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Summary

Work was carried out to develop a process for incorporating fibre reinforcement in
rotational moulding. Various types of mouldings were tried, ranging from flat sheet
mouldings to two shot cube mouldings. As flat sheet mouldings did not result in
proper composites, they were abandoned at an early stage in the project. Single shot
cube mouldings with short reinforcement did not lead to composites either as the
reinforcement migrated towards the inner surface of the moulding. Two shot
mouldings proved more successful since a second shot of powder was added during
the process to encapsulate the reinforcement. After an initial focus on polyethylene it
was decided to use polypropylene as matrix material since contacts with industry
showed that the technology for reinforcement of polypropylene is much further
developed.

Various shapes of reinforcement were used in conventional rotational moulding,
ranging from chopped fibres to woven fabric. Mouldings were tested for flexural
properties, impact properties and Inter Laminar Shear Strength. The best results were
found for woven PP-Twintex fabric and PP/glass melt impregnated tape in
polypropylene. In the latter case, the Flexural Modulus measured was the same as the
Flexural Modulus calculated according to the Theory of Laminates.

It proved beneficial for the mechanical properties if some polypropylene was already
included in the reinforcement. An improvement in wet through and wet out can be
achieved, which is shown by the good properties achieved when using commingled
Twintex or melt impregnated tape. The theoretical explanation for this was found in
Darcy’s law. Based on Darcy’s law it was concluded that the only way to achieve
sufficient impregnation was to use physical pressure on the molten polypropylene.
Processing methods were developed for pressure bag and vacuum bag assisted
rotational moulding resulting in Twintex parts with impact and flexural properties
superior to those of polyethylene and polypropylene. A mathematical study showed
that it was more economically viable to achieve these properties in mouldings using
Twintex than with a theoretical increase in material use of polyethylene or
polypropylene.
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1

1.1

Introduction to rotational moulding

The history of rotational moulding

Rotational moulding or rotomoulding is widely used to manufacture hollow plastic
articles and is one of the more versatile processes in the polymer industry. The
principle of rotational moulding is to manufacture a product that takes the inside
shape of a mould. The main principle goes back thousands of years when it is
believed that the ancient Chinese civilisations used a form of rotational moulding to
make clay vessels and other domestic containers.

The process has been adapted and refined for many years to make it suitable for
other materials. Raw materials have ranged from clay to concrete or chocolate. In the
last fifty years polymers have been used extensively. The early polymers that were
used were PVC (plastisols) in the 1940’s to manufacture play balls (1). The
introduction of rotomoulding grades of low-density polyethylene (LDPE) in the late
1950’s opened up a new era in the rotational moulding industry. Nowadays more
than 90% of the raw material used in rotational moulding is polyethylene. In Europe
alone at least 145,000 Metric Tonnes of material is used.
Materials used in rotational moulding

□ Polyethylene

■ Others
(Polypropylene,
PVC, PA etc.)

Figure 1.1 Materials used in rotational moulding
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1.2

Products made by rotational moulding

Examples of large hollow parts manufactured through the rotational moulding
process are domestic oil tanks, coal bunkers, water storage tanks, pallets, farming
silos, toys etc. The improvement in materials and other technological developments
have opened a new range of possibilities for products to be manufactured. More and
more products are being developed which were previously never thought of.
Examples of those new products are parts for mechanical hearts, novel water carriers
comprising only of a wheel and a towing rope, at the moment used in areas where
domestic water must be collected from local wells. Another example is an entire
bicycle wheel.

The range of products that can be manufactured is only limited by the imagination
and by whether the mechanical demands on those products can delivered by the
current rotational moulding materials.

1.3

Disadvantages of rotational moulding

In spite of its positive aspects like the ability to manufacture products with complex
shapes without internal stresses there are downsides to rotational moulding. These
disadvantages can be grouped in the following categories (1):

•

Cost of materials. Due to the fact that many polymers are available as pellets,
additional grinding is needed to turn the pellets into fine rotomouldable powder.
Often rotational moulders have their own grinding installation.

•

Due to its relatively long cycle time, rotational moulding is not suitable for large
production runs.

•

Only a limited number of materials can be used in rotational moulding, (see also
chapter 2).

•

Removing a part can be very labour intensive for large complex parts.

•

Bosses or solid ribs can not be moulded easily. Therefore currently designers
need to make clever use of other geometrical features to provide the required
increase in stiffness or strength.
8

1.4

The principle of conventional rotational moulding

The principle of conventional rotational moulding can be described in four steps.
They are: Charging the Mould, Heating and Rotating the Mould, Cooling and
Rotating the Mould and Unloading the Moulded Part. The four steps are shown in
figure 1.2.

Heating and Rotating the Mould

wm

Cooling and Rotating the Mould

Unloading the Moulded Part

Figure 1.2 The four stages of rotational moulding

A typical conventional moulding cycle would be as follows:

1. One half of a metal mould is charged with a predetermined amount of polymer
powder. After this the mould is closed with a lid. The amount of powder in the
mould determines the wall thickness of the moulded part.
2. The mould is then set to rotate bi-axially in order to ensure even contact of the
powder with the inner surface of the mould.
3. Still maintaining the rotation, the mould is then subjected to an even distribution
of heating from the outside by placing it in an oven.
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4. As the temperature of the inner surface of the mould continues to increase the
powder slowly heats up. At a certain point the powder will become sticky and
will start to adhere to the inner surface of the mould. The heating is continued
until all the charged powder has melted to the surface and has sufficiently
consolidated.
5. Cold air is passed over the mould surface in order to cool the mould. The mould
is still rotated to prevent the molten polymer from sagging or pulling away from
the mould wall. The cooling must be done gently to prevent large temperature
gradients across the wall of the part causing warpage.
6. Once the entire polymer melt has re-solidified in the form of the mould and has
sufficiently cooled down to allow handling the rotation is stopped and the
finished part is removed from the mould.
7. Very often parts are then subjected to post-processing operations to remove any
flashing there may be or to drill holes or to flame treat parts.

