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Abstract

The Resin Infusion or the VARTM (Vacuum Assisted Resin Transfer Mold-
ing) process has significant potential to be used to manufacture curved com-
posites. Another way to produce curved or complex geometry is to use 3D
printers. 3D or FDM (Fused Deposition Modelling) printers are now being
used to produce relatively cheaper curved parts using thermoplastics such as
PLA. However, the strength and mechanical performance of these parts is li-
mited and can be enhanced if the polymer is reinforced with a type of fiber
for instance. Research is being carried out to produce fiber rein-forced ther-
moplastic composites but that process is expected to be more expensive than
the alternative methods such as injection or compression molding. Further-
more, to understand the manufacture of a hybrid composite using thermop-
lastics, fibers and epoxy resin, research and investigation need to be carried
out. In this research, there are single-sided, double-sided, reusable, disposable
and consumable molds. Most of the molds were created either using an FDM
printer or manually. These molds were then used to manufacture flat and
curved composite structures via the resin injection process, .e. VARTM with
epoxy resin system and glass/carbon/flax fiber reinforcement. By replacing
the costly metallic molds by significantly cheaper molds, the cost of produc-
tion was expected to further reduce. Furthermore, using double-sided PLA
molds was not expected to be a threat to the overall cost of the composite part
in question compared to double-sided matched molds used in compression
molding. Shear strength, tensile strength and charpy impact strength of most
of the manufactured composite parts were also investigated. The strengths
were compared based on the method of mold usage. The results showed that
this method is effective for a cheaper production of curved epoxy resin com-
posites. However, the strength of the part will decrease as the curved profile
gets more complicated unless the basic resin infusion process is altered.
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1. Introduction

The Resin Infusion (aka. Vacuum Assisted Resin Transfer Molding VARTM)
process has been developed over the last twenty years to manufacture large-scale
composite parts for commercial and military applications. This technique is be-
ing increasingly used to produce parts and tools in the marine, wind energy, au-
tomotive and aerospace sectors [1] [2], being particularly suitable for medium to
large components, and low production runs [3]. VARTM is a cheaper technique
if compared to other sealed mould, compression moulding or autoclave manu-
facturing techniques, especially as part size increases. When compared to the wet
hand lay-up process and Resin Transfer Molding, it minimizes styrene and var-
ious gaseous emissions while maintaining simple single-sided mould setup. Sig-
nificant amount of research is being carried out to manufacture complex shaped
composites using resin infusion and test the composite parts.

Fused deposition modelling (FDM) is a particular Layered Manufacturing
(LM) technique in which each section is fabricated through vector style deposi-
tion of building blocks, called roads, which are then stacked layer by layer to fa-
bricate the final object. The 3D printer used in this research uses the same con-
cept. Anna Bellini [4] laid emphasis on improving the liquefier dynamics of
FDM because this technology is believed to bring about the possibility of fabri-
cating not only a model but even the finished product or a mold for use in fur-
ther manufacturing. Zein and co-workers [5] constructed Porous FDM scaffolds
by forming layers of directionally aligned microfilaments within a geometrical
3D structure. They concluded that if the scaffold porosity is controlled, the scaf-
folds can withstand high compressive pressures. Ahm and co-workers [6] pro-
duced 3-D parts using FDM and the tensile and compressive strengths of the
parts were comparable to the parts produced by injection molding with the same
material. Montero and co-workers [7] supported this. Ang and co-workers [8]
were in agreement with Zein and found a logarithmic relationship between the
mechanical properties and the porosity of the scaffolds. Bellini and Gucery [9]
also found out that the build strategy of the 3-D part or the scaffold has direct
effect on the performance of the part. Bagsik and Shoppner [10] found out that
the build strategy and the part structure affect the tensile strength of the 3-D part
produced by FDM. In another research Bagsik and co-workers [11] believed that
the FDM technology can produce manufacturing tools and even end-use parts.
Hence, they determined the available mechanical data based on the process con-
trol and reproducibility. Sood and co-workers [12] found out that the major

reason for weak strength may be attributed to distortion within or between the
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layers of the 3-D part. They also found in another research [13] that layer thick-
ness, orientation, raster angle, raster width, raster air gap, raster interaction be-
tween layer thickness and orientation greatly affect the tensile, bending and im-
pact strength of the 3-D components produced using FDM. Gray, Baird and
Bohn [14] found that the final mechanical properties of a 3-D part can be tai-
lored to a specific application by adjusting the lay-down pattern to increase the
functionality of the part, and that these properties can be predicted by composite
theory. Weinmann and co-workers [15] found that small air gap, small layer
thickness, low raster orientation and the interaction between high temperature
and small layer thickness yielded the greatest effect on the part strength tailored
using FDM. Drummer and co-workers [16] found out that PLA was a suitable
material for 3-D printed parts using FDM and that the processing temperature
and the part size affect the structural integrity of the printed part.

