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Abstract

The use of carbon fiber reinforced plastic CFRP composites in engineering structures
brings many advantages because of their high performance and mechanical properties,
such as high strength-to-weight and stiffness-to-weight ratios. For this reason, they
have been used for heavy duty structures in aviation, space, automotive, shipbuilding,
and wind turbine applications. These applications generally involve large scale
manufacturing, so the parts are produced from smaller components and are joined
together. So, the mechanical performance of these structures is highly dependent on
the joining efficiency. Typically, wind-lens turbine structures are fabricated in
segments, and then bonded to form the final structure. The main objective of this
work is to develop CFRP adhesive joints with high mechanical performance for the
wind-lens and other similar structures. This is to be done by either improving the
current joints and/or developing new adhesive joints. First, the emphasis is given to
develop new joints. Then subsequent improvements on these joints are to be done. All
CFRP joints and fabrics is made using vacuum assisted resin transfer molding
VARTM manufacturing process. The thesis’s chapters are organized as follows:
Chapter 1 introduces a background and general introduction on wind-lens

structures, CFRP composites, VARTM, and CFRP adhesive joints

Chapter 2 introduces five new adhesive joints, divided into two types: the first type
is constructed between dry carbon and CFRP fabrics, and the second is constructed
with two dry carbon fibers. These CFRP joints are made in our laboratory using
VARTM manufacturing technique. Specimens are prepared for tensile testing to
measure joint performance. The tensile test results show low strength when one half of

the joint is CFRP fabrics, which was the case for the first two developed joints,



staircase join-1 and staircase joint-2. On the other hand, second joint type such as
laminated joint and multiple-covers joint, showed higher tensile strength. Fracture
analysis showed the same fracture pattern, crack initiation at the joint ends followed by

crack propagation until fracture.

Chapter 3 describes the effect of using the stitching technique on the tensile
strength of both CFRP adhesive joint types. Tensile test results revealed improved
strength when stitching was applied to the multiple-covers and staircase joints. The
improvement achieved for multi-overlapped joint higher than that for the staircase joint.
For the staircase joint, the strength improvement caused by the extra carbon fiber pieces

which were put at the joint ends not by applying the stitching technique.

Chapter 4 introduces the improvements that made for the first joint type. For this
joint type, three adhesive joints were introduced: the first is the original stepped joint
and the other two are improved stepped joints. Specimens were prepared for tensile
testing to measure joint performance. The results showed an enhanced tensile load for
the modified staircase joints. The percentage increase depended on the number of
carbon fiber layers. For example, the total percentage increase in the tensile load
recorded was 39% for the five-carbon-fiber- layer CFRP, with a further 14% increase
for the seven carbon fiber layers. The final joining efficiencies reached 51% and 59%

for five- and seven-carbon-fiber-layer CFRP fabrics.

Chapter 5 introduces the improvements that made for the second joint type. Further
improvements were made by overlapping the two halves or adding extra carbon fiber
pieces. Four laminated joints were investigated: the original laminated joint (OLJ), two
overlapped joints, O20 and 040, with overlap lengths of 20 mm and 40 mm,

respectively, and a multiple-covers joint (MLJ). Specimens were prepared for tensile



tests to evaluate joint performance. The overlapped joint O40 achieved the highest
ultimate failure load, of 22.3 kN, with a 56% increase over the OLJ. The load-
displacement curve showed a linear relationship in the first two stages for the OLJ and
a non-linear relationship in the third stage. However, the entire load-displacement curve
showed a linear relationship for the other joints. The joining efficiency ranged from
44.5% to 69.5% for all joints. The highest ultimate stress, of 1,250 MPa, was recorded
for the O40 overlapped joint. Fracture analysis showed a delamination failure mode for
the OLJ and 020 joints, while a mixture of delamination and fiber breakage failure

modes was observed for the O40 and MLJ joints.

Chapter 6 continues the improvements that made for the second joint type. For this
joint type, some improvements are provided to enhance performance in terms of
bending strength. These improvements included stitching of the two halves together by
carbon fiber bundles and inserting extra carbon fiber covers in the joint connection. We
studied three adhesive joints: a conventional laminated joint and two improved
laminated joints. All joints and CFRP fabrics were made in our laboratory using
VARTM techniques. Specimens were prepared for bending tests to evaluate the joint
performance. Two acoustic emission (AE) sensors were placed on a specimen to
monitor fracture progresses during the test. The results, for the six-layer laminates,
showed a considerable improvement in bending strength for the modified laminated
joints. The percentage increases in the bending strength were 27% and 112% for

stitched and multiple-cover laminated joints, respectively.
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Chapter 1 : General Introduction

1.1. Introduction

1.1.1. Wind-lens turbines

Due to the limited supply of fossil fuels and environmental problems caused by
their use, the development of renewable and clean new energy have become global
issues. Particularly in Japan, the application of alternative energy sources is very
important. Nuclear energy is one alternative energy source, and it has been developed
extensively in Japan. Japan generates 30% of its electrical power from nuclear
reactors, and had planned to increase that to 40%. However, the Fukushima Daiichi
nuclear disaster caused by the earthquake in March 2011 demonstrated the potentially
fatal risks when using nuclear power. Other clean energy sources are expected to
replace it.

Wind energy is a promising alternative. It is developing rapidly and will play a
major role in the new energy field. However, in comparison with the overall demand
for energy, the scale of wind power usage is still small; in fact, the level of
development in Japan is extremely small. As an island nation, it is difficult to find
suitable areas for wind-power plants. At the same time, the complex terrain and the
turbulent nature of the local winds make it difficult to apply current wind-power
techniques widely in Japan.

To address these problems, a new efficient wind-power turbine system has been
developed by a research group at the Division of Renewable Energy Dynamics of the

Research Institute for Applied Mechanics, Kyushu University [1-3]. This system has a



diffuser shroud at the circumference of its rotor to concentrate the wind energy, as
shown in Figure 1.1 and Figure 1.2. This diffuser is called a “wind-lens”. With this
system, even low-speed winds can be used for power. Moreover, a plan for an
offshore wind farm is under study. In the future, this wind-power turbine system will
likely be used offshore to harness wind power over the sea. Such a wind-power
turbine system will be based on a floating structure. Consequently, high-strength and
lightweight materials will be required.

Generally, there are three requirements for materials in a turbine system [4]:
1. High material stiffness is needed to maintain optimal aerodynamic performance,
2. Low density is needed to reduce gravity forces, and

3. Long fatigue life is needed to reduce material degradation.

vortex generation by a brim ——»

throat
inlet shroud \

blade low-pressure region
draws more wind

Wlnd

nacelle(hub)

pressure recovery — b

by a diffuser

Figure 1.1: Wind power turbine system with a diffuser designed by Kyushu
University [3]



Wind-lens

Figure 1. 2: Photograph of the wind-lens power system [3]

1.1.2. Carbon fiber reinforced plastic (CFRP) composite materials

Fiber-reinforced composite materials are promising candidates for many
applications such as aviation, space, automotive, shipbuilding as well as wind turbines
[5-11]. They have excellent mechanical properties in terms of stiffness-to-weight and
strength-to-weight ratios. By far, the most widely used fibers are glass fibers, carbon
fibers, aramid, polyethylene, and cellulose [4]. Among these fibers, carbon fibers and
their composites have excellent combinations of very high stiffness, high strength, and
low density [12]. Therefore, carbon-fiber reinforced composites (CFRPs) would be

useful for fabricating a wind-lens for a wind-power generating system at sea.



1.1.3. Vacuum assisted resin transfer molding VARTM process

Composite structures may be fabricated using an autoclave with a pre-preg
process (See Figure 1.3). However, it is difficult to fabricate products with complex
shapes and large areas using autoclaves, resulting in substantial installation costs [13].
To overcome this limitation, liquid composite molding (LCM) has been utilized as
alternative method. The LCM process is one composite manufacturing method in
which a low-viscous thermosetting resin is injected into a woven or stitched
reinforcement placed inside a mold. Components with complex shapes can be
fabricated in a single step. Two common LCM processes are resin transfer molding
(RTM, Figure 1.4) and vacuum assisted resin transfer molding (VARTM, Figure 1.5),
but there are also other processes such as RTM °‘light” and compression resin transfer

molding (CRTM) [14]. The features of each method are listed in Table 1.1.
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Figure 1.3: Typical illustration of an autoclave process [12]



Table 1. 1: Features of various LCM processes [14]

LCM process

Feature

Mold
configuration

Two rigid molds are used to compact the product.

The finished product has very good surface quality

RTM Advantage and excellent dimensional tolerance.
Since the process needs to push the viscous resin
S through the gap between two compacted molds,
Limitation S . S
the injection process may require a significant
amount of time, depending on the flow resistance.
A vacuum bag covers a rigid mold, and a vacuum
Mold . . .
configuration is drawn. The vacuum plays a rc_)le in compacting
the mold and drawing the resin in.
VARTM Advantage Large parts can be fabricated and the equipment
cost is reduced.
o The bag-side surface quality is relatively low and
Limitation ) . .
the dimensional tolerances are also compromised.
Very similar to VARTM, but a compliant mold is
Mold used in the vacuum bag to improve the
configuration | dimensional tolerances. The distribution medium is
usually forms an integral part.
RTM-light Advantages | Better surface quality compared to VARTM.
L The surface uniformity is worse than VARTM and
Limitations - -
remains an issue.
The resin is injected into a partially open mold.
The resin is quickly distributed in the gap between
Mold the mold and the preform, forming a surface with
configuration | high permeability. Then, the mold is closed and
compacted, and the resin is squeezed into the
CRTM unsaturated regions.

Advantage

Production rates can be increased.

Limitation

The mold requires more equipment than other
LCM processes.
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Figure 1.5: (a) A schematic view of the VARTM process used in this work and (b)
Picture of adopted VARTM process



Since this study was aimed at wind-lens turbine components, the costs and
accessibility were assigned higher priorities than the products rate. Therefore, the
VARTM process was selected for the LCM. Figure 1.5a shows a detailed drawing of
the VARTM process.

