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Abstract: The manufacturing process of composite materials is crucial in determining their final quality and mechanical
and physical properties. Although manufacturing defects affecting mechanical properties cannot be entirely eliminated,
some process parameters can be improved to reduce them, and solutions without increasing manufacturing costs are
sought. Currently, research on aramid fibers and epoxy resin is booming; thus, this study aims to apply the vacuum bag
process with epoxy matrix and aramid fiber reinforcement, focusing on the manufacturing process parameters. Herein,
a procedure for the hand lay-up of aramid impregnated with resin and the vacuum bag method for a composite laminate
is described. Some variations and improvements in the vacuum bag technique were applied, improving the breathable lay-
ers in the mold to enhance the extraction of gases and promote a homogenous pressure distribution. ASTM procedures
were performed to obtain the density and constituent content of the composite material, resulting in a fiber volume frac-

tion of 0.606, a resin volume fraction of 0.294, and a porosity volume fraction of 0.098.

Keywords: Aramid fibers, out of autoclave, manufacturing process, voids, volume fractions.

Introduction

Composite materials are increasingly in demand in the aero-
space, automotive, marine, and military industries, mainly
because of their high strength-to-weight ratio. Composite lam-
inates with aramid fibers and epoxy resins are commonly used
in the design of personal and vehicle armors for protection
against projectiles. The mechanical properties of the composite
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laminate depend primarily on the fiber properties, the bonding
strength between the fiber and the matrix, and the manu-
facturing process parameters."? However, various defects in
the composite material can affect its mechanical properties.
These defects can occur in the fibers, matrix, or interface.
Defects in the fibers can be due to an irregular distribution,
misalignment, or broken fibers.** Defects in the matrix can be
due to incomplete curing and weak interface, which are caused
by the lack of compatibility or inappropriate impregnation of
the fibers, which produce regions of poor fiber/matrix adhesion
between layers and voids. A void is a discontinuity in a com-
posite material, and it is the most common and studied defect
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type. The voids are mainly due to air bubbles trapped in the
resin, gases generated in the chemical reaction during curing,
or a lack of resin impregnation to the fibers owing to their high
viscosity, moisture, and other process factors.>® Although void
formation has been identified and studied for each type of
manufacturing process, these defects cannot be eliminated.
Numerous studies have focused on monitoring the processing
parameters that originate the voids, reducing the causes that
produce them, and reducing their quantity, seeking to minimize
manufacturing costs.”” The presence of voids is a potential
stress concentration point when the material is subjected to
loads. Therefore, achieving a low void volume fraction is
desirable, and the technique and process parameters to obtain
a high-quality material with good mechanical properties are
significant.

The characterization of voids, their location, and the influ-
ence of the manufacturing processes that cause their formation
are topics that have been developed with technology evolution,

starting with the determination of the density,>®'**!

10,12,13,16,17

moving

from optical to electron micro-

1,2,6,11,14-16

microscopes
scopes, and ultrasonic tests with c-scan.® These tech-
niques have been used to determine the location, size, and
quantity of voids and evaluate their influence on the mechan-
ical properties of the composite. The most common mea-
surable characteristic of char is the void volume fraction in the
composite.

The autoclave manufacturing process provides a higher con-
solidation pressure during the high-temperature curing process
and ensures a high-quality part with low pore volume. How-
ever, the high acquisition and operating costs of autoclaves
have led to the development of new out-of-autoclave (OoA)
processing techniques to achieve good quality at a lower pro-
duction cost. Among the OoA methods are liquid composite
molding (LCM) and vacuum bags only (VBO); the latter uses
prepregs to compact them with a pressure difference. There is
also a variation in the VBO method to a double vacuum bag
(DVB), which has two vacuum bags combined with a per-
forated tool and is carried out in two phases, degassing and
compaction, allowing easy gas reduction during curing. Muja-
hid ez al."® compared the bagging techniques of a single vac-
uum bag (SVB) and DVB to understand the causes of the
defects. The data showed a lower percentage of pores using the
DVB technique owing to the double vacuum effect (balloon
effect), which facilitates the evacuation of gases. Hou et al."?
proposed the DVB technique to make composite laminates
with resins other than epoxy resin. Additionally, they created