Teoh and Hsiao [17] indicated that the spring-in angle of a curved specimen
decreases as the number of curing stages increases. The spring-in effect is the
reduction of a consolidated curved composite part when it is released from the
mold. Their research can be used to improve the dimensional instability prob-
lem for manufacturing of curved composites. Besides this, they also stated that
the curing process of a thick composite also faces the thermal management chal-
lenge due to the high exothermic reaction rate and low thermal conductivity of
resin. Ho and co-workers [18] stated that poor wettability, poor bonding and
degradation at the fibre/matrix interface (a hydrophilic and hydrophobic effect)
and damage of the fibre during the manufacturing process are the main causes
of the reduction of the composites’ strength. Kuo [19] devised an economical
method to fabricate epoxy-based composite mold inserts using rapid prototyp-
ing and rapid tooling technique. Kuo laid importance of producing cheap molds
for different manufacturing processes. Oterkus and co-workers [20] worked on a
non-destructive method to test the structural integrity of curved composites.
The method was based on finite element method and the peridynamics theory.
Minakuchi and co-workers [21] also developed a non-destructive life cycle mon-
itoring system and an advanced quality assurance method for curved composite
parts to improve the design and manufacturing of the composites.

Manufacturing of both epoxy and thermoplastic composites is an area that is
constantly being researched. The task gets more challenging when the profile of
the composite is more than just a flat surface. Much research has been carried
out to manufacture curved composites [22]. There have been many applications
[23] [24] requiring curved composite structures and research is required [25] in
this field.

VARTM technique [3] [26] [27] [28] [29] has been widely used to manufac-
ture epoxy composites with significantly complicated geometry. Most of which is
employing one sided or flexible molds. Manufacturing curved composites with
closed-loop or hollow reinforcements can be further explored because not much

work has been carried out in this area. This research focuses on finding the po-
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tential to manufacture open and closed loop composites through VARTM using
various types of molds and knitted fabrics. The trend in the thickness, shear
strength and tensile strength across the curve of the composites is to be analysed.
The VARTM manufactured structures in this research are aimed to be applicable
in the aircraft, space construction and civil construction industries as also pre-
dicted by Soutis [1], Dong [29] and Naser [2].

2. Experimental Program
2.1. Materials

The fibre reinforcements used to manufacture composites with FDM Molds
were carbon fiber (93 g/m?), glass fiber (280 g/m?) and coarse twill flax fiber (550
g/m?). All fiber reinforcements were twill type. Figure 1 shows the three fiber
reinforcements. Coarse twill flax reinforcement was chosen because of its twill
architecture and because it was expected to form better doubly-curved compo-
sites as established by Kazmi and co-workers [22] [30].

The fiber reinforcements used to manufacture composites with non-FDM
molds were weaved glass fiber reinforcements. All reinforcements used in this
research were twill weaved with alternating (+45°) weft and warp.

Figure 2 shows the weaved glass fibers to take the shape of a complicated
structure with multiple hollow cylinders.

Larit epoxy resin system was used in all experiments. The ratio of the resin
(L-160) and hardener (502) was 100:40 by mass. Gelling time was approximately

RN
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(a) (b) (c)
Figure 1. (a) Glass fiber, (b) Carbon fiber and (c) Flax fiber.

Figure 2. Closed-loop weaved glass fiber.
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50 minutes after careful mixing and degassing for 15 minutes. The epoxy resin
system with a gel time of 35 minutes was chosen because of the smaller size of
the molds used. A lower gel time meant that the resin would be in its liquid state
for a longer period of time and that was not advised because the filling time of
the mold was approximately 20 minutes.

