
Impact resistance constitutes one of the most popu-
lar quality control tools for polymeric materials and
plastic finished parts. There are a number of stan-
dard impact test methods devoted to evaluate the
impact response of polymeric materials (e.g., ten-
sile-impact, Charpy and Izod tests, falling weight,
Gardner, etc.). Nevertheless, to the questions: which
test to use? how the different toughness measure-
ments are related between each other? straightfor-
ward answers cannot  be given. The shortcomings
of standardized impact tests were recognized long
ago: these tests are unable to generate an ‘actual
material property’.
Fracture mechanics experts often criticize standard
impact tests because of uncertainties about gauge
length, complex three-dimensional stress states,
their dependence on sample thickness, and the rela-
tionship of these factors to real situations. Indeed,
to understand the true meaning of impact strength
one must draw on fracture mechanics concepts.
Modern instrumented devices can provide curves of
high-speed stress/strain data which permit in princi-
ple the application of fracture mechanics. Even so,
this approach seems to be unappealing to plastic
industrialists who continue to prefer traditional
impact tests. On the other hand, fracture mechanics
does not take into account crack initiation in loca-
tions into the body where there are no initial sharp
cracks, that is, it can't be used when the location of
the failure initiation spot is not known a priori.
Nowadays, computer methods based on Finite Ele-
ment Analysis (FEA) are widely used in the acade-

mia and industry for calculating forces, deforma-
tions, stresses and strains. They make possible to
explore the influence of different materials and
component geometries on the forces and deforma-
tions experienced in the impact event. In addition,
physically based constitutive theories accounting
for nonlinear and rate-dependent properties of poly-
mers – viscoelastic and viscoplastic deformation
characteristics – allow modeling the behavior of
materials properly. As a consequence deeper infor-
mation than that given by standard impact tests may
be provided.
Future investigations should take the step forward
to a full interpretation of the impact tests. Special
efforts should be devoted towards understanding
the existing relationship among different impact
tests. This inquiry still remains as an open question
which concerns polymer industry. The key lies in
focusing to find the governing three-dimensional
invariant-based failure criteria under impact situa-
tions. Once this goal has been achieved standard
impact tests will become a true materials evaluation
tool.
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1. Introduction
Self-healing polymers [1–4], which are able to
autonomously repair damage inflicted on them, are
at the forefront of recent developments in materials
chemistry and engineering. Some of them can self-
repair by surface contact [5], but most need differ-
ent external agents, such as heat or light. By heat-
ing, for example, a Diels-Alder reaction can take
place in elastomeric polymers [6–8]. Light is used to
produce reactions in light-sensitive materials such as
antracenes [9, 10], coumarins [11], or cinammic acid
derivatives [9, 12]. These light-sensitive materials
have been used in shape memory polymers [12],
hydrogels [10], surface patterning [13], drug release
[14–17], and intraocular lenses [18]. Self-healing at
room temperature can be achieved by light expo-

sure of the damage if the crack surfaces contain
reactive moieties that can react to form new chemi-
cal bonds under irradiation. These photo-reactive
groups should be part of the polymer structure with-
out compromising the desired properties, which
often means a limited content [19, 20].
Coumarin molecules can undergo reversible photo-
induced reactions; thus, when irradiated at 365 nm a
[2+2] cycloaddition reaction to give rise to a cyclo -
butane ring takes place, and when irradiated at
254 nm a photo-cleavage reaction renders the origi-
nal coumarin structures as shown in Figure 1 [11,
21–23]. Coumarin monomers have been included in
the backbone of different types of polymers, includ-
ing polyethers [21], poly(meth)acrylates [23, 24],
polyesters [25] and polyurethanes [19].
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Polyurethanes are considered excellent materials
because of their good physical properties. This is the
reason why this material is used in different and
numerous applications. Some applications of these
materials are biomedical, coating and adhesive appli-
cations [26, 27]. When incorporated in a polyure -
thane chain, the coumarin monomer was introduced
as a chain end [20, 28] or as a chain extender [19].
In both cases coumarin monomer was linked to the
isocyanate monomer by a polar urethane group, and
when introduced as a chain extender, coumarin
units were within the hard segments.
In this work we report coumarin-based photo-reac-
tive polyurethanes based on PCL macroglycols,
hexamethylene diisocyanate and a monohydroxy-
lated coumarin monomer. PCL macroglycols were
chosen because it is well known that polyesters pro-
duce polyurethanes with better mechanical proper-
ties than polyethers. In addition, PCL polyesters are
biodegradable and non-toxic and potentially could
be used for biomedical applications. Short PCL
were chosen to avoid crystallization as much as
possible in order to obtain transparent materials
where radiation could penetrate more deeply.
Through the right combination of a PCL triol or
tetrol with a PCL diol, branched materials with the
highest possible molecular weight without reaching
gelation could be obtained. In this way, these solu-

ble materials could form films and after minimum
irradiation, a network could be formed.

2. Experimental section
2.1. Materials
PCL900 triol (CAPA®3091, hydroxyl number
184.10 mgKOH/g, molecular weight 914 g/mol) and
PCL1000 tetrol (CAPA®4101, hydroxyl number
224.10 mgKOH/g, molecular weight 1001 g/mol)
were a gift from Perstorp (Warrington, UK), and
PCL530 (molecular weight 527 g/mol) was sup-
plied by Sigma Aldrich Química S.L (Madrid, Spain).
PCLs were vacuum dried at 90 °C for 3 h and stored
in a desiccator until used.
Resorcinol, ethyl acetoacetate, 2-bromoethanol, stan-
nous octoate and hexamethylene diisocyanate were
supplied by Sigma Aldrich Química S.L (Madrid,
Spain) and used as received. Concentrated sul-
phuric acid and potassium carbonate were supplied
by Panreac (Barcelona, Spain) and used as received.
Dimethylformamide and 1,2-dichloroethane were
supplied by Scharlau (Barcelona, Spain) and used
as received.

2.2. Synthesis of 7-hydroxyethoxy-4-
methylcoumarin (HEOMC)

7-hydroxyethoxy-4-methylcoumarin (HEOMC) was
prepared as described in literature in two steps [20,
23], as shown in Figure 2.
The characterization of the molecule was made
using nuclear magnetic resonance (NMR) analysis.
1H NMR (400 MHz, DMSO-d6, ppm): 7.67 (d, 1H,
J = 9.6 Hz, c), 6.96 (dd, 1H, J1 = 9.6 Hz, J2 =
2.8 Hz, d), 6.96 (d, J = 2.8 Hz, 1H, e), 6.19 (d, J =
1.2 Hz, 1H, a), 4.9 (s broad, 1H, –OH), 4.08 (t, J =
4.8 Hz, 2H, k), 3.74 (t, J = 4.8 Hz, 2H, l), 2.38 (d,
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Figure 1. Photo-dimerization/photo-cleavage reactions of
coumarin molecules

Figure 2. Synthesis procedure for 7-hydroxyethoxy-4-methylcoumarin (HEOMC)



J = 1.2 Hz, 3H, b). 13C NMR (400 MHz, DMSO-d6,
ppm): 161.8 (h), 160.2 (j), 154.7, 153.4 (f, i), 126.3
(c), 113.0 (a), 112.4, 111.1 (d, g), 101.1 (e), 70.3
(k), 59.4 (l), 18.1 (b).

2.3. Synthesis of model linear polyurethanes
In a 25 mL round-bottomed flask, 1 g (1.887 mmol)
of PCL530, 0.1522 g (0.692 mmol) of HEOMC and
0.3772 g (2.243 mmol) of hexamethylene diiso-
cyanate were dissolved in 5 mL of 1,2-dichloro -
ethane. Two drops of SnOct2 catalyst were added
and the stirred solution heated at 80 °C for 3 h, fol-
lowed by 24 h stirring at ambient temperature. The
resulting polymeric solution was cast into a Teflon
mould and the solvent evaporated at room tempera-
ture for 48 h. This polymer had 10% by weight of
coumarin monomer. The models with 5% by weight
of coumarin monomer (1 g of PCL530, 0.0704 g of
HEOMC and 0.3443 g of HDI) and without
coumarin (no HEOMC was added and PCL530 and
HDI were added in stoichiometric amounts) were
synthesized in the same way.

2.4. Synthesis of branched polyurethanes
The branched coumarin-containing polymers were
synthesized in the same way as the linear models,
that is, one pot synthesis without prepolymeriza-
tion. In Table 1, the calculated amounts of each reac-
tant for a total of 100 g of polymer can be found. In
the actual synthesis procedure, a total amount of 5 g
of polymer was prepared.

2.5. Experimental techniques
Solution NMR spectra were recorded at room tem-
perature in a Varian Unity Plus 400 instrument (Palo
Alto, CA, USA) using deuterated dimethylsulfox-
ide (DMSO-d6) as solvent. Spectra were referenced
to the residual solvent signals at 2.50 ppm for pro-
ton spectra and 39.5 ppm for carbon spectra.
Irradiations were carried out in a crosslinker sup-
plied by Ultra-Violet Products (Upland, CA, USA)
equipped with four sets of 5!8 watts lamps with
emission maxima at 313, 354, 365, and 254 nm.
UV experiments were performed in a Perkin Elmer
Lambda 35 UV/Vis spectrometer (Waltham, MA,
USA). Absorbance of the thin films was measured
from 450 to 210 nm.
Raman spectroscopy measurements were carried
out by a Renishaw inVia Laser micro-Raman Spec-
trometer (Wotton-under-Edge, UK). A laser beam

with wavelength of 785 nm served as the excitation
light. The testing area on the film was about 1 "m2.
The thermal transitions of the samples were ana-
lyzed by DSC on a Mettler Toledo DSC 822e
calorimeter (Schwerzenbach, Switzerland) equipped
with a liquid nitrogen accessory. Disc samples cut
from films weighing approximately 6 mg were
sealed in aluminium pans. Samples were heated,
from –90 to 80 °C at a rate of 10 °C·min–1, cooled
at 10 °C·min–1 to –90 °C, maintained for 7 minutes
at this temperature and re-heated from –90 to 80 °C
at a rate of 10 °C·min–1. Crystallization (Tc) and
melting temperatures (Mp) were taken as the maxi-
mum of the exothermic or endothermic transition
respectively, and glass transition temperatures (Tg)
were taken as the midpoint of the transition. Melt-
ing (#Hm) and crystallization (#Hc) enthalpies were
calculated by integration of the area of the peaks.
Tensile properties were measured in a MTS Syn-
ergie 200 testing machine (Eden Prairie, MN, USA)
equipped with a 100 N load cell. Type 3 dumbbell
test pieces (according to ISO 37) were cut from the
samples. A cross-head speed of 200 mm·min–1 was
used. Strain was measured from cross-head separa-
tion and referred to 10 mm initial length. A mini-
mum of 3 samples were tested for each material.

3. Results and discussion
3.1. Synthesis and characterization of

coumarin containing polyurethanes
A series of coumarin end-capped branched polyure -
thanes having a content of 5 or 10% by weight of
coumarin units were successfully synthesized. Also
three linear polymers without coumarin and with 5
or 10% by weight of coumarin units were prepared
as models. The branched polymers were designed to
have the maximum possible molecular weight in
order to have film forming properties. Starting PCL
diol, triol and tetrol had low molecular weight to
obtain amorphous or very low crystalline polymers
that would be transparent and would allow penetra-
tion of UV radiation.
From Carothers equations, when monomers with
functionality above 2 are used, gel point can be cal-
culated with the Equation (1):

                                                               (1)

where p is the conversion at the gel point and favg is
the average functionality of the reactants.

p 5
2

favg
p 5

2
favg
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To avoid gelation, favg should be 2 (only at 100%
conversion a gel would be obtained), and if only a
PCL triol or a PCL tetrol are used to build up the
branched polymer by reaction with hexamethylenedi-
isocyanate (HDI), an equivalent ratio of HDI/PCL
triol and HDI/PCL tetrol of 4/3 and 6/4 respectively
has to be used. For these HDI/PCL equivalent ratios,
the reaction of the free isocyanate groups with the
equivalent amount of hydroxyl-coumarin (HEOMC)
would produce branched polymers with a coumarin
content of 15.1 and 22.6% by weight for PCL triol
and PCL tetrol respectively.
Mixtures of PCL triol or tetrol with short difunc-
tional PCL were necessary to reduce the coumarin
content in the final branched polymer. Calculations
by using Carothers equations allowed for the deter-
mination of the equivalent ratios of PCL triol/PCL
diol and PCL tetrol/PCL diol to be reacted with HDI
to obtain a final favg = 2 at full conversion, and the
appropriate amount of free isocyanate groups to
react with HEOMC giving a final coumarin content
of 5 or 10% by weight in the final branched polymer,
as shown in Figure 3 for the polymer based on triol
PCL900, diol PCL530, HDI and 5 wt% HEOMC.
As an example, the equations used for polymer
PCL1000+PCL530+HDI+HEOMC5% are given in
the following. Starting from 1 mol of PCL1000 (mol-
ecular weight 1001, functionality 4), to obtain a
5 wt% of HEOMC in the final polymer we need to
combine x mol of PCL530 (molecular weight 527,

functionality 2), y mol of HDI (molecular weight
168.2, functionality 2) and z mol of HEOMC (mol-
ecular weight 220.2, functionality 1), as shown in
Equation (2):

       (2)

For a stoichiometric reaction, the equivalents of
isocyanate groups from HDI must equal the equiva-
lents of hydroxyl groups from PCL1000, PCL530
and HEOMC, see Equation (3):

2$y = 4$1 + 2$x + z                                               (3)

And finally, from Carothers equations for a non-sto-
ichiometric reaction (r % 1), to obtain the maximum
molecular weight in the reaction between HDI and
PCL1000+PCL530, final average functionality
should be 2 according to Equation (4):

                                             (4)

Working out the three equations the unknown
amounts in mol for each reactant (x, y, z) are
obtained, and from the mol ratio of the reactants the
respective weight amounts are calculated.
In the following table, the weight amounts of each
reactant, calculated for a total amount of 100 g of
branched polymer are listed.
Branched polymers were prepared in 1,2-dichloro -
ethane by mixing all reactants and using stannous
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Figure 3. Reaction scheme for the preparation of the branched polyurethanes



octoate as catalyst. Films were obtained by casting
directly the solution onto a Teflon mold and solvent
evaporation at ambient temperature.
Similar branched polymers have been described in lit-
erature with poly(ethylene glycol) as the soft segment,
a HDI trimer as the polyisocyanate and HEOMC as
the coumarin monomer [20], but in that case the
polymer structure was not controlled. Although not
explained in that work, in a following paper by these
authors [19] it was explained that some gelation
occurred during synthesis as a consequence of the
actual composition of the HDI trimer, in fact a mix-
ture of compounds with some of them of higher
functionality (4, 5, etc). With our synthesis procedure,
no gel appeared and the final branched polymers
were completely soluble with a molecular weight
high enough to form films.
Thermal properties of the branched polymers as
determined by DSC can be found in Table 2. The
thermal properties of the linear models have been
included for comparison.
In the first run from ambient temperature, an endother-
mic transition with several maxima was obtained,
demonstrating that PCL530 chains can crystallize
and, in principle, the endotermic peak could be
related to PCL crystals melting. However, the max-

imum at higher temperature for the model linear
polymer PCL530+HDI (with no coumarin) is at
approximately 51 °C. And when HEOMC is intro-
duced, the maximum at higher temperature is close
or above 60 °C, that is, at significantly higher tem-
perature. This result is unexpected, especially for
branched polymers because branching points should
introduce irregularities that should produce a mate-
rial with lower crystallinity and smaller crystals with
lower melting point. Besides, when HEOMC con-
tent increased, the relative area of the endotherm at
the higher temperature side and the temperature at
the higher temperature maximum increased as it is
shown in Figure 4. From these results, it was deduced
that coumarin end-groups were able to segregate in
an ordered phase. Data from second heating run
were consistent with this deduction (see Figure 5).
After PCL segments glass transition, an exothermic
crystallization peak due to PCL segments crystal-
lization appeared, followed by a single endothermic
peak due to PCL segments melting ending at 53 °C
in the case of the linear polymer PCL530+HDI. For
the polymers with coumarin end-groups, a melting
endotherm with a maximum and a shoulder at higher
temperature was observed for polymers PCL900+
PCL530+HDI+HEOMC 5% and PCL1000+PCL530+
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Table 1. Amounts of reactants [g] in the synthesis of coumarin containing branched polyurethanes (calculated for 100 g of
final polymer)

POLYURETHANE PCL900 triol PCL1000 tetrol PCL530 diol HDI HEOMC
PCL900+PCL530+HDI+HEOMC 5% 20.43 – 50.76 23.81 5.00
PCL900+PCL530+HDI+HEOMC 10% 40.87 – 25.69 23.45 10.00

PCL1000+PCL530+HDI+HEOMC 5% – 11.35 59.09 24.56 5.00
PCL1000+PCL530+HDI+HEOMC10% – 22.70 42.35 24.94 10.00

Table 2. Thermal properties of coumarin containing branched polyurethanes

*Shoulder. Temperature is approximate.

First scan Second scan

POLYURETHANE Mp
[°C]

!Hm
[J/g]

Tg
[°C]

Tc
[°C]

!Hc
[J/g]

Mp
[°C]

!Hm
[J/g]

PCL530+HDI
36.5
45.7
50.9

17.69 –41.5 2.9 –15.94 36.6 16.61

PCL530+HDI+HEOMC 5% 43.9
58.8 8.99 –45.6 –6.8 –4.79 25.3

50* 15.08

PCL530+HDI+HEOMC 10% 38.9
57.3 4.47 –47.7 –5.7 –2.29 17

63.3 5.11

PCL900+PCL530+HDI+HEOMC 5% 48.0
61.9 4.14 –41.9 3.2 –2.81 31.1

51* 6.43

PCL900+PCL530+HDI+HEOMC 10% 48.9
65.6 3.94 –36.8 9.0 –0.49 52.4 1.83

PCL1000+PCL530 +HDI+HEOMC 5% 46.3
61.0 4.09 –41.3 2.9 -4.17 31.2

51* 5.75

PCL1000+PCL530+HDI+HEOMC 10% 47.7
66.7 2.49 –35.5 22.5 –1.14 55.5 1.47



HDI+HEOMC 5%, the maximum at lower temper-
atures due to PCL segments melting and the shoul-
der at higher temperatures assigned to coumarin
end-groups melting. For polymers PCL900+
PCL530+HDI+HEOM 10% and PCL1000+PCL530+
HDI+HEOMC 10% a single peak was obtained
with the peak end located at 74.6 °C thus both melt-
ing endotherms (PCL and coumarin end-groups melt-
ing) are merged in a single peak (see Figure 5).
A similar peak was found in polymers prepared from
PEG400-diol+HDI-trimer+HEOMC [20], with the
maximum at 58.6 °C. In that work the endothermic
peak was assigned to hard segment glass transition,
although a glass transition should show a change in
heat capacity and the authors found a broad endo -
therm as the ones shown in Figures 2 and 3. As
already explained above, it seems more appropriate
to assign the endotherm at higher temperature to the
ordering of the coumarin end units.
Enthalpy values of the melting peaks (#Hm) are
very low. The highest value, as expected, is for the
linear model polymer without coumarin (PCL530+
HDI). Taking into account that only PCL530 seg-
ments can crystallize, after correction for the PCL530
content on the polymer (75.8% by weight) and tak-
ing 148.24 J/g as the value for the crystallization heat
for a 100% crystallized pure high molecular weight
PCL [29], only 15.7 wt% of the PCL530 (12 wt%
respect to the total polymer weight) is able to crys-
tallize. For the branched polyurethanes, the percent-
age of crystalline PCL530 is even lower. Although it

cannot be calculated because the endotherm is the
sum of PCL segments plus coumarin-end groups
melting, the weight percentage will be even lower
than for the model linear polymers, thus branched
polyurethanes are almost completely amorphous.
When HEOMC content is increased, the weight con-
tent of PCL530 diol in the polymer is decreased, and
the enthalpy due to PCL530 segment crystallinity
must decrease. However, if the enthalpy values are
corrected for the PCL530 content on the polymer, it
is found that despite the expected increase in the melt-
ing enthalpy due to the increase in coumarin-end
groups melting, the overall value of the enthalpy
decreases, thus the PCL530 segments crystallinity
is decreased when HEOMC content is increased.
When branched polymers based on triol PCL900 or
tetrol PCL1000 are compared, for the same HEOMC
content and after correcting for the PCL530 content
on the polymer, it is observed that crystallinty is
slightly lower for the polymers based on tetrol
PCL1000.

3.2. Photo-dimerization/photo-cleavage
kinetics in thin films

Three different set of lamps were tested for the photo-
polymerization of coumarin-based polymers. In Fig-
ure 6, the emission spectra of the lamps are shown.
For lamp with maximum at 313 nm, emission starts
at 270 nm; for lamp with maximum at 354 nm, emis-
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Figure 4. First heating curves for the polymers PCL900+
PCL530+HDI+HEOMC 5% (red line) and
PCL900+PCL530+HDI+HEOMC 10% (blue line)

Figure 5. Second heating curves for the polymers PCL530+
HDI (black line), PCL900+PCL530+HDI+
HEOMC 5% (red line) and PCL900+PCL530+
HDI+HEOMC 10% (blue line)



sion starts at 310 nm; and for lamp with maximum
at 365 nm, emission starts at 350 nm.
Photo-dimerization was followed for a film of poly-
mer PCL530+HDI+HEOMC 10%. Film was cast
from a chloroform solution of the polymer onto a
side of a quartz cuvette. Final thickness of the film
was approximately 2 microns.
In Figure 6, the absorption spectra of the film can be
seen. Absorption of coumarin shows a &–&* transi-
tion between 260 and 300 nm attributed to electrons
of the conjugated benzene nucleus and another &–&*
transition between 310 and 340 nm assigned to the
pyrone nucleus [20, 28].
Emission spectrum of the 313 nm lamp was almost
coincident, whereas emission spectrum of the 354 nm
lamp was coincident in the range 310–350 nm and
emission spectrum of the 365 nm lamp barely over-
lapped at the very end of the absorption band of
coumarin. From this graph, it was expected that lamp
313 nm would be more efficient than lamp 354 nm,
and lamp 365 nm would have a very poor efficiency.
UV absorption in the maximum at approximately
320 nm was measured at different irradiation times,
as seen on Figure 7. The absorption decreased because
of the dimerization of the coumarin double bonds to
form cyclobutane rings, which destroyed the conju-
gated &-system.
Conversion (or dimerization degree) was calculated
from Equation (5):

Conversion                                        (5)

where At and A0 denote the absorbance at 320 nm at
time t and 0 respectively after subtraction of the base-
line value at 400 nm. In Figure 8, the conversion for
polymer PCL530+HDI+HEOMC 10% when irradi-
ated at different times with lamp 313 nm can be
seen.
At the beginning, dimerization was very fast, reach-
ing 35–40% conversion within the first minute. In the
following 15 minutes, conversion reached a plateau
and did not change significantly with irradiation time,
and afterwards, conversion increased steadily with
irradiation time up to approximately 75–80% conver-
sion at 140 minutes. In the graph, four different sam-
ples were irradiated, showing a quite good repeata-

5 1 2
At

A0
5 1 2

At

A0
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Figure 6. Emission spectra of the three different lamps used
for photo-dimerization. Absorption spectrum of
the polymer PCL530+HDI+HEOMC 10% (black
line) has also been included.

Figure 7. UV spectra of polymer PCL530+HDI+
HEOMC 10% when irradiated at different times

Figure 8. Conversion for polymer PCL530+HDI+
HEOMC 10% when irradiated at different times
with lamp 313 nm, for 4 different dimerization
reactions



bility. This kinetic profile was unexpected, and it has
not been reported in literature.
When the polymer film was irradiated with 354 or
365 nm lamps, conversion increased continuously
with irradiation time until a plateau was reached, at
approximately 85–90% conversion (Figure 9). This
ultimate conversion is similar to the conversion
found in other methylcoumarin containing polymers,
for which maximum conversions reported are 77.5%
[20], 81.5% [22] and approximately 80% [11].
Repeatability in conversion was as good as for the
curves in Figure 6. Conversion rate was much slower
for irradiation with the 365 nm lamp, but the shape
of the dimerization curves was similar. When com-
pared with the curve for irradiation with the 313 nm
lamp it is clear that although within the first minute
this lamp produced higher conversion, at longer times,
lamp 354 nm produced higher conversions. With
lamp 354 nm the plateau was reached at approxi-
mately 30 minutes, whereas for lamp 365 nm the
plateau value was reached at approximately 20 hours.
Photo-cleavage of the dimerized films was carried
out with the 254 nm lamps. These lamps presented
a narrow irradiation band from 251 to 257 nm with
a maximum at 254 nm and some other similar small
narrow bands with maxima at 313 and 365 nm. Test
on dimerized samples proved that 15 minutes irradi-
ation with lamp 254 nm was enough to produce
almost complete photo-cleavage.
Samples of polymer PCL530+HDI+HEOMC 10%
where irradiated for certain times with lamp 313 nm

and after dimerization, where irradiated with lamp
254 nm for photo-cleavage. In Figure 10, the results
are shown. It can be seen that when dimerized for up
to 15 minutes, that is, during the initial fast growing
part of the curve and the plateau between 1 and
15 minutes, photo-cleavage was almost complete,
but for higher irradiation time photo-cleavage was
strongly reduced, and for 60 minutes irradiation time
photo-cleavage was only a 10%.
For 354 and 365 nm lamps, photo-cleavage was more
efficient at high irradiation times. In Figure 11 for
example, for irradiation with 354 nm lamp, it can be
found that photo-cleavage had approximately the
same efficiency at any dimerization conversion but
photo-cleavage was not complete and always a dimer-
ized material (approximately 20–25%) remained.
It has been shown extensively by other authors that
photo-cleavage is never complete and is attributed
to a dynamic equilibrium between photo-dimeriza-
tion and photo-cleavage [11, 19–22, 25]. It was also
pointed out that prolonged exposure to 254 nm light
would result in an irreversible structure [20]. For
354 nm irradiation lamp it seems that the irreversibil-
ity reached a fairly constant value (20–25% dimer-
ization) irrespective of photo-dimerization time,
whereas for 313 nm lamp, irradiation time was crit-
ical respect to irradiation time, and long times led to
higher irreversibility. It could be deduced that irre-
versibility is produced mainly by irradiation at
wavelengths below 320 nm, that probably leads to
irreversible structures.
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Figure 9. Conversion for polymer PCL530+HDI+
HEOMC 10% when irradiated at different times
with lamp 313 nm (purple), lamp 354 nm (blue)
or lamp 365 nm (red)

Figure 10. Photo-dimerization for polymer PCL530+HDI+
HEOMC10% when irradiated at different times
with lamp 313 nm and corresponding photo-
cleavage with 354 nm lamp for 15 minutes. Line
shows the complete photo-dimerization curve.



Branched polymers were photo-dimerized and photo-
cleaved with the 354 and 254 nm lamps respec-
tively. Up to nine cycles were recorded and the curves
were similar for all these polymers. In Figure 12,
the cycles for polymer PCL900+PCL530+HDI+
HEOMC 10% are shown as an example. As it can
be seen, the photo-dimerization efficiency slightly
decreased and photo-cleavage efficiency was even
more reduced from cycle to cycle, showing that irre-
versibility increased with the number of cycles. It can

be noted that the loss of efficiency is quite significant
for photo-cleavage and it is much lower for photo-
dimerization, as already observed by other authors
[21].

3.3. Photo-dimerization/photo-cleavage
kinetics in thick films

UV spectra were saturated in thick films and Raman
spectroscopy was used for measuring photo-dimer-
ization/photo-cleavage conversion, as already
reported by other researchers [20]. Raman spectra
for polymer PCL530+HDI and polymer PCL530+
HDI+HEOMC 10% before irradiation and after
irradiation at 354 nm are represented in Figure 13.
As it can be seen, the bands related to coumarin units
decreased after irradiation at 354 nm. Quantifica-
tion was done by normalizing the height of the peak
related to the coumarin double bond at 1614 cm–1

and the height of the peak at 1441 cm–1 related to
methylene groups as shown in Figure 14 for non
irradiated PCL530+HDI+HEOMC 10%.
Photo-dimerization kinetics was measured simulta-
neously by UV and by Raman in a thin film in order
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Figure 11. Photo-dimerization for polymer PCL530+HDI+
HEOMC 10% when irradiated at different times
with lamp 354 nm and corresponding photo-cleav-
ages with lamp 354 nm for 15 minutes. Line
shows the complete photo-dimerization curve.

Figure 12. Photo-dimerization and photo-cleavage cycles for
polymer PCL900+PCL530+HDI+HEOMC 10%
when irradiated for 200 min at 354 nm and for
1 minute at 254 nm

Figure 13. Raman spectrum of PCL530+HDI (black line),
non-irradiated PCL530+HDI+HEOMC 10%
(blue line) and PCL530+HDI+HEOMC 10%
irradiated at 354 nm (red line)

Figure 14. Raman bands used for conversion calculation



to compare the data obtained by both techniques. As
shown in Figure 15, despite the slight scattering of
the Raman data, results are similar demonstrating that
Raman can be used to calculate the conversion in
thick films.
Raman spectra for the branched polymers (not
shown) were very similar to spectra for the linear
models. For the thick films prepared to measure
mechanical properties Raman was used to calculate
conversion.

3.4. Mechanical properties
Mechanical properties of linear polymers PCL530+
HDI 5% and 10% could not be measured because its
films were soft and too weak due to the limited
growth of the linear chains. Non irradiated branched
coumarin containing polyurethanes were weak and
very soft. After irradiation at 354 nm, crosslinking
produced by coumarin photo-dimerization increased
their properties and a soft rubbery material was
finally obtained. In Table 3, the values for tensile
stress and strain to failure for films of approxi-

mately 150 microns thickness of non irradiated poly-
mers and for the polymers irradiated for 300 minutes
at 354 nm are listed. Conversion measured by Raman
after 300 minutes at 354 nm was approximately 70%
for all the polymers.
When the monomers are reacted, PCL530 and HDI
increase the chain length and HEOMC terminates the
chains, and when coumarin end-groups photo-dimer-
ize they link two different chains but do not introduce
a crosslink point. Therefore, the only polyfunction-
ality points introduced in the final photo-cross -
linked polymer come from the PCL triol or the PCL
tetrol. From the data on Table 1 and supposing full
conversion of the reactants during the synthesis of
the branched polyurethanes and full conversion of
the coumarin units during photo-dimerization, a max-
imum theoretical crosslink density (in moles of cross -
link points$104/grams of polymer) can be calculated.
The calculations give the following order of cross -
link density for the polymers:

PCL1000+PCL530+HDI+HEOMC 5% (1.13) <
PCL900+PCL530+HDI+HEOMC 5% (2.23) ~
PCL1000+PCL530+HDI+HEOMC 10% (2.27) <
PCL900+PCL530+HDI+HEOMC 10% (4.47)

From the properties measured, it is clear that tetra-
functional (PCL1000) crosslinks gave better mechan-
ical properties than trifunctional (PCL900) crosslinks
for the same crosslink density. And as expected, for
the same functionality of the crosslinks, when
coumarin content increased the crosslink density
increased and the mechanical properties increased.
Not much information is found in literature on the
mechanical properties of coumarin-containing poly -
urethanes. For an irradiated polymer composed of
PEG400-diol+HDI-trimer+HEOMC with content of
20% by weight of HEOMC, tensile strength and
strain were approximately 2.25 MPa and 140%
respectively [20]; and for irradiated polymers com-
posed of PEG800-diol+IPDI+Coumarine-diol with
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Figure 15. UV versus Raman conversion for polymer
PCL530+ HDI+HEOMC 10%

Table 3. Mechanical properties of the non-irradiated and irradiated at 354 nm for 300 minutes branched polyurethanes

Polyurethane Stress
[MPa]

Strain
[%]

PCL900+PCL530+HDI+HEOMC 5% non-irradiated 0.92±0.12 46±2
PCL900+PCL530+HDI+HEOMC 5% irradiated 2.3±0.3 110±30
PCL900+PCL530+HDI+HEOMC 10% non-irradiated 1.8±0.2 34±10
PCL900+PCL530+HDI+HEOMC 10% irradiated 4.9±0.5 640±110
PCL1000+PCL530+HDI+HEOMC 5% non-irradiated 1.08±0.11 69±8
PCL1000+PCL530+HDI+HEOMC 5% irradiated 2.7±0.5 260±50
PCL1000+PCL530+HDI+HEOMC 10% non-irradiated 1.4±0.3 39±11
PCL1000+PCL530+HDI+HEOMC 10% irradiated 5.4±0.9 510±100



5.5 and 13% by weight of coumarin component, with
86 and 94% of dimerization conversion respectively,
values for tensile strength and strain were approxi-
mately 1.2 MPa and 650% and 3.6 MPa and 235%
respectively [19]. Data on Table 3 demonstrate that
PCL based materials, despite having lower coumarin
content and/or lower conversion and therefore lower
crosslink density, after irradiation produce polyure -
thanes with better mechanical properties than
coumarin-containing materials based on PEG.
For all the irradiated branched materials, when irradi-
ated at 254 nm for 12 minutes mechanical properties
decreased as a consequence of photo-cleavage of
coumarin units, which decreased the crosslink density
of the material. Re-irradiation at 354 nm for 150 min-
utes increased again the crosslink density by photo-
dimerization of coumarin units and mechanical prop-
erties recovered, as it can be seen in Figure 16 for the
polymer PCL1000+PCL530+HDI+ HEOMC 5%.