In a VARTM process, reinforcements are stacked on a solid mold which is
prepared with release agent, and covered by a peel ply and a distribution medium.
They are enclosed together with an inlet and a vent in a vacuum bag and sealed with
tape. Figure 1.5b shows a photograph of a vacuum package in our experiments. After
drawing vacuum in the package, the resin can be infused from the inlet by the
pressure difference between the inside and the outside of the package. After the
reinforcement is completely infused, the inlet is closed. In order to get a higher fiber
volume fraction, the vent is usually left open to extrude the extra resin inside the
vacuum package until the resin becomes too viscous to flow. After the resin cures, a
laminate composite is obtained after demolding process. A release agent painted on a
solid mold and peel ply are used to separate the final product from the other layers.
Without them, the final composite product will attach to the mold and the distribution
medium, making the demolding process very difficult. Because the infusion pressure
is only 1 atmosphere, the infusion speed inside the reinforcement is very slow. For
large and thick parts, the vacuum level may not be sufficient to complete the infusion.
Consequently, a distribution medium is often required, such as a plastic mesh, which
has much higher in-plane permeability than a fabric stack, allowing for fast surface
resin wet-out. Subsequent resin penetration allows for complete infusion. A spiral
tube is often used in the inlet and vent structures to make a point inlet (and vent)

become a line inlet (and vent). It is critical to choose the location of the vent
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appropriately to completely infuse the reinforcement and avoid creating resin-starved

regions near the vent locations after the inlet is closed.

1.1.4. CFRP composite joints

The use of CFRP composite materials in engineering structures brings many
advantages because of their high performance and mechanical properties, such as high
strength-to-weight and stiffness-to-weight ratios [5]. For this reason, they have been
used for heavy duty structures in aviation, space [7-10, 18], automotive [9],
shipbuilding [7], and wind turbine applications [19]. These applications generally
involve large scale manufacturing, so the parts are produced from smaller components
and are joined together. The mechanical performance of these structures is highly
dependent on the joining efficiency.

Because composite joints work as structure-critical load-carrying elements, the
design and analysis of composite joints have attracted much attention in a series of
light, low-cost, and efficient composite integration projects [20]. ‘Traditional’
mechanical fasteners, such as bolts, pins, and rivets, have been used to join CFRP
structures [21-23]. This composite joining technique is generally characterized by
simplicity and the fact that such joints can be disassembled [24]. However, drilling
holes in composite parts before fastening may cause problems due to stress
concentration and weight increases. In contrast, adhesively bonded joints have
mechanical advantages over bolted joints because the fibers are not cut, and stresses
are transmitted more homogeneously [25]. They offer better structural integrity, lower
weight, and higher strength-to-weight ratios [26, 27]. For this reason, the adhesively

bonded joints will be focused in the current work.



In the current work, the adhesive joints can be classified into two types: (1) dry
carbon fabrics joints and (2) CFRP fabrics joints. In the first joint type, the joint’s
halves are dry carbon fibers. These two halves are stacked together in different way
depending on the joint design and then molded together in one time to the final joint
fabric. This kind of joints is featured with high strength and short time fabrication.
The second joint constructed using at least one half of CFRP fabric. This type of joint
accomplished through two molding times. The first molding is used to fabricate the
CFRP fabric and the second to make the joint itself. Compared to the first joint type
these joints usually achieve lower joining efficiency. However, it is easier to make
CFRP parts first and then join them together rather than making the whole structure in

one time which is happening in the first joint type.

1.2. Motivations and objectives of the present work

Today, adhesive composite joints are used widely in many composite structures
in aerospace, turbine, and ship designs [6]. These structures are manufactured from
several parts, which are joined to form the final structure. Typically, wind-lens turbine
structures are fabricated in segments, and then bonded to form the final structure.
These structure usually joined conventionally using traditional joints, which include
single-lap [25, 28], double-lap [29, 30], and stepped [31, 32] joints. However, the
mechanical performance for these joints still limited. It is known that these
engineering structures are subjected to combinations of mechanical loadings,
including static, fatigue, and impact loadings. Therefore, the need for high

performance adhesive joints is very crucial.



The main objective of this work is to develop CFRP adhesive joints with high
mechanical performance for the wind-lens and other similar structures. This is to be
done by either improving the current joints and/or developing new adhesive joints.
First, the emphasis will be given to develop new joints. Then subsequent
improvements on these joints will be done. All CFRP joints and fabrics will be made

using VARTM manufacturing process.

1.3. Scope and Organization of the thesis
According to Figure 1.6, the remainder of this thesis is organized as follows:

Chapter 2 introduces five new adhesive joints, divided into two types: the first type is
constructed between dry carbon and CFRP fabrics, and the second is constructed with
two dry carbon fibers. These CFRP joints were made in our laboratory using VARTM
manufacturing techniques. Specimens were prepared for tensile testing to measure
joint performance. The next chapters introduce subsequent improvements for both
types. Chapter 3 describes the effect of using the stitching technique on the tensile
strength of both CFRP adhesive joint types. Chapter 4 introduces the improvements
that made for the first joint type. For this joint type, three adhesive joints were
introduced: the first is the original stepped joint and the other two are improved
stepped joints. Specimens were prepared for tensile testing to measure joint
performance. Chapter 5 introduces the adjustments were made for type 2 joints. In this
chapter the mechanical performance in terms tensile strength was measured to asses
these adjustments. The adjustments were made by overlapping the two halves or

adding extra carbon fiber pieces.
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Four laminated joints were investigated: the original laminated joint (OLJ), two
overlapped joints, O20 and 040, with overlap lengths of 20 mm and 40 mm,
respectively, and a multiple-covers joint (MLJ). Specimens were prepared for tensile
tests to evaluate joint performance. The fracture modes for all joints were done by
optical microscopy. Finally, chapter 6 continues the improvements that made for the
second joint type. These improvements include the stitching of the two halves
together using carbon fiber bundles and inserting extra carbon fiber covers in the joint
connection. For this joint type, three adhesive joints were studied: a conventional
laminated joint and two improved laminated joints. Specimens were prepared for
bending tests to evaluate joint performance. Two acoustic emission (AE) sensors were
placed on the specimen to monitor fracture progress during the test. The fracture
modes for all joints were done by optical microscopy and/or scanning electron

microscopy SEM.
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Chapter 2
Novel CFRP Adhesive Joints for Wind-lens offshore
structures

2.1. Introduction

Carbon fiber reinforced polymer (CFRP) composites are important for structural
applications in the transportation industry and other areas, where lightweight design is
advantageous for operational costs. When composite materials are used to fabricate a
large complicated structure, joints between different parts are inevitable. As such, the
structural integrity depends critically on the joint performance and not just on the

basic composite structure.

This chapter introduces five new adhesive joints. These joints can be divided into
two types: type 1 and type 2 joints. The first type is constructed between dry carbon
and CFRP halves, and the second is constructed between two dry carbon fibers halves.
These CFRP joints were made in our laboratory using VARTM manufacturing
techniques. Specimens were prepared for tensile testing to measure joint performance
novel adhesive bonded joints, made of CFRP, for using in offshore wind-lens
structures. These newly developed joints are dedicated to the offshore wind-lens and
other similar structures. The tensile strength of five joints will be assessed. All joints

and CFRP material tested in this study were made using a VARTM process.
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2.2. Experimental work

2.2.1. Materials

The CFRP composites consisted of carbon fabric and a resin mixture. The resin
was a mixture of XNR6815 and XNH6815 at a weight ratio of 100:27. The resin
mixture viscosity at 25°C was 260 mPa.s. The carbon fiber used for this work was
made by Saertex GmbH & Co. KG. Table 2.1 introduces the characteristics for this
carbon fiber.

Table 2.1: Characteristics of the carbon fiber used for this work
Tensile Tensile

((:jark-)on 1;i_ber Style f_{\]o. oft Weight | Density strength | modulus Elongation
esignation ilaments o/m? olem® MPa GPa %
STS40 uD 24,000 511 1.78 4,300 240 1.8

2.2.2. Adhesive joints

Four adhesive joints were tested. These joints were divided into two types. One
was constructed using dry carbon fabrics and CFRP. In this type, the CFRP half of the
joint was manufactured first, and then re-molded again with dry carbon fabric. Figure
2.1 shows two joints which represent the first joint type. These joints namely called
staircase joint-1 and staircase joint-2. For both joints, a stepped CFRP part is made
first. Then this part is remolded with the other dry carbon fibers half. In Figure 2.1,
the left half of both joints is a stepped CFRP portion that had been molded, and the
right side represents a dry carbon fabric. The major difference between the two joints
is the number of CFRP steps. For instance, staircase joint-1 consists of 2 steps, while
staircase joint-2 consists of 4 steps (see Figure 2.1). The second joint type was

constructed with two dry carbon fiber halves; thus, the whole joint was made in a
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single step. Two joints were designed and fabricated for this joint type. These joints
were namely called laminated joint and multiple-covers laminated joint, respectively.
Laminated joint was made by stacking the two carbon fiber halves together and a joint
length of 40 mm was made (see Figure 2.2a). Each carbon fiber layer was stacked in
which one half is 40 mm longer than the other half. The second joint, multiple-covers,
was made by stacking the two carbon fiber halves with equal length and inserting
extra carbon fiber pieces between each layer in a structural manner similar to the

sandwich structures (see Figure 2.2b). Four carbon fiber layers were used for all joints.

2.2.3. Manufacturing

All CFRP fabrics were produced using VARTM process. The entire process
consist of three steps: constructing a vacuum package, infusing the resin and molding.
The structure of the vacuum package used in the experiment is shown in Figure 1.5a.
A solid mold, covered with a piece of peel ply, was used. Four layers of stitched
unidirectional carbon-fiber fabric (from Saertex GmbH & Co. KG, the carbon fiber is
TENAX STS, the stitching material is PES) with 30 cm in length were laid on the peel
ply and then covered by another piece of peel ply. The horizontal direction of Figure
1.5a was the fiber direction. A small piece of distribution medium, a kind of mesh,
was placed on the peel ply to promote the flow of resin.

The inlet for infusion, which was composed of a rubber connecter and a segment
of spiral tube, was positioned on the distribution medium. The vent for air and excess
resin elimination was positioned on the other side of the inlet. Both inlet and vent

were composed of a rubber connecter and a segment of spiral tube. Since inlet and
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vent considered very critical points in the entire process they are tightly sealed by the
sealant tape. Finally, the entire package was enclosed in a vacuum bag and sealed
with tape. Figure 1.5b shows a picture of the adopted structure. After establishing a
vacuum, degassed resin was infused from the inlet. After 40 min, the inlet was closed,
and the vent was left open until the resin was cured. An epoxy resin that could be
cured at room temperature (XNR/H 6815, supplied by Nagase & Co., Ltd.) was used
in the experiment. The initial viscosity of the resin at 25°C was 260 MPa s. When the
resin was cured completely (about 24 h later), the CFRP laminate was removed from

the mold. The thickness of the plate was about 2 mm.

