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ABSTRACT

In this work, the morphology, thermal and viscoelastic properties, deformation and fracture behaviour of a commercial
vinylester resin modified with a biodegradable polymer was investigated. Flexural, impact and fracture tests were per-
formed on the blends with different polycaprolactone (PCL) contents. They exhibited improved stiffness and fracture
properties in comparison to the neat resin. From SEM analysis of fracture surfaces, stress whitening and branced frac-
ture paths toughening mechanisms were identified. The dependence of the glass transition temperature with PCL con-
tent was adequately fitted by simple models available in the literature. From the results of these models along with the
results of calorimetric studies and SEM analysis, it can be concluded that the interaction between vinylester and PCL is

strong enough to avoid phase separation.
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1. Introduction

The vinylester resins (VE) are thermosets widely used in
several industrial applications. The main advantages of
this material are the good chemical resistance, thermal
stability and mechanical strength. In addition, its low
viscosity makes it very attractive for liquid composite
moulding techniques as RTM (resin transfer moulding)
and VARTM (vacuum assisted resin transfer moulding).
However, vinylester has low ductility and poor fracture
toughness, which limits its use as an engineering material
[1].

The most widely used methods to toughen thermoset-
ting resins are the incorporation of rubber and inorganic
particles [2]. Rubber toughening can lead to a significant
increase in toughness, but this method usually leads to a
decrease in the material’s stiffness and strength, which
may be undesirable in many applications. Toughening
with inorganic fillers, on the other hand, can result in a
more modest improvement of toughness but without sig-
nificant loss of strength and even with an improvement in
modulus [3].

The blending of a thermosetting matrix with a thermo-
plastic polymer that phase separates during the cure cir-
cle of the matrix is an alternative approach for toughen-
ing thermoset polymers [4,5]. In general, the thermoplas-
tic phase has good thermal stability and low water uptake
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compared with rubbers [6]. Various types of thermoplas-
tics have been explored in order to modify thermoset
resins. It has been indicated that the modifications need a
fine phase separated structure and a good adhesion be-
tween the two separated phases to achieve fracture tough-
ness improvements [7].

Polycaprolactone (PCL) is a synthetic biodegradable
polymer. It is a linear, hydrophobic and partially crystal-
line polyester that can be slowly consumed by micro-
organisms [8]. Its physical properties and commercial
availability make it very attractive as a substitute for non
biodegradable polymers [9]. The main limitation of PCL
is its low melting temperature (7,, = 65°C), which can be
overcome by blending it with other polymers making it
very appropriate for fracture toughness improvement [10].

However, this fact can be used for special purposes.
Thermal mending of polymer composites is a major in-
teresting area. The thermoset/thermoplastic blend allows
the possibility of obtaining a material with good load
bearing capability, given by the thermoset, fracture tough-
ness improvement, given by the thermoplastic, and this
thermal “healing” possibility after a curing cycle when
the material is damaged, that is a synergic effect [11].

In this work a thermoplastic polymer (PCL) was added
to a brittle matrix (VE) in order to improve its toughness.
For this purpose, blends with different PCL contents
were prepared and the morphology, thermal properties
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and mechanical properties were determined and analyzed.

It is tough that the systems studied here could have ther-
mal mending capability which will be analyzed in a fu-
ture work.

2. Experimental Details
2.1. Materials

A commercial available vinylester resin (VE; Derakane
411 - 350 Momentum; Ashland) was used as a thermoset
matrix and Metil Etil Ketone Peroxide (MEKP; Médano)
was used as catalyst. Polycaprolactone (PCL), Mn =
42.500 gr/mol, was obtained from Sigma Aldrich. All
materials were used as received.

2.2. Sample Preparation

The thermoset resin was heated to 100°C with constant
stirring (600 - 720 rpm). After that, the PCL was slowly
added in different weight ratios varying from 0 to 36
wt%, that was the maximum amount that could be possi-
ble dissolved without the formation of aggregates. After
30 minutes, total dissolution of the PCL was achieved.
The temperature was reduced to 60°C and the catalyst
was quickly added to the mixture in a 1% wt referred to
the resin. The final catalyst weight ratios in the blends
were 1%, 0.9%, 0.8%, 0.76%, 0.72%, 0.68% and 0.64%.
Finally, plaques of 6 mm thickness were obtained in an
aluminum mould.

Samples were cured in an oven. The curing cycle con-
sisted in 1 hour at 50°C in order to eliminate bubbles,
followed by 2 hours at 110°C as a procuring cycle.

Blends of increasing PCL wt% were named as VE for
100%VE and respectively until VE64 (64%VE + 36%
PCL).

2.3. Mechanical Properties

Fracture characterization was carried out in three-point-
bending configuration in an Instron dynamometer 4467
at a crosshead speed of 1 mm/min in accordance with
ASTM 5045-93 standard recommendations. Critical stress
intensity factor (K;c) values and energy release rate (Gic)
values were obtained from these tests. Single-edge notched
bend SENB specimens were cut out from thick plaques
(B = 5 mm). Sharp notches were introduced by sliding a
fresh razor blade into a machined slot. Crack-to-depth
(alW), thickness-to-depth (B/W) and span-to-depth (S/W)
ratios were kept equal to 0.5, 0.5 and 4, respectively.

