for PP melting are almost the same

for all three investigated composites (Table 1). The
peak temperatures of PP melting in the composites
are also not significantly different from those of
pure PP and blended PP, while those of EVA in the
composites are significantly lower than those of
pure EVA and blended EVA. This shows that WP
is situated primarily in the EVA phase and strongly
interacts with EVA. As a result of this interaction,
the EVA chains are immobilized by the WP parti-
cles, which results in a reduced crystallization of
EVA. This conclusion is supported by the positions
of the crystallization peaks in Figure 2 that are at
significantly lower temperatures for EVA. It has
been reported [20] that the addition of cellulosic
material to a PP/EVA blend causes a decrease in
crystallization, melting and oxidation temperatures,
and an insignificant increase in crystallinity of the
blend. However, the authors of this paper did not
distinguish between the PP and EVA phases in the
blend. Salemane and Luyt [15] reported an increase
in crystallinity of PP in the presence of WP, and in
the absence of a compatibilizer [15].
The SEM photos of the fracture surfaces of the
50/50 w/w PP/EVA blend before and after extrac-
tion are shown in Figure 3. Figure 3a shows that it
is not possible to see separate PP and EVA phases
on the SEM photo of the 50/50 w/w PP/EVA blend;
this is in line with observations by Mihaylova et al.
[9], who used SEM to study the supramolecular
structures of PP/EVA blends. Their SEM micro-
photographs of the unirradiated blends show that in
EVA-rich blends, EVA was the continuous phase,
while PP was identified as spherical particles
within the blend. When PP was the major phase, PP
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Figure 2. DSC cooling curves of pure EVA, pure PP and
PP/EVA/WP blend composites

Figure 3. SEM pictures of the fracture surfaces of 50/50 w/w PP/EVA a) before extraction and b) after extraction (2000×
magnification)



formed the continuous phase, while EVA showed
partially coalesced droplets. However, the authors
found it difficult to distinguish the two components
in the 50/50 w/w PP/EVA blend; although the
images could show brittle surfaces (related to PP)
and regions where plastic deformations (related to
rubbery EVA) have occurred. This finding sug-
gested a co-continuous structure for the 50/50 w/w
PP/EVA sample. Gupta et al. [27], in a similar
study on PP/EVA blends, observed the same
behaviour. The SEM photo of our 50/50 w/w PP/
EVA blend, after extraction in n-heptane, clearly
confirms this co-continuous structure (Figure 3b).
The SEM photo (Figure 4a) of the 40/40/20 w/w
PP/EVA/WP blend composite before extraction
shows WP particles intimately covered by a poly-
mer (arrow A), which probably is EVA (according
to the DSC observations). Although the two poly-
mers are not distinguishable in the photo, it may be
assumed with some certainty that the smooth phase
(arrow B) consists primarily of PP. The arrow in
the SEM photo of the n-heptane extracted 40/40/
20 w/w PP/EVA/WP blend composite clearly
shows the loose WP particle in the hole left by the
extracted EVA (Figure 4b). This confirms that the
WP particles were primarily located in the EVA
phase of the immiscible blend.
DMA storage modulus and damping factor curves
of all the investigated samples are shown in Fig-
ures 5 and 6. Figure 5 shows that at low tempera-
tures EVA has slightly lower storage moduli than
PP, but the difference becomes more significant
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Figure 4. SEM pictures of the fracture surfaces of 40/40/20 w/w PP/EVA/WP a) before extraction and b) after extraction
(2000× magnification)

Figure 5. Storage modulus as function of temperature of
pure EVA, pure PP, and PP/EVA/WP blend
composites

Figure 6. tanδ as function of temperature of pure EVA,
pure PP, and PP/EVA/WP blend composites