2.2.4. Test procedures

Joint strength was evaluated via tensile testing using standardized test
specimens [27]. Figure 2.3 shows the dimensions of the specimens; the total length
was 250 mm and the width was 10 mm. Pairs of GFRP tabs were used to reduce the
stress when holding each specimen. All specimens are tested using SHIMADZU
DSS-5000 universal testing machine. Figure 2.4 shows the setup used for the current
tensile test. The specimen was fixed between the machine’s jaws, and the load-time
data was recorded through a load cell mounted on the upper jaw. A real time camera
connected to PC was mounted to record the deformation of the specimen during the

loading.
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Figure 2.3: The standard specimen dimensions used for tensile testing
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Grips

Figure 2.4: Tensile test setup for the current work

2.3. Results and discussions

The maximum tensile load was recorded as a measure of the joint’s mechanical
performance. First, the tensile load of the jointless CFRP samples was measured, and
used as a reference for the strength of subsequent joints. The jointless CFRP achieved
a failure tensile load of 34 kN (See Figures 2.5 and 2.6), indicating that the tensile

strength along the fiber direction was 1.7 GPa.

Figure 2.5 shows the maximum tensile load for joint type-1 samples. The lowest
joint tensile strength recorded was for staircase joint-1, with a measured strength of
8.8 kN (26% joining efficiency). However, the strength of the other staircase joint,
staircase joint-2 was significantly higher (14.3 kN; 42% joining efficiency). This is in
agreement with previous studies that have suggested that joining carbon fabrics and
CFRP fabrics results in low strength [27]. This behavior can be attributed to two
factors. First, resin residue on the CFRP surface before joining can act as an insulator.
Second, the absence of overlap contact in these joints reduces the contact area,

resulting in a weaker joint [8]. On the other hand, staircase joint-2 achieved a much
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higher strength than joint-1. This is attributed to the three fiber layers in that joint type
that contact the CFRP part, three times more than the number of layers in joint-1.

Hence, joining dry carbon fabrics together resulted in generally higher strengths.
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Figure 2.5: Maximum tensile load data of joint type-1 and jointless CFRP samples

Figure 2.6 shows the maximum tensile load for joint type-2 samples, the
laminated joint had a tensile strength similar to that of staircase joint-2, with a
measured strength of 14.7 kN. This can be attributed to the absence of overlap contact
between the two halves in laminated joint, which reduces the strength and promotes
crack propagation near the joint ends. The introduction of overlap areas not only

increases the contact area, but also increases joint thickness. On the other hand, the
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remaining two joints were much stronger than the previous four joints. Multiple-
covers joint had tensile load and joining efficiency of 28.8 kN and 85%, respectively.
This joint performed with the major difference being the greater thickness of the
multiple-covers joint, which could be the reason for the higher observed strength.
Lobel et al. [8] constructed CFRP joints based on stainless pins, which resulted in a
high joining efficiency of 83%. However, the metal-to-carbon fiber contact caused

galvanic corrosion of the carbon fabrics, weakening the structure over time [42].
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Figure 2.6: Maximum tensile load data of joint type-2 and jointless CFRP samples

Figure 2.7 shows a typical tensile load-displacement diagram combined with
images that show the deforming specimen of the staircase joint-1. In staircase joint-1,
an initial crack occurred near the end of the joint, which reduced the gradient of the
load-displacement curve. This resulted in a linear relationship between the tensile load
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and displacement. As the load increased, the crack size also increased until the
specimen ultimately fractured. As noted, the initial cracking occurred at the end of the
joint. This behavior can be explained as follows. In staircase joint-1, when joining the
CFRP with carbon fabric, two separation lines were formed on both surface sides
(Figure 2.8). These two lines were filled with resin after joining, and the crack
initiated at these lines at the beginning of the tensile test. As the tensile load increases,
the shear stress in the contact area increases and this causes relative motion between
the CFRP portions. This leads to the enlargement of both separation lines and hence
crack propagation.

The failure patterns were also investigated for other joint types. Figure 2.9 shows
a typical tensile load-displacement diagram for Multiple-covers joint. Two cracks
appeared near the joint ends, due to the accumulation of stress in these zones, which
apparently caused a gradient change. Then the cracks propagated until specimen
fracture. Figure 2.10 shows a schematic drawing of the multiple-covers joint. The
possible zones of fracture are near the joint ends, where there is an accumulation off
stress.

There are seven failure modes, including but not limited to the separation of the
interface between the adhesive and composite, de-lamination within the composite,
and a mixture of these two modes [43]. Micromechanical investigations have revealed
different dominant failure modes under tensile and shear loads [36]. In addition, the
strength of the interface between the adhesive and composite at a joint is a key factor
determining the failure mode and the strength of a structure. In the present study, both
staircase joints 1 and 2 showed separation of the interface, whereas joint group 2

showed a mixture of failure modes.
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2.4. Conclusions
Four adhesive joints were designed and fabricated using VARTM manufacturing
process. The tensile test results showed low strength when one half of the joint is

CFRP fabrics, which was the case for the first two developed joints, staircase joint-1
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and staircase joint-2. In these joints, it was investigated that the residue resin on the
CFRP half’s surface worked as insulator, and hence the shear strength along the
interface was reduced. On the other hand, multiple-covers joint, showed higher tensile
strength. However, joining techniques that use dry carbon fibers are still limited for
simple shapes, so there are some difficulties for applying these techniques for
complex curved shapes like wind blades and lens as well.

To sum up, type 1 joints are weaker, longer fabrication time. But, it’s more
practical and can be used to join complex shapes. In contrast, type 2 joints are
stronger, shorter fabrication time, but it’s more complex. Therefore, both joint types

should be considered for the future improvements.
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Chapter 3
Effect of stitching on the tensile strength of the
current novel joints CFRP adhesive joints

3.1. Introduction

In chapter 2, two CFRP adhesive joint types were introduced. Joint type 1, which
Is constructed between CFRP fabric and dry carbon fibers halves. This joint was
represented by two staircase joints named staircase-1 and staircase-2. Joint type 2 is
fabricated by stacking two dry carbon fibers halves. This joint represented by two
joints called laminated and multiple-covers joints. Compared to joint type 1, joint type
2 was stronger and shorter fabrication time. However, joint type 1 is more practical
and less complex. Therefore, when applying further improvements, both joint types

should be considered.

In CFRP composite structures, joints are crucial load-carrying elements, and the
mechanical performance of the whole structure depends on the joining efficiency. In
other words, the strength of the CFRP composite structure is equal to the strength of
its joint. Therefore the improvement of CFRP adhesive joints is very crucial. There
remains significant scope for improvement in the strength and durability of bonded
joints [8]. Stitching is considered to be an effective method of forming strong bonded
composite joints [8], and Hes et al. [44] and Dransfield et al. [45] showed that this
technique could enhance the fracture toughness of composites under peel load

conditions.

This chapter studies the effect of stitching on both CFRP joint types, which

introduced in chapter 2. The stitching technique will be applied for two joints, staircas
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e joint-2 and multiple-covers joint. For the staircase joint-2, the original staircase joint
-2 was put in comparison with the adjusted one. The adjustment was applied by
stitching with carbon fiber bundles (see Figure 3.1 a-c). Similarly for multiple-covers

joint, its original form was put in comparison with its stitched form (see Figure 3.2 a-

c).

3.2. Experimental Methods

3.2.1. Materials

The CFRP composites consisted of carbon fabric and a resin mixture. The resin
was a mixture of XNR6815 and XNH6815 at a weight ratio of 100:27. The resin
mixture viscosity at 25°C was 260 mPa.s. The carbon fiber used for this work was
made by Mitsubishi Rayon Co. LTD. Table 3.1 introduces the characteristics for this
carbon fiber. Five unidirectional carbon fabric layers were stacked and molded
together to form 1.5-mme-thick plates.

Table 3.1: Characteristics of the carbon fiber used in this work

Carbon . . . Tensile | Tensile .
fiber Style 1r||\|0_ of | Weight | Density | Thick. strength | modulus Elongation
designation Hlaments g/m? | glem® mm MPa GPa %
TRK976P
QRW ub 12,000 317 1.82 0.33 4,900 253 1.9

3.2.2. Adhesive joints
Two different types of joint were used with the stitching technique. One joint was
constructed using dry carbon fiber fabric and CFRP. A stepped CFRP fabric was
manufactured first, which was then re-molded with dry carbon fiber fabric. This joint
is called staircase joint. Figure 3.1a shows a schematic top view of the VARTM mold

for all staircase joints. Figure 3.1b shows the original staircase joint. The stitching was

27



applied perpendicularly through both CFRP and dry carbon fibers halves using carbon
fiber bundles. The stitches compose a matrix in which its rows are in the fiber
direction (resin flow direction), and the columns are in the other perpendicular, see
Figure 3.1a. The stitch length is 8 mm, and the distance between columns is 10 mm,
see Figure 3.1c.

The other joint type was constructed using two dry carbon fiber halves. With this
joint, two five-layer carbon fiber sheets were stacked. This joint is termed multiple-
covers joint. Figure 3.2a shows a schematic top view of the VARTM mold for all
multiple-covers joints. The original form for this joint is shown in Figure 3.2b. In this
joint, the separation between the two mated carbon layers was covered using two 40-
mm-wide carbon fiber pieces. The second form for multiple-covers joint is shown in
Figure 3.2c. With this joint, we used stitching with carbon bundles of the same carbon
fiber type, which were applied perpendicular to the plane of the laminate [44-45]. All

joints were formed using a single VARTM process.

