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Abstract: The application of polymer matrix composites has found valuable in many engineering fields like electrical,
marine, aerospace, electronics and microelectronics. Thus, a new technique like microwave through electromagnetic energy
was explored for processing of polymer matrix composite. The roles of microwave in the post curing of polymer matrix
composites cannot be underestimated, as it has the capacity to improve the mechanical and micro-structural properties of the
composite produced. The aim of the study is to investigate the effect of microwave post curing on the mechanical and micro-
structural properties of particulate reinforced polymer matrix composites. These effects were compared with composites post
cured using conventional autoclave oven with the objective of investigating the significance of microwave curing on the tensile
strength and structural qualities in terms of defects of the produced composites. A specific study comprising of aluminum filled
polyester based composite and carbon black filled polyester based composite were investigated using two different composite
curing methods (microwave oven and conventional autoclave oven). The investigation, through experimentation was based on
mechanical property (tensile strength) and micro-structural quality (defects) of the produced composites. Comparing the results
of the post-curing of the composites using microwave and conventional methods, there is direct relationship between the
tensile strength and the percentage weight fraction of the fillers with respect to the post curing methods. 30% aluminium filled,
post cured in microwave has 0.01 MPa tensile strength, 20% aluminium filled (microwave) has 0.0076MPa while 30%
aluminium filled (conventional oven curing) has 0.0092MPa and 20% aluminium filled (conventional oven curing) has
0.0068MPa. Also, composites post-cured with microwave show less voids defect compared to that post-cured by conventional
autoclave oven. It was shown in this paper that post-curing of the particulate composites through microwave was able to
improve the tensile strength and minimize defects better as compared to conventional autoclave method.
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Although RF and microwave operate in a similar way,
microwaves can offer better uniformity. However, both RF
and microwave are usually limited to dielectric materials
with specific dipolar properties [1].

Particulate composites are commonly used today in many
aerospace and industrial applications [2]. They offer a wide
range of attractive material properties, both mechanical and
physical, that cannot be achieved using conventional
engineering alloys [2]. These enhanced materials properties
are the direct result of the interaction between the matrix and

1. Introduction

Electromagnetic energy has been employed for many years
for industrial applications, including wood drying and bread
processing [1]. There are several ways in which
electromagnetic energy can be applied, such as induction,
radio-frequency (RF) or microwave [1]. The main difference
is the frequency at which these techniques operate.
Depending on the material to be processed, the different
frequencies can offer different levels of performance [1].
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the reinforcement [3].

In a particulate composite materials system, the
reinforcement strengthens the matrix both extrinsically, by
load transfer to the particulate reinforcement, and
intrinsically, by increasing dislocation density [3-4]. The
interaction between the particulate reinforcement and the
matrix is the basis for the enhanced structural and materials
properties associated with particulate composite materials
systems. Composite materials properties can be tailored to
meet specific engineering requirements by selecting a
particular reinforcement and varying the amount added to the
matrix. In this fashion, the structural and mechanical
properties of the composite materials system can be
controlled with some independence [5].

Increasing the reinforcement volume in a composite
system increases mechanical properties, such as elastic
modulus, ultimate strength, and yield strength, while
reducing the thermal expansion and, in some cases, the
density of the composite system. Unfortunately materials
properties such as ductility and fracture toughness typically
decrease with increasing reinforcement volume [2] [6].

The increase in the elastic modulus, strength (ultimate and
yield) and improved structural quality is believed to be due to
the difference in thermal expansion between the
reinforcement particles and the matrix during curing. Most
reactions in polymer matrix composites are condensation
type, thus there is possibility of gases been trapped in
between the composite during curing depending on the
method used. The trapped bubbles constitute voids in the
composite when finally cure which may render the products
useless if too much [7]. Also during the production of these
composites, both the reinforcement and matrix are heated to
processing temperature, brought to curing condition of matrix,
and then allowed to cool. The thermal contraction of the
matrix during cooling is typically much greater than that of
the reinforcement, which leads to a geometric mismatch [2].
At the particle-matrix interface, this geometrical disparity
creates mismatch strains that are relieved by the generation
of dislocations in the matrix originating from sharp features
on the ceramic reinforcement. Discontinuously reinforced
matrix composite materials systems are commonly used in
applications that require high specific materials properties,
enhanced fatigue resistance, wear resistance, controlled
expansion. Additionally, composite may be designed to yield
a materials system that offers multiple roles [8]. Some
examples of multiple roles that particulate composite
materials systems offer include high strength and fatigue
resistance for aerospace and mechanical applications,
moderate strength and neutron absorption capabilities for
nuclear applications, high strength and wear resistance for
heavy equipment applications, and impact/energy dissipation
for armor applications [8]. The correct selection of
reinforcement is very important in yielding desired resultant
materials properties. An improper reinforcement selection
may lead to less-than-desirable composite materials
properties, difficulty in fabrication of end product, poor
quality and high cost [9]. The aim of the study is to

investigate microwave post-curing of polymer matrix
composites. The effects were compared with that post-cured
using conventional autoclave oven with the objectives to
determine the effectiveness of microwave post curing to
improve the tensile strength and structural quality in terms of
defects of the produced composites.