1.5

1.5 .1

Non-conventional types of rotational moulding

Alternative types of polymer distribution

A type of machine that uses an alternative way to distribute the polymer in the mould
is the ‘Rock and Roll’ Machine. This machine gets its name from the rotation of the
mould in that it rotates about a spindle that rocks back and forward. This process
does not provide a full double axis rotation, but the angle of the rocking motion of
the spindle can be altered depending on the shape of the product. A ‘Rock and Roll’
machine is shown in figure 1.3.

10

Figure 1.3 Rock and Roll machine for rotational moulding

1.5.2

Alternative types of mould transferring

A simple type of mould transferring is the shuttle type machine. For this type of
machine the mould runs on a track between oven and cooling bay. A disadvantage of
this machine is that it tends to have to slow production cycles since there is no
possibility for carrying out moulding cycles parallel to each other.

The multiple arm carousel machine does offer this possibility of parallel moulding
cycles with an independent arm carousel machine offering more flexibility than a
fixed arm carousel machine.

A third type of machine is the clam shell machine. For this machine, charging,
heating and cooling take place in the same chamber. Two chamber halves enclose
the mould like a clam shell in which the mould rotates.
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1.5.3

Alternative types of heating

Next to conventional hot air convection, other techniques of heating the mould can
be identified:

1. Open flame heating

The mould is heated directly above an open flame. Cooling takes place in ambient
air. This process is very crude and does not always ensure an even heat distribution
in the mould. Complex shapes are especially difficult to heat up evenly. The energy
efficiency of open flame heating is higher than conventional hot air heating due to
the fact that the heating is more direct.

Cooling can be done in ambient air or by cold air convection, i.e. blowing cold air on
the mould with a fan. Figure 1.4 shows Rotolog traces for the Internal Air
Temperature for both a hot air convection heated mould and a mould heated by an
open flame.

Comparison of Internal Air Temperature Traces for 3mm Wall
Thickness Mouldings
(All Removed From Heating Source at Internal Air Temperature =
121C)

V ISO

Figure 1.4 Internal Air Temperature Rotolog Traces for hot air convection (blue line) and open
flame heating (red line)
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2. Hot oil jacket

The mould for this process is made from aluminium with channels cast into it. Hot
oil is pumped through the channels, resulting in the mould being heated through
conduction and convection. For the cooling stage the oil that is pumped through the
channels can be cooled externally while it is being pumped. Alternatively, cold oil or
water can be pumped through a separate set of channels in the mould after the
heating has been switched off.

The number of channels in the mould as well as their position and their dimensions
are very important to ensure an even distribution of heat to all parts of the mould.
Since hot oil jacket heating is a more direct form of heating than hot air convection,
the process will be more efficient than conventional hot air convection. This increase
in efficiency is due to the fact that the heat that is applied is only used to heat the
mould (and thus the powder). In hot air convection there is also heat required to heat
up the arm and the oven. Construction of the mould determines in both cases the
amount of heat loss occurring during the moulding cycle.

Using a separate circuit of channels to pump cold oil through will increase the
efficiency of hot oil jacket rotational moulding as no time or energy is needed for
cooling the oil.

3. Heating through electric induction (CMT)

Electric induction is another ‘ovenless’ rotational moulding technique. Moulds for
this technique are made from reinforced thermoset materials. The thermoset material
is reinforced with a frame of woven metal wires. If an alternating electric current is
sent through the metal frame, conduction causes the mould and thus the polymer to
heat up. The intensity of the heating and the maximum temperature of the mould
depend on the wire frame and the electric current that is sent through the wire frame.
Single phase supply will result in less thermal energy being applied to the mould
than three phase supply. The intensity of the heating also determines the efficiency

13

of the technique. As long as enough thermal energy is applied, electric induction will
be more efficient than hot air convection since it is a more direct form of heating.

Rotation in ambient air cools the mould after the heating has been switched off. Cold
air convection is another cooling method that can be used. These methods of cooling
will be less efficient than cold oil cooling because of the lower gradient in
temperature between the ambient air and the mould.

The technique of heating through electric induction is commercialised under the
name ‘Composite Moulding Technology’ (CMT) by Wytkin Design (2). This
machine is shown in figure 1.5.

Figure 1.5 Wytkin CMT Machine

It needs to be emphasised that techniques like the hot oil jacket and the electric
induction are not as commonly used as the hot air convection. This results in those
techniques being not so far developed as conventional hot air convection.

14

2

Rotational moulding matrix materials

This chapter will focus on rotational moulding matrix materials that have been used
in this project. For a general description of more rotational moulding materials (1,8
& 9) are recommended.

2.1

Polyethylene

Linear Low Density polyethylene (LDPE) is by far the most commonly used material
in rotational moulding. Made up of Ethylene groups (C2H4), polyethylene offers very
good toughness at a low price. Polyethylene stays ductile at low temperatures as its
Tg lies at -50°C (3). Polyethylene can be foamed and is suitable for contact with
food.

The melting point of polyethylene is 140°C. Due to this relatively low melting point
compared to PP or PA, polyethylene is very suitable for use in a process with a
relatively long cycle time like rotational moulding. To prevent thermal oxidation of
the polyethylene during the moulding cycle, anti-oxidants are generally added to it.
These anti-oxidants have proven effective (1).

While the molecular structure is collapsing during melting, bubbles will form which
will disappear towards the inner surface once the fusion of the material is completed.
Spence and Crawford showed that the introduction of mould pressurisation speeds
up this process (4).

When the material is cooled, the crystal structure of polyethylene will reappear. The
rate of crystal growth depends on the viscosity of the melt, which in turn is
influenced by the cooling rate. Very rapid cooling of a part can result in the freezing
of crystal growth so that such a part will have a lower crystallinity than a slowly
cooled part. A lower degree of crystallinity (the molecules are ‘more randomly
spread and less aligned’) will lead to a lower density. This is illustrated in figure 2.1.
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Although the more amorphous state acquired through rapid cooling is beneficial to
the toughness of the material, increasing the cooling speed also increases warpage
and can lead to very distorted parts.