3.2.3. Manufacturing
All CFRPs’ parts were formed using VARTM, which is a variation of the resin
transfer molding (RTM) technique, in which a solid mold with a flexible tape-sealed
vacuum bag is used instead of a closed mold. In the VARTM process, reinforcements
are stacked on a solid mold, which is treated with a mold-releasing agent and covered
with a peel-ply and a distribution medium. These are enclosed in a vacuum bag,
which has an inlet and a vent, and which is sealed using gum tape, as shown in Figure

3.3.
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Figure 3. 1: (a) Schematic top view of the staircase joints: (b) original staircase
and (c) stitched staircase joints

3.2.4. Test procedures

The strength of the joints was evaluated via tensile testing using standardized test
specimens [27]. Figure 3.4a shows the dimensions of the specimens; the total length
was 250 mm and the width was 10 mm. Pairs of CFRP tabs were used to reduce the

stress when holding each specimen, as shown in Figure 3.4b.
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Figure 3. 4: Standard specimen dimensions used for tensile testing and (b) an image of
a specimen used in a tensile test

3.3. Results and Discussions

All tests were carried out according to the ASTM standard D3039/D3039M, with
a constant crosshead speed of 2 mm/min at a room temperature (i.e., 23°C). The
tensile tests were performed at least three times and the average value of the three
measurement values was used as representative. The results showed a maximum error
of 15%. Figure 3.5 shows the tensile load of the multiple-covers joint in both original
and stitched forms. The tensile load of the original CFRP without joint is also
indicated in the figure as the maximum value that logically all joints cannot exceed.
The load of the unstitched multiple-covers joint was 17.2 kN, and that of the stitched
multiple-covers joint was 20.8 kN (i.e., 21% stronger). This can be attributed to two
factors. First, the use of additional carbon bundles results in an increase in the average

thickness of the joint. Second, the stitching direction was perpendicular to the
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laminate, so that it functions as an additional carbon lamina, forming a bidirectional
composite.

Figure 3.6 shows the tensile load of all staircase joints combined with vertical
error bars. The strength of the staircase joint was only 9.5 KN. This is consistent with
previous studies showing that joining carbon fabrics and CFRP fabrics results in low-
strength joints [26]. This can be attributed to two factors. First, resin residue on the
CFRP surface prior to joining can act as an insulator. Second, the absence of overlap
in these joints reduced the contact area, resulting in a weaker joint [8].

Figure 3.7 shows a typical tensile load—displacement curve combined with images
that show the original staircase joint at various stages of the test. An initial crack
occurred near the end of the joint, which reduced the gradient of the load-
displacement curve. This resulted in a linear relationship between the tensile load and
the displacement. As the load increased, the crack grew, until the specimen fractured.
The initial crack occurred at the end of the joint. This can be explained as follows.
When joining the CFRP with the carbon fabric, two separation lines were formed on
the two surfaces of the part. These two lines were filled with resin after joining, and
the crack initiated at these lines. As the tensile load increased, the shear stress in the
contact area increased, which caused relative motion between the two CFRP portions,

and led to enlargement of both separation lines, and hence crack propagation.

On the other hand, stitched staircase joint achieved a small increase in the
strength. The tensile load of the stitched staircase joint was 9% higher than that of the
original staircase joint. However, it is believed that this increase was caused by

addition of two carbon fiber pieces near the joint ends. These two pieces were put
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before applying the stitching to cover the gaps at the joint ends. Oppositely, the
fracture analysis shows a weakened structure because of stitching. First, the stitches
over the CFRP fabric result in gaps between the mold and the CFRP part, as shown in
Figure 3.8a. These gaps were filled with resin during molding. In addition, due to the
position of these gaps, it was difficult to remove voids in the resin that filled the gaps
(see Figure 3.8b). Second, stitching produced notches in the CFRP part, which
weakened the structure after molding. LObel et al. [8] showed that the existence of
holes in CFRP fabrics results in peaking the stress around these holes, and hence a
weaker CFRP structure. Figure 3.9 shows a typical tensile load—displacement curve,
combined with images that show the deformed stitched staircase joint at various
stages of the test. The crack initiated and propagated at the end of the joint, yet the

specimen failed at the location of the notches caused by stitching.
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3.4. Conclusions

We have described four adhesive joints formed using VARTM, two adhesive
joints in their original and improved forms. Tensile testing was applied to measure the
joint mechanical performance. Tensile test results revealed improved strength when
stitching was applied to the multiple-covers and staircase joints. The improvement
achieved for multiple-covers joint higher than that for the staircase joint. For the
staircase joint, the strength improvement caused by the extra carbon fiber pieces
which were put at the joint ends not by applying the stitching technique. The fracture
analysis using images taken by in-situ monitoring camera showed the following:
1- For the original staircase joint, all fracture progress steps, crack initiation and
propagation and final fracture, occurred near the joint ends
2- For the stitched staircase joint, crack initiation and propagation occurred near the

joint ends. However, the final fracture occurred at the middle of the specimen
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Chapter 4
Improvement of an adhesive joint constructed from
carbon fiber-reinforced plastic and dry carbon fiber
laminates

4.1. Introduction

Today, adhesive composite joints today play an important role in aerospace,
turbine, and ship designs [6]. CFRP type 1 adhesive joints, which are constructed
from at least 50% CFRP fabric, include conventional joints such as single-lap [25,
28], double-lap [29, 47], and stepped [31, 32] joints. Various experimental studies
have been reported to improve the strength of these conventional joints [8, 44-45, 62].
However, developing and improving novel adhesive joints still limited.

In chapter 3, the stitching technique was applied to both joint types (type 1 and
2). This technique achieved improved tensile strength for joint type 2 samples
(multiple-covers laminated joint). However, there is no noticed improvement achieved
for the first joint type (staircase joint). In this chapter, we introduce three staircase
joints. The first is the original and the other two are proposed improvements. The
improvements included adding two carbon fiber pieces at the joint ends and
overlapping the dry carbon fiber halve over the CFRP halve. The main objective of
this work was to achieve improved tensile strength in the joint. All joints and CFRP

materials tested in this study were made using the VARTM manufacturing process.
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4.2. Experimental work
4.2.1. Staircase adhesive joints

As it was described in chapters 2 and 3, the staircase joint [26] is an adhesive
joint constructed using stepped CFRP fabric, half molded with dry carbon fibers. To
fabricate the staircase joint, the VARTM process is applied twice. First, the VARTM
process was used to fabricate the CFRP fabric half. Figure 4.1a shows the stacking
system of five carbon fiber layers for the joint’s first half. The carbon-fiber layers are
stacked together, and the joint length (80 mm) is divided into equal stairs. Some
staples were used to hold all the carbon fabric in position and prevent any relative
movement during mold preparation.

Figure 4.1a shows a detailed drawing of the VARTM manufacturing process used
to produce this CFRP part. Following the steps explained above, the mold was
prepared. Figure 4.1b shows a real image of the mold used. After resin filling, the
pump was stopped and the mold was left for 24 h for resin curing, and the first CFRP
half was successfully fabricated. Figure 4.1c shows the first half of the staircase joint.
This CFRP part was then used for the fabrication of the staircase joints.

The VARTM manufacturing process was used again to accomplish the
fabrication of the staircase joints. After fabrication of the first half, it was necessary to
remold this part again after stacking the carbon fabrics, which represents the second
half. An additional step was needed before remolding this part. To obtain a better
staircase joint bond, any surface resin at the contact length had to be removed from
the first half. Generally, the staircase joint strength is sensitive to the existence of any
resin at the contact surface of the first half before remolding. In fact, this resin layer

acts as an insulator and thus a weakened joint will result. To remove the resin layer, a
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sand-blasting process was applied using a Hozan shot blast SG-106 (Hozan Tool Ind.
Co., Ltd, Osaka, Japan). Before applying sand blasting, the surface was treated with
some sand paper.

In this chapter, we describe three staircase joints: the first is the original staircase
joint and the others are proposed improvements. These joints were made in one mold
(Figure 4.2a). Figure 4.2b shows the original staircase joint. In this joint, the first
CFRP half is remolded with another identically stacked carbon fiber half. For the
second joint, the staircase joint with covers, two additional carbon fiber pieces, 40
mm in length, were put on the joint ends. These carbon pieces were added
intentionally to cover the joint ends (Figure 4.2c). Figure 4.2d shows the third joint,
which is called an “overlapped staircase joint.” In this joint, the contact lines were

covered using a mating carbon fiber layer.

4.2.2. Materials and testing

Joint strengths were evaluated via tensile testing using standardized test
specimens [26]. Figure 4.3 shows the dimensions of the specimens; the total length
was 250 mm and the width was 10 mm. Pairs of CFRP tabs were used to reduce the
stress when holding each specimen. All specimens were tested using a Shimadzu
DSS-5000 universal testing machine (Shimadzu Corp., Kyoto, Japan). For all
experiments, the composite material was CFRP. Table 4.1 shows the detailed
constituents for the given CFRP fabric.

Table.4. 1: CFRP composite material constituents

Carbon fabric type (Density) Resin/Hardener No. of carbon CFRP thickness,
fiber layers mm

Mitsubishi Rayon UD 1M (317 | XNR6815/XNH6815 | 5 15

g m-2)

Mitsubishi Rayon UD 1M (317 | XNR6815/XNH6815 | 7 2.0

g m-2)
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Figure 4. 1: (a) Schematic view of the manufacturing of the carbon fiber-reinforced
plastic (CFRP) part. (b) Photograph of the fabrication of the CFRP part. (¢c) Schematic
drawing of the resulting CFRP fabric part.

4.3. Results and discussions

All tensile tests were carried out according to the ASTM D638-03, with a
constant crosshead speed of 2 mm/min at room temperature (23°C). Figure 4.4 shows
the tensile strength results for all joints and the original CFRP. First, the tensile loads
for five- and seven-carbon-fiber layer CFRP were 26 and 28 kN respectively, showing
that the tensile strengths in the fiber direction were 1.7 and 1.4 GPa, respectively.

Both tensile loads coincided with the CFRP tensile load range of 1.2-2 GPa [8, 27,

47].
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Figure 4.2: (a) Schematic view of the joints. (b) Sectional side view of the original
staircase joint. (c) Sectional side view of the staircase joint with covers. (d) Sectional
side view of the overlapped staircase joint.
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Figure 4. 3: Standard specimen dimensions used for tensile testing.
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The tensile results showed a recorded tensile load of 9.5 kN for the original

staircase

joint of five carbon fiber layers, which represents 36.5% joining efficiency. The
seven-carbon-fiber joint recorded a tensile load and joining efficiency of 14.5 kN and
52%, respectively. The reason for this higher tensile load and joining efficiency is not
only the higher number of carbon fabric layers but also the higher number of stairs
[26]. This is in agreement with previous studies that have suggested that joining
carbon fabrics and CFRP fabrics results in low strength [26]. Abusrea et al. [26] has
explained the reasons for this limited strength. The behavior can be attributed to two
factors. First, resin residue on the CFRP surface before joining can act as an insulator.
Second, the absence of overlap contact in these joints reduces the contact area,
resulting in a weaker joint. However, this strength is still relatively high compared
with conventional adhesive joints. For example, a double-lap joint achieved a tensile

strength of 7.1 kN [8, 27].