2.2. FDM Setup and Procedure

An FDM printer was used to create singly-curved and doubly-curved molds.
Figure 3 shows the picture and schematic of the printer. PLA was used in the
form of a filament of diameter 1.75 mm wound on a spool as shown in Figure 3.
The nozzle of diameter 0.35 mm was used at a temperature of 200°C. The feed
rate of liquid PLA coming out through the nozzle on the bed was 38 mm/s and
the bed was at 60°C.

In order to print the infusion molds, the “Mendelmax FM Pro” in version 1.5
has been used. The printer in modular principle is a cost-effective option in
comparison to an industrial FDM printer. In Table 1 the printer settings are
displayed. A nozzle diameter of 0.35 mm was used to gain a reasonable printing
quality. With a nozzle temperature of 200°C, the PLA has shown proper melt
behaviour and printing accuracy. Due to the staircase effect, the molds have
been printed in perpendicular direction to the front side. As a result, the front
side itself shows the best surface quality, the printer is able to. The solid infill ra-
tio of 35% has been suitable to withstand the applied pressure and kept the mold
from collapsing by the use of vacuum pressure. If printing time would not have
been the primary issue, a higher degree of filling could have been achieved re-
sulting in a stronger mold with a greater resistance to compaction pressures. For

a higher degree of filling, the printing time will increase noticeably.

Filament is led Filament spool
to the extruder

The extruder uses torque
and a pinch system to feed
and retract the filament
precise amounts.

A heater block melts the
filament to a useable

temperature.
The heated filament is forced

out the heated nozzle at a
smaller diameter

The extruded material is laid down
on the model where it is needed.

The print head and/or bed is moved
to the correct X/Y/Z position for placing
the material

Figure 3. FDM printer and its mechanism.
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Table 1. FDM printer parameters.

Nozzle diameter 0.35 mm
Filament diameter 1.75 mm
Nozzle temperature 205°C 1* layer, 200°C remaining layers

Bed temperature 60°C first layer, 55°C remaining layers

Layer height 0.15 mm
Feed rate 38 mm/s
Infill solidity ratio 35%
Minimum detail 0.3 mm
Minimum clearance 0.5 mm
XY-axis positioning accuracy 0.0015 mm
Z-axis positioning accuracy 0.005 mm

Part Accuracy +0.3% - 0.5%

Max. part size (LxWxH) 150 x 150 mm X 150 mm

2.3. FDM Generated Molds

The previously explained FDM printer was used to create single and double
sided molds to manufacture composites with the VARTM process. The FDM
molds were primarily used to compare the geometries of the VARTM epoxy
composites. An infusion pressure of about 0.8 bar will be used so that the mold
can withstand the pressure of the applied compaction force. Negative and posi-
tive molds were produced to “muffle” the reinforcement material. It was ex-
pected to achieve a better surface finish with the double-sided mold upgrading
the idea of Professor Summerscales [31], who suggested to use a flexible vacuum
bag instead of a double-sided mold. He was referring to the costly metallic molds
but in this case, significantly cheaper PLA molds were used. Hence, using
double-sided PLA molds will not be a threat to the overall cost of the composite
part in question.

Figure 4 shows the male and female parts of the singly and doubly curved
composites produced by the FDM Printer. The female singly-curved mold had a
cavity which was a semi-cylinder of radius 25 mm and length of 100 mm. The

cavity for the doubly-curved mold was a hemisphere of radius 25 mm.

2.4. Manually Prepared Molds

The manually prepared molds were created to manufacture the hollow cylin-
drical composites and the structure with multiple hollow cylinders. These molds
were created to induce the best possible cylindrical shape and surface finish in
the manufactured composites and this was one of the most challenging parts of
this research. The reason for this was the de-molding process. The outer surface
of the mold was made soft enough to remove the cylindrical composite after manu-
facturing but hard enough so that the composite could take a good cylindrical

shape and surface finish. Readily available PVC pipes were used and rubber tape
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Figure 4. Singly curved and doubly-curved PLA molds created by the FDM printer.

was used on the pipes to create the required diameter so that the closed loop
weaved glass fiber reinforcements can fit on and removed from the pipes conve-
niently. For the special structure with the hollow cylinders (Figure 2) smaller
PVC pipes were fitted inside the holes for the flat structure and flexible rubber
pipes were fitted for the curved structure.