laminates with SVB to have a point of comparison. Both tech-
niques used composite systems of carbon fibers/polyimide
(LARC®™ PETI-8) resin and fiberglass/phenolic resin. The
results revealed that the bond between the resin and the fibers
is better in the DVB method than that in the SVB method.
Moreover, fewer pores are observed in those manufactured via
DVB than via the SVB method. Abdurohman et al.'* proposed
a comparison of laminate manufacturing methods: hand lay-
up, vacuum infusion, and the vacuum bagging method, using
epoxy resin (lycal-type) and EW185 woven glass fabric. They
observed that using the manual method in many areas, the
resin did not attach to the fiber and had the highest number of
visible pores. In the vacuum bagging process, they appreciated
that the resin binds better with the fiber, although voids were
observed. In the vacuum infusion, there is a well-bonded resin
with the fiber and a decrease in gases or voids. Lee et al."”

3

made a comparison of the “vacuum assisted prepreg com-
pression molding” (VA PCM) method against the prepreg
compression molding (PCM) manufacturing method. Among
these methods, the carbon fiber reinforced polymer (CFRP)
plates manufactured via both PCM and VA PCM methods pro-
duced microgrooves with the smallest average size on the sur-
face. They also reported slightly lower pore values using the
VA PCM method.

Another vital process parameter is the number of curing
cycles. Typical cure cycles have a ramp graph over time and
include the pressure and temperature parameters. In the ramp
are the curing stages. The first stage allows the exhaustion of
the air and trapped gases and the flow of resin in areas without
impregnation. In the second stage, crosslinking of the resin
occurs and then goes on to consolidation.

In a recent study,'® they analyzed the types of curing cycles,
such as the manufacturer's recommended curing cycle
(MRCC), manufacturer's recommended extended curing cycle
(EMRCC), and direct curing cycle (DC). They determined that
the DC curing cycle exhibited the lowest surface porosity. This
was due to the lengthy vacuum retention time and high resin
viscosity, which increased the thickness, thereby decreasing
the porosity.

Wei et al."* manufactured CFRP composite laminates. These
laminates were processed at various curing temperatures (75,
80, and 85 °C) at different vacuum levels (70, 80, and 100%)
to observe the air evolution between the coats during VBO
curing. Observations showed that a reduced vacuum resulted
in inefficient inter-ply air evacuation, a more rapid bubble
expansion rate, and the formation of new air bubbles. Fur-
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thermore, if the high-quality vacuum is not maintained at the
start of curing, a considerable increase in porosity could occur.
They also found that the impregnation rate decreased as the
vacuum level decreased.

Surface porosity does not affect mechanical properties, but it
is significant in the final finish of the part. Surface porosity is
mainly due to the air trapped between the prepreg and base
tooling. Several studies have been dedicated to determining the
causes of surface porosity and techniques to reduce it. Hamill
et al.'® studied carbon fiber and epoxy composite laminates
manufactured with prepregs in a vacuum bag with an alu-
minum plate as tooling and measured the surface porosity
using a scanning electron microscope (SEM) for visual anal-
ysis. They confirmed that the surface porosity was attributed to
the air trapped at the tooling surface interface with the prepreg.
They affirmed that effective mitigation requires control of the
vacuum level in the bag, storage time in the prepreg freezer,
and prepreg wait time.

The increasing demand for composite parts and more com-
plex geometries has resulted in the development of new pro-
cessing techniques that lower production costs while enhancing
the quality and mechanical properties of the parts. Initially, the
process consisted of prepregs laid in a mold, sealed in a vac-
uum bag, and placed in an autoclave. Using an autoclave
increases the pressure exerted on the composite, thus reducing
the formation of voids produced by trapped air and gases gen-
erated during the resin curing. Consequently, autoclaving per-
mits composites of higher quality with a low fraction of voids
and improved mechanical properties. The vacuum bag process
is widely used and provides high-quality, defect-free, low-
defect composites. However, autoclaving is expensive, has
high operating costs, and is labor-intensive. Therefore, new
techniques have been developed without using an autoclave,
which are so-called manufacturing techniques out-of-auto-
ClaVe 9,11,22,23

