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ABSTRACT
Safety snap-hooks are a critical component of a fall-arrest system worn by individuals working at elevated
heights. Current snap-hook technology has not evolved in many years, and as a result, the hooks are both
heavy and conduct electricity.

This project investigated the design and manufacture of a polymer-composite safety-snap-hook. The
objective was to determine whether a light-weight, dielectric, composite hook can meet the safety
requirements, while being manufactured at a competitive price.

Several fibre arrangements were tested using current aluminium hook geometry. A research plan was
designed and completed to maximize the hook strength by optimizing fibre architecture. These results were
then used to design a composite hook that meets all the current CSA standards (static load, dynamic load,
side and front load gate test). The design enables the hook to be completely non-conductive and lighter than
the current pincer hook. Different manufacturing techniques were also considered and it was determined
that both the net-shaped moulding and vacuum bag panel method were suitable techniques.

It is recommended that further research be carried out to decrease the cost of the composite hook. Less
expensive resin materials should be tested to determine how much strength is lost with lower grade resins.
A standard test should also be developed so that hooks can be characterized for their electrical conductivity.
In addition, research is required to find a process to cut the mats so that the cut-outs can be handled without
falling apart, making the net-shape moulding process more suitable. Further design modifications are also
needed to meet newly proposed gate regulatory standards. Research is required to determine whether
increasing the thickness of the gate or embedding a metal reinforcement would provide the required gate
strengths.
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CHAPTER 1: INTRODUCTION
A snap-hook is the active component in a fall protection system typically worn by those working in
elevated environments. Although a significant portion of the fall protection market is the power
transmission field, no electrically non-conductive snap-hooks/restraint harnesses are currently
commercially available. The objective of this project was to carry out the research and design required to
develop an electrically non-conductive snap-hook that meets all relevant regulatory standards for fall
protection systems.

A snap-hook is defined as a Class I connecting component that consists of a hook-shaped body having a
self-locking and self-closing feature that may be opened to permit the hook body to receive an object and
that, when released, automatically closes and locks to prevent inadvertent opening. Snap-hook connectors
also have an integral eye, either fixed or swivelling, permanently fastened to a subsystem [1]. An example
of a labelled snap-hook can be seen in Figure 1.

Figure 1: Components of a safety snap-hook [2].

There are several other metal components in the fall arrest system such as D-rings and several buckles (see
Figure 2). However, the snap-hook was determined to have the most complicated geometry and be the most
difficult to manufacture. Therefore, the focus has been to develop a dielectric safety snap-hook with the
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assumption that if a snap-hook can be developed and manufactured at a competitive price, then the other
metallic components could potentially follow suit, creating an entire dielectric fall-protection system. The
scope of this project was to focus on developing a light weight non-conducting snap-hook.

Figure 2: Example of simple fall-protection setup [3].

3

CHAPTER 2: LITERATURE REVIEW
The cost of the material and manufacturing usually determines whether a product is going to be
competitively priced with similar products on the market. For this reason, it is important to research
manufacturing techniques to determine which method would be the most practical. The focus of this
literature review was to determine the types of materials and manufacturing methods available to develop a
composite safety-snap hook. This research provided a detailed analysis of various manufacturing methods
for polymer-matrix composites to determine which manufacturing techniques would likely be the best
suited for a safety snap-hook application. First, the mechanical strength requirements for the snap-hook are
discussed to demonstrate the need for high strength materials.

2.1 Mechanical Test Requirements
There are several mechanical standards [1] to which Class I connecting components must adhere. Section
2.1.1 to 2.1.5 will discuss these requirements.

2.1.1 Tensile Breaking Strength
The ultimate breaking strength of a Class I component must be no less than 5000 lbf (22.2 kN) when
subjected to a static strength test (See Figure 3). The force is to be added gradually (greater than 1 minute)
to avoid any dynamic effects. The hook is to be examined after the component has been subjected to a load
of 5000 lbf for a minimum period of 1 minute. Permanent deformation is acceptable and the component is
considered a pass if the gate is not released [1].

Figure 3: Tensile test setup for snap-hook connectors [2].
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2.1.2 Dynamic Strength
All Class I components must resist a dynamic strength test without breaking. The dynamic test consists of a
220 lb (100 kg) weight attached to the component and anchored using a stainless steel cable. The free-fall
distance is such that an arrest force between 5000 and 5400 lbf (22.2 to 24.0 kN) is achieved. The pass
criteria are the same as the tensile breaking strength. Permanent deformation is acceptable as long as
deformation is not significant enough to release the gate [1].

2.1.2.1 Abrasion Conditioning
The abrasive test consists of a hexagonal steel bar rotating inside the component with a 4.4 lb (2 kg) weight
suspended from the component. The hexagonal bar must complete 50,000 revolutions at a speed between
50 and 75 RPM. Class I components are to be subjected to an abrasive test then a dynamic strength test is
to be performed. Pass and fail criteria are the same as the dynamic strength test [1].

2.1.2.2 Weather Conditioning
For the dynamic drop test, weather conditioning is also required for Class I components. The components
are to be subjected to a temperature of -35oC for a minimum of 8 hours and tested within 5 minutes of
being removed from the cold room. Weather conditioning is to be performed on a new component as well
as a component that has already had an abrasive test performed on it. An accelerated test is also required
for materials that are not made of metal or metal alloys. In the accelerated weathering test the component is
subjected to a 2000 h test (1000 cycles at 2 h per cycle) [1].

2.1.3 Proof Load
All Class I components are to be proof loaded to 3600 lbf (16.0 kN). The test fixture is similar to that of the
tensile breaking strength. The time required to apply a 3600 lbf load must be greater than 1 second and the
load must be maintained for a period longer than 2 seconds. The component is considered failed if there are
any visible cracks or permanent deformation visible to the unaided eye [1].
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Sections 2.1.1 to 2.1.3 described tests to be performed on all Class I components. However, the following
two tests are specific to the snap-hook.

2.1.4 Front Load Gate Test
The snap-hook is positioned in a clamping fixture so that the position is similar to that in Figure 4. The
wedge is positioned at the front of the gate, and a downward force is applied. A 0.120 inch (approx. 3 mm)
gauge pin is used to measure the distance between the gate and the nose of the hook. A load is increased
until a 220 lbf (0.98 kN) load is reached (the rate of travel of the wedge must not exceed 3.0 in/min (7.6
cm/min)) and maintained for a minimum of 1 minute. The separation of the nose from the gate must not
exceed 0.120 inches [1].

Figure 4: Standard Front Load Gate Test [2].

2.1.5 Side Load Gate Test
The snap-hook is positioned in a clamping fixture so that the position is similar to that in Figure 5. A
downward force is applied to the hook at approximately the middle of the gate. This load is increased until
a 350 lbf (1.6 kN) load is reached (the rate of travel of the wedge must not exceed 3.0 in/min (7.6 cm/min))
and maintained for a minimum of 1 minute. The hook is suspended in a fixture so that no other components
help in the resistance. The separation from the gate and nose is measured and must not exceed 3 mm to
pass [1].
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Figure 5: Standard Side Load Gate Test [2].

These are currently the two tests that are specific to the snap-hook; however, the American National
Standards Institute is considering increasing both front and side load gate requirements by an order of
magnitude (3600 lbf). This is a significant increase that must also be taken into consideration during the
optimization and testing phase of the project. The reason for the potential standard change is because it is
possible for the snap-hook to be arranged in such a way that the majority of the load is absorbed by the
gate, and the current standards do not account for this. Figure 6 shows two ways the hook could be loaded
incorrectly, and the gate would take the majority of the load.

Figure 6: Incorrectly loaded snap-hook [1].
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2.2 Material Selection
To determine which materials would be best suited for a snap-hook application, it was necessary to
compare materials based on properties that would be advantageous to the snap-hook. High strength and
stiffness are necessary properties for the snap-hook application, and non-conductive and light-weight are
also properties of interest, particularly in the power transmission industry where workers are wearing the
harnesses for long periods of time near power lines. Lighter and non-conductive components would help
keep the workers safe. Lighter components would prevent the worker from physical fatigue, allowing them
to stay more mentally alert and focussed on the task at hand. In cases where workers come dangerously
close to the power lines the non-conductive components may prevent or minimize injury.

The list of engineering materials is extremely large. Ashby [4] has developed a method to help with
material selection in design. This method develops a systematic procedure for selecting materials and
processes, leading to a subset which best matches the requirements of a design. By comparing material
properties against each other, the method helps determine which materials would be beneficial to use.
Figure 7 compares strength versus density. Ideally, a material in the top left hand corner would be the most
suitable. The material would be very strong and have a very low density. Composite materials exhibit these
properties; they have high strength and tend to be less dense than metals.
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Figure 7: Comparison of material strength and density [4].

Figure 8 compares Young’s modulus (stiffness) and density. Similar to the previous figure, the ideal
material would be situated in the top left of the chart. This figure shows that composites offer very good
stiffness properties with respect to density when compared with metals.
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Figure 8: Comparison of material stiffness and density [4].

Figure 9 compares thermal conductivity and resistivity. For the snap-hook application, thermal conductivity
is not a large concern; however, an electrically non-conductive material is of interest. The ideal material
would be in the bottom right corner. Keeping in mind the previous charts of strength, stiffness, and density,
composites have several desirable properties. However, there are some large differences within the
composite category. For example, glass-fibre reinforced polymer (GFRP) is much more electrically
resistive than carbon-fibre reinforced polymer (CFRP).
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Figure 9: Comparison of thermal conductivity and resistivity [4].

By comparing properties that are required in a snap-hook application it appears that composite materials
offer good potential for snap-hook fabrication. Other alternatives were also considered, such as using a
metal core with an insulating coating. However, there are several issues that could arise using this method.
The coating would have to be wear resistant, and a method would have to be developed to determine when
a significant amount of wear had occurred. The coating would also have to resist cracking during routine
use and also through temperature fluctuations. Because the hook is an assembly, the components are
currently riveted together. If a metal rivet passed through the metal core, the hook would no longer be
dielectric. Using a metal core would also not improve the weight of the snap-hook. Because the objective of
this project was to design a snap-hook that was both light-weight and non-conducting, composite materials
were chosen.
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Section 2.3 provides more detail on the types of composite materials which offer the best potential for
snap-hook development.

2.3 Composite Materials
Composite materials have been available for many years. Some occur naturally, but the majority of
composites are developed artificially. There are six general categories of composites:
•

Natural Composites

•

Biocomposites

•

Carbon–Carbon Composites

•

Ceramic Matrix Composites (CMC)

•

Metal Matrix Composites (MMC)

•

Polymer Matrix Composites (PMC)

2.3.1 Natural Composites
Composite materials can be found throughout nature. Many of nature’s structural elements tend to be
formed of composite materials. Birds are able to fly because of their light-weight bone structure. The cores
of their bones are honeycomb, which reduces the overall weight while producing the required stiffness to
support the muscle loads. Wood is another example of a natural composite. Bamboo has very good rigidity
and impact strength because of its cellulose matrix and silica reinforcement. Wood has been used for
hundreds of years as a structural component, although these materials tend to have lower strength than
other artificial composite materials. Natural composites are living proof that these kinds of structures can
be an efficient and effective means of design.

2.3.2 Biocomposites
This category is the logical next step. Biocomposites are combined artificially but are made using natural
materials. Some materials used as reinforcement are banana, coconut, and bamboo fibres. These types of
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composite are attractive because they have little environmental impact; however, their lack of strength and
degradation properties limit their application [5].

2.3.3 Carbon–Carbon Composites
Carbon–carbon composites have a matrix and reinforcement made of a form of carbon. The matrix is made
of either carbon or graphite, and the fibres are called carbon fibre. These types of materials are very
expensive but work well under extreme performance conditions. Their major application has been in
aircraft disc brakes where they operate at temperatures between 200 and 400oC. Carbon–carbon composites
are expensive and difficult to manufacture and this has limited their application [5].

2.3.4 Ceramic Matrix Composites (CMC)
Ceramic composites can be useful in extremely high working temperatures and chemically aggressive
environments. Although ceramics have very high compressive strength, their major disadvantage is they
tend to be very brittle. Polymer and metal composites have reinforcements to increase their strength and
stiffness; whereas, ceramic matrix composites use reinforcements to increase their toughness and damage
tolerance. There is significant research in developing tougher ceramics, but currently their lack of
toughness, expense, and difficulty in manufacturing has limited their application [5].

2.3.5 Metal Matrix Composites (MMC)
Metal matrix composites are usually reinforced using particulates or fibrous preforms. Fibre reinforcements
tend to make metals tougher, and to decrease creep when the materials are used at elevated temperatures.
The costs of developing and manufacturing metal matrix composites are high and fabrication methods are
complex compared with the other composite categories. Their applications tend to be very specialized due
to these limitations [5].
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2.3.6 Polymer Matrix Composites (PMC)
Polymer matrix composites are by far the most technologically developed composites in terms of
manufacturing the raw materials and consolidating and forming the parts. Currently, polymer matrix
composites account for 75% of the world composite market [5]. The main reason polymer matrix
composites have been so dominant is because manufacturing methods were already well established.
Advanced polymer composites have been made using modifications of pre-existing manufacturing
techniques (textile industry), whereas non-polymer matrix composites have difficulty drawing from preexisting technologies. Polymer matrix composites are the most dominant category of composites and will
likely continue to be so until further research and development takes place into other composite types.

To make a snap-hook that is competitively priced, polymer matrix composites are likely to be the most
suitable material.

2.4 Function of Matrix and Fibres
Composites are made up of two components, the matrix and the reinforcement. The matrix surrounds the
fibres and protects them from environmental and chemical attack. The matrix transfers the applied load to
the fibres; therefore, a good bond between the fibres and the resin is required. Weak bonding causes fibre
pullout and delamination of the structure, particularly under adverse environmental conditions. For the
fibres to carry maximum load, the matrix must have a lower modulus and greater elongation than the
reinforcement. Otherwise, the matrix would fail before the load was transferred to the fibres. The resin also
reduces the propagation of cracks in the composite. This is due to greater ductility and toughness of the
plastic matrix, relative to the fibres.

Adhesion at the fibre–matrix interface can be improved by special surface treatments, such as coatings and
coupling agents. Glass fibres, for example, are treated with a chemical called Silane (a silicon hydride) to
improve wetting and bonding between the fibre and the matrix [6].
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Fibres give the composite strength. The fibres tend to be very strong and stiff, and have very high specific
strength (strength-to-weight ratio) and specific stiffness (stiffness-to-weight ratio). However, the fibres by
themselves have very little structural value because they are brittle, abrasive, lack toughness, and can
degrade chemically when exposed to the atmosphere. This is why the matrix and the fibres must be
combined.

The highest fibre content is usually about 65% (by volume) because anything higher usually results in
lower structural properties. This is because there is not enough resin to fully wet the fibres and the load
cannot be sufficiently transferred to the fibres [6]. But, in general, the higher the fibre content in a
component, the higher the strength and stiffness.

2.5 Unidirectional Properties
Metals and some other materials are elastically isotropic — which means their elastic properties are the
same in every direction. Composite materials, however, tend to be anisotropic — which means their
properties are dependent on which direction they are measured. In a typical reinforced fibre composite, the
fibres are usually preferentially aligned in a particular direction. Because the fibres are stronger and stiffer
than the surrounding material, the material will exhibit higher strength in the fibre orientation, as opposed
to the direction transverse to the fibres.

As shown in Figure 10, the loading conditions on the left would be much stronger than the loading
conditions on the right. In the example on the left, the fibres could support the applied load; whereas, in the
example on the right, the fibres offer very little strength and the majority of the load is supported by the
resin. For this reason, it is very important to take fibre orientation into account when designing and
manufacturing parts with composite materials.
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Figure 10: Composite material loaded in opposite directions.

2.6 Raw Materials

2.6.1 Resins
Resins are an important component of the composite structure. Without them, the reinforcement would
offer very little value. Resins are classified as either thermosets or thermoplastics.

2.6.2 Thermoplastic versus Thermoset Resin
Polymers are classified into two general categories: thermoplastics and thermosets. The main difference
between the two categories of polymers is that thermoplastic polymers can be melted after they are cured.
Heat can be applied to melt the polymer, and it can be solidified by cooling, which means they can be
reshaped and reformed. This has a significant impact when considering manufacturing techniques.
Thermoplastics are fully polymerized in their raw state, and therefore no chemical reaction is required to
cure the part. Thermoplastic polymers tend to have the following properties (compared with
thermosets) [7]:
• Damage tolerant
• Tough
• High thermal-expansion coefficients
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• High material costs
• Lower working temperatures
• Poor solvent resistance
• Recyclable (although reinforcements may present problems)

The ability of thermoplastics to re-melt and reform make them very useful in high volume applications.
However, this production method typically uses unreinforced thermoplastics. Thermoplastic polymers, in
general, are made up of long covalently bonded chains. These chains are weakly bonded to one another by
van Der Waals forces (see Figure 11). As a result of these forces, thermoplastic polymers usually exhibit
poor creep properties, especially at elevated temperatures, and are more susceptible to solvent damage than
thermosets. Thermoplastics also have very high viscosity compared with thermosets, which makes some
manufacturing techniques quite challenging. As a result, thermoplastics require higher temperature and
pressure during processing. Increasing the manufacturing temperature can lower the viscosity, but in most
cases this will result in polymer decomposition before the lower viscosity is realized. The high viscosity
and creep rate at elevated temperatures have limited the use of thermoplastics in high-performance
composite applications.

Thermoset polymers consist of three-dimensional molecular chains that are cross-linked. This highly dense
network of covalent bonds cannot be melted or reformed once cured (see Figure 11). Thermosets are not
fully polymerized in their raw state. They require a catalyst or curing agent to polymerize the thermoset to
achieve a cure. When heat and pressure are applied to thermoset polymers, they first go through a softening
stage (viscosity tends to be much lower than thermoplastic) that enables them to surround and impregnate
the reinforcing fibres. The polymer then undergoes a chemical reaction, which completes the curing or
cross-linking phase. The higher the amount of cross-linking in the material, the more rigid and thermally
stable it becomes.
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Figure 11: Diagram of thermoplastic (linear) and thermoset (network) polymers [6].

Compared with thermoplastics, thermosets offer:
•

Greater thermal and dimensional stability

•

Better rigidity

•

Higher electrical, chemical, and solvent resistance

2.6.2.1 Thermosetting Resins
Thermoset polymers account for more than 80% of all matrices used in reinforced plastics and essentially
all matrices used in advanced composites [8]. Some of the more common thermosetting resins and their
applications are compared in Table 1.
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Table 1: Comparison of thermoset resins [9].

Polyester and epoxy are the most widely used thermosetting resins [7]. Polyester has low cost with
versatility in many processes and reasonably good property performance. Epoxy tends to be used for more
demanding structural applications such as the aerospace industry. In terms of volume of use between epoxy
and polyester, polyester is much more widely used.

Table 1 summarizes some of the applications, performance, processes, and comparative prices of the
thermosetting resins. Epoxy and vinylester seem to be the most likely candidates for the snap-hook
application because they have good structural properties, versatility in processing, and low moisture
absorption with moderate costs. Because strength is the most important property for snap-hook
development, epoxy was used to carry out the tests.

The performance of epoxy resin is largely dependent on its formulation. This formulation is made up of the
base resin, curatives, and modifiers. Like most materials there are varying grades of epoxies, with varying
levels of properties. By modifying the formulation of the epoxy, several factors can be changed such as,
cure rate, processing temperature, cycle time, tack, toughness, and temperature resistance. In general,
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epoxy resins offer a unique balance of chemical and mechanical properties, and also have large versatility
in processing. Epoxies exhibit low shrinkage and good adhesion to a variety of materials, and cure without
producing volatiles or by-products. Epoxies are chemically compatible with most materials and are used in
many composite applications because of their ability to wet surfaces. They are cured by a chemical reaction
with amines, anhydrides, phenols, carboxylic acids, and alcohols.

Epoxies are more expensive than other thermosetting resins such as polyesters and vinylesters, and tend not
to be used in the automotive or marine industry because these markets tend to be more cost-sensitive.
Epoxies are only used in these markets when their specific performance is needed. Epoxies also tend to be
brittle; however, toughened epoxies have been developed. Several patented processes have been developed
where thermoplastics are added to the epoxy to make the resin tougher than epoxy alone.

For a detailed description of some of the other more common thermosetting resins and their application
refer to Appendix A.

2.6.2.2 Thermoplastic Resins
Thermoplastics, as the matrix material in structural applications of continuous fibre reinforced composites,
are characterized by very low use but very high interest [8]. Thermoplastic applications have been greatly
hindered due to their inability to retain strength at high temperatures. However, they have been successful
in applications where temperatures are below 100oC. Thermoplastics have much better durability, abrasion
resistance, and damage tolerance than thermosets and this has kept researchers interested in thermoplastics.
Thermoplastics in general have poor creep resistance, especially at elevated temperatures. They also tend to
have poor chemical resistance compared with thermosetting resins. Due to their melting property,
thermoplastics can be welded together, which makes joining parts much easier than with thermosetting
resins.
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A description of some of the more common thermoplastic resins is presented in Appendix B. Currently for
structural applications Polyetherimide (PEI), Polyphenylene Sulphide (PPS), and Polyetheretherketone
(PEEK) are the most widely used thermoplastic resins. PEI is the most popular due to its lower processing
temperature, low material costs, and amorphous characteristics. Although considerable improvements have
been made in thermoplastic resins, their price and strength still limit their application.