The second joint, the staircase joint with covers, showed an improved tensile load.
For this joint, the five-carbon-fiber-layer fabric achieved a tensile load of 11.7 kN,
which represents a 23% increase versus the original staircase joint. In addition, this
value represents a joining efficiency of 45%. This improved strength may be due to
the addition of the extra carbon fiber pieces, which helped in resisting crack initiation.
Furthermore, the addition of carbon fiber pieces on the joint ends is helpful for
reducing the peak stresses at the joint ends [50]. A similar idea was used to improve

the single-lap joint. For example, Tsai et al. [51] performed a finite element (FE)

42



analysis to study the strain/stress distributions in laminated composite single-lap joints

with and without a spew fillet [51, 52].

For the third joint, the overlapped staircase joint, the tensile load recorded for five
carbon fiber layers was 13.2 kN, which represents a 39% increase and 51% joining
efficiency. Additionally, the load for seven carbon fiber layers was as high as 15.6 kN,
representing a further 14% increase and 59% joining efficiency. In this joint, beyond
the covering of the joint ends, the overlapping helped in covering all contact lines
between the stairs of the CFRP and the mated carbon fabric layers. In fact,
overlapping is one of the most important techniques used to improve the performance
of adhesive joints [8, 27]. Furthermore, the overlap length is the main factor that
affects how much improvement is achieved. Lobel et al. [8] studied the effect of
overlap length for the double-lap joint and reported two findings. First, the strength of
the double-lap joint was increased by 20% when the overlap length increased from 40
to 80 mm. Second, no observed improvement was achieved for an overlap length that
was more than 80 mm. In our overlapped staircase joint, the overlap length was
determined by the stair length, which was equal to 40 mm (double stair length).
Consequently, this overlap length is sufficient to achieve a reasonable improvement in

the staircase joint.

Thickening the joint using dry carbon fabrics, by stitching [44, 45] overlapping
mated dry carbon fabrics [27], or inserting extra dry carbon fabrics [26], may improve
the joint strength. Abusrea et al. [26] proposed novel joints that were improved by

inserting additional carbon fabric pieces.
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Figure 4.4: Tensile loads of all joints compared with the original CFRP.

Figure 4.5a shows the stress-strain curves for the five-carbon-fiber-layer joints.
Unlike the tensile load readings, the stress-strain curves indicate different behaviors of
joints. It can be seen that the stress level is lower for the improved joints. For example,
the stress level for the original staircase joint was the highest among the three joints.
The reason for this behavior can be further explored. First, the stress calculations are
based on the maximum thickness within the specimen. As explained in the previous
section, one of the main reasons for getting a higher tensile load for the adjusted joints
is the increase in thickness. Furthermore, the increase in the tensile load did not
recover the thickness increase. The same trend for stress-strain behavior was observed

for the seven carbon fiber layers (Figure 4.6).
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Figure 4.5b shows a typical fracture scenario for the second joint at the given

positions in Figure 4.5a. First, a crack initiated at the joint end, then it propagated in

the direction of the joint length, and finally the specimen fractured [26, 27]. The same

fracture scenario was observed in the other joints.
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Figure 4. 5: (a) Stress-strain curves for all joints with 7 layers and (b) A typical
fracture scenario for the staircase with covers joint at the given positions.
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Figure 4. 6: Stress-strain curves for all joints with 7 layers.

To highlight the failure behavior of the current joints, failure analysis using
optical microscopy was performed [54]. In optical microscopy, the fractured part is
photographed, as shown in Figure 4.7a, and the part is then scanned to identify the

images that are to be analyzed further.

Figured. 7b—d shows typical optical microscopy analysis of the 7-carbon-fiber
joints. As shown, the end of each CFRP joint was imaged. The analysis of the original
staircase joint showed a uniform mixture of resin and fiber. There were no overlaps in
this joint, and failure was due to the separation of the carbon fibers and stairs, as
shown in Figure 4.7b. Figure 4.7c shows the images taken of the second joint. These
images demonstrate fiber alignment with some pits and scratches caused by the

sanding and sand blasting processes that were previously used to remove the surface
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resin. Consequently, the tensile load increase at this joint was caused by the
representation of more joint zones. Fiber breakage was observed near to the end of the
overlapped staircase joint. For this reason, the overlapped joint exhibited the greatest

tensile load, as shown in Figure 4.7d.

(a) Schematic
structure of analyzed
the joint end

P s B
(d) Overlapped staircase joint

Figure 4. 7: Typical optical microscopy analysis for the 7-carbon-fiber joints
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4.4. Conclusions

A stepped CFRP half for all staircase joints was made using a manufacturing
process developed from VARTM. This CFRP part was remolded with another carbon
fiber half to make the staircase joints. Three staircase joints were molded via the
VARTM process. The first was the original staircase and the other two were improved
staircase joints. The results showed an enhanced tensile load for the modified staircase
joints. The percentage increase depended on the number of carbon fiber layers. For
example, the total percentage increase in the tensile load recorded was 39% for the
five-carbon-fiber- layer CFRP, with a further 14% increase for the seven carbon fiber
layers. The final joining efficiencies reached 51% and 59% for five- and seven-
carbon-fiber-layer CFRP fabrics. Finally, the fracture scenarios observed were

consistent with previous work.
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Chapter 5
Tensile strength enhancement of adjusted novel
CFRP composite laminated joints fabricated by
vacuume-assisted resin transfer molding VARTM

5.1. Introduction

Composite joints work as structure-critical load-carrying elements. Thus, the
design and analysis of composite joints have attracted much attention in a series of
light-weight, low-cost, and efficient composite integration projects [65]. Conventional
mechanical fasteners, such as bolts, pins, and rivets, have been used to join CFRP
structures [22-23, 66]. This joining technique is generally characterized by simplicity
and such joints can typically be disassembled [24]. However, drilling holes in
composite parts before fastening may cause problems due to stress concentration and
weight increases. In contrast, adhesively bonded joints have mechanical advantages
over bolted joints because the fibers are not cut, and stresses are transmitted more
homogeneously [25].

Recently, CFRP composite adhesive joints have been used extensively in
numerous composite structures, such as in aerospace, turbine, and ship designs [6].
These joints include ‘traditional’ adhesive joints, such as single-lap [25, 28], double-
lap [29-30], stepped [31-32], and scarf-lap [67-69] joints. These engineering
structures are subjected to various combinations of mechanical loadings, including
static, fatigue, and impact loadings. Many studies have characterized and improved

the mechanical performance of these adhesive joints.
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Studies on traditional adhesively bonded joints have been reported by many
researchers [67, 70-73]. In chapter 4, the improvements on joint type 1 (CFRP + dry
carbon fiber joints) were introduced. A maximum of 40% improvement in the tensile
load was achieved by overlapping the carbon fiber half on the CFRP part. This
chapter describes the improvements that made for the second joint type. Two
improvements were made to the joint. The first was done by overlapping the two
halves with overlap lengths of 20 mm and 40 mm (overlapped laminated joints 020
and 040, respectively). The second was made by the addition of carbon fiber pieces
(i.e., a multiple-covers laminated joint, MLJ). Figure 5.1a—e show the joints assessed
in the current research. These joints were subjected to uniaxial tensile tests. The main
objective of this work was to characterize and improve the tensile strength of the
laminated joint. All CFRP joints and fabrics were made in our laboratory using a
composite-manufacturing technique, referred to as vacuum-assisted resin transfer

molding (VARTM,; Figure 1.5)

5.2. Materials and Fabrications

5.2.1. Materials

The CFRP composites and their joints consisted of carbon fabric and a resin
mixture (Denatite XNR6815/XNH6815) [10]. The resin mixture viscosity at 25°C
was 260 mPa-s. The carbon fiber used in this work was made by Mitsubishi Rayon Co.

Ltd. Table 5.1 lists the characteristics of the carbon fiber used herein.
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Table 5.2: Characteristics of the carbon fiber used in this work

. . . - Tensile Tensile .
Ty %arpon 1;|_ber Syle Weight | Density | Thickness strength | modulus Elongation
esignation g/m? glem® mm MPa GPa %
1 TRK976PQRW ub 317 1.82 0.33 4,900 253 1.9

5.2.2. Adhesive joints

The original laminated joint OLJ proposed in this work is a composite adhesive
joint, constructed of two 6-layer dry carbon half fabrics stacked together (Figure 5.1b).
A 40-mm joint length was made (Figure 5.1b). To achieve this joint length of 40 mm,
each carbon fiber layer was stacked, in which one half was 40 mm longer than the
other. Further improvements were made by overlapping the two halves or adding
extra carbon fiber pieces. For the overlapping technique, to emphasize the effect of
overlap length, two different overlap lengths were used: 20 and 40 mm. Figures 5.1c—
d show the two overlapped laminated joints with 20 mm (O20) and 40 mm (O40)
overlap lengths. As stated above, the second improvement was made by adding extra
carbon fiber pieces (40 mm in length). One joint considered for this improvement was
named the multiple-covers joint-1 (MLJ). For the MLJ, the extra carbon fiber pieces
were all of the same carbon fiber as used in the fabrics, so it is expected that the

thickness of the joint will be double the adherend thickness (Fig. 5.1e).
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Figure 5.1: (a) Jointless CFRP, (b) Laminated joint, (c) Laminated joint with 20 mm
overlap, (d) Laminated joint with 40 mm overlap and (e) Multiple-covers laminated
joint
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5.2.3. Test procedures and specimens

Joint strengths were evaluated via tensile testing using standardized test
specimens [19]. Figure 5.2a shows the dimensions of the specimens; the total length
was 250 mm and the width was 10 mm. Pairs of GFRP tabs were used to reduce the
stress when holding each specimen. Figure 5.2b shows a real image of the tensile
specimens for all joints. All samples were tested using a MTS 810 (100 kN capacity;

MTS Corp.) universal testing machine.