4. Conclusions
A series of branched polyurethanes based on PCL
with a content of 5 and 10% by weight of terminal
coumarin units were successfully prepared. A mix-
ture of short PCL triol or tetrol with a short PCL
diol in the appropriate amounts was necessary to
control the molecular architecture, to obtain the
maximum possible molecular weight and to avoid
gelation during synthesis.

The obtained branched polyurethanes presented low
PCL crystallinity and segregation of the coumarin
terminal units as showed by DSC measurements.
Photo-dimerization curve when irradiation was done
with 313 nm lamps presented 2 distinct steps, the first
one with a very fast rate and good yield for photo-
cleavage and the second one with a slower rate and
a very strong irreversibility respect to photo-cleav-
age. Optimum photo-dimerization was achieved
when irradiation was done with 354 nm lamps,
although some irreversibility for photo-cleavage
was always present and increased with the increase
on photo-dimerization/photo-cleavage cycles.
It was demonstrated that Raman spectroscopy gave
the same conversion results as UV spectroscopy, and
it was used to calculate conversion in thick films.
Mechanical properties of the crosslinked films by
photo-dimerization were better than the properties
of comparable photo-dimerized polyurethanes found
in literature. Photo-cleavage decreased the mechan-
ical properties as a consequence of the decrease in
crosslinks and re-photo-dimerization increased again
the properties by restoration of the crosslinks.
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1. Introduction
Using nanostructured materials as supports for bio-
molecule immobilization have recently attract great
interest considering their extremely high surface
area to volume ratio [1]. Among these nanostruc-
tured materials, electrospun nanofibers stand out as
the better alternative for immobilization of biomol-
ecules due to the higher loading capacity and poros-
ity compared to polymer films [2, 3].
Polymeric nanofibers allow further optimization of
properties such as electrical conductivity [4] to meet
different requirements in various applications. In
the case of conductive polymer containing nano -

fibers, modification of a surface with a biomolecule
can be detected by electrochemical impedance spec-
troscopy (EIS) [5, 6]. There other methods such as
X-ray photoelectron spectroscopy (XPS), Thermal
gravimetric analysis (TGA), Scanning electron
microscopy (SEM) etc. can be used to investigate the
surface modification [7], however EIS is a very sen-
sitive method for the analysis of the interfacial prop-
erties such as resistance and capacitance of a sur-
face by using very small amplitude sinusoidal
voltage signals without significantly disturbing the
properties being measured. Therefore, EIS is a sen-
sitive, easy and cost effective method which allows
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reuse of samples after EIS measurements. Poly(m-
anthranilic acid) (P3ANA) is a very convenient con-
ductive polymer for immobilization of biomole-
cules covalently due to the presence of carboxylic
acid group –COOH on the main polyaniline back-
bone [8].
Covalent immobilization of the biomolecules by
using reactive groups has been recognized as an
attractive strategy since it provides the control of the
immobilization of biological probes on the surface
[9]. Covalent immobilization of biomolecules onto
a –COOH group containing surface consists of
preparation of a succinimidyl ester (–COOSuc)-ter-
minated surface and its reaction with an amino
(–NH2) group on the biomolecule. This reaction is
referred as surface ‘activation’ which is conducted by
reacting a surface bearing carboxyl end groups with
N-hydroxysuccinimide (NHS), in the presence of car-
bodiimide such as 1-ethyl-3-(dimethyl-aminopropyl)
carbodiimide hydrochloride (EDC) [10]. EDC/NHS
activation of carboxylic acids has been widely
applied to various kinds of substrates of polymers
[11], silicon [9], nanotubes [12] or nanoparticles [13,
14]. In these studies, the concentrations of EDC and
NHS strongly vary in a wide range (from M to the
mM range) from one study to another [15–17]. Voicu
et al. [15], used 0.1 M NHS and 0.4 M EDC in order
to activate silicon surface. In another study, equal
amounts of EDC and NHS (100 mM) were used for
activation of carboxylic acid terminated self-assem-
bled monolayers [18]. Zander et al. [19] activated
the surface of plasma-treated PCL nano fibers by
using approximately 25 mM EDC and 43 mM NHS.
Electrospun collagen or gelatin nanofibers were
activated by 30 mM EDC and 6 mM of NHS [20].
Based on the EDC/NHS concentrations used in the
literature, for the activation of carboxyl groups of
PCL/P3ANA nanofibers, it was decided to use
equal amounts of EDC/NHS (EDC/NHS = 5/5 mM
and EDC/NHS = 50/50 mM), excess amount of EDC
over NHS (EDC/NHS = 5/0.5 mM) and excess
amount of NHS over EDC (EDC/NHS = 0.5/5 mM).
These concentrations were selected since very large
concentrations of EDC or NHS result the formation
of the byproducts at the surface which can prevent
the formation of –COOSuc surface and affect the
success of the surface activation. In the case of EDC
and NHS concentrations are very low, then the sur-
face activation reaction remains incomplete [7].
Although the EDC/NHS activation has been widely

used, the details of EDC/NHS activation of car-
boxyl groups of a semiconducting nano fiber and of
the following amidation of NHS-ester for protein
immobilization have not been reported. This study
aims to investigate the optimum EDC/NHS concen-
tration for surface activation of PCL/P3ANA nano -
fibers by spectroscopy and electrochemical imped-
ance spectroscopy.
Poly(!-caprolactone)/poly(m-anthranilic acid) nano -
fibers were fabricated by electrospinning. Figure 1
represents the chemical structure of PCL/P3ANA
and shows the interaction between partial positive
charges of amine groups in P3ANA [21, 22] and par-
tially negative charges in PCL backbone [23]. The
activation of carboxyl groups on the surface of PCL/
P3ANA nanofibers were performed with different
concentrations of EDC and NHS. Due to its low price
and availability in large amounts, albumin was
selected as model protein and covalently immobi-
lized to activated nanofibers. The success of activa-
tion procedure and the amount of immobilized albu-
min were investigated by FTIR-ATR and the sur-
face activation yield was estimated. The amount of
covalently immobilized protein was determined by
bicinchoninic acid assay. Morphology and compo-
sition of nanofibers before and after albumin immo-
bilization were analyzed by AFM, (SEM)/(EDX).
EIS analysis and equivalent circuit modeling was
performed to observe the immobilized albumin
depending on the EDC/NHS concentrations used in
activation. The nanofibers become resistive due to
albumin immobilization. The obtained data revealed
that electrochemical impedance spectroscopy can
be used for investigation of surface modification
with biomolecule immobilization by the determina-
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Figure 1. Schematic representation of the chemical struc-
ture of PCL/P3ANA



tion and quantification of the optimum and effec-
tive concentration for the activation of carboxyl
group bearing polymeric nanofibers.

2. Experimental
2.1. Materials
Poly(!-caprolactone) (440744) (Mw = 80000 g/mol),
3-aminobenzoic acid (m-anthranilic acid) (127671),
albumin (Mw ~ 66 kDa) (A2153), N-(3-dimethy-
laminopropyl)-N"-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), 2-morpholi-
noethane sulfonic acid (MES, low moisture content,
#99) and the bicinchoninic acid (BCA) Protein
Quantitation Kit were purchased from Sigma Aldrich
(St Louis, MO, USA). Phosphate buffer saline (PBS)
was obtained from Gibco (Carlsbad, CA). Dimethyl
formamide (DMF Analytical Grade) (103034) and
Tetrahydrofurane (THF Analytical Grade) (109731)
were supplied from Merck (Darmstadt, Germany).
Poly(m-anthranilic acid) (P3ANA) was synthesized
according to our previous study [8]. Briefly, 3-
aminobenzoic acid (0.043 mol) has been dissolved
in 90 mL of 0.5 M NaOH. Equal mole of ammo-
nium persulfate in water (30 mL) has been added
drop wise to this solution and the mixture was stirred
at room temperature for 24 h. The precipitated poly-
mer has been collected by filtration, washed with
1.2 M HCl and water until the filtrate became colour-
less and dried in vacuum at 60°C for two days. This
polymer has been recovered in 70% yield as a brown
powder. All of these chemicals were analytical grade
and used as received.

2.2. Fabrication of PCL/P3ANA nanofibers by
electrospinning

0.125 g of poly(m-anthranilic acid) were dissolved
in 5 mL THF and DMF mixture (1/1 v/v) containing
0.5 g poly(!-caprolactone). The obtained polymer
blend was stirred for 3 h at room temperature to
obtain homogeneous solution for optimum electro-
spinning conditions.
Electrospinning solution was placed into a syringe
needle (outer diameter of 0.7 mm) which was con-
nected to a high-voltage direct current (DC) power
supply (ES 30 Model Gamma High Voltage Inc.,
Florida, USA). PCL/P3ANA solution was horizon-
tally electrospun onto aluminum foil at 15 kV driv-
ing voltage with a collection distance of 15 cm.  The
flow rate of the solution was 1 mL/h and controlled
by a syringe pump (NE-500 Model, New Era Pump

Systems, Inc. New York, USA). For reproducible
electrochemical measurements, nanofibers were also
collected onto ITO-PET (NV Innovative Sputtering
Technology, Zulte, Belgium, PET 175 lm, Coating
ITO-60) substrate with dimensions of 0.5$2.5 mm,
for 5 min.

2.3. Surface activation and covalent
immobilization of albumin onto the
PCL/P3ANA nanofiber mats

In order to activate the –COOH groups available on
the surface of the nanofiber mat, the appropriate con-
centrations (5/0.5, 0.5/5, 5/5 and 50/50 mM) of EDC
and NHS solutions were prepared with cold water.
In order to investigate the influence of EDC and NHS
concentrations during activation of carboxyl –COOH
groups in nanofibers, PCL/P3ANA nanofiber mats
on ITO-PET substrates were treated by shaken gen-
tly with 5 mL of the EDC/NHS solutions for 2 h at
room temperature [24]. Activated mats were then
washed twice with water. Activated mats were
treated with 1 mL of albumin dissolved in MES
buffer (pH 5.7) with the concentration of 2 mg/mL.
Nanofiber mats were incubated with albumin for 2 h
at +4 °C, being shaken gently. Finally, mats were
taken out, washed twice again with water and dried
for characterization. Initial albumin solutions as well
as the residual solutions of each consecutive wash-
ing step were collected for further characterization.

2.4. Spectroscopic and morphological
quantification of protein amount on the
nanofiber mats

The activation of carboxylic acid groups on PCL/
P3ANA nanofibers and the gradual change in the
amount of immobilized protein depending on the
EDC and NHS concentrations in the activation pro-
cedure was determined by FTIR-ATR spectropho-
tometer (Spectrum One, with a universal ATR attach-
ment with a diamond and a ZnSe crystal) (Perkin
Elmer, Massachusetts, USA), SEM/EDX (QUANTA
400 F) (FEI, Oregon, USA), AFM (Nanosurf Easy -
Scan2) and BCA protein assay. The surface activa-
tion yield were estimated by calculation of the FTIR
peak ratios of the formed succinimidyl ester and
O–H stretching of carboxylic acid group by using
Beer-Lambert law. All FTIR-ATR spectra were col-
lected with 12 scans in the 600–4000 cm–1 spectral
region at 4 cm–1 resolution. SEM/EDX analyses
were performed before and after albumin immobi-
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lization, with 10 kV accelerating voltage after
nanofiber mats were coated with gold by Ion Sput-
ter Metal Coating Device (MCM-100 Model). The
average nanofiber diameters were determined using
Image J by randomly measuring the diameters of
20 individual fibers shown in SEM images with
1 %m magnification. The influence of EDC and NHS
concentrations on the structure and composition of
the albumin immobilized PCL/P3ANA nano fibers
were analyzed by detection of elemental concentra-
tions for nitrogen and oxygen with EDX. The distri-
bution of immobilized albumin on the surface of
nanofiber mats was examined by EDX-mapping.
The amount of immobilized albumin on the acti-
vated nanofiber mats was determined by BCA pro-
tein assay by subjecting the initial and residual solu-
tions from albumin immobilization. As a control,
albumin immobilization was carried out on non-
activated PCL/P3ANA nanofibers under the same
experimental conditions. The total protein content
in each sample was calculated by comparing the
means of absorption values with a standard curve of
bovine serum dilutions (between 0 and 2 mg/mL).
The samples were incubated with BCA working
solution at 37°C for 30 minutes and the absorbance
was followed  at 562 nm by UV-Vis spectrophotome-
ter (Lambda 45) (Perkin Elmer, Massachusetts,
USA) [25]. AFM images of PCL/P3ANA and albu-
min immobilized nanofibers after activation with
5/0.5, 0.5/5, 5/5 and 50/50 mM of EDC and NHS,
were taken in non-contact mode using Al coated
high resonance frequency silicon tips (Nanosensors
NCRL tips, 40 µm width, 225 µm length). Root-
mean-square (RMS) roughness values of nanofibers

were calculated via Easy Scan 2 Software™ (ver-
sion 3.0.2.4) by selecting raw data.

2.5. Electrochemical impedance spectroscopic
measurements of albumin immobilized
nanofibers

The effect of the concentrations of the EDC and
NHS reactants on the activation reaction and on the
amount of immobilized protein was investigated by
Electrochemical Impedance Spectroscopy (EIS).
EIS measurements were performed in PBS (0.1 M,
pH 7.4) using potentiostat 2263 Electrochemical
Analyser (Princeton Applied Research, Tennessee,
USA) with frequency range between 0.01 Hz and
100 kHz and AC voltage of 10 mV. Three-electrode
system, consisting of nanofiber mats after albumin
immobilization as working electrode, platinum wire
as counter electrode, and silver wire as pseudo ref-
erence electrode, was used. All measurements were
repeated three times for confirmation. The meas-
ured impedance spectra were analyzed in terms of
electrical equivalent circuits using the analysis pro-
gram ZSimpWin V.3.10 (Princeton Applied Research,
Tennessee, USA).

3. Results and discussion
3.1. FTIR-ATR characterization of activated

PCL/P3ANA nanofibers
FTIR-ATR spectra of PCL/P3ANA nanofibers were
obtained after activation procedure in order to reveal
the influence of NHS and EDC concentrations (Fig-
ure 2). P3ANA in the PCL/P3ANA nanofibers dis-
plays the peaks at 2615, 1690, 1580 and 1510 cm–1

which were attributed to O–H stretching, C=O
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Figure 2. FTIR-ATR spectra of PCL, PCL/P3ANA and PCL/P3ANA nanofibers activated with EDC/NHS mixtures of var-
ious concentrations (a), succinimidyl ester absorbance (b) and the increase in absorbance (b inlet) after activation



stretching, C=C stretching and N–H stretching,
respectively. The peaks at 1250 and 1070 cm–1 were
attributed to C–N stretching [8, 26]. The carboxyl
groups on P3ANA provide active sites for albumin
binding through forming succinimidyl ester
(–COOSuc) by reacting with NHS, in the presence
of EDC [7]. The attachment of a succinimidyl ester
termination to PCL/P3ANA nanofibers can be evi-
denced by the triplet in the spectral range of the
C=O stretching vibrations. The activation can be
observed in some spectra by a shoulder or an asym-
metry of the 1772 cm–1 peak ascribed to the contri-
bution of the C=O stretching mode [9]. The Fig-
ure 2b shows the C=O stretching vibrations of PCL/
P3ANA nanofibers activated with different concen-
trations of EDC and NHS. When comparing the suc-
cinimidyl ester absorbance at 1772 cm–1 shown in
Figure 2b (inlet), at low concentrations (0.5 mM or
5 mM) of EDC and NHS, the activation reaction was
incomplete. Compare to lower concentrations the acti-
vation was more successful when EDC = NHS =
50 mM, since the peak absorbance at 1772 cm–1

was increased when the activation was performed
by 50/50 mM of EDC/NHS (Figure 2b inlet).
The surface activation yield (Figure 3) was esti-
mated by calculation of FTIR peak ratios of the
formed succinimidyl ester and O–H stretching of car-
boxylic acid group by using Beer-Lambert law. The
relative percentages of surface species can be derived
from their corresponding absorption bands by means
of the Beer-Lambert law (A = !bc), where A is the
absorbance, ! the extinction coefficient, c the con-
centration and b is the length of the sample layer
which was the same for all nanofiber mats. For cal-
culation, the peaks at 1772 and 2615 cm–1 were used
for succinimidyl ester and O–H stretching of car-
boxylic acid, respectively. Due to high absorbance
of peak at 1772 cm–1,absorbance of peak at 2615 cm–1

was measured in an enlarged spectrum of 2000–
2750 cm–1 region.To estimate the reaction yield, peak
height was measured to represent the absorbance
(A) and the linear relationship among the individual
extinction coefficients of succinimidyl ester and acid
groups was 1:2 [14]. Activation yield for each PCL/
P3ANA nanofibers activated with different amounts
of EDC and NHS, was calculated by Equation (1):

The activation yield of carboxylic acid groups on
PCL/P3ANA nanofibers activated with 5/0.5, 0.5/5,
5/5 and 50/50 mM of EDC and NHS was 71, 72, 73
and 82%.
Albumin immobilization was performed on the PCL/
P3ANA nanofibers after activation with different
concentrations of EDC and NHS (Figure 4). When
compared to the PCL/P3ANA nanofibers which were
not treated with albumin solution and nanofibers
activated with lower concentration (0.5 and 5 mg)
of EDC and NHS, there were no significant changes
on FTIR spectra. On the contrary, after albumin
immobilization onto nanofibers activated with
50/50 mM of EDC/NHS a broad peak was observed
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Figure 3. Surface activation yields of carboxylic acid groups
on PCL/P3ANA nanofibers depending on the
EDC/NHS concentrations used

Figure 4. FTIR-ATR spectra of albumin immoblized PCL/
P3ANA nanofibers activated with EDC/NHS mix-
tures of various concentrations



between 3000 and 3600 cm–1. The absorption in this
region can be influenced by the contribution of water
but in proteins the N–H groups are generally in
greater numbers than O–H groups [27]. Also other
albumin immobilized nanofibers showed no absorp-
tion at this region. The broad peak observed between
3000 and 3600 cm–1 region of FTIR spectrum of
nano fibers activated with 50/50 mM of EDC/NHS
was attributed to the N–H stretching vibration of
albumin [28]. FTIR data (Figure 4) showed that
PCL/P3ANA nanofibers were activated success-
fully only when [EDC] = [NHS] = 50 mM, therefore
covalent binding of albumin was achieved on this
nanofiber mat.

3.2. Determination of immobilized protein
amount by BCA assay

In order to determine the amount of covalently bound
albumin onto nanofibers, the amount of bound pro-
tein on both non-activated and activated nanofibers
was determined by BCA protein assay. After each
reaction step, the nanofiber mats were taken out and
washed with PBS to remove any residual albumin on
the nanofiber mats. They were then reintroduced into
a fresh reaction medium, and the albumin amount
was detected. Figure 5 shows the amount of cova-
lently bound albumin onto nanofibers after each
immobilization step. 2 mg/mL of albumin was incu-
bated with non-activated PCL/P3ANA nanofibers
(control) and PCL/P3ANA nanofibers which were
activated by EDC/NHS at different concentrations.
After incubation with albumin, albumin amount of
the remaining solutions (cyan) were decreased. The
difference between albumin amounts of the initial
solutions (2 mg/mL) and solution obtained after

binding step indicates that some of the protein is
attached onto nanofibers. The highest amount of
albumin (~1.85 mg) was attached onto nanofibers
activated with 50/50 mM of EDC/NHS. In control
or other samples activated with lower concentra-
tions of EDC and NHS, the residual albumin amounts
in the solutions obtained after binding step were sim-
ilar to each other. Two washing steps were applied
in order to remove physically absorbed protein. The
amounts of washed albumin from non-activated
nanofibers or nanofibers activated with lower con-
centrations of EDC/NHS were higher compared to
amount of albumin washed from PCL/PANA nano -
fibers activated by 50/50 mM of EDC/NHS. This
result indicates that the attachment was mostly phys-
ical on the nanofibers activated with lower concen-
trations of EDC/NHS. On the other hand, there was
only 0.012 mg protein in the solution remained from
PCL/PANA nanofibers activated by EDC/NHS at
50/50 mM concentration after two washing steps.
In correlation with the FTIR-ATR data, albumin
immobilization onto PCL/P3ANA nanofibers acti-
vated with 50/50 mM of EDC/NHS was achieved
with covalent binding, since the attached albumin
cannot be removed with washing steps. The amount
of albumin bound covalently (purple) was the high-
est (~1.78 mg/mL), when nanofibers were activated
with 50/50 mM of EDC/NHS.

3.3. Morphological and elemental composition
analyses of activated PCL/P3ANA
nanofibers

The morphology (Figure 6, 7) and elemental compo-
sition (Figure 8, Table 1) of albumin immobilized
PCL/P3ANA nanofibers activated by different con-
centrations of EDC/NHS were investigated. The
average diameter of albumin immobilized PCL/
P3ANA nanofibers activated with 5/0.5, 0.5/5, 5/5
and 50/50 mM of EDC/NHS were determined as
86±19, 75±16, 87±21 and 96±19 nm, respectively.
The average fiber diameter of PCL/P3ANA before
activation was determined as 89±16 nm. There is no
significant change in diameter upon the binding of
albumin onto PCL/P3ANA nanofibers activated with
different concentration of EDC and NHS. AFM
images of PCL/P3ANA and albumin immobilized
nanofibers were represented in Figure 7. The surface
of PCL/P3ANA nanofibers retained its topography
after covalent immobilization of albumin indicating
the EDC and/or NHS were not assembled or remained
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Figure 5. Amount of initial and residual albumin after each
immobilization step



on the surface after washing steps [29]. PCL/P3ANA
nanofibers have RMS roughness of 150.3 nm. The
surface roughness was slightly increased after albu-

min immobilization. The RMS roughness values of
albumin immobilized nano fibers which were pre-
activated with 5/0.5, 0.5/5, 5/5 and 50/50 mM of
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Figure 6. SEM images of PCL/P3ANA nanofibers and albumin immobilized PCL/P3ANA nanofibers activated with 5/0.5,
0.5/5, 5/5 and 50/50 mM of EDC/NHS

Figure 7. Topography AFM images (6 µm$6 µm) of PCL/P3ANA nanofibers and albumin immobilized PCL/P3ANA
nanofibers activated with 5/0.5, 0.5/5, 5/5 and 50/50 mM of EDC/NHS



EDC and NHS, were 176.2, 193.2, 208.9 and
226.69 nm, respectively. This increase in roughness
indicates the immobilization on albumin on the sur-
face of activated PCL/P3ANA nanofibers [6, 30]. In
correlation with FTIR-ATR, EDX and BCA, AFM
images also indicates that the highest amount of
albumin bound to nanofibers activated with
50/50 mM of EDC/NHS.
EDX analyses were performed to confirm the pres-
ence of the albumin onto nanofibers. The structure
and composition of the albumin immobilized nano -
fibers were analyzed by detection of elemental con-
centrations for nitrogen (N) with EDX [31, 32]. Also,
the distribution of immobilized albumin on the sur-
face was investigated by EDX-mapping of PCL/
P3ANA nanofiber mats (Figure 8). P3ANA has N
atoms in its backbone, as well as albumin. The dis-
tribution of nitrogen atoms on PCL/P3ANA nano -

fiber mat seems to be random. It can be explained
by the porous structure of nanofiber mat which affects
the penetration depth of electrons during EDX analy-
sis [33]. It is known that depending on the polymer
chemical nature and porosity of mat, a loss of X-
rays can be occurred [34]. Also, P3ANA and PCL
blended in a weight ratio of 25% w/w between two
polymers. Since both PCL and P3ANA contains oxy-
gen atoms on their backbones, the amount of O
atoms [wt%] was 91.49 while N atom amounts [wt%]
was 8.81 on the surface of PCL/P3ANA nanofibers.
The amount of N [wt%] on the surface of PCL/
P3ANA and of the nanofiber mats activated with
5/0.5, 0.5/5 and 5/05 mM of EDC/NHS were approx-
imately the same. However, when nanofibers were
activated with increasing (50/50 mM) amounts of
EDC and NHS, the amount of N [wt%] on the sur-
face increased (10.97 wt%) which indicated that the
N atoms were introduced to the structure of nano -
fibers through covalent binding of the albumin. The
compositions of included atoms (nitrogen and oxy-
gen) in the structure are given in Table 1. EDX-
mapping images of albumin immobilized nanofibers
showed the distribution of the immobilized albumin
(Figure 8). EDX-mapping images indicate that the
distribution of the albumin on the surface of nano -
fibers is affected by the distribution of activated
functional groups –COOH of P3ANA. SEM/EDX
results have been complementary with FTIR-ATR,
BCA protein assay and able to verify the covalent
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Figure 8. EDX-mapping of nitrogen (red) atoms on the surface of PCL/P3ANA nanofibers and albumin immobilized
PCL/P3ANA nanofibers activated with 5/0.5, 0.5/5, 5/5 and 50/50 mM of EDC/NHS

Table 1. Elemental concentrations for nitrogen and oxygen
atoms in PCL/P3ANA nanofibers and albumin
immobilized nanofibers after activation with
EDC/NHS

Samples
[EDC]/[NHS]

[mM]

Elements
[wt%]

N O
PCL/P3ANA 8.51 91.49
[5]/[0.5] 8.80 91.20
[0.5]/[5] 8.48 91.52
[5]/[5] 8.91 91.09
[50]/[50] 10.97 89.03



immobilization of albumin onto PCL/P3ANA nano -
fibers activated with higher and equal concentra-
tions of EDC and NHS.

3.4. Electrochemical impedance spectroscopy
and equivalent circuit modeling

Electrochemical impedance spectroscopy (EIS)
measurements were performed on albumin immobi-
lized PCL/P3ANA nanofibers on ITO-PET in order
to understand the influence of NHS and EDC con-
centrations on the amount of bound albumin. The
EIS data provide information about the nature of elec-
trochemical process occurring at the electrode/elec-
trolyte interface [35]. EIS data were obtained on PCL/
P3ANA and on albumin immobilized nanofibers
which were activated with different concentrations
of EDC and NHS. A significant difference in the
impedance spectra was observed depending on the
covalent immobilization of albumin onto nanofibers
and the concentrations of the EDC and NHS used in
activation. In Nyquist plot (Figure 9), albumin immo-
bilized PCL/P3ANA nanofibers exhibited a semi-
circle while PCL/P3ANA nanofibers showed a lin-
ear behaviour. The diameter of the semicircle of
Nyquist plot represents the charge-transfer resist-
ance (Rct) [8] and linear line with high-slope indi-
cates capacitive behavior [36]. Nanofibers became
resistive after treated with albumin and the charge-
transfer resistance of the albumin immobilized nano -
fibers was increased. PCL/P3ANA nanofibers acti-
vated with 50/50 mM of EDC/NHS had the largest
diameter of the semicircle of the Nyquist plot indi-
cated that the highest amount of albumin bound

onto these nanofibers [37]. This result was in corre-
lation with the data obtained from FTIR-ATR,
SEM/EDX and BCA.
The measured impedance spectra were analyzed in
terms of electrical equivalent circuits to evaluate
the kinetics of the systems using the analysis pro-
gram ZSimpWin. The circuits for PCL/P3ANA nano -
fibers and on albumin immobilized nanofibers which
were activated with different concentrations of EDC
and NHS, which describe the physical properties of
the system and provide a good fit to the measured
data with a reasonable number of circuit elements,
were chosen. The calculated and measured data were
fitted well together with the chosen equivalent cir-
cuits (Figure 9). The impedance spectra for nano -
fibers (PCL/P3ANA) described by the equivalent
circuit of R(CR)(QR)W (Figure 10) in short hand.
For albumin immobilized PCL/P3ANA, the equiva-
lent circuit of R(CR)(CR)(QR)W were selected since
there are additional electrical components (resis-
tance and capacitance) arising from immobilized
albumin. Table 2 represents the fitting parameters for
the equivalent circuit elements by modeling of the
impedance spectra.
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Figure 9. Measured (msd) and calculated (cal) Nyquist
plots of PCL/P3ANA and albumin immobilized
PCL/P3ANA nanofibers activated with 5/0.5,
0.5/5, 5/5 and 50/50 mM of EDC/NHS

Figure 10. Equivalent circuits for the simulation of the EIS
spectra of PCL/P3ANA (top) and albumin
immobilized PCL/P3ANA nanofibers activated
with EDC/NHS nanofibers (bottom)



Rs, the first component of two circuits, represents the
solution resistance of the electrolyte corresponds to
the Ohmic resistance due to the presence of the
electrolyte on the nanofiber and in solution [8] and
of electrical contacts [38]. Rs values for PCL/
P3ANA nanofibers, albumin immobilized nano -
fibers activated with 5/0.5, 0.5/5, 5/5 and 50/50 mM
of EDC and NHS were 2771, 1108, 3403, 1143 and
974 &, respectively. The Rs values correspond to
the behavior of the electrolyte, filling pores of nano -
fibers [39]. The second resistance in both circuits rep-
resents the charge transfer resistance (Rct) between
the solution and the surface of the PCL/P3ANA
nanofibers or albumin immobilized nanofiber elec-
trode surface. The charge transfer resistance Rct(1)
of 210 & of PCL/P3ANA nanofibers increased to
Rct(1) of 1209, 1331, 4725 and 52 790 & after albu-
min immobilization onto nanofibers activated with
5/0.5, 0.5/5, 5/5 and 50/50 mM of EDC/NHS, respec-
tively. The increase in Rct value is attributed to the
formation of a new layer at the interface between
solution and nanofibers [26]. First C in the circuits
was attributed to double layer capacitance (Cdl)
arise from alignment of solvated counter ions along
nanofiber surface. The electron transfer through
electrode occurs by overcoming activation barrier,
charge transfer resistance and solution resistance
[40]. Double layer capacitance (Cdl) along the sur-
face of PCL/P3ANA nanofibers was decreased after
albumin immobilization. The decrease in Cdl is attrib-
uted to increase in thickness of electronic double
layer depending on the albumin immobilization [26].
For albumin immobilized nanofibers, additional cir-
cuit elements of capacitance (C) and resistance (R)
are connected in parallel to first ones in order to
describe the capacitance and the charge transfer
resistance between immobilized albumin molecules
and PCL/P3ANA nanofibers, respectively. When
PCL/P3ANA nanofibers were activated with

50/50 mM of EDC/NHS, the capacitance (C) occur-
ring at the interphase between immobilized albumin
and nanofibers increased as well as the charge
transfer resistance of Rct(2). The difference between
capacitance values of albumin immobilized nano -
fibers can be explained by the different interfacial
structures, assuming different structures or sizes
[41]. PCL/P3ANA nanofibers are porous electrodes
and they provide large surface areas which forms
interfaces between electrodes and electrolytes, result-
ing in high capacitances. The immobilization of albu-
min onto the surface of nanofibers induces higher
Rct values [42, 43]. The increase in Rct values can be
explained by the formation of a new layer at the
interface between solution and nanofibers was
formed after attachment of albumin onto surface
[26]. The different interfacial structure between
protein layer and nanofibers can cause higher Rct
values. Also, EIS measurements were performed in
PBS buffer at pH 7.4 where albumin become nega-
tively charged [44]. In PBS buffer, the total positive
charge concentration is greater than the total nega-
tive charge concentration [45]. After attachment of
albumin on the surface, the negative charge on the
surface of nanofibers was increased and this resulted
in the alignment of positively charged solvated ions
along the nanofiber surface and increase in Rct val-
ues. Moreover, negatively charged ions can be
repulsed by albumin on the surface and the transfer
of positively charged and relatively big ions into
positively charge nanofibers become challenging
[24]. Q represents the constant phase element (CPE)
which was applied in the equivalent circuit for the
simulation of the impedance data, since CPE takes
into account the non-homogeneity of the conduc-
tance [8] and the electrode [38]. The impedance of a
non-ideal electrode is defined by the formula (ZCPE =
TCPE(jw)–n) where TCPE and n are frequency-inde-
pendent constants; w is the angular frequency [35],
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Table 2. Fitting values for the equivalent circuit elements by the simulation of the impedance spectra
[EDC]/[NHS]