2.7 Fibres
Fibres can be arranged in numerous ways to meet all kinds of design criteria. There are two common forms
of fibres in polymer composites — continuous or discontinuous. In general, the strength of continuous
fibres is much greater than discontinuous fibres. Because the objective of this research was developing a
high strength composite, the focus was placed on continuous fibres. Continuous fibres can be arranged in
one dimensional, two dimensional, or three dimensional configurations, depending on the strength
requirements, and how the composite is stressed.

2.7.1 Types of Fibres
The materials most commonly used as reinforcements are glass, aramid, and carbon fibres. The fibre
diameters can range from 5 µm to 25 µm [7]. Because the diameter of the fibres is so small, these fibres are
combined to make strands that can be easily braided or woven into different textiles. The strands are
usually wound onto spindles, which are called rovings. An untwisted bundle of continuous fibres is called a
tow. The following sections discuss the different types of fibres and some of their properties.

2.7.2 Glass
Glass fibres are the cheapest of all the fibres and can be bought in several different grades. There are three
main types of glass reinforcing fibre: E-glass, S-glass, and S2-glass. There are two general classifications
of glass fibres, general purpose glass fibres and special purpose glass fibres. E-glass is considered a general
purpose glass and is the cheapest of all the glass types. The special purpose fibres include corrosion
resistant (ECR-glass), high strength (S-, S2-, R-, and Te-glass), and low dielectic constant (D-glass) glass.
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S-, S2- R-, and Te-glass are considered high strength glass because they have 10–15% higher strength than
E-glass at room temperature. Their ability to retain this strength at high temperatures can make them more
suitable than E-glass in some applications. S- and S2- glass have the same chemical composition, but
different coatings are applied to give S2- glass higher strength.

Glass fibres come in a variety of finished forms including continuous rovings, woven roving, glass fibre
mat, chopped strand, and yarns.

2.7.3 Aramid
There are three grades of aramid fibres (commonly known as Kevlar®): low, intermediate, and high
modulus fibres. Aramid fibres have the highest strength to weight ratio of any reinforcing fibres. They have
a higher specific modulus than glass fibres, but have a lower specific modulus than carbon fibres (see
Section 2.7.4). They provide good impact strength, but as a result can be difficult to cut and machine.
Kevlar 49 is the most widely used form of aramid fibres because of its high modulus. When higher
toughness and damage tolerance is required, Kevlar 29 can be used.

Aramid fibres come in continuous filament yarns, rovings, and woven fabrics as well as many other
discontinuous forms. Aramid yarns are quite flexible, which allows them to be processed in most
conventional textile operations, such as twisting, weaving, knitting, carding, and felting.

2.7.4 Carbon Fibre
There are six different grades of carbon fibre: low, standard, intermediate, high, ultra-high modulus, and
high-tenacity. High-tenacity strength fibres have the highest specific strength; whereas, ultra-high modulus
fibres have the highest stiffness.

Carbon fibres are known for their high strength and stiffness. In comparison to 6061 aluminium,
commercial standard modulus carbon fibre is 7 times stronger and 2 times stiffer, yet 1.5 times lighter [10].
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Carbon fibres have very good fatigue properties and their strength properties do not degrade with
temperature. Unlike glass fibres, carbon fibres are not isotropic and are relatively soft in the transverse
direction.

Carbon fibres have a relatively inert, non-polar fibre surface. These fibres never achieve strong bonds with
the matrix, instead they depend on a combination of mechanical and weak chemical bonding with the
matrix material. The surfaces of the carbon fibres must be treated with active chemical groups to form
strong bonds between the fibres and the resin [6].

Carbon fibres are electrically conducting and due to this property are not likely to be a suitable material for
the safety snap-hook application. They also tend to be more expensive and a durable non-conductive
coating would have to be used to make the snap-hook non-conducting.

Table 2 compares the mechanical properties of E-glass, carbon, and Kevlar. The tensile strength of each of
the materials is similar. However, the tensile modulus and specific density for each of the materials is quite
different. Glass is much heavier and less stiff compared with the other fibres, whereas carbon fibre has very
high stiffness. For very light applications, Kevlar offers the best specific density.

Table 2: Common fibre mechanical properties [5].
E-Glass

Tensile
Strength (GPa)
3.4

Tensile
Modulus (GPa)
22.0

Specific
Density
2.60

Specific Strength
(GPa)
1.31

Carbon

3.5

230.0

1.75

2.00

Kevlar

3.6

60.0

1.44

2.50

Material

2.8 Manufacturing Techniques
Composites can be classified according to different processing techniques. As mentioned in Section 2.6.2,
thermoplastics have different properties than thermosets, such as the viscosity of the resin and the ability to
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melt and reform the resin. As a result, different manufacturing processes have been developed for each type
of composite (with some overlap).

It is unlikely that short fibres will give the required strength necessary for this application; therefore, this
research focused on continuous fibre composites. Several manufacturing processes were considered
(see Figure 12).
Composite processing

Thermoset composite
processing

Thermoplastic composite
processing

Short fibre
composites

Continuous fibre
composites

Short fibre
composites

Continuous fibre
composites

SMC moulding
SRIM
BMC moulding
Spray-up
Injection moulding

Filament winding
Pultrusion
RTM
Hand lay-up
Autoclave process
Roll wrapping
SCRIMP
Bladder moulding

Injection moulding
Blow moulding

Thermoforming
Tape winding
Compression moulding
Autoclave
Diaphragm forming

Figure 12: Composite manufacturing processes categorized by short or continuous fibres [7].

For each process, different types of feedstock can be used. Before considering the different types of
manufacturing processes, it is important to look at the different types of feedstock. The choice of feedstock
influences the amount of fibre content, and the cost and speed of manufacturing. Figure 13 categorizes the
manufacturing processes in terms of the type of feedstock, whereas Figure 12 is categorized according to
continuous or discontinuous fibres.
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Feedstock for composites

Thermoset composites

Fibres and
resins

Prepreg

Filament
winding
Pultrusion
RTM
Spray-up
Hand lay-up

Hand lay-up
Roll wrapping
Autoclave

Thermoplastic composites

SMC, BMC,
TMC

Fibres/resin, comingled fibres

Thermoplastic
prepreg/tape

Moulding
compound

Compression
moulding

Filament winding
Tape winding
Pultrusion
Extrusion

Autoclave
Hot press
Tape winding

Injection
moulding

Figure 13: Composite manufacturing processes categorized by feedstock [7].

Referring to Figure 13, there are three broad categories of feedstock: fibres and resin, pre-impregnated
(commonly known as prepreg), and moulding compounds (SMC – Sheet Moulding Compounds; BMC –
Bulk Moulding Compounds; TMC – Thick Moulding Compounds). These categories of feedstock are
discussed in Sections 2.8.1 to 2.8.3.

2.8.1 Fibres and Resins
The fibres and resins category combines the two materials immediately before or during the moulding
phase. Unlike the other two categories, there is no previous processing step to consolidate the resin and the
reinforcing fibres. The fibres are usually processed into fabrics or preforms to make alignment of the fibres
easier. The resin is then applied to consolidate the part. The fibre and resin category is extremely large, and
many different techniques have been developed to make the manufacturing process more simple. This
section discusses the different types of fabrics and preforms.
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2.8.1.1 Fabrics
There are a variety of fabrics available in glass, aramid, and carbon fibre. Hybrid fabrics have also been
developed, where two different types of fibres are woven together to create the fabric. This allows the
designer to combine the properties, for example, of glass and carbon into one fabric. Due to the well
developed textile industry, woven fabrics tend to be relatively inexpensive.

The most common fabrics are either unidirectional or two-directional. The long axis of the fabric roll is
called the warp yarn and the axis across the roll (width of the roll) is called the fill yarn. In general, there
are three different methods used to the create fabrics: woven, stitched, and braided.

2.8.1.1.1 Woven
There are only a few types of weave patterns typically used, but the combination of different types and
sizes of fibres with different warp and fill counts allow for many variations. The typical weave patterns
used are plain and satin (although there are many more available). The plain weave is one of the most
common weave patterns used in the textile industry. It is used for everything from cotton shirts to fibreglass
stadium canopies [8]. This weave is the most highly interlaced and tightest of the basic fabric designs. Satin
weaves are a family of weaves that use minimum interlacing. This fabric is much looser than the plain
weave and makes it much easier to drape over curves in a mould.

2.8.1.1.2 Stitched
The unidirectional weave has the highest mechanical properties. Fibres are laid down on top of each other
in the preferred orientation, but they are not woven or crimped, the sheets are simply stitched together.
Because the fibres are not crimped better mechanical properties are achieved. This technique allows fibres
to be oriented in the required direction while maintaining maximum strength.
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2.8.1.1.3 Braided
Braided textiles are known for their torsional stability and damage resistance. The braiding process is very
similar to the filament winding process (see Appendix C). The braids are typically braided over a mandrel
that can later be removed. Although braiding cannot achieve as high a fibre-volume fraction as the
filament winding process, more complex shapes are possible. Braids are typically used in applications
where high torsional stability, flexibility, and abrasion resistance are required. Braids are not as widely
used in industry as woven fabrics.

2.8.1.2 Preforms
Preforms are dry reinforcements that already have the desired shape of the part. The preform is placed into
the mould, a resin is then injected into the mould and is able to flow through the preform. The resin is cured
and the consolidated resin and fibre is then taken out of the mould. Preforms are used in manufacturing
processes such as resin-transfer moulding (see Appendix C), and have helped lower the cost of composite
manufacturing. Textile preforms can be braided, woven, or stitched using highly automated textile
machines. Unidirectional fabrics tend to fray when handled and when resin is injected into the mould;
therefore, powder binders are used to minimize this problem. After the preform is created, it is in a nearnet-shape before the resin is injected. Some fabrics are made specifically for liquid moulding. These fabrics
are termed flow-enhancing fabrics and contain warp-bound tows that create local channels through the
fabric [11].
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2.8.2 Prepregs
The prepregs are the second category of feedstock shown in Figure 13. These materials combine the fibre
and resin in an uncured state. They are available in continuous-fibre or chopped-fibre form. Prepregs have
an advantage because the manufacturer of a part does not need to worry about developing resin
formulations or impregnating the fibre. The composite can be bought with the desired fibre and resin
content. The part can be laid up with several layers of prepregs and subjected to heat and pressure to cure
the resin. Prepregs come in woven fabrics, unidirectional tapes, and multidirectional tapes. Multidirectional
tapes are manufactured using multiple plies of unidirectional tape and can be oriented to the designers
choice. Prepregs are classified into two general categories: thermoset and thermoplastic. There are
significant differences between thermoset and thermoplastic prepregs when considering the manufacturing
process.

Thermoset prepregs cannot be fully cured because thermosets cannot be melted or reformed after they have
cured. As a result, thermoset prepregs must be stored in low-temperature environments to keep them from
fully curing. Because of this property, thermoset prepregs have a limited shelf life. To try to lengthen the
shelf life, prepregs that can be stored at room temperature are in development. Currently, the typical
processing time is quite long (1–8 hours), but due to the pressure of high production needs, rapid curing
thermoset prepregs are also in development.

Thermoplastic prepregs have the advantage that they can be fully cured, and therefore have an unlimited
shelf life at room temperature. Thermoplastic resins are generally processed at the melting temperature of
the resin. Process times are much quicker because thermoplastics do not need to be fully polymerized (like
the thermoset), and process times are in the range of minutes instead of hours. Thermoplastic prepregs are
relatively new and have several advantages over thermoset prepregs [7]. They have:
•

Recyclable capabilities
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Reduced process and cycle times

•

Higher toughness and impact resistance

•

Indefinite shelf life

•

Reshaping and reforming flexibility

•

Greater flexibility for joining and assembly by fusion bonding and in situ consolidation

•

Better repairability potential
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One constraint of thermoplastic prepregs is that the processing temperatures and pressures are much higher.
Because thermoplastic prepregs are fully cured they have poor tack and drape capabilities. Each layer needs
to be spot welded in place to ensure the layers do not move relative to each other.

In general, prepreg materials can provide a high fibre-volume fraction, which allows for high stiffness and
strength. Manufacturing can be much quicker and easier, and tailoring properties in the desired directions is
possible. Because there are pre-processing steps in prepreg materials the costs tend to be higher.

2.8.3 Moulding Compound
The third category of feedstock listed in Figure 13 is moulding compounds. There are three types of
moulding compounds: sheet moulding compounds; thick moulding compounds; and bulk moulding
compounds.

2.8.3.1 Sheet moulding compounds (SMC)
Sheet moulding compounds are typically made of a polyester or vinylester resin. Glass fibres are typically
used in moulding compounds and can be continuous or discontinuous fibres. SMC generally come in three
forms: SMC-R, SMC-RC, and XMC. The three letter designations are: R — the amount of randomly
distributed fibres in weight percent; C — the amount of unidirectional fibres in weight percent; and X — an
‘X’ pattern with continuous fibres. The three forms can be seen in Figure 14. SMC-C40R10 would
represent 40% by weight continuous fibre and 10% by weight of randomly distributed fibre.
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Figure 14: Types of SMC: (a) SMC-R, (b) SMC-RC, (c) XMC [7].
SMC are typically used in the automotive industry because of their low-cost high-volume production
capabilities. SMC tend to be limited to applications that require only moderate strength. The continuous
fibre content tends to be relatively low, and was not considered for the snap-hook application because SMC
would not have the required strength.

2.8.3.2 Thick moulding compounds (TMC)
Thick moulding compounds are essentially the same as SMC except that their thickness goes up to 50 mm,
whereas the thickest SMC tend to be about 6 mm. Because the TMC are thicker, fibres can be randomly
distributed in three dimensions, while, SMC are limited to two. Using TMC can eliminate having to use
several layers of SMC; however, the extra thickness makes it more difficult to have the sheet follow
complicated contours. Because TMC and SMC are essentially the same, TMC would not have the required
strength for a snap-hook application.

2.8.3.3 Bulk moulding compounds (BMC)
Bulk moulding compounds, also known as dough moulding compounds, combine resin dough and fibres.
Typically in an extrusion process, the doughy resin and fibres are cut into log form. The BMC have fibre
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volumes of about 15–20% and have less strength than SMC composites. It is likely that BMC would not
have the required strength for a snap-hook application.

The type of feedstock can have a significant impact on the speed and cost of a manufacturing process. For
the snap-hook testing, the resin and fibre method was chosen, because there was much more variety and the
control of the fibre placement is much easier. The prepreg method might offer potential as well; however,
consideration of this type of feedstock would require additional research. As mentioned in Section 2.8.3 it
is not likely that the sheet moulding compounds would offer the required strength for this application.

2.9 Manufacturing Processes
Composite products usually compete with well-developed metal technologies. Very often composite
products are not selected for a particular application because they cannot be price-effectively manufactured.
The main costs of developing a part are material and manufacturing costs. Factors such as tooling labour,
process cycle times, and assembly time all have influences on manufacturing costs. Composite
manufacturing can be very labour intensive and newly developed countries such as Taiwan, Korea, India,
China, and Mexico are competing with well established nations because of their lower labour costs [7].

The geographic location can also have a large influence on the best manufacturing method to use. For
products manufactured in North America an automated process would be preferred over a process that was
labour intensive. However, if the product was manufactured in a newly developed country, a more labour
intensive manufacturing process might be more suitable.

Production speeds are usually rated as low, medium, and high. Low production is seen in the aerospace
industry where typically 10–100 parts are made per year. High production rates are seen in the automobile
industry where 10,000–5,000,000 parts can be made per year. Some manufacturing techniques are more
suited for low, medium, or high production volumes. For the snap-hook application, production rates would
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likely fall into the medium range production rate.

As seen in Figures 12 and 13, there are a variety of different manufacturing techniques. Some much more
sophisticated than others, some developed specifically for composite manufacturing, and some modified
from other material processes. An overview of the different manufacturing processes is presented in
Appendix C (Thermoset Processes) and Appendix D (Thermoplastic Processes).

Several manufacturing techniques were compared throughout the testing phase of this project. Net-shape
moulding and vacuum bagging were used to make the composite parts. Laser cutting, water jet cutting, and
drilling were also compared as post-processing steps.

2.9.1 Net-Shape Moulding Process
Initially the wet lay-up process was the most widely used method to fabricate polymer-matrix composite
parts. The wet lay-up process involves applying the reinforcement and resin by hand. Because this process
is done by hand it is very labour intensive. The fibres (typically woven mats) are placed into a mould. A
resin is then brushed onto the fibres, and a roller is used to consolidate the reinforcement and resin, while
removing any excess resin (see Figure 15). This process of laying the fibres and applying the resin can be
repeated until the required thickness of the part has been achieved.

Figure 15: Schematic of a wet lay-up process [7].
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2.9.1.1 Current applications
Typical commercial applications for the wet lay-up process are parts that are usually quite large in size,
such as windmill blades, boat hulls, and swimming pools. Because the process is quite simple and there is
little capital investment, this method is widely used in making prototypes. Test samples are also commonly
produced with this process to determine the strengths of the resin and reinforcement make-up.

2.9.1.2 Raw materials required
Typical materials used in the wet lay-up process are woven mats made of glass, Kevlar, or carbon fibre as a
reinforcement. The most commonly used resins are epoxy, polyester, and vinylester.

2.9.1.3 Methods of applying heat and pressure
Heat is not usually applied in a wet lay-up process. The laminate is usually left to cure at room temperature.
To shorten the cure time, warm air can be blown over the surface of the laminate. During the lamination
process the only pressure applied is the pressure produced when a roller is run over the surface to
consolidate the resin and fibres. A vacuum bag or autoclave can be used to help consolidate the layers and
remove any air that may have been trapped between the laminate layers during the curing process.

2.9.1.4 Advantages and Disadvantages
Due to the simplicity of this manufacturing method, the initial capital investment for equipment is very
small, relative to any other manufacturing technique. The process is very versatile because the fibres can be
oriented in any direction. To fabricate prototypes, simple moulds can be constructed at a relatively low
cost. The raw materials used in the wet lay-up process are cheaper than those that use fabricated prepreg
materials.

However, there is very little automation involved in this process, which makes this method very labour
intensive. Due to the high amount of manual labour in the process, it can also be difficult to have consistent
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properties from part to part. Wet lay-up is an open mould process and volatile compounds are produced. In
recent years, regulations on styrene emissions have become much more strict and must be taken into
consideration.

For this project, two wet hand lay-up methods were tested. The first used a mould and fabrics cut to the
shape of the mould. Epoxy was used as the matrix material. Two methods were used to cut the fabrics into
the shape of the mould: hand cutting and laser cutting. The second hand lay-up method tested was to make
flat panels of the composite and then cut the shapes out of the cured panel. A vacuum bag was used to
apply pressure to the laminate. High powered laser and water jet cutters were used to cut the hook shapes
out of the cured panel.

2.9.2 Vacuum Bagging
Vacuum bagging uses atmospheric pressure to hold the resin and fibres in place while the composite cures.
The laminate is sealed in an airtight bag, and a vacuum pump then evacuates all the air out of the bag,
resulting in even atmospheric pressure over the entire laminate. Vacuum bagging can be very useful in
applications where the components are very large or have an irregular shape that would make mechanical
clamping more difficult to apply even pressure. Because the entire laminate is sealed in a bag, there are
very little emissions and the process is clean. Figure 16 shows the different types of materials required
when using the vacuum bagging method.

CHAPTER 2: LITERATURE REVIEW

34

Figure 16: Typical components used in a vacuum bagging system [12].
The vacuum bag is typically made of polyethylene and comes in different thicknesses depending on the
pressure requirements, or whether heat is going to be applied. The breather material provides a slight air
space between the laminate and the bag allowing all the air to be evacuated from the mould. The breather
material also absorbs any excess resin in the laminate and keeps the epoxy from getting drawn into the
vacuum pump. The perforated film is a plastic with several pin holes in it. It is used to keep the resin in the
laminate when slow curing resins and high vacuum pressures are used. The release fabric (also called a
peel-ply) is a smooth woven fabric that is specially coated so that it does not bond to epoxy. Excess epoxy
can wick through the release fabric and be absorbed by the breather material. Once the laminate has cured
the release fabric can be peeled away from the laminate leaving a smooth but textured finish. Finally the
mastic sealant provides an air tight seal between the bag and perimeter of the mould.
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2.9.3 Water Jet and Laser Cutting of Composites
Water jet cutting can be used for composites and also for cutting metals such as steel or aluminium. High
velocity water is forced through a small jet, eroding the material in its path. Abrasive particles are usually
added to the water to further increase the cutting speeds. Water jet cutting has been used successfully to cut
composites because no heat is produced, there are very little airborne particles, and noise levels are low.

Laser cutting has also been used to cut different types of composites. A CO2 laser is most commonly used.
The laser operation requires technical expertise due to the production of high voltage radiation and
hazardous fumes. Proper ventilation is required when using this technique. Resin can become damaged or
burned from the laser beam. Cutting unreinforced thermosets and thermoplastics is much easier. After the
fibres are introduced, much higher temperatures are required to cut them, and this higher temperature can
result in local matrix degradation. Laser cutting is more effective in cutting prepreg materials. Cured
composites require much higher laser powers and the laser usually leaves charred edges.