2.5. VARTM Setup and Procedure

Figure 5 shows the schematic of experimental setup employed for the resin in-
fusion (VARTM) process. The fiber reinforcement was kept inside the sin-
gle-sided or double-sided mold. The mold was covered with a nylon bag so that
it could be reused and the manufactured composite part could be easily removed
after the experiment. A finely perforated fabric known as peel ply was used to
create vacuum inside the mold by removing the air inside the cavity through a
polyethylene port as shown in Figure 5. The vent catch pot was used in case any
excess resin was drawn out of the mold, to avoid any damage to the vacuum
pump. Moreover, just before the port connected to the vent catch-pot, cotton
was inserted between the mold and the vent port to decrease the filling speed of
the resin and to block the resin from going to the vent catch-pot or the pump.
When the nylon bag was vacuum taped on glass, the vacuum pump was turned
on. When all the air inside the cavity was extracted through the vent catch pot,
vacuum was created and this vacuum drove the resin from the inlet pot through
the connecting tube into the mold cavity. When the resin filled all the coarse
twill reinforcement it was blocked by the cotton. After the resin solidified, the
vacuum pump was left turned on overnight and the next day the de-molding of
the composites was followed by its post-curing. The standard industrial VARTM
process was followed where first the resin fills the mold and when the resin hits
the break, the inlet is clamped and left overnight for curing. During curing over-
night, the vacuum pump keeps running and the vent stays at full vacaum which

is around 900 mbars of compaction pressure in this case.

2.6. Experimental Plan and Measurements

This research aims to explore the potential of VARTM to manufacture curved
composites using cost-effective molds. Three types of molds were manufactured

using the FDM printer. The structural integrity of the flat composites was tested
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3D mold with reinforcement and peel ply

Tube l Tube
<«——Polyethylene port — ‘ :
0 ax |
Glass Vacuum bagging and peel ply Distribution tape

Pressure gauge Inlet
Pot

&

Vacuum
Pump

—— |
Catch-pot il

Figure 5. Schematic of the experimental setup employed for the VARTM process.

by using tensile, bending, and charpy testing. Table 2 presents the manufactur-
ing plan for manufacturing and testing of the composites. Manufacturing was
aimed to start from flat to simpler curvatures and then to the more complicated
structures. All experiments were repeated to cross check the results. Number of
layers of the fibers infused with resin was varied to keep the areal mass of the fi-
ber reinforcements constant at 300 g/cm”. All the manufacturing details will be
kept constant for repeatable results. Bending tests were carried out to show the
structural integrity of the curved composite parts. Thickness at different posi-
tions of the curved composites was measured to determine the dimensional con-

sistency of the composite parts.

2.7. Molding of Closed Loop Composites

The hollow composites needed special molding technique because of having a
closed loop. There were two challenges. The first was to create the desired hol-
low cylindrical shape and the second was to de-mold the composite from the cy-
lindrical mold. Figure 6(a) shows how a cylindrical mold was used with other
consumables and the weaved glass fiber reinforcement before resin was infused
through the assembly. First, a soft rubber core (vacuum tape) was wrapped
around the solid cylindrical mold. This was then covered by a vacuum bag sealed
by a vacuum tape in order to create vacuum. The glass fiber reinforcement cov-
ered from both sides by a breather (peel ply) was then rolled over the vacuum
bag. A distribution medium was wrapped around the breather for a faster flow of
the resin through the reinforcement. In the end everything was sealed using a
vacuum bag and vacuum tape.

Two types of structure with multiple hollow cylinder network were manufac-
tured. One was flat and the other curved. Figure 6(b) shows how the flat struc-
ture was prepared before resin infusion. Multiple PVC hollow pipes were used as
shown so that the structure could be formed. For the parts were the pipes could
not reach, smaller sections were cut and placed but those sections were not ex-
pected to come out of the composite structure. After placing all the hollow pipes
inside the appropriate place in the weaved glass fiber reinforcement as shown in
Figure 6(b), the reinforcement was wrapped by a breather (peel ply). A distribution
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Table 2. Plan of manufacturing and testing of composites.

Number of
T fC it Mold T T f Test
ype of Composite old Type Composites ype of Tes
1 Flat weaved Flat Plate 3 Tensile and Short Beam Shear
2 Open Loop Simple curvature 3
Single and Double Short Beam Shear and

3 Open Loop Singl d 3

pen Loop Singly curve Sided FDM Molds Thickness Measurements
4 Open Loop Doubly curved 3
5 Closed Loop Hollow cylinder 3 Tensile and Short Beam Shear

Single Sided
Complicated Closed Loop Manually

6 Flat multiple hollow cylinder Prepared Molds 3 None

assembly

Soft core / Rubber

(a} (b}
Figure 6. Molding technique for the composites (a) Hollow cylinder and (b) Flat web.

medium was placed on the reinforcement and then everything was vacuum
bagged and connected to the inlet and vent for VARTM (Figure 5).