Figure 2.1 Effect of cooling on density (1)

The limitations of polyethylene lie in its mechanical properties. Although the
material possesses a reasonable toughness, its flexural and tensile modulus are far
lower than those of other thermoplastics (see also table 2.1). Previous work has been
carried out at Queen’s University Belfast to try to improve the mechanical properties
(5) with little result. As Wiseley points out (5), due to the lack of shear in rotational
moulding it is very difficult to ensure proper impregnation of reinforcement by
polyethylene. As for commercially available products, only one injection moulding
grade of reinforced polyethylene compound was found (6).
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2.2

Polypropylene

Polypropylene is like polyethylene a member of the Polyolefin family. Its density is
•5

‘5

lower than polyethylene (900 kg/m compared to 940 kg/m ). Polypropylene consists
of

groups and its melting point is 165°C. This higher melting point makes the

material more suitable for high temperature applications, but less suitable for
rotational moulding as a longer cycle time is required. Polypropylene is not suitable
for use at low temperatures as its Tg is between 0°C and -10°C. Below this
temperature the material will become brittle. This is pictured in figure 2.2.

Glass rransirion
region

Figure 2.2 Phase diagram polypropylene

Rotationally moulded polypropylene is above its Tg at room temperature, but due to
its semi-crystalline nature its impact properties are limited compared to rubbery
materials. Morton-Jones (7) explains that some forms of polypropylene have
crystalline, ordered regions in which the fundamental chemical structure of the
material is sufficiently regular so that the material will become more rigid. The
reason for this increase in mechanical properties lies in the formation of these
crystalline regions. The formation is allowed for by stereoregularity of the
polypropylene.
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As figure 2.3 shows, there are two forms of stereoregularity. The isotactic or
syndiotactic structures allow crystalline structures to be formed because the chains
pack together in regular arrays (7).
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Figure 2.3 Stereoregularity in polymers (7)

If stereoregularity of the polymer chains increases mechanical properties, figure 2.3
also explains why polyethylene is less rigid than polypropylene. Since polyethylene
can only exist in atactic form due to its molecular structure, it is clear that
polyethylene can not exhibit the increase in rigidity caused by stereoregularity.

Although the crystallisation rate of polypropylene during cooling is rather slow (7),
due to its structure polypropylene will be more crystalline than polyethylene (see
again figure 2.3). Previous research at Queen’s by Wang (8) has shown that the slow
cooling applied in conventional rotational moulding (cold air convection) has
detrimental effects on the impact properties of polypropylene compared to
polyethylene in spite of polypropylene’s slow crystallisation rate. Work by Van
Hooijdonk et al. (9) has shown that the use of non-conventional moulding techniques
when moulding polypropylene can lead to a recovery of impact properties. Increased
heating and cooling rates were found to be beneficial for the impact properties in
conventionally moulded polypropylene (8,9). Changes in heating and cooling rates
had little influence on the flexural properties of rotationally moulded polypropylene.
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The long exposure to heat of polypropylene during the heating stage compared to
polyethylene will make it more prone to thermal degradation. Oxidative degradation
entails the breaking down of polypropylene chains when the molten polypropylene is
exposed to air and will occur in conventional rotational moulding. Moulding under a
Nitrogen blanket will halt this process. (9)

Other factors such as the size of the crystals in the polypropylene and the type of
crystals will also influence the material properties of polypropylene. Work on
polyethylene has shown that a smaller crystal size is beneficial for the impact
properties of polyethylene. (10) Also it is known that three different types crystals
can occur in polypropylene. (11) There is however currently not sufficient
knowledge available to establish the influence of these factors on the properties of
polypropylene and further research is therefore needed.

Polypropylene just consisting of CaHs groups is called a Homopolymer. By adding
Ethylene groups to the polypropylene a more rubbery grade of polypropylene is
obtained. This type of polypropylene is called a Co-polymer. Two types of co
polymers exist. In one type the Ethylene groups are positioned on the polypropylene
chains in regular blocks. This type is called a block co-polymer. The other type,
which has a random distribution of the Ethylene groups along the polypropylene
chains, is called a random co-polymer. Polypropylene grades for rotational moulding
tend to be random co-polymers to ensure reasonable impact properties in spite of the
slow cooling of the rotational moulding process.

Polypropylene can be foamed.

Reinforcement for polypropylene is widely

commercially available and varies from glass roving and chopped glass fibres sized
for polypropylene to glass filled polypropylene compounds and commingled
glass/polypropylene roving e g. Twintex. Reinforcing polypropylene turns out to be
more economic than reinforcing polyethylene due to the higher achievable
mechanical properties compared to the added costs.
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Due to its structure, polypropylene has a lower Surface Activation Energy than
polyethylene. It is therefore easier for polypropylene to wet out reinforcement and
bond to the reinforcement than it is for polyethylene. A comparison of properties is
made in table 2.1. The information in table can be found in reference 3 unless
indicated differently.

Material Property

Polyethylene

Polypropylene

Melting Point (°C)

140

165

Tensile Modulus (MPa)

500

1200

Tensile Strength (MPa)

15

30

Flexural Modulus (MPa)

700

1000

Flexural Strength (MPa)

25

35

Impact Strength Charpy notched (kJ/m2)

10

9

Price (£/kg)*

0.95

1.33

* Source: Rotec/Matrix Polymers. Price for ordering 1 Tonne January 2000
Table 2.1 Material properties polyethylene and polypropylene (3)
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3

3.1

Fibre Reinforced Plastics

A im of the project

As can be seen from table 2.1 the mechanical properties of standard rotational
moulding materials are limited compared to engineering plastics. Any high demands
in the field of mechanical properties therefore have to be met by clever design of ribs
etc. Another option is just to make parts with a bigger wall thickness. Not only does
this add to the complexity of the mould, the amount of raw material needed for the
manufacture of a product will also increase and processing will become more
difficult. This also means that rotational moulding can simply not provide the
mechanical properties needed in certain large, hollow products and they can
therefore not be made using rotational moulding.

It is therefore desirable to look for ways of enhancing the mechanical properties of
rotationally moulded products. It is known that the introduction of fibre
reinforcement in a plastic will lead to an increase in certain mechanical properties of
that plastic provided the introduction is done properly. The fibre can then pick up the
stress applied to the composite (12). The aim of the research project is then to
develop a way in which fibre reinforcement can be incorporated in rotationally
moulded products with the purpose of achieving a sufficient increase in mechanical
properties. This will ultimately lead to reduction of the use of material in existing
products and to the possibility of manufacturing products through rotational
moulding that could so far only be made with other processing techniques.
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3.2

Overview processing techniques for making hollow reinforced products

This chapter gives an overview of plastic processing techniques related to rotational
moulding in which fibre reinforcement has been used (12).