[mM]
Rs

["]
Cdl

[µF]
Rct(1)
["]

C
[µF]

Rct(2)
[k"]

Q(CPE) ·(10–7)
["–1]

Rp
[k"]

W ·(10–5)
[Ssec5/cm2] n Chi-squared

error ·(10–4)
PCL/P3ANA
R(CR)(QR)W 2771 13.04 210 – – 0.19 2.87 3.05 0.85 3.83

[5]/[0.5]
R(CR)(CR)(QR)W 1108 0.08 1209 5.54 22.90 4.65 26.49 2.98 0.62 4.23

[0.5]/[5]
R(CR)(CR)(QR)W 3403 0.09 1331 2.16 33.06 3.99 25.15 1.65 0.67 5.48

[5]/[5]
R(CR)(CR)(QR)W 1143 0.08 4725 4.94 16.47 0.10 32.07 3.46 0.33 5.00

[50]/[50]
R(CR)(CR)(QR)W 974 0.06 52790 12.59 202.60 0.13 693.50 1.14 0.30 1.39



n is a parameter describing the deviation from an
ideal capacitor and arises from the slope of the logZ
versus log f plot. The values for n vary from 0 to 1.
n = 1 belongs to an ideal capacitor, while n = 0 and
0.5 denotes a resistance and Warburg behavior,
respectively [46]. The n value of PCL/P3ANA nano -
fibers was 0.85 and it is significantly reduced up to
0.30 with albumin immobilization. The values for
n = 0 indicates a resistance while n = 0.5 denotes
Warburg behavior. W represents the Warburg imped-
ance and it is attributed to the diffusion of counter-
ions. Once the electron transfer begins, the elec-
trode kinetics determined by Warburg impedance
(W) due to the mass transport [40]. Rp represents the
pore resistances of the nanofiber layer (Ohmic resist-
ances of the electrolyte in the pores) [47]. Rp values
for PCL/P3ANA nanofibers were increased after
albumin immobilization. These differences in Rp
can be explained by the fact that covalent immobi-
lization of albumin by EDC/NHS activation forms a
different nanofiber mat structure [48]. The highest
value of 693.50 & of Rp was observed on nano -
fibers activated with 50/50 mM of EDC and NHS.
AFM images indicated that surface roughness
increased after albumin immobilization onto nano -
fibers activated with 50/50 mM of EDC and NHS,
the increase in pore resistance value of PCL/P3ANA
nanofibers (50/50 mM of EDC/NHS) can be related
with the increase in surface roughness. EIS and
equivalent circuit modeling indicated that 50/50 mM
of EDC/NHS were the most effective concentration

on the activation of carboxylic acid groups on
PCL/P3ANA nanofiber.
The activation of the carboxyl groups on the PCL/
P3ANA nanofibers can be achieved in several steps.
The first step is the addition of the OH group of the
carboxylic acid across one of the double bonds of
the carbodiimide reactant, forming an O-acylurea
adduct. Then, the surface O-acylurea can be trans-
formed into succinimidyl ester (–COOSuc) product
with a nucleophilic attack by NHS. Then, this prod-
uct reacts with a primary amine and yield a peptide
coupling through an amide bond (Figure 11). FTIR-
ATR (Figure 2) analyses of the PCL/P3ANA nano -
fibers which were treated with different concentra-
tions of EDC and NHS showed that, 50/50 mM of
EDC/NHS were the effective concentration to acti-
vate the nanofibers. Also, the success of covalent
immobilization of the albumin is directly depending
on the efficiency of the activation procedure. The
subsequent analyses (FTIR-ATR, EDX, BCA and
EIS) performed on albumin immobilized nanofibers
indicated that the highest amount of albumin was
bound onto nanofibers activated with 50/50 mM of
EDC/NHS. Figure 12 represents the relationship
between the surface activation and albumin immo-
bilization. The concentrations of nitrogen (N) atoms
at the surface and the charge transfer resistance of
albumin immobilized nanofibers were increased as
the activation of the nanofibers were achieved rep-
resented by the increase in the absorbance (1772 cm–1)
of the succinimidyl ester. During the activation pro-
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Figure 11. Schematic representation of covalent immobilization of protein through EDC/NHS activation



cedure, the formation of the byproducts at the sur-
face results a kinetic competition between different
reactions [9]. In the case of EDC concentration is
lower than NHS concentration (0.5/5 mM), the for-
mation of O-acylurea become very slow resulting a
slow succinimidyl ester formation. When EDC con-
centration is higher than NHS concentration
(5/0.5 mM) O-acylurea formation become relatively
fast however succinimidyl esters form very slow
and byproducts of Anhydride and N-acylurea can
be formed at the surface [49]. When NHS and EDC
concentrations are equal to each other and both low
(5/5 mM) then slow kinetics for whole reaction are
expected. On contrary, when the concentrations of
both EDC and NHS increased to 50 mM, great bal-
ance between formation of O-acylurea and transfor-
mation of it into succinimidyl ester product can be
obtained.

4. Conclusions
The nanofibers of poly(!-caprolactone)/poly(m-
anthranilic acid) (PCL/P3ANA) nanofibers were
fabricated by electrospinning. Carboxyl groups on
the surface of PCL/P3ANA nanofibers were acti-
vated by EDC and NHS in different concentrations
(5/0.5, 0.5/5, 5/5 and 50/50 mM). Albumin was
covalently immobilized onto activated nanofibers.
The surface activation was investigated by FTIR-
ATR and activation yield was calculated. The amount
of immobilized albumin was investigated by BCA
assay and elemental analyses (EDX) of nanofibers.
AFM images showed that surface roughness of the

nanofibers was increased after albumin immobiliza-
tion. The amount of bound albumin was changed
depending on the activation of the carboxyl groups
of P3ANA. Elemental analyses and EDX-mapping
of nitrogen atoms showed that the distribution of
the albumin on the surface of nanofibers is affected
by the distribution of activated –COOH groups of
P3ANA. Electrochemical Impedance Spectroscopy
(EIS) analysis and equivalent circuit modeling was
performed to observe the immobilized albumin
depending on the EDC/NHS concentrations used in
activation. The nanofibers become resistive due to
albumin immobilization and the higher charge trans-
fer resistance was observed for the nanofibers acti-
vated with 50/50 mM of EDC/NHS. This study
showed that 50/50 mM of EDC/NHS was the most
effective concentration for the activation of PCL/
P3ANA nanofibers. This study indicated that Elec-
trochemical Impedance Spectroscopic (EIS) analy-
sis can be successfully applied for the determina-
tion of activation degree of covalent immobilization
of proteins and enzymes onto polymeric substrates.
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1. Introduction
Over the past years, much attention has been paid
towards biodegradable polymeric materials, as an
answer to the urgent environmental issues related to
terrestrial and aquatic pollution [1]. Thus, a novel cat-
egory of materials has been developed, often reported
as ‘environmentally-friendly’. These materials are
capable to undergo hydrolytic and/or enzymatic
degradation, resulting in harmless low molecular
weight substances [2, 3].
Aliphatic polyesters are one of the most studied
classes of biodegradable polymers, as they possess

promising physical/mechanical properties and they
can be synthesized at moderate costs [4]. Poly(buty-
lene cyclohexanedicarboxylate) (PBCE), obtained by
polycondensation of 1,4-butanediol and 1,4-trans-
cyclohexanedicarboxylic acid, is undoubtedly a very
interesting aliphatic polyester. As a matter of fact,
the presence of the aliphatic ring along the polymer
backbone enables the material to have high melting
temperature above 160°C, good thermal stability, to
show interesting mechanical properties and to main-
tain biodegradability [5, 6]. Moreover, the monomers
employed in the PBCE synthesis can be obtained
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Abstract. The objective of this work was to develop a versatile strategy for preparing multifunctional composite films with
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The thermal properties underlined that nanotubes can act as nucleating agents, favouring the polymer crystallization
process. The mechanical behavior demonstrated that the introduction of carbon nanotubes both in the case of PBCE homo -
polymer and in random copolymers based formulations exerted a reinforcing effect. All composites exhibit high electrical
conductivity in comparison to the neat polymers. This work demonstrates that this combinatorial approach can be used to
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from either fossil or renewable resources. In partic-
ular, 1,4-butanediol and 1,4-cyclohexanedicarboxylic
acid can be produced starting from bio-based suc-
cinic acid [7] and bio-based therephthalic acid
(derived from limonene) [8], respectively.
Unfortunately, given its high crystallinity degree and
hydrophobicity, PBCE displays slow biodegrada-
tion rate and poor flexibility [8].
In this view, copolymerization is an effective tool to
tailor the polymer properties and to make it suitable
for the desired application. In particular, the authors
recently focused on the PBCE modification through
the introduction of ether linkages along its macro-
molecular chain. This strategy permitted to improve
the surface wettability and to depress the crys-
tallinity degree as well as to decrease the glass tran-
sition temperature of the starting homopolymer.
These factors play indeed a significant role in the
modification of both mechanical properties and
hydrolytic and enzymatic degradation rate [9–11].
Increasing demand for special materials has led to
the conception of composites, since valuable prop-
erties can be combined. The chance to incorporate
functional nanostructures with unique properties in
a polymer matrix, is a versatile strategy to transfer
and to integrate specific properties into a single mate-
rial, enabling to realize multifunctional composites to
be used in advanced applications like catalysis,
energy storage, nanobiotechnology, etc. [12, 13]. The
new designed materials might possess the unique
properties offered by the synergistic interaction of the
nanostructures with the polymer matrix [14, 15].
Carbon nanotubes (CNTs) have been considered as
ideal reinforcing candidates for the production of
multifunctional polymer composites, since they
simultaneously display high aspect ratio and nano -
meter dimensions, and more importantly, extraordi-
nary mechanical strength and high electrical and
thermal conductivity [16–19]. However, in order to
obtain the desired performance in the final compos-
ites, a tailored CNT dispersion in the polymers has
to be reached and the strong Van der Waals interac-
tion between the tubes [20, 21] has to be overcome.
We have recently focused on the development of con-
ductive composites by using carbon nanotubes, and
mixing them with commercial bio degradable poly-
mers [12, 22, 23].
On the contrary, the present research work aims to
evidence the evolution and potentiality of a versatile
strategy to prepare polymeric nanostructured mate-

rials combining newly synthesized biodegradable
random copolymers based on 1,4-trans-cyclohexa-
nedicarboxylic acid and diglycolic acid [11] with a
composite approach, by using single walled carbon
nanotubes (SWCNTs) as reinforcement and func-
tional phase. The thermal, structural, electrical and
dielectric properties of the novel developed film for-
mulations were investigated and correlated to
SWCNT content and polymer chain microstructure.

2. Experimental part
2.1. Materials
1,4-dimethylcyclohexanedicarboxylate (DMCE)
containing 99% of trans isomer, dimethyldiglycolate
(DMDG), 1,4-butanediol (BD), and titanium tetra -
butoxide (Ti(OBu)4) (Aldrich) were reagent grade
products; DMCE, DMDG, and BD were used as sup-
plied, whereas Ti(OBu)4 was distilled before use.
All the reagents used were purchased from Sigma
Aldrich (Milan, Italy). Single walled carbon nano -
tubes (SWCNTs) were supplied by Thomas Swan &
Co. Ltd (Elicarb™, Durham, UK), with typical nano -
tube dimensions of 2 nm diameter and ca. 1 µm in
length. Nanotubes were morphologically character-
ized by field emission electron microscopy (FESEM,
Supra 25-Zeiss, Germany).

2.2. Composite film development
Poly(butylene cyclohexanedicarboxylate/diglyco-
late) random copolymers (P(BCEmBDGn)) were
synthesized in bulk by the usual two step melt poly-
condensation, as reported elsewhere [24]. Briefly,
1,4-butanediol (BD) and different molar ratios of
DMCE and DMDG, were employed in the synthe-
ses, using 20% mol in excess of glycol with respect
to dimethylesters and a concentration of catalyst
(Ti(OBu)4) of about 150 ppm of Ti/g of polymer.
Three different polyesters have been prepared: the
homopolymer PBCE and two copolymers, namely
P(BCE90BDG10) and P(BCE70BDG30) contain-
ing 10 and 30 mol% of BDG units, respectively.
The reactions were carried out in a 250 mL stirred
glass reactor, with a thermostated silicon oil bath;
temperature and torque were continuously recorded
during the polymerization. The first stage was run
under pure nitrogen flow at a temperature equal to
190°C until more than 90% of the theoretical amount
of methanol was distilled (about 90 min). In the sec-
ond stage, the pressure was reduced to about 0.1 mbar
and the temperature was increased to 250 °C; the
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polymerizations were carried out until a constant
torque value was measured.
Composite films were prepared by solvent casting
method in chloroform (CHCl3). SWCNTs were dis-
persed in CHCl3 by using a tip sonicator (VIBRA
CELL Sonics mod. VC 750, USA) for 30 min in ice
bath and for further 30 min in an ultrasonic bath
(Ultrasonic bath-mod.AC-5, EMMEGI). The differ-
ent polymer matrices were mixed with nanotube
dispersions (polymer/solvent ratio was chosen as
5% wt/v) by magnetic stirring for 5 h. After com-
plete polymer dissolution, the mixture was cast onto a
glass Petri substrate and air dried at room tempera-
ture (RT) for 24 h and for additional 48 h in vacuum.
Composite samples containing 0.1, 0.5, 0.75 and
1 wt% with respect to polymer initial weight were
prepared with different matrices. Sample formula-
tions are summarized in Table 1. Composite films
of 90 µm thickness were obtained. Neat PBCE,
P(BCE90BDG10) and P(BCE70BDG30) polymeric
films were also prepared by solvent casting for com-
parison. In the following P(BCE90BDG10) and
P(BCE70BDG30) will be named BDG10 and BDG30,
respectively.

2.3. Composite film characterization
2.3.1. Microstructure
Field emission scanning electron microscopy
(FESEM, Zeiss Supra25) was used to analyze the
fractured surfaces of the produced composite films.
Cross-section samples were fractured after immer-
sion in liquid nitrogen, gold sputtered and then ana-
lyzed.

2.3.2. Thermal analysis
Thermogravimetric analysis (TGA) was performed
using a quartz rod microbalance (Seiko Exstar 6300,
Japan) in the following conditions: sample weight
10 mg, nitrogen flow (250 mL·min–1), temperature
range 30–800°C, heating rate 10°C·min–1.
Calorimetric measurements (Perkin Elmer DSC7)
were conducted in order to determine the glass tran-

sition and the melting temperature of the samples
under study. In the typical setup, the external block
temperature control was set at –120°C and weighed
samples of c.a. 10 mg were heated up to 40°C above
fusion temperature at a rate of 20°C·min–1 (1st scan),
held for 3 min, quenched (about 100°C·min–1) to 
–80 °C and finally reheated up to 40°C above the
melting point (heating rate of 20 °C·min–1, 2nd

scan).

2.3.3. X-ray diffraction (XRD)
X-ray diffraction (XRD) patterns of polymeric
films were carried out by using a PANalytical
X’PertPro diffractometer equipped with a fast solid
state X’Celerator detector and a copper target (! =
0.15418 nm). Data were acquired at each 0.10° step
for 100 s in the 5–60° 2! interval. Crystallinity degree
(Xc) was evaluated from the XRD profiles as the
ratio between the crystalline diffraction area (Ac)
and the total area of the diffraction profile (At), Xc =
Ac/At. The crystalline diffraction area has been
obtained by subtracting the amorphous halo (mod-
elled as bell shaped peak baseline) from the total
area of the diffraction profile. The non-coherent
scattering was taken into consideration.

2.3.4. Dynamic-mechanical analysis (DMA)
Dynamic-mechanical analysis (DMA) was per-
formed with an ARES N2 instrument (Rheometric
Scientific, USA) in a dynamic time sweep test, at a
frequency of 1 Hz, at room temperature (RT). The
strain 0.05% was chosen by means of an iso-fre-
quency test in the elastic linear region. The reported
storage elastic modulus (G") is the average of tests
performed on five rectangular samples (10 mm#
40 mm, about 90 $m thick).

2.3.5. Electrical properties
Electrical resistivity measurements were conducted
(ASTM D-257) by using a Keithley 6517A elec-
trometer and a Keithley 8009 test fixture, by apply-
ing a square wave ranging from 400 V (for pure poly-
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Table 1. Material formulations
Formulations Polymer

[wt%]
SWCNTs

[wt%]PBCE based formulations P(BCE90BDG10) based
formulations

P(BCE70BDG30) based
formulations

PBCE BDG10 BDG30 100 0
PBCE_0.1SWCNTs BDG10_0.1SWCNTs BDG30_0.1SWCNTs 99.9 0.1
PBCE_0.5SWCNTs BDG10_0.5SWCNTs BDG30_0.5SWCNTs 99.5 0.5
PBCE_0.75SWCNTs BDG10_0.75SWCNTs BDG30_0.75SWCNTs 99.25 0.75
PBCE_1SWCNTs BDG10_1SWCNTs BDG30_1SWCNTs 99 1



mer) to 1 V (for percolated composites) with a period
of 60 s in the laboratory conditions, of at least four
measurements for each sample.

2.3.6. Dielectric properties
The real and imaginary parts of the complex imped-
ance (Z) of the different polymers and composite
films were measured by Hewlett Packard 4284A
Precision LCR Meter at RT, in the 20 Hz÷1 MHz
frequency range. The AC conductivity of the sam-
ples as a function of frequency "(#) is calculated
as: "AC = d/(|Z|·A) where A is the cross-sectional
area and d is sample thickness. The real part of con-
ductivity ""(#), was used to evaluate the dielectric
behavior of the new systems, and it was calculated
by using the Equation (1):

""(#) = $%(#)#$0                                                  (1)

where # = 2%f is the angular frequency of the signal
applied to the samples, $%(#) is the imaginary part
of the complex permittivity, and $0 = 8.852·10–14

F·cm–1 is the vacuum permittivity.

3. Results and discussion
3.1. Morphological investigations
Chemical structure of the P(BCEmBDGn) copoly-
mer, FESEM and scheme of SWCNTs and image of
the polymer and composite films from PBCE,
BDG10 and BDG30 are shown in Figure 1. SWCNTs
were deposited on to indium thin oxide substrates,
SWNT bundles of about 10 nm diameter were found
in the samples.
Neat polymer and composite films with different
contents of SWCNTs were successfully developed
by solvent casting process. The visual observation
image of all samples is shown in Figure 1. PBCE
homopolymer and BDG10 neat polymers displayed
a white/transparent color, while a more yellowish
color was observed for BDG30 film, due to the cat-
alyst employed in the synthesis (i.e. Ti(OBu)4) [25].
The color of the composite films was dependent on
the nanotube loading. Samples containing lower
amount of SWCNTs were grey, while those based on
higher content of SWCNTs had a completely black
appearance, due to the carbon nanotubes and the
interconnected microstructure. The different color in
the composites with 0.1 wt% could be ascribed to
the different interaction with poly(butylene cyclo-
hexanedicarboxylate/diglycolate) copolymers. The
SWCNT dispersion in the polymer plays a key role

on the physical properties of composite. Figure 2
shows the FESEM micrographs of the fracture sur-
faces of the neat polymers (Figure 2a) and of all
composites (Figure 2b), containing 0.1, 0.5, 0.75 and
1 wt% of SWCNTs, at different resolutions. Neat
polymers present a porous microstructure, due to the
solvent cast processing (Figure 2a). It is important to
point out that the original structure of the different
polymer matrix films has been completely modified
by the carbon nanotubes introduction. A dense frac-
tured structure was already observed for low SWCNT
content (0.1 wt%). When higher amounts of carbon
nanotubes were introduced, (i.e. 0.5, 0.75 and 1 wt%),
the composites fractured surface displayed similar
features to those containing 0.1 wt% of SWCNTs,
indicating that a small amount of SWCNTs can dis-
perse homogeneously in PBCE, BDG10 and BDG30
(Figure 2b). An increase of the fractured surface
roughness could be observed by increasing the
SWCNT content. Finally, no evidence of individual
SWCNTs was found, thus a good dispersion of the
nanotubes in the selected polymer matrices was
achieved.

3.2. Thermogravimetric analysis
The results of thermogravimetric behavior of PBCE,
BDG10 and BDG30 neat polymers and composites
are shown in Table 2, that reports the maximum
degradation temperature (Tmax). On the other hand,
Figure 3 shows the derivative (DTG) curves of the
developed systems. All the analyzed polymeric films
highlighted a single degradation peak. A similar
behavior was also observed in the composite formu-
lations. Neat PBCE, BDG10 and BDG30 displayed
a thermal degradation within a relatively narrow
interval centered at 413, 412 and 413 °C, respec-
tively (Table 2), underlining that the BDG co-unit
presence did not influence the thermal stability of the
produced films, as well as the addition of SWCNTs
as already observed [23].

3.3. Thermal and structural characterization
It is well established that the melting behavior of a
polymer is affected by its previous thermal history.
Therefore, in order to provide the same heat treat-
ments to all samples investigated, each film was
kept at room temperature for at least four weeks
prior to thermal analysis. DSC traces of different
samples after processing are reported in Figure 4
and the data obtained in Table 2.

Fortunati et al. – eXPRESS Polymer Letters Vol.10, No.2 (2016) 111–124

                                                                                                     114



Fortunati et al. – eXPRESS Polymer Letters Vol.10, No.2 (2016) 111–124

                                                                                                     115

Figure 1. Chemical structure of the P(BCEmBDGn) copolymers, FESEM and scheme of SWCNTs and image of the poly-
mer and composite films. The SWCNT concentration (wt% on the polymer) is indicated.



All samples appeared as semicrystalline after the
solvent casting procedure, the calorimetric traces
were characterized by a conspicuous melting endo -
therm. The DSC data obtained from the first heating
scan underlined that the melting temperature and

enthalpy did not change with the increasing of the
SWCNT content, in all the composites. To better
understand the nature of the crystalline phase pres-
ent in the polymers under investigation, the struc-
tural characterization was carried out by X-ray dif-
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Figure 2. FESEM fractured surface of PBCE, BDG10 and BDG30 polymers (a) and composite formulations (b). The film
sections are shown in the inserts.



fraction. The patterns are reported in Figure 5. All
the samples, i.e. neat PBCE, BDG10, BDG30 and
the composites, showed a well-defined diffraction
pattern, whose peaks are situated at the same angu-
lar positions and displayed similar intensities (Fig-
ure 5a), suggesting the presence of the same crystal
phase. The two broad peaks of the SWCNTs (at
about 25 and 43°) are not detectable in the compos-
ites pattern, as the amount of nanotubes in the poly-
mer matrix is very low. In addition, crystallinity
degree evaluation by XRD confirmed the results
obtained by DSC during the first heating scan.
Indeed, no variation in the Xc was reported with the
increasing of SWCNT content for each polymer
(Table 2). On the other hand, a decrease in the Xc
was observed with the increasing of BDG mol%
(Table 2). This trend can be ascribed to the presence
of increasing amount of ether-linkages in BDG10
and BDG30 with respect to PBCE. BDG co-units
caused a reduction of the chain symmetry, therefore
hampering the crystallization process and lowering
the crystal perfection.
In order to better evidence and study the glass tran-
sition phenomenon, the samples under study were
subjected to rapid cooling from the melt. The DSC
curves after melt quenching are shown in Figure 4.
As it can be seen from the data reported in Table 2,
the glass transition temperature and &Cp values
were not influenced by the presence of nanofillers

and the results here presented are in good agree-
ment with those previously obtained for neat poly-
mers [24].
During the second heating scan, DSC traces of neat
polymers showed multiple melting peaks, due to
melt-recrystallization processes [26]. With the addi-
tion of increasing amounts of SWCNTs, this phe-
nomenon progressively disappeared, and single
melting endotherms could be observed. Moreover, an
increase of the &Hm with the increasing of SWCNT
content was highlighted. Both these effects can be
explained by taking into consideration that the nan-
otubes can act as nucleating agents, thus favouring
the sample crystallization process [23]. Higher
amount of crystal phase and better crystal perfec-
tion can be therefore achieved. It is also worth notic-
ing that the film preparation process played a role to
determine the degree of crystallinity of the neat poly-
mers, as evidenced by both DSC and WAXS meas-
urements (Figure 5b). The compression moulding
process limited the crystallization rate and crystal
phase perfection, since a rapid cooling from the melt
was adopted; on the other hand the solvent casting
method allowed the polymer to develop a higher
amount of a more perfect crystal phase. This was evi-
denced by the absence of the double melting peak
in the 1st scan DSC traces, and by the absence of the
small reflections at 16.2 and 19.5° in the diffraction
patterns of the films obtained by solvent casting, as
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Table 2. Thermal and mechanical properties of PBCE, BDG10 and BDG30 polymer and composite films

Formulations

DSC results XRD
results

TGA
results

DMA
resultsI scan II scan

Tm
[°C]

!Hm
[J/g]

Tg
[°C]

!Cp
[J/(g·°C)]

Tm
[°C]

!Hm
[J/g]

Tm
[°C]

Xc
[%]

Tmax
[°C]

G"Time 500
[Pa·1010]

PBCE
PBCE 167 45 15 0.082 167 31 167 52±3 413 1.7±0.2
PBCE_0.1SWCNTs 167 43 16 0.074 166 34 167 50±2 414 2.2±0.3
PBCE_0.5SWCNTs 166 45 16 0.073 166 36 166 48±4 414 2.0±0.3
PBCE_0.75SWCNTs 167 43 16 0.092 166 38 167 53±2 414 3.1±0.6
PBCE_1SWCNTs 166 44 16 0.087 166 39 166 51±2 415 3.8±0.5

P(BCE90BDG10)
BDG10 155 37 –2 0.091 155 29 155 45±1 412 1.6±0.2
BDG10_0.1SWCNTs 154 39 –2 0.102 155 32 154 45±3 413 1.9±0.2
BDG10_0.5SWCNTs 154 36 –3 0.101 155 32 154 45±3 414 1.9±0.3
BDG10_0.75SWCNTs 155 38 –2 0.091 155 34 155 46±2 414 2.1±0.5
BDG10_1SWCNTs 155 41 –3 0.102 155 36 155 45±2 415 2.6±0.4

P(BCE70BDG30)
BDG30 120 27 –17 0.263 120 21 120 42±1 413 1.3±0.4
BDG30_0.1SWCNTs 119 26 –19 0.246 120 21 119 43±2 413 1.3±0.2
BDG30_0.5SWCNTs 119 24 –18 0.250 120 23 119 43±2 414 1.4±0.2
BDG30_0.75SWCNTs 119 28 –19 0.246 121 26 119 42±4 415 2.1±0.4
BDG30_1SWCNTs 120 28 –18 0.258 120 27 120 43±3 416 2.3±0.3



well as by the &Hm and Xc values reported in Table 2,
as compared to those previously obtained [24].

3.4. Dynamic-mechanical characterization
The dynamic-mechanical behavior of neat PBCE,
BDG10 and BDG30 polymeric films and their com-
posites was studied in order to evaluate the effect of
SWCNT introduction and content on the mechani-
cal response of the systems. Figure 6 shows the stor-

age G" modulus as function of time for polymeric
films (Figure 6a) and composites (Figure 6b–6d).
All the studied formulations exhibited a linear trend
[22, 27]. The G" values are reported in Table 2. As it
can be observed in Figure 6a, PBCE homopolymer
displayed the highest G" value with respect to the
BDG10 and BDG30, highlighting the higher stiff-
ness of this material due to the aliphatic ring that con-
fers rigidity to the polymer chain [11]. Moreover,
Figure 6a underlines the effect of BDG co-unit. By
varying the amount of ether-linkages, it has been pos-
sible to tailor the homopolymer mechanical behav-
ior by progressively reducing the G" value and there-
fore the rigidity of the film. This is due to the higher
flexibility of material induced by the ether–oxygen
atoms. BDG30 film displayed in fact the lowest val-
ues of storage modulus.
In the composite films an increase of the G" as com-
pared to the corresponding neat polymer matrices
was observed (Figure 6b–6d show the G" vs. time
dependence of different formulations, while Table 2
summarizes the G" at 500 s and highlights the com-
position dependence of each studied polymer). This
result underlines the reinforcement effect produced
by SWCNTs. Figure 6b evidences also the effect of
SWCNT content on the mechanical response of
PBCE matrix. Comparable results were detected for
0.1–0.5 and 0.75–1 wt% formulations (G" values
around 2.1 Pa·1010 for PBCE_0.1SWCNTs and
PBCE_0.5SWCNTs and about 3.5 Pa·1010 for
PBCE_0.75SWCNTs and PBCE_1SWCNTs, respec-
tively). Moreover, PBCE_0.75SWCNTs and
PBCE_1SWCNTs displayed the highest values of
G" (increase of 106% if compared to PBCE matrix)
also with respect to the other composites produced
from BDG10 and BDG30, due to the brittle nature
of PBCE homopolymer. On the contrary, a clearer
trend was detected in the case of BDG10 based
composite formulations with respect to the carbon
nanotube content. Indeed, a linear increase in the G"
values was measured for these materials with the
increase of SWCNT content (Figure 6c).
BDG10_1SWCNTs displayed the highest G" value,
with an increase of about 63% with respect to the
pristine BDG10 film. Finally, no particular effects
were detected for BDG30_0.1SWCNTs and
BDG30_0.5SWCNTs: in this case the G" value was
close to that of BDG30 matrix. Finally, a significant
reinforcement effect (about 63%) was evident in the
BDG30_0.75SWCNTs and BDG30_1SWCNTs due
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Figure 3. DTG graphs of neat polymer and composite films,
for PBCE based fomrulations (a), BDG10 based
formulations (b) and BDG30 based formula-
tions (c)



to the higher content of SWCNTs. In conclusion,
the mechanical characterization confirmed for all

the studied formulations, the reinforcement effect
guaranteed by the SWCNTs that act as nucleating
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Figure 4. Calorimetric curves of neat polymers and composites; I scan and II scan after melt quenching



agents, in agreement with the discussion of the DSC
results above reported. The obtained results evi-
denced that no particular effects over the time
(Table 2, G" at 500 s) are present also in the case of
SWCNT based systems. Therefore the original
mechanical properties over the time, for the different
studied formulations, were maintained. This aspect
is of high importance for practical applications.

3.5. Electrical and dielectric properties
DC electrical conductivity ("DC) behavior of the
different samples is reported in Figure 7 as a func-
tion of the SWCNT content. The volume conductiv-
ity of neat PBCE and BDG10 was found to be about
10–14 S/m. By increasing of BDG mol% co-unit, an
increased value of conductivity was measured, up
to 10–12 S/m, for the BDG30 neat polymer film, prob-
ably due to the increasing chain mobility, as under-
lined by the glass transition values and dynamic-
mechanical analysis.
A small addition of nanotubes to the polymers yielded
a drastic raise in "DC. The presence of 0.1 wt% of
SWCNTs resulted in an increase of 6 orders of
magnitude with respect to neat polymers. Near to the
electrical percolation threshold, conductivity showed
a sudden rise of several orders of magnitude. In
general it is possible to conclude that a conductive
behavior was found for SWCNT contents higher
than 0.1 wt%, and values higher than 10–4 S/m were
obtained for 1 wt% of SWCNTs. Moreover, from the
plotted curves it can be seen that the percolation
threshold is between 0.1 and 0.50 wt% of carbon
nanotubes. When these amounts are reached, nano -
tubes form a network which results in the formation
of conductive path, causing the material to behave
like a conductor. For SWCNT content lower than
0.1 wt%, the composites contained few conductive
networks and/or electron tunneling and therefore
acted as insulators. A step-like transition due to the
percolation phenomenon could be observed when
the SWCNT content increased from 0.1 to 0.50 wt%.
The electrical conductivity of the composites with
0.50 wt% SWCNTs was three orders of magnitude
greater than that of the composite with 0.1 wt%
SWCNTs. These data are in agreement with our
recent results obtained by dispersing CNT in poly
(L-Lactide) polymer matrix, by using the same dis-
persing procedure [28].
As expected, the composites produced from the dif-
ferent polymers, presented the same percolation
behavior with the introduction of SWCNTs, since the
conductive behavior is mainly due to the SWCNT
presence, content and process technology. It is clear
that the main factors affecting the electrical perco-
lation threshold are the processing conditions, equal
for all the investigated polymers.
Dielectric characterization permits to investigate
the frequency-dependent electrical properties of the
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Figure 5. X-ray diffraction patterns of neat polymers, sam-
ples containing 1 wt% of SWCNTs and SWCNT
powder (a). Comparison between the X-ray dif-
fraction patterns of a PBCE films produced by
solvent casting and by compression moulding (b).