For the curved structure, instead of the solid PVC pipes, flexible rubber pipes
were used but in this case most of the rubber pipes stayed inside the composite
because there was no way to bring them out after infusion. The curved structure
was placed on a curved surface to achieve the required angle and then the whole
mold was infused with resin.

2.8. Thickness Measurements

Coarse twill flax reinforcement was used with epoxy resin. Four singly-curved
and four doubly-curved composites were manufactured. Two composites each
were manufactured using the single-sided female molds and two composites
each were manufactured using double-sided singly and doubly-curved molds
shown in Figure 4. Three layers of coarse twill reinforcement were used to man-
ufacture all the composites. The cutting of the reinforcement before manufac-
turing the doubly-curved composites was executed as described in by Kazmi and
co-workers [22]. Thickness of both the singly-curved and doubly-curved com-
posites was measured at five different points. A total of five specimens were cut

from each composite part to be used for measuring their thickness and testing
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them under shear. These measurements were executed for all the composites.
The choice of these points was made to find the trend of thickness and shear
strength across the curve for both the singly and doubly-curved composites.
Figure 7 shows the positions where the thickness of the singly and doub-
ly-curved composites were measured. These are also positions from where the
specimens for the shear tests were obtained.

2.9. Destructive Testing

Short beam shear and tensile tests were conducted on samples to evaluate the ef-
fect of variation in the fiber and curvature on the mechanical strength of the
composites. Samples taken from parts manufactured according to the manufac-
turing plan were tested for short beam shear strength under ASTM-D2344 stan-
dard and for tensile strength under ASTM-3039. A total of five specimens were
cut out of each composite part to be used for testing. The specimens were cut out
from the manufactured composite parts. Instron 5567 testing machines were
used to perform the bending test. The cross-head speed was set to 1 mm/minute
to prevent abrupt failures. The criterion for specimen failure was a flexural de-

formation of 8%. All other measurements were according to the standards.

3. Results and Discussions

3.1. Open Loop Composites

This research also aimed to compare the manufacturing of the composites using
single sided PLA molds with the double sided counterparts. Single-sided and
double-sided FDM molds were used so that the dimensional consistency of the
VARTM manufactured epoxy composites using each mold type could be com-
pared. Figure 8 shows the thickness across the curve of singly-curved and doub-
ly curved coarse twill composites manufactured using both mold types. The
composites manufactured using the double-sided molds were thinner than those
manufactured using the single-sided molds at every position. The thickness
across the curve for both composite types does not show a clear trend but the
thickness range is different for the two types in Figure 8. The range is 2.77 to
2.89 mm (4.3%) for the singly-curved double-sided molded composites and 2.91
to 3.15 mm (7.8%) for the single-sided counterparts. This implies that thickness

Figure 7. Positions on VARTM produced curved coarse twill composites for specimens
obtained for mechanical testing and thickness measurements.
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Figure 8. Across the curve thickness variation of VARTM produced singly-curved and
doubly-curved composites manufactured using single-sided and double-sided FDM

molds at positions shown in Figure 7.

of the singly-curved double-sided molded composites is more consistent along
the curve.

Unlike the singly-curved composites, the doubly-curved counterparts show a
slight trend in the thickness across the curve. Maximum thickness was recorded
for both single-sided and double-sided molded composites at Position 3. As
shown in Figure 7, this position is the central part of the doubly-curved compo-
site and thickness at this point was the greatest for both composites types as
shown in Figure 8. The trend is that the thickness is the least at the ends of the
composite (Position 1 and 5) and maximum at the central part (Position 3). The
range of thickness was 3.28 to 3.40 mm (3.6%) for the double-sided molded
composites and 3.40 to 3.60 mm (5.7%) for the single-sided counterparts.

The parts produced with single-sided molds have a larger scatter of thickness
values (7.8% and 5.7%) than the ones produced with the double-sided arrange-
ment (4.3% and 3.6%). To produce parts with a more stable thickness over the
surface, double sided molds looked promising and maintained a good consis-
tency of thickness over the surface of the manufactured parts.