Rotational Moulding

Powder and other materials (if desired) are put in a hollow mould that is then closed
and placed in an oven. The mould is heated until all the powder has melted and
adhered to the mould surface. The mould is then cooled until the material has
solidified again after which the moulding can be de-moulded.

Thermoplastic matrix materials are used: mainly PE, but also PP and PA. Chopped
fibres, put in the mould together with the powder, have been used as reinforcement.
Also compounds have been used. Cycle time generally varies, depending on the size
of the product and the time that is taken for cooling the product.

Composite Mould Technology (Wytkin Rotational Moulding)

This process is very much related to rotational moulding. The difference is that the
heating is not done in an oven, but that the heating system is part of the mould. It is
also possible to insert second shots of material during the moulding process without
opening the mould. Fibres can be put in the mould at the start of the moulding cycle.

Thermoplastic matrix materials are used: mainly PE, but also PP and PA.
Reinforcement can be fibre mats like twill woven fabric or satin woven fabric that
are placed in the mould together with the matrix material at the start of the moulding
cycle. Cycle times are similar to those of rotational moulding.
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Hand Lay-up

This process is an open mould technique. The fibre reinforcement is placed in the
mould. The resin is applied with a brush after which the laminate is rolled and
allowed to cure.

Thermoset resins like UP are used as matrix material. Reinforcement can be
Chopped Strand Mat or woven mat that is laid in the mould at the beginning of the
moulding cycle. Cycle time is a couple of hours including curing.

Sprav-up

Using a double spray gun, both reinforcement and matrix material are sprayed on the
mould surface at the same time. The spray gun chops a continuous fibre roving into
short fibres. The process is an open mould process. After spraying, the laminate is
rolled and then allowed to cure.

Thermosets, UP and EP, are used as matrix material for this process. Continuous
fibre roving is used as reinforcement. This is chopped up to short fibres by the spray
gun. Cycle times vary between 5 and 20 minutes but curing can take several hours.

Blow Moulding

An extruded tube is heated in a closed mould and then blown up against the mould
wall. Pressures used are low compared to compression moulding. Fibre
reinforcement needs to be extruded with the tube before the blow moulding process
takes place.

Different types of thermoplastics can be used as matrix material. Through
modifications the rubber phase of the thermoplastic polymer needs to be enhanced.
The reinforcement is added in the extrusion of the tube. Compounded fibres can be
used for this. Cycle times vary between 90 seconds and 5 minutes, depending on the
size of the product.
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Sheet Moulding Compound

Prepregs of matrix and reinforcement are cut to a desired size and are placed in the
mould. The mould is then closed and heat (150°C) and pressure (between 5 and 15
bar) are applied in order to cure the material.

Thermoset prepregs are made from UP and fibres. The prepregs are the basis for the
SMC process. The reinforcement is applied during the manufacturing of the
prepregs. Continuous fibre rovings are chopped up to short fibres that are randomly
distributed on the UP sheet. Cycle time is approximately 5 minutes.

Glass Mat Thermoplastics

Prepregs of matrix and reinforcement are heated in an oven until they become soft.
Next they are placed in a mould that is then closed and pressure (10-20 bar) is
applied.

Thermoplastic prepregs are made from PA, PP or PPS and fibres. The prepregs are
the basis for the moulding process. An important brand for prepregs is Symalit. The
reinforcement is applied during the manufacturing of the prepregs. Continuous fibre
rovings are chopped up to short fibres that are randomly distributed on the
thermoplastic sheet. The cycle time is a couple of minutes.

Resin Transfer Moulding

Reinforcement mat is laid in the mould which is then closed. Resin is then injected
under pressure (5 bar) in the mould. Curing takes place in the mould.

Thermoset resins are used as matrix material, e.g. UP or epoxy. Fibre mats are the
most common means of reinforcement. They can be either Continuous Fibre nonwoven Mats or Chopped Strand Mats. Cycles time is a couple of minutes, with some
more time required for curing.

24

Compression Moulding

Thermoplastic sheets with woven reinforcement fabric are placed in a mould that is
then closed. After this pressure (10 bar) and heat (200° C) are applied to enable the
wet-out of the reinforcement. Instead of pressurisation it is also possible to apply a
vacuum. After full wet-out the mould is cooled and the moulding can be demoulded. There are different variations of this process. Using a vacuum bag or a
bladder in the mould are some examples of achieving the physical pressure on the
matrix material required for consolidation.

Different thermoplastic materials such as PP or PA can be used as matrix material.
Different types of woven fabrics can be used as reinforcement (e g. twill, tri-axial).
Cycle time varies between 15 and 20 minutes.

Filament Winding

The filament winding machine pulls dry glass fibre from supply racks through a resin
bath and winds the wet fibre around a rotating mandrel. Resin is worked into the
fibres by roll coaters. Fibre tension must be equal on all fibres in order to achieve a
good part quality. After winding the part is cured in an oven.

Thermoset resins are used as matrix material in filament winding. Rovings of
continuous fibres are used as reinforcement. Cycle time varies from 3.5 hours and up
(including curing), depending on the size of the product.
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3.3

Fibre reinforcement

This chapter gives an overview of some important types of reinforcement.

Glass fibres

Glass fibre is the most used type of fibre reinforcement. Si02 is its main constituent
and through the addition of various oxides the properties can be influenced (13). Eglass is most commonly used, a type that was originally made for electrical
applications because of its insulating capabilities (13). C-glass is more resistant than
E-glass to inorganic acids and is therefore use most in the chemical industry (13).

Carbon fibres

Carbon fibres were developed more recently than glass fibres. Carbon fibres are
made from PAN fibres. The mechanical properties of carbon fibres are superior to
those of glass fibres, but so is their price. The coefficient of thermal expansion is
negative in principal direction for unidirectional Carbon fibres (12, 13). This enables
the manufacture of fibre reinforced plastic products nearly without thermal
expansion. Although different types of carbon fibre can be manufactured, HT (High
Tenacity) carbon fibre is the most common.

