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Abstract: - Applications on many thermosets have shown that, with respect to the traditional curing cycles, the 
microwave-assisted curing always provides a substantial reduction in the curing time. So, it appears a valid 
alternative process for a faster manufacturing of composite structures in the shipbuilding industry. However, 
the effects of microwave on the mechanical properties of the materials have not been extensively studied. 
In the present paper, a comparison was made between the mechanical behaviour of a vinyl ester resin 
commonly used for marine applications cured naturally with one cured by microwave. An extensive series of 
tensile tests indicate that the microwave assisted curing could provide, in a shorter time, strength and stiffness 
values greater than those obtained by the cure at ambient conditions and that a long exposition to microwave 
radiation leads to a strength degradation of the resin. 
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1 Introduction 
Fiberglass-reinforced polymer composites are 
strongly used for the fabrication of hulls, decks and 
other structures of naval ships and recreational and 
fishing boats [1-3]. Even if there is a tendency 
today towards other manufacturing process such as 
injection and infusion, to improve mechanical 
behaviour, improve reproducibility, reduce costs 
and improve working conditions, the open mould 
process with hand lay-up composite fabrication is 
still the process more widely used.  
The most common used cycle of cure for large 
naval components is natural curing at ambient 
conditions. As known, it takes prolonged period of 
time. Almost always the post-curing process, which 
is required for completing the crosslinking 
reactions and then to increase the mechanical 
properties of the material, is by-passed because of 
dimensions and costs of the necessary oven. In 
addition, the conventional thermal curing 
technology cannot meet the increasing 
requirements of modern economic development 
due to its disadvantages of high-energy 
consumption and long production period. Such 
reasons well justifies developing of alternative 
curing techniques, which are expected to be rapid, 
energy saving, with low operating costs and that 

allows the better mechanical performances of the 
material.  
It was shown as the typical curing times for 
thermosetting resins are reduced from hours to 
minutes by using of microwave rather than 
conventional curing [4, 5]. This form of energy 
transfer offers many advantages over conventional 
heating, such as volumetric, fast, direct, selective, 
instantaneous and controllable heating with low 
environmental impact [6, 7]. Microwave heating 
takes place through dipolar interactions between 
molecules and an alternating electric field rather 
than through thermal conduction or convection as 
in conventional heating. Microwave radiation 
penetrates materials, and the heat is generated 
internally.  
In order to assess the overall performance of the 
composite materials, it is essential to understand 
individually the role of the matrix materials. Resins 
have the main role of transferring and distributing 
the applied loads to the fibers, but also to protect 
them from external damage, prevent fluid access, 
ensure required electrical properties and hold the 
fibers together in a structural unit. The matrix 
properties influence the composite behaviour, its 
stiffness, strength, failure strain, aging resistance, 
damage tolerance and temperature behaviour [8]. 
Mechanical properties of resin systems are greatly 
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affected by the curing conditions. Studies on epoxy 
resin system have shown that microwave 
processing significantly reduces the cure cycle 
without sacrificing the mechanical properties [9-
13]. To the knowledge of the author they are no 
paper in the international literature giving 
information about the mechanical behaviour of a 
vinyl ester resin cured by microwave heating.  
The objective of the present paper is to compare the 
mechanical properties of vinyl ester resins 
microwave-cured with those of the natural-cured 
resins. 
 
 

2 Equipments and experimental 

procedures  
The resin examined in the present study is vinyl 
ester ATLAC 580 ACT by DSM Composite resins. 
The initiator used is methyl ethyl ketone peroxide. 
The added amount is 1.5% by weight.  
A mould has been designed for producing the dog-
bone resin specimens for tensile testing following 
standard ISO 527. The mould was made in teflon 
and consists of a mask reproducing six specimens 
jointed to a thick plate by a number of plastic 
screws sufficient to produce a clamping force for 
preventing the slight seeping of the uncured resin 
through the gaps between the mask and the lower 
plate.  
Samples of six specimens were prepared and 
simultaneously cured. Five specimens were 
addressed to the test machine for determining the 
tensile properties. The last specimen was used for 
the determination of polymerization degree 
obtained by the curing by the differential scanning 
calorimetry analysis.  
Two types of curing process were experienced: 
natural curing at ambient conditions and 
microwave curing.  
Natural curing was carried out at ambient 
temperature (around 20 °C) for various time 
ranging from immediately after the preparation to 1 
week.  
Microwave curing was carried out using an 
industrial 6.0 kW microwave oven with an 
operating frequency of 2450 MHz by Microglass 
srl Laboratory. Initially, the moulds were exposed 
to microwave radiation by being placed in the 
middle of the microwave cavity setting the power 
at 1500 W. Various samples were cured at different 
time ranging from 15 min to 4 h.  

Tensile tests were carried out according to ISO 527 
standard using a universal testing machine 
(INSTRON 8501) with a MTS load cell of 5 KN.  
Loading rate was 1mm/minute. For all the tensile 
tests from three to five specimens were tested per 
condition. The following tensile tests were 
determined: tensile strength; tensile modulus; 
failure strain. 
Conventional differential scanning calorimetry 
(DSC) was used to obtain the enthalpy of cure for 
the resin. The enthalpy for the cured samples was 
measured using a Netzsch Fox DSC 200 F3 Maia® 
system. The total enthalpy !Htotal was first 
measured during cure from the liquid heating at 10 
°C/minute up to 240°C samples with weights of 
about 25 mg sealed in 25 ml aluminium pans. The 
residual enthalpy !Hpeak was measured heating at 
10 °C min-1 up to 180 °C solid resin samples 
extracted from the central part of a cured specimen. 
3 samples of each resin were tested for each 
condition. 
The degree of cure, expressed in percent, is defined 
as the ratio of enthalpies:  
 
 

! 