The shear strengths of the singly-curved and doubly-curved coarse twill com-
posites manufactured using single-sided and double-sided PLA molds are pre-
sented in Figure 9. The range of shear strength values across the curve of the
singly-curved composites manufactured using the single-sided molds was from
17.9 to 18.2 MPa and the range for those manufactured using the double-sided
molds was from 16.6 to 17.3 MPa. The range of shear strength for the single-sided
molded composites was from 10 to 10.15 MPa and for the double-sided ones was
from 9.8 to 9.9. It can be deduced that the average shear strength of both the
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Figure 9. Across the curve shear strength variation of VARTM produced singly-curved
and doubly-curved composites manufactured using single-sided and double-sided PLA
molds at positions shown in Figure 7.

singly-curved and doubly-curved composites manufactured using the sin-
gle-sided molds was greater than those manufactured using the double-sided
molds.

Position 3 was the strongest under shear for both the singly-curved and doub-
ly-curved composites manufactured using single-sided molds and the weakest for
the double-sided mold counterparts. Considering Figure 8, Position 3 was the
thickest for the single-sided molds and the thinnest for the double-sided molds.
For an epoxy composite, a thinner composite is not an indication of the quality
of consolidation of the composite. The thickness in the epoxy composites is only
due to the compaction pressure during the infusion process and after the resin
has completely filled the reinforcement. In this case, since Position 3 is the
thickest part in the single-sided composite, it has more mass and hence more re-
sistance under shear. Position 3 on the double-sided molded composite was
thinnest and hence the weakest part under shear because it had a lower mass of
resin.

Double-sided molds were expected to induce higher initial imperfections and
voids in the parts than those manufactured using single-sided molds. The PLA
molds used in this research were considered significantly weaker than any other

molds being used in the industry to produce epoxy resin composites. They were
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only good enough to withstand a compaction pressure less than or equal to the
atmospheric pressure, so the imperfections and voids induced by the double-sided
molds were almost negligible and difficult to quantify. The low compaction
pressure is the reason why the thickness of the double-sided molded composites
was more consistent across the curve than the single-sided counterparts. Further
research can be carried out by subjecting the double-sided molds to varying
compaction pressures and then investigating the effect on the dimensional sta-
bility of the part and voids induced in it.

According to Zhu and co-workers [32], under a compaction pressure of over
6000 mbars there will be residual stress or strain in curved parts that will de-
crease with an increase in the thickness of the part. This phenomenon is known
as spring forward in which the curved manufactured part will have a lower ra-
dius of curvature than the mold. For a 4 mm thick part, this strain was 1.05" ac-
cording to the viscoelastic model and 0.69° according to the elastic model. Bo-
getti and co-workers [33]; Miller and Ramani [34] and Ruiz and Trochu [35] es-
tablished that the residual stress causing part deformation was dependent on
reaction kinetics, specimen thickness and the cure cycle. Golestanian and
El-Gizawy [36] found that the finished part was 1.2 to 1.38 mm shorter than the
mold geometry over a 50 cm dimension.

All of these researchers used double-sided molds in their models and experi-
ments. The compaction pressures involved were much more than the atmos-
pheric pressure. In this research, there was no temperature gradient in the mold.
The use of single-sided molds further reduced the probability of inducing resi-
dual stresses in the manufactured composites. Hence, the shear strength of the
composites manufactured using the single-sided molds was better for both sing-

ly-curved and doubly-curved composites.

3.2. Average Composite Thickness, Shear and Tensile Results

The composites parts manufactured via the resin infusion process were tested
for the shear strengths. Thickness at six points on all the parts was measured and
the average thickness was determined for each type of part. Figure 10 shows the
average thicknesses of all the types of glass fiber composites manufactured dur-
ing this research using various types of molds. The flat composites are the thin-
nest because of the post-filling pressure which was not enough due to the curva-
ture of the curved composites. This implies that the composite thickness for a
part with a more complicated curve will be less compared to the one with a less
complicated curve. As the curve gets complicated, it is more difficult for vacuum
to press the reinforcement on the mold and hence more resin flows and im-
pregnates the fiber reinforcement. This can be reduced by pulling vacuum from
the vent and inlet in the post filling stage rather than just clamping the inlet. It
will be interesting to see how close the thickness values can be brought for the
given three curvatures under these conditions. On the other hand, by pulling full

vacuum from both the inlet and the vent in the post-filling stage, voids will be
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Figure 10. Average composite thickness.

