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Abstract

In this study epoxy/vinyl ester (EP/VE) based hybrid thermo-
set resin was developed and used as a matrix in unidirectional
carbon fabric reinforced composite. The mechanical charac-
teristics of the hybrid and the individual resins were revealed
by dynamic mechanical analysis (DMA), three-point bending,
and hardness tests. The produced composites were investigated
by three point bending, impact-, and fatigue tests. The mor-
phological characterization of the materials was carried out
by atomic force microscopy (AFM). The revealed morphology
affirmed that the mechanical properties of the composites were
improved by the using of the hybrid resin. Based on the results
enhanced inter-laminar properties of the produced composites
were exhibited.
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Introduction

In the field of thermoset polymer composites the research-
ers work on materials and their combinations which give more
favourable mechanical properties. The thermoset structural
composites have great strength and modulus, but their tough-
ness properties are often worse than that of ductile metals and
alloys or thermoplastic matrix polymer composites. These high
performance materials usually give rigid reactions to quickly
forthcoming actions, loadings. The solution for toughening can
be found in the micro-, or nano-scale structure of the thermoset
polymer. In the fibre reinforced composites usually the matrix
is responsible for the toughness, therefore mainly the matrix
should be modified to improve of this property [1, 2].

Basically, there are two different ways to create micro-,
or nano-structure in the polymers. The first opportunity is
the hybridization of the reinforcing materials with micro or
nano sized particles. Nowadays this technique is quite popu-
lar among researchers and manufacturers, because of the easy
reproducibility of these composites. The effectiveness of this
third phase is based on the properties of the particle itself and
on the surface to volume ratio that has main role in the quality
of the adhesion. The specific surface can be extremely huge
in case of nanoparticles. Another way to achieve micro- or
nanostructured systems is to change the matrix morphology by
blending. In this approach researchers try to make a mixture of
different polymers, which are well distributed in each other and
the border area of their phases (interphases) has large surface,
where a lot of secondary bounds are present. One example of
such structure is the interpenetrating polymer network (IPN)
system, in which the different polymer phases are not sepa-
rated, but the polymer chains penetrates into the other cross-
linked structure of the other phase. In these systems a sort of
synergistic effects there can be found. Due to this fact the IPN
structure can absorb remarkable amount of energy by their flex-
ible properties. This feature can be manifested in mechanical,
thermal and thermo-mechanical properties too [1-3].

The mentioned synergistic effects and the compatibility
of mixed polymers affect the thermo-mechanical properties.
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Lipatov [3] was one of first researchers who dealt with the IPN
systems and developed a method for define the segregation
degree of the two component in the mixture. In this method
the segregation degree (o) varies between zero and one. The
zero segregation degree (o = 0) means, that the components
are absolutely compatible with each other. If the segregation
degree equals one (o = 1) means the absolute incompatibility.

The thermoset IPNs are among the best candidates for matrix
material in fibre reinforced composite systems, because beside
the improved static-mechanical properties, the toughness can
also be enhanced by using these materials. There are basically
two methods to produce IPN. First is the sequential formation,
wherein the first step is the production of a crosslinked polymer
then this polymer is swollen by the monomers or oligomers of
another polymer. Finally the crosslinking of the second poly-
mer is carried out. Another way is the simultaneous method,
where the monomers of both polymers are mixed together and
then their own cross-linkers are added to the system. For the
appropriate structure it is prerequisite that the crosslinking
mechanisms of the resins do not hamper each other. [3-5].

In the field of thermoset IPNs, the researchers have investi-
gated a variety of material combinations like epoxy resins (EP)
with polyurethanes (PU) [6-9], unsaturated polyester (UP) res-
ins with PU [10, 11], EP with vinyl ester (VE) resins [4, 5,
13-15], and EP with UP resins [16, 17]. Most of the investiga-
tions focused on improving the mechanical behaviours. From
the viewpoint of composites one of the most important proper-
ties is the toughness which can be characterized by fracture
tests. For toughness characterization of IPN structured thermo-
sets the linear elastic fracture mechanical approach has been
well established [5].

The mixture of most commonly used (in aircraft industry
and shipbuilding) EP and VE resins can give better mechanical
properties and toughness than the individual components. In
case of EP/VE resins the appropriate mixing ratio to get [IPN
structure is found to be around 1:1 [4].

