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Composites manufactured by small and medium industries/entrepreneurs (SMI/E) are conventionally cured in the horizontal
position. Hence, the confined space restricts optimum productivity. Besides, SMI/E is unable to allocate high budget for high-end
technology such as autoclave and vacuum mechanical oven which limits the development of SMI/E as a result of high capital cost.
Through a series of literature review, the review confirmed that there is no similar scientific study has been conducted. Consequently,
the review is carried out to facilitate the investigation of the feasibility of a gravity cured glass fiber laminated thermosetting
composites via vacuum bagging at angle position from horizontal (0°) to vertical (90°) to enhance the curing space required.

1. Introduction

Composite are not new such as polymer matrix composites
(PMC) that have been highly introduced and recommended
for applications that required high specific stiffness and
strength, dimensional stability, low density, and admirable
corrosion resistance [1, 2]. That is why fiber-reinforced PMC
are able to offer multiple advantages compared to the mono-
lithic materials, for instance, ceramics, plastics, and metals
[3]. Composites are commonly and widely applied in the sec-
tor of aerospace, shipping, and railway structures [4]. Glass
fiber is a common reinforcement used in composites espe-
cially in fiber reinforced plastics [5-8] and has high potential
in terms of its amazing properties and industrial demand
that attracts the researches to carry out investigations [9-11].
Meanwhile epoxy is a good candidate as the matrix in the
composite. Various researchers such as those in [12-14] had
carried out their investigations using epoxy due to its out-
standing thermal and mechanical properties such as high
temperature performance and high bonding strength [15,16].

Curing is an important process which may determine the
properties of the composite material. A proper curing sys-
tem can further enhance the performance. Conventionally,
composites are cured via thermal treatment by transferring
energy via conduction, convection, and radiation [17, 18]. The
raw materials in the composites, namely, reinforcement and
matrix, are of the low thermal conductivity and thus requires
longer curing duration. During the curing process, the forma-
tion of bonding is an exothermic reaction which produces an
internal heat and slowly dissipates out [19, 20].

In this research, an investigation is to be carried out
to look into the effect of gravity of laminated composites
cured at various angles ranging from 10°-90° by verifying the
mechanical properties such as tensile, flexural, and hardness.
Furthermore, the physical properties such as density, water
absorption and swelling are to be carried out since the physi-
cal properties could be the detrimental factors to the mechan-
ical performance. On top of that, the aim of the study is also to
find out whether there is any gravity effect on the composites
when the samples were cured at angled position ranging from



10°-90° with different resin. It is interesting to observe how
the curing process would affect the properties if different res-
ins of varying viscosities are used.

2. Thermoset as Matrix Material

Epoxy and polyester are two extensively used resins in the
composites’ field for various commercial applications [16, 21-
25]. They can be easily available and involve simple handling
procedures.

2.1. Epoxy Resin. According to Broomfield et al. [26], epoxy
resin is a class of versatile polymer material which is char-
acterized by the oxirane that is present within the molecular
structure. Epoxy can be categorized as an industrial ther-
mosetting resin and widely applied in engineering fields such
as aerospace industry and electric and electronic sectors [16,
27]. Meanwhile, epoxy is unique in its properties such as low
shrinkage, high strength, high resistance to environmental
degradation, and good elevated temperature service capabil-
ity [28]. Besides, epoxy shrinks less compared to other matri-
ces and can be cured at low temperature between 5° and 150°C
[29].

In addition, another favourable characteristic of epoxy
is having low viscosity during its uncured state which eases
the processing during fabrication without having to use high
pressure equipment [30]. Besides, the composites that can
be applied for structural applications requiring high strength
and low weight are those with epoxy resin reinforced with
glass fiber [31].

Thermosetting polymers are harder and stronger than
thermoplastics [32]. Besides that, thermosetting polymers are
insoluble in the organic solvents compared to thermoplastics.
The thermosetting polymers form three-dimensional net-
work structure due to the cross-linking of strong covalent
bonds during moulding. Therefore, thermosetting polymers
only degrade but will not turn soft even after prolonged heat-
ing. On the other hand, thermoplastics will become soft as a
result of easily broken secondary bonds when heat is applied.
Figure 1 shows the chemical formula of the epoxy resin.