Fracture surfaces of specimens broken in fracture
tests were also analyzed by scanning electron microscopy
(SEM, model JEOL JSM 6460 LV) after they had been
coated with a thin layer of gold.

Differential scanning calorimetry (DSC) analysis was
performed for the different materials in a Perkin Elmer
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Pyris 1DSC analyzer. Samples were heated from —-65°C
up to 200°C at a rate of 10/min. This study was carried
out in order to verify the possible existence of phase
separation.

Viscoelastic properties were measured using a dy-
namic mechanical analyzer Perkin EImer DMA 7e with
three-point-bending geometry. Tests were performed in
temperature scan mode from 20°C to 180°C at a fixed
frequency of 1 Hz and a heating rate of 10°C/min. Rec-
tangular specimens having a size of 20 mm x 3.5 mm x 2
mm were used for the evaluation of storage modulus (E”),
loss modulus (E”) and damping parameter (tan 6). The
static stress was 500 MPa and dynamic stress 300 MPa.

Flexural tests were done in accordance with ASTMD
790-03 standard over samples of 10 mm x 5 mm x 100
mm in an Instron dynamometer 4467 at a crosshead speed
of 1 mm/min, and the span used was 80 mm. Flexural
modulus was determined from the initial slope load-dis-
placement plot.

Izod tests were also conducted on notched specimens
according to ASTM D256-04 at 1 m/s in a falling weight
Fractovis of CEAST. Impact strength values were ob-
tained from numerical integration of the load-displace-
ment records and they were normalized to the unnotched
ligament area.

3. Results and Discussion
3.1. Dynamical-Mechanical Characterization

Figure 1 shows the damping factor (tano) as a function
of temperature for blends with different compositions. It
is clear that the tano peak was shifted to lower tempera-
tures when PCL content was increased. From this peak,
T, was determined. Figure 2 summarizes the glass tran-
sition temperature, 7,, of each system as a function of
PCL content. As it can be observed form the previous
figure, the T, of the vinylester resin decreased as a func-
tion of thermoplastic content. This result is in accordance
with other thermoset-thermoplastic bleds reported in the
literature [12].

There are several models [13,14] available in literature
to correlate the 7, of blends. One of them is Fox equation
[13] that, for a binary system 1 + 2, can be represented
by:

1 x5 1%

r, T, T

g2

@

where Ty is referred to the glass transition temperature of
the blend, 7,; to pure component i, and x; is the weight
fraction of one component. Fox equation does not take in
account the interaction between the blend components
and therefore it did not fit the experimental data ob-
tained.

Gordon-Taylor (GT) equation is useful to predict the
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Figure 1. Damping factor (tané) as a function of tempera-
ture for blends with different compositions.
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Figure 2. T, as a function of VE content. Points indicate

experimental values and line represent the model predic-
tion.

T, of a blend based on the interaction between the com-
ponents [14]. The glass transition temperature of the
blend can be written by the GT equation as follows:

VVngl + kVVZTgZ

2
AT @

where T, is the glass transition temperature of the blend,
T, and T, are the glass transition temperatures of the
components 1 and 2, respectively, W is the weight frac-
tion of the components and % is a constant. The curve in
Figure 2 was drawn using Gordon-Taylor equation ob-
taining a k value of 0.65 and showing a good correlation
with experimental data. Several authors [15-17] have
suggested that £ can be taken as a fitting parameter that
measures the strength of the interaction between the com-
ponents of the blend. Belorgey, and Prud’homme [15],
modelled the change in 7, with composition of poly
(e-caprolactone) with chlorinated polyethylene, poly (vinyl
chloride) (PVC) and chlorinated PVC. They found values
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of k varying from 0.26 to 1.0. When this approach is used,
a k value of 0.26 suggests a weak interaction whereas a k
value of 1.0 suggests an important interaction.

In our case, the & value of 0.65 suggests intermediate
interaction. This fact along with the transparency ob-
served in all systems suggests that no phase separation
occurred.

The morphology of the blends was studied by several
methods. DSC analysis showed only one 7, peak, and no
melting peak of PCL was observed, suggesting that only
one phase is present in the blend. Furthermore, fracture
surfaces of samples broken in SENB tests were treated
with chloroform during 15 minutes and observed with an
optical microscope and SEM. Chloroform dissolves PCL
and in case of phase separation it reveals the surface mi-
crostructure. In both cases no evidence of phase separa-
tion was found.

Figure 3 shows the storage modulus E’ values as a
function of temperature for the different materials. As it
can be observed in this figure, a sharp drop of £’ in a
small range of temperature was displayed for all systems,
indicating the presence of the 7,. As the amount of sec-
ond phase was increased, the drop became less abrupt. A
marked decrease in the storage modulus as function of
the polycaprolactone in the blend was also noted.