induced in the composite part, which can considerably reduce the mechanical
strength of the part. Hence it is a trade-off between the dimensional accuracy
and the mechanical strength of the part. If a designer wants to achieve a specific
type of thickness then there are many other factors including the compaction
pressure to be considered. The average thickness values are only a comparison
between the compressibility of each mold type keeping all the other variables
constant. Also it needs to be understood that the variation in thickness will in-
crease if the number of fiber layers are increased. Hence, the designer must
know all the variables including the compaction pressure, number of fiber layers,
part geometry and part size to choose a specific type of mold.

The short beam shear strengths of all the types of glass fiber composites man-
ufactured in this research are shown in Figure 11. The flat composite is by far the
strongest in shear because it is the most suitable shape for a VARTM process.
Composites manufactured using single sided molds were stronger in shear than
those manufactured using the double sided molds. This is mainly because there
was more impregnated resin in the single sided molded composites. If a com-
parison is made between the different curvatures, then it is seen that there is a
marked difference in the shear strengths of single and double curved composite
part. This low shear strength is mainly because of the complicated curvature it-
self and partly because of the indirect effect of this double curve on the manu-
facturing process. When the part geometry gets more complicated the compac-
tion of the fiber reinforcement due to vacuum is weaker. The hollow cylindrical
composite is although weaker in shear than the flat composite but slightly stronger
in shear compared to the singly curved composites. This may be because the
hollow composites had a slightly larger diameter than the singly curved compo-
sites. The cylinder web composite structures were the weakest because of their
complicated geometry. The obtained specimens from the webs were also not
very perfect according to the ASTM standards.

When the short beam shear strengths were compared to previous research; the
flat glass fiber epoxy composites were 10% stronger than those manufactured by

Fan and co-workers [37] using VARTM, 61% stronger than the woven glass fiber
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Figure 11. Average glass fiber composite short beam shear strength.

epoxy composites manufactured by Yang and co-workers [38] using RTM, 19%
stronger than the twill glass fiber epoxy composites manufactured by Almeida Jr.
and co-workers [39] using VARTM and83% stronger than the unidirectional
glass fiber epoxy composites manufactured by Selmy and co-workers [40] using
the wet hand layup technique. These comparisons cannot be absolute due to the
difference in experimental conditions such as fiber orientation, manufacturing
method and the fiber volume fraction. However, this comparison was necessary
to show that the shear results of this research are promising. Most of the singly
curved composites are as strong in shear as other glass fiber composites manu-
factured. The doubly curved composites are although weaker in shear but still
comparable to the other glass fiber composites manufactured by previous re-
searchers.

The tensile strengths of all the types of glass fiber composites manufactured in
this research are shown in Figure 12. The carbon fiber flat composites were the
strongest in tension while the cylinder web and singly curved composites were
the weakest. The trend is very similar to the one in Figure 11. The only compar-
ison here is between the carbon, flax and glass fibers where the carbon fiber
composites were the strongest and the flax fiber composites were the weakest.

When the tensile strengths were compared to previous research; the carbon
fiber epoxy composites were 5% stronger than the ones manufactured by Godara
and co-workers [41] using a vacuum autoclave. The flax epoxy composites were
25% stronger than the ones manufactured by Yan and Chouw [42] using the wet
hand layup technique. The glass fiber epoxy composites were 50% weaker than
the unidirectional glass fiber composites tested by Devendra and Rangaswamy
[43]. Again, since the manufacturing conditions are different, these comparisons

are only to show that the tensile results of this research are also promising.

3.3. Dimensional Accuracy and Shape

The challenge in this research was to achieve the targeted shapes. Many experi-
ments were unsuccessful because of the complicated process. The PLA molds

used were considered significantly weaker than any other molds being used in
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Figure 12. Average composite tensile strength.