2.2. Unsaturated Polyester Resin. Unsaturated polyester is a
rigid and low reactivity matrix and ever since has always been
a common and famous matrix in PMC [24, 33, 34]. Unsatu-
rated polyester is conveniently applied for hand lay-up fabri-
cated products for its room temperature cure capability with
the help of 1-3% of methyl ethyl ketone peroxide (MEKP) as
a hardener [35-37], transparency and low pressure moulding
capability [33].

Research by Pohlak et al. [38] and Yuhazri et al. [39]
proved that the ratio of polyester and MEKP catalyst is
manipulated from 0.8 to 2.0% can vividly show the signifi-
cance in curing time and its mechanical properties such as
modulus of elasticity and tensile strength. However, the high
MEKP content (more than 5%) in the composite leads to
shorter curing time but creates more defects such as shrink-
age, wrinkles, and over isothermal heat cracks and also redu-
ces mechanical properties. Another investigation revealed
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FIGURE 1: Chemical formula of the epoxy resin 1,3-bis(2,3-epoxy-
propoxy)-benzene [41].
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FIGURE 2: Chemical formula for unsaturated polyester.

that 12 hours of curing period is not sufficient to obtain its
desired composite properties, while 36 hours cure time does
not further influence the performance [40]. On the contrary,
24 hours at room temperature is just a perfect match of cur-
ing. Figure 2 shows the chemical formula of the unsaturated
polyester.

Unsaturated polyester is cured by free radical mecha-
nisms when exposed to light with the addition of MEKP [24].
Barbero [29] investigated that polyester has good UV resis-
tance to structural degradation which can survive exposure to
more than 30 years in service. Table 1 shows the density,
viscosity, advantages, and disadvantages of epoxy and unsat-
urated polyester.

During the curing of thermosetting composite, the
exothermic reaction will take place. As for the same amount
of mass of a fluid, the density and viscosity will decrease
slightly when the temperature is increased. Sih et al. [42] had
studied the heating changes of the physical and chemical state
of the resin. At the same time found a decrement in the resin
viscosity in the composite due to heating. The composite may
further be heated till the resin starts to flow. Additional heat
applied by increasing the temperature can lead to polymer-
ization and cross-linking in the structure. Raising the tem-
perature no doubt can decrease the viscosity of the matrix.
However, it can cause matrix degradation and thermal resid-
ual stress to the composites especially of those thick laminates
due to the exothermic reaction during curing [43, 44].

The viscosity of the resin plays important role in wetting
the fibers during the impregnation. Resins with lower viscosi-
ties tend to have more complete wetting. Imbalance wetting of
fibers will not have desired mechanical bonding between the
fibers and matrix [45]. Either resin starvation or resin rich
area is not good. According to Hoa [46], it may be a disad-
vantage to have more resin rich regions as these locations are
weak and act as areas for crack to nucleate when under load.
The lower the viscosity of a matrix, the larger and thicker a
composite structure can be manufactured [29].

3. Recent Researches on Laminated
Composites Using Glass Fibers

Glass fiber is the most commonly used fibers in the polymer
fiber-reinforced composites due to several factors such as low
cost, high tensile strength, and good insulating properties [25,
47]. As revealed by Sawant et al. [48], surface coating on glass
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TABLE 1: Density, viscosity, advantages, and disadvantages of epoxy and unsaturated polyester.

Matrix Epoxy Unsaturated polyester
1100 [12] 1100-1400 [49]
Density (kg/m’) 1100-1350 [50] 1200 [51]
1200-1300 [49] 1400 [50]
0.15 [52, 53] 0.4 [54]
Viscosity (Pa-s) at 25°C 90__137[[5:;] 0764 (20°C) [56]
10-15 [57] 0.3-0.4 [58]

Lower shrinkage [15, 28]

Low viscosity [59, 60]

Advantage Lower residual stress [28] Short curing time [59, 60]
Wide selection of curing ager.lt Wlth good control in the degree of Low cost [59, 60]
cross-linking [15, 28]
Disadvantage Brittle [28, 30] Poor resistance to acids [60]

Poor resistance to crack propagation/low fracture toughness

[15, 61]

Low fiber/matrix bond strength [60]

fiber can increase the alkali resistance and wearing resistance.
In a recent investigation by Furtos et al. [6], the mechanical
properties such as flexural strength and Young’s modulus
can be improved when unidirectional glass fiber bundles
were used instead of woven glass fiber, though woven glass
fiber has more favourable handling procedures. Besides, the
mechanical properties can be further developed by postpoly-
merization curing treatment and adding content of glass fiber.