Aramid fibres

Aramid fibres only came to market in 1972 and were initially only manufactured by
Du Pont under the brand name Kevlar (13). Aramid fibres are made from aromatic
polyamides and are synthetic fibres. Kevlar 49 is the type of aramid fibre most
suitable for reinforcement of plastics. Another well-known aramid fibre is Twaron.
In spite of their higher tensile strength compared to carbon fibres, aramid fibres have
relatively low flexural properties. Using hybrid fibres of carbon and aramid fibres
can solve this problem (12, 13).

26

Natural fibres

A recent development in the field of fibre reinforcement is the use of natural fibres
like flax, hemp or jute as reinforcement in plastic products. Natural fibres can be
recycled far easier than glass fibres and cause less health and safety problems. Great
disadvantages of natural fibres are their limited mechanical properties and their high
price compared to glass fibres (14).

Table 3.1 lists the most important material properties for the most important types of
glass, carbon, aramid and natural fibres.

Type of
fibre

Density
(kg/mf

Virgin
Tensile
Strength
(MPa)

Tensile
Modulus
(GPa)

Strain at
break
(%)

C-Glass
E-Glass
High
Tenacity
Carbon
Kevlar
49
Aramid
Flax
fibre

2490
2540
17001800

2800
3500
35006000

69
72
220-300

4.1
4.8
1.5-2

Linear
Co-eff. of
thermal
expansion
(lff6/K)
7.2
5
-0.8

1450

34003800

125-130

2.1-2.8

-5

35-40

1400

700-800

60-80

1.5-2.5

no data

no data

Price

mg)
1-1.5
1-1.5
12-95

Table 3.1 Material properties various types of fibres

3.4

Shapes of reinforcement

Although there are many different orientations or shapes of fibre reinforcement
possible, there are three main categories (12). The categories are shown in figure 3.1.

3.4.1

Unidirectional

In this orientation the fibres all lie in one direction. Examples of this orientation are
rovings or fibre tows.
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3.4.2

Bi-directional

In this orientation the fibres lie at 90° to one another. Examples of this shape are a
woven fabric, a non-woven fabric or layers of separate layers of fibres that are each
unidirectional but lie 90“ to successive layers. Fabrics can be woven in a wide variety
of weaves. Some important ones are twill weave, satin weave or multi-axial weave.
The properties of a bi-directional reinforcement depend on the specific weave and on
the number of fibres or rovings in warp and weft direction (15).

3.4.3

Random

In this orientation the fibres are randomly distributed and are in-plane. Examples of
this orientation are chopped strands, chopped roving. Chopped Strand Mat (CSM;
chopped strands with a chemical binder) and Continuous Fibre Mat (CFM; roving
with a chemical binder) Reinforcement with a random orientation will have isotropic
properties in-plane.

UNIDIRECTIONAL
Woven or
Non-woven

-f-- ....II—1
BI-DIRECTIONAL

II II II INI

linn
II II II 1LLLTTII II
II II II iilL U II II
Non-wovetv II II II II inrii '
it11IL1LJ1 ii ii ii
ilJ1±L II II Tnrrr
II II II fl II fl 1111

RANDOM (in-plane Isotropic)

M 11

II ii

Ll.

E -I L
1RHH Hi =
-

E

-

Woven

~

CFM

Figure 3.1 Most important shapes of fibre reinforcement (12)
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3.4.4

Influence of reinforcement on mechanical properties; rule of mixtures

As a first approach to calculating the mechanical properties of a unidirectional
composite, equation 3.1 can be used as an approximation for the properties in the
direction of the reinforcement. Equation 3.1 is called the ‘Rule of Mixtures’ (13).

(3.1)

EL = Vf*Ef + Vn^Em

in which:

EL

=

Fibre Volume Fraction

Vf

Ef

=

Longitudinal Modulus of Elasticity of the Fibre
Volume Fraction of the Matrix Material

vm
E

Longitudinal Modulus of Elasticity

=

Modulus of Elasticity of the Matrix Material

The rule of mixtures can also be used for an approximation of Poisson’s Ratio for a
composite (13).

Since the strength of reinforcement fibres is generally much higher than the strength
of the matrix material, the contribution of the matrix material to the tensile strength
calculations for a composite is negligible (13). Equation 3.2 can then be used for an
approximation of the longitudinal tensile strength of a composite.

aLt = Vf*af

in which:

(3.2)

OLt

Longitudinal tensile strength of composite

Vf

Fibre volume fraction

0f

Tensile strength of fibre
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3.5

Influence offibre orientation on mechanical properties

It is obvious that composites will not always have unidirectional reinforcement. Bi
directional reinforcement will result in lower mechanical properties than
unidirectional reinforcement since only half of the fibres are aligned with the load
when the material is loaded in warp or weft direction. Quinn gives the following
approximations for multipliers for mechanical properties when using different fibre
orientations (12):

Multiplier
1
0.5
0.375

Fibre Orientation
Unidirectional
Bi-directional
Random
Table 3.2 Influence of fibre orientation on mechanical properties

Since there is a difference in efficiency in packing of fibres for various shapes of
reinforcements, it is expected that there will be physical limitations to the Fibre
Volume Fraction (vf) that can be achieved for various types of reinforcements. Table
3.3 lists the values for these maximum Fibre Volume Fractions as given by Quinn
12).

(

Fibre Orientation
Unidirectional
2D Woven Fabric
Random distribution
3D Woven Fabric

Maximum vf(%)
60
30
20
5-10

Table 3.3 Maximum achievable fibre volume fraction

Combining equation 3.1 with table 3.3, figure 3.2 can be drawn, showing the
maximum achievable Tensile Modulus for various shapes of glass fibre
reinforcement in polyethylene.
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Figure 3.2 Maximum achievable Tensile Modulus for glass in PE

3.6

Theory of laminates

A type of composite that is used quite often is a laminated composite. Instead of
having fibres homogeneously distributed through the matrix material, a laminate is
built of discrete layers of reinforcement and matrix material. If such a laminate has
three perpendicular planes of symmetry in every point it is called an orthotropic
laminate. A laminate with a woven fabric as reinforcement is an example of such an
orthotropic laminate. A unidirectional fabric in a laminate will result in isotropic
material perpendicular to the direction of the fabric. Such a laminate is called a
transversely isotropic laminate (13).