with increasing temperature. The PP/EVA polymer
blend and the WP blend composites have storage
moduli between those of pure EVA and pure PP
over the whole temperature range. It is interesting
that the presence of wood powder does not seem to
significantly change the storage moduli, probably
because it is concentrated in the EVA phase. The
damping factor curve of EVA shows two different
transitions, the β-transition at about 0°C and the
α-transition at about 58°C (Figure 6). The β-transi-
tion corresponds to the glass transition of EVA. PP
has a β-transition peak at about 16°C. This transi-
tion corresponds to the glass transition of the amor-
phous region in PP [1, 22]. The PP/EVA blend
shows all the characteristic peaks of pure PP and
pure EVA, indicating complete immiscibility of the
two components. In the case of the PP/EVA/WP
blend composites, the α-transition of EVA is no
longer visible, which shows that the interaction
between EVA and WP has a significant influence
on the interlamellar shear properties of EVA.
Figures 7 and 8 show the FTIR microscopy photo
of the 40/40/20 w/w PP/EVA/WP blend composite
and the FTIR spectra of pure PP, pure EVA, a
50/50 w/w PP/EVA blend and a 40/40/20 w/w
PP/EVA/WP blend composite. The FTIR
microscopy photo of the 40/40/20 w/w PP/EVA/
WP composite in Figure 7 shows the formation of
three separate phases, a dark area, a darker interface
and a light area. FTIR analysis of the light areas
gave a spectrum corresponding to that of PP (Fig-
ure 8). This observation confirms that WP has no
affinity for PP. The dark (a) and interfacial (b)
areas gave spectra corresponding to that of 40/

40/20 w/w PP/EVA/WP. The spectrum shows the
–OH peak (around 3400 cm–1), indicating the pres-
ence of WP, while the other peaks are characteristic
peaks of EVA and not PP (Figure 8). All the spectra
show strong absorbance peaks around 2850 and
2920 cm–1 that are associated with the C–H asym-
metric stretching of the polymers. The peak repre-
senting the vibration of the –C=O ester of the
carboxyl group appears at 1750 cm–1 in pure EVA,
the PP/EVA blend and the PP/EVA/WP blend
composite. The fact that the PP/EVA blend spec-
trum shows all the characteristic peaks for pure
EVA and pure PP, and that no new peaks are
observed, indicate the absence of any reaction or
interaction between EVA and PP, which supports
the SEM, DSC and DMA observations. The lack of
vibrational changes in PP/EVA compared to pure
PP and pure EVA was also reported by Huerta-
Martinez et al. [5], who indicated that the vibra-
tional changes of the carbonyl group would be
noticed only in miscible blends. The presence of
WP in the blend composite is indicated by a strong,
broad –OH functional group stretching vibration
around 3400 cm–1. The –C=O peak at 1750 cm–1 in
the blend composite is much less intense than that
in pure EVA and the PP/EVA blend, probably as a
result of the –C=O interaction with the –OH in WP.
Thermogravimetric analysis (TGA) was used to
investigate the thermal stability and degradation of
PP, EVA, the PP/EVA blend and the PP/EVA/WP
blend composites. The TGA and derivative TGA
curves of these samples are shown in Figures 9
and 10. EVA (with two degradation steps) is ther-
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Figure 7. FTIR microscope photo of the 40/40/20 w/w
PP/EVA/WP blend composite

Figure 8. FTIR spectra of pure EVA, pure PP and
PP/EVA/WP blend composites



mally more stable than PP. However, the blend
degrades at a slower rate than pure PP due to the
influence of the more thermally stable EVA back-
bone. The blend composites show two degradation
steps; the first one is atrributed to the degradation
of WP combined with de-acetylation, and the sec-
ond one is due to the degradation of PP and the
EVA backbone. The onset temperatures of the first

degradation step of the composites decrease and the
intensities of the derivative peaks (Figure 10)
increase as the WP content increases. The second
degradation step of the composites starts at higher
temperatures than that for the 50/50 w/w PP/EVA
blend. This may be attributed to the interfacial
interaction between WP and the EVA part of the
PP/EVA blend. Qui et al. [23] studied the structure
and properties of composites of highly crystalline
cellulose with PP, and reported that no significant
change was observed in the thermal stability of PP
in the presence of cellulose due to the lack of com-
patibility between the two. However, when the sys-
tem was compatibilized with maleic anhydride
grafted PP (MAPP), the thermo-oxidative stability
of the PP/cellulose composites was enhanced due
to the improvement in interfacial interaction
between PP matrix and cellulosic filler, promoted
by MAPP. Joseph et al. [26] also reported that the
addition of short sisal fibre to PP yielded compos-
ites that are more thermally stable than the PP
matrix. Another reason for the second degradation
step starting at higher temperatures may be the
retardation of the evaporation of volatile degrada-
tion products due to the char formed during the first
degradation step. Peeterbroeck et al. [28] reported
a delay in the thermal degradation with the addition
of clay to EVA, mainly due to a decrease in the rate
of evolution of the volatile products. Duquesne
et al. [7] reported that the second degradation step
(which corresponds to the decomposition of the
polyethylenic fraction) in EVA-nanoclay systems
occurred at a higher temperature in the presence of
clay. This behaviour was attributed to a diffusion
effect, which limited the emission of the gaseous
degradation products, resulting in an increase in the
thermal stability of the second degradation step of
EVA.
The tensile properties of the blend and composites
as a function of filler content are presented in
Table 2. Generally, the filler plays an important
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Table 2. Mechanical properties of PP/EVA/WP blend composites