CNT-filled systems, identifying the dielectric
behavior of SWCNT based composites, that may be
masked under the DC time-domain approach previ-
ously used [29, 30]. Figure 8 shows the evolution of
the real part of the electrical conductivity ("AC")
measurements (log–log scale) with the frequency:
of PBCE (a), BDG10 (b) and BDG30 (c) based com-
posites in the 20 Hz–1 MHz frequency range. The

"AC" of the neat polymer films displayed a linear
behavior with respect to the frequency, while com-
posite materials highlighted a plateau until a spe-
cific frequency value, named critical frequency (fc),
followed by a linear behavior. The fc shifted to high
frequency with the increasing of the SWCNT con-
tent in the composites [31]. At low frequencies, for
the samples over the percolation threshold a plateau
in conductivity was found, corresponding to the
current flowing almost exclusively through the nan-
otube network, which behaved as a resistive path.
As the frequency rose, the capacitive parts, which
can be associated to both the capacitive polymer
matrix and the tube/polymer/tube structures, con-
tributed to an increasing conductance.

4. Conclusions
Novel composite films based on poly(butylene cyclo-
hexanedicarboxylate/diglycolate) random copoly-
mer and single walled carbon nanotubes were suc-
cessfully produced by solvent casting. To better
understand the effect of filler shape and the ability
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Figure 6. Storage G" modulus behavior as function of time for PBCE, BDG10 and BDG30 polymers (a) and composite for-
mulations (b–d)

Figure 7. Bulk electrical conductivities of composites based
on different content of SWCNTs



to build efficient conductive architecture through
the composite, different amounts of carbon nan-
otubes were dispersed in the polymers. The pres-
ence of SWCNTs affected the morphological, ther-
mal, dynamic-mechanical, electrical and dielectric
properties of the polymer matrices. The surface
structure significantly changed with the introduc-
tion of carbon nanotubes. Results underlined that
SWCNTs act as nucleating agent and reinforcing
phase in all the investigated polymers.

Moreover, SWCNTs improved the polymer electri-
cal and dielectric conductivity already at low con-
centrations, with a formation of a tridimensional
nanotube network in the percolated formulations.
The new developed polymeric conductive compos-
ites can be considered very promising for several
biomedical applications. In particular, such materi-
als can be used to proliferate cells under electrical
stimulation, and could offer significant potential
benefits for the functional reconnection of damaged
nerves in the peripheral and central nervous sys-
tems. The findings of this work prove that the prepa-
ration of composites represents a winning strategy
to improve the final material properties and can be
surely considered a valuable starting point to design
other high performance conductive composites.
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1. Introduction
Articular cartilage, which covers the end of the long
bones in the body, functions as a nearly frictionless
bearing, and withstands high mechanical loads and
uniformly transfers the loads on underlying bone to
prevent high stress concentrations. Because of the
avascular and aneural nature of articular cartilage it
endows itself with poor intrinsic healing capacity
for self-repair [1]. Once the articular cartilage is
damaged, osteoarthritis gradually develops and
finally the joint loses its function [2]. The surgical
techniques, including microfracture, autologous
chondrocyte implantation (ACI), osteochondral

autograft transfer (OAT) etc. [3], have been widely
used to ease pain and regenerate tissue function.
However, all of these techniques cannot reconstruct
natural function to the cartilage. Using an appropri-
ate implant to replace the damaged cartilage is con-
sidered as a promising approach for cartilage replace-
ment and has been of great interest to biomaterial
scientists for many years [4].
Hydrogels, which are hydrophilic polymers that are
swollen in water [5], are widely researched as a
potential artificial articular cartilage due to their
structural similarity to cartilage [6]. As present,
hydrogels have been used in two forms for the pur-
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pose of articular cartilage repair – as permanent
implants to replace damaged cartilage, or as cell
carrier materials to encourage tissue regeneration [7].
Hydrogels that consist of naturally derived materi-
als, like hyaluronan [8], collagen [9], chitosan [10],
alginate [11], etc, are often used as cell-seeded tis-
sue engineering scaffold. Though these hydrogels
have been successful in mimicking the morphologi-
cal and biochemical appearance of hyaline cartilage,
but the lack of mechanical integrity makes them
inappropriate as load-bearing implants [7]. Syn-
thetic polymers, including PVA [12, 13], poly(eth-
ylene glycol) (PEG) [14], poly(N-isoproylacrylamide)
(PNIPAAm) [15, 16], show mechanical similar to car-
tilage and allow efficient load transfer [17]. PVA
hydrogel has been one of the most widely used poly-
mer as a potential articular cartilage substitute due
to its excellent biocompatibility, good load-bearing
properties, and can be easily processed and modified
[12, 18]. The swelling behavior [19, 20], mechani-
cal properties [21, 22], and biotribological proper-
ties [23–25] of PVA hydrogels has been widely char-
acterized by researchers. Tadavarthy et al. [26] found
no adverse effects in surrounding tissue after implant-
ing PVA gels subcutaneously or intramuscularly
into rabbits. Baker et al. [18] summarized that PVA
hydrogels could be tailored to 1–17 MPa of tensile
strength and 0.0012–0.85 MPa of compressive mod-
ulus, which is close to the natural cartilage, by
changing polymer concentration and the number of
cycles tested.
However, pure PVA hydrogels undergo dissolution
when immersed in a solvent for a long period of
time. The dissolution mechanism involves the unfold-
ing of the polymer chains of crystals in the presence
of water to join the amorphous portion surrounding
them [27], which leads to larger pore sizes and hence
lower mechanical stiffness. PVP is another hydro-
gel that has been used for a variety of biomedical
applications due to its good biocompatibility and
hydrophilic ability properties [28, 29]. The incorpora-
tion of PVP into PVA is expected to significantly
decrease degradation and stabilize the polymer net-
work and the mechanical properties of pure PVA
hydrogels through hydrogen bonding interactions
between the carbonyl group on PVP and the hydroxyl
group along PVA chain [30]. Leone et al. [31] has
demonstrated the biocompatibility of PVA/PVP
hydrogel. Thomas et al. [32] indicated that blend
hydrogels prepared with 99 wt% PVA and 1 wt%

PVP had the best combination of network stability
and a relatively tight, stable, and crosslinked net-
work. Our previous study showed the consistent
results with Thomas’ that PVA/PVP hydrogel with
1 wt% PVP had the best mechanical strength [21].
The term fatigue is used to describe the changes in
properties of metallic and non-metallic materials
resulting from a repeatedly applied stress or strain.
If applied adequate number of times, failure may
occur in the materials. During daily activities, the
synovial joint is routinely subjected to static as well
as dynamic loads. It has been estimated that the aver-
age person takes about 2 millions steps per year [33].
Therefore, the articular cartilage on the diarthrodial
joint in the lower limbs is exposed to approximately
1 millions load cycles during this time, and each
cyclic load is of several times body weight in walk-
ing condition [33, 34]. During exercise such as run-
ning, cartilage is also subjected to cyclic loading and
the loads are applied at faster rates than that experi-
enced during walking. There have been a number of
researches shown that the appropriate dynamic
mechanical stimulation on cell-seeded tissue-engi-
neered constructs is beneficial to enhance extracel-
lular matrix (ECM) synthesis, or stimulate prolifer-
ation and chondrogenesis of progenitor cells [35–38].
However, fatigue resulting from cyclic load was sug-
gested as a failure mechanism of cartilage [39].
Weightman [40] demonstrated that the fatigue prop-
erties of human articular cartilage decreased with age,
and fatigue failure could occur in life to such an
extent. It was thought that the reduction in mechan-
ical properties of cartilage with age was itself the
result of fatigue [40]. Therefore, it is of high impor-
tance to study the alternative materials for cartilage
replacement from a fatigue point of view attributed
to the presence of cyclic stress that the materials
would face in vivo after implantation. Vikingsson and
coworkers [41, 42] proposed a model to assess
mechanical behavior of polycaprolactone (PCL)
scaffold and predict their performance ‘in vivo’ dur-
ing tissue regeneration, the results showed that the
scaffold/gel construct was not affected after up to
100000 compressive dynamic cycles. But this kind
of scaffold would degrade gradually after implanta-
tion in vivo, followed by the decreasing load-bearing
capacity.
When the fatigue properties of cartilage replacements
were investigated, the researchers generally used
dynamic loading with strain controlled, and the strain
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was limited to 15%, which is considered to be the
order of magnitude of physiological deformations
suffered by articular cartilage [41]. 15% strain always
corresponds to a very small load for hydrogels, just
several N and even lower for tissue engineered hydro-
gels. This load is far less than the physiological load
that the cartilage is subjected. And 15% strain is
very close to the linear elastic region of hydrogels,
so it is expected that the hydrogel would not fail for
even a very long term loading cycles. To our knowl-
edge, there are few reports about the recovery behav-
ior of cartilage prosthesis after fatigue test under
large load.
In the present study, PVA hydrogels with small
amounts of PVP were synthesizes by a repeated
freezing-thawing method. The effects of the incorpo-
ration of PVP and the polymerization degree of PVA
on the material properties of PVA/PVP hydrogels,
including microstructure, water content, compres-
sive mechanical and friction properties, were evalu-
ated. In order to explore the compressive fatigue
properties of PVA/PVP hydrogels as cartilage pros-
thesis, the hydrogel samples were subjected to cyclic
compressive loading from 200 to 800 N for up to
50 000 cycles at 5 Hz. The changes in height and
compressive tangent modulus before and after fatigue
tests, and the recovery behavior of PVA/PVP hydro-
gels with time after fatigue tests were investigated.

2. Materials and methods
2.1. Hydrogel preparation
PVA, saponified greater than 99% with a polymer-
ization degree of 1750, 2099 and 2399, and PVP K-
30 (40000 g·mol–1, Shanghai Jiuyi Chemical Reagent
Co., China) were chosen as the raw materials. Both
polymers were used without further purification.
The required amount of polymer powders were dis-
solved in deionized water at 90°C for 10 h to pre-
pare 15 wt% polymer solution, composed of 99 wt%
PVA and 1 wt% PVP. And then the polymer solution
was held at a higher temperature to remove air bub-
bles. After that the polymer solution was then poured
into moulds and subjected to 6 cycles of freezing at
–20°C for 18 h and thawing at room temperature for
6 h. 15 wt% pure PVA 1750 hydrogels were pre-
pared as controls.

2.2. Microstructure
Scanning electron microscopy (SEM, JEOLJSM-
6380LV, Japan) was used to evaluate the morphol-

ogy and microstructure of PVA/PVP hydrogels. The
samples were dried by vacuum oven at 50°C for 60 h
to remove all water, and then they were sputter-
coated with a layer of gold for SEM observations.
The porosity was investigated by image processing
using VC++ software. Briefly, scanning electron
micrographs of hydrogels were threshold analysed
on the basis of different grayscale. The porosity of
specimens was calculated via the ratio of black
pixel area to gross. Three SEM pictures at different
region for each hydrogel formulation were chosen
to calculate the porosity.

2.3. Differential scanning calorimetry analysis
Differential scanning calorimetry (DSC, Mettler-
Toledo, Switzerland, Model: DSC823e) was per-
formed on 3 independent specimens for each hydro-
gel formulation to examine crystallinity. Dynamic
scans were carried out from 50 to 300°C at a heating
rate of 10°C/min, under N2 atmosphere. The speed
of nitrogen gas flow was 30 mL/min. Before DSC
analysis, the samples were dried in vacuum for at
least 48 h at 60°C. The crystallinity degree was cal-
culated using Equation (1) and the heat of fusion of
a perfect crystal of PVA sample (!Hf* = 138.6 J/g)
[43]:

Crystallinity                                   (1)

2.4. Water content
For all the hydrogel samples, the water content, W,
was determined according to Equation (2):

Water content                                 (2)

where Ms and Md represent the equilibrium swollen
and completely dried sample, respectively. Five
independent samples were tested for each set of
hydrogels (n = 5).

2.5. Mechanical characterization
2.5.1. Compression tests
Unconfined compressive properties were carried
out in a PBS solution bath at room temperature on
Instron 5943 under three different strain rate (100
and 1000%·min–1) up to 65% strain to investigate
the strain rate effect on compression property. The
compressive tangent modulus for each hydrogel
sample was calculated at 10% increments from 10–
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60% strain by the finite difference method accord-
ing to the stress-strain curves obtained, and it was
expressed with the Equation (3) [44]:

                                        (3)

where E" is the compressive tangent modulus of the
hydrogel at the compression strain ratio value of !.
The value of !!, the variable of strain value, is 2%.
The sample size was approximately 12 mm in diam-
eter and 4 mm in height. Three independent sam-
ples were tested for each set of hydrogels (n = 3).

2.5.2. Indentation creep test
The indentation creep tests were conducted in an
UMT-IImulti-functional micro-friction test machine
in PBS solution at room temperature. The hydrogel
samples were manufactured into cylindrical disks
with 20 mm in diameter and 4 mm in thickness. A
stainless steel ball (Stellite 3) was used as the inden-
ter, and its diameter was 7.9375 mm. The samples
were placed between the compression plate and the
spherical indenter under compression to 10 N, result-
ing in a nominal contact stress of about 0.6 MPa. And
then this load was kept constant for 3600 s. The dis-
placement and time were recorded. Three indenta-
tions at different region were indented for each hydro-
gel formulation.

2.5.3. Viscoelastic measurements
Dynamic shear tests were conducted on a controlled
strain dynamic mechanical thermal analysis instru-
ment (DMTA Q800, USA), and the samples were
subjected to a sinusoidal shear strain at room tem-
perature with frequencies ranging from 0.1 to 10 Hz.
The strain amplitude of 3% was used, which was
within the range of linear viscoelastic region. The flat
rectangular samples with 25 mm parallel plates
were used. The dynamic viscoelastic functions such
as G' (storage modulus) and G# (loss modulus) and
were measured as function of frequency.

2.5.4. Compressive fatigue tests
Compressive fatigue tests were performed on Instron
Model 8801 test machine. The samples were placed
under an impermeable compression plate, and sub-
jected to dynamic compressive load from 200 to
800 N at 5 Hz, using a sinusoidal waveform, for up to
50000 cycles in PBS at room temperature. The tests
were run with a preload of approximately 500 N.

The displacement was simultaneously recorded
with 20 data point per compression cycle during the
whole fatigue test, which presented the relative posi-
tion of the press head, and reflected the deformation
of the hydrogel in the process of fatigue test. The
samples were immersed back in fresh PBS at room
temperature for up to 14 days, with height and mass
measured every day. Compression tests were carried
out on an electronic universal material testing
machine (CSS-44300, China) on each hydrogel sam-
ple before fatigue test, and 0 h (immediately after
the test), 24, 48 h and 14 days after fatigue test
under a strain rate of 100%·min–1. The compressive
tangent modulus was calculated at 10, 20, and 30%
strain. The hydrogel samples were manufactured
into rectangle with the size of 21 mm$15 mm$9 mm.
As the hydrogel is slippery due to its very smooth
surface, the hydrogels were packed with ultra-high
molecular weight polyethylene (UHMWPE) fiber
cloth, and the cloth would limit the lateral expan-
sion of hydrogels and raised the load-bearing capac-
ity. Three independent samples were tested for each
hydrogel formulation (n = 3).

2.6. Friction tests
The friction property was evaluated by sliding against
CoCrMo ball with a diameter of 8 mm on a ball-on-
plate reciprocating sliding tribometer (CETR-UMT2,
USA). Tests were conducted at room temperature
lubricated by PBS solution. The applied normal load,
reciprocating sliding frequency and stroke length
were kept constant at 5 N, 1 Hz and 8 mm, respec-
tively. Test duration was typically 30 min, and the fric-
tion coefficient evolution was continuously moni-
tored during the tests. Each of test was repeated
three times (n = 3).

2.7. Statistical analysis
All values were reported as means of standard devi-
ation. Statistical analysis was performed using a one-
way analysis of variance (ANOVA). Comparison
between the two means was made by the Tukey test
with statistical significance evaluated at p < 0.05.

3. Results
3.1. Microstructure
Investigation of PVA hydrogel microstructure indi-
cates that the hydrogel shows an internal three-
dimensional network structure with lots of microp-
ores on the surface (Figure 1a), which is similar to
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SEM micrographs of the natural cartilage dried
under the same condition [45]. As demonstrated by
researchers, phase separation into a PVA-rich phase
and a water-rich phase is the crucial and unique
mechanism that occurs in the process of freeze-
thawed PVA hydrogel gelation [46]. During freez-
ing process, water froze, while the polymers were
expelled to form regions of concentrated polymer.
The polymer chains in polymer-rich regions were
pushed into close contact with each other, facilitat-
ing the formation of hydrogen bonding and crystal-
lite. During the thawing process, the crystals of
frozen water, which performed as a pore-forming
agent, left pores filled with water. These processes
repeated with each cycle, microstructural remodel-
ing of the polymer phase occurred, decreasing the
distance between the polymer chains further and
promoting crosslinking; water crystals grew and
even met the facets of other crystals during freez-
ing, and then interconnected pores arose within the

hydrogel after thawing. Finally a three-dimensional
and porous and interconnected hydrogel structure
was created. When blended with PVP, the internal
structure of PVA/PVP hydrogels becomes denser
and less porosity (Figure 1b) due to the interpoly-
mer complexation between PVA and PVP. With the
increase of polymerization degree of PVA, the net-
work becomes denser, and the porosity decreases, as
shown in Table 1. For long PVA molecular chains, it
is believed to provide more physical crosslinking
points, encouraging the formation of more hydro-
gen bonding and hence a denser network structure.

3.2. Crystallinity
The degrees of crystallinity of PVA hydrogels were
listed in Table 1. The incorporation of PVP increased
the crystallinity of PVA hydrogels, while the crys-
tallinity decreased with the increase of PVA poly-
merization degree. That is because the higher poly-
merization degree results in greater crosslinking,
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Figure 1. Micrographs of pure PVA hydrogel and PVA/PVP hydrogels prepared with various polymerization degree of
PVA. (a) Pure PVA1750 hydrogel,  (b) PVA1750/PVP hydrogel, (c) PVA2099/PVP hydrogel, (d) PVA2399/PVP
hydrogel.



which may break the symmetry and regularity of
the polymer chains, and the resulting denser struc-
ture limits the activities of polymer chains, and then
the crystallinity of the hydrogel decreases signifi-
cantly (p < 0.05).

3.3. Water content
The values of water content of different PVA hydro-
gels are summarized in Table 1. It is shown that the
addition of PVP into PVA hydrogel resulted in the
increase of water content of the pure hydrogel,
because the amide group on PVP showed stronger
hydrophilicity than the hydroxyl group on PVA [21].
The polymerization degree of PVA showed a signif-
icant influence on water content of hydrogels. The
water content decreased significantly (p < 0.05) with
the increasing polymerization degree attributed to
the denser network structure, which left less space
for water molecules to inhabit.

3.4. Compressive mechanical properties
3.4.1. Unconfined uniaxial compression tests
As shown in Figure 2, the unconfined uniaxial com-
pressive properties of PVA/PVP hydrogels were
found to be significantly influenced by strain level,
which demonstrated the typically nonlinear and vis-
coelastic behavior. The addition of PVP enhanced the

mechanical property of pure PVA hydrogel. The tan-
gent modulus significantly increased with the
increasing polymerization degree of PVA. But the
differences of the tangent modulus value between
PVA1750/PVP and PVA2099/PVP hydrogels were
not significant when the strain level was below 30%.
The compressive tangent modulus increased about
tenfold from 30 to 60% strain. At low strain level,
the hydrogels exhibited small tangent modulus and
were prone to deformation, so that the pressure pre-
sented on the materials could be uniformly distrib-
uted by the enlarged contact area. While at high
strain level, the larger tangent modulus of the mate-
rials led to the ability to withstand larger stress and
resist the deformation. These are consistent with the
important functions of natural cartilage to support
and distribute large mechanical loads [47]. The
compressive tangent modulus shows strong depend-
ence on strain rate (Figure 2b). For each hydrogel
formulation, the high strain rate resulted in a signif-
icant increase of the tangent modulus at the same
strain level. It is because the interstitial water had
no time to migrate out from the pores under large
strain rate, resulting in higher instantaneous pres-
surization to sustain higher stress, and hence the
compressive tangent modulus at the same strain
level increased.
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Table 1. Porosity, crystallinity, water content, and friction coefficient of PVA/PVP hydrogels

Sample Porosity
[%]

Crystallinity
[%]

Water content
[%] Friction coefficient

Pure PVA1750 79.39±5.52 35.1±1.2 81.3±1.5 0.261
PVA1750/PVP 72.69±4.63 36.2±1.8 84.6±1.2 0.193
PVA2099/PVP 65.32±5.21 28.1±1.7 82.2±1.0 0.182
PVA2399/PVP 56.76±3.68 21.5±2.1 80.8±0.7 0.139

Figure 2. Effects of (a) strain magnitude (100%·min–1) and (b) the strain rate on the compressive tangent modulus of vari-
ous hydrogel formulations



3.4.2. Indentation creep test
Figure 3 demonstrates the indentation creep proper-
ties of various PVA/PVP hydrogel formulations. It
was found that under constant compressive stress,
the deformation rate of all hydrogel samples rapidly
increased at first, and then became slow with time,
and it may infer from the deformation-time curves
that the deformation would reach equilibrium state
eventually. The incorporate of PVP and higher poly-
merization degree of PVA resulted in less deforma-
tion of the hydrogels due to the resulting increased
compressive modulus (p < 0.05). In the end of the test,
the deformation of pure PVA1750, PVA1750/PVP,
PVA2099/PVP and PVA2399/PVP hydrogel sam-
ples were 0.4897±0.021, 0.435±0.016, 0.403±0.011
and 0.358±0.012mm, respectively.

3.5. Viscoelastic behavior
Figure 4 displays the shear storage modulus (G')
and loss modulus (G#) as a function of frequency for
each hydrogel tested. It can be seen that for all hydro-
gel formulations, G' was always much higher than

G# over the whole frequency range, which was a
characteristic feature of a ‘strong’ hydrogel [48]. G'
values of all hydrogel samples increased slowly
with the increasing test frequency, implying the
hydrogels maintain a strong network structure [49].
The similar tendency of G# varying with the fre-
quency was found, but G# showed weak depend-
ency of frequency.
Storage modulus (G') is a good measure of material
stiffness [50], the larger G' reflects the larger strength
of the material [51, 52]. Figure 4a showed that the
incorporation of PVP increased the G' much when
compared with pure PVA hydrogels. With the
increase of polymerization degree of PVA, the val-
ues of G' increased significantly due to the increas-
ing crosslinking density. The results indicate that
hydrogels incorporated with PVP and prepared with
larger polymerization degree have larger mechani-
cal strength compared to the pure PVA hydrogels,
which is consistent with the results obtained in
unconfined compression tests. G# increased with
the increase of polymerization degree, indicating
the increasing of viscosity.

3.6. Compressive fatigue properties
The compressive fatigue tests of PVA/PVP hydrogels
were carried out with a sinusoidal compressive load-
ing mode from 200 to 800 N for up to 50, 000 cycles
at 5 Hz, and the height of hydrogels changed con-
stantly with the sinusoidal compressive loads. The
amount of deformation of different hydrogel formu-
lations during a single loading cycle at the initial,
medium and later stage of fatigue tests are summa-
rized in Table 2. It demonstrates that the amount of
deformation during a single cycle decreased gradu-
ally with loading cycles. Hydrogels prepared with
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Figure 3. Effect of polymerization degree of PVA on inden-
tation creep characteristics of PVA/PVP hydrogels

Figure 4. (a) Storage and (b) loss modulus of the hydrogels as function of frequency



higher polymerization degree showed larger defor-
mation during the same loading cycle. All the pure
PVA hydrogels samples failed after 34 000 cycles,
so the relevant experimental data were not given
here.
The change in normalized deformation of hydrogels
under 200 N with fatigue cycles is given in Figure 5.
The deformation increased rapidly at first, and then
increased slowly as function of loading cycles, imply-
ing a tendence toward the stability. And the final
deformation was smaller for hydrogels prepared
with higher polymerization degree (p < 0.05). The
normalized deformation of the three hydrogels after
fatigue were 29.3±1.2, 27.0±0.9, and 24.9±0.6%,

respectively, with the increase of polymerization
degree.
The values of compressive tangent modulus of
PVA/PVP hydrogels were calculated at 10, 20 and
30% strain before fatigue test and 0, 24, 48 h, and
14 days after test. After subjected to 50000 fatigue
cycles, as clearly shown in Figure 6, the tangent
modulus of PVA1750/PVP hydrogels showed a sig-
nificant increase, and then the modulus was recov-
ered to the level before fatigue for 48 h, regardless
of the strain level. Table 3 summaries the compres-
sive tangent modulus of the three hydrogel formula-
tions before and 48 h after fatigue test. The differ-
ences between the compressive tangent modulus
measured pro-fatigue and post-fatigue were very
small for each formulation at each strain level, indi-
cating good recovery capacity for the mechanical
property of hydrogels that subjected to 50000 fatigue
cycles.
Figure 7 describes the change of normalized height
and mass with time for PVA/PVP hydrogels after
fatigue tests. All the hydrogel samples that had been
subjected to 50 000 fatigue cycles showed large
deformation and mass loss. And it is obvious that
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Table 2. The amount of deformation under load during a
single loading cycle for PVA/PVP hydrogels at
various fatigue test stage

*DI – the amount of deformation at the initial stage (1750 cycle),
DM – the amount of deformation at the medium stage
(25000 cycle), 
DL – the amount of deformation at the later stage (50000 cycle).

Samples DI
[mm]

DM
[mm]

DL
[mm]

PVA1750/PVP 0.194±0.007 0.138±0.004 0.083±0.003
PVA2099/PVP 0.235±0.011 0.189±0.009 0.124±0.012
PVA2399/PVP 0.339±0.019 0.297±0.015 0.201±0.009

Figure 5. The normalized deformation of various hydrogel
formulations as function of fatigue cycles under
the load of 200 N

Figure 6. The compressive modulus at 10, 20 and 30% strain
before fatigue and after fatigue test (PVA1750/
PVP)

Table 3. Summary of the compressive modulus of PVA/PVP hydrogels fabricated with various polymerization degree of
PVA before fatigue and 48 h after fatigue tests

Samples !10%
[MPa]

!20%
[MPa]

!30%
[MPa]

PVA1750 (before fatigues) 0.583±0.006 1.235±0.012 3.612±0.019
PVA1750 (after fatigues) 0.588±0.011 1.242±0.020 3.618±0.017
PVA2099 (before fatigues) 0.654±0.004 1.457±0.007 5.183±0.013
PVA2099 (after fatigues) 0.659±0.017 1.458±0.015 5.185±0.012
PVA2399 (before fatigues) 0.752±0.014 1.982±0.018 5.813±0.018
PVA2399 (after fatigues) 0.765±0.016 1.983±0.021 5.815±0.020



both height and mass of each hydrogel formulation
recovered rapidly within the first 2 days of unre-
strained recovery in PBS solution, followed by a slow
recovery rate, and then reached a plateau value
within one week. It is notable that though both height
and mass finally recovered to more than 90% of their
initial values, they could not reach to their original
state completely. It is shown from Figure 7 that
hydrogels prepared with low polymerization degree
experienced more deformation and mass loss dur-
ing fatigues, but showed better recovery capacity
after fatigues than hydrogels fabricated with high
polymerization degree.

3.7. Friction property
Figure 8 gives the friction coefficient evolution
over time during sliding. It is shown that the friction
coefficient of PVA/PVP hydrogels was low at the
initial stage, and then the friction coefficient
increased gradually as time prolonging and tended

to stable. The three-dimensional porous biphasic
structure of hydrogels accounted for this. When the
applied normal load was applied to the hydrogel,
most of the load was supported by the fluid phase,
leading to the relatively low friction coefficient. As
the time going, more interstitial water within the
porous structure of hydrogels was squeezed out
away the contact area, while there was insufficient
time for the non-contact area to rehydration. Thus
the proportion of load supported by the solid phase
was continuously increased, which enlarged the
solid-to-solid contact and increased the friction
coefficient, and then reached to a relatively stable
level [23, 53]. As shown in Figure 8, the friction coef-
ficient of the pure PVA hydrogel increased rapidly,
and the samples were worn out within 800 s. After
blended with PVP, the hydrogel was kept relatively
low level of friction during the entire friction tests,
which was due to the higher hydrophilcity of PVP
and the resulting improved lubricity. The friction
coefficient of hydrogels decreased with the increas-
ing polymerization degree, as the hydrogel prepared
with high polymerization degree showed better
load-bearing capacity and then less contact area
during sliding.

4. Discussion
During daily activities, the synovial joint is rou-
tinely subjected to static as well as dynamic loads.
Dynamic loading, which causes intra-tissue fluid
flow and dynamic tissue deformation, can stimulate
the synthesis of matrix molecular at certain ampli-
tudes and frequencies [54], but can also lead to car-
tilage failure [39]. Researchers always investigated
the fatigue behavior of cartilage replacements by
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Figure 7. The change of normalized (a) height and (b) mass over time for various PVA/PVP hydrogel formulations after
fatigue tests

Figure 8. Friction coefficient evolution of pure PVA and
PVA/PVP hydrogels during sliding



using the dynamic loading with strain controlled,
and the strain was limited to 15%. In general, 15%
strain corresponds to a very small load for hydrogels,
and this load would far less than the physiological
load that the cartilage is subjected, which is of sev-
eral times body weight. 15% strain is very close to the
linear elastic region of hydrogels, so it is expected
that the hydrogel would not be failure for even a
very long term loading cycles. In addition, the
reports about the recovery behavior of cartilage
prosthesis after fatigue test under large load are few.
So in the present study, we were interested in char-
acterizing the compressive fatigue behavior of PVA/
PVP hydrogels as cartilage prosthesis under dynamic
loading from 200 to 800 N for up to 50000 cycles
at 5 Hz and their recovery behavior after fatigue
failure.
PVA/PVP hydrogels show the creep phenomenon
under static loading for a period of time, called the
static creep here. The consecutive sinusoidal loading
for up to 50000 cycles at 5 Hz could have produced
creep effects as well [55], defined as the dynamic
creep. The same tendency of deformation varying
with time (or the cycles) was found in both static
and dynamic creep (Figure 3 and 6). The rapid defor-
mation at first is attributed to the fast effusion of
interstitial water from the loading zone. The extru-
sion rate of the water decreased with time, and the
slow motion of molecular chains was dragged by
large internal friction [56], resulting in the decreased
deformation rate. The deformation would reach to a
stable level eventually. This deformation tendency
with time under load is similar to the natural articu-
lar cartilage [57]. The deformation of the natural
cartilage tissue could achieve a cyclic steady state
faster than under a static load [58, 59]. However,
there seems to be a contradiction between the exper-
imental results and the expectation in the present
study. That is primarily because the differences
between the local deformation resulting from the
indentation creep with a spherical indenter and the
block deformation caused by the compression plate.
The creep rate of cartilage was dependent on its per-
meability [60], and its equilibrium time of creep
was demonstrated to be approximately 60 min [57].
While the deformation of both static and dynamic
creep for PVA/PVP hydrogels was increasing dur-
ing the entire testing time, instead of reaching an
equilibrium value. The thicker sample delays the
equilibrium time of creep may account for this [61].