2. An Overview of Prospects of
Microwave Processing

The application of microwave energy to the processing of
various materials such as ceramics, metals and composites
offers several advantages over conventional heating methods
[10]. These advantages include unique microstructure and
properties, improved product yield, energy savings, reduction
in manufacturing cost and synthesis of new materials [11].

Nightingale [12] compared autoclave cured composites to
microwave post-cured, autoclaved composites and fully
microwave cured composites. The flexure test results showed
that microwave post-cured composites produced the lowest
mechanical performance, with the conventional autoclave
cured composites producing the highest. Lee and Springer
[13] even reported microwave curing of multidirectional
composites as unsuccessful where no cure was achieved.
Other studies have shown that microwave heating produced
an improvement in the mechanical and interfacial properties.
This is believed to be due to better adhesion between the
fibre-matrix interface (in the case of carbon-epoxy
composites) as carbon fibres absorb most of the microwaves
and therefore ‘locally’ heat the interface first, as opposed to
relying on conduction/convection as reported by Wei et al.
[14] and also possibly due to a reduction in thermal residual
stress as microwaves heat through the material. Certain
studies, such as those carried out by Boey and Yue [15-16],
reported an increase in elastic modulus but a decrease in
tensile strength for microwave cured composites compared
with thermally cured ones. The inconsistency in the results
obtained by past research makes it difficult to draw a clear
conclusion. It is believed that this can be attributed to three
reasons. First is due to the different equipment employed by
the researchers. This is critical as in many cases, microwave
field homogeneity is not achieved and therefore the measured
performance depends on the location of the sample within the
chamber. Secondly by the different experimental techniques
employed, e.g. some used time and power as reference,
whereas others used temperature; some employed pressure,
others did not, etc. And finally, due to the different materials
used. The curing mechanism and its interaction with
microwaves differ between materials of different chemical
structures.

In term of compressive strength, Akay et al [17]
investigated the moisture absorption behaviour of kevlar-
49/epoxy-resin laminates when the samples were cured using
autoclave and microwave oven. They concluded that
moisture  absorption of the specimens deteriorates
approximately 5% per 1% absorbed moisture. Jian Zhou et al
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[18] , through research proved that curing of epoxy resins  proved that the amount of maleic anhydride used as curing
with maleic anhydride as the curing agent using microwave  agent can be this time reduced by about 5%. Thus,
curing technique increased the compressive strength when  concluding that microwave processing of polymer is an
compared with the thermal curing technique. They also  efficient and energy-saving technology.

Source: [10]

Figure 2.1. Microstructures of sintered titanium samples: (a) microwave and (b) conventional.

Source: [22]

Figure 2.2. Surface microstructures of the glass—ceramic coatings obtained by heat treatments of the glass coatings for 90 min at 880°C followed by 90 min at
1020°C: (a) conventional, (b) microwave and cross-sectional microstructures showing surface regions of the similar coatings, (¢) conventional (d) microwave.
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Bambang Soesatyo et al [19], investigated polycarbonate
sandwich joined with a fast cured epoxy adhesive and found
that microwave cured adhesives had higher tensile bond
strength when processed with addition of Sterling carbon
black dopant polycarbonate butt joint specimens. They also
concluded that high bond strength in microwave cured
resulted in a uniform stress level across the joint surface. Bai
et al [20], compared the mechanical behavior of epoxy resin
cured by microwaves and one cured thermally and concluded
that, microwave cured resin have a little higher tensile
strength and Young’s modulus than thermally cured resins
because of greater homogeneity. Further, the tensile strength
and Young’s modulus of microwave cured resins increased
with the strain rate. Bai et al [20], investigated unidirectional
continuous E-glass fibre/epoxy composites cured using both
thermal and microwave. Mechanical behaviour of the
composites was studied by in situ transverse tensile tests and
they concluded that fiber-matrix interface of microwave
cured is stronger than that of thermally cured composites.
Also more voids exist in microwave cured composites then
thermal cured composites when rupture mechanism was
analyzed. This difference was noted due to the shorter time
and lower applied pressure of microwave curing composites.
Chaowasakoo et al [21], studied fly ash/epoxy composites
cured by both thermal and microwave curing methods using
differential scanning calorimeter and determine that the
composites cured by microwave consumed shorter cure time
and had higher ultimate strengths especially impact strength,
and strain at break than those by the conventional thermal
cure. They concluded that the tensile strength of the
microwave cured composites increased with increasing fly
ash content in microwave cured composites, whereas tensile
strength decreased in thermally cured composites.