Test samples were divided into five test series, representing the various joint
types. Five samples were assigned to each test series. Tables 5.2 show the specimen
details for all tests. The samples were coded in the form AAA-B-CC, where AAA
refers to the joint type, e.g., JOS for jointless CFRP and OLJ for laminated joint, B
refers to the type of testing, e.g. T for tensile testing, and CC refers to the sample

number (01-05).
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Figure 5.2: (a) Standard specimen size used in this work and (b) Image for all joints

Table 5.3: Specimens’ details for tensile test

Tensile test samples

o [ dei [ somope [ [ [ T T npe | S
1 JOS-T-01 | 16 040-T-01
2 JOS-T-02 17 Laminated joint 040-T-02
3 1 Jointless CFRP | JOS-T-03 18 4 with 40 mm 040-T-03
4 JOS-T-04 | 19 overlap 040-T-04
5 JOS-T-05 | 20 040-T-05
6 OLJ-T-01 | 21 MLJ-T-01
7 OLJ-T-02 | 22 ) MLJ-T-02
8 2 | Laminated joint | OLI-T-03 | 23 | 5 ':g‘,i:fﬂtee;j’gfgf MLJ-T-03
9 OLJ-T-04 | 24 MLJ-T-04
10 OLJ-T-05 | 25 MLJ-T-05
11 020-T-01 | 26

12 Laminated joint | 020-T-02 | 27

13 3 with20mm | 020-T-03 | 28

14 overlap 020-T-04 | 29

15 020-T-05 | 30
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5.3. Results and Discussions

5.3.1.Ultimate Tensile failure load

All tensile tests were carried out according to ASTM D638-03, with a constant
crosshead speed of 1 mm/min at room temperature. Figure 5.3 shows the maximum
tensile failure load and standard deviations for all samples. The failure load for
jointless CFRP samples was 32 kN, showing that the tensile strength in the fiber
direction was 1.84 GPa [19]. The failure load values for the subsequent joints can be
linked to this failure load by the joining efficiency data. The OLJ achieved a
maximum failure load of 14.3 kN. This failure load is considered high when
compared with literature reports [67]. This OLJ was developed in Chapter 2. In
Chapter 6, further improvements will be done to this kind of joint to emhance its

bending strength.

The overlapped laminated joints, O20 and 040, achieved higher failure loads in
this study. The laminated joint with a 20 mm overlap length achieved a higher failure
load, of 20.7 kN, representing a 45% increase compared with the OLJ. The laminated
joint with a 40 mm overlap length showed a failure load of 22.3 kN, a 56% increase
versus the OLJ. The effect of overlap length was studied by previous researchers for
traditional adhesive joints, such as SLJs and DLJs. Li et al. [67] investigated the effect
of overlap length on the tensile performance of SLJs and DLJs under static conditions.
As the overlap length increased, the ultimate failure load and equivalent stiffness also
increased. In contrast, the overlap lap shear strength decreased with longer overlap

lengths. Evaluating the surfaces of the tested joints, the fracture modes changed from
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cohesive in the adhesive to cohesive in the adherend with increased overlap length.
Aradjo et al. [64] studied the effect of overlap length on failure load under quasi-static
and impact conditions. Increased overlap length resulted in an increase in the failure
load under both conditions. According to [64], the failure mode was independent of
the overlap length under quasi-static conditions. However, the failure mode varied
depending on the overlap length under impact conditions. Abusrea et al. [19]
investigated the effect of overlapping on a stepped joint, called a staircase joint, which
was constructed between CFRP and dry carbon halves. The overlapped staircase joint

achieved about a 40% increase over the original staircase joint.

The ultimate failure load for the MLJ was 19.9 kN, a 40% increase versus the
OLJ. Insertion of extra carbon pieces at the connection between the two joint halves is
an improvement technique developed by [19, 26]. The MLJ showed an increase in the
flexural loading capacity, ranging from 48 to 112%, depending on the number of

carbon fiber layers.
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Figure 5.3: Ultimate failure load data for joinltess CFRP and joints

5.3.2.Load-Displacement curves

Typical load-displacement curves for specimens with differing overlap lengths
are presented in Figures 5.4-5.7. The load-displacement curve showed crack initiation
and propagation. Figure 5.4 shows a typical load-displacement curve for the OLJ.
Crack initiation can be seen with the 4 kN load. The load-displacement curve for this
joint can be divided into three stages. The first stage ends with the crack initiation,
and then the crack starts to propagate during the second stage, known as “steady-state
crack propagation.” Linear load-displacement curves were detected in both stages.

The third stage then showed a non-linear load-displacement relationship.
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Figure 5.5: A typical load-displacement curve for the overlapped laminated joint 020
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Figure 5.7: A typical load-displacement curve for the multiple-covers laminated joint
MLJ

Figures 5.5-5.7 show the load-displacement curves for the improved laminated
joints. Compared with the OLJ, the load-displacement curves of the improved joints
showed linear relationships over the entire curve. Additionally, the first crack started
to appear later. From these curves, it seems that no clear crack propagation occurred
after the first crack appeared. Instead, some additional cracks appeared later, possibly
due to fiber breakage and/or delamination. Traditional SLJs showed a linear
relationship between the load and displacement at different overlap lengths [64, 67].
However, composite-to-aluminum single-lap joints showed a non-linear relationship
[75]. It was suggested that this was due to plastic deformation of the aluminum

adherend.

5.3.3.Joining efficiency

The joining efficiency was calculated by dividing the ultimate failure load for the
joint by that for the jointless CFRP. Figure 5.8 shows the joining efficiency for all
joints. The joining efficiency results showed the same trend as the ultimate failure
load results. The joining efficiency data were considered as a measure of drop-down
in the tensile loading capacity due to the existence of a joint in the engineered CFRP
composite structure. The OLJ achieved 44.5% joining efficiency. This corresponds to
a more than 50% drop-down in the structure tensile loading capacity, due to the
existence of the laminated joint, which is considered to be of low efficiency. The
overlapped joints, 020 and O40, achieved improved joining efficiencies, of 64.5%

and 69.5%, respectively. The joining efficiency for the MLJ was 62%. Most previous
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research did not measure joining efficiency, instead focusing on the absolute load and
stress, and did not compare obtained values to those of the original jointless
composites. The joining efficiencies of these improved joints are considered
reasonable compared with literature reports [19, 26]. The overlapped staircase joint

achieved ~59% joining efficiency [19].

5.3.4.Maximum tensile stress

Figures 5.9 and 5.10 show the maximum stress for jointless CFRP JOS and all of
the tested joints. The engineering stress in tensile tests is calculated by dividing the
load by the original area of the sample. For the jointless CFRP and laminated joint
samples, the maximum tensile stress was calculated simply by dividing the ultimate
failure load by the sample cross section area. In Figure 5.9, the maximum stresses for

the jointless CFRP and OLJ were 1,840 and 840 MPa, respectively.
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Figure 5.8: Joining efficiency data for all joints
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Figure 5.9: Maximum tensile stress based on the adherend thickness

For the improved joints, there are two different thickness measurements: the
adherend and joint thicknesses. For all improved joints, the joint part was thicker than
the adherend. The maximum tensile stress was calculated based on the adherend
thickness and the joint thickness. Figure 5.9 shows the maximum stress based on
adherend thickness. The stress data showed the same trend as the ultimate failure load
data: the 40 mm overlapped laminated joint (O40) achieved the highest stress value,
of 1,250 MPa. However, an opposite pattern for the maximum tensile stress was seen
when stress was calculated based on the thicker part of the joint. The OLJ achieved
the highest stress value, of 842 MPa, while the joint O40 showed a maximum stress
value of 617 MPa. This may be due to the increase in the joint part thickness due to
overlapping the two halves not being recovered by the same increase in the ultimate
failure load. Li et al. [67] investigated the effect of overlap length in single and double

lap joints DLJs. They showed that ultimate failure load increased when the overlap
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length increased. However, the lap shear strength decreased with increased overlap
length. This phenomenon could be due to the increase in bonding area, but this

increase did not cause the same compensatory increase in ultimate failure load.
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Figure 5.10: Maximum tensile stress based on the joint thickness

5.3.5.Fracture mode

Photomicrographs of the fractured samples showed different fracture modes.
Figures 5.12-5.16 show photographs of fractured samples. Figure 5.11 shows the
fractured sample of the jointless CFRP. It can be seen that fiber breakage failure mode
occurred along the whole sample (100% fiber breakage). This fracture mode usually
indicates high strength [19]. Figure 5.12 shows photographs of the fractured sample of
the OLJ. A delamination fracture mode was observed for this joint. The fracture

started at the joint end and propagated along the joint.
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Figures 5.13-5.14 show the fractured samples for the overlapped joints 020 and
040. According to these figures, the fracture mode was different for these joints. In
the case of joint 020, delamination fracture of the carbon fiber layers was observed,
except for the first layer. A fiber breakage fracture mode was observed for the first
layer (Fig. 5.13). When the overlap length increased to 40 mm, i.e., joint O40, the
fracture mode was a combination of delamination and fiber breakage (Fig. 5.14). Li et
al. [67] investigated the fracture mode of single-lap joints with differing overlap
lengths. They showed that the failure modes of the single-lap joints varied by overlap
length. When the overlap length was small, the adhesive was the weak part of the joint,
and the crack initiated and propagated in the adhesive. Consequently, the joint showed
adhesive shear failure mode (100% of the failure area). When the overlap length
increased, adhesive shear failure could still be observed (23.2% of the failure area).
Additionally, adherend failure, mainly in the form of delamination (76.8% of the
failure area) between the layers, was also found. In cases with larger overlap lengths,
the failure mode was quite different: delamination (100% of the failure area) was

widely observed, and the ultimate failure was dictated by the composite adherend.