A comparative study of different jetting and laser machining technologies for composite materials was
performed by Shanmugam [13]. The surface roughness of water jet cutting, abrasive water jet cutting, and
laser cutting were compared at different cutting speeds. It was concluded that abrasive water jet cutting outperformed the other two methods. Delamination was found in the laser cut materials due to inadequate heat
dissipation. Delamination was observed in water jet cutting in some cases, and also in abrasive water jet
cutting but only at very high speeds (delamination occurred at a speed of 20mm/sec or 47 in/min). The
analysis for surface roughness for both of their best and worst cases showed that abrasive water jet
preformed much better than plain water jet cutting. The laser cut samples were burned and surface
roughness values could not be taken. Although the thickness of the composite samples cut was not
mentioned, abrasive water jet cutting appeared to out perform plain water jet and laser cutting when
working with cured composites.
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2.9.4 Drilling
Holes can be created in composites using similar methods to metal drilling. When drilling in composites,
the heat must be kept low so that the surrounding matrix is not degraded. The biggest problem with drilling
laminates is delamination (see Figure 17). When the drill first contacts the surface of the composite the first
few layers can be pulled up. Also when the tool leaves the part, it can apply pressure on the bottom
unsupported laminates causing delamination on the other side of the part. The first problem can be
minimized by using a more pointed drill bit, and the delamination on the back side can be reduced by
supporting the composite on a piece of plastic or wood. As discussed in Section 2.9.3, water jet and laser
cutting can also be effective methods to cut holes.

Figure 17: Delamination of plies when drilling [7].

2.10 Failure modes of composites
In composite materials, internal material failure generally initiates before any changes in its macroscopic
appearance is observed. Depending on the application, the failure load could be considered as the load at
which material deviates from the linear stress–strain response, or as the load at fracture.

When a composite material is loaded, its failure can be described by one or more basic failure processes.
There are three main types of failure (see Figure 18).
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Figure 18: Results when stress states in a lamina exceed critical values: (A) axial tensile stress;
(B) transverse tensile stress; and (C) shear stress [14].

The first failure (Figure 18A) shows large tensile stresses parallel to the fibres. The fracture path is normal
to the fibre direction and fractures both the fibre and the matrix material.

There are two different failure cases depending on whether the fibre or the matrix has a lower strain to
failure (see Figure 19). In case (A), the matrix has a lower failure strain (εmu < εfu) and it starts to undergo
micro-cracking when a load is applied. As a result, the composite tends to extend with little increase in
stress. The matrix continues to crack and the load is transferred progressively to the fibres (see
Figure 20A) [14]. If the fibres have not already started to fail due to the high amount of strain subjected to
them, the stress will start to rise as the load on the fibres increases.
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Figure 19: Types of failure in the axial tensile direction: (A) matrix with a lower failure strain; and
(B) fibres with a lower failure strain [14].
In case (B) the fibres have a lower failure strain (εfu < εmu), which causes the fibres to fail first (see Figure
19). As the composite is further strained it causes the fibres to break up into shorter lengths until the matrix
reaches its maximum failure strain. The stress–strain relationship for the composite (σ1) in this case can be
seen in Figure 20B.

Figure 20: Stress–strain relationship of the fibre, matrix, and composite: (A) matrix with a lower
failure strain; and (B) fibres with a lower failure strain [14].
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The other two types of failures (Figure 18B and C) have much lower strength. The fracture path is parallel
to the fibre direction when the appropriate stresses are applied. In these failures, fracture can occur entirely
within the matrix, the fibre, or at the fibre–matrix interface.

The strength in the transverse direction (Figure 18B) is influenced by the interfacial bonding, the fibre
distribution, and the presence of voids. In unidirectional laminates (see Figure 18) the strength in the
transverse direction is usually less than in an unreinforced matrix and the strain to failure can also be
dramatically reduced [14]. As a result, transverse plies in a laminate typically start to crack before the
parallel plies, although the transverse plies are less stiff and carry less load.

The reason the strength is reduced is because high local stresses and strains develop in the matrix, and the
fibres make very little contribution to the strength. If there is weak bonding between the fibre–matrix
interface, cracks will tend to form at the interface and then continue to grow through the stressed sections
of the matrix. If the interface is strong, then cracks start to form in the matrix close to the interface where
there is a concentration of stress in the matrix. Finally, it is also possible for the fibres to fail in the
transverse direction, typically in materials such as carbon fibres where their layered structure gives them
very little transverse strength, and causes the fibres to fail internally.

The shear strength (Figure 18C) is also highly dependent on fibre direction. Factors affecting the shear
strength of a composite are similar to the factors affecting the transverse strength. The fibres provide the
strength of the composite and usually shearing will not occur normal to the fibre direction. Typically
shearing in a composite involves fibres sliding over one another.
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From the literature review it was determined that there are several options to develop a composite snaphook. These options were categorised into two broad categories of fibre arrangement: continuous fibre and
woven fabrics.

To compare the two broad categories (continuous versus woven fabric) a simple hook shape was used. A
modified design of PenSafe’s aluminium safety snap-hook was chosen due to its flat cross-sectional shape.
As can be seen in Figure 21, the shape was kept very similar to the original hook. Some modifications were
made to make the hook simpler in design, such as removing the holes and notches. The holes are not
situated in high stress areas (see Chapter 4) and therefore would have little effect on the strength of the
hook. Removing some of the notches may help to increase the strength slightly, because the notch can act
as a stress riser. This shape was kept constant throughout the testing to compare the fibre architecture. The
objective was to determine the best suited fibre arrangement and material while using the simple hook
shape.

Figure 21: Comparison of PenSafe's hook (left) to the experimental hook shape.
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Several manufacturing techniques were also compared throughout the testing phase. Net-shape moulding
and vacuum bagging were used to consolidate the composite, whereas laser cutting and water jet cutting
were compared as a post-processing step.

3.1 Net-Shape Moulding
To create a net-shape composite hook a mould is required. The mould was made of aluminium 1100 and
designed so that the entire hook was formed using a one-piece bottom mould. A second top plate of flat
aluminium 1100 was used to complete the mould. The entire hook fit in the bottom mould. Refer to Figures
22 and 23 for models of the mould and Appendix E for the dimensions of the mould.

Figure 22: Net-shape mould.
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Figure 23: Net-shape mould assembly.

Making a true two-piece mould (where the split line would have been in the middle) would have made the
hand lay up process much more difficult. A single sided mould made it much easier to place the fibres and
resin together in the mould and then fasten the flat plate in place.

3.2 Vacuum Bagging
The second manufacturing method tested was a vacuum bag technique, where flat composite panels were
created first and then the hook shapes was cut from the cured panel.

Vacuum bagging is a very clean method for manufacturing composites. The vacuum helps remove any
excess resin and also applies even pressure to the entire composite panel. Breather material is used to
absorb any excess resin so that it does not get sucked into the vacuum pump. The breather can then be
easily peeled away after the composite is cured. Figure 24 shows four panels being made simultaneously
using the vacuum bagging method. The white material on top is the breather.
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Hook shapes needed to be cut from the cured panel. Several different techniques can be used to cut
composite panels. Three types typically used are machining, laser cutting, and water-jet cutting. Laser and
water-jet cutting were both tested and the results are reported in Chapter 5.

Figure 24: Vacuum bagging process.

Several different fibre orientations were tested using the different manufacturing methods. Figure 25 is a
test diagram that shows how the tests were completed.
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Simple, Flat Shape Hook
Glass Fibres
Discontinuous Fibres
Continuous Fibres
Woven Mat
Plain Weave
Twill Weave
Satin Weave
Unidirectional Stitched Fabric
Bi-axial Fabric
Tri-axial Fabric
Kevlar
Determined based on glass results
Carbon Fibre
Determined based on glass results

Figure 25: Test plan used for simple shaped hook.

It should be noted that the same resin was used for all of the tests carried out. The chosen resin was
Aeropoxy (PR2032 Resin with PH3660 Hardener), which is a high strength epoxy (the mechanical
properties of Aeropoxy are presented in Appendix F). Strength is the most important property for the snaphook application; therefore a very high strength (and costly) epoxy was chosen. A strong interface between
the fibres and resin is also required to achieve high strength. A hand lay-up process was used to ensure that
fibres were properly wetted, and cross-sections of the hook were studied to check for voids in the
composite. Curing temperatures were also varied (between room temperature and 60oC) to determine
whether they had an effect on the strength of the composite. Although there was not any significant
increase in strength, the time required for the composite to cure went from 12 hours to 3 hours, drastically
reducing the time required to manufacture the hooks.
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The initial tests were completed using E-glass fibres. E-glass is the most economical fibre and is offered in
a wide variety of products. Referring to Figure 25, in the Glass Fibres category, four groups of tests were
completed: Discontinuous Fibres; Continuous Fibres; Woven Mat and Unidirectional Stitched Fabrics.

3.3 Discontinuous Fibres
Discontinuous fibres were the first set of tests completed. Although it was unlikely that this method would
provide the required strength, since it is difficult to achieve high fibre content, it provided a good starting
baseline. A 13 oz x 12 in. unidirectional cloth was used, and the cloth was separated into individual tows
and cut into 1 in. pieces (see Figure 26).

Figure 26: Unidirectional glass cloth (left); cloth separated into tows and cut into pieces (right).
The first discontinuous fibre test involved mixing the resin and fibres in a mixing bowl, then pouring the
mixture into the mould. The second method was to place the fibres in the mould (see Figure 27) then pour
in the resin. The results of these tests are discussed in Chapter 5.
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Figure 27: Discontinuous fibre arrangement of glass fibres.

3.4 Continuous Fibre
The second group of tests completed involved continuous fibre hooks. The continuous fibre arrangement
has fibres that run the entire length of the hook from the eye to the nose. This arrangement was used to
simulate the forging technique currently used in some of the steel safety snap-hooks, where the grains are
aligned around the hook curvature (see Figure 28). Several different variations of braiding were used to
help increase the strength of the hook.

Figure 28: Continuous fibre arrangement of glass fibres.

CHAPTER 3: EXPERIMENTAL METHODS

47

Initially, fibres were laid into the mould and cured with no pressure applied (see Figure 29A). These hooks
had very little strength because there was nothing to keep the fibres from delaminating. This failure can be
seen in Figure 29B.

Fracture lines
Initially what
the hook
looked like

Figure 29: A: Continuous fibre hook (left); B: Fibre delaminating.

When the fibres delaminate in this fashion, the strength of the hook is dictated by the strength of the epoxy
because very little of the load is transferred to the fibres. In an attempt to increase the strength of the hook,
the fibres were braided (Figure 30). The figure only shows one layer of braids, the mould was deep enough
so that two layers of braids could be placed in the mould.
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Figure 30: Continuous hook with braided fibres.

A similar failure was observed with the braided fibre, except that the strength was increased because the
braiding helped keep the local fibres together.

Several other tests were carried out in an attempt to increase the strength perpendicular to the direction of
the fibres, which would result in an overall increase in strength. Figure 31 shows one of the first tests
completed. Unidirectional fabric was placed perpendicular to the fibre direction then a second layer of
braided fibres were added on top so that the unidirectional fabric was sandwiched between two braided
layers.
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Figure 31: Continuous hook with braided fibres with added strength.
To further increase the strength, fibres were wrapped continuously around the outside (see Figure 32).

Figure 32: Continuous hook with braided and then wrapped fibres.

It was difficult to wrap the fibre around the outside while maintaining the flat cross-sectional shape of the
hook. The tendency when wrapping the fibres tightly is that the braided fibres tend to form a round crosssectional shape (see Figure 33).
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Figure 33: Tightly wound fibres, resulting in round cross-section.
To try to keep a similar cross-section, a shell of the mould was made. This shell was made using 1 ply of a
plain weave fabric. The fabric was wetted with epoxy and placed in the mould to cure (take the shape of the
mould). The fibres could then be placed in the composite shell and the fibres could be wrapped much
tighter while maintaining the flat shape. Because the shell gave the fibres some shape rigidity. The shell can
be seen in Figure 34, while the uncured hook can be seen in Figure 35.

Figure 34: Composite shell made to help keep flat cross-section.
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Figure 35: Continuous fibre wrapped using shell.
The final test carried out with regard to the continuous fibre method was to increase the bundle size. Instead
of creating larger braids, the fibres were tightly wound together. The wound bundles were then wrapped
around the outside (see Figure 36 and 37). This test was designed to determine if more tightly packed
bundles, the size of the bundles, and lack of crimping of the fibres (no braiding) had an effect on the
strength of the hook. The results are discussed in Chapter 5.

Figure 36: Tightly wrapped continuous fibres.
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Figure 37: Highly packed continuous fibre hook.

3.5 Woven Fabric
The third category under glass fibres is woven fabrics (see Figure 25). The idea behind this series of tests
was to cut a hook-shape from different types of woven fabric and place layers of these cut-outs in the
mould and then cure with the epoxy (see Figure 38). There are several different types of weaves available,
some of the more common types of weaves are: plain, twill and satin weave (see Figures 39 and 40). In
each of the woven fabrics there is some degree of waviness of fibres. The over-under pattern of any weave
causes the strength of the fibres to decrease when the fabric is put under unidirectional tension.
Unidirectional mats are available that eliminate the waviness of the fibres and, as a result, can increase the
strength.

CHAPTER 3: EXPERIMENTAL METHODS

53

Figure 38: Hook shape cut out of a plain weave glass fabric.

Each type of fabric offers different strength, stiffness, and drapeable (ability to conform to a curved
surface) properties. The stability of the fabric (ability of fabric to stay together after cut) also differs
considerably depending on the type of weave used. These properties are compared in Table 3.

Figure 39: Types of commonly used weave patterns [15].
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Figure 40: Photo of commonly used weave patterns.

Table 3: Comparison of fabric properties [15].
Property
Plain
Twill
Good stability
****
***
Good drape
**
****
Low porosity
***
****
Smoothness
**
***
Balance
****
****
Symmetrical
*****
***
Low Crimp
**
***
***** excellent, **** good, *** acceptable, ** poor, * very poor

Satin
**
*****
*****
*****
**
*
*****

To predict the tensile strength of each fabric type flat rectangular bars could be cut from different types of
woven fabrics and pulled in a unidirectional tensile test. The mechanics are fairly well understood and
predicting the strongest fabric would be relatively simple. In general, the more crimp in the fabric the
weaker the tensile strength. Therefore, the plain weave fabric (highest crimp) is expected to be the weakest
and the satin weave to be strongest (less crimp). In a straight tensile test, unidirectional fibres (no crimp)
would give the highest strength.
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However, using a hook-shape (instead of rectangular bars) the results become much harder to predict.
Although the main concern is with the tensile strength, the hook-shape also produces bending moments and
shear stresses. Therefore although a plain weave fabric would be the weakest in a unidirectional tensile test
of a rectangular bar, perhaps the added weaving would resist the combination of loads seen in the hook
shape.

Experiments were designed to address the effects of a shape on strength. The first tests were conducted
using a plain weave glass mat. It was determined that 25 layers (plies) would be used to fill the mould. The
fabric, for all of these hooks, was cut at 90o so that all the fibres were running in the same direction. In
these types of woven fabrics the fibres are in the 0o and 90o direction (see Figure 39). Therefore, the
properties are expected to be very good in the 0o and 90o direction, but quite weak in any other direction.
To try to achieve more uniform properties throughout the entire hook, plies were cut at 45o angles
(discussed further in Chapter 4). There were 25 plies used in total, 10 plies cut at a 90 degree angle
(Figure 41A) and 15 plies cut at a 45 degree angle (Figure 41B). The hook was layered sequentially in
groups of 5 plies: 5 plies at a 45 degree angle then 5 plies at a 90 degree angle, written as 45/90/45/90/45.

After a few initial tests, a significant increase in strength was seen due to modifying the orientation of the
fabrics. Instead of performing many tests to find the optimum fibre lay-up experimentally, Solidworks was
used to model the hook because it is relatively straightforward to include changes in the orientation of the
fabric plies. The model was used to optimize the orientation and lay-up of the plies, and the predictions
were verified using experimental tests. The results of the modeling are presented in Chapter 4.
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(B) 45 degree angle

Figure 41: Different orientations of the fabric.

Woven fabrics were tested using both the net-shape moulding and the vacuum bagging manufacturing
techniques. Originally, it was intended to test all of the fabrics using the net-shape moulding techniques.
However, cutting hook shapes from some of the fabrics proved to be quite difficult and unreliable (see
below). Therefore, the vacuum bagging technique was used to complete the tests of different fibre
architectures.

Initially, the hooks were cut by hand, using a utility knife. Some weaves (such as plain weave) were stable
enough so that the shape was maintained and the weave did not fall apart. However, the twill and satin
weave distorted considerably when cut by hand which made it very difficult to cut repeatable shapes using
a knife or scissors. As well, handling of the cut hook-shaped mats caused the fabrics to fray considerably,
decreasing their strength and increasing their variability. A non-contact method of cutting is more effective
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when trying to cut specific shapes from these types of weaves. Experiments were conducted to test the
usefulness of laser cutting as a non-contact cutting method.

A 7 watt Ultra Violet (UV) laser and a 60 watt Nd:YAG (neodymium-doped yttrium aluminium garnet;
Nd:Y3Al5O12) laser were tested. Glass fabrics were cut very precisely and the fibre edges “fused” together
making the hook cut-outs much more stable. Using the laser as a cutting tool was fairly successful;
however, in some cases individual fibres were not completely cut. These uncut fibres caused the hook cutout to fray or pull apart when the hook shape was separated from the rest of the material. Cutting and
handling the hook-shaped cut-outs was a delicate process. After the hook shapes were cut from the fabric,
the mould was used to make net shape hooks.

Further progress using the laser-cutting technique was hindered due to several hardware breakdowns.
Considerable time was required to troubleshoot the problem and to order the required replacement parts.
Finding an alternate laser with the required equipment and power was also unsuccessful.

The focus of these tests was on keeping the shape of the hook constant while trying to maximize the
strength by changing the fibre architecture. The bottleneck in this process was trying to make fabric cutouts that were stable and did not fall apart. Lack of access to the appropriate equipment proved to be a
considerable constraint. Therefore, a different approach was developed.

In keeping with the primary objective of the tests, the impact of different fibre orientations on hook
strength was assessed. It was decided that making large rectangular composite panels would be a more
suitable method to deal with the delicate fabric. Rectangular sheets of fabric were consolidated with resin
and allowed to cure. The hooks were then cut from these panels. Initially this method was not considered
because cutting the cured composite would expose the fibres, which allows them to be subjected to
weathering elements that could degrade the composite. However, this provided a very quick and effective
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method to determine the best weave and fibre orientation. Because the fabric is cured in place by the resin,
the hook shapes are much easier to cut out. High powered lasers and water jet cutters were tested to
determine their suitability for cutting the hooks out of the composite panel. Using the vacuum bagging
technique made it much easier to test the twill and satin weave fabrics. The results of the tests using both
laser cutting and water jet cutting with the different woven fabrics are presented in Chapter 5. Epoxy was
applied to the freshly cut edges to determine whether it had an effect on the strength of the hook (see
Chapter 5).

This approach also offers an additional advantage because it would be much quicker and less expensive to
accommodate changes in the hook design. Instead of machining a new mould each time a design change is
required, all that would be needed is a change in the tooling path.

3.6 Unidirectional Stitched Fabric
The final category under glass fibres is unidirectional fabrics (Figure 25). These fabrics were tested using
the same experimental procedures as for the woven fabrics. As discussed in Section 2.7.1.1.2,
unidirectional plies are laid down on top of each other in the preferred orientation but they are not woven or
crimped, the sheets are simply stitched together. Two types of stitched fabric were tested: tri-axial and biaxial. Tri-axial fabric had fibres in the ±45o and 0o direction; whereas, the biaxial fabric had a
discontinuous fibre mat then two layers of fibres in the ±45o direction. The stitched mats were also difficult
to cut accurately by hand; therefore, the vacuum bagging method was used for these tests as well. See
Chapter 5 for the results.
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3.7 Kevlar and Carbon Fibre
Because glass is much cheaper than Kevlar and carbon, it was decided to use the results from the glass
fibres to help narrow down the tests that should be performed using Kevlar and carbon. A plain weave
fabric was used as a baseline to compare each of the three materials (glass, Kevar, and carbon). Both the
net shape and vacuum bag methods were tested using the Kevlar and carbon fibre materials. Both materials
were difficult to cut by hand; therefore a UV laser was used to cut the fabrics. In addition, the vacuum bag
method was also used. These samples were then cut using a water jet cutter.

3.8 Experimental Tests

3.8.1 Tensile Test
The main focus of this research was to optimize the fiber orientation to achieve maximum strength. A
tensile test was used to determine the maximum load that each hook could sustain before failure. Failure
was defined as the point at which the maximum load was achieved. An Instron universal testing machine
was used (see Figure 42(A)). The hooks were loaded at a constant rate of 0.2 in/min (cross-head speed) to
meet CSA standards. Figure 42(B) shows how the maximum load was determined, and Figure 42(C) shows
a typical failure location after the hook was loaded (the crack is the white line across the body of the hook).
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Figure 42: A tensile test was performed on each of the hooks: (A) Instron testing setup; (B) plot
showing maximum load achieved; (C) hook showing failure location.

Using the optimized results, a hook assembly was created to meet the required strengths and further tests
were carried out. A tensile test (described above), dynamic strength test, and side and front load gate tests
were performed on the newly designed hook assembly. The tests are described in Sections 3.8.2–3.8.4.

3.8.2 Dynamic Strength Test
All Class I connecting components must resist a dynamic strength test without breaking. The dynamic
strength test consists of a 220 lb (100 kg) weight attached to the component and anchored using a stainless
steel cable. The setup can be seen in Figure 43. The free-fall distance is modified so that an arrest force
between 5000 and 5400 lbf (22.2 and 24.0 kN) is achieved. When the setup is complete, the release allows
the 220 lb weight to fall, causing a dynamic load on the snap-hook. Permanent deformation is acceptable as
long as deformation is not significant enough to release the gate.

CHAPTER 3: EXPERIMENTAL METHODS

61

Figure 43: Setup for the dynamic test.