In terms of microstructures, Kwak et al [1] studied gerits
600g unidirectional low modulus carbon fibre reinforced
epoxy WE91-2 composite, typically employed for the
production of wind turbine blades using vacuum bagging and
post-cure using conventional and microwave. It was observed
that similar void contents were resulted between the
conventionally cured and microwave cured composites. Das
et al [22] worked on sintering of titanium powder and
discovered that sintered titanium had finer microstructure
(average grain size 1.29um) in comparison to that of
conventionally sintered titanium (average grain size 3.6 um).

Crystallization of MgO-Al,O;-TiO,-based glass coating
with identical composition was conducted by Das et al using

microwave and conventional heat treatment processes. Finer
crystallites were generated in the glass coating by microwave
processing than the sizes of the crystallites obtained in the
conventionally processed coating [23].

3. Methodology

3.1. Material and Equipment Selection

The materials (unsaturated polyester resin, aluminum
powder and carbon black reinforcement) and equipment used
in this study are the same as used by Adeodu et al [24]

3.2. Composite Manufacturing Process

The composite manufacturing process is the same as used
by Adeodu et al [24]. Alongside with the post curing, is the
characterization of the composite samples, where mechanical
and microstructure properties of the composite samples were
determined. The mechanical and micro-structural properties
of the composites were determined by universal testing
machine for tensile strength and optical scan microscope for
detection of defects in the samples respectively.

3.3. Properties Characterization and Testing

3.3.1. Determination of Mechanical Properties under
Compression
The tensile strength is the maximum strength that material
can withstand without breaking. It is the highest point in
stress — strain curve. It can be determine by:

Tensile Strength = Maximum Load/ Cross-Sectional Area 3.1

The tensile test was carried out using universal testing
machine. The indenters were loaded on the measuring scale.
The gauge length of the indenters was set to 3cm on the
measuring scale which was laid on the compression testing
machine diagonally for maximum stability. As shown in figure
3.1, vernier calliper was used to measure the width and
thickness of the specimens. The sample loads were placed at a
distance between the two indenters on the compression testing
machine. Electronic micrometer was connected to the testing
machine so that elongation of specimens with increase in the
tensile load can be traced. Care must be taken so that samples
do not slip from its grip by using the right size of jaw. Select
appropriate pressure on the samples that will neither cause
breaking of the sample nor slip.
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Figure 3.1. Tensile Property measurement in Progress.

3.3.2. Optical Morphological Observations

Defects in the fabricated composites are mainly in the
form of voids, delaminations and lack of wetting during resin
mixing. In this study optical scan was used to study the
defects in the composite panels. Optical scan was used to

gauge the extent of defects in each cured laminate prior to
testing. Optical scan did not give an absolute value of void
content but it could detect which panel contained more
defects than others.

Figure 3.2. Microstructure Analysis in Progress.
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4. Results Discussion

4.1. Comparison of Tensile Strength between the Microwave and Conventional Heating for Polyester-Aluminum Composite
and Polyester - Carbon Black Composites

Table 4.1. Maximum Force and Tensile Strength of Composites Sujected to Microwave Curing.

Percentage Weight Fraction of Samples (wt%)  Cross — Sectional Area of Samples (mm?) Maximum Force (kN) Tensile Strength (MPa)

30% Aluminium filled Polyester Composite 2500 25 0.01

20% Aluminium filled Polyester Composite 2500 19 0.0076
10% Aluminium filled Polyester Composite 2500 13 0.0052
20% Carbon Black filled Polyester Composite 2500 10 0.0040
10% Carbon Black filled Polyester Composite 2500 8 0.0032

Table 4.2. Maximum Force and Tensile Strength of Composites Subjected to Conventional Oven Curing.