In this paper, a procedure for hand lay-up resin impregnation
and the vacuum bag method for a composite laminate using
aramid fibers and an epoxy resin matrix are described. In addi-
tion, an arrangement of porous layers to enhance the extraction
of gases and promote a homogenous pressure distribution was
proposed to reduce the void fraction in the composite laminate
and improve the surface finish. To avoid damage to the aramid
fibers, a matrix-digestion process based on the ASTM D 3171-
99 standard method was used. An improvement of the matrix
digestion method is presented by applying a water recircu-
lation system and proposing an electrical temperature control
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system. In addition, the density and volumetric fractions were
obtained through experimental tests, and good results were
attained for the composite laminate with a low fraction of
voids.

Experimental

Materials. A composite laminate with 200 g/m? Twaron®
fabric and epoxy resin matrix was made with 28 plies of fabric
arranged in a 0°/90° warp orientation. The epoxy matrix was
prepared with 140 g of EPOLAM 2015" resin and 44.8 g of
EPOLAM 2015 hardener, which has a pot life of 130 minutes,
a density of 1.12 g/em’, and a tensile strength of 70 MPa.

Composite Laminate Manufacturing Method. The vac-
uum bag method was used, as described in reference.”> How-
ever excessive surface porosity and roughness were obtained
on the tool side of the laminate (see Figure 1). Therefore, mod-
ifying the lay-up sequence is required to obtain a better lam-
inate surface. A glass plate was used as a tooling, and a layer
of mylar was deployed as a release agent. A layer of fiberglass
mat was added, followed by a nylon fabric layer to enhance the
extraction of air and gases generated by the curing process and
to ensure homogeneous pressure and impregnation in the area.
By-hand impregnated plies of aramid were deployed over this
base.

A similar arrangement was deployed on the upper surface in
the following order: a layer of nylon fabric, a fiberglass mat to
absorb excess resin, and a layer of mylar to prevent the vac-
uum hose from sucking resin. A breather cloth layer was
arranged on top of the assembly to allow the discharge of gases
and a uniform vacuum. Finally, the stacked layers were cov-
ered with a flexible plastic membrane and sealed around the
perimeter of the mold, as shown in Figure 1. Then, the plastic
bag was connected by a hose to the vacuum pump, and a vac-
uum was applied. A vacuum gauge was connected to the other
end of the bag for the vacuum pressure measurement. Curing
was performed at room temperature for 12 hours at 480 mmHg
of vacuum pressure.

Density Determination. The density measurements were
performed according to ASTM D 792-08% and ASTM D
380099.%” The volume of the specimen was calculated using a
hydrostatic method, which indicates that when an object is
totally or partially immersed in a liquid, it experiences a buoy-
ant force equal to the weight of the dislodged liquid (see Figure
2). Once the volume and mass are known, the density of the
composite can be calculated.
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Figure 1. (a) & (b) Laminates with disproportionate surface rough-
ness and porosity; (c) scheme of the lay-up sequence of Vacuum bag
assembly.

To perform the test, ten rectangular specimens were cut with
an abrasive disc, 15 mmx25 mm, and 5 mm thick laminate
composed of 28 plies of aramid/epoxy. The masses and vol-
umes of the samples are listed in Table 1.

Once the test was completed, the specimens were wrapped
in aluminum foil to identify them and avoid contamination.

Matrix Digestion Test. This test used the same samples as
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Figure 2. Scheme of the density measurement.

Table 1. Weight Measurement and Volume Calculation of the
Specimens

Sample weight Specimen volume

Specimen (ar) (cm’)
1 2.557 2.034
2 2.662 2.161
3 2.75 221
4 2.544 2.098
5 2.429 2.03
6 2511 2.073
7 2.329 1.922
8 2.576 2.157
9 2.677 2227
10 2.438 1.995
Average 2.547 2.091
Standard deviation 0.128 0.098
Variation coefficient 0.050 0.047

the density measurements, which were previously recorded
and saved. The test was performed according to ASTM D
317199 Constituent Content of Composite Materials, Al. Pro-
cedure A: Matrix digestion using nitric acid.?*

This test consists of four steps:

1) Determination of the weight and volume of the specimen.