Considering the movement of the interstitial water
during the sinusoidal loading can lead to an expla-
nation of the recovery behavior during fatigue. Fig-
ure 9 provides a visual picture for the microstruc-
tural change of a PVA/PVP hydrogel sample during
a single sinusoidal loading cycle. During loading
phase, the polymer network deforms, and the inter-
stitial water migrated from the loaded region to the
unloaded region due to the pressure gradient caused
by the differences between the applied stress and the
hydrogel swelling pressure (Figure 9b to 9c). While
during the uploading phase, the flow direction of
interstitial water changed to the reverse direction,
resulting in the re-swelling of the hydrogel; but the
flow was driven under the action of a much lower
pressure gradient, because the swelling pressure,
which would govern the recovery rate, was far lower
than the stress resulting from the loads acting. So it
was impossible for the hydrogel sample to fully
recover during such a very short period of time
(0.1 s), that is, h%200 was less than h200. This result is
consistent with Maroudas’s predictions [62]. Barker
and Seedhom [63] has demonstrated that the contact
between the flat-ended indenter and the natural car-
tilage, even under a small tare load of about
0.014 MPa, has almost blocked the path of the fluid
being imbibed by the cartilage matrix during the
recovery phase of the loading cycle. In the present
experiment, the large normal load was maintained
on the hydrogel surface throughout the test, which
significantly decreased the permeability of the
hydrogel surface. As a result, the fluid path was fur-
ther restricted, and the recovery was greatly
restrained during the loading cycle.
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Figure 9. The diagrams of microstructure of PVA/PVP hydro-
gel during a single loading cycle. (a) represents
the unloaded hydrogel. (b), (c) and (d) denote the
state of hydrogels loaded from 200 to 800 N, and
then unloaded to 200 N, respectively.



After unrestrained recovery in fresh PBS solution
after fatigue test, there was no change in compres-
sive tangent modulus of samples before and after
fatigue tests for 48 h after fatigue tests, indicating
intact and structurally unchanged for the hydrogel
samples. Height and mass of hydrogels presented
greater recovery at the first 2 days, after that the
recovery of all hydrogel formulations reached a
plateau value gradually. Both height and mass finally
recovered to more than 90% of their initial values.
That is the permanent deformation, due to the creep
effect caused by the cumulative fatigue, prevented
the complete recovery of the tested hydrogel. In the
present experiment it was observed that hydrogel
prepared with lower polymerization degree of PVA
showed faster recovery rate and less permanent
deformation than the one prepared with higher poly-
merization degree. Under the same loading condi-
tion, hydrogels with lower polymerization degree is
subjected to larger strains, and the swelling pressure
during the recovery phase after fatigue test must be
higher than that of hydrogels with higher polymer-
ization degree. The less porosity and the lower per-
meability resulting from the denser network struc-
ture also account for the slower recovery of hydro-
gel with higher polymerization degree. Hydrogel
prepared with higher polymerization degree shows
larger permanent deformation, it is attributed to the
excessive viscous losses (Figure 4b).
In the present study, PVA/PVP hydrogel sustains
dynamic compressive load from 200 to 800 N for
up to 50000 cycles with structurally unchanged, and
shows good recovery capacity after fatigue test,
indicating its potential to be used as articular carti-
lage prosthesis. More detailed studies are still needed
in the following researches, including longer fatigue
cycles, multiple fatigue recovery. Combining the
micro-properties with the bulk mechanical proper-
ties via techniques such as nanoindentation to
explore the fatigue failure mechanism of hydrogels
in depth is also another important research direc-
tion. The compressive fatigue properties of the nat-
ural articular cartilage would be evaluated and then
make comparisons with that of replacement materi-
als for better material design.

5. Conclusions
In this study, PVA/PVP hydrogel were synthesized
by a repeated freezing-thawing method. The incorpo-

ration of PVP into PVA hydrogel stabilized its
mechanical property and improves the lubricity.
Higher compressive modulus was observed for hydro-
gel prepared with higher polymerization degree,
and the friction coefficient decreased with the
increase of polymerization degree. In order to explore
the compressive fatigue properties of PVA/PVP
hydrogels as cartilage prosthesis, the hydrogel sam-
ples were subjected to cyclic compressive loading
from 200 to 800 N at 5 Hz for up to 50000 cycles,
and their recovery behavior after fatigue test was
evaluated. The result showed that the height of the
hydrogel rapidly decreased at first and gradually
became stable with loading cycles. After unre-
strained recovery in fresh PBS solution after fatigue
test, the compressive tangent modulus recovered to
its original level within 48 h, but the geometry of
samples could not regain their original state com-
pletely due to the creep effects. Hydrogels prepared
with lower polymerization degree of PVA showed
better recovery capacity from cyclic loading.
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1. Introduction
Poly(ethylene terephthalate) (PET), as one of the
most used engineering thermoplastic, has wide appli-
cation in automobile industry, electrics, food pack-
aging, bottle containers and textile industry, causing
the increase of the world consumption of PET twice

in a period of ten years [1]. The widespread use of
PET imposes solution of the plastic waste problem
through recycling and reprocessing method classi-
fied as primary, secondary, tertiary and quaternary
recycling [2]. The products of tertiary PET recy-
cling, especially glycolytic PET depolymerization
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products, can be used as raw materials for produc-
tion of new ones, such as different oligomers [3, 4],
unsaturated polyester and vinyl ester resins [5, 6]
and alkyd resins [7, 8].
The increased need for multifunctional materials
with improved properties, such as high strength per-
formance, good thermal, mechanical and physical
properties, gas barrier, transparency and safety
induced the development of various polymer-inor-
ganic nanocomposites for different applications [9,
10]. By incorporation of modified inorganic nanopar-
ticles in polymer matrices, new reinforced materials
with integrated polymer matrix functionalities were
obtained, such as low weight and easy processing,
and unique features of the nanoparticles, such as high
surface area and energy [11]. One of the reinforced
materials, with a wide range of industrial applica-
tions, is unsaturated polyester resin (UPe) loaded
with nanofillers such as titanium oxide [12], organo-
chemically modified silicone oxide particles [13–15]
or inorganic/organic modified multi-walled carbon
nanotubes [16]. A significant improvement of
mechanical and thermal properties of nanocompos-
ite materials, obtained by the addition of silica in
polymer [17–19], is caused by strong interactions
between silica nanoparticles and strong filler cross-
linking [20]. The main application problem of bare
silica is hydrophilic surface which reduces compat-
ibility with polymer matrix causing agglomeration,
and thus it is recommended to perform appropriate
modification of the silica nanoparticles [21]. A good
filler dispersion, stability and compatibility with the
polymer matrix can be obtained by chemical sur-
face modification of hydroxyl groups with organo -
silanes [20, 22], which provides enormous possibil-
ity for new functionalities introduction. Kim and
White [23] used organosilanes having different
aliphatic chain lengths for silica surface chemical
treatment. By organo-chemical silica modification,
hybrid nano particles (spherical brushes) with reduced
chains steric crowding were obtained [24]. The strong
interaction between reinforcements and the poly-
mer matrix distinguishes the modified silica parti-
cles from other nanoparticles [25, 26]. Luo and co-
workers [27] have studied the mechanical and
thermal properties of the 3-methacryloyloxypropyl
trimethoxy silane modified silica nanoparticles rein-
forced polyurethane (PU) coatings. Their results
showed that the mechanical and thermal properties
of PU coatings reinforced by modified silica nano -

particles were enhanced remarkably and the tensile
strength (%) and Young’s modulus (E) of PU films
containing 1.5 wt% modified silica were increased up
to 64.2 and 2535.9 MPa, respectively [27].
In this work, mechanical properties of hybrid com-
posite materials prepared by using UPes, based on
glycolyzates and chemically modified silica nano -
particles with vinyl reactive functionalities: vinyl,
methacryloyl and linseed oil fatty acids reactive
residues, were investigated. UPe1 and UPe2 were
synthesized from hydroxyl functionalized products,
obtained by catalytic PET glycolysis with propylene
glycol with and without azeotropic removal of eth-
ylene glycol, respectively, and maleic anhydride. The
mechanical and dynamic-mechanical properties of
the obtained nanocomposites were determined, and
obtained results were discussed in relation to prop-
erties of used UPes, modified silica content and struc-
tural properties and reactivity of vinyl based func-
tionalities introduced at nanosilica surface.

2. Experimental section
2.1. Materials and sample preparation
2.1.1. Materials
Waste PET, used for unsaturated polyester resin pro-
duction, was collected from soft beverage bottles.
PET bottles were crushed into small pieces (app.
0.5"0.5 cm) and washed with ethanol and dichloro -
methane to remove impurities and residual adhe-
sives. Propylene glycol (1,2-propanediol) and eth-
ylene glycol were purchased from Riedel-de Haën
Seelze-Hannover (Sigma-Aldrich, Darmstadt, Ger-
many). Xylenes (mixture of 1,2-, 1,3- and 1,4-
dimethyl-benzene), tetrabutyl titanate (TBT),
dichloromethane (DCM), (3-aminopropyl)tri -
methoxysilane 97% (APTMS), 3-(trimethoxysilyl)
propyl methacrylate (TMSPM) and tris(2-methoxy -
ethoxy)(vinyl)silane (TMEVS) were purchased from
Fluka (Sigma-Aldrich, Darmstadt, Germany).
Styrene, toluene, pyridine, 2-butanone peroxide
(methyl ethyl ketone peroxide; MEKP), cobalt
octoate (Co-oct), maleic anhydride (MA), hydro-
quinone (HQ), methanol, absolute ethanol, tereph-
thaloyl dichoride and tetrahydrofuran (THF) were
obtained from Sigma-Aldrich (Sigma-Aldrich Darm-
stadt, Germany). Fumed silica, with trade name
Aerosil® 380, was kindly provided by Evonik
(Evonik industries, Essen, Germany). Aerosil® 380 is
hydrophilic fumed silica with a specific surface
area of 380 m2/g.
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2.1.2. Glycolysis of PET
a) Classical method
The classical method for PET glycolysis have
recently been described elsewhere [15]. Molar ratio
of waste PET and PG used for glycolysis was
1.0:1.5.

b) Ethylene glycol (EG) removal method
Following the procedure of classical method for
PET glycolysis (2.1.2. a)), new synthesis of PET
glycolyzate was done with the succeeding modifi-
cation by EG azeotropic removal method [15]. Con-
tinual monitoring, by the use of gas chromatography
method (GC), of the EG/PG content in the bottom
layer of Dean-Stark was used for quantification of
time-dependent removal of PG. Azeotropically sep-
arated PG was compensated by addition appropriate
quantity of PG into reaction mixture to maintain
approximately 1.0/1.5 PG/PET initial molar ratio
according to the calculated extent of reaction. Con-
tinual decreases of EG was observed from GC chro-
matogram, and when no more EG was found (app.
91% extent of reaction), excess of PG was azeotropi-
cally removed, placed in a vacuum oven (100 °C/
2000 Pa) and then the obtained reaction product
was hot filtered.
By application of both glycolysis methods, prod-
ucts of various compositions were obtained. In the
case 2.1.2. a) glycolyzate consisted of a mixture of
PG symmetrical and asymmetrical glycol esters of
terephthalic acid: bis(2-hydroxylpropyl) terephtha-
late and bis(1-hydroxypropan-2-yl) terephthalate,
as well as (2-hydroxyethyl) (2-hydroxypropyl) tereph-
thalate (main component)) and free glycols, EG and
PG. Product obtained by method 2.1.2. b) is mainly
composed of PG symmetrical and asymmetrical
glycol esters of terephthalic acid.

2.1.3. Synthesis of EG ester of terephthalic acid
– bis(2-hydroxyethyl)terephthalic acid

For synthesis of terephthalic acid ester, previously
described in detail [15], was used 3.7 g, (0.06 mol) of
EG dry solution, 1.58 g, (0.02 mol) of dry pyridine
in 50 mL of dry THF and a solution of terephthaloyl
dichoride (2.03 g, 0.01 mol) in 50 mL of dry THF.
The bis(2-hydroxy propyl)terephthalate was syn-
thesized analogously to bis(2-hydroxy-ethyl)tereph-
thalate. The characterization of the obtained prod-
ucts of glycolysis was performed by FTIR, 1H and

13C NMR, and elemental analysis [28], and used as
standard for HPLC analysis.

2.1.4. Synthesis of unsaturated polyesters resin
(UPeN) based on PET glycolyzates

a) UPe1
After completion of the glycolysis reaction (product
obtained by classical method – 2.1.2. a)), keeping
inert atmosphere, mixture was cooled down to
90°C and the Dean-Stark separator was assembled.
MA (123 g, 1.25 mol) and half of the required amount
of HQ (0.03 g dissolved in 2 mLof ethanol) were
charged into glass reactor, whereupon the mixture
was heated to 115°C at constant temperature for 1 h.
Afterwards, continuous temperature increase was
achieved at a heating rate of 15°C/h until 150 °C,
when the toluene (6 wt%) was added as the agent
for azeotropic removal of water. The temperature
increase was continued until 210°C. The reaction was
conducted until the acid number value decreased
below 30 mg KOH/g, after which the resin obtained
was cooled down to 120 °C and a solution of the
0.03 g HQ in 2 mL of methanol was added. After
the completion of the reaction, the low boiling com-
pounds were removed from the reaction product by
vacuum distillation. The vacuum distillation was
carefully applied for 1 hour, and the obtained resin
was cooled down to 100°C and dissolved in styrene
(40 wt%) containing equivalent amount of inhibitor.

b) UPe2
The synthesis of unsaturated polyester resin (UPe2)
from the glycolysis product obtained by ethylene
glycol azeotropic removal method was performed
in an analogous manner as described in method
2.1.4. a).

2.1.5. Synthesis of methyl ester of linseed oil
fatty acid (biodiesel – BD)

In a four-necked glass reactor of 2 l, equipped with a
reflux condenser, mechanical stirrer, thermometer and
dropping funnel, 929 g (3.3 mol) of linseed oil, dis-
solved in 85 mL of methanol, was added. The potas-
sium hydroxide solution in methanol (0.12 mol of
KOH in 102 mL of methanol) was added drop wise.
Afterward, the reaction mixture was heated at 58–
62°C for 3 hours, and left to cool down. Bottom layer,
i.e. mainly raw glycerin, was separated, and upper
layer was treated with active charcoal and filtered
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through diatomaceous earth. After drying with
sodium sulfate, the obtained linseed oil methyl ester
(biodiesel) was purified by vacuum distillation under
nitrogen. Characteristics of methyl ester of linseed
oil fatty acid mixture, named BD: acid value (AV)
5 mg KOH/g; ester content 97%; iodine value 152.

2.1.6. Chemical modification of Aerosil® 380
Three types of silane coupling agents containing
vinyl, methacryloxy and unsaturated fatty acid
residues were used for silica functionalization in
order to study the influence of silica modification on
the mechanical properties of the UPe based nano -
composites. It was proved that modified nanoparti-
cles behave beneficially within polymer matrices in
comparison to unmodified ones, e.g., the modified
nanoparticles show comparatively better dispersion
in polymer, accompanied with covalent bonding,
which could significantly improve nanocomposite
properties [20, 22]. In order to achieve these goals,
modification of Aerosil® 380 was performed by
covalent bonding with unsaturated fatty acid residues
to silica surface by a two-step method:

a) First step; modification with
(3-aminopropyl)trimethoxysilane

In a dry three-necked glass reactor, equipped with a
magnetic stirrer, reflux condenser, thermometer and
a nitrogen inlet tube, 1.0 g of silica (Aerosil® 380)
and 120 mL of dry toluene were charged. After dis-
persion of silica in toluene under ultrasound for
5 min, 3.97 g of (3-aminopropyl)trimethoxysilane
was added and the modification reaction was con-
tinued for 48 hours at 25 °C under the nitrogen
atmosphere. Ultrasonic bath (Bandelin electronic,
Berlin, Germany, power 120 W, frequency 35 kHz)
was thermostated by circulating water through the
jacket, and used for silane modification as well as
for preparation of nanocomposite. The modified sil-
ica was separated from solution by vacuum filtra-
tion, and the filter cake was washed twice with the
toluene, and then dispersed in 120 mL of toluene
using ultrasonic bath.

Second step of silica modification with BD
The modified silica with terminal amino group,
from the first step of silica modification, was dis-
persed in 50 mL THF and 1.56 g of methyl ester of lin-
seed oil fatty acids were charged in a three-necked
glass reactor, equipped with a magnetic stirrer, ther-

mometer, reflux condenser and calcium chloride
protection tube. The reaction took place for 12 h at
25°C, whereupon the mixture was heated to 60 °C
and maintained for 2 hours. The obtained product,
named R380BD, was filtered under the vacuum,
two times re-dispersed in THF and filtered, washed
with absolute ethanol and dried at 40°C for 12 h.

b) Silica modification with
3-(trimethoxysilyl)propyl methacrylate

The modification of fumed silica nanoparticles with
TMSPM was done in an analogues manner to the
procedure 2.1.6. a). Obtained product was named
R380MA.

c) Silica modification with
tris(2-methoxyethoxy)(vinyl)silane

In an analogues manner to the procedure 2.1.6. b),
the modification of fumed silica nanoparticles with
TMEVS was performed. Obtained product was
named R380V.

2.1.7. Preparation of nanocomposites based on
UPeN and chemically modified silica by
solution dispersion (blending) method

Nanocomposites based on UPeN and chemically
modified silica nanoparticles were prepared using
solution blending method. The UPes were used as
the polymeric matrix and the modified silica nano -
particles, dispersed in styrene, were used as filler
for nanocomposite preparation. The nanocompos-
ites, UPeN/R(n), were obtained by processing of
appropriate amounts of binder, UPeN resin, and dis-
persed nanofillers, modified silica nanoparticles.
Index N designates UPe resin (described in exp.
2.1.4.)), index R designates the silica modification
(R380BD, R380MA and R380V designates APTMS-
BD, TMSPM and TMEVS modification of Aerosil®
R380, respectively); index (n) designates the per-
cent of the addition of modified silica nanoparti-
cles: 0.1 (a), 0.5 (b), 1.0 (c) and 2.0 (d) [wt%] in
nanocomposites. The homogenization of fumed sil-
ica with UPeN (60 wt% in styrene) was achieved by
using modified laboratory homogenizer and an
ultrasonic bath. The pure UPeN (60 wt% in styrene)
and nanocomposites UPeN/R(n) were cured using
MEKP (1 wt%) as the initiator and Co-oct (0.5 wt%)
as the accelerator. Schematic illustration of the prepa-
ration and intermolecular interactions in cross-
linked UPeN/R nanocomposites is given in Figure 1.
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Hydrophylicity of Aerosil® 380 surface, due to cov-
erage by hydroxyl groups, contributes to the lower
silica compatibility with UPe matrix and small rein-
forcing effect in the nanocomposite. The design of
silica surface involved modification with vinyl
based silane coupling agents and BD reactive residues,
to achieve better nanofiller dispersibility and rein-
forcement of prepared nanocomposite. Vinyl con-
taining surface moieties provide, in addition to the
cross-linking reactivity during curing, compatibility
and physical reinforcing due to the existence of dif-
ferent intermolecular interactions: #,#-stacking,
dipolar and hydrogen bonding interactions (Fig-
ure 1). Also, spatial conformations of the fatty acid
residue, due to pronounced flexibility could form
spherical wrapped structure stabilized by hydrogen
like bonding interactions, and in that way influence
availability of ethylene groups to participate in cross-
linking reaction during nanocomposite curing.

2.2. Experimental techniques
The structural analysis of the obtained glycolyzed
product and synthesized polyesters was performed
by Fourier transform infrared (FTIR) (Bomem MB-

102) spectroscopy, within a range of 400–4000 cm–1,
at a resolution of 4 cm–1. 1H and 13C nuclear magnetic
resonance (NMR) spectra of UPeN were recorded
in deuterated chloroform (CDCl3), using a Varian-
Gemini 2000 spectrometer at 200 MHz for the 1H
NMR and 50 MHz for the 13C NMR spectra. Varian
3400 gas chromatography with DB5 column and
flame ionization detector was used for analysis of
EG/PG mixture. Evaluation of the composition of
glycolysis products was performed by high per-
formance liquid chromatography using Spectra Sys-
tem P4000, column Zorbax SB-C8 and mobile phase
acetonitrile/methanol (60/40) (isocratic mode).
The hydroxyl value (HV) was determined using a
conventional acetic anhydride/pyridine method
(ISO 4326:1992) [29]. The acid value (AV) was
determined using a standard method ASTM D3644
[30]. Ester value (EV) was determined using Euro-
pean quality standard for fatty acid methyl esters
E14103 [31]. Number average molecular weight
was calculated according to the Equation (1):

                                                 (1)Mn 5
2
~
56100

AV 1 HV
Mn 5

2
~
56100

AV 1 HV
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Figure 1. Preparation of nanocomposites with proposed reinforcing interactions between modified silica nanofiller and UPe
matrix



Iodine value was determined by the Wijs method.
Elemental analyses were performed using a VARIO
EL III Elemental analyzer.
The viscosity measurement of the UPeN, 60 wt%
styrene solution, was carried out at 25°C, using Ford
viscosity cup 4 (ASTM D1200) [32]. The gel time
of the samples was determined from the cure exo -
therm which was measured according to ASTM
D2471-99 [33].
Microstructural (morphological) characterization of
the UPeN/R(n) nanocomposites was performed on
a transmission electron microscope (TEM) JEM–
1400.
Uniaxial tensile measurements of standard cured
samples (ASTM D882) [34] were performed using
an AG–X plus Universal testing machine, Shimadzu.
All tests were performed at room temperature
adjusted at crosshead speed of 0.5 mm/min. The
flexural properties were measured by the Instron
(Model 1332) as per ASTM D 790 [35]. The support
span length was set at 45 mm. The testing speed
was set at 1.5 mm/min. The impact strength was
measured by Karl Frank GMBH Weinheim – Birke-
nau; Type 5330, Werk – Nr 29680 as per ASTM D
256 [36].
Thermogravimetric analysis (TGA) was performed
using a Seteram Setsys Evolution-1750 instrument.
The TGA experiments were run in a nitrogen atmos-
phere (flow rate 25 cm3/min) from 30 to 800 °C,
with a heating rate of 10°C/min.
The mechanical properties and glass transition tem-
perature (Tg) of unsaturated polyester composites
were obtained using dynamic-mechanical analysis,
which was performed on a Discovery Hybrid Rheo -
meter HR2 (TA Instruments). The dynamic-mechani-
cal analysis was conducted in a torsion rectangular
mode (dimensions: 6/1/0.2) from 25 to 120°C at fixed
strain amplitude of 0.1% and angular frequency of
1 Hz. The results are presented as mechanical spec-
tra by monitoring the dependence of the storage
(G') and loss (G$) shear modulus and loss or damp-

ing factor tan% (G&/G') on temperature. Differential
scanning calorimetric (DSC) measurements were
performed using Setaram151 R instrument in the
temperature range 30–200°C.

3. Results and discussion
3.1. Glycolysis of PET with PG
Various oligoesters (glycolysis products) can be
obtained by PET de-polymerization using different
glycols like ethylene glycol, diethylene glycol, propy-
lene glycol, polyethylene glycol, 1,4-butanediol,
hexylene glycol, etc. [37]. Güclü et al. [38] have
investigated glycolysis of waste PET with PET/EG or
PET/ PG molar ratio of 1.0:0.5 to 1.0:3.0 in xylene.
They have found that the PET glycolysis in xylene
was a multiphase reaction in which formed oligomers
transferred from PET/glycol dispersion to xylene
medium at elevated temperature. The best glycoly-
sis monomer/dimer ratio was found at 220°C.
The glycolysis reaction of waste PET with PG was
catalyzed with TBT and the hydroxy-terminated
products of glycolysis PET were obtained. Table 1
displays HV, AV values and results of elemental
analysis of the glycolyzed products obtained by
methods 2.1.2. a) and 2.1.2. b).
The higher oxygen content of the product obtained
by method 2.1.2. a), found from elemental analysis
and HV values (Table 1), confirms that the glycolysis
products in the case 2.1.2. a) consisted of the mix-
ture of glycol esters of terephthalic acid: bis(2-
hydroxylpropyl) terephthalate, (2-hydroxyethyl)(2-
hydroxypropyl)terephthalate (main product – 55–
60%) and free glycols. Due to the azeotropic removal
of excess of PG and liberated EG, product of gly-
colysis, obtained by method 2.1.2. b), contains mainly
bis(2-hydroxylpropyl)terephthalate and minor (less
than 5%) fraction of (2-hydroxyethyl)(2-hydrox-
ypropyl)terephthalate. These results were evaluated
from HPLC analysis of glycolysis products obtained
by methods 2.1.2. a) and b). Characterization of the
products of glycolysis was essential for understand-
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Table 1. HV, AV values and results of elemental analysis of glycolyzed products (PG ester of terephthalic acid)

*Theoretical HV value was calculated in relation to the theoretical number of hydroxyl groups of PG, recalculated to the molar mass of
the product of glycolysis; **Oxygen percent was calculated as subtraction

Method HV*
theor.

[mg KOH/g]
HVexp.

[mg KOH/g]
AVexp.

[mg KOH/g] %C %H %O**

2.1.2. a) 418 302 5
Exp. 57.85 6.16 35.98
Calc. 58.20 6.01 35.78

2.1.2. b) 397 274 4
Exp. 59.04 6.70 34.26
Calc. 59.57 6.43 34.00



ing/establishing the structure/properties (reactivity)
relationships of the obtained UPeN and nanocom-
posites.

3.2. FTIR analysis of glycolysis product, fumed
silica, UPeN and composite materials

The FTIR spectra of the product of PET glycolysis,
obtained by method 2.1.2. b), the unmodified and
modified fumed silica, and the UPeN (method
2.1.4. a) and b)) are shown in Figure 2a.
The broad peak at about 3382 cm–1 and the low
intensity peak at 701 cm–1 originate from hydroxyl
(OH) groups stretching vibrations. Aromatic C–H
stretching vibrations are observed at around
2961 cm–1. Overlapped symmetric and asymmetric
vibrations of methyl (CH3) and methylene (CH2)
groups are observed at 2952 and 2854 cm–1, while
their bending vibrations are observed at about 1452
and 1366 cm–1. The band at 1725 cm–1 originates from
carbonyl (C=O) groups present in ester terephthalic
acid. Ester C–O stretching vibrations, asymmetric
and symmetric, are observed at about 1360 and
1107 cm–1, respectively.
Characteristic adsorption peak for modified and
unmodified silica nanoparticles appears at 1099 cm–1

and represents the stretching vibration of Si–O–Si
bonds (Figure 2a). The OH stretching vibrations are
observed at about 3433 cm–1 and 1636, 801 and
694 cm–1. In the FTIR spectra of different modified
silica nanoparticles (methods 2.1.6. a)– c)), the
adsorption peaks around 2961, 2923 and 2861 cm–1

originate from CH3 and CH2 stretching vibrations,
and peaks between 1560 and 1411 cm–1 from their
bending vibrations, respectively. The bands at
around 1748 and 1693 cm–1 are due to the C=O
functional groups present in the modified silica
nanoparticles. The stretching $(N–H) vibrations are
observed at about 800 cm–1, and are overlapped
with hydroxyl group stretching vibrations (charac-
teristic peak for APTMS modification). The C=C
stretching vibrations are observed at around
1366 cm–1 (characteristic adsorption peak for
TMSPM and TMEVS silica modification).
Qualitative estimations of the differences in the spec-
tra of the UPeN before and after the nanofiller load-
ing indicate the types and intensity of interactions
between the matrix (functional groups at polymer
chains) and the nanofiller surface functional groups.
FTIR spectra of UPeN (Figure 2a) and nanocom-
posites based on UPeN and modified silica are sim-
ilar (Figure 2b). The broad band at >3000 cm–1 origi-
nates from hydroxyl group stretching vibrations.
The narrow peaks between 2985 and 2852 cm–1 come
from CH3 and CH2 stretching vibrations, respec-
tively, and corresponding CH3 and CH2 bending
vibrations appeared at 1452 and 1364 cm–1 for UPe1
and UPe2. These peaks, for nanocomposites
UPeN/R(d), are shifted to higher values (~1455 and
~1384 cm–1). The intensive peak at 1721 cm–1 is
due to the stretching vibration of ester C=O groups
present in terephthaloyl moiety, and it is shifted to
higher value in UPeN/R(d) (1725 cm–1). The bands
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Figure 2. FTIR spectra of the glycolyzed product (marked as PG; method 2.1.2. b)), unmodified and modified silica, and
UPe resins (a), and UPe1/and UPe2/R(d) nanocomposites (b)



in the region 3090–3020 cm–1 correspond to the
valence C–H stretching vibrations. Skeletal C=C
double bond vibrations observed at 1647–1617 cm–1

correspond to the phenyl core. Two narrow adsorp-
tion peaks identified at about 731 and 700 cm–1 are
assigned to the skeletal '(CH) vibrations of benzene
ring, and these peaks are shifted to higher value for
UPeN (778 and 701 cm–1). Similar results with
smaller differences in FTIR spectra were found for
other UPeN nanocomposites at lower nanofiller
loading, and that is the reason why these results are
not presented in this section.

3.3. Thermal properties of silica nanoparticles
The thermal properties of silica nanoparticles were
examined by thermogravimetric analysis performed
in a nitrogen atmosphere. The TGA and differential
thermo-gravimetric (DTG) curves of unmodified
Aerosil® 380 (R380) and modified nanosilica
R380BD, R380MA and R380V are shown in Fig-
ure 3. From the TGA curves (Figure 3a)) it can be seen
that the unmodified Aerosil® 380 is stable at tem-
peratures below 800°C with 1.7% weight loss. Sig-
nificant difference in thermal stability between bare
and modified silica nanoparticles could be observed
from TGA and DTG curves.
TGA curves of modified silica nanoparticles are
very similar, and the thermal degradation of all
samples took place in two stages. The weight loss
of all samples, in the range from room temperature
to 150 °C, originates mainly from the moisture
adsorbed on the surface. The further weight loss in the
range 150–230°C was due to the dehydration/ther-

mal transformation of the surface organic functional-
ities attached via silanol groups [39]. The weight loss
between 390 and 500°C, observed on TGA curves
of R380BD, R380MA and R380V samples, origi-
nates from thermal decomposition/condensation of
silica surface functionalities. Consequently, two
peaks on DTG curves (Figure 3b)) are observed for
all tested samples. Peak at 205.1°C originates from
the partial and peak at 449.6°C corresponds to the
complete thermal degradation of modifying agent.
A difference in the weight loss of modified silica
nanoparticles originates from the differences in
thermal stability/reactivity of the molecular struc-
ture at silica surface. The highest weight loss was
observed for the R380BD (32.9%) which contains
long unsaturated aliphatic chain from linseed oil
methyl ester, and structure highly sensitive to ther-
mal treatment.
The TGA profile in the range 200–500°C is fairly
similar for modified silica indicating that weight
loss is of low dependence on molecular structure
and their thermal degradation process. However, in
the range 500–800°C appropriate influences of struc-
tural differences could be observed, mostly arising
from the chain length of linseed oil fatty acid and
less from structural diversity of methacryloxy and
vinyl structure. Degradation/reactivity of unsatu-
rated aliphatic chain is best understood on the basis
of the easily abstractable hydrogens present in
trienoate structure, resulting in allyl radicals forma-
tion, capable for reactivity transfer and formation of
condensed structure. Thermal dehydration/transfor-
mation at lower temperatures caused formation of
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Figure 3. TGA (a) and DTG (b) curves of unmodified Aerosil® 380 silica nanoparticles (R380) and modified nanosilica
R380BD, R380MA and R380V



stable condensed surface structures which ther-
mally decompose at higher temperatures. On the
other hand, the R380MA has a greater weight loss
of 29.9% than R380V sample, 26.6%, due to the
obvious difference in structure of attached fragment
at silica surface.

3.4. NMR characterization of UPeN resin
Results of NMR analysis confirm successful syn-
thesis of UPe1 and UPe2 resins, and together with
results of Mn calculation (Table 2), indicate that
unsaturated polyester resin contains mostly fumaric
moiety in polymeric chain, which is necessary pre-
requisite to achieve high cross-linking reactivity
during molding/specimen formation.
Results of 1H and 13C NMR analysis (Figure 4) of
UPe1 are as follow:
1H NMR (CDCl3): 1.23–1.51 (m, 6H, 2"CH3),
4.20–4.58 (m, 6H, 2"CH2CH–), 4.25–4.70 (m, 4H,
–O–CH2CH2–O–), 5.21–5.79 (m, 2H, PhCH=CH2,
styrene moiety), 6.65–6.79 (m, 1H, PhCH=CH2,
styrene moiety), 6.86–6.96 (m, 2H, fumaric moi-
ety), 7.43 (s, 4H, HPh, styrene moiety), 8.05 (s, 4H,
HPh-terephthaloyl moiety); 
13C NMR (CDCl3): 16.22 and 19.08 (2"CH3), 62.7,
66.70–69.21, 70.19–70.30, 76.40–77.63 (CH2 car-
bons in PG moiety), 113.70 (4"CPh in styrene moiety),
126.12–128.43 (4"CPh), 134.00 (O=C–HC=CH–C=O),
133.57 (2"Ph(C)–COO), 164.08 and 164.39
(O=C–HC=CH–C=O), 164.99 and 165.28
(2"PhCOO). Similar results were found for UPe2
resin.
From the 1H and 13C NMR spectra of the synthesized
UPeN resins it can be concluded that the PET gly-
colysis method has no effect on polycondensation
reaction with maleic anhydride, and dominant prod-
ucts were glycol esters of terephthalic acid: bis(2-
hydroxylpropyl) terephthalate, (2-hydroxyethyl)(2-
hydroxypropyl) terephthalate and glycols. From the
technical-economical aspect of UPes synthesis based
on waste PET/PG glycolysis product, the classical
method was selected as better alternative for the
industrial level of synthesis due to the technological
simplicity of synthesis method, in case when the

high mechanical properties are not crucial for the
application.