Figure 5.15 shows the fractured sample of the MLJ. It shows the same fracture pattern
as joint O40. This is reasonable given the identical joint length: both joints have
lengths of 40 mm. Additionally, the ultimate failure load of the MLJ was close to that

of the 040 joint.
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Figure 5.12: Typical microscopic photographs of the laminated joint OLJ
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Figure 5.14: Typical microscopic photographs of the overlapped laminated joint 040
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Figure 5.15: Typical microscopic photographs of the multiple-covers laminated joint
MLJ

5.3.6.Thickness profile

To achieve an improved laminated joint, a thickness of the joint part versus the
adherend was ensured, where the number of carbon fibers at the joint exceeded the
number of carbon fiber layers used for the adherend. These excess carbon fibers were
caused by either overlapping of the two carbon fiber halves or addition of extra
carbon fiber pieces. The thickness of the joint part should be at least twice that of the
adherend. Thickness variation occurred along the upper surface of the joint during
contact because the reinforcements were placed on a rigid flat surface of the mold
(Fig. 5.1c-e). Figure 5.16 compares the thickness profiles over 80 mm length for all

samples. All tested joints were compared with an ideal 6-layer CFRP fabric.
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It was important to create joint profiles to measure joint quality, by showing the
extent to which joint thickness precision was affected by the adjustments made. In
Figure 5.16, the jointless CFRP and OLJ showed thickness deviations, caused by the
presence of infusion mesh. These deviations normally occur in fabrics made by a
VARTM manufacturing process [27]. A much larger thickness increase was observed

for the 020, 040, and MLJ. The thickness reached 3.5 mm for the 020 and 040 joints.
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Figure 5.16: Typical thickness profiles for the three joints and the jointless CFRP
fabric.

5.4. Conclusions

The laminated joints presented herein (both the original and improved types) are
novel and were fabricated using a VARTM process. Four laminated joints were
described. The first was the OLJ and the other three were improved joints. All
samples were subjected to tensile tests to evaluate their tensile strength.
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Tensile testing showed the following:

1-

A maximum ultimate failure load of 22.3 kN was observed for the 40 mm
overlapped laminated joint, O40. This represented a 56% increase in the failure
load over the OLJ. Generally, the improved laminated joints showed 40-56%

increases in ultimate failure load.

The load-displacement curve for the OLJ differed from those of the improved
joints. It showed a linear relationship, with earlier crack initiation, in the first two
stages, before changing to a non-linear relationship in the third stage. For the
improved joints, the entire load-displacement curve showed a linear relationship

and later crack appearance.

The joining efficiency showed the same trend as the ultimate failure load. The
maximum joining efficiency of 69.5% was achieved with the 40 mm overlapped

joint, 040, and the joining efficiency ranged from 44.5% to 69.5% for all joints.

The ultimate stress data, based on adherend thickness, showed the same trend as
the ultimate failure load data. The highest stress value, of 1,250 MPa, was
recorded for the 40 mm overlapped joint, O40. However, the stress results showed
a different trend when they were calculated based on the thicker part of the joint.
The ultimate stress decreased to half for joint O40 when it was calculated based
on the thicker part of the joint, and the stress value for the OLJ was the highest

stress value.

Failure analysis of all samples was performed using optical photomicrographs.

Fiber breakage failure mode was observed for the jointless CFRP fabric. However,
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delamination failure was observed for both the OLJ and overlapped joints. Combining
the load-displacement curve with the photomicrographs, it was found that the
delamination fracture in the OLJ started with earlier crack initiation than in the 20 mm
overlapped joint, 020. Finally, a mixture of delamination and fiber breakage failure

modes was observed for joint O40 and multiple-cover joints.
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Chapter 6
Bending strength of novel CFRP composite adhesive
joints fabricated from two dry carbon halves using
vacuum assisted resin transfer molding

6.1. Introduction

The previous chapters focused on improving the tensile strength of the developed
CFRP adhesive joints. However, the CFRP composite structures such as wind-lens
turbine and other similar applications are subjected to a combination of mechanical
loadings such as axial, flexural, fatigue, and impact loadings. The main objective of
the research work in this chapter is improve the flexural properties of the laminated
joint is previously introduced in chapter 2.

In this chapter improvements are made for the second joint type (laminated
joints). These improvements include the stitching of the two halves together using
carbon fiber bundles and by inserting extra carbon fiber covers in the joint connection.
For this joint type, three adhesive joints were studied: a conventional laminated joint
and two improved laminated joints. The samples were prepared for bending test. The
3-point bending loading system was used to measure the bending load capacity for all
joints. The fracture was investigated during and after testing. All joints were designed

and fabricated using VARTM manufacturing technique.

6.2. Materials and Fabrications

6.2.1. Materials

The CFRP composites consisted of carbon fabric (Mitsubishi Rayon UD 1M;

317 g/m2, see table 6.1) and a resin (Denatite XNR6815/XNH6815) [19]. The resin
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was a mixture of XNR6815 and XNH6815 at a weight ratio of 100:27. The resin

mixture viscosity at 25°C was 260 mP.s.

Table 6. 1: Detailed information of the used carbon fabric [76]

Weight | Density | Thickness Tensile Tensile Elongation
. strength modulus
Carbon fiber Stvle No. of
designation y filaments
g/m? glem?® mm MPa GPa %
TRIGIPOR 1 up | 12000 | 317 | 182 0.33 4,900 253 19

6.2.2. Adhesive joints

The laminated joint proposed in this work is a composite adhesive joint
constructed of two dry carbon halves that are stacked in mating together. The fiber
volume fraction measured for this joint was approximately 26%. In this joint, the joint
length was 40 mm and the total specimen length was 80 mm (Figure 6.1b). The first
improvement to this joint was made by applying a stitching technique. We used
stitching with carbon bundles of the same carbon fiber type, which were applied
perpendicular to the plane of the laminate [44, 45]. Figure 6.1c shows the stitched
laminate joint (SLJ). Abusrea and Arakawa [55] showed a weakened stepped joint in
which stitching was applied; the tensile strength of the stitched stepped joint was 26%
lower. However, it showed improved tensile strength when the stitching was applied
to the dry carbon-to-dry carbon joints. The second improvement was made by adding
carbon fiber pieces of 40 mm in length. These carbon fiber pieces were put between
the carbon fiber layers and covered the contact between the two joint halves. Figure

6.1d shows the multi-covered laminate joint (MCLJ).
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Figure 6. 1: (a) Schematic view of the joints. (b) Sectional side view of the laminated

joint (LJ). (c) Sectional side view of the stitched laminated joint (SLJ). (d) Sectional
side view of the multiple-cover laminated joint (MCLJ).

In this work, we chose four different numbers of carbon fiber layers for all joints.

We assigned 5, 6, 7 and 10 carbon fiber layers as these are commonly used. For the
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first conventional laminated joint, two different cases were used; therefore, we
divided the four carbon fiber layers into two combinations, which were 6&10 and
5&7 carbon fiber layers. Two cases were examined for the laminated joint: a ‘normal
case’ laminated joint (NCLJ) and a ‘shifted case’ laminated joint (SCLJ). For NCLJ,
the carbon fiber layers were stacked and arranged ‘correctly’ in their positions; that is,
there was no gap at the joint ends (Figure 6.2a). We used 6 and 10 carbon fiber layers
as examples. In the SCLJ, the carbon fiber layers were shifted to create a gap at the
joint ends (Figure 6.2b). Because carbon fiber layer movement may occur during
mold preparation with this kind of joint, the SCLJ was used to examine the effects of
any such movement on final product quality, in terms of thickness variation, and
mechanical performance, in terms of bending strength. For the SCLJ, 5 and 7 carbon

fiber layers were stacked.

ECarbon fiber= —Carbon fiber=

Before molding

CFRP}

After molding

(a)
Carbon fiber : =Carbon fiber=
e Before molding

\/
CFRP

Local thinning After molding
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Figure 6. 2: Schematic drawing before and after molding for the (a) normal-case
laminated joint (NCLJ) and (b) shifted-case laminated joint (SCLJ).
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6.2.3. Testing procedure

The CFRP joints were sectioned to form specimens for the three-point bending
tests, with the geometry shown in Figure 6.3. Five specimens were prepared for each
condition. During the test, the specimen was monitored with AE measurements. The
bending tests were carried out with a universal testing machine (Zwick 250, testXpert,
ver. 11.02) at room temperature with a crosshead rate of 3 mm/min. Fracture
processes were examined in real time using two AE sensors (micro30, Physical
Acoustic Corp.), marked as S1 and S2, which were attached to the bending specimens
using vacuum grease and mechanical fixation. The two acoustic emission sensors
were put 46 mm apart, each one is 23mm distant from the specimen center. They were
put in such positions close to the joint ends. A two-channel AE detection system
(MSTRAS 2001, Physical Acoustic Corp.) was used to record the AE data, and the
AE measurement conditions were a 40dB pre-amp, a threshold level of 40 dB, and a
sampling rate of 4 MHz. The threshold level of 40 dB was put to filter the noisy
sounds coming from other emission sources. A band-pass filter (range, 1 kHz to 1
MHz) under software control was used for signal gain for specific frequencies. Three
AE parameters were investigated: amplitude, energy, and the frequency spectrum of
the AE signals obtained using an FFT. AE analysis can provide a way to identify and
differentiate fracture sources. Consistent with Yoon et al. [30], we assumed that the
distance between the sensor and the crack was sufficient to measure the AE
characteristics. Considering the attenuation problems at high frequencies, we focused
primarily on frequency bands below 400 kHz for verification of the fracture

mechanism. Fractographic analyses were also performed on the fracture surface of the
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test specimens using optical microscopy and scanning electron microscopy (SEM).

The fractographic results were used for quantitative and qualitative analyses.

6.3. Results and discussion

Many previous researches [8, 28-32, 44-46, 77-84] have investigated the
mechanical performance of adhesively bonded and also z-pinned and stitched bonded
joints. However, they didn’t take into consideration the joint quality in terms of
thickness accuracy. The current research presents, beside the bending strength, the
thickness measurements at the joint area. Table 6.2 shows thickness data obtained for
the NCLJ. The average thicknesses were 1.83 and 3.04 mm for 6 and 10 layers,
respectively. The minimum thickness and the max thickness deviation were recorded
as measures of product quality. Table 6.2 shows that the minimum thicknesses were
1.78 and 2.93 mm for 6 and 10 layers, respectively. Furthermore, the thickness
deviation ranged from 2.8% for 6 layers to 3.5% for 10 layers.

For the SCLJ, Table 6.3 shows that the average thicknesses for 5 and 7 carbon
fiber layers were 1.46 and 2.02 mm, respectively. The minimum thicknesses were
1.15 and 1.55 mm for 5 and 7 layers, respectively. However, the thickness deviation
was as high as 23%. The minimum thickness and the thickness deviation indicated the
degree of local thinning for the SCLJ.

The strength in terms of maximum bending load or maximum bending strength
was measured [56] to evaluate the joints’ mechanical performance [85]. Figure 6.5
shows the average maximum bending loads for the NCLJ and SCLJ. For the NCLJ,
the bending loads for 6 and 10 carbon fiber layers were 604 and 1326 N, respectively.