3.1. Fiber Glass/Epoxy. Pihtili [31] reported in his study
that the glass fiber-epoxy resin composites generally showed
lower wear than glass fiber-polyester resin composites as the
wear occurs in the matrix instead of in the reinforcement
when tested under 0.39 and 0.557 m/s speeds at two different
loads of 5N and 10 N. A study by Ramirez et al. [2] found that
the strength of epoxy decreased by two folds when exposed to
water for 800 hours at 40°C under flexural testing. On top of
the finding, a conclusion of E-glass fiber can be degraded by
long term water exposure and worsened at elevated tempera-
ture. It is because the chemical nature of the polymer matrix
which is highly attracted to water that brings forth of plasti-
cization in the composites. The secondary bonding is broken
which can cause the reduction of Young’s modulus and glass
transition temperature.

In an analysis by Rao et al. [62], the tensile and inter-
laminar shear strength of a composite structure cured via
microwave is better than that cured via thermal. Beside that,
microwave curing technique also offers uniformity of cure
and substantial energy saving during the cure process. On the
other hand, woven glass fiber/epoxy composites laminated at
[0/90°], have high potential to replace a steel body cover in an
automobile with better performance such as 2.9 times impact
resistance, 3.35 times stiffness and, desirability factors 1.8
times compared to steel [7].

E-glass fiber will experience irreversible loss in terms of
tensile strength though at moderately low temperature and
short heating times. The composites will undergo a drastic
decrement in strength when the temperature is increased to

above 200°C [63]. When the temperature reaches 600°C, the
strength of the glass fiber is only found to have a few per-
cent of its original strength. The mechanical properties, for
instance, tensile strength, flexural strength and interlaminar
shear strength of the glass fiber-epoxy composite, are dimin-
ished if the glass fiber is pretreated with HCI acid prior to
silanization [64].

3.2. Fiber Glass/Polyester. From tensile and bending test, the
mechanical results of glass fiber-polyester composite such as
elastic modulus and tensile strength obtained are optimum if
the specimens are fabricated at 40°C with 1% of the initiator or
20°C with 2% of initiator [56]. In accordance with the increase
in the amount of initiator, the reaction rate increases while the
gelation time decreases. It is realized that microwave energy
can be applied to shorten the curing time [17]. The mechani-
cal properties of a glass fiber-reinforced polyester composite
that cure with microwave energy are comparable with those
cured for 10 days of self-curing.

From the long term water immersion experiment carried
out by [1], it is found that the composite made up of laminated
woven E-glass/polyester samples demonstrated highest resis-
tance to water proven with a low initial rate and absorption
rate due to lower void presence and higher glass volume
fraction. It is further explained that water is not allowed to
be absorbed through the cracks as a result of swollen matrix
in water immersion for duration of 30 months. Another water
absorption test was conducted, it concluded that diminishing
in the mechanical properties is caused by the decrease in its
glass transition temperature [65]. When there is high mois-
ture content in the matrix and/or interface, radial stresses and
fiber-matrix adhesion tend to decrease rapidly.

4. Curing

The investigation of new processing technique often results
in improved material performance or greater benefits. Con-
ventional curing of heating thermosetting resin in the oven is
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FIGURE 3: Effect of fly ash content on tensile, flexural moduli, and impact and tensile strength for conventional and microwave cured of fly

ash/epoxy composite.

a direct application of thermal energy from heaters. Besides
the traditional method of thermal curing, composites can
be cured by ultraviolet (UV), microwave, and electron beam
(EB) since they have shorter curing time at room tempera-
ture, lower cost, and more environmentally friendly [9, 67,
68]. When the isothermal curing of thermoset starts, the
initial reaction rate is dependent on the temperature and
degree of cure of the conditions [69]. Figure 3 shows the effect
of fly ash content on tensile, flexural moduli, and impact and
tensile strength for conventional and microwave cured of fly
ash/epoxy composite: (a) tensile and flexural moduli against
fly ash content and (b) impact strength and tensile strength
at break against fly ash content. From Figure 3, it can be con-
cluded that fly ash samples showed better tensile and flexural
moduli when conventional curing is carried out. On the other
hand, results of impact strength and tensile strength tend
to be higher for microwave curing rather than conventional
curing.