3.5. The AV, HV, Mn, iodine value, viscosity,
gel time and maximum curing
temperature of the synthesized UPeN and
UPe2/R(c) nanocomposites

The products obtained by waste PET glycolysis were
used for synthesis of UPes. Zahedi et al. [40] inves-
tigated effects of the reaction time, volume of gly-
col and catalyst contents on the yield of the glycol-
ysis products and after obtaining a suitable gly-
colysates, the polyesterification of obtained interme-
diary products and MA was studied. Also, authors
determined the optimal reaction time and tempera-
ture for the polyesterification of PET glycolizate
with MA.
The AV, HV, Mn, iodine value and viscosity of UPeN
are given in Table 2. From these results it could be
observed that synthesized UPeN have similar vis-
cosity, AV, HV, Mn, and iodine value and different
glycolysis products showed no significant effect on
these properties of the obtained resins. Generally,
the UPe2, based on the glycolized product obtained
by EG azeotropic removal method (2.1.2. b)) con-
tributed to the higher AV and HV, while opposite is
true for Mn, iodine value and viscosity of the obtained
products.
The gel time values of UPeN and UPe2/R(c) nano -
composites, determined from the cure exotherm,
are given in Table 3.
The results from Table 3 indicate that presence of
SiO2 nanoparticles had different influence on the gel
time and the maximum curing temperature (Tmax) of
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Table 2. The AV, HV, Mn, iodine value and viscosity of the synthesized UPeN

*Mn values were calculated according to the Equation (1).

Sample AV
[mg KOH/g]

HV
[mg KOH/g]

Mn
*

[g/mol] Iodine value Viscosity
[s]

UPe1 13.0 29.6 2634 47 105
UPe2 13.4 30.7 2544 51 90

Table 3. The gel time and maximum curing temperature
(Tmax) of the synthesized UPeN and UPe2/R(c)
nanocomposites

Sample Gel time
[min]

Tmax
[°C]

UPe1 19.20 145.7
UPe2 14.50 172.9
UPe2/R380BD(c) 20.00 112.9
UPe2/R380MA(c) 15.75 110.3
UPe2/R380V(c) 9.50 127.7
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Figure 4. 1H NMR (a) and 13C NMR (b) spectra of UPe1 obtained according to method 2.1.4. a)



nanocomposite, depending on the type of silica
modification. The shorter gel time of UPe2 in com-
parison to UPe1, 14.50 min versus 19.20 min, and
higher maximum curing temperature, 172.9°C ver-
sus 145.7 °C, indicate higher reactivity of UPe2
resin. The gel time of UPe2/R380BD(c) was increased
slightly, 14.50 to 20.00 min, compared to the UPe2,
while Tmax was decreased from 172.9°C, for UPe2,
to 112.9°C for UPe2/R380BD(c). Silica surface mod-
ification with TMSPM and TMEVS caused reduc-
tion in the Tmax from 172.9 to 110.3°C and 127.7°C,
respectively, while the gel time was shorter than for
pure UPe2. Gel time was slightly higher for UPe2/
R380MA(c), 15.75 min, and significantly lower
value was found for UPe2/R380V(c), 9.50 min.
Incorporation of modified silica nanoparticles in
initial UPe polymer matrix influenced cross-linking
reaction due to the appropriate contribution of physi-
cal interactions and covalent bonding to reactivity/
energetic effect of the curing system. Intermolecu-
lar interactions between present functionalities at
nanofiller surface and polymeric chain segment pre-
vent, to some extent, favorable approach of vinyl
moieties (propagation reaction), causing in that way
decrease of Tmax. Higher reactivity, i.e. mobility of
polymeric chain segments in pure UPe, contributes
to higher Tmax, while for UPe2 higher Tmax is also
affected by better system compatibility. The long
unsaturated chain of methyl esters of linseed oil
fatty acid in the APTMS-BD structure provides steric
hindrance of reactive vinyl group due to high flexi-
bility, in relation to TMSPM and TMEVS modifiers,
causing longer reaction period to reach Tmax. APTMS-
BD molecules can be randomly oriented and could
therefore obscure the reactive sites, and accordingly
require a longer gel time to increase the viscosity of
the nanocomposites during cross-linking. TMEVS
modifier has shortest alkyl chains with the most
reactive vinyl group of limited flexibility, which
provides the highest reactivity of UPe2/R380V(c)
sample, i.e. the shortest gel time was obtained. Appro-
priate steric repulsion of methyl group present in
the TMSPM causes lower accessibility of reacting
species to exert reaction with double bond.

3.6. TEM analysis of UPe2/R(c)
nanocomposite materials

Examination of the influence of the silane coupling
agent on the silica dispersion in the UPe matrix of
the cured UPe2/R(c) nanocomposites was per-
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Figure 5. TEM micrographs of (a) UPe2/R380BD(c), 
(b) UPe2/ R380MA(c) and 
(c) UPe2/R380V(c) nanocomposites



formed by TEM technique. Figure 5 shows TEM
micrographs of UPe2/R380BD(c), UPe2/R380MA(c)
and UPe2/R380V(c) nanocomposites. From the
TEM micrographs of all samples it can be observed
that the spherical primary particles of silica nano -
filler are to some extent aggregated depending on the
properties of silica surface. The primary particles
formed irregular chains-like structure with more
intensive domain of aggregated nanofiller in UPe2/
R380BD(c) nanocomposite (Figure 5a), less in UPe2/
R380MA(c) (Figure 5b), and the best dispersion
was found for UPe2/R380V(c) nanocomposite (Fig -
ure 5c)).
The TEM analysis of samples UPe2/R380BD(c) and
UPe2/R380MA(c) (Figure 5a and 5b) shows some-
what lower uniformity of the formed aggregates
due to the balanced intermolecular interactions
between the nanofiller and the nanofiller/cross-linked
polymer. In TEM micrograph of UPe2/R380BD(c)
an irregular imperfect three-dimensional network of
randomly distributed aggregates of modified silica
in the polymer matrix was observed. The presence
of long linseed oil fatty acid residue on the silica
surface led to weakening of the interfacial interac-
tion, due to the lower physical interaction of unsat-
urated acid residue/UPe matrix. In a similar study,
Ou et al. [41] studied effects of alkylation of silica
on interfacial interaction, determination, vulcaniza-
tion swelling procedure, and tensile retraction of
modified silica reinforcement of natural, styrene-
butadiene and acrylonitrile-butadiene rubber. They
have found that the type of the activities of the silica
surfaces, methyl, especially hexadecyl alcohol, has
influence on the relaxation process weakening inter-
facial interaction. Analogously, besides to the pres-
ence of reactive vinyl groups, the long unsaturated
fatty acid chain created spatial barrier between pri-
mary spherical nanoparticles and polymeric chain,
and the consequence of that was the lowest unifor-
mity of UPe2/R380BD(c). The aggregates found in
UPe2/R380BD(c) sample are the largest, indicating
that the highest extent of cohesive interaction
between nanofiller exists. The TEM analysis of sam-
ple UPe2/R380MA(c) showed similar phase disper-
sion in the cross-linked polymer/nanofiller as in UPe2/
R380BD(c). It was caused by moderate repulsive
steric interaction of methyl group present in methacry-
loxy fragment at silica surface. The aggregates
observed in sample UPe2/R8380V(c) (Figure 5c)
are present in the smallest amount, showing good

dispersion of nanoparticles in polymer matrix when
TMEVS was used as a modifying agent. Intensive
#,#-stacking and different intermolecular interac-
tions at the nanofiller/cross-linked polymeric net-
work interface between terephthaloyl moieties con-
tributed to the better distribution and higher unifor-
mity of the nanofiller (Figure 1). The vinyl group
present on silica surface caused the lowest extent of
steric interference and the highest reactivity, which
provided the highest level of dispersibility. Similar
morphological properties were found for other
UPeN/R(n) nanocomposites.

3.7. Mechanical testing of UPeN based
nanocomposites

With the aim to investigate influence of different
modification type and content of incorporated silica
nanoparticles on the mechanical properties of the syn-
thesized nanocomposites based on UPe, the mechan-
ical testing has been done. The stress-strain curves of
the examined cured UPeN and UPeN/R380BD(n)
samples are shown in Figure 6, and the values of
stress at break (#b), elongation at break ((b), and ten-
sile modulus (E) are given in Table 4.
Differences in #b and (b value of pure UPeN are
mainly caused by properties of the products of PET
glycolysis. Higher stress and elongation at break,
found for UPe2, is due to the higher structural
homogeneity of cross-linked polymeric network, in
comparison to UPe1. PET glycolysis product,
obtained by method 2.1.2. b) mainly contains bis(2-
hydroxypropyl) terephthalate, while the product of
glycolysis used in UPe1 synthesis also includes
asymmetrical terephthalic ester containing ethylene
glycol residue, which contributed to segmental struc-
ture of polyester chain. Also, difference in the trans-
fer of reactivity, i.e. rate of propagation reaction dur-
ing cross-linking, could be of appropriate signifi-
cance.
Results of mechanical testing indicate that #b and E
increase with increasing silica content in nanocom-
posite samples, while (b is slightly higher for nano -
composite samples than for the pure UPeN. The
presence of long BD chain in APTMS-BD on the sil-
ica surface, which represents the soft-elastic seg-
ment in nanofiller/cross-linked polymer, contributes
to higher (b values than for pure UPeN. Also, in
accordance with its structure, APTMS-BD can have
a plasticizing effect in cross-linking process. With
increasing silica content in UPeN/R380BD(a–c)
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nanocomposite samples, prevalence of soft-elastic
segments increases, as well as elongation at break.
Stress at break increases with increasing silica con-
tent, and the highest #b value have the UPeN/
R380BD(c) samples with aggregates formed of spher-
ical APTMS-BD modified silica nanoparticles.
Figure 7 shows stress-strain curves of the cured
UPeN and UPeN/R380MA(n) nanocomposites and

appropriate values of stress at break, elongation at
break and tensile modulus are given in Table 5.
The results of mechanical testing of UPeN/
R380MA(n) nanocomposites based on UPeN and
TMSPM modified silica show similar trend as UPeN/
R380BD(n) samples. With increasing silica content
in UPeN/R380MA(a–c) nanocomposites, increase of
elongation at break and stress at break was observed.
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Figure 6. The stress-strain curves of the cured (a) UPe1 and UPe1/R380BD(n) and (b) UPe2 and UPe2/R380BD(n)
nanocomposites

Table 4. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380BD(n) and UPe2/
R380BD(n) nanocomposites

Sample !b
[MPa]

"b
[%]

E
[GPa] Sample !b

[MPa]
"b

[%]
E

[GPa]
UPe1 34±1.0 2.2 1.5 UPe2 43±1.4 2.8 1.8
UPe1/R380BD(a) 57±1.7 3.5 2.2 UPe2/R380BD(a) 58±1.3 3.2 2.3
UPe1/R380BD(b) 65±1.3 3.8 2.7 UPe2/R380BD(b) 69±1.9 4.5 2.4
UPe1/R380BD(c) 78±1.9 4.6 2.9 UPe2/R380BD(c) 78±1.7 4.4 2.2
UPe1/R380BD(d) 75±1.7 3.6 1.6 UPe2/R380BD(d) 76±1.6 4.8 1.9

Figure 7. The stress-strain curves of the cured (a) UPe1 and UPe1/R380MA(n) and (b) UPe2 and UPe2/R380MA(n)
nanocomposites



The highest stress at break was observed for UPeN/
R380MA(c). By incorporation of more than 1.0 wt%
of silica nanoparticles in cross-linked polymer/nano -
filler, elongation at break and stress at break decrease
due to the deterioration of the homogeneity of nano -
composite with the increase of silica addition, i.e.
phase mixing/dispersing of nanofiller is not satisfac-
tory. Guo et al. [42] investigated mechanical proper-
ties of polymeric nanocomposites based on TMSPM
surface functionalized alumina nano particle and
vinyl ester resin. They have found that modified alu-
mina nanoparticles formed particle/matrix interfa-
cial bonding, which allowed larger local plastic
deformation in the matrix and resulted in significant
increase in both modulus and strength, from 2.75 GPa
(pure resin) to 3.25 GPa and 52.4 MPa to 63.3 MPa
for 1 wt% modified alumina nanoparticles, respec-
tively [42].
Figure 8 shows stress-strain curves of the cured
UPe1 and UPe1/R380V(n) nanocomposites and deter-
mined values of stress at break, elongation at break
and tensile modulus are given in Table 6.
In the case of UPe1/R380V(n) composite materials,
the highest values of elongation at break and stress
at break with regard to the pure cross-linked UPe1
are recorded. These results are associated with

TMEVS configuration. The side chains with 1,2-
dimethoxyethyl groups are short and oriented so
that they cannot cause steric hindrance and hide the
active sites on the modified silica surface. Kani-
mozhi et al. [43] proved vinyl silane functionalized
rice husk ash reinforcing effect on unsaturated poly-
ester nanocomposites. They confirmed that the rein-
forced composites exhibited higher thermal and
mechanical properties than neat UPe. Modifiers,
APTMS-BD and TMSPM, can occupy twisted con-
formation, due to the flexibility of unsaturated fatty
acid residue, and due to the interaction with surface
functional groups by forming closed structure which
prevent availability of vinyl active sites (Figure 1).
In order to determine the effect of the organic struc-
ture of the surface coupling agent on the flexural
and impact strength of the cured UPeN/R(c) com-
posites, the flexural strength and Charpy impact test-
ing was performed. Determined values of impact (#i)
and flexural strength (#f) are given in Table 7.
Obtained results indicate that impact and flexural
properties increase with 1.0 wt% filler loading for
both UPeN based nanocomposites [43]. The impact
strength increase from 109 to 131% and from 108 to
113% for UPe1 and UPe2 based nanocomposites,
while the flexural strength increase from 108 to 156%
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Table 5. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380MA(n) and UPe2/
R380MA(n) nanocomposites

Sample !b
[MPa]

"b
[%]

E
[GPa] Sample !b

[MPa]
"b

[%]
E

[GPa]
UPe1/R380MA(a) 53±1.3 3.3 1.8 UPe2/R380MA(a) 56±1.3 4.0 1.9
UPe1/R380MA(b) 59±1.2 3.2 2.0 UPe2/R380MA(b) 73±1.6 3.8 2.1
UPe1/R380MA(c) 68±1.7 4.0 1.9 UPe2/R380MA(c) 75±2.0 5.0 2.0
UPe1/R380MA(d) 63±1.7 3.2 2.4 UPe2/R380MA(d) 68±1.5 4.0 2.0

Figure 8. The stress-strain curves of the cured (a) UPe1 and UPe1/R380V(n) and (b) UPe2 and UPe2/R380V(n)



and from 106 to 133% for UPe1 and UPe2 based
composites, respectively. Lower values of impact
and flexural strength of UPe2 based nanocompos-
ites indicate that those materials absorb lower amount
of energy and have brittle transition. Also, the high-
est values of flexural strength of UPeN/R380BD(c)
are due to best interfacial adhesion between filler and
polymer matrix and indicate that the plasticizing
effect of APTMS-BD moiety. The UPe2/R380MA(c)
has higher values of #f than UPe2/R380V(c) [44].
The influence of SiO2 nanofiller content on the stress
at break of UPeN/R is shown in Figure 9.
Obtained results, given in Figure 9, indicate that
stress at break of all UPeN/R nanocomposites
increased with increasing R content up to the 1 wt%,
and after that it is constant or slightly decreased.
Incorporating of more than 2 wt% of modified silica
nanoparticles caused formation of larger aggregates
which represent vulnerabilities/weak point in cross-

linked polymer-nanofiller composite. The larger
diameter of the silica cluster, larger for higher per-
cent of added nanofiller, indicates balanced contri-
bution of both silica/matrix and silica/silica interac-
tions where contribution of later one increases with
silica content increase.
It was evident that the content and the type of mod-
ification of silica nanoparticles had an appropriate
influence on the mechanical properties of the obtained
nanocomposites. Modified silica reinforced compos-
ites exhibit higher mechanical properties than neat
cured UPe matrix due to the hydrophobicity of the
silica surface, i.e. improved compatibility with UPe
matrix, and thus higher reactivity contributes to
higher cross-linking density. The stress at break of
UPeN/R (Figure 9) reflects influence of vinyl based
SiO2 modification on the nanofiller dispersibility
(Figure 5), extent of intermolecular interactions (Fig-
ure 1) and steric interference to vinyl group reactiv-
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Table 6. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380V(n) and UPe2/R380V(n)
nanocomposites

Table 7. Values of impact and flexural strength of cured UPeN/R(c

Sample !i
[J·m–1]

!f
[MPa] Sample !i

[J·m–1]
!f

[MPa]
UPe1 145.6±4.6 66.7±1.7 UPe2 109.2±3.4 61.7±1.6
UPe1/R380BD(c) 159.2±4.3 103.9±3.0 UPe2/R380BD(c) 118.3±3.2 81.0±2.4
UPe1/R380MA(c) 158.6±4.6 81.6±2.3 UPe2/R380MA(c) 113.7±2.9 68.5±1.9
UPe1/R380V(c) 191.1±6.1 72.0±2.3 UPe2/R380V(c) 122.8±3.4 65.6±1.6

Sample !b
[MPa]

"b
[%]

E
[GPa] Sample !b

[MPa]
"b

[%]
E

[GPa]
UPe1/R380V(a) 58±1.3 5.4 1.7 UPe2/R380V(a) 61±1.4 4.1 1.6
UPe1/R380V(b) 71±1.5 4.3 1.7 UPe2/R380V(b) 74±1.5 4.0 1.9
UPe1/R380V(c) 84±2.0 5.2 1.9 UPe2/R380V(c) 84±1.9 5.1 1.8
UPe1/R380V(d) 80±1.9 4.7 1.6 UPe2/R380V(d) 82±1.9 5.0 1.8

Figure 9. The influence of SiO2 nanofiller content on the stress at break of (a) UPe1/R and (b) UPe2/R materials



ity. Lower values of stress at break for R380MA and
R380BD are influenced by electronic and steric/con-
formational effect. The UPeN/R380BD nanocom-
posites have higher values of #b, compared to UPeN/
R380MA, due to the presence of allylic hydrogen
and number of ethylenic in flexible structure more
likely to be involved in cross-linking process. Also,
structural differences between UPe1 and UPe2 resin,
due to the different EG/PG ratio in polyester chain
and higher flexibility of PG moiety, influences nano -
composites properties. Extent of the interactions
depends on the nature of the functional groups pres-
ent on the surface of the fumed silica and UPe chain:
high intensity #,#-stacking attractive interaction
between vinyl and terephthaloyl moieties contribute
to effective networking of the obtained system. On
the other hand, low intensity non-covalent interac-
tions: London dispersive forces, Van der Waals and
different dipolar interactions had a smaller contri-
bution to orderliness and physical cross-linking,
influence lower extent on the mechanical properties
of the obtained nanocomposites (Figure 1).

3.8. DMA and DSC analysis of cured UPeN
and UPeN/R(n) nanocomposites

Chemical composition and configuration of the syn-
thesized macromolecules, interaction between poly-
mer chains and filler nanoparticles have influence on
material crystallinity, phase formation, and dynamic-
mechanical properties of composite materials.
The temperature dependences of storage modulus
(G'), which reflects elastic behavior, loss modulus
(G$), which reflects viscous behavior of pure UPeN
and UPeN/R(c) nanocomposites are given in Fig-

ure 10. Results of the dynamic-mechanical analysis
(DMA) of the investigated samples, presented in Fig-
ure 10, show that there is no significant difference
in G' and G$ values between samples of the same
nanocomposite group, indicating that different modi-
fication type of applied silica nanoparticles has a
minor influence on the dynamic-mechanical prop-
erties of the prepared nanocomposites. On the other
hand, pure UPe2 and UPe2/R(c) nanocomposites
have significantly higher G' values than pure UPe1
and UPe1/R(c) in the whole investigated tempera-
ture region, as can also be observed from the values
of the storage modulus in the glassy state (G'GS), at
50°C, and in the rubbery state (G'RP) (Table 8). Fur-
thermore, rubbery plateau region of samples prepared
with UPe2 as polymer matrix appears at higher tem-
peratures (T > 180°C) than rubbery plateau region of
samples based on UPe1 (T > 120°C). G'RP values of
UPe2/R(c) are more than one order of magnitude
higher than G'RP values of UPe1/R(c), indicating
large difference in the cross-linking density between
these two nanocomposite groups, caused by the pres-
ence of different polymer matrix. The same trend was
observed for the pure UPe1 and UPe2. Smaller dif-
ference between G' values in the glassy and rubbery
states for pure UPe2 and UPe2/R(c) nanocompos-
ites in comparison to the samples based on UPe1 is
also related to the higher cross-linking density of
UPe2-based samples [45]. The trend of the G$ val-
ues change for two groups of samples depends on the
temperature, i.e. up to the approximately 110°C pure
UPe1 and UPe1/R(c) nanocomposites have higher
G$ values than pure UPe2 and UPe2/R(c) nanocom-
posites. Opposite is true at higher temperatures.
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Figure 10. Temperature dependence of (a) storage modulus (G') and (b) loss modulus (G'') of pure UPeN and UPeN/R(c)
nanocomposites



In the temperature dependence of the mechanical loss
factor of pure UPeN and the prepared composites
given in Figure 11, only one peak in the range 91.3–
95.1°C for UPe1 and nanocomposites based on UPe1
and in the range 145.0–151.3°C for UPe2 and nano -
composites based on UPe2 can be seen. The temper-
ature associated with loss factor peak corresponds
to the glass transition temperature (Tg) of the inves-
tigated samples. The Tg values of pure UPeN and pre-
pared nanocomposites determined from the tan% tem-
perature dependence are listed in Table 8. Tg(tan % peak)
values of UPe1/R380(c) nanocomposites prepared
using R380BD and R380MA nanoparticles are
higher than Tg of pure UPe1, which implies that the
presence of these surface modified SiO2 nanoparti-
cles restricted molecular mobility of polymer chains
at the interface between UPe1 and nanoparticles, due
to the presence of the attractive interactions between
nanoparticles and polymer matrix. The opposite was
obtained for UPe1/R380V(c) nanocomposite. When
UPe2 was used as polymer matrix, R380BD and
R380MA nanoparticles showed no influence on the
Tg of UPe2, while Tg of UPe2/R380V(c) nanocom-

posite was lower than Tg of pure UPe2. Furthermore,
Tg of cured UPe1 and UPe1/R(c) samples is lower
than Tg of UPe2 and UPe2/R(c), due to the higher
cross-linking density of the samples based on UPe2.
This is also evidenced by the maximum values of
tan% (tan% height) listed in Table 8, since it is known
that samples with higher tan! values have lower
cross-linking density, i.e. higher mobility of the chain
segments between cross-links [46]. It is also interest-
ing to notice that tan! peaks of UPe2 and UPe2/R(c)
nanocomposites are broader than tan % peaks of
UPe1 and UPe1/R(c) samples, indicating higher
cross-link non-uniformity, i.e. more heterogeneous
polymer network and broad distribution of relax-
ation times in samples based on UPe2 [47, 48].
Values of the cross-linking density ($) of the pre-
pared samples were calculated from G'RP following
the Equation (2):

                                                        (2)

where R is the universal gas constant and T is
Tg+30 °C. Determined values of the cross-linking
density of the investigated samples are summarized
in Table 8. It can be observed that different modifi-
cation type of SiO2 had no influence on the cross-
linking density of pure UPe1 and UPe1/R(c) nano -
composites. Similar trend was observed for pure
UPe2 and UPe2/R(c) nanocomposites, except for
UPe2/R380V(c) which has slightly lower % than
pure UPe2 and other UPe2/R(c) nanocomposites,
which is in accordance with determined Tg values and
investigated mechanical properties. Obtained DMA
results revealed that type of the UPe used as poly-
mer matrix has more pronounced influence on the
dynamic-mechanical properties of the investigated
nanocomposites has than the type of SiO2 nanopar-
ticles used for modification. Samples based on unsat-
urated polyester prepared using PET glycolysis prod-
uct obtained by ethylene glycol azeotropic removal

n 5
1G9RP 2

RT
n 5

1G9RP 2
RT
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Table 8. Results of DMA and DSC analysis of the UPeN and UPeN/R(c)

Sample G'GS
[MPa]

G'RP
[MPa]

Tg(tan # peak)
[°C] tan# height Tg(DSC)

[°C]
$·103

[mol/cm3]
UPe1 780 3.4 92.4 0.96 92.0 3.4
UPe1/R380BD(c) 720 3.7 95.1 0.92 94.1 3.5
UPe1/R380MA(c) 790 3.4 93.8 0.96 93.1 3.4
UPe1/R380V(c) 760 3.4 91.3 0.95 90.0 3.4
UPe2 1100 23.6 151.3 0.32 141.1 5.4
UPe2/R380BD(c) 1200 24.0 151.3 0.32 145.2 5.4
UPe2/R380MA(c) 1100 26.0 151.3 0.32 146.3 5.5
UPe2/R380V(c) 1100 24.0 145.0 0.31 145.2 4.3

Figure 11. Temperature dependence of tan% of pure UPeN
and UPeN/R(c) nanocomposites



method have higher cross-linking density and con-
sequently lower molecular weight between cross-links
than samples based on UPe1, synthesized using
product obtained by classical method of PET glycol-
ysis.
In order to determine the thermal properties of the
cured UPeN and UPeN/R(n) nanocomposites, differ-
ential scanning calorimetry was performed, whereby
two heating runs, as well as a cooling run between
them were recorded. From the results of DSC analy-
sis (Figure 12) similar values of Tg to ones deter-
mined by DMA analysis, and no significant differ-
ences between Tg of pure cured UPeN and UPeN/R(c)
nanocomposites were found. Generally, the Tg val-
ues of cured UPe1 and corresponding nanocompos-
ites are in the range 92.0–94.1°C, and of cured UPe2
and corresponding nanocomposites are in the range
141.1–146.2°C.
In a similar manner to the present work, nanocom-
posites based on UPe and fumed silica Aerosil®

R812S, R805 and R816, and R200 modified with
phenyl terminal group, R200NPh were investigated
[15]. Aerosil® R812S, R805, and R816 are a
hydrophobic fumed silica obtained by treating of
Aerosil® 200 with hexamethyldisilazane, octylsilane,
and hexadecylsilane, respectively. Different length of
aliphatic chain provided low cohesive intermolecu-
lar interactions between polymeric chain and func-
tionalities at silica surface, which contributed to the
low reinforcement effect in appropriate nanocom-
posites. Due to this, the best mechanical and rheolog-
ical properties were found for composites with

R200NPh nanofiller. High intensity #,#-stacking
attractive intermolecular interaction between N-
phenyl and terephthaloyl moieties provided effec-
tive physical cross-linking, and thus high reinforc-
ing effect was found similar to the ones obtained in
this work. However, reinforcing effect of R200NPh
could not be achieved in UPe with EG and PG gly-
col, synthesized in this work, as for dipropylene gly-
col (DPG) based UPe [15]. Preliminary results indi-
cate that lower flexibility of EG/PG fragments could
not provide favorable conformational adaption to
attain maximum intermolecular interactions in UPe2/
R200NPh nanocomposite. Compared with the results
presented in this work, with vinyl modified fumed
silica Aerosil® 380 (R380BD, R380MA and R380V),
the best mechanical and rheological properties was
found in composites with R380V, i.e. UPe1/R380V
and UPe2/R380V at all nanofiller loading. By incor-
poration of 1.0 wt% of silica R380V stress at break
increase for 195–247%  for UPeN/R380V(c) cross-
linked nanocomposite. Presented results indicate that
high performances nanocomposites based on UPe
could be obtained by designing modification of
nanofiller with preferably mono vinyl moiety, which
could exert the lowest possible steric interference
with polymeric chain.
Besides, in a previous work it was explained that
comparison of the mechanical properties of the PET
based UPes and nanocomposites with literature
ones was difficult, due to the different experimental
conditions, applied reinforcement materials, molec-
ular weight of the UPe and styrene amount [15].
Commercial UPe resins with different styrene con-
tents (60, 50, and 40 wt%) exhibited reasonably
lower stress at break value (11 MPa for cured UPe
resin with 60 wt%; 24 MPa for cured UPe resin with
50 wt% and 37 MPa for cured UPe resin with
40 wt%) compared with UPes prepared in this work
[49]. Comparing the silica content influence on the
rheological and mechanical properties of the PET
based nanocomposites with, for example, influence
of fiber-glass content, the fiber-glass polyester resin
composites showed higher values for stress at break
and tensile modulus [50]. Presented results show
that UPe resins obtained by polycondensation of
maleic anhydride and products of PET glycolysis
and nanocomposites are materials of comparable
performance to the ones published in the literature,
and thus presented methodology offers an applica-
ble alternative for large scale production.
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Figure 12. DSC curves obtained during heating at 10°C/min
of pure UPe1 and UPe1/R(c) nanocomposites