3.8.3 Front Load Gate Test
For the front load gate test the snap-hook was positioned in a clamping fixture, shown in Figure 44. The
wedge was positioned at the middle of the gate, and a downward force was applied. The load was increased
(at a rate of 0.2 in/min) until fracture occurred (the point at which the maximum load was achieved).
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Figure 44: Setup for the front load gate test.

3.8.4 Side Load Gate Test
For the side load gate test, the snap-hook was positioned in a clamping fixture, shown in Figure 45. The
load was positioned in the middle of the gate, and a downward force was applied. The load was increased
(at a rate of 2.0 in/min) until failure occurred (the point at which the maximum load was achieved).
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CHAPTER 4: FINITE ELEMENT ANALYSIS MODELLING
The purpose of this analysis was to develop guidelines that would aid in determining optimum fibre
orientation for maximum hook strength. Classical lamination theory was used to predict overall laminate
properties, and these properties where then used in an finite element analysis (FEA) model to determine the
optimum fibre orientation.

4.1 Background
There has been significant research on composite materials using FEA. In general, there are two different
methods used to analyze composite materials: three-dimensional numerical models and classical lamination
theory.

Three-dimensional numerical models are typically used to predict unit-cell properties. A unit cell is the
smallest repeating geometry that can be used to build a composite. See Figure 46 for an example.

Figure 46: Two unit cells in a plain weave composite [16].

CHAPTER 4: FINITE ELEMENT ANALYSIS MODELLING

65

These results can then be used to predict larger and more detailed problems. However, the model
generation itself is very cumbersome and extremely time consuming for such complex fibre
architecture [17].

Another approach is to use classical laminate theory, which is typically used to predict laminate-level
properties [17]. Many researchers have optimized the fibre orientation, the layer thickness, and the number
of layers for several different loading conditions on a composite plate. However, very little work has been
done on shapes that have been cut from composite plates, and in particular, hook shape cut-outs.

4.1.1 Classical Lamination Theory

A composite laminate is made from several lamina. Lamina are stacked together to the desired thickness to
form a composite laminate. The orientation of the lamina can be altered in the lay up to meet the desired
mechanical properties for the laminate. The type of material or weave can also be changed within a lay up.

To understand the mechanical properties of a laminate it is first important to understand the properties of
the individual lamina. Lamina are not homogeneous nor are they isotropic; therefore, they are more
complicated to study compared with homogeneous isotropic materials. Although lamina are not
homogeneous for macro-mechanical analysis, they are typically assumed to be homogeneous. Lamina are
made up of fibres and a matrix both of which are homogeneous; however, properties vary from point to
point depending on whether the point is in the matrix, fibre, or fibre-matrix interface. A non-homogeneous
analysis becomes very complicated; therefore, lamina are assumed to be homogeneous and average
property values are typically used [18].

Even with the assumption that lamina are homogeneous, the mechanical behaviour is still quite different
from a homogeneous isotropic material. For isotropic materials, the general form of Hooke’s Law can be
given by the following equations:
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εx =

(1)

The elastic response of the individual lamina is also governed by Hooke’s Law, but in an orthotropic form
which can be written as:
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Where E1, E2, E3 are the modulus of elasticity in the fibre (1), transverse (2) and through thickness (3)
direction respectively, ν is the Poisson’s ratio, and G is the shear modulus, which is a function of the two
elastic constants G=E/2(1+ ν).

For the general three dimensional case, there are six components of stress (σx, σy, σz, τxy, τyz, τzx) and six
corresponding components of strain (Figure 47).
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Figure 47: Six Components required to describe a state of stress at a point [19].

The most general anisotropic form of Hooke’s Law is given by six equations, which are written in matrix
form below. The 6x6 [S] is called the compliance matrix.

⎡ ε 1 ⎤ ⎡ S11
⎢ ε ⎥ ⎢S
⎢ 2 ⎥ ⎢ 21
⎢ ε 3 ⎥ ⎢ S 31
⎢ ⎥=⎢
⎢γ 23 ⎥ ⎢ S 41
⎢γ 13 ⎥ ⎢ S51
⎢ ⎥ ⎢
⎣γ 12 ⎦ ⎣ S 61

S12

S13

S14

S15

S 22

S 23

S 24

S 25

S 32

S 33

S 34

S 35

S 42
S52

S 43
S53

S 44
S54

S 45
S55

S 62

S 63

S 64

S 65

S16 ⎤ ⎡ σ 1 ⎤
S 26 ⎥ ⎢σ 2 ⎥
⎥⎢ ⎥
S 36 ⎥ ⎢σ 3 ⎥
⎥⎢ ⎥
S 46 ⎥ ⎢τ 23 ⎥
S56 ⎥ ⎢τ 13 ⎥
⎥⎢ ⎥
S 66 ⎦ ⎣τ 12 ⎦

(3)

where S11 = 1/E1 given by Equation 2. Inverting the matrix (Equation 3) gives the equations in terms of
stress.
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⎡ σ 1 ⎤ ⎡ C11
⎢σ ⎥ ⎢C
⎢ 2 ⎥ ⎢ 21
⎢σ 3 ⎥ ⎢C31
⎢ ⎥=⎢
⎢τ 23 ⎥ ⎢C 41
⎢τ 13 ⎥ ⎢C51
⎢ ⎥ ⎢
⎣τ 12 ⎦ ⎣C61

C12

C13

C14

C15

C 22

C23

C 24

C25

C32

C33

C34

C35

C 42
C52

C43
C53

C 44
C54

C45
C55

C62

C63

C64

C65
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C16 ⎤ ⎡ ε 1 ⎤
C 26 ⎥ ⎢ ε 2 ⎥
⎥⎢ ⎥
C36 ⎥ ⎢ ε 3 ⎥
⎥⎢ ⎥ .
C 46 ⎥ ⎢γ 23 ⎥
C56 ⎥ ⎢γ 13 ⎥
⎥⎢ ⎥
C66 ⎦ ⎣γ 12 ⎦

(4)

The 6x6 [C] matrix is called the stiffness matrix. There are 36 constants in the stiffness matrix.

Because the lamina are thin sheets and have symmetrical properties, the equations can be simplified to
represent plane stress orthotropic behaviour. The stresses that do not lie in the x – y plane of the sheet are
usually small (plane stress assumption); therefore, σ3 = τ23 = τ31 = 0, such that:

⎡ 1
⎢ E
⎢ 1
⎢ − ν 12
⎡ ε1 ⎤ ⎢ E
⎢ε ⎥ ⎢ 1
⎢ 2 ⎥ ⎢ − ν 13
⎢ ε 3 ⎥ ⎢ E1
⎢ ⎥=⎢
⎢γ 23 ⎥ ⎢ 0
⎢γ 13 ⎥ ⎢
⎢ ⎥ ⎢
0
⎣γ 12 ⎦
⎢
⎢
⎢ 0
⎣

− ν 21
E2
1
E2
− ν 12
E2

− ν 31
E3

0

0

0

0

0

0

0

0

1
G23

0

0

0

0

1
G13

0

0

0

0

ν 32
E3
1
E3

⎤
0 ⎥
⎥
0 ⎥ ⎡σ 1 ⎤
⎥
⎥ ⎢σ 2 ⎥
0 ⎥ ⎢ ⎥
⎥ × ⎢σ 3 ⎥
⎥ ⎢ ⎥
0 ⎥ ⎢τ 23 ⎥
⎥ ⎢τ 13 ⎥
⎢ ⎥
0 ⎥ ⎣τ 12 ⎦
⎥
1 ⎥
⎥
G12 ⎦

(5)

which gives,

⎡ 1
⎢
⎡ ε 1 ⎤ ⎢ E1
⎢ ε ⎥ = ⎢ − ν 12
⎢ 2 ⎥ ⎢ E1
⎢⎣γ 12 ⎥⎦ ⎢
⎢ 0
⎢⎣

−

ν 21

E2
1
E2
0

⎤
0 ⎥
⎡ ε 1 ⎤ ⎡ S11
⎥ ⎡σ 1 ⎤
⎥
⎢
0 ⎥ σ 2 or ⎢ ε 2 ⎥ = ⎢ S 21
⎢ ⎥ ⎢
⎥⎢ ⎥
τ
⎥
⎢
⎢⎣γ 12 ⎥⎦ ⎢⎣ 0
1 ⎥ ⎣ 12 ⎦
⎥
G12 ⎥⎦

S12
S 22
0

0 ⎤ ⎡σ 1 ⎤
0 ⎥ ⎢σ 2 ⎥ .
⎥⎢ ⎥
S 66 ⎥⎦ ⎢⎣τ 12 ⎥⎦

(6)
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The lamina stresses, in terms of strain, are written as:

⎡σ 1 ⎤ ⎡Q11 Q12
⎢σ ⎥ = ⎢Q
Q22
⎢ 2 ⎥ ⎢ 21
0
⎣⎢τ 12 ⎦⎥ ⎣⎢ 0

⎡ ⎤
0 ⎤⎢ ε1 ⎥
0 ⎥⎢ ε 2 ⎥
⎥⎢ ⎥
Q66 ⎦⎥ ⎢ γ 12 ⎥
⎣ 2 ⎦

(7)

Where Qij are the components of the simplified stiffness matrix, which are related to the compliances and
the engineering constants by:

Q11 =

S 22
E1
=
2
S11 S 22 − S12 1 − ν 12ν 21

Q12 =

S12
ν E
= 12 2 = Q21
2
S11 S 22 − S12 1 − ν 12ν 21

S11
E2
Q22 =
=
2
S11 S 22 − S12 1 − ν 12ν 21
Q66 =

.

(8)

1
= G12
S 66

Anisotropic plasticity is not considered because most composite materials fail before the occurrence of
large amounts of inelastic strain [19].

If all the lamina are placed in the same direction, the laminate would have high strength in one direction,
and be quite weak in the other. In most cases, lamina are placed at angles to help balance the properties in
different directions. Therefore, it is necessary to understand the stress – strain relationship for lamina that
are at an angle. The typical coordinate system used for angled lamina can be seen in Figure 48.
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Figure 48: Local and global axes of an angled lamina [18].

The 1 – 2 coordinate system is the local axes: direction 1 is parallel to the fibres and direction 2 is
perpendicular to the fibres. The x – y coordinate system is called the global axes of the entire laminate. The
global and local coordinate systems are related to each other by the angle at which the lamina are placed
(θ). Using a transformation matrix it is possible to convert local stresses in a lamina into global stress of a
laminate.

⎡σ x ⎤
⎡σ 1 ⎤
⎢ ⎥
−1 ⎢
⎥
⎢σ y ⎥ = [T ] ⎢σ 2 ⎥
⎢⎣τ xy ⎥⎦
⎢⎣τ 12 ⎥⎦

(9)

where [T] is the transformation matrix,

[T ]

−1

⎡ cos 2 θ
⎢
= ⎢ sin 2 θ
⎢sin θ cos θ
⎣

sin 2 θ
cos 2 θ
− sin θ cos θ

− 2 sin θ cos θ
2 sin θ cos θ

⎤
⎥
⎥.
cos 2 θ − sin 2 θ ⎥⎦

The same transformation can be made for the strain components:

(10)
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⎡ εx ⎤
⎡ ε1 ⎤
⎢
⎥
⎢
⎥
⎢ ε y ⎥ = [T ]⎢ ε 2 ⎥ .
⎢⎣γ xy / 2⎥⎦
⎣⎢γ 12 / 2⎦⎥
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(11)

The relationship between stress and strain can now be determined because the transformations for stress
and strain are now related to arbitrary coordinate systems:

{σ x } = [Q ]{ε x }
where

[Q ] = [T ] [Q ][T ] .

After appropriate matrix multiplication, the terms of the

−1

[Q ] are defined as:

Q11 = Q11 cos4 θ + Q22 sin 4 θ + 2(Q12 + 2Q66 ) sin 2 θ cos2 θ
Q12 = (Q11 + Q22 − 4Q66 ) sin 2 θ cos2 θ + Q12 (cos4 θ + sin 4 θ )
Q22 = Q11 sin 4 θ + Q22 cos4 θ + 2(Q12 + 2Q66 ) sin 2 θ cos2 θ
Q16 = (Q11 − Q12 − 2Q66 ) cos3 θ sin θ − (Q22 − Q12 − 2Q66 ) sin 3 θ cosθ

(12)

Q26 = (Q11 − Q12 − 2Q66 ) cosθ sin 3 θ − (Q22 − Q12 − 2Q66 ) cos3 θ sin θ
Q66 = (Q11 + Q22 − 2Q12 − 2Q66 ) sin 2 θ cos2 θ + Q66 (sin 4 θ + cos4 θ )

[Q ] is called the transformed lamina stiffness matrix:
⎡Q11 Q12 Q16 ⎤
[Q ] = ⎢⎢Q12 Q22 Q26 ⎥⎥ .
⎢⎣Q16 Q26 Q66 ⎥⎦

(13)

4.2 Macro-Mechanical Analysis of Laminates
With these equations it is possible to calculate the stiffness matrix for each individual lamina. The lamina
properties can then be used to determine the overall strength and stiffness of a laminate.
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Classical lamination theory is used to describe the overall properties of a laminate. These relationships are
developed for loads such as shear and axial forces, and bending and twisting moments. Some of the typical
assumptions used in classical lamination theory are [18, 20]:
•

The plate consists of orthotropic lamina bonded together

•

Each lamina is homogeneous

•

The thickness of the plate (t) is much smaller than the lengths of the plate

•

The displacements are small compared with the plate thickness

•

Transverse and shear strains (γxz and γyz) are negligible

•

The transverse normal strain (εz) is negligible

•

No slip occurs between lamina interfaces

•

Plate thickness (t) is constant

The coordinate system used in classic lamination theory is shown in Figure 49.

Figure 49: Coordinate system and stress resultants for a laminated plate [20].
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The origin of the coordinate system goes through the mid-plane of the laminate (z = 0). The displacements
in the mid-plane can be expressed as uo, vo, and wo, and the displacements at any other point can be written
as u, v, and w.

Figure 50: The relationship between displacements through the thickness of a plate to mid-plane
displacements and curvature [18].
By referring to Figure 50 the displacements can be expressed as:

u = uo − zα
where,

α=

(14)

∂wo
.
∂x

Therefore, the displacement can be written as:

u = uo − z

∂wo
.
∂x

(15)

And similarly, the displacement in the y-direction can be written as:

v = vo − z

∂wo
.
∂y

(16)
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Because strain is the change in displacement, for example ε

x

=
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∂ u the strain equations can be written
∂x

as:

∂ 2 wo
∂u ∂uo
εx =
=
−z
∂x
∂x
∂x 2
∂ 2 wo
∂v ∂vo
εy =
=
−z
∂y ∂v
∂y 2

γ xy =

.

(17)

∂ 2 wo
∂u ∂v ∂uo ∂vo
+
=
+
− 2z
∂y ∂x ∂y
∂x
∂x∂y

These equations can be written in matrix form and separated into the definitions of the mid-plane strains
and mid-plane curvatures:

⎫ ⎧ ∂ 2 wo ⎫
⎧ ∂u o
⎪
⎪ ⎪−
⎪
2
∂
x
⎧ε x ⎫ ⎪
⎪ ⎪ ∂2x ⎪
⎪ ⎪ ∂ wo ⎪
⎪ ⎪ ⎪ ∂v o
⎬.
⎬ + z⎨ −
⎨ε y ⎬ = ⎨
2
∂
y
∂
y
⎪
⎪ ⎪
⎪γ ⎪ ⎪
⎩ xy ⎭ ⎪ ∂u o ∂v o ⎪ ⎪ ∂ 2 wo ⎪
⎪ ∂y + ∂ ⎪ ⎪− 2 ∂x∂y ⎪
x ⎭
⎩
⎭
⎩
The mid-plane strains are:

⎫
⎧ ∂u
o
⎪
⎪
⎧ ε xo ⎫ ⎪ ∂x
⎪
⎪ o ⎪ ⎪ ∂vo ⎪
⎬.
⎨ε y ⎬ = ⎨
⎪
⎪γ o ⎪ ⎪ ∂y
⎩ xy ⎭ ⎪ ∂uo ∂vo ⎪
+
⎪⎩ ∂y
∂ x ⎪⎭

(19)

(18)
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The mid-plane curvatures are:

⎧ ∂ 2 wo ⎫
⎪−
2 ⎪
⎧ κ x ⎫ ⎪ ∂2x ⎪
⎪ ⎪ ⎪ ∂ wo ⎪
. (20)
⎨κ y ⎬ = ⎨ −
2 ⎬
⎪κ ⎪ ⎪ ∂y2 ⎪
⎩ xy ⎭ ⎪ ∂ wo ⎪
⎪− 2 ∂x∂y ⎪
⎩
⎭
Therefore, the laminate strains can be written as:

⎧ ε x ⎫ ⎧ ε xo ⎫ ⎧ κ x ⎫
⎪ ⎪ ⎪ o⎪ ⎪ ⎪
⎨ ε y ⎬ = ⎨ ε y ⎬ + z ⎨κ y ⎬ .
⎪γ ⎪ ⎪γ o ⎪ ⎪κ ⎪
⎩ xy ⎭ ⎩ xy ⎭ ⎩ xy ⎭

(21)

If the strains are known, the global stresses can be calculated for each lamina using the equation:

⎡σ x ⎤ ⎡Q11 Q12
⎢ ⎥ ⎢
⎢σ y ⎥ = ⎢Q12 Q22
⎢⎣τ xy ⎥⎦ ⎢⎣Q16 Q26
The

Q16 ⎤ ⎡ ε x ⎤
⎥⎢ ⎥
Q26 ⎥ ⎢ ε y ⎥
Q66 ⎥⎦ ⎢⎣γ xy ⎥⎦

(22)

[Q ] matrix can be any lamina located at any point along the thickness of the laminate that has been

transformed by a certain angle θ. Substituting equation 21 into equation 22 gives:

⎡σ x ⎤ ⎡Q11 Q12
⎢ ⎥ ⎢
⎢σ y ⎥ = ⎢Q12 Q22
⎢⎣τ xy ⎥⎦ ⎢⎣Q16 Q26

Q16 ⎤ ⎡ ε xo ⎤
⎡Q11 Q12
⎥⎢ o ⎥
⎢
Q26 ⎥ ⎢ ε y ⎥ + z ⎢Q12 Q22
⎢⎣Q16 Q26
Q66 ⎥⎦ ⎢⎣γ xyo ⎥⎦

Q16 ⎤ ⎡ κ x ⎤
⎥⎢ ⎥
Q26 ⎥ ⎢ κ y ⎥
Q66 ⎥⎦ ⎢⎣κ xy ⎥⎦

(23)

It is more convenient to use forces and moments per unit length (stress resultants) rather than forces and
moments [20]. The stress resultants on a laminate can be seen in Figure 49. Integrating the global stress in
each lamina gives the resultant forces per unit length in the x – y plane through the laminate thickness.
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{∫ (σ ) ∂z}
σ z∂z ∑ {∫ (σ ) z∂z }
N

zk

N x = ∫ 2t σ x ∂z ∑
−

2

t
2
t
−
2

Mx = ∫
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k =1 zk −1
N

x

x k

(24)

zk

k =1 zk −1

x k

where, Nx, is the normal force per unit length, and Mx is the bending moment per unit length.
Substituting equation 24 into equation 23 gives:
N

zk

k =1

zk −1

Nx = ∑∫

{(Q ) (ε
11 k

o
x

+ zκ x ) + (Q12 )k (ε oy + zκ y ) + (Q16 )k (γ xyo + zκ xy )}∂z

(25)

and

M x = {(Q11 )k (ε xo + zκ x ) + (Q12 )k (ε oy + zκ y ) + (Q16 )k (γ xyo + zκ xy )}z∂z . (26)
Combining the terms and rearranging the equations gives:

N x = A11ε x0 + A12 ε y0 + A16 γ xy0 + B11κ x + B12 κ y + B16 κ xy
M x = B11ε x0 + B12 ε y0 + B16 γ xy0 + D11κ x + D12 κ y + D16 κ xy

.

(27)

Rearranging and combining terms will give the following matrix:

⎡ N x ⎤ ⎡ A11
⎢ N ⎥ ⎢A
⎢ y ⎥ ⎢ 12
⎢ N xy ⎥ ⎢ A16
⎥=⎢
⎢
⎢ M x ⎥ ⎢ B11
⎢ M y ⎥ ⎢ B12
⎥ ⎢
⎢
⎢⎣ M xy ⎥⎦ ⎣ B16

A12

A16

B11

B12

A22
A26
B12
B22
B26

A26
A66
B16
B26
B66

B12
B16
D11
D12
D16

B22
B26
D12
D22
D26

B16 ⎤ ⎡ ε x0 ⎤
⎢ ⎥
B26 ⎥ ⎢ ε y0 ⎥
⎥
B66 ⎥ ⎢γ xy0 ⎥
⎥⎢ ⎥
D16 ⎥ ⎢ κ x ⎥
D26 ⎥ ⎢ κ y ⎥
⎥⎢ ⎥
D66 ⎦ ⎢⎣κ xy ⎥⎦

(28)

The [A] matrix is called the laminate extensional stiffness matrix, the [B] matrix is called the coupling
stiffness matrix, and the [D] matrix is called the laminate bending stiffness matrix.

If the laminate geometry and material properties are symmetric with respect to the middle plane, then all
the B values are zero. A laminate that has a nonzero [B] means that when a laminate is subjected to
in-plane loads it will cause the laminate to bend or twist. The laminate will also have in-plane stretching
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when subjected to bending or twisting. Because a symmetric laminate does not have a coupling between
extension and stiffness the relationships can be simplified.