Since fibre reinforced composites tend to be non-isotropic it is clear that it will be
difficult to formulate criteria for the determination of the material strength. Various
methods have been developed to predict this strength. Widely used criteria are the
Maximum Stress Criteria. These criteria for in-plane stress of a ply are shown in
equation 3.3 (13).

alc<0i<Git

a2c<a2<a2t

t2<t2

(3.3)

Indices 1 and 2 refer to the principal directions of the material and indices c and t
refer to the tensile strength and the compressive strength of a material.
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A second set of criteria is the Maximum Strain Criteria. In case of in-plane stress for
a ply there are three strain components to which these criteria apply. The criteria are
given in equation 3.4 (13).

e ic< Ei < £ a

e2c< e2<e2t

(3.4)

Indices 1 and 2 refer to the principal directions of the material and indices c and t
refer to extension and compression of a material.

According to Nijhof (13), both sets of criteria have limited validity when compared
to experimental data. A better prediction of when an orthotropic ply in a laminate
will fail is given by the version of the Von Mises Criteria that was developed by Hill
and Tsai. Equation 3.5 gives this Tsai-Hill-Von Mises criteria:
a,2/ o,2 - (1/ O]2 + 1/ a22 - l/a32)*ai*a2 + a22/ a22 + t2/ t2 < 1

(3.5)

These criteria are applied in computer programmes used for the design and testing of
products made of fibre reinforced composites, such as Plamor and Lamtech. Such
programmes generally require the built-up of the laminate and the properties of the
various plies as input, as well as the load(s) to which the laminate is subjected. The
output consists of the predicted failure stresses in the laminate as well as the stresses
occurring in the various plies and the ply that will fail first.

3.7

Transformation of cross sections; approximation of the theory of laminates

A very workable approximation of the theory of laminates for laminated beams is
given in the Transformation of Cross Sections Method, as described by (among
others) Benham, Crawford and Armstrong (18). This method involves the
transformation of the cross section of a beam made from dissimilar materials (in
other words a laminate) into a cross section of a virtual beam made from one of the
materials in the laminate.
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Although the thickness of the layers in the laminate will stay the same, the width of
each layer in the virtual beam will have changed according to the Modulus of
Elasticity of the material that the respective layer in the original beam was made of.
Figure 3.3 shows an example of this transformation.
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Figure 3.3 Transformation of cross sections

Consider a cross section of a beam made from a laminate of polypropylene and
chopped glass fibre. The dimensions of the cross section are given. The Modulus of
polypropylene is 1000 N/mm2 and the Modulus of the randomly oriented glass fibre
is 0.375*72000 = 27000 N/mm2. The beam will be transformed into a beam made
entirely of polypropylene. This means that the width of the randomly oriented glass
fibre layer in the cross section of the virtual beam will Eglass/Ep0lypropylcne = 27 times as
large as the width of the glass fibre layer in the original layer. This is also illustrated
in figure 3.3.

From figure 3.3 can then be concluded that a laminate of three layers with
reinforcement on the outsides and matrix material in the middle will have the same
effect as a very big I-beam made of just the matrix material. Bearing in mind the
general equation for the determination of the flexural strength (3.6):
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o=

(M*y)/I

in which:

(3-6)

a

=

Flexural Strength

M

=

Maximum bending moment in cross section

y

=

Distance to the neutral axis

i

—

Moment of inertia of the cross section

Realising that the reinforcement will be able to take on the largest bending moment,
it is clear that a laminate construction is most efficient with the reinforcement on the
outside and that a symmetrical sandwich will be the most efficient laminate.

For the laminate, the maximum stresses occurring in the matrix material and the
reinforcement are now given by equations 3.7 and 3.8.

om = (M*E™*ym)/(Em*Im+Er*Ir)

(3.7)

or = (M*Er*yr)/(Em*Im+Er*lr)

(3.8)

in which:

M

=

Maximum bending moment in cross section of laminate

am

=

Maximum flexural stress in matrix material

Em

=

Flexural modulus of matrix material

Im

=

Moment of inertia of matrix material around neutral axis

ym

=

Furthest distance of matrix material to neutral axis

or

=

Maximum flexural stress in reinforcement

Er

=

Flexural modulus of reinforcement

Ir

=

moment of inertia of reinforcement around neutral axis

yr

=

Furthest distance of reinforcement to neutral axis

The flexural modulus of a laminate can also be calculated using the theory of
laminates.
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3.8

Transformation of cross sections; examples

As an example, the Flexural Modulus and the Flexural Strength will be determined
for three different laminates with the same total amount of glass. The laminate is
made from polypropylene and glass. The thickness of the glass layer is 0.04 mm and
the total thickness of the laminates is 3.6 mm. Figure 3.4 shows the three different
laminates and their transformed cross sections.

a)
1.78

324

0.04
1.78

12

b)
0.04
324
12

3.56
12
c)
0.02

>

V//////Z

ii ^

i
t

324

3.56

12

0.02

♦ '////////

12
Figure 3.4 Three laminates and their equivalent transformed cross sections

The following quantities are used when calculating the Flexural Modulus and
Flexural Strength of the laminate:

E random glass = 3/8 * 72000 = 27000 N/mm2
'y

Of glass= 1750 N/mm
E polypropylene

1000 N/mm

Of polypropylene

40 N/mm
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The following values are used for the width of the laminate and the I for a normal
rectangular beam of 3.6 mm thickness.