4. Conclusions
In this work UPeN resins were used as polymer
matrices, while surface modified fumed silica nano -
particles were used as nanofillers for the prepara-
tion of UPeN/R nanocomposites. The gel time of
pure cured UPe2, obtained by EG azeotropic removal
method, was shorter compared with UPe1 (classical
method), while the maximum curing temperature was
higher for UPe2 (172.9 °C). The lower gel time and
maximum curing temperature were found for corre-
sponding nanocomposites based on UPe2.
Mechanical testing results indicate that stress at
break of all cured nanocomposites is higher than for
pure UPeN, and increases with increasing modified
silica content up to the 1 wt% in UPeN/R380(n), and
after that small changes in mechanical properties was
found. This result indicate that incorporation more
than 2 wt% of modified silica contribute to lower dis-
persibility in polymeric matrix, i.e. strong cohesive
force between nanofiller particles prevail. TEM analy-
sis revealed that silica nanofiller formed chain-like
aggregates which provided different extent of inter-
molecular interaction with cross-linked polymer
network. Exceptional mechanical properties were
obtained for UPe2/R380V(c): the value of stress at
break and tensile modulus were 84 MPa and 1.8 GPa,
respectively. Similar results was obtained for impact
strength testing, i.e. highest value of #i was obtained
for both UPeN/R380V(c), while higher values of #f
was obtained for UPeN/R380BD(c). In both case
UPe1 resin showed higher value of impact and flex-
ural strength.
Obtained DMA results indicated that the synthesis
method of the UPe has more pronounced influence
on the dynamic mechanical properties than type of
SiO2 nanoparticles surface modification. Higher
cross-linking density was observed for samples based
on UPe2. The trend of glass transition temperature
values obtained by DMA corresponds to Tg values
obtained by DSC analysis.
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1. Introduction
Due to the huge increase of the use of polymer mate-
rials in electronics, automotive and aerospace indus-
tries, the demand for thermoplastic polymers with dis-
sipative or conductive properties is constantly
growing. The necessary enhancement of electric con-
ductivity can be achieved in two ways: (i) by using
inherently conductive polymers or (ii) by adding
electrical conductive fillers to an insulating poly-
mer matrix [1]. In the first approach, polymers with
conjugated !-electron system e.g., polyaniline, poly -
pyrrole or polythiophene are among those widely
used, for example, in organic solar cells as transpar-
ent electrical conductive polymer films [2]. The main
shortcomings of the inherently conductive poly-

mers are their high prices and the difficulties in their
melt processing due to non-meltability combined
with degradation and poor long-term stability.
In the second approach, conductive fillers are dis-
persed in a polymer matrix, the most frequently
employed being those based on sp2-carbon, e.g., car-
bon black (CB), carbon nanofibres (CNF), and car-
bon nanotubes (CNT) [3], as well as exfoliated
graphite (GR), graphene, fullerenes and their deriv-
atives [4]. All these carbon materials differ signifi-
cantly in the shape and morphology of their primary
particles: from nanometer-size spheres (for CB and
fullerenes), through medium-to-high aspect ratio
tubes with diameters of several nanometers (CNF,
CNT), to stacks of graphene sheets with different
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degrees of exfoliation (GR, graphite oxide, function-
alized graphene). Due to the strong van der Waals
interactions between the single spheres, tubes or
sheets, formation of agglomerates is very common
for those carbon fillers. Thus, it is difficult to dis-
perse them in polymer matrices by means of con-
ventional melt-processing techniques, affecting neg-
atively the mechanical and conductive properties of
the final composite article. Dispersion can be
enhanced by surface modification, covalent or non-
covalent functionalization of the carbon filler [5–7].
Such treatments result in better adhesion of the
filler to the host polymer [8], however they often
create surface defects on the filler particles’ surface
and decrease their inherent conductivity [9, 10]. The
relatively complex chemistry and/or costly reagents
of most functionalization procedures additionally
impede a cost-effective scale-up to industrial produc-
tion of the CNT-containing composites and limit
their use for high price applications only [3].
A number of polymers have been tested as matrices
for carbon allotrope/ thermoplastic hybrid compos-
ites, including polyamides, polyesters, aromatic poly-
ethers, and polyolefins [11]. Among them, aliphatic
polyamides are quite frequently employed since
they possess a unique balance between price, process-
ability, chemical properties and mechanical resist-
ance. Thus, polyamide 6 (PA6), polyamide 12 (PA12)
and polyamide 6.6 (PA66) have been melt-mixed
with different grades of CNT for studying the struc-
ture, morphology, mechanical and electrical proper-
ties of the resulting hybrid composites [3, 12–20]. It
seems that the extremely high stiffness, electrical
and thermal conductivity combined with their high
aspect ratio makes CNT suitable fillers for conduc-
tive polyamide nanocomposites with prospective
applications in electronics, packaging and automo-
tive industries. Polyamide-CB composites have also
been prepared and studied [21–23]. CB powders are
much cheaper than CNT which is important for
industrial applications, however their percolation
thresholds are significantly higher – 0.7–2.1 wt% for
CNT against 4.3 wt% for CB introduced into PA12
matrix [24]. Exfoliated GR-containing polyamides
have been prepared and investigated predominantly
in terms of increasing the mechanical properties [25]
or thermal diffusivity [26] of the matrix material,
whereby the larger the GR stacks size and their exfo-
liation ratio, the more effective the formation of 3-
dimensional conductive pathways and high thermal

diffusivity. A clear trend toward GR filler chemical
modification is observed mainly by oxidation and
polymer grafting in order to increase the miscibility
with the polyamide matrix [27, 28].
In all the polyamide/carbon allotrope composites
mentioned so far melt mixing was used as disper-
sion method, whereby frequently the reported per-
colation thresholds in CNT-modified hybrids were
found to be much higher than the theoretical ones
[15]. Studies on shaping of PA6/CNT composites by
injection molding revealed that high conductivity
values (measured both in-line and in the finished
part) can only be achieved at maximum melt temper-
ature and minimum injection speed [29]. These find-
ings together with the necessity of functionalization
could be limiting factors for the large scale use of
carbon allotrope conductive fillers in thermoplastic
PA6 composites.
An alternative to overcome the limitations related
to melt compounding would be to synthesize the
polymer matrix in-situ, i.e., by initially mixing the
filler with the monomer and then polymerizing this
system. Such reactive processing in the case of poly -
amides can be achieved by either hydrolytic or acti-
vated anionic ring-opening polymerization (AAROP)
of lactams. Thus, O’Neill et al. [30] studied the effect
on the in-situ hydrolytic polymerization of "-capro-
lactam (ECL) on the structure and properties of GR
oxide and found that the separate graphene sheets
may be grafted with PA6 chains propagating from
their surface, hence increasing the matrix-filler mis-
cibility. No data on the electrical conductivity were
presented. Kelar [31] performed AAROP of ECL
containing up to 0.3 wt% of a C60/C70 fullerene mix-
ture proving that fullerenes do not inhibit the poly-
merization to PA6. Zuev and Ivanova [32] studied
the effect of various fulleroid fillers (C60, mixture of
C60/C70 and fulleroid soot) on the mechanical, tribo-
logical and electrical properties of PA6-based nano -
composites prepared by in-situ AAROP. Both ten-
sile modulus and strength of the polymer nanocom-
posites were found to improve with up to 15% upon
the addition of 0.001–0.1 wt% of fulleroid materi-
als. Electrical volume resistivity decreased with
filler loading reaching about 107 $·cm at 0.1 wt%
load. Functionalized C60 fullerene introduced in con-
centrations of up to 3 wt% in PA6 matrix by AAROP
produced similar volume resistivity values and pre-
sented strong evidence for grafting of polyamide
links onto the C60 sphere leading to extensive cross-
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linking [33]. The effect of C60 on the mechanical and
dielectric properties of nanocomposites based on
PA12, prepared by in-situ AAROP has also been
studied [34, 35].
A common limitation of the bulk AAROP process
carried out in solid state is that no mixing is possi-
ble at the final stages of the process which results in
a gradient of the filler, if the AAROP is not fast
enough [33]. Therefore, all issues of the melt-process-
ing techniques and the necessity of fillers’ function-
alization, although in a lesser extent, are still present.
Recently, a possible solution of these problems in
PA6 hybrid composites was found by means of
AAROP in solution. The process can be carried out
in a way to produce micro- or nanosized capsules
whose polyamide core entraps well-dispersed filler
particles. The loaded capsules are further subjected
to melt-processing to shape the final composite [36,
37]. This novel method is characterized by short poly-
merization times of ca. 60 min, low polymerization
temperatures (~135 °C) and up to 75% conversion
to high molecular weight polyamide microcapsules
(PAMC). It can introduce up to 30% of load into the
PAMC without any functionalization and is suitable
for scale-up to industrial production.

The present work reports on the in-situ synthesis of
PAMC loaded with CB, CNT, GR, CNF or mixtures
of them by AAROP in solution. The effect of the
content and type of the filler on the structure, mor-
phology and thermal properties of the loaded PAMC
is assessed. After transforming PAMC into PA6
hybrids by compression molding, the electrical con-
ductivity and mechanical properties were evaluated
as a function of composition, structure and prepara-
tion conditions.

2. Experimental
2.1. Materials and preparation
The ECL monomer with reduced moisture content for
AAROP (AP-Nylon® caprolactam) was delivered
from Brüggermann Chemical, Germany. Before use,
it was kept under vacuum for 1 h at 23°C. As poly-
merization activator, Bruggolen C20® from Brügger-
mann Chemical, Germany (C20) was used. Accord-
ing to the manufacturer, it contains 80 wt% of blocked
di-isocyanate in ECL. The supposed chemical struc-
ture of C20 is presented in Figure 1. The initiator
sodium dicaprolactamato-bis-(2-methoxyethoxo)-
aluminate (Dilactamate®, DL) was purchased from
Katchem, Czech Republic, and used without further
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Figure 1. Chemical reactions occurring during AAP: C20 – Bruggolen C20 (activator)%; DL – dicaprolactamato-bis-(2-
methoxyethoxo)-aluminate, R = OCH2CH2OCH3 (initiator); ECL – "-caprolactam &; PA6 – anionic polyamide 6;
Carbon allotrope powder component &; AAP = activated anionic polymerization; MP = melt processing (com-
pression molding)



treatment. The multi-walled CNT and GR powder
(platelet size < 1 #m) were purchased from Sigma
Aldrich; the acetylene CB is a product of S.E.A.
Tudor, Spain and the CNF were purchased from
Grupo Antolin, Spain. Methanol and other solvents
are of ‘puriss’ grade purchased from Sigma-Aldrich
and were used as received.
The AAROP was carried out in a 250 mL glass flask
fitted with thermometer, magnetic stirrer, a Dean-
Stark attachment for azeotropic distillation with
reflux condenser, and inlet for dry nitrogen. In a typ-
ical synthesis, about 0.5 mol of ECL and the desired
amount of each carbon allotrope (2, 6 or 10 wt% in
respect to ECL) were added to 100 mL of 1:1 toluene/
xylene mixture while stirring, under nitrogen atmos-
phere refluxing the reaction mixture for 10–15 min.
Subsequently, 3 mol% of DL and 1.5 mol% of C20
were added at once. The reaction time was always
1 hour (from the point of catalytic system addition),
the temperature being maintained in the 125–135°C
range at a constant stirring of ca. 800 rpm. The car-
bon-loaded PAMC formed as fine dark grey powder
and were separated from the reaction mixture by
hot vacuum filtration, washed several times with
methanol and dried for 30 min at 100°C in a vacuum
oven. After 1 hour of polymerization the yields of
PA6 in respect to ECL were 56% (empty PA6 micro-
capsules) and 44–60% for the loaded PAMC
(Table 1).
Compression molding of PAMC to plates was per-
formed in a 25 ton Moore hydraulic hot press, Eng-

land using a rectangular mold with dimensions
85'75'1 mm, pressing for 5–7 min at 230°C and a
pressure of 5 MPa. The control samples of hydrolytic
PA6 (HPA6) were produced analogously by compres-
sion molding of a medium-viscosity, general purpose
commercial grade PA6 (Durethan B30S, Lanxess,
USA).

2.2. Characterization
Bright field optical measurements of PAMC sizes,
roundness and their distributions were performed in
an BH-2 microscope (Olympus Corp., Tokyo, Japan)
equipped with a DFC200 (Leica Microsystems,
Manheim, Germany) digital camera using the Leica
Application Suite 4.4 software for image process-
ing. The scanning electron microscopy (SEM) stud-
ies were performed in a NanoSEM-200 apparatus
of FEI Nova (Hillsboro, USA) using mixed second-
ary electron/back-scattered electron in-lens detec-
tion. The microcapsule samples were observed after
sputter-coating with Au/Pd alloy in a 208 HR equip-
ment of Cressington Scientific Instruments (Wat-
ford, UK) with high-resolution thickness control. The
molded samples were observed after cryofracture.
The average viscometric molecular weight Mv of the
neat PA6 was determined by intrinsic viscosity meas-
urements in 97% sulfuric acid at a concentration of
0.2 g/dL with a suspended level Ubbelohde viscome-
ter thermostatted at 25°C. The Mark-Houwink equa-
tion for PA6 was used with K = 5.066·10–4 and ! =
0.74 [38]. Flow times are recorded as an average of
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Table 1. PAMC: sample designation, composition, polymerization yield and granulometry

a)As introduced during AAROP, in respect to the starting monomer content;
b)Determined according to Equation (1).

Sample designation Load
[wt%]a)

PAMC yield
[wt%]a)

Real load, RL
[wt%]b)

dmax
[µm]

Roundness,
dmax/dmin

PA6 – 56 – 25–35 1.2

PA6/CB
2 60 – 25–35 1.2–1.3
6 47 6.30 20–30 1.2

10 57 – 15–30 1.2–1.4

PA6/CNT
2 45 1.97 30–40 1.2–1.3
6 52 5.33 25–35 1.2

10 54 8.00 20–35 1.2

PA6/GR
2 44 – 20–30 1.2–1.3
6 46 6.09 20–25 1.2

10 48 – 15–30 1.2–1.3

PA6/CNF
2 45 – 30–35 1.3
6 48 5.77 30–35 1.2–1.3

10 54 – 20–35 1.2–1.3
PA6/CNT-GR 5 + 5 51 8.85 25–30 1.2–1.3
PA6/CNT-CB 5 + 5 49 9.49 15–20 1.3
PA6/GR-CB 5 + 5 50 8.67 25–30 1.2–1.3



five runs. The differential scanning calorimetry
(DSC) measurements were carried out in a 200 F3
equipment of Netzsch (Selb, Germany) at a heating
rate of 10°C/min under nitrogen purge. The typical
sample weights were in the 10–15 mg range. The
effective inorganic load in PAMC was established
by means of thermogravimetric analysis (TGA) in a
Q500 gravimetric balance (TA Instruments, New
Castle, USA) heating the samples to 600 °C at
10°C/min in nitrogen atmosphere. The real load RL
of filler in PAMC was calculated according to Equa-
tion (1): 

RL = Ri –(RPA6 [%]                                               (1)

where RPA6 is the carbonized residue at 600 °C of
empty PAMC and Ri – that of the respective loaded
PAMC measured by TGA.
The tensile tests were performed on an Instron 4505
testing machine (Norwood, USA) at 23±2ºC with a
standard load cell of 50 kN at a constant crosshead
speed of 50 mm/min. From the different composite
plates prepared by compression molding of PAMC,
standard specimens were cut out according to DIN
53504-S3. At least five specimens of each sample
were studied to calculate the average values and
their standard deviation. The engineering stress "
was determined as the ratio of the tensile force to
the initial cross-section of the sample. The engi-
neering strain # was determined as the ratio of the
sample gauge length at any time during drawing to
that before drawing. The Young modulus E values
were obtained from the initial slope of the strain–
stress curves (until 1% strain). In all cases condi-
tioned samples stored for ca. 30 days at 23°C and
65% relative humidity were tested. The improve-
ment factor IF for E and )br values were calculated
according to Equation (2):

[%]                                   (2)

where Pi is the respective parameter of the compos-
ite material and PPA6 – the same parameter of the
neat PA6 matrix.
Synchrotron X-ray diffraction (XRD) measurements
were performed in the P03 MINAXS mircofocus
beamline at PETRA III, the German Synchrotron
Source DESY in Hamburg, Germany. A Pilatus 300
two-dimensional detector (DECTRIS Ltd, Baden,
Switzerland) was used, the sample-to-detector dis-
tance being 115 mm, and $ = 0.969 Å. Linear XRD

profiles were obtained by radial integration of the
2D XRD images by means of the Fit2D software.
Electrical current/voltage measurements were per-
formed in a Keithley 487 pico-ampermeter/voltage
source (Keithley Instruments Inc., Cleveland, USA)
between –10 and +10 V using increasing and/or
decreasing modes. To rule out interferences due to
external electric field, all measurements were per-
formed in a Faraday cage. The dielectric permittivity
#* was obtained from the geometry of the samples in
the shape of a parallel plate capacitor (circular elec-
trodes of 5 mm diameter and sample average thick-
ness of 600 µm). The measurement of the capacity
and the loss factor tan% with a QuadTech (Marlbor-
ough, USA) model 1920 precision LCR meter at
room temperature and pressure, at frequencies
between 100 Hz and 1 MHz. The permittivity #* of
the samples was thus determined according to Equa-
tion (3):

                                                      (3)

where A is the area of the capacitor plates and d –
the sample thickness.
The electrical d.c. conductivity ", the permittivity #*,
and the dielectric loss #+ (tan% = #+/#*) were obtained
for all composites produced from compression
molded PAMC. A standard procedure was followed
in which the I–V dependences for all materials were
determined and analyzed. From the slope of the
graphs (straight lines for Ohmic materials) the resist-
ance R [$] was determined, from which the resis-
tivity & [$·m] and conductivity " [S/m] were calcu-
lated according to Equation (4):

                                                   (4)

where A is the area and d the thickness of the gold
electrodes (5 mm in diameter) deposited by sputter-
ing on both free surfaces of each sample. Four meas-
urements in different parts of each molded samples
were performed taking the arithmetical mean as a
final value of conductivity.

3. Results and discussion
The polymerization of ECL to PAMC is performed
in a 1:1 toluene/hydrocarbon mixed solvent boiling
in the 120–135°C range that is able to dissolve the
lactam monomer, the anionic initiator and the acti-
vator (Figure 1). The carbon payloads used without
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functionalization are insoluble in the reaction medium.
As known from detailed earlier studies [39], the ini-
tiation and propagation of lactam AAROP require
an anionic initiator and an activator comprising
imide links C(O)–N–C(O)–. It is important that this
catalyst system should remain active in the presence
of the carbon payloads and the solvent employed.
These requirements determine the selection of the ini-
tiator DL and the commercial activator C20. As indi-
cated in a series of previous studies on AAROP of
neat lactams, without any payload, in solution [40–
42], the growing PA6 chains form initially viscous,
low molecular weight particles that upon additional
propagation, coalescence and crystallization produce
the final empty PAMC. It can be hypothesized that
the carbon loads dispersed in the constantly stirred
reaction medium will be entrapped into the viscous
particles and can possibly nucleate their crystalliza-
tion thus forming the loaded PAMC. The present
study showed that the transformation of the viscous
particles into loaded microcapsules without forma-
tion of lumps requires an optimized stirring rate
(600–800 rpm), maintaining the molar ratio DL/C20 =
2 and keeping the temperature of AAROP below
135°C.
Table 1 shows the designations of the PAMC sam-
ples prepared, the respective polymerization yields
and the theoretical carbon filler content. For selected
samples the real filler concentration was deter-
mined by TGA according to Equation (1). It can be
seen that deviations between the real and intended
filler content of up to –2% are observed only for the
higher loads of 10 wt%, while for the rest of the
samples the two values are almost identical.
The viscometric average molecular weight Mv of
empty PAMC and PAMC loaded with 2% of CB are
33 700 and 37 500 g/mol, respectively. After com-
pression molding of PAMC to plates the Mv values
remain unchanged being comparable to the Mv of
commercial granulated hydrolytic PA6 with Mv =
37 200 g/mol and, at the same time, significantly
lower than the anionic PA6 (Mv = 88500 g/mol) pro-
duced with the same initiator/activator system in
the bulk at 165°C [43, 44]. The higher Mv in the lat-
ter case is because the bulk AAROP takes place at
higher temperature, in the polar molten ECL and in
strongly basic medium. These conditions favor com-
plex side reactions leading to partially cross-linked
PA6 characterized by increased molecular inhomo-
geneity [39].

Figure 2 exemplifies the estimation of the granu-
lometry, including the histograms of size distribu-
tion of dmax and roundness (i.e., the relation dmax/dmin
of the microcapsules) of a selected PAMC sample
(PA6/CNT-6%) by means of light microscopy.
Table 1 summarizes these two values for all samples
in this study. For the majority of samples obtained
at the same AAROP temperature, catalytic system
composition and stirring rates, the distributions of
both dmax and dmax/dmin are monomodal and close to
Gaussian. The most typical PAMC sizes vary
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Figure 2. Light microscopy image of PA6/CNT-6% sam-
ple (a), from which the distributions of sizes (b)
and shape (c) are determined.



between 20–35 µm with roundness values of 1.2–
1.3. Increasing the load broadens slightly both dis-
tributions. The type of the C-fillers or their combi-
nation reaching an effective load of 9.5% does not
affect significantly the granulometry, which is an
indication of good control of the PAMC synthesis.
A deeper insight on the morphology of PAMC sam-
ples can be obtained by SEM (Figure 3). SEM micro-
graphs show the porosity of the PAMC samples and
a scaffold-like morphology, the pores sizes being
typically in the 250–500 nm range. Each microcap-
sule seems to be formed by the coalescence of sev-
eral PA6 spheres. This finding is in good agreement
with the supposed coalescence-crystallization-pre-
cipitation mechanism of AAROP in the presence of
the load particles whereby the latter are entrapped
into the PAMC– closer to the surface, or deeper in the
core. The effect can be observed in Figure 3c and
3d displaying a CB domain with sizes 1.0'0.5 µm
on the surface of a microcapsule. Figure 3e and 3f
show some GR platelets on the PAMC surface as well
as incrusted deeper into the pores. PAMC containing
CNT (Figure 3h) display more extended morphology,
most probably related to the high aspect ratio of this
carbon filler. Having in mind the entrapment of the
C-load within PAMC, the term ‘microcapsule’ was
used in this work instead of ‘microparticle’.
The morphological changes of loaded PAMC after
their compression molding into PA6 hybrid com-

posites are shown in Figure 4. As seen from Fig-
ure 4b–4d, even at the high load of 6 wt%, the CNT,
CB and CNF fillers are finely dispersed within the
PA6 matrix, their visible cross-sections being in the
nanometer range. Even with the micron-sized GR
platelets, a homogeneous distribution is observed
(Figure 4e, 4f). These observations confirm the utility
of the transformation of loaded PAMC into hybrid
composites, proving that this new concept does not
need chemical functionalization of the C-filler to
avoid agglomeration. Figure 4g and 4h show the
possibility to create homogeneous distribution of two
different co-existing carbon fillers: CNT-CB and
CNT-GR, respectively.
The results from the DSC measurements with
loaded PAMC samples and the respective compres-
sion molded plates are presented in Table 2. Figure 5
displays the DSC traces of differently loaded PAMC
during the first scan (a), cooling (b) and the second
DSC scan (c). All loaded PAMC melt during the
first scan at slightly lower temperatures and crystal-
lize at significantly higher temperatures during the
cooling after melting, as compared to the neat PA6
microcapsules. For some PAMC samples this differ-
ence in the crystallization temperatures can reach
20–23 °C (Table 1, PA6/CB-6, PA6/CNT-CB, Fig-
ure 5b) and can be explained with the nucleation
effect of the C-filler. The cooling after melting in the
presence of CNT and CB fillers) result in double crys-

Oliveira et al. – eXPRESS Polymer Letters Vol.10, No.2 (2016) 160–175

                                                                                                    166

Figure 3. Selected SEM micrographs of PAMC: (a) –(PA6; (b) –(magnification of (a); (c) –(PA6/CB-6%; (d) –(magnifica-
tion of (c); (e) –(PA6/GR-6%; (f) –(magnification of (e); (g) –(PA6/CNF-6%; (h) –(PA6/CNT-GR 5+5%. For sam-
ple designation see Table 1.



tallization peaks suggesting the coexistence of !-
and '-PA6 polymorphs. During the second DSC scan
(Figure 5c) the small difference in Tm for neat and
carbon-loaded PAMC is preserved, whereby the melt-
ing peaks of loaded PAMC (especially those of CNF
and GR-containing samples) show a shoulder at
lower temperature typical of the '-PA6 polymorph
[45]. In general, all PAMC samples display Tm val-
ues with 15–20°C lower than the hydrolytic or bulk
anionic PA6 with similar Mv with Tm = 225°C.

Figure 6 and Table 2 display the thermal behavior of
the composite plates prepared by compression mold-
ing of PAMC at 230ºC, i.e., well above their Tm. As
expected, the differences between the Tm values of
the samples during the 1st (Figure 6a) and 2nd (Fig-
ure 6b) DSC scans are quite negligible, preserving
the higher temperatures of dynamic crystallization
of the C-loaded composites.
From Table 2 it can also be seen that, as a rule, the
crystallinity index Xc of PAMC measured during the
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Figure 4. Selected SEM micrographs of compression molded plates obtained from PAMC: (a) –(PA6; (b) –(PA6/CNT 6%;
(c) –( PA6/CB-6%; (d) –(PA6/CNF 6%; (e) –(PA6/GR-6%; (f) –(magnification of (e); (g) –(PA6/CNT-CB 5+5%;
(h) –(PA6/CNT-GR 5+5%. For sample designation see Table 1.

Table 2. DSC data comparison between PAMC and the respective compression molded composites (plate)

*Determined after 1st DSC scan under fast cooling down.

Sample
1st DSC scan 2nd DSC scan Recrystallization*

Tm
[°C]

X
[%]

Tg
[°C]

X
[%]

Tc
[°C]

PA6
PAMC 211.3 35.0 34.4 20.6 151.1
plate 212.8 24.2 46.8 21.8 159.8

PA6/CB-6
PAMC 201.2 28.9 37.4 24.6 174.3
plate 206.9 27.6 46.9 27.6 173.3

PA6/CNT-6
PAMC 207.0 39.4 33.2 23.0 169.7
plate 209.3 26.5 45.8 26.5 168.8

PA6/GR-6
PAMC 206.1 37.9 42.9 22.8 165.8
plate 206.6 28.8 45.5 26.8 167.4

PA6/CNF-6
PAMC 206.2 38.1 39.2 22.5 163.3
plate 208.6 29.1 45.8 26.8 169.0

PA6/CNT-GR 5 + 5
PAMC 198.0 32.4 51.4 27.6 171.4
plate 203.1 23.4 55.6 28.6 173.3

PA6/CNT-CB 5 + 5
PAMC 206.9 30.9 41.5 21.7 171.4
plate 200.9 30.6 42.3 25.9 173.0

PA6/GR-CB 5+5
PAMC 207.9 41.4 42.1 26.7 172.9
plate 206.3 26.8 44.6 26.5 172.9



1st scan is higher than that of the respective compres-
sion molded composite. The difference depends on
the C-filler and can reach 12–15°C % as in PA6/GR-
CB and PA6/CNT-6 compositions, as well as for the
neat PAMC/PA6 plate pair. This difference equal-
izes after the 2nd scan in the range of 3–4° % for all
samples. This observation confirms the previously
established fact that the thermal history of the PA6
sample is of prime importance for the crystallinity
index [45, 46]. During AAROP, the PAMC samples
were synthesized and crystallized at isothermal con-
ditions (~135 °C for one hour) and then cooled
gradually to room temperature i.e., no melting
occurred. The molded plates were obtained after melt-

ing at 230°C and cooling down with ca. 20°C/min
to room temperature. That is why the second DSC
scan of PAMC and the first scan of plates show sim-
ilar crystallinities. Another comparison based on the
data in Table 2 can be made between the glass-transi-
tion temperatures Tg of loaded PAMC and their
molded composites. The microcapsules show lower Tg
values related to a higher segmental mobility, this dif-
ference being best expressed in the empty PAMC/neat
PA6 pair and in that with composition PA6/CNT-6.
The purpose of the TGA studies of PAMC shown in
Figure 7 is to establish the thermal stability of the
samples as a function of: (i) carbon load type, (ii) its
amount and (iii) the presence of two-component
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Figure 5. DSC traces of loaded PAMC containing 6% of the indicated allotrope: (a) –(first DSC scan; (b) –(cooling down to
30°C after 1st scan; (c) –(2nd DSC scan

Figure 6. DSC traces of compression molded composite plates containing 6% of the indicated allotrope: (a) –(first DSC
scan; (b) –(fast cooling down to 30°C after 1st scan; (c) –(2nd DSC scan



filler system. The determination of the real C-filler
content in the basis of the carbonized residue at
600 °C was discussed previously. Figure 7 shows
that all hybrid PAMC display improved thermal sta-
bility. In the empty PAMC the thermal degradation
starts at TS = 295°C and the maximum degradation
rate is reached at TMDR = 339°C, whereas with the
best performing PA6/GR-6 microcapsules these val-

ues are 316 and 364°C, respectively. The respective
temperatures of the CNT, CNF and CB-loaded PAMC
are within ca. 20°C difference. Increasing the amount
of CNT from 2 to 10% (Figure 7b) did not change
either TS or TMDR however a second degradation
process was registered with TMDR = 370 °C. The
PAMC with two fillers (Figure 7c) displayed better
thermostability because of the higher filler content.
Notably, PAMC containing the CNT-CB mixture
displayed TS and TMDR values of 310 and 400°C i.e.,
60–65°C higher than the empty PAMC. This syner-
gism in PAMC with mixed fillers can be interesting
in tailoring the thermal stability of PA6/C-allotrope
composite materials. The TGA traces of PAMC in
Figure 7 do not show significant weight losses at low
temperatures typical for the presence of ECL mono -
mer or oligomer products. Together with the average
Mv values in Table 1, this is an indication that all
PAMC are practically made of high molecular
weight PA6.
The crystalline structure of PAMC and the molded
plates was additionally studied by XRD (Figure 8,
Table 3). As seen from Figure 8a, neat CNT, GR
and CNF are crystalline materials that contain clear
diffraction peaks, while CB was unable to produce
coherent scattering at wide angles and therefore
should be considered amorphous. The two reflections
at 2( = 16–17 and 27–28° in CNT correspond to the
(002) and (100) crystalline planes. In these same
two ranges GR displays multiple and narrower
reflections for the (002), (101) and (102)/(003) crys-
talline planes, which is a proof of more perfect crys-
tallites. With the CNF fillers the (002) and (101)
peaks are shifted at slightly lower 2( positions and
are accompanied by diffuse scattering which is an
indication of lower and imperfect crystallinity.
The diffraction curves of PAMC with the same
amount of C-fillers are presented in Figure 8b and
show a clear predominance the monoclinic !-PA6
polymorph with its two characteristic reflections at
2( = 13.2 and 15.6°. They correspond to the !200 and
!002/202 crystal planes formed between adjacent
chains by van der Waals forces and H-bonds, respec-
tively. Judging from the slightly lower intensity of
the former peak, it seems that in all PAMC the crys-
tal growth along the direction of the van der Waals
forces is impeded. The patterns of the compression
molded plates with the same composition (Fig-
ure 8c) also display the presence of !-polymorph
however the appearance of a weak shoulder at 9–10°
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Figure 7. TGA traces of PAMC samples (in N2 atmosphere
at 10°·min–1 heating rate): (a) –(as a function of
the C-filler type, (b) –(as a function of the per-
centage of CNT, (c) –(PAMC with mixed fillers,
5+5%



corresponding to the '020 reflection verifies a larger
amount of '-PA6. Analyzing the intensity of the two
!-reflections, it seems that only in the GR-contain-
ing composite the crystal growth has a preferred
direction, which is the H-bond direction. In the CNT,
CB and CNF composites it seems that compression
molding equalizes the crystal growth in both direc-
tions.
Table 3 summarizes the polymorph content, the
crystallinity index and the d-spacings of the !- and
'-PA6 polymorphs in the as-prepared PAMC and
the respective compression molded plates. These
data were obtained by peak-fitting the linear dif-
fraction profiles as previously indicated [47]. Judg-
ing by the !/' ratio, it can be concluded that the as-
prepared PAMC are up to 3–4 times richer in !-PA6
as compared to the molded plates with the same
composition, the largest difference being found in
the GR-containing samples. The polymorph ratio
becomes closer to unity after melt processing which
was established in earlier studies on PA6 obtained
by bulk AAROP [44]. The analysis of the d-spac-
ings shows that within the PAMC or molded plates
datasets the C-filler does not change the unit cell
dimension, whereas the transitions from PAMC to
molded plates results in an observable increase of
these parameters.
Table 4 displays the mechanical properties in tension
of the composites produced from PAMC loaded with
different amounts and types of carbon fillers. All
composites display higher Young’s modulus values.
The improvement factor IF calculated according to
Equation (2) is always positive and increases with
25–40% for samples with 10% carbon loads – indi-
vidual or mixed. The stress at break "br values seems
to depend much stronger on the C-filler type. Thus,
the samples with 6 and 10 wt% CB as well as the
systems with CNT-CB and GR-CB modification
showed lower tensile strength as compared to the
matrix PA6. The rest of the carbon fillers and notably
the multi-walled CNT increased the strength with
up to 27%. As expected, the elongation at break #br
as a rule drops abruptly even with the lowest filler
content passing from ductile (neat PA6) to brittle
failure. The only exception is the composite with
2% of GR. From all C-fillers only CB affects nega-
tively (alone or in combination with other C-fillers)
the composite’s tensile strength (Table 4). This
might be related to the particulate morphology of
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Figure 8. Linear WAXS profiles of: (a) –(crystalline pure
C-allotropes; (b) –(PAMC; (c) –(molded  plates



CB and its amorphous structure, whereas CNT, GR
and CNF are crystalline materials organized as
platelets or fibers with significant aspect ratio.
The d.c. electrical conductivity ", the permittivity #*,
the dielectric loss #+ and the loss factor tan% = #+/#*
were determined for all composites produced from
compression molded PAMC (Figure 9, Table 5)
using Equation (3) and (4). As expected, neat PA6 is
insulator with " values of above 10–10 S/m. The
well-dispersed according to SEM data CB and CNT
nanofillers with effective loads of 6–10 wt% result
in a notable growth of " with 8–9 decades reaching
values characteristic of semiconductors. Mixtures
of carbon allotrope fillers such GR/CNT and espe-
cially CB/CNT 5 + 5 wt% also result in " values of
ca. 10–1 S/m, which is an indication that a part of the
expensive CNTs can be substituted by the much
cheaper GR or CB maintaining the good conductiv-
ity values. Similar synergism related to conductivity
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Table 3. Polymorph content, WAXS crystallinity and long spacing data extracted from the WAXS profiles in Figure 8

*For the samples containing GR and CNT, Xc > ! + ', the difference accounting for the crystalline peaks of the fillers.

Table 4. Mechanical properties of composite plates compression molded from loaded PAMC

*Determined according to Equation (2).
All data are for samples conditioned for more than 10 days at room temperature and 65% relative humidity.