UV curing technique refers to the formation of cross-
linking and polymerization of a viscous liquid resin to the gel
formed and finally in the cured stage of solid resin via radia-
tion. The cross-linking will only be initiated upon the expo-
sure to the UV light [66, 70]. From the research carried out by
Abulizi et al. [9], it is reported that in situ UV curing method
is likely be the alternative fabrication technique for conven-
tional thermal curing process for large and thick composite
parts. On the other hand, it is concluded that the mechanical
properties such as tensile and flexural tests of 10-minute UV-
cured composites are comparable to the 4-hour 90° thermal
postcured treatment [70], while the 24 hours room tem-
perature cure composite exhibited the lowest performance.
Figure 4 reveals the in situ manufacturing process.

Epoxy resin cured by conventional oven-curing takes
prolonged duration [17, 62, 68, 71]. It is because the heat
diffuses from the surface to the core of the material depending
on the heat transfer rate. As a result, the curing time increases.
In contrast, the entire composite is heated simultaneously if
cured via microwave [18]. On the other hand, the microwaves

FIGURE 4: In situ UV curing manufacturing process [9].

curing method can also be applied to preheat to shorten the
final curing time besides allowing more uniform and efficient
cure [68, 71]. Higher polymerization rate, improved mechani-
cal and physical properties can be achieved in certain epoxies
if a pulsed microwave is used. Microwave curing is preferred
over conventional heating for a reduced curing time and
increased glass transition temperature. As such, the temper-
ature has to be controlled to avoid unexpected damage in the
composites. Figure 5 shows the schematic drawing of micro-
wave equipment.

As said by Vautard et al. [67], EB curing technique is
an energy efficient and environmental friendly process com-
pared to thermal heating curing. Lesser energy consumption
and curing cycle of several minutes are among the advantages.
EB curing is suitable for large and complex structures such
as for aerospace applications. EB curing involves high energy
electrons rather than heat to initiate the polymerization
process to enable the cross-linking to take place. Composites
cured by EB irradiation tend to have higher performance
compared to those done via thermal treatment such as better
fracture stress and bending fracture strain [14, 67]. Figure 6
shows the thermal history of the resin during the EB curing of
the composite laminate.
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FIGURE 6: Thermal history of the resin during the electron beam
(EB) curing of the composite laminate [67].

5. Theory of Fluid Flow

According to Cengel and Cimbala [60], an internal resistance
that develops within a fluid to mobility is called the viscosity.
The higher the viscosity a liquid possesses, the harder the
liquid to flow. When two mediums come into contact with
each other, a friction force exists at the surface of the contact
to resist the motion. At the same time, the gravitational force
that exists at all times tends to work against the friction
force to pull the uncured resin in the composites towards
one direction especially when an angle is applied during the
curing process. The gravity force may cause the uncured resin
such as the epoxy and unsaturated polyester to flow down-
wards making the resin more saturated at the bottom of

the laminated composite if the composite is tilted to cure at an
angle position demonstrating the effect of the density of filler
in metal matrix composite (MMC) but not in PMC [72].

In reality, the higher gravity force is likely to act on the
composite if a higher angle position is arranged. However, the
effect of gravity force on the uncured resin in the laminated
composite is considered quite limited. It is because a vacuum
pump is connected to the composite to suck the resin at all
four sides to work against the gravitational force that tend to
make the resin flow downwards. At the same time, the pump
sucks out trapped air within the sealed bag so that a vacuum
medium is prepared which allows the composite to expose
to the atmospheric pressure. As the composite now is being
compressed, it discourages the flow of liquid resin. In addi-
tion, the surface tension that exists between the matrix and
reinforcement will tend to resist the fluid flow. The idea
behind the research can be more understandable based on
Figure 7(a) that describes the glass fiber composite structure
that is being cured at horizontal position 0° while Figure 7(b)
cured at an angle between 10° and 80° with an increment 0f 10°
each to determine whether the viscous resin will be deposited
towards the bottom part of the composite region due to grav-
itational effect, and Figure 7(c) cured at vertical position 90°.

The pressure in a fluid increases with depth in vertical
position in a gravitational field. Therefore, more resin tends
to rest on the deeper layers. That is why the flow of resin is
anisotropic. The basic equation denotes the flow of the liquid
resin and in the case of porous reinforcement mat is called the
Navier-Stokes equation as

D
pD_’: = VP +uV’u+pg=VP+ uVlu, )

where p is the density, u is the velocity of the fluid, ¢ is the
time, P is the pressure, y is the viscosity of the resin, and g is
the acceleration due to the gravitational effect.