T = 3.6 mm
b = 12 mm
I = 1/12*12*(3.6)3 = 46.66 mm4

3.8.1

Flexural modulus

Equation 3.9 gives the value for the mid span deflection of a rectangular beam with
support span L and made from polypropylene with Modulus EpP:

D

=

F*L3/(48*Epp*I)

(3.9)

Equation 3.10 gives the value for a laminate:

D

=

in which:

F*L3/(48*Ee*I)

Ee

=

(3.10)

EpP*(Ipp + (EgI/EPp)*Igi)

(3.11)

Comparing equation 3.11 with figure 3.3 it can be seen that IpP + (Egl/Epp)*Ig]=Itransi/I

Equation 3.11 can then be rewritten to equation 3.12:

Ee

=

Epp* WI

(3.12)

Table 3.4 lists the values for Itransf for the three cross sections from figure 3.4 and the
resulting Ee, which are the Flexural Moduli of the cross sections.
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Cross Section

I'runs/(mm)

Figure 3.4a
Figure 3.4b
Figure 3.4c

46.66
77.34
86.64

Flexural Modulus
(N/mm2)
1000
1658
1857

Table 3.4 Flexural Modulus Glass/PP laminates

3.8.2

Flexural Strength

Equation 3.13 gives the expression for the Flexural Strength of a rectangular beam
with support span L and made from polypropylene with Modulus EpP:

a

=

in which:

M*y/I

(3.13)

M

=

Bending Moment

y

=

Furthest Distance to Neutral Axis

If a laminate beam made from polypropylene and glass is subjected to a flexural load
P, the polypropylene will fail first. Rewriting equation 3.13 will give the Flexural
Strength of the polypropylene in the laminate:

OpP

=

Epp*yppmax*((P*L)/4ZEI)

(3.14)

Rearranging this equation and calculating XEI gives equation 3.15 as an expression
for the Flexural Strength of the polypropylene in a laminate.

oPp

=

(6*EpP*Itrdnsf*oTpp)/(Epp*yppmax*b*t2)

(3.15)

The expression for the Flexural Strength of the glass in a laminate is given by
equation 3.16:

®glass

=

(6*Epp*Itransf*oTgiass)/(Egiass*yglassmax*b*t2)

(3.16)
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The Flexural Strength of the polypropylene will be much lower than the strength of
the glass. The laminate will therefore fail first in the polypropylene. Table 3.5 lists
the values of the Flexural Strength in the polypropylene for the three cross sections
from figure 3.4. The Strength of polypropylene was assumed to be 40 N/mm2 and the
Strength of glass 1750 N/mm2.

Cross Section
Figure 3.4a
Figure 3.4b
Figure 3.4c

Flexural Strength (N/mm )
40
54.3
75.11

Table 3.5 Flexural Strength Glass/PP laminates

3.9

Fibre reinforced composites; failure

As Nijhof and Quinn have stated (12, 13), reinforcements can pick up the force
exerted on a composite. When a continuous fibre composite is subjected to a load,
failure initially occurs when the fibres break. The fibre failure will lead to relaxation
in the matrix material. When the load is increased further on the composite finally
the matrix will fail. Ashby and Jones’ model for the failure of a continuous fibre
composite is shown in figure 3.5 (16).

Figure 3.5 Ashby and Jones' model for the failure of a continuous fibre composite (16)
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When designing in fibre reinforced composites it is important to know the peak
stress occurring in the material. When the peak stress occurs, the fibres are just about
to break and the matrix has yielded. Ashby and Jones postulate (16) that in those
cases the peak stress in the composite can be found using the rule of mixtures to
combine the yield strength of the matrix and the fracture strength of the fibres. This
is shown in equation 3.17.

oT = Vf*a/ + vm*ama

in which:

aT

=

Tensile stress Composite

Vf

Fibre Volume Fraction

Off

Fracture strength fibres

Vm

Matrix Volume Fraction
3

—

Stress in matrix at fibre failure strain

As can be concluded from equation 3.17, the stress at which fibre breakage will
increase when the Fibre Volume Fraction goes up. This is shown in figure 3.6. This
diagram also shows that matrix failure occurs for:

OT

(3.18)

=

in which:

Of

Tensile stress Composite

Vm

Matrix Volume Fraction

„ f

Matrix Failure Stress
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Figure 3.6 Variation of peak stress in composite with different Fibre Volume Fraction (16)

At low Fibre Volume Fraction, equation 3.18 will give a higher value than equation
3.17. There is therefore a minimum Fibre Volume Fraction required before the
reinforcement has a noticeable effect. Below this minimum Fibre Volume Fraction
matrix failure will be the dominant failure mechanism and above it fibre failure.

3.10 Critical Fibre Length

When subjecting a chopped fibre reinforced composite to load the length of the
chopped fibres will determine the energy absorbed by the material and its failure
mechanism. The load will induce shear along the fibre/matrix interface, with the
maximum shear being found near the edges of the fibre. To compensate for this
shear in the interface, a tensile force will work inside the fibre, with its maximum
found in the middle of the fibre. The forces working on the fibre are shown in figure
3.7.
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Figure 3.7 Forces working on a fibre in a matrix

Figure 3.7 shows that the following force is transmitted to a small segment of the
fibre:

5F

=

7i*d*Tm*8x

(3.19)

Integrated over the whole length of the fibre the result is:

F

=

J* 7i*d*xm*dx

=

ji*d*Tm*x

(3.20)

The fibre will just break if this shear force is equal to the tensile force occurring in
the fibre:

Ft

=

((7c*d2)/4)*a/

(3.21)

Equating equations 3.20 and 3.21 gives the value for the distance xc from the end of
the fibre at which the fibre will just break. The critical fibre length is then defined as
that length at which the fibre will just break and will be equal to 2*xc.
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Lc = (d/2)*(CTff/xm)

in which:

(3.22)

Lc

Critical fibre length

d

Diameter of the fibre

a/

Fracture strength of the fibre
Shear strength matrix material or
Fibre / Matrix Bond Strength (lowest of the two)

When the fibre length is below the critical fibre length and the composite is
subjected to an impact load, the fibres will be pulled out of the matrix material. As
the fibre length increases it will require more energy for the fibre to be pulled out of
the matrix material and hence the toughness will increase. Once the fibre length has
reached the value for the critical fibre length the failure mechanism will change from
fibre pull-out to fibre breaking. It is now clear that the critical fibre length can be
defined as the fibre length for which optimum toughness is reached. If the fibre
length is further increased beyond the critical fibre length the toughness will drop off
gradually. The relation between fibre length and toughness is shown in figure 3.8
(16).