2) Digestion of the resin matrix.

3) Washing and drying the fibers.

4) Determination of matrix, fiber, and void volume fractions.

A three-neck ball flask was used to connect an Allihn
(reflux) condenser on one side of the neck, a thermometer in
the central neck, and a pear-type safety funnel with hydrogen
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Figure 3. Scheme of the assembly for acid dissolution and connec-
tion of the electrical temperature control system.

peroxide on the other side of the neck, as shown in Figure 3.
Resin digestion was performed by immersing the specimen in
35 mL of 65% concentrated nitric acid at 70 °C for 3 h, as
shown in Figure 3. Caution must be exercised when nitric acid
is maneuvered, and wearing appropriate industrial plastic
gloves and a full-face respirator mask with filters is mandatory.

A water bath was used as a coolant to keep the maximum
temperature limit at 90 °C. Moreover, natural cork stoppers for
the flask were used because the acid at these temperatures
becomes so aggressive that it can damage the rubber stoppers,
releasing fragments that contaminate both acid and fibers and
causing an error in the test results.’® Water must circulate
through the Allihn condenser to ensure that toxic gases do not
emanate completely, so a water recirculation system with a
pump was used to avoid wasting the water.

The pear-shaped safety funnel with hydrogen peroxide has
two purposes, the most important is to dilute the acid in case
of an emergency, and the other is to rinse the acid substance to
observe the inside of the flask and verify the total dissolution
of the resin through visual inspection. An on/off control system
was used to regulate the temperature using a type-J ther-
mocouple and an electromechanical relay, as shown in
Figure 3.

Fiber Washing and Drying. To pour the acid and the fibers
from the three-necked ball flask, two containers must be pre-
pared: the first to put the fibers and to filter the acid (Gooch
crucible), and the second to store the acid (Kitasato flask).

The fibers were washed first with hydrogen peroxide and
then three times with distilled water. They were washed one
last time by pouring acetone on them, and then a vacuum was
applied, as shown in Figure 4.

The Gooch crucible with the fibers was then placed in an
oven and dried for one hour at 100 °C. Finally, the crucible
with the fibers was placed in a desiccator for one hour to cool
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Figure 4. Scheme of Washing and vacuum application.

down its temperature and weigh it.

Volume Fractions Measurement and Void Content.
These measurements are based on ASTM Standard D 3171-
99.2* The previous standard aims to obtain the volume frac-
tions of each composite material constituents using the resin
digestion method.

When the fibers were completely resin-free, the weight of
the fibers and the Gooch crucible W, were measured, and
the weight of the empty crucible W, were then obtained.
Using the previous measurements and eq. (1), the weight of the
fibers W; can be calculated.

Wf: W:Hﬁb - Wcru (1)

Once the weight of the fibers W; and specimen W, are
known, the resin weight I, can be calculated using the fol-
lowing equation:

We=Ws=W; @

Now that the weight of the constituents were calculated and
having the density value of each constituents, the volume of
aramid fiber vy and volume of resin v, were obtained using eqs.
(3) and (4). The density values of the constituents are p,=1.17
glem’, p=1.44 g/em’.

Wy

V= — 3

- G)
w

y =i 4
Pr @

The void volume of the composite material v, can be cal-
culated using eq. (5), based on subtracting the volumes of the
constituents (v; and v,) from the specimen volume (vy).

VW=V~ Ve~V Q)]

Finally, the volumetric fractions of the resin (V}), aramid
fiber (V7), and void (V,) can be calculated using egs. (6), (7),
and (8).
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Results and Discussion

Modified Vacuum Bag Method. With the proposed mod-
ified vacuum bag method, correcting the main problem pre-
sented in the composite material is possible using the classic
vacuum bag method, which exhibited a high porosity and
unwanted roughness on the side of the mold face.