However, (1) can be further simplified due to low flow rate
by eliminating nonlinear momentum effects contained in the
material derivatives. Therefore, the modification of Navier-
Stokes is now called the Stokes flow as shown in (2)

0=-VP+uVu )

The reinforcement is permeable to the matrix while the
mechanical properties can be affected by the permeability.
This kind of fluid flow is governed by Darcy’s law. Darcy’s law
states that the rate of volume discharge through a porous solid
medium is related to the pressure gradient applied to the solid
and the hydraulic permeability coefficient k. Darcy’s law is
also known as seepage velocity as

(kij) (VP) 3)
u;= —(— |- )
1 ‘l/l 1

where u; is the volume average velocity of the fluid, k;; is the
permeability tensor for the preformance, y is the viscosity of
the resin, and P is the pressure in the resin.

Under Darcy’s law, there will be no viscous resin flow
when no pressure gradient is present over a distance as illus-
trated in Figure 7(a). On the other hand, when the composite
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FIGURE 7: Laminated composite cured at (a) 0°, (b) 10°-80°, and (c) 90°.

FIGURE 8: Curing angles of laminated composite.

structure is tilted to an angle as seen in Figure 7(b), the gravity
effect experienced by the higher region away from the hori-
zontal surface tends to have higher pressure. As a result, the
viscous resin flow will occur from high pressure towards low
pressure due to a pressure gradient. In Figure 7(c), the com-
posite is cured at vertical position; thus, an investigation is to
be carried out to check on whether resin starvation will occur.

The fibers are presumed to have a constant thickness
such as incompressible and nondeformable porous fibers

with isotropic permeability [43]. On the other hand, the resin
region is presumed to be isothermal and Newtonian with an
estimated steady viscosity. These assumptions are not firmly
valid and occur in applications but do generate an approxi-
mate analytic solution.

6. Future Planning of Methodology
or Development

In this research, wet lay-up and vacuum bagging techniques
are adopted to fabricate the four-ply laminated composite
structure. A mould set that has been coated with gel coat will
be prepared. Sealant tape is placed to surround the edge of the
mould. At the inner sides of the sealant tape, the silicon spiral
pipe is arranged to allow the excess resin to be sucked out
from the composite once the vacuum pump is turned on.

The stack of glass fiber is arranged in the orientation
of [0/90],. After that, ply-by-ply of the glass fiber sized of
approximate 420 mm X 460 mm will be placed on the mould
by applying the liquid resin (epoxy and unsaturated poly-
ester) by hand with the ratio of glass fiber/resin of 60:40
by weight. Beforehand, the MEKP hardener is added to the
resin approximately 1-3% by weight for the polymerization
and cross-linking to occur between the fiber and resin during
curing. Next, the release fabric or peel ply, perforated film,
breather cloth, and the nylon netting are laid over the stacked
laminated composite in the correct sequence.
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Lastly, the vacuum bag is spread over around the stacked
laminated and mould supported by the sealant tape to provide
an airtight seal to allow atmospheric pressure to act on it. The
mould is placed in a position of either horizontal or in the
designated angle (10°-90°) before switching on the vacuum
pump for an hour to vacuum out the trapped air at the same
time assuring no leakage occurs. Then, the laminated com-
posite is left to cure at room temperature still attached to the
chosen angle for around 24 hours before removing from the
mould and discarding the bagging materials. Figure 8 is the
proposed curing angles for the laminated composites.

Each of the composite structures is divided into top, mid-
dle, and bottom regions equally. The composites are prepared
to cut into the sample size according to the testing planned to
carry out. The tests under mechanical test are tensile (ASTM

D 3039), flexural (ASTM D 790) and hardness (ASTM D
2240) while physical test are water and swelling (ASTM D
570) and density (ASTM D 792). Figure 9 shows the estimated
dimension for the laminated composite for each of curing
angles. In the specimen, the gap of approximated 15cm is
prepared to differentiate between the top, middle, and bottom
regions. It is done to provide a clear distinction of whether
the effect of matrix in these three regions would give different
mechanical and physical properties when matrix of different
viscosity is used.

7. Conclusion

Besides using the various curing method such as ultraviolet,
microwave, and electron beam technique, a study regarding



an angle position curing method is investigated. This research
is considered as a novel study since no researchers have
carried out investigations concerning the gravity effect on
the laminated composite during curing. In order to verify
whether mechanical and physical properties of the laminated
composite via gravity curing are affected by the flow of resin at
the tilted angle position, the laminated cured composite that
is cured at 0° is set as the benchmark for other samples that
is cured at an angle between 10° and 90° with an increment of
10° each.
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