Percentage Weight Fraction of Samples (wt%)  Cross — Sectional Area of Samples (mm?) Maximum Force (kN) Tensile Strength (MPa)

30% Aluminium filled Polyester Composite 2500 23 0.0092
20% Aluminium filled Polyester Composite 2500 17 0.0068
10% Aluminium filled Polyester Composite 2500 12 0.0048
20% Carbon Black filled Polyester Composite 2500 7 0.0028
10% Carbon Black filled Polyester Composite 2500 5 0.0020
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Figure 4.1a. Tensile Strength Curves for varying weight fractions of Aluminium filled Polyester Composite for Microwave and Conventional Oven Curing.
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Figure 4.1b. Tensile Strength Curves for varying weight fractions of Carbon Black filled Polyester Composite for Microwave and Conventional Oven Curing.
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Figures 4.1a&b show the relationship between the tensile
strength and percentage weight fraction of fillers (aluminium
and carbon black) used for both microwave and conventional
oven heating respectively. There was a general agreement in
the two curves that percentage weight fraction of the
particulate reinforcement has high impact on the tensile
strength of the two composite systems. There is direct
relationship between the tensile strength and the percentage
weight fraction of the fillers with respect to the post curing
methods. 30% aluminium filled, post cured in microwave has
0.01 MPa tensile strength, 20% aluminium filled (microwave)
has 0.0076MPa while 30% aluminium filled (conventional
oven curing) has 0.0092MPa and 20% aluminium filled
(conventional oven curing) has 0.0068MPa. This result can
be traced to the statement from the literature [25-30] that the
degree of reinforcement or improved mechanical properties
in a composite is dependent on the level of bonding at the
matrix — particle interface. Therefore, higher percentage
weight fraction of the particulates reinforcement increases
the bonding of the constituent at the interface. Similar impact
was experienced for carbon black filled polyester composites.

Comparing figures 4.1 a&b, it was observed that
aluminium filled polyester composite samples have higher
tensile strength compared to carbon black filled polyester
composite samples both in microwave curing and
conventional oven curing. For example, 20% aluminum filled

polyester (microwave curing) has strength of 0.0076MPa, 20%

aluminium filled polyester (conventional curing) has
0.0068MPa, whereas 20% carbon black filled polyester has

strength of 0.004MPa and 20% carbon black filled polyester
(conventional curing) has 0.0028MPa respectively. This may
be traced to metallic fillers more reactive than non metallic
which resulted in higher degree of cross-linking in the
aluminum filled polyester composite than that of carbon
black filled polyester composite.

More observations were made by further comparing the
tensile strength of composites curred by microwave oven to
those curred by conventional oven. It was observed that the
two systems of composite have higher tensile strength when
curred in microwave oven to those curred using conventional
oven. These show the effectiveness of microwave oven
curring of composites in improving mechanical properties of
composites than conventional oven.

4.2. Comparison of Microstructure Properties between the
Microwave and Conventional Heating for Polyester-
Aluminum Composite and Polyester- Carbon Black
Composites

Figure 4.2 and 4.3 show the micro structural scans of the
post-cured samples using microwave and conventional
autoclave oven. These figures show effect of the post-curing
techniques on the microstructure properties in terms of voids
and delaminations in aluminum filled polyester and carbon
black filled polyester composites. Voids are caused by
trapped hydroscopic water and water vapour bubble within
the parts during lamination [31]-[33]

Figure 4.2a. Micrograph of CB filled Polyester Composite Cured with Conventional Oven.(Mag x100um)



92 Adeodu Adefemi et al.: Effect of Microwave and Conventional Autoclave Post-Curing on the Mechanical and
Microstructural Properties of Particulate Reinforced Polymer Matrix Composites

L

Figure 4.2b. Micrograph of Aluminum filled Polyester Composite Cured with Conventional Oven. (Mag x100um,).

Figure 4.3a. Micrograph of CB filled Polyester Composite Cured with Microwave Oven. (Mag x100um).

Figure 4.3b. Micrograph of Aluminum filled Polyester Composite Cured by with Microwave Oven. (Mag x100um).
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In figure 4.2a&b, it was observed that part surface of the
samples cured with conventional autoclave oven were full of
voids more than those cured with microwave oven. This could
be traced to the statement made by Philips [34], that some
polymers undergo condensation type chemical reactions during
curing which produce volatile reactants. The higher exterior
temperature of conventional heating technique tends to
advance curing at the surface of the parts, sometimes forming a
hard impermeable skin on the part surface which can trap the
volatiles given off during the condensation type reaction.
Trapped volatiles usually result in excessive voids and
delaminations, essentially rendering the finished part useless.

5. Conclusions

1. The use of microwave oven curring of composites
improves mechanical properties of composites better
than conventional oven.

2. The use of microwave oven curring of composites
facilitates microstructural properties of the composites
better than conventional autoclave oven
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