3.2. Mechanical Characterization

Experimental values of flexural modulus as a function of
polycaprolactone content are presented in Figure 4.

As it may be clearly observed, increasing polycaprolac-
tone presence significantly affects the flexural properties
of the vinylester matrix. These results are in accordance
with previous results [17].

The reduction of flexural modulus exhibited by speci-
mens as function of thermoplastic content is in accor-
dance with the results of storage modulus presented in
Figure 3.
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Figure 3. Storage modulus (E’) as a function of temperature
for blends with different compositions.
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Figure 4. Flexural modulus of VE-PCL systems as a func-
tion of PCL content.

3.3. Fracture Characterization

Critical stress intensity factor (K;c) and energy release
rate (G;c) values of VE-PCL blends are presented in
Figures 5 and 6 respectively along with their deviations.
In these figures, it can be observed that modifying the
VE with PCL results in an increase in fracture toughness.
K;c monotonically increased with polycaprolactone con-
tent until 28 wt.% whereas a maximum in (G,c) was
found around 32 wt.% of polycaprolactone added. It
should be also noted that all composites exhibited frac-
ture toughness values significantly higher than that of the
vinylester matrix, reaching an increase in K¢ as high as
240% for the blend with 28 wt.% PCL. This result is in
accordance with the literature. Yang et al. [12] have re-
ported an important increase in K;c with the incorpora-
tion of a thermoplastic copolymer. Nimura et al. [18]
also reported an increase of 2.5 times on K¢ of an epoxy
resin modified with a thermoplastic polymer.

Scanning electron microscopy of the fracture surfaces
of specimens broken in fracture tests show that the pure
vinylester matrix (VE) presents a flat fracture surfaces as
seen in Figures 7. The only remarkable features are low
ridges and shallow grooves. The observed morphology is
indicative of a brittle fracture [19] and it is typical of
thermoset systems [6]. For the 90 wt.% VE blend (VE9O;
Figure 7(b)) the fracture surface was quite similar, indi-
cating just little plastic deformation in accordance with
the low increase on the fracture energy found [18].

As the PCL content increased, a change in the failure
mode was observed, switching to stable crack propagation
and a plastic failure mode was found. Plastic deformation
features can be observed for VE80 (Figure 7(c)) and
VE64 (Figure 7(d)) systems. Peaks and fibril structures
were clear, stress whitening also indicates new energy
absorption mechanisms present in the blends. Finally the
branced fracture paths results in high energy absorption
[19].

Copyright © 2012 SciRes.
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Figure 5. Critical stress intensity factor (K,c) of VE-PCL
systems as a function of PCL content.
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Figure 6. Energy release rate (G,c) of VE-PCL systems as a
function of PCL content.

3.4. Impact Properties

Figure 8 shows the experimental values of impact en-
ergy as a function of thermoplastic content. As it may be
clearly observed in this figure, the addition of PCL sig-
nificantly affects the impact behaviour of vinylester ma-
trix [20].

In agreement with the fracture patterns observed in
SEM, impact properties were improved by the second
phase addition, mainly due to the presence of energy
absorption mechanisms such as branced fracture paths
and plastic deformation.

4. Conclusions

In this work, the morphology, thermal and viscoelastic
properties, deformation and fracture behaviour of a com-
mercial vinylester resin modified with a biodegradable
polymer was investigated.

From Dynamical-mechanical characterization a 7, de
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Figure 7. Scanning electron microscopy of fracture surfaces of different VE-PCL blends: (a) VE; (b) VE90; (c) VES80; (d)

VEG64.
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Figure 8. Experimental values of impact energy of VE-PCL
systems as a function of thermoplastic content.

crease of the vinylester resin as a function of thermoplas-
tic content was found.
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Gordon-Taylor model was used to fit the experimental
T, data obtained by DMA. It was observed that the inter-
action parameter k was 0.65, suggesting interaction be-
tween the components of the blend. The morphology of
the blends was observed by several methods and in all
cases no evidence of phase separation was found. From
flexural tests, it was found that increasing polycaprolac-
tone presence significantly decreases the flexural proper-
ties of the vinylester matrix.

Critical stress intensity factor (K;c) and energy release
rate (G,c) for the matrix and the blends were obtained.
All blends exhibited fracture toughness values signifi-
cantly higher than that of the vinylester matrix, reaching
an increase in K;c as high as 240% for the blend with 28
wt.% PCL. This fact was confirmed by the SEM analysis
of the fracture surfaces. Energy absorption mechanisms
such as branched patterns and stress whitening were ob-
served for the blends with the increasing of PCL content.
Impact properties were also improved by the incorpora-
tion of PCL to the blends.
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As a general conclusion, it can be said that blends
based on a commercial thermosetting polymer and a bio-
degradable thermoplastic polymer, lead to a blend with
improved fracture and impact properties without a sig-
nificant loss of thermal properties.
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