⎡ N x ⎤ ⎡ A11
⎥ ⎢
⎢
⎢ N y ⎥ = ⎢ A12
⎢⎣ N xy ⎥⎦ ⎢⎣ A16

⎡ M x ⎤ ⎡ D11
⎥ ⎢
⎢
⎢ M y ⎥ = ⎢ D12
⎢⎣ M xy ⎥⎦ ⎢⎣ D16

A12
A22
A26

D12
D22
D26

A16 ⎤ ⎡ ε x0 ⎤
⎢ ⎥
A26 ⎥ ⎢ ε y0 ⎥
⎥
A66 ⎥⎦ ⎢⎣γ xy0 ⎥⎦

D16 ⎤ ⎡ κ x ⎤
⎢ ⎥.
D26 ⎥ ⎢ κ y ⎥
⎥
D66 ⎥⎦ ⎢⎣κ xy ⎥⎦

(29)

(30)

The uncoupling between extension and bending in symmetric laminates makes analyzing such laminates
simpler. It also prevents a laminate from twisting due to thermal loads, such as cooling down from
processing temperatures [18].

The goal is to try to determine the in-plane constants of a laminate. To achieve this, the first step is to take
the inverse of the [A]:

⎡ ε x0 ⎤ ⎡ A11*
⎢ 0⎥ ⎢ *
⎢ ε y ⎥ = ⎢ A12
⎢γ xy0 ⎥ ⎢ A16*
⎣ ⎦ ⎣

A12*
*
A22
*
A26

A16* ⎤ ⎡ N x ⎤
⎥
* ⎥⎢
A26
⎥⎢ N y ⎥
*
⎥ ⎢ N xy ⎥
A66
⎦
⎦⎣

(31)

where [A*] = [A]-1, and [A]-1 is called the extensional compliance matrix.

To calculate the effective in-plane longitudinal modulus Ex, the loads Nx ≠ 0, Ny = 0, Nxy = 0 are applied
and then substituted into equation 31:

⎡ ε x0 ⎤ ⎡ A11*
⎢ 0⎥ ⎢ *
⎢ ε y ⎥ = ⎢ A12
⎢γ xy0 ⎥ ⎢ A16*
⎣ ⎦ ⎣

A12*
*
A22
*
A26

A16* ⎤ ⎡ N x ⎤
* ⎥⎢
⎥
A26
⎥⎢ 0 ⎥
*
⎥ ⎢⎣ 0 ⎥⎦
A66
⎦

(32)
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which is equal to:

ε x0 = A11* N x .

(33)

Therefore, the effective in-plane longitudinal modulus is:

Ex ≡

σx Nx /t
1
= *
= *
0
ε x A11 N x tA11

(34)

where t is the thickness of the laminate.
Similar relationships can be developed for Ey, Gxy, and νxy :

Ey =

1
*
tA22

G xy =

1
. (35)
*
tA66

ν xy = −

A12*
A11*

All the required in-plane constants can now be calculated for a given symmetric laminate by using the
extension compliance matrix. Similar methods can be used to calculate the flexural engineering constants
of a laminate as well. However, for the snap-hook the in-plane engineering constants are the most
important. Appendix G shows how to calculate the in-plane engineering constants for a laminate using the
theoretical approach.

4.3 Modelling Results
All computer aided design (CAD) work was performed using SolidWorks, and the finite element analysis
(FEA) was done in Cosmos, which is an FEA package built into SolidWorks. A simple hook geometry was
used to model different fibre-architecture arrangements. PROMAL software was used to calculate the
material properties for each of the laminate orientations.

Several different combinations of fibre architecture were considered and analyzed in Cosmos to determine
which would be the best lay up for the safety snap-hook. Two coordinate systems were used (see Figure 51)
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to analyze the simple hook shape. In the first coordinate system, the material was positioned completely
vertical to the hook, and in the second coordinate system the material was rotated slightly so that the fibres
ran parallel to the body of the hook.

Figure 51: Hook coordinate systems.

The modeling type was linear elastic orthotropic, and plane stress was assumed (based on classical
lamination theory). The global average element size used was 0.126 in., and this was calculated based on
the model volume and surface area. The default tolerance was used, which is 5% of the global element size.
The mesh can be seen in Figure 52. The restraints were placed on the eye of the hook, and the load was
placed on the nose (see Figure 52). Notice that the load is angled so that it is aligned through the eye of the
hook. If the load is completely vertical the hook will try to rotate, because the restraint and the load are not
aligned. This causes a very high stress point at the edge of the restraint, which would not normally exist in
physical experiments. Having the load slightly rotated eliminates this problem. A load of 1124 lbf (5000 N)
was applied.
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Figure 52: Loading, restraint and mesh on the simple hook.

The material properties used were unidirectional E-glass fibres with an epoxy resin. Table 4 presents the
mechanical properties of this material. Where XT, XC and YT, YC are the tensile and compressive yield
strength in the x and y-direction.

Table 4: Mechanical properties of E-glass/epoxy [21].

E x = 27.7 E 9 Pa

X T = 589.8E 6Pa

E y = 8.4 E 9 Pa

X C = 450E 6Pa

G xy = 2.3E 9 Pa

YT = 48.68E 6Pa

ν xy = 0.237

YC = 120.7 E 6Pa

ρ = 1608kg / m 3

S xy = 43.54E 6Pa

Using classical lamination theory, different ply lay-ups were constructed and their mechanical properties
were calculated. These results can be seen in Table 5.

CHAPTER 4: FINITE ELEMENT ANALYSIS MODELLING

81

Table 5: Different ply sequences and their associated properties.
Hook #

Ply Sequence

Properties

1

[90/±45/0/90/±45/0/90/±45/0/0]s

E x = 1.4 E10 Pa
E y = 1.4 E10 Pa
G xy = 5.1E 9 Pa

ν xy = 3.2 E − 01

2

[0/±45/0/±45/0/±45/0/±45/0]s

E x = 1.5E10 Pa
E y = 9.2 E 9 Pa
G xy = 6.1E 9 Pa

ν xy = 5.2 E − 01

3

[15/30/45/60/75/90/0/-15/-30/-45/-60/-90]s

E x = 1.4 E10 Pa
E y = 1.4 E10 Pa
G xy = 5.1E 9 Pa

ν xy = 3.0 E − 01

4

[0/90/0/90/0/90/0/90/0/90/0/90/0]s

E x = 1.9 E10 Pa
E y = 1.8E10 Pa
G xy = 2.3E 9 Pa

ν xy = 1.1E − 01

5

[0/±45/90/0/±45/90/0/±45/0/90]s

E x = 1.5E10 Pa
E y = 1.3E10 Pa
G xy = 5.1E 9 Pa

ν xy = 3.2 E − 01

6

[0/±60/0/±60/0/±60/0/±60/0]s

E x = 1.4 E10 Pa
E y = 1.4 E10 Pa
G xy = 5.1E 9 Pa

ν xy = 3.2 E − 01

7

[0/45/60/-45/-60/0/45/60/-45/-60/0/45/60]s

E x = 1.2 E10 Pa
E y = 1.1E10 Pa
G xy = 6.2 E 9 Pa

ν xy = 4.3E − 01

8

[0/30/45/-30/-45/0/30/45/-30/-45/0/30/45]s

E x = 1.5E10 Pa
E y = 8.3E 9 Pa
G xy = 6.1E 9 Pa

ν xy = 5.8E − 01

9

[0/0/0/0/0/0/0/0/0/0/0/0/0]s

E x = 2.8E10 Pa
E y = 8.4 E 9 Pa
G xy = 2.3E 9 Pa

ν xy = 2.4 E − 01

10

[90/90/90/90/90/90/90/90/90/90/90/90/90]s

E x = 8.4 E 9 Pa
E y = 2.8E10 Pa
G xy = 2.3E 9 Pa

ν xy = 7.2 E − 02
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[0/±15/0/±15/0/±15/0/±15/0]s

82
E x = 2.5E10 Pa
E y = 8.1E 9 Pa
G xy = 3.2 E 9 Pa

ν xy = 3.5E − 01

12

[±45/±45/±45/±45/±45/±45/45]s

E x = 7.5E 9 Pa
E y = 7.5E 9 Pa
G xy = 8.2 E 9 Pa

ν xy = 6.3E − 01

13

[0/0/0/0/0/45/-45/45/-45/0/0/0/0]s

E x = 2.1E10 Pa
E y = 9.1E 9 Pa
G xy = 4.2 E 9 Pa

ν xy = 4.0 E − 01

Referring to Figure 53, the high stress areas are on the inside section of the nose and the edges of the eye.
As discussed in Chapter 3, PenSafe’s aluminium safety snap-hook was modified by removing some of the
holes. Referring to Figure 53, the stress at these locations is quite low and would have little effect on the
strength of the hook.

Figure 53: Plot of the principal stresses for Hook #1.
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The maximum stress was analyzed using both the Von Mises and the principal stresses. There was very
little difference in the Von Mises and the principal stresses in the direction of the load. The principal stress
perpendicular to the load was also analyzed and found to be quite low compared with the other stresses. A
comparison of the Von Mises and principal stresses can be seen in Figure 54.

Figure 54: Comparison of Von Mises and the Principal stresses
The maximum stress, strain, and displacement were compared for each hook using both coordinate
systems. Each hook has two plots, the first is coordinate system 1 and the second is coordinate system 2.
The results can be seen in Figures 55 – 58. Figure 55 is a combined plot of all three results. The results
correlate closely, hooks that had high stress had high displacement and strain; hooks with low stress had
lower strains and displacements (with a few exceptions).
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Figure 55: Comparison of hook lay-ups.

Figures 56 – 58 are individual plots of each of the maximum stress, strain, and displacement results.
Referring to Figure 56, the hooks with the highest stress are hooks 4, 9, and 11. Hook 4 has an alternating
lay up of 0 and 90 degrees. This would be similar to a woven mat that has been cut all in the same
direction. Hook 9 has all fibres running in the 0o direction and hook 11 is similar with 0o, but it also has
some slightly offset fibres running at ±15o. From the results for hooks 9 and 11, having fibres run in more
than one orientation gives lower stress.
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Figure 56: Maximum stress for different hook lay ups.

In Figure 57, a comparison of the maximum strain hooks 4, 9 and 11 show that each hook has high values
of strain. In addition, hooks 10 and 12 also show a high amounts of strain. Hook 10 had all of the fibres
aligned at 90o to the load, which did not provide a lot of strength to the hook. Hook 12 had all fibres
aligned at ±45o which would also suggest that it is important to have some fibres oriented in the direction of
the load.
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Figure 57: Maximum strain for different hook lay ups.

Figure 58 shows the maximum displacement of the hooks. Hooks 10 and 12 stand out considerably from
the rest. Once again, both these hook did not have fibres oriented in the direction of the load; therefore, it
makes sense that the displacement would be higher with these hooks.
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Figure 58: Maximum displacement for hooks with different fibre angles.

From the modeling results it appears that having all fibres running in the direction of the load results in
fairly high stress and strain values. As well, hooks that do not have fibres running in the direction of
the load demonstrate high strain and displacement values. The rest of the hooks that did not have
significantly high values, were made from a combination of fibres running in different directions.
Although there was little difference between many of the different combinations of fibres, the results
suggest that having a combination of different fibre directions will increase the strength over having all
of the fibres in the direction of the tensile load. These modeling results will be compared with the
experimental values in Chapter 5.
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CHAPTER 5: EXPERIMENTAL RESULTS
This chapter presents the results of the tests discussed in Chapters 3 and 4. As expected, there was a
significant initial learning curve. During the initial testing, steady improvements in strength were seen and
can be mainly attributed to a better understanding of fibre architecture and manufacturing techniques. The
initial tests performed were to maximize the strength of the simple shaped hook. Figure 59 is a comparison
of the maximum strength achieved by each of the hooks versus the date it was made. The maximum
strength achieved was approximately 2600 lbs. After the fibre architecture was optimized, the hook design
and thickness were changed to achieve the required strengths. The design changes and results are discussed
in Chapter 6.

Figure 59: Steady improvement in strength by changing fibre architecture.
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5.1 Manufacturing Techniques
Throughout the fibre optimization stage, several manufacturing techniques were tested. To compare the
different manufacturing techniques, a plain weave glass (90o) hook was made to use as a comparison.
Referring to Figure 60, the net-shaped moulded hooks had the highest strength, and the panel methods
where the samples were cut out afterward had lower strengths. It was realized that the difference was that
the net-shape moulded hooks were consolidated all at once (25 plies) in one cure. In comparison, the panels
were built up 5 plies at a time — 5 plies were laid, allowed to cure, then another five plies were laid on top.
The process was repeated until the desired thickness was achieved for each panel. Therefore, each time five
plies of fabric were bonding to an already cured epoxy surface. To determine if this was the cause of the
reduced strength, a panel was created laying all 25 plies at once, and the result were much better (see
Figure 60). Using this method, the strengths of the water jet samples were essentially the same as the
moulded samples.

Figure 60: Comparison of different manufacturing processes.
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5.2 Epoxy Hooks
The first two hooks constructed were made entirely of epoxy. These hooks allow a comparison to
determine how much the fibres increase the strength of the hook.

Table 6: 100% epoxy hooks.
Hook #

Weight of
Fibre (g)

Final Weight
of Hook (g)

% Fibre (by
weight)

Max Strength
(lbs)

1

0

37.2

0

468.3

2

0

33.4

0

396.9

5.3 Discontinuous Fibres
Table 7 shows the data retrieved for the hooks made with discontinuous glass fibres. The first hook was
made by mixing the resin and fibres together then pouring into the mould, this worked very poorly. The
mould was not properly filled and therefore the hook was not tested. For hooks 5 and 10, the discontinuous
fibres were placed into the mould and then the resin was poured in. The percent fibre content by weight
was approximately 30%. A graph comparing the strengths of the discontinuous fibres hook to the 100%
epoxy hooks can be seen in Figure 61.

Table 7: Discontinuous fibre hooks.
Hook #

Weight of
Fibre (g)

Final Weight
of Hook (g)

Percent Fibre
(by weight)

Max Strength
(lbs)

3
5

2.7
14.4

28.3
48.8

9.5
29.5

792.7

10

14.4

47.2

30.5

739.8

-
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Figure 61: Comparison of 100% Epoxy to discontinuous fibre hooks.

Both hooks 5 and 10 failed at the eye of the hook (see Figure 62). The short fibres were difficult to wrap
around a tight curve such as the eye of the hook. Although the strength increased considerably compared
with the 100% epoxy hooks, the percent fibre content was quite low (~30%) for a high-strength composite
application. Upon failure, the fibres did not break, rather the crack propagated around the fibres and broke
the epoxy.
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Figure 62: Failure of discontinuous hook.

5.4 Continuous Fibres
Table 8 shows the data retrieved for the hooks made with continuous glass fibres. By using continuous
fibres, higher percent fibre content was possible. Referring to Table 8 the percent fibre ranged from
approximately 45% to 83%. Figure 63 compares the maximum strength achieved in pounds for each of the
continuous fibre hooks. It should be noted that single hooks were fabricated to determine the relative
strength for different continuous fibre arrangements — therefore no error bars are shown with these data. A
few fibre combinations were repeated to determine the variability of the strength measurements.
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Table 8: Continuous Fibre Hooks.
Final Weight
of Hook (g)
51.2

Percent Fibre
(by weight)

4

Weight of
Fibre (g)
23.8

46.5

Max Strength
(lbs)
787.6

8

23.8

52.3

45.5

738.4

13

28.4

53.8

52.8

892.9

14

35.2

61.1

57.6

1374.6

15

43.9

71.2

61.7

1836.2

16

29.7

47.2

62.9

769.6

17

37.7

60.3

62.5

2261.3

18
21

52.3

67.0

78.1

1391.2

63.6

77.0

82.6

1096.2

24

52.4

69.0

75.9

1450.8

25

53.2

69.2

76.9

1692.8

26

37.7

57.4

65.7

1575.4

27

39.8

64.3

61.9

1786.1

28

42.6

67.1

63.5

1178.7

29

47.5

73.2

64.9

1442.0

32

54.4

82.2

66.2

1940.8

33

44.4

73.1

60.7

1614.3

35
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62.6

2333.6
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Figure 63: Comparison of continuous fibre (glass) hooks.
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Hooks 4 and 8 were the first continuous glass fibres tested (see Figure 63). Failure occurred at the top of
the hook (see Figure 29B). Similar to the discontinuous fibre hooks, the fibres did not break, rather the
fibres delaminated from each other. For hook 13, braids were used to help keep the local fibres together.
Referring to Figure 63 this helped increase the strength slightly, although a similar failure was observed. To
give the hook strength in the transverse direction, unidirectional fabric was placed perpendicular to the
fibre direction then a second layer of braided fibres were added on top so that the unidirectional fabric was
sandwiched between two braided layers (Hook 14). See Figure 31 for a photograph of the hook lay-up.
This also continued to help increase the strength of the hook. However, the braids still broke away from the
unidirectional fabric because nothing was keeping the two materials together. Hook 15 (see Figure 32) used
braids and then fibres were wrapped around the outside, which also helped to increase the strength.
Referring to Table 8, the percent fibre content of hooks 4, 8, 14, 15 has also increased with strength. The
braiding and wrapping enables closer packing of the fibres, resulting in higher fibre content and also in
additional strength.

Hook 16 (see Figure 33) decreased in strength. For this hook, fibres were wrapped very tightly around the
outside. It was difficult to keep the cross-sectional shape flat. The hook cross-section was circular which
resulted in a thin, weak hook.

Hook 17 was one of the strongest hooks achieved using the continuous fibre lay-up. This hook lay-up was
similar to hooks 15 and 16. More fibre was used to wrap the braids together but it was not wound as tight as
hook 16. Referring to Table 8 the percent fibre was 62.5%.

Hooks 18 though 28 of the continuous fibre hooks were an attempt to further increase the strength by
packing the fibres very tightly (see Figures 36 and 37). Referring to Table 8 the percent fibre was increased
up to 82.6% (hook 21). However, the increase in percent fibre failed to increase the hook strength any
further. Because the fibres were so tightly packed the resin was not able to soak through and wet all of the
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internal fibres, this resulted in a weaker hook. Several different attempts were made to reduce how tight the
fibres were packed together, and the amount of wrapping around the outside. But as seen in Figure 63 none
of the combinations (hooks 18 – 28) were able to improve the strength of the hook. Wetting the fibres
beforehand and then trying to construct the hook shape was also attempted, but proved to be very difficult
and extremely messy.

Hooks 29, 32, and 33 were constructed using a shell (see Figure 34 and 35). The shell allowed the fibres to
be wetted, then placed into the cured shell. The shell could then be handled easily. Wrapping the wetted
fibres around the outside was also much easier. Although this method made it much easier to keep the flat
shape of the hook, the individual fibres were not wrapped very tightly and most of the tension was put on
the shell itself. Although these hooks were stronger than some of the previous hooks, it did not surpass
hook 17. The final continuous hook made (hook 35) was an attempt to repeat the strength of hook 17 and
was made in a similar fashion except the fibres were not braided. Instead, they were only wrapped around
the outside. The strength of the hook just as strong as hook 17 and the fibre percent was approximately the
same.

The failure observed for most of the continuous fibre hooks can be seen in Figure 64. The fibres did not
break, rather they delaminated from each other. The pin used to pull the hooks tended to slide along the
nose causing the nose of the hook to bend upwards. Maximum strength achieved using the continuous fibre
method was just over 2300 lbs, and percent fibre content approximately 62%. However, it should be noted
that the continuous fibre method is highly labour intensive and the variability from hook to hook is quite
high.
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Figure 64: Typical failure for a continuous fibre hook.

5.5 Woven Mats
As explained in Chapter 4 the next category of hooks to be tested were cut from woven mats. Two types of
manufacturing methods were tested. Net shape moulding and vacuum bagged panels. The results are
presented below.

5.5.1 Net Shape
For the initial net-shaped tests, only plain weave fabrics were used. The measurements can be seen in Table
9 and a graph of a comparison of the loads for the hooks with variations in fibre orientation can be seen in
Figure 64.
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Table 9: Plain weave hooks using net shape moulding.
6

Weight of
Fibre (g)
26.1

Final Weight
of Hook (g)
49.7

Percent Fibre
(by weight)
52.5

# of
Plies
15

Max Strength
(lbs)
1037.9

9

26.3

58.9

44.7

15

1208.6

19

40.8

60.2

67.8

25

1720.0

20

40.8

60.2

67.8

25

1683.9

22

39.4

60.4

65.2

25

1530.6

23

39.5

61.2

64.5

25

1511.3

30

45.4

68.6

66.2

25

2313.4

34

43.3

69.2

62.6

25

1586.9

36

41.2

61.9

66.6

25

1747.0

37

40.8

62.6

65.2

25

1420.7

39

40.6

62.4

65.1

25

1512.6

Hook #

2500
Plain Weave - 25 Plies
45/90/45/90/45

2250
2000

Plain Weave - 25 Plies - 90o

Plain Weave
25 Plies - 90o
Laser Cut

Plain Weave - 25 Plies
45/90/45/90/45

1750

Plain Weave
25 Plies - 45o

Load (lbs)

1500
1250

Plain Weave
15 Plies - 90o

1000
750
500
250
0
6

9

19

20

22

23

30

34

36

37

39

Hook #

Figure 65: Comparison of plain weave (glass fibre) hooks.