E – tensile modulus, εb – elongation at break, σb – tensile strength

PP/EVA/WP [w/w] E ± sE [MPa] εεb ± sεεb [%] σσb ± sσσb [MPa]
100/0/0 498.5 ± 13.5 26.7 ± 2.5 29.9±1.3
0/100/0 38.2 ± 1.4 535 ± 12.3 09.9 ± 0.5
50/50/0 258 ± 3.5 12.9 ± 0.1 12.8 ± 0.1
45/45/10 265 ± 2.3 10.7± 0.1 08.9 ± 0.2
40/40/20 272 ± 3.7 9.7 ± 0.4 08.7 ± 0.1
35/35/30 285 ± 3.5 7.25 ± 0.1 07.6 ± 0.2

Figure 9. TGA curves of pure EVA, pure PP, WP and
PP/EVA/WP blend composites

Figure 10. Derivative TGA curves of pure EVA, pure PP,
PP/EVA blend, WP and PP/EVA/WP blend
composites



role in determining the mechanical properties of
lignocellulosic filled thermoplastics [1–5, 20, 26].
The tensile moduli of pure PP and pure EVA are
498 and 38 MPa respectively, and the modulus of
the PP/EVA blend is an average of these values
(Table 2). This is to be expected, because PP and
EVA form a totally immiscible blend (see Fig-
ure 3), and the blend will have a tensile modulus to
which both polymers contribute equally. Table 2
shows an increase in modulus of the composites
with an increase in WP content, because rigid
fillers normally increase the stiffness of a compos-
ite [23].
The PP/EVA blend has an elongation at break
lower than those of the individual polymers,
because the interfaces between the two non-com-
patible polymers form defect points where stress
cracking will occur more easily. A further decrease
in elongation at break was experienced with
increasing WP content, which is normal for these
types of composites [13, 18, 19, 23]. It is com-
monly explained as being due to the restriction in
chain mobility of the matrix, and to the filler parti-
cles acting as defect points.
The tensile strengths of the composite samples
decrease with an increase in WP content. This is
probably the result of WP particles locating them-
selves in the EVA phase. Although the WP has a
greater affinity for EVA, and seems to preferably
locate itself inside the EVA phase, there will not be
enough EVA in the blends with high WP contents,
and as a result a fair amount of WP particles may
locate themselves at the EVA-PP interface. The
tensile strengths of these composites will therefore
decrease because of the weak interaction between
WP and PP. Kim et al. [25] reported that the tensile
strength of WP filled PP composites decreased with
increasing bio-flour loading due to the weak inter-
facial adhesion and low compatibility between the
hydrophilic bio-flour and hydrophobic PP.

4. Conclusions

PP/EVA/WP polymer blend composites were pre-
pared and their morphology as well as thermal and
mechanical properties were investigated. The
PP/EVA blend shows immiscibility due to a lack of
interaction between PP and EVA. SEM and FTIR
microscopy shows in lack of homogeneity as indi-

cated by island formation within the blend compos-
ite. In the blend composites the WP has a higher
affinity for EVA than for PP. This significantly
influenced the crystallization behaviour of EVA,
which was clearly observed from both the DSC and
DMA results. The presence of WP in the PP/EVA
blend caused a decrease in the degradation temper-
ature of the first degradation step, which is a com-
bination of WP degradation and EVA de-acetyla-
tion. At the same time the degradation temperature
of the second step increased, probably as a result of
the strong interaction between WP and EVA com-
bined with retardation in the evolution of volatile
degradation products. The stress and the strain at
break of the blend composites decreased with an
increase in WP content, while the modulus
increased.
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