Lower bending loads were recorded for the SCLJ. For example, the bending loads for
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5 and 7 carbon fiber layers were 280 and 535 N, respectively. Figure 6.4 shows the
maximum bending strength for the NCLJ and SCLJ. The bending strength of 5 and 7
carbon-layers SCLJ showed a low strength of 206 and 256 MPa, respectively. On the

other hand, the bending strength for the 6 and 10 carbon-layers NCLJ showed a much

higher strength of 1072 and 873 MPa, respectively.
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Figure 6. 3: Specimen preparation. (a) Location of specimens taken from the CFRP
plate and (b) an illustration of the specimen for the three-point bending testing with
acoustic emission (AE) monitoring

77



Table 6. 2: Thickness measurements for the NCLJ

Thickness, mm

minimum thickness,

% max thickness

mm deviation
6 layers 1.83(0.04) 1.78 2.8
10 layers 3.04(0.07) 2.93 35

Table 6. 3: Thickness measurements for the SCLJ

Thickness, mm

minimum thickness,
mm

% max thickness
deviation

5 layers

1.46(0.08)

1.15

21

7 layers

2.02(0.08)

1.55

23
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The bending strength was markedly affected by the placement of carbon fiber
layers. This behavior can be examined using AE, optical microscopy, and SEM
techniques. Figures 6.5a-b and 6.6a-b show typical three-point bending stress

behaviors with accompanying amplitude distributions of the AE signals as functions
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of time for the NCLJ and SCLJ, respectively. For NCLJ, the bending strength, o3, is

given by:
01 = 3PL/2WH, (1)

Where P is the maximum load point on the load-deflection curve, L is the span length,
W is the specimen width, and t is the specimen thickness. For SCLJ, the bending

strength of a specimen, o5, is given by:
0, = 3Pb/Wit 2, (2)

where b is the distance between the specimen end and the thinner section, and t. is the

thickness of the specimen at the thinner section.

In Figures 6.5a-b and 6.6a-b, the stress behavior can be separated into two
stages. In the first, the stress increased until the peak, along with few AE pulses. After
reaching the peak, extensive amplitude pulses were generated with the stress drop-
down. For NCLJ, the 6-layer joint reached a maximum stress level of 1200 MPa and
generated amplitude pulses of 83 dB. Furthermore, there were a few high-amplitude
pulses of 90 dB, followed with a sudden stress drop to 600 MPa. The NCLJ with 10
layers reached a higher maximum stress of 2000 MPa. After that, the stress decreased

gradually to 1500 MPa, emitting large AE amplitude pulses of 95 dB.

SCLJs with 5 and 7 layers showed similar stress and AE patterns to the NCLJ
with 6 layers. In this case, stress was calculated based on the minimum thickness

using Eq. (2).
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Figure 6. 5: Bending stress-time diagram with accompanying AE amplitude for
NCLJ: (a) 6 carbon fiber layers and (b) 10 carbon fiber layers
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To clarify the fracture behavior under a bending load, we classified the AE

features according to the fracture mode on the basis of previous studies in which
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spectral features below 160 kHz corresponded to resin matrix fracture, spectral
features in the range of 160-240 kHz corresponded to matrix-fiber mixed fracture, and
features above 240 kHz were associated with fiber fracture [56,57]. Figure 6.7 shows
the percentage of AE energy at these frequency bands. The AE energy spectra
occurred mostly in the third frequency band (f > 240 kHz). The percentage of AE
energy ranged from 85% for the NCLJ with 10 layers to 90% for 6 layers. Thus, the

predominant fracture mode in the tests was fiber fracture.

To confirm the failure behavior of NCLJs, additional failure analyses using
optical microscopy and SEM were performed. Figure 6.8 shows typical optical
micrographs and an SE micrograph of the NCLJ with 10 layers. A bending fracture
occurred at the center of the specimen, not at the joint ends. This indicated that the
joining efficiency was at least 80% because, at the same bending load, the bending

stress at the joint ends approximated 80% of the bending stress at the middle of the

specimen.
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Figure 6. 7: Typical percentage AE energy data for the three frequency bands for
NCLJ
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Figure 6. 8: Typical optical microscopy and SEM micrographs for the fracture of
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In contrast, AE and SEM analyses for the SCLJ showed different failure behavior.
Figure 6.9 shows the percentage of AE energy at the adopted frequency bands for the
SCLJ. A higher fraction of the AE energy spectrum occurred in the first frequency
band (f < 160 kHz). This indicated that the fracture occurred due to resin failure. This
behavior was confirmed by optical microscopy, as shown in Figure 6.10. For the
SCLJ with 5 layers, a crack was initiated at the joint end and then propagated at the

laminate interface until the final rupture.
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Figure 6. 9: Typical percentage AE energy data for the three frequency bands for
SCLJ

Figure 6. 10: Typical opticl micrographs for the fracture of the 5-layer SCLJ
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For the second joint, the stitched laminated joint, an improved bending load
resulted versus the conventional laminated joint. The bending load for an SLJ with 6
layers was 771 N. This represents a considerable increase, 27%, over the conventional
laminated joint (Figure 6.11). Plain and Tong [58] used a stitching technique to
improve mode | and Il fracture toughness for laminated composites. Velmurugan et al.
[59] showed retarded crack initiation, followed by gradual crack propagation, when
stitching was applied to a cylindrical shell subjected to axial compression. For
bending, Chung et al. [60] found that the stitching improved the strength of CFRP and
KFRP composites under 4-point bending, by ~25%. Adanur and Tsao [61] reported an
improvement in the flexural properties of KFRP and CFRP even when stitched at a
comparatively low density. However, at higher stitch densities, the properties

deteriorated.

Stitched laminated joints were analyzed by AE, optical microscopy, and SEM.
Figure 6.12 shows typical percentages of AE energy in the three frequency bands for
stitched laminated joints with 5, 6, and 7 layers. The SLJ showed a higher percentage
of AE energy in the third frequency band (> 240 kHz). This behavior indicated fiber-
dominated breakages. This fracture behavior was confirmed by the optical microscopy

and SEM analyses (Figure 6.13).
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Figure 6. 13: Typical SEM micrograph for the fracture of the 6-layer SCLJ

For the third joint type, the multiple-cover laminated joint, a greater thickness for
the joint part than for the adherend was observed. This joint was characterized by
extra inserted carbon fiber pieces. The number of additional carbon fiber pieces
exceeded the number of carbon fiber layers for the adherend. Thus, the thickness at
the joint part should be at least twice the thickness of the adherend. This thickness
difference occurred in the specimen length direction because all carbon fibers,
including the additional carbon fiber pieces, were placed on a rigid flat surface of the
mold (Figure 6.1d). Thus, a thickness difference was observed at the upper surface of
the joint in contact with the flexible vacuum bag. The positioning of this joint
specimen during the test might affect its bending strength. Figure 6.14 compares the
specimen thickness of the three joints, NCLJ, SLJ, and MCLJ, for 6 layers of fabric in
comparison with an ‘ideal’ 6-layer jointless CFRP. The stitched joints showed higher

thickness deviation, especially at the stitches. The thickness deviation was
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about +0.45 mm. A much greater thickness increase at the joint part was observed for
the third joint, the MCLJ. The thickness at the joint part, 40 mm, recorded around 3.6

mm, was double the ideal thickness.

4
—o— 6 layers Laminated joint
3.5 —m—6 layers stitched Taminated joint |

E 3 6 layers multiple-covers laminated jdint
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Figure 6. 14: Typical thickness profiles for the three joints and the jointless CFRP
fabric

For the bending test results, the MCLJ achieved much higher bending loads than
the conventional laminated joint and the stitched laminated joints. For example, the
MCLJ with 6 layers showed a bending load of 1280 N, representing increases of
112% and 66% versus conventional laminated and stitched laminated joints. The

MCLJ with 10 layers achieved 1958 N, an increase of 58% (Figure 6.15).

Similar to the SLJ, the MCLJ showed dominant fiber breakage, as confirmed in

the percentage AE energy in the third frequency band, > 240 kHz (Figure 6.16), and

many broken fibers on the surface (Figure 6.17).
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Figure 6. 16: Typical percentage AE energy data for the three frequency bands for
MCLJ
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6.4. Conclusions

The laminated joints presented in this paper are novel and fabricated completely
by VARTM process. Three laminated joints were introduced in this work. The first
was a conventional laminated joint and the other two are the improved joints. All
samples were tested under 3-point bending to evaluate their flexural strength in terms
of bending load as well as bending strength.

For the conventional laminated joint, to emphasize the effect of the carbon fiber
shifting, two cases were recorded; normal case laminated joint NCLJ and shifted
laminated joint SCLJ. The thickness measurements and the bending test results

showed the following characteristics:
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1. The NCLJ showed a much higher bending load than the SCLJ. For
instance, the 6 layers NCLJ achieved double bending load of the 5 layers
SCLJ and the 10 layers achieved 2.5 times the bending load of the 7 layers
SCLJ

2. The bending strength for NCLJ increased by 5 times over the SCLJ

3. The thickness readings showed a higher thickness deviation of about 23%
for the SCLJ samples. While the maximum thickness deviation for the
NCLJ was about 3.5% for the 10 layers fabrics

4. The above results prove a high influence of the carbon fiber shifting on
both the bending strength and the thickness accuracy.

For the stitched laminated joint SLJ, a wide range of bending load increase was
recorded in comparison with conventional laminated joint. The 6 layers SLJ achieved
27% bending load increase over the 6 layers NCLJ. The multiple covers laminated
joint MCLJ achieved a wide range of bending load increase by 48% to 171% for the
10 layers and 7 layers MCLJ, respectively. On the other hand, the thickness
distribution along the samples showed a higher thickness around the stitches for the
SLJ samples.

Failure analysis for the three joints was performed using in-line AE monitoring as
well as fracture surface observations. Resin failure was prevalent for the SCLJ, while
fiber breakage was dominant for the NCLJ. However, with any movement in the
carbon fiber layers, such as in the SCLJ, the failure mode changed to resin failure,
rather than fiber breakage, causing lower bending strength. Both failure behaviors,
fiber and resin failures, were confirmed using post-failure analyses. Fiber breakage

was dominant for the two other joint types, SLJ and MCLJ.
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