Hooks 6 and 9 were the first hooks made using plain woven fabric. Fifteen plies of fabric were used and all
of the hooks were cut in the same direction (90o). It was noted that the hook mould was not completely full
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when 15 plies were used; therefore, the number of plies was increased to 25. Hooks 19 to 23 are the results
using 25 plies of plain weave fabric. Hook 30 showed tremendous improvement in strength (2300 lbs)
when the fabrics were cut at 90o and 45o angles. Hook 34 was also constructed of plies all cut at 45o but it
did not show the same increase in strength (see Figure 65). It should be noted that this lay-up used for hook
30 was repeated for hook 36 but the strength was lower. It is believed the reason for the difference in
strength is due to the variability of cutting the plies by hand (see Figure 65).

Both the UV and Nd:YAG laser were tested on different plain weave materials. Small circles were cut out
of the plane weave fabric. The UV laser performed much better and was used for the remainder of the tests.
Hooks 37 and 39 were both cut using the UV laser. The hook shapes were cut much more accurately. The
edges of the cut-outs also fused together making the cut-outs much easier to handle, without the fabric
fraying. The results for these two hooks can be seen in Figure 65. The hooks were cut at 90o to compare
with the previously made hooks (19 to 23). The UV and Nd:YAG lasers were also tested on the Kevlar and
carbon fibre materials as well. Both performed better using the UV laser; however, neither the Kevlar nor
the carbon fused together like the glass; therefore, the cut-outs had to be handled delicately. Kevlar also
showed burn marks along the edge of the cut. As mentioned previously, hardware problems limited the use
of the UV laser. Enough hooks were cut to make two glass and two carbon fibre hooks. However, not
enough hook plies were cut to create a Kevlar hook. An attempt to repeat hook 30 using the laser cut plies
could not be made. The measurements taken for the laser cut hooks can be seen in Table 10, and a graph
comparing them is shown in Figure 66.

Table 10: Comparison of the hooks cut with UV laser.
Hook #

Material

37

Glass

Weight of
Fibre (g)
40.8

Final Weight
of Hook (g)
62.6

Percent Fibre
(by weight)
65.2

Max. Strength
(lbs)
1420.7

38

CF

39

Glass

24.3

46

52.8

1736.2

40.6

62.4

65.1

1512.6

40

CF

24.2

48.3

50.1

1814.5
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Figure 66: Chart comparing the UV laser cut hooks.

Carbon fibre showed an increase in strength of approximately 200 lbs, and decreased the weight of the
hook by about 20 g. Although the strength was increased, the price of carbon fibre is almost four times the
price of the glass fabric. This increase in strength is not sufficient enough to offset the increase in material
cost.

As mentioned in Chapter 3, the other types of woven mats were difficult to cut by hand. With the hardware
failure of the UV laser, an alternate method to test the fabrics and materials was needed. This is discussed
below.

5.5.2 Vacuum Bag
Large composite panels were made using the vacuum bagging process. They were made large enough so
that 6 hooks could be cut from each panel. A diagram of the hook cut out can been in Figure 67. Table 11
shows the type of materials used, the weave styles, and the number of plies used to construct each panel.
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The thickness of the panel was kept constant; therefore, the number of plies required for different weaves
varied. For example, glass plain weave required 25 plies to achieve a thickness of approximately 0.275 in,
whereas the carbon fibre plain weave needed 35 plies to reach the same desired thickness.

Figure 67: Drawing used to cut hooks out of the composite panels.

Table 11: Panel measurements.
Panel #

Material

Type of
Weave

1

Glass

Plain

90

2

Glass

Plain

45/90

25

592.5

843.3

70.3

3

Glass

Satin

90

30

666.0

914.1

72.9

Lay-up

# of plies

Fabric
Weight (g)

Panel Weight
(g)

Percent Fibre
(by weight)

25

612.3

854.0

71.7

4

Glass

Twill

90

25

577.7

793.4

72.8

5

Kevlar

4HS Satin

90

30

407.6

655.4

62.2

6

Kevlar

Plain

90

25

161.9

265.5

61.0

7

Glass

Plain

90

25

669.5

922.8

72.6

8

CF

Plain

90

35

616.6

845.7

72.9

9

Glass

8HS Satin

90/45

30

853.7

1120.6

76.2

10

Glass

Plain

90

25

744.2

1056.6

70.4

Each of the hooks was cut out using a water jet cutter, and the hook measurements are shown in Table 12.
The percent fibre was calculated when the panels were made and assumed to be approximately the same for
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each hook in the panel. The maximum load for the six hooks was averaged and then plotted to compare the
different types of weaves and materials. A comparison of the results can be seen in Figure 68.

Table 12: Hook Measurement cut from Panel.
PanelHook #

Hook
Weight (g)

Average
Thickness (in.)

Max Load
(lbs)

1-1

56.5

0.266

1318.6

1-2

57.0

0.269

1388.3

1-3

56.5

0.266

1358.9

1-4

57.0

0.267

1377.1

1-5

57.0

0.270

1306.7

1-6

56.8

0.266

1350.1

2-1

57.5

0.276

1747.2

2-2

57.5

0.275

1761.6

2-3

57.8

0.277

1742.2

2-4

57.5

0.275

1791.9

2-5

57.5

0.275

1806.9

2-6

57.5

0.275

1728.9

3-1

61.9

0.271

1884.7

3-2

61.1

0.266

1859.7

3-2

61.4

0.268

1807.5

3-3

62.3

0.273

1797.2

3-5

61.3

0.267

1737.4

3-6

61.5

0.267

1782.6

4-1

51.8

0.226

1484.1

4-2

51.6

0.224

1501.3

4-3

51.4

0.225

1470.7

4-4

51.5

0.224

1482.0

4-5

51.5

0.223

1492.7

4-6

51.7

0.225

1404.2

5-1

41.8

0.268

1518.0

5-2

42.0

0.271

1653.5

5-3

42.0

0.270

1635.7

5-4

41.9

0.271

1686.2

5-5

41.9

0.269

1639.3

5-6

42.0

0.269

1602.6

6-1

33.5

0.223

1320.4

6-2

33.5

0.222

1213.1

6-3

33.4

0.221

1321.3

7-1

56.8

0.258

1505.0

7-2

56.8

0.258

1414.6

7-3

56.9

0.259

1522.7

7-4

56.8

0.260

1491.6

Percent Fibre
(by weight)

71.7

70.3

72.9

72.8

62.2

61.0
72.6

Load (lbs)
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PanelHook #

Hook
Weight (g)

Average
Thickness (in.)

Max Load
(lbs)

7-5

56.4

0.255

1528.2

7-6

56.4

0.256

1464.7

8-1

46.4

0.254

2179.0

8-2

46.7

0.258

2115.3

8-3

46.5

0.255

2082.2

8-4

46.5

0.256

1952.6

8-5

46.6

0.257

2131.3

8-6

46.4

0.256

2168.3

9-1

60.0

0.257

2355.2

9-2

60.0

0.255

2338.2

9-3

60.4

0.255

2370.7

9-4

60.1

0.256

2459.0

9-5

60.1

0.255

2537.0

9-6

60.0

0.255

2252.3

10-1

56.7

0.267

1198.4

10-2

56.9

0.266

1204.3

10-3

57.2

0.269

1138.8

10-4

56.6

0.267

1201.0

10-5

56.6

0.265

1191.2

10-6

56.7

0.267

1139.9

Percent Fibre
(by weight)

72.9

76.2

70.4

2900.0
2800.0
2700.0
2600.0
2500.0
2400.0
2300.0
2200.0
2100.0
2000.0
1900.0
1800.0
1700.0
1600.0
1500.0
1400.0
1300.0
1200.0
1100.0
1000.0
900.0
800.0
700.0
600.0
500.0
400.0
300.0
200.0
100.0
0.0
Plain Weave
(Panel 1)

Plain Weave 90/45 (Panel 2)

Satin Weave
(Panel 3)

Twill Weave
(Panel 4)

Satin Weave Kevlar (Panel 5)

Plain Weave Kevlar (Panel 6)

Plain Weave - 24 Plain Weave - CF
(Panel 8)
hour cure (Panel
7)

Satin Weave 90/45 (Panel 9)

Plain Weave rotated vs. straight
hooks (Panel 10)

Figure 68: Comparison of water jet hook samples, error bars indicate ± 1 standard deviation.
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The first panel was made of plain weave glass, with the plies laid at 90o so that a comparison could be
made of the different manufacturing techniques. Unfortunately, when the hooks were cut from the panel the
machinist rotated the hooks slightly so a second panel was made (Panel 10) to compare the rotated hooks to
hooks cut at 90o. Figure 69 is a sketch of the orientation of the hooks cut from panel 10. The hooks were
cut from the same panel so that panel-to-panel variability would not be a concern.

Figure 69: Sketch of rotated versus non-rotated hooks.
The three hooks on the left of Figure 69 were rotated approximately 20o (same as panel 1) and the three
hooks on the right were left at 0o. The maximum load achieved for each hook in panel 10 is shown in Table
12. A comparison of the two different hook orientations was made. Referring to Figure 70, there is
essentially no difference with hooks rotated at a 20o angle within an error of ± 1 standard deviation.
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Figure 70: Comparison of the rotated and non-rotated hooks for Panel 10, error bars indicate ± 1
standard deviation.

Panel 2 was made using the same ply orientation as hook 30 (net shape moulding) in attempt to reproduce
similar strengths. Comparing panel 2 with hook 30 the strengths are still quite different. The strength of
hook 30 using plain weave fabric could never be reproduced. In panels 3 and 4, glass panels were laid at
90o, the weaves used were satin and twill, respectively. Panels 5 and 6 were plain and satin weave using
Kevlar, and panel 8 is a plain weave fabric using carbon fibre.

To compare the different weaves and materials each panel was made with all the plies at 90o (panels 1, 3 –
6, and 8). The results are shown Figure 71. Comparing the six panels it can be seen that carbon fibre had
the highest strength, followed by the glass satin weave, then glass twill weave. Carbon fibre satin weave
was not available and could not be tested. However, the cost and conductive properties of carbon fibre do
not make it an advantageous material for this application. Because satin weave is slightly less expensive
and had higher strength values than the twill weave, satin weave was chosen to carry out further tests.
Referring to Figure 68, panel 9 was constructed using a 90/45 lay-up and the maximum load achieved with
this lay-up was just over 2500 lbs.
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2500.0
2400.0
2300.0
2200.0
2100.0
2000.0
1900.0
1800.0
1700.0
1600.0
Load (lbs)

1500.0
1400.0
1300.0
1200.0
1100.0
1000.0
900.0
800.0
700.0
600.0
500.0
400.0
300.0
200.0
100.0
0.0
Plain Weave (Panel 1)

Satin Weave (Panel 3)

Twill Weave (Panel 4)

Satin Weave - Kevlar (Panel 5) Plain Weave - Kevlar (Panel 6)

Plain Weave - CF (Panel 8)

Figure 71: Comparison of different weaves and material, error bars indicate ± 1 standard deviation.
When composite hooks are cut out of a panel, the edges of the composite are not sealed when compared
with a net-shaped moulded part. Samples were used to determine if the cut edge had an effect on the
strength of the hook. Panels 1 – 5 were used in this test. Three of the hooks (hooks 2, 3 and 5) cut from
each panel were coated with an epoxy to seal the edge, while the other three (hooks 1, 4 and 6) were left as
‘cut’. The results can be seen in Figure 72 (note the minimum value on the chart is 1200 lbs). In most cases
the coated hooks showed a slight increase in strength. However, taking into account the error bars, there is
no significant difference (at least in the short term). If the hooks were subjected to different environmental
tests over a longer period of time, perhaps there would have been a more significant difference. However,
glass fibres are inert, and it is more likely Kevlar fibres would show greater degradation if exposed to
weathering elements. But to compare the different materials and weaves, the coated and non-coated hooks
are assumed to demonstrate the same strength characteristics.

CHAPTER 5: EXPERIMENTAL RESULTS

106

Figure 72: Comparison of a cut edge and sealed hooks, error bars indicate ± 1 standard deviation.
.

5.6 Unidirectional Stitched Fabrics
Unidirectional fabrics were also tested by creating panels and then cutting out the hooks. To cut out these
hooks a high powered (5000W) CO2 laser was used. This technique did not work as well as the water jet
cutting. The edges of the hooks were quite badly burned, and only two hooks were able to be cut properly
from the bi-axial panel and five were cut from the tri-axial panel. The panel and hook measurements can be
seen in Tables 13 – 16 and the results are compared in Figure 73.

Table 13: Biaxial panel measurements.
Weight of
Fibre (g)

Final Weight
of Panel (g)

Percent Fibres
(by weight)

#
of
Plies

Average
Thickness (in)

595.1

866.5

68.7

9

0.265
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Table 14: Hook measurements cut from bi-axial panels.
P1

Average
Thickness (in.)
0.268

Final Weight
(g)
54.8

Max
Load
(lbs)
1870.2

P2

0.268

54.8

1791.2

Hook #

Table 15: Tri-axial panel measurements.
Weight of
Fibre (g)
648.8

Final Weight
of Panel (g)
889.5

Percent Weight
of Fibres
72.9

#
of
Plies
10

Average
Thickness (in)
0.269

Table 16: Hook measurements cut from tri-axial panel.
Hook #
P7

Average
Thickness (in.)
0.267

Final Weight
(g)
56.4

Max
Load
(lbs)
1582.9

P8

0.269

57.8

1567.5

P9

0.262

56.7

1361.2

P10

0.263

56.9

1570.0

P11

0.266

57.5

1575.5

2000
Biaxial
1800
Tri-axial
1600

1400

Load (lbs)

1200

1000

800

600

400

200

0
P1

P2

P7

P8

P9

Hook #

Figure 73: Comparison of laser cut snap-hook samples.

P10

P11
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A photograph taken of the laser cut hooks can be seen in Figure 74. Note the black burned edges around the
hook.

Figure 74: Hooks cut with high powered CO2 laser.
Because of the different orientations within the fabric, a 90o orientation could not be tested. Instead a 90/45
panel was created. Comparing the unidirectional fabrics to the satin weave lay-up of 90/45, the satin weave
showed much higher strength (compare Figures 68 and 73).

5.7 Comparison of Modeled and Experimental Results
From the modeled results it appeared that having all fibres running in the direction of the load resulted in
higher stress and strain values. Hooks that did not have fibres running in the direction of the load
demonstrated high strain and displacement values. Fibre combinations that did not have significantly high
stress, strain, or displacement values, were made from a combination of fibres running in different
directions. Although there was little difference between the various combinations of fibres, the results
suggested that having a combination of different fibre directions would increase the strength over having all
fibres in the direction of the tensile load. The experimental results agreed well with the modeled results.
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Hooks with fibres oriented in a combination of directions proved to have higher strength than hooks that
had fibres oriented in the 0o/90o direction. Slight changes in the fibre orientation, referring to the mistakenly
rotated hooks, did not have a significant effect on hook strength.

110

CHAPTER 6: DESIGN MODIFICATIONS AND COST ANALYSIS
Tests were carried out using a simple flat hook shape. The fibre architecture was modified over a series of
tests to determine the maximum load that could be achieved. In Chapter 5 it was demonstrated that the
highest strength was attained using a satin weave mat with alternating 90o and 45o plies. The maximum
load achieved using this lay-up was just over 2500 lbf. In Section 2.10 the CSA mechanical test and
strength requirements were discussed for a safety-snap hook. The required tensile breaking strength of a
safety-snap hook is 5000 lbf. Therefore, a significant increase in strength was still required to meet the
mandatory breaking strength.

A flat shape design was desired to accommodate the lay-up of composite fabrics. Keeping the cross-section
flat makes the lay-up process much simpler. All snap-hooks to-date have been designed using a steel or
aluminum material because forming a more complicated cross-section is easier using a forging process.

PenSafe has recently designed a new hook called the Pincer, with a design that is much flatter than a typical
snap hook design (see Figure 75). This hook was used as a starting point for the composite hook design.

Figure 75: Pincer hook made by PenSafe [2].
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The most complicated part in the pincer assembly is the lock plate and locking mechanism. It can be
opened with a two-step movement, a squeeze, and then a pull. A model of the pincer lock plate can be seen
in Figure 76. The slot mechanism, although flat, is still quite complicated. Constructing this plate using the
net-shape moulding technique would be very difficult. Cutting the fabric into such a shape would make it
very difficult to keep the weave from falling apart. Constructing a flat panel, then cutting out the shape
would likely be much easer. The pincer locks at the top of the hook, where a groove fits around a rivet.
Using this type of fitting would likely make a composite design quite weak, and it would be difficult to
properly reinforce this section.

Figure 76: Pincer lock plate model.

To make a composite hook, a simpler shape hook is desirable to make hook construction easier. After
several different design modifications, a hook shape to accommodate composite manufacturing was made.
The modified pincer design can be seen in Figures 77 and 78. The locking mechanism has been changed
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and the lock plate has also been simplified. The top of the hook overlaps instead of using a rivet to lock
onto. Figure 78 (A) shows how the spring mechanism can be setup, and Figure 78 (B) shows how the lock
lever clears out of the way, enabling the lock plate to open. A rapid prototype was made of the hook to
ensure the locking features worked correctly.

Figure 77: Isometric view of the modified pincer hook.
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Figure 78: Front view of the modified pincer hook.

To test the strength of the modified pincer, some alterations to the design were made to make the assembly
of the hook easier. The lock lever was not used because it does not provide any strength to the hook. Two
holes were added to both the bottom and top spacer so that the hook could be bolted together for quick
assembly.

Large composite panels (20 x 15 in.) were made and the pieces were cut out using the water jet cutter. A
drawing of the panel and layout of how the pieces were cut can be seen in Figure 79. The properties
measured for panel 11 are shown in Table 17.
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Figure 79: Layout used to test the modified pincer hook design.

Two simple hook shapes were also cut from panel 11 to verify that the strength of the panel was still the
same as previously-made panels. An extra main body hook was also cut to compare the strength of the
main body to the simple hook shape. The three hooks at the top left of Figure 79 were loaded and
compared. The two simple hooks averaged 2579.8 lbf and the main body hook had a strength of 2593.3 lbf.
Therefore the simple hook and the main body hook have similar strengths; however, the main body is 20 g
heavier than the simple hook. Because there are two main bodies on the modified pincer hook, this results
in a 40 g increase in weight for the total assembly. Further design modifications could be made to the main
body design to decrease the difference in weight.
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Three assemblies were made and tested from the remaining pieces of the panel (see Figure 80).
Table 17: Vacuum bagged assembly panel measurements.
11

Glass

Type of
Weave
8HS Satin

12

Glass

8HS Satin

Panel #

Material

90/45

# of
plies
30

Fabric
Weight (g)
1919.0

Panel
Weight (g)
2736.7

Percent Fibre
(by weight)
70.1

90/45

30

1899.1

2690.6

70.6

Lay-up

Figure 80: Results of the modified pincer hook assembly.

Assembly 1 broke the bolt holding the lock plate in place. When the bolt broke, the main body of the hook
instantly broke because the lock plate no longer offered any strength to the assembly. For the second
assembly a larger bolt was used; however, the same failure occurred. The bolt broke first then the main
body of the hook failed. The increased size of the bolt helped increase the strength of the assembly from
5545 lbf to 6431 lbf. For the third assembly a larger bolt (0.25 in.) was used. This time the failure did not
occur at the bolt but at the bottom spacer where extra holes were added to ease assembly (see Figure 81).
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Figure 81: Photograph of the failure for assembly 3.
A second panel (number 12) was made so that a fourth assembly could be made (see Table 17 for panel
measurements). For the fourth assembly, the bottom spacer was epoxied to the main body so that bolts were
not required, which eliminated the holes where assembly 3 failed. The fourth assembly failed at the main
body and lock plate at the same time. The failure resulted in a maximum strength of 6709 lbf, 1700 lbs over
the required strength. See Figure 82 for a photograph of the failure.

Figure 82: Photograph of the failure for assembly 4.

As explained in Section 2.10, there are several other tests that snap-hooks need to pass. Three of the tests
were carried out at the PenSafe facility (drop test, side and front load gate test) on the modified pincer.
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6.1 Dynamic Test

A dynamic test was performed at the PenSafe facility on the modified pincer hook assembly. The test
consisted of a 220 lb weight dropped just over 12 in. using a steel cable and snap-hook to resist the fall. The
distance dropped (12 in.) is modified to ensure that the load on the hook is between 5000 and 5400 lbf. The
modified pincer hook performed very well in the drop test. The maximum load subjected to the hook
during the test was 5363 lbf. The hook passed the test because the gate was not released. Figure 83 shows
the modified pincer hook after the dynamic test.

Figure 83: Photograph of the modified pincer hook after completing the dynamic test.

6.2 Side and Front Load Gate Test
The side and front load gate tests were also performed at the PenSafe facility. The current standard requires
the gate to withstand a side load a 350 lbf and a front load of 220 lbf. The modified composite pincer hook
was able to withstand these loads easily. The maximum side load and front loads achieved by the modified
pincer were 1751 lbf and 3352 lbf, respectively (see Figures 84 and 85). However, the modified pincer
would not pass the proposed new standard of 3600 lbf; (nor would many other snap-hooks currently sold
commercially). The modified pincer is close to meeting the new front load standard; however, a
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considerable increase in strength would be required to meet the new side load gate test standard. Like many
of the snap-hooks currently sold, changes to the design would be required to meet the proposed new
standards. The side load strength could be increased by increasing the thickness of the gate and decreasing
the thickness of the main body. Currently, the main body of the hook and the lock plate (the gate) are the
same thickness. If the main body was reduced in thickness and the lock plate thickness was increased, the
strength of the gate could be significantly enhanced, without increasing the overall thickness of the hook. A
second option would be to add a metal reinforcement into the composite. This would help increase the
strength of the gate while maintaining a non-conductive hook because the metal reinforcement would be
entirely imbedded in the composite material. More research would be required to validate these two options
as a method to increase the strength of the gate.