Szabo et al. [18] worked with EP/VE systems as matrix with
ceramic fibre mat reinforcement. They used different surface
treatments on the mat for EP and VE resin components. They
used aliphatic (Al) EP with cycloaliphatic (Cal) hardener. Their
study paid a great attention for the impact of surface treatments
on the mechanical behaviours.

Karger-Kocsis et al. [19] used Al and Cal EP resins. These
resins were hardened with Al and Cal amines. They applied
bisphenol A -based VE resin with 30% styrene content. In this
study the dissipation factor (tan 8) was investigated at various
mixtures and the molecular structures were studied with AFM.
The results of the value of tan 6 of the mixtures gave evidence
that the formed structure is IPN.

As in case of IPNs the connection between the phases is on
molecular level, it is hard to decide if the structure is really
interpenetrated. For IPNs it is proved that the glass transition

temperature (T ) of the mixed resin (EP/VE) is between of the
two individual resin ones, therefore it can be a clear sign for the
proper structure [3-5, 19, 20].

Nowadays the field of hybrid resins is relatively well inves-
tigated [4-16, 21-23]. In case of hybrid matrix composites the
researchers investigated mainly the molecular structure and
the reinforcement-matrix connection [18, 24], the structure-
mechanical relationship is less investigated. The aim of this
study is the development and the characterization of mechani-
cal advantages of epoxy/vinyl ester resin based carbon fibre
reinforced composite system.

Materials

As matrix material EP and VE resins were used. The EP
consisted of a bisphenol A diglycidyl ether EP resin (with 188
g/epoxy equivalent, 12000 mPa-s viscosity at 25°C, and 1.17
g/cm? densiy, Ipox ER 1010 product name, manufactured by
Ipox Chemical Hungary) and isophorone diamine hardener
(with 43 g/hydroxy equivalent, 5-25 mPa-s viscosity at 25°C,
~660 mg KOH/g amine value, Ipox EH 2293 product name,
manufactured by Ipox Chemicals, Hungary).

The VE resin (bisphenol based, with 1300 mPa-s Brookfield
viscosity 5 rpm at 25°C, 35% styrene content, AME 6000 T 35
(product name), manufactured by Ashland Italia S.p.A., Italy)
with 2 wt% in diisobutyl phtalate dissolved methyl-ethyl ketone
peroxide accelerator MEKP-LA-3 (product name), manufac-
tured by Peroxide Chemicals, South Africa) were used.

As reinforcing material unidirectional Panex 35 FB UD 300
type carbon fabric was used (sized for epoxy, with 1,449 MPa
tensile strength and 126 GPa tensile modulus, manufactured by
Zoltek Zrt., Hungary).

Experimental

In the first step of the matrix preparation the 1:1 rate EP/VE
resin mixture was stirred for ten minutes. Then the amine of EP
was added in and stirred for two further minutes again. Finally
the catalyst of VE was added also stirred for two minutes. For
preparation of specimens (4x10 mm cross section) silicone
moulds were applied. Composites were made by simple hand
lay-up method using 6 unidirectional carbon fabric layers, the
orientation of the layers was the same. After the hand lay-up
the laminates were pressed between parallel steel plates by
hydraulic press with 0.5 MPa compressive stress at 25°C tem-
perature. Beside the EP/VE matrix, reference composites with
exactly the same reinforcement orientation and content, were
also prepared with EP and VE. The nominations of these com-
posites are EP/VE/CF; EP/CF and VE/CF, respectively.

After 24 hours of crosslinking all of the moulded resins and
laminated composites were cured at 80°C for 4 hours.

On the cured resin specimens dynamic mechanical thermal
analysis (DMA) were performed with a Q800 (TA Instruments,
New Castle, DE, USA) device in three point bending mode
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(with 1 Hz load frequency, strain actuation, the average speci-
men size was 50 x 10 x 4 mm). The measuring temperature
range was 20-150°C, the heating velocity was 2°C/min.

Shore D hardness was measured by Zwick Roell HO4 3150
type equipment according to ISO 868:2003 at room tempera-
ture. The average hardness was calculated by using of 20 dif-
ferent measuring point on the surface of one specimens.

Charpy-type impact tests were performed by a Ceast Resil
Impactor impact testing machine (Italy) equipped with a 2 J
impact energy hammer and a DAS 8000 data collector unit.
The composites were tested according to ISO 179-2:2000. The
nominal size of the specimens was 80 x 10 x 2 mm, they were
hit by their cross-section along the face normal to the fibre
direction. The orientation of the reinforcement was perpendic-
ular directed to the face normal of the samples and they were
embedded to longitudinal direction (parallel their largest, 80
mm length dimension).