DoC =
"Htotal #"H peak

"Htotal

100  

 
 

3 Experimental results 
As a first step of the research activity, the 
behaviour of the resin cured at ambient conditions 
was studied. Some samples, each of six specimens, 
were cured at different intervals of time with an 
exposure time ranging from 6 hours to six days.  
It was observed that the value of the degree of cure 
reaches a 76% within 10 hours. Then, it continues 
to grow very slowly until its value reaches and 
stabilizes around a 87% in six days. 
It was verified that ultimate strength triples its 
value passing from six hours (12 MPa) to six days 
(about 39 MPa) of cure, while the value of stiffness 
quadruples (increasing from about 0.6 GPa to about 
2.5 GPa). Failure strain, on the contrary, decreases 
of about 15 times. 
In a second step of the research, the performances 
of vinyl ester resin cured by microwave were 
examined. Samples were exposed to microwave 
radiation at a power of a 1.5 kW with an exposure 
time ranging from 15 to 240 minutes.  
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It was noted that DoC reaches the 88% after about 
75 minutes, successively it grows very slowly with 
the increase of curing time. 
Similarly to the case of natural curing, also in the 
case of microwave curing, curing time plays an 
important role on the mechanical properties of the 
resin.  
It can be observed as an increase of the curing 
times causes a rise of strength and stiffness and a 
decrease of failure strain, but, also a degradation of 
the tensile properties can be noted in case of an 
excessive exposure to microwave. In particular, 
prolunged exposure to microwave could be 
detrimental to the tensile strenght.  
It was observed that strength and stiffness values of 
the aged resin are, generally, greater than those 
measured immediately after the microwave 
irradiation. Failure strain values, on the contrary, 
are smaller. Such differences decrease as curing 
time increase (this behaviour could be justified by 
taken into account of the increase of the 
temperature measured inside the microwave oven 
that accelerates the aging of the resin). As could be 
expected, a significant increase of DoC in the aged 
resins was also observed in all the cases in which, 
immediately after the microwave treatment, DoC 
values were lower than 87%.  
 
 
4 Comparisons and discussions 
The experimental data versus curing time are 
illustrated in figure 1. In particular, the graph of 
figure 1a shows the variation of the degree of cure. 
It can be clearly seen that the degree of cure 
increases with the curing time. From the graphs of 
figures 1b and 1c it can be also observed that the 
strength and the elastic modulus of vinyl ester grow 
if DoC is increasing. It can be also observed that, 
for the same value of DoC, the mechanical 
properties could have different values depending on 
the typology of cure adopted. For example, 
consider the case in which the resin is irradiated by 
microwaves for approximately 75 minutes. In this 
case the degree of polarization of the resin reaches 
about the 87% and it is the same values of resin 
cured naturally for six days. In these conditions, 
from the graphs of figure 1, it can be verified that 
the values of strength and stiffness of the 
specimens treated by microwave are smaller than 
those of the specimens cured under natural 
conditions (in fact, 35 MPa against approximately 
40 MPa for the strength and 2 GPa against 2.5 GPa 
for the stiffness).  
 

Fig. 1 Vinyl ester behaviour versus curing time: a) 
degree of cure; b) ultimate strenght; c) Young’s 
modulus; d) failure strain. 
 
From figure 1 it can be also verified that the same 
value of DoC is reached aging for six day at 
ambient conditions a resin previously irradiates by 
microwaves for 45 minutes. In this case both the 
values of strength and stiffness are smaller than 
those obtained by a cure under ambient conditions. 
The discrepancies among such behaviours could 
be, perhaps, attributed to a different homogeneity 
of the resin depending on the type and length of 
curing. 
Moreover, from figure 1 it can be noted as the resin 
cured for 75 minutes by using microwave radiation 
showed the almost the same mechanical properties 
of that cured in ambient conditions for 1 day (i.e., 
about twenty times more quickly). However, the 
degrees of cure reached were different (85% 
against 78%). In addition, 105 minutes of 
microwave irradiation provided to the resin the 
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same mechanical properties of that obtained with 6 
days of natural curing. Curing the resin for 3 hours 
under microwave radiations (supplied in the 
microwave oven with a power of 1500 W) provides 
an ultimate tensile strength and Young’s modulus 
of vinyl ester increasing of 25% and 10%, 
respectively, with respect to values obtained by a 
natural curing of 6 days. 
 
 

5 Conclusions 
In the present paper, a comparison was made 
between the mechanical behaviour of a vinyl ester 
resin cured naturally with that of a vinyl ester resin 
cured by microwave. The analysis of the results 
had confirmed that in both the cases the resin 
tensile properties depend on the length of curing 
time. The cure by microwaves provides in a shorter 
time strength and stiffness values greater than those 
obtained by the cure at ambient conditions. 
However, a long exposition to microwave radiation 
could be detrimental, leading to a strength 
degradation of the resin.  
Vinyl ester resins are rarely used without 
reinforcement, it is therefore interesting to examine 
the influence of resin properties on composite 
behaviour. Some preliminary investigations on the 
glass fiber/vinyl ester laminates, which results are 
not reported in the present paper, have shown a 
mechanical behaviour similar to that of the neat 
resin. Future work will be focalized on resin 
reinforced with glass fiber to confirm that 
expectation. Moreover, to test the real applicability 
of microwave technology for large component 
fabrication some studies will be devoted to 
investigate the scale effects. 
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