Figure 84: Photograph of modified pincer after the side load gate test.
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Figure 85: Photograph of the modified pincer after the front load gate test.

6.3 Weight Comparison
The weight of the hook assembly was slightly reduced compared to Pensafe’s metal pincer hook. The
weight of PenSafe’s pincer hook is 10.6 oz. (0.300 kg) and the weight of the modified pincer hook is
9.6 oz. (0.273 kg).

Figure 86: Comparison of PenSafe’s Pincer (top) hook and the modified pincer hook (bottom).

119

CHAPTER 6: DESIGN MODIFICATIONS AND COST ANALYSIS

120

The weight of the modified pincer hook could be further reduced by changing the overall size of the hook.
Comparing the two pincer hooks in Figure 86, the modified pincer hook is longer and thicker than
PenSafe’s pincer. The length of the hook could be reduced without sacrificing the strength of the hook. The
thickness is needed to provide the strength requirements; however, since the strength is 1700 lbf over the
CSA requirement the thickness could be reduced slightly, further reducing the weight. As mentioned
earlier, the main body of the modified pincer hook is 0.71 oz. (20 g) heavier than the simple hook. Because
there are two main bodies on the modified pincer hook, there is a potential of 1.4 oz. (40 g) of weight
savings if the main body of the assembly was further optimized.

6.4 Further Design Modifications
After completing the hook testing some design modifications were made. Both the lock plate and lock lever
were modified so that they did not protrude as much. This reduces the chance of them getting caught or
accidentally being bumped. The second change in the design was to not have the pins protrude through the
entire hook. This eliminates any metal on the outside of the hook. Therefore, both the springs and pins
would be contained inside the hook, resulting in a completely non-conductive surface for the hook (see
Figure 87 for model).

Figure 87: Alterations made to the modified pincer hook assembly.
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An exploded view of the hook is shown in Figure 88 to see how the hook could be assembled. Note that the
springs have not been added in this drawing. The top and bottom spacers are epoxied to the main body of
the hook, and at the same time the pins can be set in place and the springs attached.

Figure 88: Exploded view of the modified pincer hook assembly.
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6.5 Cost Analysis
A cost analysis was completed to estimate how much it would cost to manufacture and produce the
modified pincer hook. Material costs are a large factor when considering composite materials, and the
amount of material bought can also influence the costs considerably.

Tables 18 and 19 list the different prices of materials as the quantity purchased is increased. According to
one supplier, the price of the epoxy can be reduced by more than 50% and the cost of the fabric can be
reduced by over 30%.

Table 18: Prices for different quantities of epoxy.
Kit Size

Resin Weight (lbs)

Total Cost (CAD)

Cost/lb

1.3 Gal Kit

7.5

$ 129.96

$ 17.33

Pail Kit

61

$ 589.15

$ 9.66

Drum Kit

635

$ 5,471.50

$ 8.62

3 Drums of Resin, 1 Drum Hardener

1905

Quoted per order

Table 19: Price for different quantities of satin weave glass fabric.
Fabric Quantities

Total Cost (CAD)

Cost / ly

By the linear yard

$9.54

$9.54

Single Roll (approx. 125 ly)

$953.75

$7.63

10 rolls

$8,150.00

$6.52

50+ rolls

Quoted per order
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It can be determined how much it costs to make a 20 in. x 15 in. panel (the size of panel made when the
hook assemblies were tested) using the price list of the materials. The amount of glass fabric required is
approximately 8.2 linear yards (ly). Figure 89 shows how the 30 plies (20 in. x 15 in) can be cut out of the
roll.

Figure 89: Material layout.
The amount of resin mixed to make one panel was 2.65 lbs, and four hook assemblies were made from each
panel. The total material costs can be seen in Table 20.

Table 20: Material costs to make 20 in. x 15 in. panel (30 plies).
Type of Material

$/yd (CAD)

Quantity

Total Cost

Fabric

6.52

8.2

$53.46

Resin (amount used to make panel)

8.62

2.65

Total (per panel)
Total (per hook)

$22.84
$76.31

4

$19.08

However, the final weight of the panel was 2690 g and the weight of the fabric was 1899 g (from
Table 17); therefore, the actual amount of resin used in the panel was 791 g (or 1.74 lbs). Not wasting any
resin while manufacturing the panel would be virtually impossible; however, it shows that significant cost
can be saved by reducing the amount of wasted resin. Referring to Figure 79, extra samples were also cut
out of panels 11 and 12. These could be removed and an extra hook assembly could be cut from the 20 in. x
15 in. panel.
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Table 21: Modified costs to create the hook assembly.
Type of Material

Unit cost

Quantity

Total Cost

Fabric

6.52 ($/ ly)

8.2 ly

$53.46

Resin (in panel)

8.62 (cost/lb)

1.74 lbs

$15.00

Total (per panel)

$68.46

Total (per hook assembly)

5

$13.69

Currently all of the parts are made out of the same material; however, this does not need to be the case. The
two main body pieces and the lock plate provide most of the strength in the assembly. The top and bottom
spacers, as well as the lock lever do not contribute much to the strength and could be made from a less
expensive material. The thickness of the parts could also be reduced since the strength of the hook is
1700 lbs over the required 5000 lb standard. Reducing the thickness would cut down on the number of plies
used, which would require less fabric, further decreasing the material costs.

A vacuum bagging process was used to make the panels. Several materials are required for this process as
well. A list of the material costs is shown in Table 22.
Table 22: Vacuum bagging materials.
Material

Type

Unit Price

Peel Ply

Econostitch 60" wide roll

$5.70 /yd

Perforated film

RGB-125 P-3 2mil x 60"

$6.00/yd

Sealant Tape

GS95

Breather Material

Airtech Econoweave 44 (4oz x 60")

$4.50/yd

Vacuum bag

Econolon 0.0015 x 60"

$1.90/yd

$8.50/roll

Note all these materials were purchased by the linear yard, buying the material in bulk would likely reduce
the price by approximately 50%. But these costs must also be considered when using the vacuum bag
method.

6.5.1 Post-Processing Costs
To cut the hooks out of the panel, a water jet process was used. Standards rates are approximately
$170/hour to use a water jet cutter. If a water jet was purchased the actual cost to run the water jet cutter is
approximately $75/hour. These costs include the water, electricity, abrasive, and maintenance of the
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machine. However, an investment of approximately $150,000 would need to be made to purchase a water
jet cutter. The time required to cut the hooks out of the panel is greatly dependant on the cutting speed, as
well as the efficiency of the program that is cutting the pieces. The amount of time taken to cut out all the
pieces of a 20 x 15 in panel was approximately 30 minutes. However, when cutting the test samples the
quality and consistency was more of a concern than the speed at which the samples were cut. Samples were
cut at a speed of 25 in/min although the water jet program suggested that the speed could be up to 100
in/min. Therefore, the time could likely be greatly reduced. Assuming the water jet process could be
reduced to approximately 8 minutes, the cost to run the machine would be an extra $2.00 per hook ($75 x
8/60 x 1/5), or $4.53 ($170 x 8/60 x 1/5) to have an outside company (@ $170 per hour) cut the hooks.

Additional minor costs that need to be considered are the costs of pins and springs (used to assemble the
hook) and the labour costs. These have not been factored in.

The use of the vacuum bagging process results in a considerable waste of material. Because material costs
are a large part of the price of the hook, reducing the amount of material wasted would decrease the cost.
Figure 89 shows the amount of fabric wasted when 45o plies are cut from the roll. In Figure 79 additional
material is wasted (both epoxy and fabric) when the hooks are cut out of the panel.

Using the net-shape process could greatly reduce both the amount of wasted material, and the postprocessing required. Initial tests cutting the fabric using the UV laser were promising. However, only plain
weave materials were cut, the satin weave fabric was not able to be tested. There are several other methods
that may be suitable. A punch could be used to cut the fabrics shapes. If the punch were heated it could
possibly have the same effect as the laser by fusing the cut edge so that the cut pieces would not fray.
Gerber Technology is a company that offers high precision cutting machines specifically designed to cut
shapes out of large fabrics. There are single and multi-ply GERBERcutters available that use a
reciprocating blade to cut the different composite materials. The multi-ply cutters claim that they can cut
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compressed fabric almost 3 in. thick [22]. If the fabrics could be cut accurately and not fall apart, the netshape moulding method could greatly reduce the cost of the hook assembly. The amount of fabric wasted
would be considerably less and the amount of wasted epoxy could also be greatly reduced, when compared
with the vacuum panel method.

The cost of an individual hook may seem high compared to a steel hook (approximately $3.00); however,
the composite hook would be considered a specialty hook made for specific applications. This project
showed that a composite hook can meet the strength requirements and, as mentioned above, there are many
opportunities to further reduce the cost and weight.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS
This project investigated the design and manufacture of a polymer-matrix composite safety snap-hook. The
objective was to determine whether a light-weight, dielectric, composite hook could meet anticipated new
safety requirements, while being manufactured at a competitive price.

Several fibre arrangements were tested using the current aluminium hook geometry as a control measure.
The research plan was designed to maximize the hook strength by optimizing fibre architecture. It was
determined that both the continuous and woven-mat techniques could be used to make high strength hooks.
Satin weave fabric provided the highest strength using a 90/45 ply pattern. Finite element analysis verified
that an increase in strength was possible using angled plies. By modifying the size and design of the hook
the desired strength was achieved.

Several manufacturing methods were considered and used during the testing phase. Both net-shape and
vacuum-bag methods were tested to make the composite parts. Both techniques were successful in making
strong composite hooks; however, there was some difficulty in cutting the fabrics in an uncured state.
Making panels using the vacuum-bag method then cutting the hooks out of the panels was very successful.
All types of fabrics could be cut from the panels without any delamination. This method would be very
useful in building prototypes, because changing a tool path is much quicker and less expensive than
redesigning and creating a new mould. Net-shape moulding may be more cost competitive, because
considerably less material would be wasted, although more research is required to determine if the fabric
can be cut accurately without the weave falling apart. Initial tests with a UV laser showed promising
results.

High strength epoxy was used in all of the experimental tests. The price of the epoxy was relatively high.
An elevated curing temperature should also be considered to reduce the time required to cure the composite
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hooks. To reduce the cost of manufacturing the hook, less expensive resins (such as lower grade epoxies,
polyester, and vinylester) should be tested to determine how much the strength is affected by changing the
resin.

Thermoplastic resins could offer useful properties as well. What limits the use of thermoplastics is their use
in high-temperature applications; however, the temperatures to which the snap-hooks are subjected are not
extreme, making the use of thermoplastics a genuine possibility. Using thermoplastic resins could also
make the manufacturing process much quicker. Because the material is already polymerized, the amount of
time for the thermoplastic to cure is minutes instead of hours as is the case with thermoset resins.

The pincer hook design was modified successfully to accommodate composite materials. The required
static tensile strengths were achieved and surpassed. The glass-epoxy composite material and design make
the hook virtually non-conductive. However, there is currently no standard to test the conductivity of
hooks. A standard test should be developed so that hooks can be tested and characterized on their ability to
not conduct electricity. Initial tests were conducted on the resistive properties of the glass epoxy samples
and showed very promising results.

The weight of the hook was also reduced compared to PenSafe’s metal pincer. It is likely that further
weight reductions could be achieved. When the main body and the simple hook were tested in Panel 11, it
was shown that both had the same strength. However, the main body is 0.71 oz. (20 g) heavier than the
simple hook. Because there are two main bodies on the modified pincer hook, there is a potential of 1.4 oz.
(40 g) of weight savings if the main body of the assembly was further optimized. The size of the redesigned
composite hook is also quite a bit larger, both in thickness and in length compared with the metal pincer.
The thickness is needed to provide the strength requirements; however, since the strength is 1700 lbf over
the CSA requirement the thickness could be reduced slightly, further reducing the weight. The length of the
hook could also be reduced without sacrificing the strength of the hook.
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A dynamic test and static tensile tests were performed on the snap-hook assembly. Front and side load gate
tests were also conducted. The composite snap-hook passed and exceeded all of the existing CSA
regulatory standards (static load, dynamic load, side and front load gate tests). However, further research
and development is needed to meet the new proposed gate standards. Mechanical tests should also be
completed to further validate the use of composite materials for this application. For example, different
weathering tests should be completed to determine their effect on strength. Aeropoxy is a high strength
epoxy that will maintain its strength under extreme temperatures; however, tests need be done to validate
its ability to retain its strength in a snap-hook application. Additional research is needed to determine
whether increasing the thickness of the gate, or embedding a metal reinforcement, would provide the
required gate strengths to meet the proposed new standards.
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APPENDIX A: THERMOSETTING RESINS
Polyester
Polyesters can be a thermosetting or a thermoplastic resin. Their operational temperatures are lower than
epoxies, but this is offset by their low cost and excellent corrosion resistance. Some of the typical
manufacturing processes that use polyesters are pultrusion, filament winding, sheet moulding compounds
(SMC), and resin transfer moulding (RTM) [7]. One of the by-products produced when polyesters cure is
styrene. Due to health concerns, new processing methods and different forms of catalysts have been
developed to reduce the amount of styrene emitted. There are several different categories of polyester
resins:
•

General purpose resins

•

Isophthalic resins

•

Orthophthalic resins

•

Bisphenol A (BPA) fumarate resins

•

Chorendic resins

•

Vinylester resins

In general, isophthalic resins tend to have higher flexural and tensile strength than orthophthalic resins.
BPA fumarate and chlorendic resins have very good chemical corrosion resistance and tend to be very
rigid. Vinylesters exhibit very good tensile and flexural properties with high elongation properties. A
comparison of these properties with and without reinforcement can be found in Nutt [8].

Phenolics
Phenolic resins are used in applications where high temperature resistance is required. These resins are
classified as low-cost, flame-resistant, and low-smoke products. During the cure reaction, water is
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generated and needs to be removed during processing. Very few thermosetting resins produce water as a
by-product of a curing reaction.

Phenolics are used in RTM, filament winding, injection moulding, and compression moulding
manufacturing processes [7]. Phenolics tend to be easy to process and have very high strength. Phenolics
are used in applications such as exhaust components, missile parts, and disc brakes because of their high
temperature resistance. The application of phenolic composites is increasing where fire safety is one of the
primary requirements.

Vinylesters
Vinylester tend to be more ductile and tough compared with polyesters and epoxies. There are fewer
unsaturated sites in vinylester; therefore, the amount of cross-linking is less compared with polyesters and
epoxies. Vinylesters have been successfully used in manufacturing processes such as pultrusion, filament
winding, SMC, and RTM [7]. This type of resin is cheaper than epoxy and offers very good chemical and
corrosion resistance. Vinylesters are used quite often as the material in pipes and tanks in the chemical
industry.

Cyanate Esters
Compared with other thermoset resins, cyanate esters have very good properties. However, their
application has been limited to the aerospace industry due to their high costs. Cyanate esters are known for
their high strength and toughness, as well as better electrical properties and lower moisture absorption than
other resins. Similar to epoxies, the toughness of cyanate esters can be increased by adding thermoplastics
and other types of additives. For these types of resins to be more widely used, economical manufacturing
methods and raw material supplies need to be developed.
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Bismaleimide (BMI) and Polyimide
Bismaleimide and polyimide have very good high-temperature properties that are much better than epoxies
and polyesters. However, their use is limited due to processing difficulties. It is necessary to have proper
venting when curing these resins because they emit volatiles and moisture during the curing reaction. If the
resin is not vented properly, the moisture can cause voids and delamination. These resins, compared with
epoxy, have low toughness and high moisture absorption, but have very good high-temperature mechanical
properties in both wet and dry environments.

Polyurethane
Like polyester, polyurethane can also be a thermosetting or thermoplastic polymer. Polyurethane offers
excellent chemical resistance, good toughness, and high resilience. The most common manufacturing
methods for this resin are structural-reaction injection moulding (SRIM) and reinforced-reaction injection
moulding (RRIM) [7]. These processing methods tend to be low-cost high-volume production methods.
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Nylons
Nylons are considered an engineering plastic that can offer a variety of mechanical and physical properties.
A major concern with nylon materials is that they absorb moisture, which can affect the properties and
dimensional stability of the part. When glass reinforcement is used in nylon, the combination can produce a
part that is strong and impact resistant.

Polypropylene (PP)
Polypropylene is the lightest material in the thermoplastic group and offers good mechanical strength and
chemical resistance. Polypropylene is used in many non-structural household items. It is usually used in a
pultrusion process and can be reinforced with various fibres.

Polyetheretherketone (PEEK)
PEEK has generated a lot of interest in research and aerospace fields. It has very good high temperature
properties, as well as 10 times lower water absorption and 50 to 100 times the toughness of epoxies [7].
These very strong properties have generated significant interest; however, their limiting factor is that the
material costs are extremely high.

Polyphenylene Sulphide (PPS)
Like PEEK, Polyphenylene Sulphide also withstands high operating temperatures. PPS composites are used
in applications where great strength and chemical resistance is required at high temperatures. There are
several prepreg tapes available with different kinds of reinforcements. Cost is also a limiting factor with
this resin system.
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Polyetherimide (PEI)
Polyetherimide has very good mechanical and electrical properties. PEI has very low flammability and
emits very low levels of smoke when combusted. This polymer has been used in applications where electric
insulation is required at elevated temperatures. At high temperatures, this polymer still gives very good
strength and stiffness [8].

139

APPENDIX C: THERMOSET PROCESSES
This appendix gives a brief overview of some of the current manufacturing thermoset processes.

Filament Winding Process
This manufacturing process winds fibres onto a rotating mandrel in a predetermined configuration to meet
the stress conditions to which the part will be subjected. The fibres are continuously wound onto the
mandrel and are either previously impregnated with resin or dragged through a resin bath just before the
winding process (see Figure 90). This process can be highly automated by using computer numerically
controlled (CNC) machines or less automated by using mechanically controlled winders. Mechanically
controlled machines have a lower capital investment but tend to be limited to only three axes or less;
whereas, CNC machines can have up to 7 winding axes.

Figure 90: Schematic of the filament winding process [24].
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Current applications
The most common application of the filament winding process is creating tubular structures, pressure
vessels, and rocket motor casings. However, new sophisticated winding machines have helped develop bent
shapes, bushings, bearings, tool handles, bicycle frames, tennis rackets, and many more complex shapes.

Raw materials required
The materials used in filament winding can vary considerably. Typical reinforcements used in this
application are glass, Kevlar, and carbon fibre. These fibres can be applied wet, in a prepreg tow, or as a
prepreg tape.

Methods of applying heat and pressure
The only pressure that is applied during the filament winding process is created by fibre tension. The fibres
are in tension (usually 1–6 lbf) when they are wrapped onto the mandrel. Some resin systems cure at room
temperature and do not require an oven. However, ovens are typically used to speed up the curing process.
The filament wound part and the mandrel are placed in a heated chamber for a predetermined time. The
mandrel is usually tapered so it can be removed after the part has cured. Mandrels that cannot be removed
in this manner can be produced so that they can be chemically dissolved.

Advantages and Disadvantages
After the process is developed, filament winding can have quite low costs. The raw materials and tooling
costs tend to be low. Costs also tend to be low due to the highly automated high-speed fibre lay-down. The
fibres can be placed very accurately; ensuring part to part performance properties are consistent.

Filament winding is highly suited for hollow shapes, but is limited to closed and convex structures. Not all
fibre angles are easily produced during the filament winding process; low fibre angles are difficult to
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achieve. The final product tends to have a poor surface finish. To create an aesthetically pleasing part, extra
machining or sanding is required to give the part a good outer finish.

The filament winding process could be a useful method for manufacturing a safety snap-hook. If other
manufacturing techniques fail to provide the required strength or stiffness, the filament winding process
could offer another option. However, the shape of the hook may cause some difficulties and might prevent
this process from being used.

Resin Transfer Moulding
Resin transfer moulding (RTM) is a closed mould process similar to compression and injection moulding.
In resin transfer moulding, a liquid resin is injected into a fibre bed (see Figure 91). The fibre bed (preform)
is placed into the mould cavity, the mould is then clamped shut, and the resin along with any other
catalysts, colour, or filler are pumped into the mould. This manufacturing method has become quite
successful for continuous fibre structural applications.

Figure 91: Schematic of the RTM process [11].
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Current applications
The RTM process has been used extensively in the automotive and aerospace industries. This
manufacturing method can be suitable for small to large complex parts. Structures such as automotive
panels, helmets, hockey sticks, windmill blades, bicycle frames, and several aircraft structures are made
using the RTM manufacturing method.

Raw materials required
The reinforcements used in this process are usually in the form of mats and fabrics. There have been some
developments in fibre architecture to help the resin flow through the fabrics with greater ease. Resins used
in this manufacturing technique tend to have very low viscosities, which enables the resin to flow through
the fibres easily and helps avoid fibre washout and voids.