The flexural properties were evaluated for resin sand
composite specimens according to ISO 178:2003 and ISO
14125:1999, respectively. The flexural tests were carried out
on a Zwick Z020 (Germany) universal testing machine. The
test speed was 2 mm/min, the gauge length was 64 mm (with
10 x 4 mm cross section) for the resins and 80 mm (with 15
x 2 mm cross section) for the composites. In case of flexural
tests of composites the method was longitudinal three point
bending, because that way could give more information on the
maximal reinforcing effect of the carbon fibres.

The fatigue properties of the composites were characterized
by an Instron 8872 (USA) fatigue testing machine in flexural
mode (with 100 x 15 x 2 mm size test specimens, 80 mm gauge
length), according to the ISO 13003 standard. The test was
carried out in force controlled mode, the load factor (Lf) was
0.95, the stress ratio (R) was 0.1 and the frequency of the load-
ing was 5 Hz. The fatigue flexural tests of the composites was
carried out in the specimens longitudinal direction embedded
reinforcement. This way the quality of fibre/matrix connection
could be shown by the fatigue test properly.

Selected resin specimens and composites were investigated
by atomic force microscope. Before the AFM test the samples
were carefully prepared and embedded in epoxy resin. Then
the samples were polished by multi-phase method to reach on
their surface the 1 pm average surface asperity. For this inves-
tigation was used Veeco/Digital Instruments Inc. (USA) Multi
Mode AFM-2 machine, in tapping mode, the frequency of the
needle was 364 Hz.

Results and discussion

First the DMA tests were carried out, Fig. 1 shows the tan &
as a function of the temperature. One can see, that the mixing
was effective, as the T, of the EP/VE is between the two pure
matrix material ones. As the Tg of the mixture material can be
calculated as an average of the two component ones, therefore
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Fig. 1. The storage modulus - temperature and the tan & - temperature curves

of the mixed epoxy/vinyl ester resin and its components

it can be concluded that the compatibility of the resins is per-
fect. Overall the results refers that the simultaneous production
form was successful and most probably IPN structured material
was prepared. Between the EP and VE mainly secondary bonds
are present but primary bonds also can be formed (between
secondary hydroxyls in VE and oxirane groups of EP). The
formation of this primary bounds need relative high activation
energy from the curing or the heat generation of the polymeri-
sation process. In this case it does not have great probability,
because of the relatively low temperature curing and relatively
small specimen thickness that results low heat generation in the
material. The formed primary bonds can result an additional
strengthening effect between the two phases.

The most important results of the DMA measurements are
tabulated in Table 1. It is observable that the hybrid resin has
much higher dissipation factor (tan 3) compared to the individ-
ual EP and VE resins. It may be related to the improving of the
damping properties in the mechanical test. An important result
is that around room temperature the EP/VE resin has locally the
highest tan  values of the investigated materials.

The storage modulus of the mixed resin is close to the EP
and VE resins. The moderate decrement shows that the cross-
linking mechanisms did not hamper each other that refers to
the crosslinking density in the EP/VE mix was on a good level.

Tab. 1. The main results of DMA tests

Designation EP EP/VE VE

T,[°C] 100 114 129
tans,__ [-1* 0.51 0.80 0.58
E’ [MPa]** 2920 2790 3080

*at Tg; **at 20°C
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The results of flexural test can give more information about
the mechanical behaviour of the different resins. The three-
point bending test of the resin-specimens showed that the mixed
resin had higher flexural strength with lower standard deviation
as related to the other two materials (Fig. 2). The reason of the
increment can be explained by the structure of the material. The
entanglements of the hybrid resin chains have greater potential
of energy absorption, and can hamper the crack propagation in
the material.
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Fig. 2. Flexural strength of mixed resin and the individual resins

The Shore D hardness results (Fig. 3) affirms, that the
crosslinking density in the EP/VE resin is in the appropriate
range, because the hardness depends to the crosslinking degree
and the mixed resin takes place between its components.
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Fig. 3. Shore D hardness of the hybrid resin and its components

The most common loads in case of a fibre reinforced poly-
mer composite are the flexural ones. The results of the flexural
tests of the prepared composites showed that the mixed resin
containing one has the highest flexural strength (Fig. 4). Based
on the results of the resin tests this phenomenon is not surpris-
ing, and the explanation is also similar: because of the entan-
glemented structure the crack-propagation is hampered there-
fore the matrix material has greater role in the load distribution
which leads to higher strength.
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Fig. 4. Flexural strength of the investigated composites