Considering that the molding method generates too many
pores, the alternative of adding fabrics on the side of the mold
face was conceived, which would help evacuate excess resin,
distribute pressure, and escape air and gases. Nylon and fiber-
glass were used in this study. The nylon, a permeable fabric,
allowed excess resin, gases, and air to pass through, finally
detaching from the laminate once cured. The glass fiber was
selected because it is a porous medium that allows adequate
evacuation of the gases produced by the polymerization pro-
cess. When placed on the mold side surface, both fabrics
(fiberglass and nylon) generated better impregnation, decreased
bubble formation, and surface porosity; and together, they pro-
duced a homogeneous consolidation pressure on the mold.
Therefore, a composite material with good quality was achieved.

Density, Volume, and Void Fractions. The test results
revealed a low density of 1.218 g/cm’ for the composite mate-
rial compared to metals. For example, aluminum has 2.70 g/
cm’. In addition, a 2% variation was observed in the resulting
densities, indicating consistency in the density measurement.

For the result of the fiber volumetric fraction, a reinforce-
ment volumetric fraction of 0.606 was achieved. This high
value was attained because a composite material for structural
application must have at least a 0.600 fiber volumetric fraction.

A volumetric fraction for the resin of 0.294 was obtained,
which is an expected value because this manufacturing method
allows high reinforcement percentages. Likewise, the variation
in the standard deviation of the resulting volumetric fractions
of the matrix was small at 1.7%.

Meanwhile, the pore volume fraction of 0.098 was attained,
a typical value, because it was expected to be low owing to the
manufacturing method. In addition, the variation in the stan-

Table 2. Density Results and Volumetric Fractions

Density  Frac. vol. Frac. vol. Frac. vol.

Specimen (gr/em®) fiber resin void
1 1.256 0.631 0.297 0.071
2 1.231 0.621 0.288 0.090
3 1.244 0.634 0.282 0.08
4 1.212 0.608 0.287 0.103
5 1.196 0.583 0.304 0.111
6 1.211 0.593 0.304 0.101
7 1.211 0.622 0.269 0.107
8 1.193 0.559 0.332 0.108
9 1.201 0.591 0.299 0.109

10 1.221 0.622 0.278 0.099
Average 1.218 0.606 0.294 0.098
Standard deviation ~ 0.020 0.024 0.017 0.013
Variation coefficient 0.016 0.039 0.059 0.133

dard deviation of the pore volume fraction results was small
(1.3 %). Table 2 lists the results obtained for the density and
volumetric fractions of the specimen constituents.

Conclusions

Many studies have focused on finding new processing tech-
niques for composite laminates to reduce manufacturing
defects. In this study, some variations and improvements in the
vacuum bag method are presented. Laminates are manufac-
tured using 28 layers of aramid fibers impregnated with epoxy
resin. Usually, the variations in the vacuum bag manufacturing
method by adding nylon and fiberglass make the technique
more efficient and provide uniform compaction pressure on the
laminate surfaces, resulting in a proper bond between the
matrix and the fibers and obtaining a compound with a high
volume of reinforcement, a low percentage of pores, and good
quality in the laminate. Additionally, it is a simple and eco-
nomical manufacturing method.

Experimental tests were performed based on the standard-

M2+%27 to investigate the content of the

ized procedures of AST
constituents of the composite materials and the density mea-
surements. The tests were satisfactory in addition to the low
dispersion of the results. Regarding the matrix digestion pro-
cedure improvement, applying the proposed water recircula-
tion system avoided waste, and employing the proposed

electric temperature control system provided security to the

Polym. Korea, Vol. 47, No. 1, 2023
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test.

The density value is desirable as it is relatively low, indi-
cating a high resistance/weight ratio.

Furthermore, a fiber percentage of 60.6% and a resin per-
centage of 29.4% were obtained, which can be considered
good enough for a structural application composite laminate
manufactured using the vacuum bag method.”**° An average
porosity percentage of 9.88% was attained, and the results
revealed variations from 7% to 11%. This variations can be
attributed to the type of 200 g/m* unidirectional aramid fabric
used.
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