Methods of applying heat and pressure
Pressure is applied to the part using the resin injection pressure. This pressure allows the resin to flow
through the preform and fill the mould cavity. The pressure is highly dependent on the resin viscosity,
mould size, permeability of the preform, and cure kinetics of the resin. Heat is required to polymerize the
resin; however, this reaction is exothermic, so as the resin starts to polymerize in the mould, the viscosity of
the resin increases. It is advantageous to fill the mould as quickly as possible; however, if the resin is
injected with too high a force it can result in fibre washout. Therefore, an optimum injection pressure needs
to be determined. After the mould has been filled, the pressure is kept constant at about 2–10 psi until
curing is complete. The heat is usually supplied to the part by placing the mould between two heated
platens. An alternative method is to place cartridge heaters within the mould to supply the required
temperatures.
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Advantages and Disadvantages
Resin transfer moulding has enabled manufacturers to develop continuous fibre parts, that can be quite
complex, at low to medium volume rates. One of the reasons RTM has become successful is due to its low
tooling cost, relative to compression and injection moulding. The pressure created in the RTM process is
not nearly as high as that of compression or injection moulding. Therefore, the moulds do not need to be as
stiff or strong, which results in lower tooling costs. Parts can have exceptional dimensional tolerance in the
moulds, and as a result there is low material wastage and few post-processing costs. The RTM process
produces good surface finish on both sides of the part, and reinforcements can be tailored to the desired
needs with fibre-volume fractions as high as 65%. This process can also be suited to the economics of the
application, which means it can either be highly automated, or a fairly crude labour-intensive process.
Because a closed mould is used in this process, there are low volatile emissions.

Some drawbacks of resin transfer moulding are that the tooling cost and equipment tend to be more
expensive than a hand-layup process, and the tooling design can become quite complex. A large amount of
experimentation or flow simulation is required to ensure that the entire preform is wetted by the resin and
that there is no porosity in the part.

Spray-Up Process
The spray-up process is quite similar to the wet lay-up manufacturing technique. The only difference
between the two techniques is that in the spray-up process a spray-gun is used to apply the resin and
chopped fibre simultaneously (see Figure 92). This technique can be much quicker than the wet lay-up
process and can also be highly automated. However, the focus of the research was on continuous fibres and
because discontinuous fibres would not have the strength necessary for a snap-hook application, this
process was not considered further.
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Figure 92: Schematic of the spray-up process [7].

Prepreg Lay-up Process
This technique is essentially the same as the wet lay-up process. The only difference is the raw material. In
this process, prepregs are used so the resin and fibres have already been consolidated. The prepreg lay-up
process is also very labour intensive. Prepregs are cut and laid down in the mould using the desired fibre
orientation (see Figure 93). Then heat and pressure are applied to consolidate the prepeg layers and form
the part.

Figure 93: Prepreg layup process [23].
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Current applications
The prepreg lay-up process is used widely in the aerospace industry. The use of this process has also started
to develop in the manufacturing of yacht parts and in the sporting goods industry.

Raw materials required
Typical reinforcement materials used for the prepreg process are glass, Kevlar, and carbon fibre. Epoxy is
the most predominantly used resin for this technique.

Methods of applying heat and pressure
After the part is made to the desired thickness, a vacuum bag is placed around the entire mould. The entire
assembly (laminates, vacuum bag, and mould) is then placed in an autoclave to apply heat and pressure.
The pressure inside the autoclave is created by injecting air or nitrogen. This pressurized gas is heated,
which helps elevate the temperature inside the autoclave. When the curing temperature is high, nitrogen is
used in the autoclave to avoid fire. To further increase the amount of heat in the autoclave, cartridge heaters
can also be used. The pressure is applied to the mould through the use of a vacuum bag. The pressure is
created in the bag by inserting a nozzle in the bagging system and connecting it to a vacuum pump.

Advantages and Disadvantages
The major advantage of the prepreg process is the ability to manufacture parts with a high fibre-volume
fraction. Prepregs can be created with a fibre-volume fraction of greater than 60%. Because of the high
fibre content, the parts that are fabricated can be very strong and stiff. There is a lot of freedom in the
design, which allows for the creation of very simple to complex parts. The process is also quite suitable for
making prototypes due to the low tooling costs; however, there is a high capital investment if an autoclave
is required.
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The prepreg process is still very labour intensive. The parts created from the prepreg process tend to be
quite expensive, because the prepreg material is more expensive than buying the reinforcement and resin
raw materials separately.

There are still several challenges to overcome when using this technique. Because the prepregs are laid
down by hand, it can be difficult to have accurate fibre orientations. Voids can be created if air gets trapped
between layers. Creating void-free parts can be difficult; however, the use of a vacuum bag can greatly
reduce this problem. The parts can also warp or distort as a result of residual stresses that are created during
the manufacturing process.

Due to the high fibre-volume fraction capabilities and simplicity of the prepreg lay-up process, there was
potential in using this process for the snap-hook application. However, the material costs tend to be higher
than some of the other manufacturing processes and would need to be taken into consideration.

Pultrusion Process
The pultrusion process is an automated process for manufacturing constant cross-section parts with
continuous fibres at low cost. In the pultrusion process, the desired fibre reinforcement is saturated with a
resin and is pulled through a heated die. As the material is passed through the heated die the part becomes
partially or completely cured.

The most common application of this process is making beams, channels, and tubes (see Figure 94). These
simple parts with constant cross-section will not likely be suitable for a snap-hook application. The only
possible use would be if the constant cross-section could be formed into a complex shape as a secondary
processing step; however, no such attempts have been found in the literature.
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Figure 94: Examples of pultruded shapes [7].

Compression Moulding Process
In the compression moulding process, a vertical press is used to open and close the mould. A predetermined
amount of material (usually by weight) is placed into the bottom part of the mould. The mould is heated
and then closed using the press. The resin, with the reinforcement, is free to flow through the mould (see
Figure 95). Sheet moulding compounds and bulk moulding compounds are typically used as raw materials
for this process. This process has become very popular in the automotive industry due to its similarities to a
stamping process. However, fibre content is usually discontinuous and is limited to approximately 30%.
Therefore, this process was considered unsuitable for the snap-hook application.
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Figure 95: Schematic of the compression moulding technique [7].

Roll Wrapping Process
The roll wrapping process is one of the most widely used methods of producing composite tubular parts.
This process is similar to the prepreg manufacturing process except that the mould used is either cylindrical
or a round tapered mandrel (see Figure 96). Because a tubular structure is not a desirable shape for a snaphook, this process was not considered.
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Figure 96: Schematic of the roll wrapping process [25].

Injection Moulding of Thermoset Composites
Injection moulding can be a very high volume, low-cost method of manufacturing parts. This method is
more widely used with thermoplastics, but has also been successfully used in the thermoset industry. The
main difference between injection moulding of thermosets versus thermoplastics is that thermoset resin can
be injected at much lower temperatures (30–60oC) and then the mould can be heated to cure the resin. The
resin is injected using a screw, and this screw creates high shear within the injection barrel that can damage
the reinforcing fibres (see Figure 97). The fibres tend to be short in nature and it is difficult to have any
control of the alignment of the reinforcement. High fibre content is also difficult to achieve with this
process. Due to the high strength requirements of the snap-hook, it is not likely that the injection moulding
process would be a suitable application.
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This section gives a brief overview of some of the current manufacturing thermoplastic processes.

Thermoplastic Tape Winding Process
Thermoplastic tape winding, also known as filament winding, is quite similar to the thermoset filament
winding process. In this process, prepreg tape is wrapped around a mandrel (see Figure 98). To consolidate
the tape, heat and pressure are applied at the contact point of the roller and the mandrel. This technique
does not require a secondary process to cure the part. In this process, the wrapping, melting, and
consolidation is completed in one step.

Figure 98: Schematic of thermoplastic tape winding process [7].

Current applications
This technique is not highly developed and is currently only used in some research facilities. The process
has been used to make tubular structures and other parts such as bicycle frames and satellite launch tubes,
but is not widely used in industry. The major reason is that thermoset filament winding requires less
sophistication, and the consolidation achieved is much higher than with thermoplastic.
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Raw materials required
The materials used in this process are thermoplastic prepreg tapes. The reinforcement in the tape is usually
glass, Kevlar, or carbon fibre. These fibres can be impregnated in several different resins:
•

polyetheretherketone (PEEK)

•

polyphenylene sulphide (PPS)

•

polyamide (Nylon 6)

•

polyetherimide (PEI)

•

polypropylene (PP)

Methods of applying heat and pressure
Heat is required to melt the prepreg and to consolidate the part on the mandrel. The heat is usually supplied
by the rollers just before it is rolled on the mandrel (see Figure 98). The thermoplastic tape becomes sticky
when heated and sticks to the roller during the winding process. Other methods of heating the prepreg tape
are being investigated to help solve this problem. Pressure is applied in the same manner as in the
thermoset filament winding process, which is in the tension in the fibres when the tape is laid onto the
mandrel.

Advantages and Disadvantages
The advantage of the thermoplastic tape winding process is that this technique tends to be cleaner than the
thermoset filament winding process. Thick and large components can be made in a single step. Because the
thermosetting process is exothermic, the process may need to be stopped mid-way in thick components so
that residual stresses are not developed. Because of the thermoplastic chemistry, the tape winding
component has the ability to be post-formed, there are no styrene emission concerns, and no secondary
curing is necessary during the manufacturing process.
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However, as mentioned in the applying heat and pressure section, there are some difficulties in producing a
localized heat source to consolidate the prepreg on the mandrel. As a result, achieving well consolidated
parts is an issue when using the tape winding process. The costs also tend to be higher. The process
requires a larger capital investment than the thermosetting filament winding technique, and the prepreg
material costs are much higher than in wet filament winding.

Thermoplastic Pultrusion Process
The thermoplastic pultrusion process is very similar to the thermosetting technique. The resin and fibres are
pulled through a heated die to manufacture the part. The thermosetting technique can provide a much better
surface finish and requires much less pulling force because of the high viscosity of thermoplastic resins.
Thermoplastic pultrusion has gained very little attention in industry and academia. This process is not
likely to be suitable for producing a snap-hook part.

GMT Compression Moulding Process
Compression moulding of glass mat thermoplastics (GMT) is similar to the compression moulding of sheet
moulding compounds (SMC) discussed under thermoset manufacturing. The only difference is the type of
material used. This technique has been highly developed in the automotive industry because of its quick
processing time. Due to the chemical make up of the thermoplastics this process can be two to three times
quicker than the compression moulding of SMC. This is the only highly developed process in industry for
making thermoplastic structural parts. However, this is a flow-forming process, which means that the
moulds are heated and the press squeezes the GMT between the mould and forces the resin and fibres to fill
the cavity (see Figure 99). Therefore, control over the alignment of fibres is difficult and because of the
high viscosity of the resin, typical fibre-volume fractions are in the range of 20–30%.
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Figure 99: Schematic of GMT compression moulding process [26].

Hot Press Technique
The hot press technique is also referred to as the match die technique and the compression moulding of
thermoplastic prepregs. This process is similar to the other compression moulding techniques described in
Appendices C and D (see Figure 95). However, there is one major difference. In this process, the
thermoplastic prepregs are cut to the shape of the mould. The prepregs are unidirectional and are stacked on
top of each. The moulds are heated and the layers are compressed. With this process, fibre volume fractions
of greater than 60% have been achieved.

Current applications
The hot press process is not widely used in industry because this process is limited to fairly simple and flat
parts. Currently, this process is widely used for creating flat test samples in the Research and Development
sector, and for making simple parts with a constant cross-section.

Raw materials required
As with all of the other processes, the most common types of reinforcements are glass, Kevlar, and carbon
fibre. For the hot press technique, the material is bought in the form of a prepreg with unidirectional fibres.
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Methods of applying heat and pressure
The hot press technique applies pressure in the same fashion as the other compression moulding
techniques. A vertical press is used to consolidate the part. Heat is applied to the part by placing the mould
between two heated platens. The platens are usually controlled electrically and can be set to the desired
temperature. The heat and pressure are applied for a specified time, the mould is then cooled, and the part
can be taken out.

Advantages and Disadvantages
The hot press technique is suitable for simple and flat parts, and is widely used for creating test coupons.
Parts that are created with this technique can have a high fibre-volume fraction, and the parts can be
recycled.

This technique has not gained much commercial success due to its limitation to flat parts. Producing thick
parts and parts with little distortion and warpage can also be difficult.

Autoclave Processing
The autoclave technique is very similar to the hot press technique. The only difference in the two processes
is the method of applying heat and pressure. Prepregs are laid down on the mould and spot welded in place
so they cannot move. The part and mould are placed into a vacuum bag, and then the entire assembly is
placed into an autoclave.

Current applications
Thermoplastic autoclave processing is more broadly used than the hot press technique because the pressure
can be applied in more than one direction. Thermoplastic parts tend to be tougher; and therefore, the
autoclaving process has been used in the aerospace industry.
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Raw materials required
Just as for the hot press technique, thermoplastic prepregs are the raw materials used in this process.
Carbon fibre with PEEK and carbon with PPS are widely used in the aerospace industry.

Methods of applying heat and pressure
Similar to the thermosetting autoclave process, an autoclave is used to supply the heat and pressure. The
heat melts the resin so that the layers of prepregs are consolidated. The pressure is applied by an autoclave
and also by a vacuum bagging system to achieve good consolidation. Because thermoplastic prepregs have
poor drapability and the resin is viscous, high pressures are required when compared with the thermosetting
process.

Advantages and Disadvantages
The advantage of thermoplastic autoclave process is that more complex shapes can be created when
compared with the hot press technique. Parts with a high fibre-volume fraction can be created, with fibres
in whichever direction the manufacturer chooses. The tool design is also simple compared with some of the
other processing techniques.

However, processing with thermoplastics tends to be more difficult because the prepregs lack tack and
drapability; therefore, spot welding needs to be used to keep the thermoplastic prepregs in place. This
process is also very labour intensive. Temperature and pressure must also be much greater than in
thermoset processes because the viscosity of the thermoplastic resin is much higher. The cost is also quite
high due to the initial capital investment in an autoclave, and prepreg materials are more expensive than
basic raw materials. The high costs associated with the equipment and materials would make it difficult to
make a competitively priced snap-hook.
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Diaphragm Forming Process
The diaphragm forming process is one of the few processes that has not been adapted from thermoset
technology. This process has been developed to manufacture thermoplastic prepreg parts. The technique
has developed considerable attention from researchers due to its ability to form complex parts in a high
production volume environment. In this technique, the prepreg sheets are placed between two constrained
flexible diaphragms (see Figure 100). The diaphragms are then placed against the mould and heat and
pressure are applied. The diaphragm forming process is being highly researched in an attempt to
manufacture complex shapes such as helmets or corrugated shapes. However, the snap-hook part is not
likely going to have a complex three dimensional shape. This process could be used, but is not likely to be
more beneficial than a more simple process such as the hot press technique or the autoclave process.

Figure 100: Schematic of the diaphragm moulding process [26].
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Injection Moulding Process
The injection moulding process is a very popular technique for manufacturing thermoplastic parts. Because
thermoplastics do not need to chemically polymerize, the process can be extremely quick. Thermoplastics
are melted and can be injected into very complicated moulds and then cooled quickly. Cycle times can be
in the order of 20 to 60 seconds. Fibre-filled thermoplastics are also becoming quite popular in the
automotive and consumer good industry. However, fibres are discontinuous and there is very little control
of the alignment of the reinforcement. High-strength structural components cannot be produced using this
manufacturing method, and it is therefore not suitable for the snap-hook application. See Figure 97 for a
schematic of the injection moulding process.
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APPENDIX F: MECHANICAL PROPERTIES OF AEROPOXY
Table 23: Mechanical properties of Aeropoxy resin.

PROPERTIES

PR2032 (Resin)
With
PH3660 (Hardener)

By Weight

100:27

By Volume

3 to 1

Mix Ratio

Color

Amber

Mixed Viscosity cps, @ 77oF

900 - 950 cps

Pot Life, 4 fl oz mass
Cured Hardness Shore D
Specific Gravity, grams/cc
Density,

lb./cubic inch
lb./gallon

1 hour
86 D - 88 D
1.11
0.401
9.26

Specific Volume, cubic inches / lb

24.5

Tensile Strength, psi

9,828

Elongation, %

1.90%

Tensile Modulus, psi

418,525

Flexural Strength, psi

16,827

Flexural Modulus, psi

462,910

Glass Transition Temperature (Tg)
Coefficient of Thermal Expansion
(Range: 100oF - 150oF)

196oF
4.3 x 10-5
in./in./ oF
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APPENDIX G: SAMPLE CALCULATION

Sample problem to calculate equivalent plate properties
This problem is a 3 ply graphite epoxy [18]. The lay up of the laminate is 0o/90o/0o and each lamina is
5 mm thick.

0.0075m

t3
o

0
t2

90o
t1

The unidirectional properties of graphite epoxy are:

E1 = 181GPa
E2 = 10.3GPa

ν 12 = 0.28
G12 = 7.17
First, calculate the compliance stiffness matrix for the lamina:

1
1
0.5525(10−11 ) Pa −1
=
9
E1 181(10 )

− 0.28
= −0.1547(10−11) Pa −1
9
181(10 )
1
S22 ==
= 0.9709(10−10 ) Pa −1
10.3(109 )
1
S66 ==
= 0.1395(10−9 ) Pa −1
9
7.17(10 )
S12 ==

Then calculate the stiffness matrix:

- 0.0025m

0o

t0

S11 =

0.0025m

- 0.0075m
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Q11 =

181(109 )
= 181.8(109 ) Pa
1 − (0.28)(0.01593)

Q12 =

(0.28)(10.3)(109 )
= 2.897(109 ) Pa
1 − (0.28)(0.01593)

Q22 =

10.3(109 )
= 10.35(109 ) Pa
1 − (0.28)(0.01593)
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Q66 = 7.17(109 ) Pa
0 ⎤
⎡181.8 2.897
⎢
Q = 2.897 10.35
0 ⎥(109 ) Pa
⎢
⎥
0
7.17⎥⎦
⎢⎣ 0
[Q] is the stiffness matrix for the graphite epoxy lamina using the local coordinate system. Now using the
transformation equations, the local stiffness matrix for each lamina is converted into the global coordinate
system, so that the overall laminate stiffness can be calculated. In this example, this is relatively simple.
Two of the three plies are 0o, which means that [Q]local and the [Q]global are the same.

[Q ] = [Q0 ]
For the middle ply at 90o we need to calculate the global stiffness using the Q formula:

Q11 = Q11 cos4 θ + Q22 sin 4 θ + 2(Q12 + 2Q66 ) sin 2 θ cos2 θ
Q12 = (Q11 + Q22 − 4Q66 ) sin 2 θ cos2 θ + Q12 (cos4 θ + sin 4 θ )
Q22 = Q11 sin 4 θ + Q22 cos4 θ + 2(Q12 + 2Q66 ) sin 2 θ cos2 θ
Q16 = (Q11 − Q12 − 2Q66 ) cos3 θ sin θ − (Q22 − Q12 − 2Q66 ) sin 3 θ cosθ
Q26 = (Q11 − Q12 − 2Q66 ) cosθ sin 3 θ − (Q22 − Q12 − 2Q66 ) cos3 θ sin θ
Q66 = (Q11 + Q22 − 2Q12 − 2Q66 ) sin 2 θ cos2 θ + Q66 (sin 4 θ + cos4 θ )
Where θ = 90o
As an example

Q11 = Q11 cos4 θ + Q22 sin 4 θ + 2(Q12 + 2Q66 ) sin 2 θ cos2 θ = 10.35(sin 4 90) = 10.35
… and so on, until each value in the matrix is calculated.
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0 ⎤
⎡10.35 2.897
⎢
[Q90 ] = ⎢2.897 181.8 0 ⎥⎥(109 ) Pa
0
7.17⎥⎦
⎢⎣ 0
The calculations give a stiffness matrix at 0o and 90o. If there was another ply at 45o a third stiffness matrix
would need to be calculated using the Q bar equations.
The laminate extensional stiffness matrix can now be calculated by using the stiffness matrixes and the
position and thickness of the lamina:

Aij = ∑ [Qij ]k (tk − tk −1 )
3

k =1

0 ⎤
⎡181.8 2.897
⎢
[A] = ⎢2.897 10.35 0 ⎥⎥(109 )[− 0.0025 − ( −0.0075)]
0
7.17⎦⎥
⎣⎢ 0
0 ⎤
⎡10.35 2.897
⎢
+ 2.897 181.8
0 ⎥(109 )[0.0025 − ( −0.0025)]
⎢
⎥
0
7.17⎥⎦
⎢⎣ 0
0 ⎤
⎡181.8 2.897
⎢
+ 2.897 10.35
0 ⎥(109 )[0.0075 − 0.0025]
⎢
⎥
0
7.17⎥⎦
⎢⎣ 0
⎡ 1.870(109 )
⎤
4.345(107 )
0
⎥
⎢
−11
−10
[A] = ⎢− 2.297(10 ) 9.886(10 )
0
⎥ Pa − m
−9
⎢
0
0
9.298(10 )⎥⎦
⎣
The inverse of the extensional stiffness matrix is used to calculate the extensional compliance matrix:

⎡ 5.353(10−10 ) − 2.297(10−11 )
⎤
0
⎢
⎥ 1
A* = ⎢− 2.297(10−11 ) 9.886(10−10 )
0
⎥ Pa − m
−9
⎥
⎢
0
0
9
.
298
(
10
)
⎣
⎦

[ ]

Using these values, the in-plane engineering constants can be calculated for the entire laminate.
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Ex =

1
1
=
= 124.5Gpa
*
tA11 (0.015)(5.353)(10 −10 )

Ey =

1
1
=
= 67.43Gpa
*
tA22 (0.015)(9.886)(10 −10 )

G xy =

1
1
=
= 7.17Gpa
*
tA66 (0.015)(9.289)(10 −10 )

ν xy = −

A12*
*
A22

=−

− 2.297(10 −11 )
= 0.02323
9.886(10 −10 )
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