Sample !
[%]

"
[%]

Xc
[%] !/" d!(200)

[Å]
d!(002)/(202)

[Å]
d"(020)
[Å]

d"(001)
[Å]

d"(200)
[Å]

PA6
PAMC 39.4 11.7 51.1 3.37 4.14 3.56 – 4.12 3.81
plate 25.9 18.5 44.4 1.40 4.48 3.89 5.86 4.46 4.21

PA6/CB-6 
PAMC 34.9 8.7 43.6 4.00 4.19 3.57 – 4.13 3.68
plate 24.8 23.3 48.1 1.06 4.52 3.91 5.72 4.50 4.07

PA6/CNT-6
PAMC 27.4 9.2 46.5* 2.98 4.17 3.56 – 4.11 3.89
plate 25.5 20.5 52.1* 1.24 4.50 3.89 6.42 4.44 4.17

PA6/GR-6
PAMC 32.2 5.4 59.3* 6.15 4.21 3.59 – 4.06 3.86
plate 29.6 21.4 53.2* 1.38 4.58 3.91 6.43 4.47 4.23

Sample
designation

Load
[wt%]

Young’s modulus, E
[GPA]

IF*

[%]
Tensile strength, #br

[MPa]
IF*

[%]
Deformation at break, $br

[%]
PA6 – 1.72±0.09 – 71.8±4.3 – 19.2±1.5

PA6/CB
2 2.03±0.15 18.0 73.1±3.5 1.81 4.3±0.2
6 2.27±0.03 32.0 53.3±3.9 –25.8 2.6±0.3

10 2.37±0.13 37.8 60.0±4.5 –16.4 3.6±0.6

PA6/CNT
2 2.09±0.02 21.5 81.3±1.6 13.2 9.3±1.8
6 2.24±0.11 30.2 91.3±1.3 27.1 7.3±1.5

10 2.31±0.10 34.3 87.2±4.9 21.5 6.2±1.3

PA6/GR
2 2.01±0.04 16.9 80.1±1.3 11.6 19.4±2.9
6 2.30±0.02 33.7 84.7±1.7 18.0 8.6±0.6

10 2.43±0.08 41.3 76.9±2.6 7.1 6.8±1.3

PA6/CNF
2 2.13±0.04 23.8 74.0±1.5 3.1 5.6±2.0
6 2.11±0.11 22.7 77.3±4.3 7.7 4.9±0.6

10 2.14±0.06 24.4 74.4±4.3 3.6 4.3±0.4
PA6/CNT-GR 5 + 5 2.33±0.05 35.5 84.9±2.1 18.3 6.3±0.2
PA6/CNT-CB 5 + 5 2.38±0.11 38.4 67.3±3.4 –6.3 3.4±0.3
PA6/GR-CB 5 + 5 2.36±0.13 37.2 59.1±3.9 –17.7 2.9±0.2

Table 5. Electrical properties of PA6 hybrid composites
obtained by compression molding of loaded
PAMC. For more details see the text.

Sample
designation

Load
[%]

Conductivity,
#

[S·m–1]

Permitivity,
$#

Loss factor,
tan%

PA6 – 6.21·10–10 6.50·100 5.31·10–2

PA6/CB
2 4.57·10–9 1.11·101 8.39·10–2

6 1.99·10–5 5.38·101 4.19·10–1

10 2.02·10–2 5.32·102 1.97·100

PA6/CNT
2 6.58·10–5 1.53·101 1.64·10–1

6 1.17·10–2 3.48·101 2.90·10–2

10 1.26·10–1 3.93·102 1.19·102

PA6/GR
2 5.97·10–9 7.27·10–2 6.99·10–2

6 3.42·10–9 9.60·100 1.01·10–1

10 3.51·10–9 1.23·101 1.13·10–1

PA6/CNF
2 3.07·10–9 8.77·100 9.51·10–2

6 6.55·10–6 2.90·101 3.72·10–1

10 1.13·10–6 3.95·101 3.23·10–1

CNT/GR
5 + 5

2.22·10–2 4.80·101 1.89·101

CNT/CB 1.16·10–1 1.42·103 5.53·100

GR/CB 3.12·10–9 3.10·101 2.20·10–1



was reported recently by Socher et al. for of CNT
and CB fillers in PA12 matrices [3]. The CNF filler
alone produced only a slight increase of " (3 decades

at 10 wt% load), while GR conveyed no additional
conductivity to the matrix material even at the high-
est loads (Table 5). As seen from Figure 9a, the
slope of the semi-logarithmic curves log10(") = f[C-
content] depends on the type of the filler being the
steepest with CNT. Relating these results to the
observation of morphology of CNT, CB and CNF
hybrids in Figure 4, it can be inferred that the nano-
metric size of the load particles and their homoge-
neous distribution within the PA6 matrix are impor-
tant factors enhancing the electrical conductivity.
Apparently, the aspect ratio of the carbon particles
being the highest in the CNT seems also to con-
tribute to the increase. As regards the #* and tan%
values (Figures 9b and 9c, Table 5) they can be con-
trolled by changing appropriately the C-filler type
and concentration. Thus, PA6/CB-10 wt% and
PA6/CNT-CB samples possess high conductivity
and high permittivity combined with relatively low
loss factor, while in the PA6/CNT-10 wt% sample
the loss factor is 100 times larger at a similar con-
ductivity and permittivity values, allowing in this
way to tailor composite electrical properties for
specific applications.

4. Conclusions
A one-step in-situ process was used to synthesize
porous PAMC loaded with four different C-fillers
based on suspension AAROP of ECL in a 1:1 toluene/
xylene mixed solvent. The PAMC formation most
probably passes through entrapping of the load par-
ticles into initially formed viscous aggregates of
growing macromolecules followed by coalescence
and crystallization. This novel method is character-
ized by short polymerization times of ca. 60 min, low
polymerization temperatures (~135 °C) and high,
reproducible conversion to high molecular weight
PAMC. It can introduce high loads of one or more
powdered C-fillers into PAMC, and is suitable for
scale-up to industrial production. Transforming these
loaded PAMC into composites by conventional com-
pression molding produces good homogenization of
the conductive filler without the need of its function-
alization. This results in improved mechanical prop-
erties of the hybrid composite even at high filler
loads. There are all indications that preparing PAMC
with mixed C-loads could be a way to manipulate
the whole set of electric and dielectric properties of
the molded composites adjusting them to different
target applications.
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Figure 9. Electrical properties of molded PA6/C-filler com-
posites as a function of composition: (a) –(con-
ductivity, " [S/m]; (b) –(permittivity, #*; (c) –(loss
factor tan%
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1. Introduction
Poly(lactic acid) (PLA), a biobased polymer, has
properties comparable to that of petroleum based
plastics but has limited commercial applications
due to its higher cost and narrow processing window
[1–4]. As the main drawbacks associated with PLA
are low toughness, low impact strength, low crys-
tallinity, and slower crystallization rate: preparation
of biocomposites using natural fibers followed by
foaming can be an efficient way to overcome these
drawbacks of PLA. Nowadays technology based on
the reinforcement of the polymer matrix using natu-
ral fibers is focusing on creating lightweight materi-
als with lower cost, higher modulus and higher crys-
tallinity. However, this cost effectiveness is achieved

at the loss of other valuable properties as the incor-
poration of cellulosic natural fibers makes the poly-
mer matrix brittle and also decreases the impact
strength [5]. As a possible solution, foaming of these
biocomposites is expected to improve the impact
strength and toughness.
Foamed materials show specific properties, such as
lightweight, low thermal conductivity, high surface
area, etc. There are several techniques available for
creating porous structure in the polymer matrix e.g.
– salt leaching, freeze drying, gas foaming, etc.
Among all, gas foaming is the simplest and most
commonly used method to prepare porous poly-
meric materials [6]. During the gas foaming process,
initially the gas is incorporated inside the polymer
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matrix which later on releases and leaves micro cells
inside the matrix. Polymeric foams can be open or
close cell type. In open cell structure, the neighbor-
ing cells are interconnected while in closed cell
structure all cells are well separated by cell walls.
Open cell foams are generally more flexible than
closed-cell foams. The blowing agents used for the
foaming are either physical or chemical blowing
agents. Chemical blowing agents undergo thermal
decomposition reactions and evolve the foaming
gases while physical blowing agents are themselves
the gases [7]. Foaming reduces the brittleness and
increases the impact resistance of the biocomposites
along with significant improvement in the expansion
ratio and weight reduction. The high expansion ratio
of the foamed biocomposites helps in reducing the
material cost in mass production of plastic parts. The
expansion ratio, which is a function of the cell-size
and cell-density, is the crucial factor in controlling the
mechanical performance of the foamed biocompos-
ites. The increase in cell-size beyond a limit causes
reduction in the mechanical properties. Therefore
the optimization between the cell-size i.e. the expan-
sion ratio and the mechanical properties is a challeng-
ing task and offers a huge potential for the research
activities.
The microcellular injection moulding process uti-
lizes physical blowing agents – mainly N2 or CO2.
These gases are used as supercritical fluid to produce
microcells. There are a lot of challenges in working
with microcellular injection moulding process
because of the dynamic nature of the procedure. Most
of the time it becomes difficult to get the desired cell
morphology (i.e. high cell density and small average
cell size) and often large and non-uniform cell size
results due to the lack of control on the process [8].
Willow biomass is abundantly found in moist soils
in cold temperate regions of the northern hemi-
sphere. It is an energy crop which grows very fast
and harvested using advanced agricultural tools. The
easy availability, abundance and fast growing capa-
bility makes the willow-fiber most prominent cellu-
losic filler to meet the growing demand of the bio-
composites in commodity and industrial applications.
Even then the area of biodegradable polymer biocom-
posites based on willow-fiber is almost unexplored.
Therefore, the present research work unravels the
potential of the willow-fiber as a natural fiber rein-
forcement as well as heterogeneous nucleating agent
in the foaming process of biocomposites.

The present research work comprises of two stages:
1) Processing of biocomposites using extruder and
2) injection molding of the prepared biocomposites
by two separate processes – one by conventional
injection molding without foaming module and other
with the foaming module on the same injection
molding machine to prepare unfoamed and foamed
samples respectively, which were further character-
ized by various techniques.

2. Experimental
2.1. Materials
Poly(lactic acid) (PLA) 3001D was procured from
NatureWorks® LLC, USA. As per the material data
sheet it had specific gravity of 1.24 and melt flow
index of 22 g/10 min (210 °C, 2.16 kg). The glass
transition temperature was 60–63 °C and melting
temperature was 170°C. Willow-fiber (biomass-wil-
low) were harvested in December 2009 at the Guelph
Turf Grass Institute (GTI), Guelph, ON, Canada,
and pelletized at the Crosswood Farm without using
any additive and was used as received.

2.2. Composite processing
Before processing, PLA was dried at 70°C under vac-
uum for 24 hours. Willow-fiber was dried by keep-
ing them inside the hot air drier at 80°C for 48 hours.
PLA and willow-fiber were then compounded in a
co-rotating twin screw extruder from Lab Tech Engi-
neering Company Ltd., Thailand, with L/D = 32, and
screw diameter = 26 mm. The screw speed was
100 rpm. PLA and willow-fiber were fed through
different feeders (feeder-1 and feeder-2) and the
feeder speeds were calibrated in order to get the
desired percentage of PLA and willow-fiber. The
extruder temperature was set in accordance with pre-
determined temperature profile (zone 1–zone 8:
140, 160, 180, 190, 200, 200, 200, 200 °C). After
extrusion, composite strands were chopped into small
pellets by a pelletizer and dried in a vacuum oven
for 24 hours at 80°C. PLA/willow-fiber composites
at willow-fiber content of 20 and 30 wt% and virgin
PLA as a reference material were extruded.

2.3. Preparation of unfoamed and foamed
samples

Samples of the composites, extruded PLA and virgin
PLA were injection moulded using an Arburg All-
rounder 370 S, 77 tons injection moulding machine
equipped with Mucell® module from Trexel Inc.
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Before moulding, all materials were dried properly
in order to remove the moisture. The samples were
moulded at the processing conditions indicated in
Table 1. While working with Mucell® process to form
the foamed samples, N2 gas was used as the super-
critical fluid and inserted inside the barrel during
the screw recovery process.  After moulding, pack-
ing pressure was eliminated to allow the nucleation
and subsequent cells growth expands the parts and
provides the essential pressure to pack it out against
the mould walls [9]. With conventional injection
moulding no N2 gas was used and after the mould-
ing, packing pressure was applied. A mould of
ASTM standard for tensile, flexural and impact test
bars was used.

2.4. Characterization techniques
2.4.1. Scanning electron microscopy (SEM)
Cryogenically fractured foamed and unfoamed sam-
ples surfaces were studied by SEM (Inspect S-570)
(FEI Company) and Zeiss EVO 18 instruments. Prior
to scanning the fractured surfaces were gold coated.
Obtained images were analyzed by ImageJ software.

2.4.2. Characterization of microcellular foamed
samples

Density measurements of foamed (!f) and unfoamed
(!u) samples were performed using Alfa Mirage
Electronic Densimeter (MD-300S) in which distilled
water was used as the reference fluid. For each sam-
ple in order to minimize the error density measure-
ment was conducted at least five times and average
values were taken. In order to determine the density
reduction or void fraction (Vf) Equation (1) was used
while Equation (2) was used to determine the vol-
ume expansion ratio (") [3, 5, 6, 10]:

                                      (1)

                                              (2)

Equation (3) was used to calculate the Foam cell
density (Nf) [6, 10]:

                                                 (3)

where A (in cm2) is the area taken from the SEM
images and n represents the number of the cells.

2.4.3. Mechanical properties
Tensile test of all the samples were performed accord-
ing to the ASTM D638 test procedure at the cross
head speed of 5 mm/min on Instron 3382 instrument.
Flexural testing of all compositions were also com-
pleted on the same instrument following ASTM D790
test method at the cross head speed of 14 mm/min.
Impacts testing of all the samples were completed as
per the ASTM D256 test method on an impact tester
((TMI) model 43-02-01). In order to calculate the
specific flexural strength, specific flexural modulus,
specific tensile strength, specific tensile modulus, and
specific impact strength, the tested flexural strength,
flexural modulus, tensile strength, tensile modulus
and impact properties were divided by the densities
of the respective samples.

2.4.4. Thermogravimetric analysis (TGA)
The TGA study was done at 30–600°C on TA Instru-
ments (TGA Q-500) analyzer at the rate of
20°C·min–1 in a nitrogen atmosphere.

2.4.5. Differential scanning calorimetry (DSC)
DSC studies of all foamed and unfoamed injection
moulded samples were performed with a TA Instru-
ment (DSC Q-200) analyzer at 10°C/min scan rate
and the values from the 1st heating cycle were
reported. The glass transition temperature (Tg), cold
crystallization peak temperature (Tcc), melting tem-
perature (Tm), and enthalpy of melting (!Hm), were
analyzed for all the samples using Universal Analy-
sis software from TA Instruments. Percentage crys-
tallinities of all the samples were calculated using
Equation (4):
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Table 1. Processing conditions used for the Injection
moulding process

Conditions Conventional
injection moulding

Mucell® (foam)
injection moulding

Injection pressure 1000 bar 1000 bar
Injection temperature 200°C 200°C
Injection speed 35–45 mm/sec 35–45 mm/sec
Packing pressure 700 bar –
Packing time 9.25 sec –
Mould temperature 24°C 24°C
Cooling time 55 sec 55 sec
Supercritical fluid
(SCF) – 0.69 [%]

SCF flow rate – 0.19 kg/hrs
SCF delivery pressure – 2800 Psi
SCF injection time – 3.5sec



where Xc is the crystallinity [%], !Hm the heat of
melting, !Hcc the heat of cold crystallization, !Hm°
heat of melting of 100% crystalline PLA samples
(considered as !Hm° = 93 J/g), and Wf the PLA
weight fraction in the composite  [11, 12]. From the
DSC cold crystallization peak, slope of the peak
(Sp) (at lower temperature side) as a measure of rate
of crystallization and peak width at a half height
(!Wd) as a measure of crystallite size distribution
were also calculated. A schematic, representing
parameters evaluated from DSC cold crystallization
peak is presented in Figure 1 [13].

2.4.6. Heat deflection temperature (HDT)
In order to determine the HDT of all foamed and
unfoamed samples dynamic mechanical analyzer of
the TA instrument (DMA Q-800) was used. The sam-

ples were prepared in the form of rectangular bars
of dimensions 50"3.2"12.8 mm3. The tests were con-
ducted at three point bending mode using a load of
66 psi (0.455 MPa). During the test samples were
heated from 30 to 70°C at a rate of 2 °C/min. HDT
is the temperature at which deflection of 0.25 mm
occurred for a given sample at specified conditions
as per ASTM D648 test method [14].

3. Results and discussion
3.1. Morphology study by SEM
3.1.1. Microstructure of the composites
The SEM images of the willow-fiber are shown in
Figure 2. It can be observed from the figure that the
willow-fiber are in the form of bundles of small
fibers with dimension ranging between 500–2000 #m
in length and 250–300 #m in diameter with rough
surface morphology. The fractured surfaces of the
composites were viewed to analyze the mechanism
of failure and the possible interaction between PLA
matrix and willow-fiber.
The fractured surfaces of PLA/willow-fiber (80/20)
and (70/30) composites are shown in Figure 3. SEM
images revealed uniform distribution of fibers in both
the composites. Many voids inside the matrix as well
as spaces between willow-fiber and polymer matrix
were observed. Voids inside the matrix might have
been generated because of the removal of the wil-
low-fiber at the time of cryogenic fracture of the
samples. Both observations, voids inside the matrix
and spaces between willow-fiber and PLA matrix
suggest insufficient bonding between the surface of
willow-fiber and PLA matrix [15].
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Figure 1. Schematic representation of DSC cold crystal-
lization peak parameters

Figure 2. Structure and appearance of willow-fiber: (a) overview; (b) detailed view



3.1.2. Morphology of microcellular foamed
samples

SEM images of the microcellular foam structure of
PLA and composites are shown in Figure 4. Mor-
phology analysis of the microcellular foams was
done by imageJ software. Foamed samples of all
composites samples show cells with the finer aver-
age sizes in comparison to those of virgin and
extruded PLA. Figure 5 shows the comparison of
cell size and cell densities of these foamed samples.
The cell-size reduced in case of extruded PLA as
compared to virgin PLA and thereafter further
reduced on addition of willow-fiber. The cell-den-
sity increased in case of foamed samples of extruded
PLA as compared to those of virgin PLA. It further
enhanced in case of composites as the willow-fiber
content increased.
As the PLA was extruded, its DSC data (Table 2)
show that crystallinity [%] increased but crystallite
sized reduced and distribution narrowed down in
comparison to neat PLA. This in turn gave rise to
increased preferable sites for the nucleation at the
interface of the crystallites for foaming. As a result
the nucleation density increased significantly lead-
ing to higher cell density. But since nucleation den-
sity was higher, average cell size reduced due to
less space available for the expansion.
In case of composites the heterogeneous nucleation
increased the nucleation sites resulting in the
enhanced cell-density. However, due to increased
melt viscosity of the matrix, on increasing the wil-
low-fiber content, the composite turned stiffer than
the unfilled PLA. Therefore, the cell-growth became
difficult which led to the reduced average cell size.
Resistance in the cell growth due to increased melt

viscosity and stiffness of matrix after adding the
wood-flour/cellulose-fibers has also been reported
elsewhere [3, 16–20].
Figure 6 illustrates the variations of void fraction
(Equation (1)) and expansion ratio (Equation (2)) of
the foamed samples. The void fraction and the expan-
sion ratio of the extruded PLA increased in compar-
ison of virgin PLA significantly. This may be
explained on the basis of higher nucleation density
leading to higher cell density and reduced average
cell size as discussed above. The cumulative effect of
both the factors is exhibited in the form of increased
void fraction and expansion ratio.
On the contrary, the void fraction and expansion ratio
decreased in the case of composites on increasing
the filler content. This trend may be expected as the
volume expansion ratio and the void fraction during
the foaming process is controlled by not only the
number of the nucleated cells but also the amount of
gas dissolved in the matrix [3, 16–20] . Previous stud-
ies have established that increasing the filler content
results in the decrease of the volume fraction of the
matrix in composites [21]. As a result the amount of
gas absorbed in composites noticeably lowered in
comparison of neat PLA. Hence the decreasing
trend in the void fraction and the volume expansion
ratio is resulted.

3.2. Mechanical properties
In Figure 7 the specific flexural strength and specific
flexural modulus while in Figure 8, specific tensile
strength and specific tensile modulus are shown.
Figure 7a and 8a, exhibited that addition of willow-
fiber caused reduction in specific flexural strength
and in specific tensile strength of all unfoamed
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Figure 3. SEM images of the cryogenically fractured unfoamed composite surfaces: (a) PLA/willow-fiber (80/20);
(b) PLA/willow-fiber (70/30)
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Figure 4. Scanning electron microscopy (SEM) image of foamed samples: (a) virgin PLA; (b) extruded PLA; (c) PLA/wil-
low-fiber (80/20); (d) PLA/willow-fiber (70/30)

Figure 5. Effect of willow-fiber content on the cell size and
cell density of foamed PLA and composites

Figure 6. Effect of willow-fiber content on the void fraction
and volume expansion ratio of foamed PLA and
composite



PLA/willow-fiber composites. This reduction in
strength of unfoamed composites may be due to the
poor stress transfer across the fiber-matrix inter-
phase which suggested weak interfacial bonding
between willow-fiber and PLA matrix. Similar obser-
vation was reported elsewhere [22]. Further, the
foamed composites showed decreased specific flex-
ural strength and specific tensile strength in every
instance when compared with their unfoamed coun-
terparts. This decrease in specific flexural strength

and in specific tensile strength of the foamed com-
posites might be because of the presence of cells
inside the matrix. Presumably, these cells become
points of stress concentration which decreased the
strength of the foamed composites. Similar obser-
vation has also been reported earlier [8]. The results
of specific flexural modulus and specific tensile
modulus (Figure 7b and 8b) indicate that the addi-
tion of willow-fiber increased the modulus of the
unfoamed composites. The specific flexural modulus
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Table 2. DSC data of PLA and PLA based foamed and unfoamed composites

Sample name Sample
type

Sp
[W/(g·°C)]

!Wd
[°C]

Tg
[°C]

Tcc
[°C]

Hcc
[J/g]

Tm
[°C]

Hm
[J/g]

Xc
[%]

Virgin PLA
Unfoamed 0.014 20.56 62.98 104.87 28.83 169.10 45.50 17.92
Foamed 0.045 10.58 62.60 103.05 27.02 169.68 45.86 20.26

Extruded PLA
Unfoamed 0.017 14.55 62.49 98.26 26.82 169.17 48.26 23.05
Foamed 0.039 10.76 62.85 98.06 24.11 169.14 49.17 26.95

PLA/willow-fiber (80/20)
Unfoamed 0.054 8.50 66.29 96.59 25.68 169.54 43.97 24.58
Foamed 0.073 7.98 64.45 95.00 24.30 169.07 45.80 28.90

PLA/willow- fiber (70/30)
Unfoamed 0.058 8.10 66.41 95.38 21.89 168.81 40.61 28.76
Foamed 0.066 7.86 64.15 95.17 19.87 168.55 41.32 32.95

Figure 8. Mechanical properties of the foamed and unfoamed PLA and composites: (a) specific tensile strength; (b) specific
tensile modulus

Figure 7. Mechanical properties of the foamed and unfoamed PLA and composites: (a) specific flexural strength; (b) spe-
cific flexural modulus



of unfoamed PLA/willow-fiber (80/20) and (70/30)
composites increased by 11.5 and 30%, respec-
tively, whereas the specific tensile modulus of
unfoamed PLA/willow-fiber (80/20) and (70/30)
composites increased by 21 and 41.4%, respec-
tively, in comparison to unfoamed PLA samples. This
increase in the modulus of unfoamed composites
may be due to enhanced crystallinity and differen-
tial thermal shrinkage. Thus although there may not
be good adhesion between willow-fiber and matrix,
the modulus increase is shown since the parameters
are evaluated at low strains where weakness in the
composites structure does not have time to take
effect [15, 22, 23].
Further, the specific flexural modulus and specific
tensile modulus of the foamed composite reduced
slightly in comparison to their unfoamed counter-
parts. This might be due to the presence of voids or
microcells inside the matrix.
The observed decrease in the mechanical properties
of unfoamed extruded PLA in comparison to the
unfoamed virgin PLA might be because of the molec-
ular weight degradation of extruded PLA during
extrusion by shear and thermal exposure. Decrease
in molecular weight during extrusion and hence a
decrease in mechanical properties has also been
reported by some other researchers [1, 24].
Figure 9 shows the specific notched impact strength
of the foamed and unfoamed samples. As shown,
incorporation of willow-fiber decreased the specific
notched impact strength of the unfoamed compos-
ites. The decrease in specific notched impact strength
of unfoamed composites might be because of the
increased brittleness of the composites due to the
addition of the cellulosic fiber [15, 25, 26]. The spe-
cific notched impact strength of the foamed com-
posites show increasing trend when compared with
their unfoamed counterparts. There are 15.9 and
45.5% increment in specific notched impact strength
of foamed PLA/willow-fiber (80/20) and (70/30)
composites, respectively, in comparison to their

unfoamed counterparts. This increment in the spe-
cific notched impact strength of the foamed com-
posites was due to the presence of micro cells which
help in preventing the crack propagation process and
absorb the energy thus increased the total energy
required to propagate the crack. Further it may be
assumed that during crack propagation cell walls of
the foams also absorbed the energy and thus total
impact strength increased [5].

3.3. Thermogravimetric analysis (TGA)
TGA was done to study the effect of temperature on
the stability of foamed and unfoamed PLA and the
composites. The results are shown in Table 3. The
TGA curve of willow-fiber shows slight degrada-
tion near 100 °C due to moisture loss followed by
severe single stage degradation starting at 310 °C.
From the TGA results it is evident that addition of
willow-fiber decreases the thermal stability of the
composites which might be due to the decrease in
the relative molecular mass of PLA after adding the
willow-fiber [27]. When the thermal stability of the
foamed samples are compared with their unfoamed
counterparts, it is observed that in case of virgin and
extruded PLA foamed samples have almost the same
thermal stability as the unfoamed samples. In case
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Figure 9. Specific notched impact strength of the foamed
and unfoamed PLA and composites

Table 3. TGA data of PLA and PLA based foamed and unfoamed composites

Sample name
Onset temperature

[°C]
Inflection temperature

[°C]
End temperature

[°C]
Unfoamed Foamed Unfoamed Foamed Unfoamed Foamed

Willow-fiber 310 365 381
Virgin PLA 335 336 352 353 362 363
Extruded PLA 334 335 352 353 363 364
PLA/Willow-fiber (80/20) 329 313 349 335 362 347
PLA/Willow-fiber (70/30) 313 303 330 320 344 337



of the composites, foamed samples show lower ther-
mal stability than the corresponding unfoamed sam-
ples which might be due to the decrease in the inter-
facial bonding between fibers and matrix during the
foaming.

3.4. Crystallization study by DSC
Crystallization studies were carried out on foamed
and unfoamed samples of PLA and the composites by
DSC and the data obtained there from are shown in
Table 2. The crystallinity [%] of the extruded PLA
increased in comparison to virgin PLA. The slope of
the cold crystallization peak indicated the increase
in the rate of crystallization (Sp) in case of extruded
PLA as compared to virgin PLA while width of peak
at half height (!Wd) showed the narrowing down the
crystallites size distribution in the former one in com-
parison to the latter. This happened due to decrease
in molecular weight because of thermal degradation
and chain scission during extrusion process [1].
The Tg and Tm of the PLA (virgin and extruded) and
the composite samples were not appreciably changed,
however, the percentage crystallinity increased on
increasing the willow-fiber content. The rate of cold
crystallization also increased on increasing willow-
fiber content as revealed by the slope of the cold crys-
tallization peak. Higher slope denoted higher rate of
crystallization while lower slope signified the lower
rate of crystallization [13]. The cold crystallization
peak was shifted towards left on increasing willow-
fiber content showing the decrease in Tcc. The area of
cold crystallization peak was also decreased in the
similar manner on increasing willow-fiber content,
which implies that Xc [%] increases on increasing
willow-fiber content. The !Wd of cold crystalliza-
tion curve decreased on increasing willow-fiber con-
tent showing narrowing down of the crystallite size
distribution. The above observations clearly indicate
that willow-fiber provided crystallization surfaces
and enhanced the Xc [%] in PLA composites.
Increased number of crystallites did not allow the
crystallites to grow further, however, the resultant
crystallinity was increased. As a result the average
crystallite size was smaller and more uniform in
composites in comparison to those in neat samples.
When unfoamed samples were compared to their
foamed counterparts the total crystallinity [%] was
found to increase in all foamed samples and the

amont of increase was almost similar in all the sam-
ples, indicating that the addition of willow-fiber is
acting in the similar manner in unfoamed and foamed
samples. However, the crystallinity increased in the
foamed samples may be due to strain induced align-
ment of the PLA chains during the cell growth
process. Wang et al. [28] have also reported improve-
ment in the crystallinity of PLA due to the extension
associated with the cell growth during foaming.

3.5. Heat deflection temperature (HDT)
HDT of PLA and PLA based foamed and unfoamed
composites are shown in Table 4. HDT is the short
term thermal characteristic which is the measure of
the thermal sensitivity and stability of polymeric
materials. The results show that addition of willow-
fiber increased HDT of the unfoamed composites.
On addition of 20% willow-fiber, HDT increased to
58.7 °C, while on addition of 30% willow-fiber the
same was increased to 60.3°C. This improvement
in HDT is due to reinforcing effect of willow-fiber
in PLA matrix as well as due to increased crys-
tallinity (Table 2). Huda et al. [29] also studied the
similar improvement in HDT while studying the
reinforcement of PLA using wood-fiber at 30 and
40 wt% loading.
HDT of foamed samples are found to be the same to
their unfoamed counterparts which indicates no
effect of foaming on HDT.
Although the increase in HDT depends upon the
crystallinity and reinforcement effect of the filler,
yet the improvement in HDT, in present study, is
not as much as speculated, which may because of
insufficient interfacial interactions between PLA
and willow-fiber as obvious from SEM image (Fig-
ure 3). Still the improvement in HDT values on addi-
tion of willow-fiber can be regarded as an important
achievement which indicates the increased upper
working temperature limit of the composites.
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Table 4. HDT data of PLA and PLA based foamed and
unfoamed composites

Samples name
HDT
[°C]

Unfoamed sample Foamed sample
Virgin PLA 56.5±0.10 56.2±0.11
Extruded PLA 56.7±0.14 56.5±0.25
PLA/willow-fiber (80/20) 58.7±0.22 58.7±0.14
PLA/willow-fiber (70/30) 60.3±0.14 60.1±0.25



4. Conclusions
The PLA/willow-fiber biocomposites were prepared
in twin screw extruder and subsequently injection
molded by two separate processes; one by conven-
tional injection molding without foaming module
and the other with the foaming module on the same
injection molding machine. The key findings are as
below:
• The morphology study shows voids inside the

matrix and weak phase interaction between PLA
matrix and willow-fiber. SEM images of the foamed
sample show that the addition of willow-fiber in
the PLA matrix decreased the cell size with increase
in the cell density.
• Adding willow-fiber caused a reduction in specific

flexural strength and in specific tensile strength
of all foamed and unfoamed PLA/willow-fiber
composites. However, addition of willow-fiber
increased the specific tensile modulus and spe-
cific flexural modulus of the unfoamed compos-
ites which were found maximum at 30 wt% wil-
low-fiber content. Specific notched impact strength
of the foamed composites show increasing trend.
Foamed PLA/ willow-fiber (80/20) and (70/30)
composites shows 15.9 and 45.5% improvement
in specific notched impact strength respectively
compared to their unfoamed counterparts. 

• Thermogravimetric analysis shows that the addi-
tion of willow-fiber as well as foaming decreased
the thermal stability of the composites. DSC
results show that addition of willow-fiber in the
PLA matrix increased the crystallinity [%] and
crystallization rate while decreased the cold crys-
tallization peak temperature and gave narrower
crystallite size distribution. Crystallization prop-
erties of the foamed samples were found similar
to their unfoamed counterparts.

• HDT improved by 2.2 °C on addition of 20% wil-
low-fiber while the same was increased by 3.8°C
on adding 30% willow-fiber. Foamed composites
show HDT similar to their unfoamed counter-
parts.
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