The values of the flexural modulus are shown in the Fig. 5. It
is noticeable that the average flexural modulus of the compos-
ites depends on the matrix of the associated materials. In case
of EP and VE matrix higher values were registered than at the
mixed resin. There is some modulus decrease, which originates
from the mixed resins structure. The main reason of this soften-
ing is presumably the mentioned entanglement structure of the
hybrid resin matrix. The maximal deformations of the compos-
ites were on the same level for each investigated material.
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Fig. 5. Flexural modulus (E,) and max. deformation (&) of the investigated
composite materials

From a usability point of view it is important, how a struc-
tural material can react on impact loads, therefore Charpy-
impact tests were carried out. The composite with EP/VE mixed
resin matrix had the highest impact strength among the tested
composites (Fig. 6). The reason is the greater energy absorbing
property of the IPN matrix. This effect could be manifested in
the inter-laminar region of the composite, hence can the flex-
ural- and impact strength be improved, and can the delamina-
tion be hampered that is the main damage form in case of such
fibre reinforced composites.

Typical load-time curves of the Charpy impact tests are plot-
ted in Fig. 7. They show perfectly the different behaviour of the
tested composites. The absorbed energy is the area under the
load-time curves. The EP/CF composites showed quite rigid
reaction, because after the maximum load the force decreased
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Fig. 6. Impact strength of the composites
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Fig. 7. Load-time curves of Charpy tests of composites

suddenly to zero. The VE/CF composites showed higher damp-
ing properties than EP/CF and in this case the fracture was not
as rigid as it was in the first case. The best damping properties
was reached at the EP/VE/CF composites: their cracking pro-
cess showed tough behaviour as the load decreased gradually
after the maximum force.

The fatigue test is able to model the conditions of the real
endurance loads. The results of the flexural fatigue tests showed
that the abided cycle numbers of the mixed resin composites
(EP/VE/CF) were much higher than, that of the other investi-
gated composites (Fig. 8).

The atomic force microscopy can indicate the low scale
structure of the materials. Fig. 9/a and b show the structure
of the individual resins. In case of the neat resins nanohetero-
geneous structure can be found, this morphology is similar to
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Fig. 8. Abided cycle numbers of composites at flexural fatigue load

former published results by other researchers [25, 26] where
the structure of EP and VE was detected by AFM. The EP/VE
resin has more complex structure (Fig. 9/c) than the individual
resins. The mixed resin has specific spatial structure which
name is nodular texture. This structure implies the possibility
that the resins formed interpenetrating network. The nodular
texture was probably created by the stirring method and after
that the well dispersed components remained in this morpho-
logical position because of the crosslinking. The structure of
the composite material (Fig. 9/d) is more detailed than the non-
reinforced mixed resin. Probably, the sizing of the carbon fibre
could modify the structure during the cross-linking method.
The noticed good fatigue properties can be explained by this
nanostructure of the EP/VE resin in the composite material.
This detailed nanostructured mix has large interphase between
its components, that results in better connection. The noticed
improvements in the mechanical properties can be explained
by this strong connection between the components of the com-
posite and by the numerous entanglements in the matrix.

Conclusions

From the results of the investigations it is visible that the
preparation of hybrid resin yielded favourable changes in the
mechanical properties of the composites. The thermo-mechan-
ical results showed that the two components (EP and VE) of
the mixed resin could work together. The reason of the showed
effect can be explained by the entanglements of the molecular
chains in the hybrid resin and the detailed nanostructured mor-
phology, which resulted a large sized interphase between the
components of the hybrid resin with a lot of secondary bounds.
This complex connection between the EP and VE resins lead
to the improvement not just in the mechanical properties of the
resins but also the mechanical performance of the composites.
In cases both of resins and composites nearly to 10% higher
flexural strength were showed by the hybrid resin containing
ones. For the impact strength up to 7% improvement can be
registered at the mixed matrix composites, and these EP/VE
resin contained materials bore one order of magnitude higher
cycle number of loads in case of fatigue tests. It can be stated
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Fig. 9. AFM pictures about the resins VE a), EP b), EP/VE c¢) and hybrid-composite material EP/VE/CF d)

about the EP/VE matrix composite, that this material showed
higher static-mechanical properties, like flexural strength and
improved fatigue behaviour than the other neat resin contain-
ing ones. On the other hand beyond the mechanical approach
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