the industry to produce epoxy resin composites. However, since the compaction
pressure was not more than the atmospheric pressure, the weak PLA molds were
able to withstand this stress and convert that to shape the composite part. Figure
13 shows pictures of a simple single curved carbon fiber reinforced epoxy com-
posite part, a singly curved one and a double curved flax composite. The shape
and dimensions are quite in line with what was targeted. Especially for the sim-
ple singly curved parts, the shape and dimensions were very consistent for all fi-
ber reinforcements. The shape and dimensions for the one shown in Figure
13(b) were also quite in line with the targeted ones. Both the parts in Figure
13(a) and Figure 13(b) were manufactured using a double sided mold so that is
also a reason why the shape dimensions are quite consistent. Although, parts
manufactured by the single sided molds were considerably consistent in the
shape and dimensional accuracy. The curve geometry of the finished parts was
very much what was expected given the geometry of the mold. The double
curved geometry as shown in Figure 13(c), which is actually a hemispherical
shape in this research, was not absolutely achieved due to wrinkling of the rein-
forcement layers. This wrinkling can be reduced by tailored cutting of the rein-
forcement to adjust with the hemispherical shape but then there will be a major
reduction of mechanical strength in the area where the reinforcement is cut.
Figure 14 shows the pictures of the closed loop composites where the first one
is a hollow cylinder and the second one is an assembly of a flat cylinder web and
a curved cylinder web. The shape conformance of the very complicated web was
not as bad as expected but there is still room for improvement in the manage-
ment of the VARTM process to better facilitate the manufacturing of the curved
composites. Controlling the temperature and humidity will be very useful in case

of environments with varying conditions.

3.4 Overview of the Results

The summary of tensile, shear and thickness results with standard deviations are

shown in Table 3. This is actually a summary of the results shown in Figures 10-12.
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Table 3. Summary of physical testing results of the manufactured composites.

Epoxy Glass Composite Type Tensi(l;[S;:)e ngth Shea(rbj;r:)ngth Thi(i;:izs}i::m)
Flat Single-Sided Mold 200+ 4 34+1 2.9+0.1
Singly Curved Single-Sided Mold 110+ 2 18+£0.2 3.1£0.04
Singly Curved Double-Sided Mold 104+5 17£0.3 2.8 +0.08
Doubly Curved Single Sided Mold - 11 +0.25 4.4 £0.06
Doubly Curved Double Sided Mold - 10 £0.15 3.5+ 0.08
Hollow Cylinder Closed Loop - 19+0.3 3.1+0.1
Cylinder Web Flat - 13+0.3 3.2+0.1
Cylinder Web Curved - 10+ 0.3 3.4£0.1

(a) (b)

Figure 13. Pictures of (a) Simple curvature, (b) Singly curved and (c) Double curved
composites.

Figure 14. Pictures of hollow cylinder and hollow network flat and curved composite as-
sembly.

4. Conclusion

This paper describes a method to manufacture curved composites using resin
infusion (VARTM) and cheap PLA molds created by 3D printing (FDM). Three
fiber reinforcements were used to successfully manufacture three types of curved

composite profiles using single and double sided PLA molds. Shear strengths
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and thickness of each part were measured and the results were used to draw a
few comparisons between the fiber types, mold types and the curvature profiles.
The results showed that using double sided molds induces a better consistency in
shape and dimensional accuracy of the composites compared to single sided
molds. Shear strength decreases and thickness increases significantly from singly
to doubly curved composite parts. A better composite quality can be achieved by
modifying the basic resin infusion process (clamped inlet) but then again it will
be a trade-off between the composite strength and the dimensional stability. It
was found that the compaction pressure used in this research, which is almost
equivalent to atmospheric pressure, supports the manufacture of the composites
using the relatively weak PLA molds. Carbon fiber, glass fiber and flax, which
are mostly used as reinforcements in the industry, were all supporting this me-
thod to produce curved epoxy resin composites. The tensile and shear strengths
of the manufactured composites were mostly better or comparable to the ones in
previous literature. This method will reduce the overall cost of manufacturing
curved composites compared to processes using rigid molds especially in the
case of one-off or low-scale productions. The manufactured profiles were con-
forming to the mold shape with a fair surface finish. A bridge structure contain-
ing a web of hollow cylinders was the most creative and complicated part of this
project. Two types of bridges were manufactured (flat and curved). The curved
bridge contained curved cylindrical webs that were curved in all three dimen-
sions. Manufacturing of both these types required molding techniques which
were more complicated than a standard VARTM manufacturing/molding tech-
nique. This research showed the capability of VARTM to produce epoxy compo-
sites with complicated profiles. This work can lead to the use of VARTM to
manufacture closed-loop or hollow composites with better shape conformance
and surface finish.
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