Toughness
▲

Lc
Fibre Length

-----------------►

Figure 3.8 Relationship between fibre length and toughness

When looking at the relation between fibre length and strength the picture is
different. The tensile strength will increase linearly with the fibre length up to the
critical fibre length. Around the critical fibre length the strength of a chopped fibre
reinforced composite is given by equation 3.23.
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(Vf*aff)*(l-Lc/L) + Vm*amy

aT

(3.23)

For large values of L the strength of a chopped fibre reinforced composite will
approach that of a continuous fibre reinforced composite (Vf*Of). The tensile
strength will therefore increase up to the maximum value achievable for a
continuous fibre reinforced composite, namely that of a unidirectional continuous
fibre reinforced composite. Figure 3.9 shows the relation between the tensile strength
and the fibre length for a chopped fibre reinforced composite (12).

a (UD)

Fibre length
Figure 3.9 Relationship between fibre length and tensile strength (12)

3.11 Fibre reinforced composites; aspect ratio and surface/volume ratio

Apart from the critical fibre length other dimensional properties of the reinforcement
are influential to its mechanical properties. The length/diameter ratio or ‘aspect
ratio’ is defined as the length of one single fibre divided by the diameter of one
single fibre (17). A high aspect ratio will be found for a very long fibre (continuous
reinforcement) or for a flat reinforcement with a large diameter (platelet). The
surface/volume ratio is defined as the total surface area of a reinforcement divided
by its volume. A large surface/volume ratio means a large contact area with the
matrix material and thus an increased ability to take on stresses applied to the
composite.
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When trying to establish therelationship between the aspect ratio and the
surface/volume ratio, consider a cylindrical reinforcement with diameter d and
length L. The surface area of such a type of reinforcement is given by equation 3.24.

A

=

jr*(d/2)2 + 2*7r*d/2*L + 7i*(d/2)2

(3.24)

The volume is given by equation 3.25:

V

=

7i*(d/2)2*L

(3.25)

Dividing equation 3.24 by equation 3.25 gives equation 3.26 as an expression for the
surface/volume ratio.

A/V

=

2/L + 4/d

(3.26)

Equation 3.26 shows that the surface/volume ratio will be high for a very long and
thin reinforcement and for a very short and big reinforcement. These are also the
preconditions for a high aspect ratio. The ideal reinforcement has therefore a high
aspect ratio and a high surface/volume ratio.
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4

4.1

Wet out and wet through

Introduction and definitions

Before looking at means of how to increase the wet through and wet out of a
composite, it is important to formulate and exact definition of the two properties.
Quinn gives the following definitions (19):

Wet-through: the degree of penetration of matrix material through the reinforcement
material in a composite. (100% wet-through: all the matrix material in the composite
can penetrate through the reinforcement material)

Wet-out: whether every single reinforcement filament in a composite is covered with
matrix material. (100% wet-out: every single reinforcement filament in a composite
is covered with matrix material)

4.2

Influence of heat and pressure: Darcy’s law

Wet out and wet through are governed by D’Arcy’s law, which describes the flow
per unit area of matrix material in reinforcement (20). D’Arcy’s law is given in
equation 4.1.

u = (KAO^dP/dL)

in which:

(4.1)

u

Flow per unit area of matrix material

K

Permeability of fibre mat

*1

Viscosity of matrix material

Pr

Pressure on matrix material

L

Flow length of matrix material
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From D’Arcy’s law it can be seen that given a certain pressure it is important to use a
low viscosity matrix material and to have an even distribution of polymer and glass
filaments. An even distribution of polymer and glass filaments will give the shortest
flow length. Mader and Skop-Cardarella confirmed this in their study of hybrid yams
(21).

Next to wet through and wet out, another property of reinforcement is important
when trying to achieve a good composite. The reinforcement needs to be ‘sized’
before it can be used in the manufacture of a composite. Owens Coming describes
sizing as follows (22):

Sizing: ‘Sizing is applied to the filaments immediately after their formation to ease
processing, protect the fibres and create better bonding between the fibre and the
resin matrix. On a weight basis, 0.25% to 6% sizing is applied to the fibre. Without
sizing, glass fibre essentially could not be processed, typically some form of
lubricating oil is present in the sizing to reduce friction and abrasion that occurs
during manufacturing. Travelling at speeds of 50 mph, the filaments abrade
processing machinery. This abrasion leads to loss of tensile strength due to filament
surface damage.

Sizing also includes chemical components designed to protect the fibre from
moisture and to add electrical conductivity to prevent fibres from being attracted to
electrically charged objects (human or machine).

A coupling agent designed to improve bonding between the glass and resin matrix is
another major component of the sizing solution. Sizing chemistry varies dramatically
from one application to another. Sizing can improve the wettability of the fibre
during resin impregnation, thereby reducing composite manufacturing time.
Coupling chemistry can also improve the overall strength of the final composite.
Sizing formulations are closely held secrets because they provide manufacturers with
competitive advantages.
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4.3

Enhancement of wet through and wet out and optimum use ofsizing

Looking at the definitions of wet through and wet out it is clear that problems will
arise when trying to wet through reinforcement using a matrix material with a high
viscosity like most of the thermoplastics. Looking at the various thermoplastic
composite processing techniques described in chapter 3.2 it can be seen that all the
techniques involve a combined application of heat and pressure. Lee describes
compression moulded samples made at a temperature of 400°F (approximately
205°C) and a pressure of 300 psi (around 20 bar) (23). It is clear that additional
measures are required to either supply the pressure required for the matrix material
to penetrate the reinforcement or reduce the shear that is required. Several
manufacturers have come up with different solutions.

4.3.1

Commingling

Vetrotex (24) describes a method of manufacturing a roving from both glass and
polymer. Both polymer and glass are melted and are then spun together to roving.
Gravity is used to mingle the glass and polymer filaments. The glass percentage can
be adjusted by changing the speed of the feeding rolls. At present commingled
roving is commercially available (brand name ‘Twintex’) for combinations of
polypropylene and glass and PET and glass. The manufacture of commingled roving
is shown in figure 4.1.

Figure 4.1 The manufacture of commingled roving (24)
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Using this Twintex material in a compression moulding process with Symalit GMT
Osten et al. are able to achieve a cycle time of 5 minutes for a combination of 225°C
with 5 bar (25). The idea of using commingled polymer and glass filaments is to
facilitate the wetting of the fibres by the matrix material. Once pressure and heat are
applied to the commingled Twintex material, the polymer filaments in the Twintex
material will coalesce and fuse to form a continuous matrix material. This ensures
good wet through and wet out of the glass. The principle is demonstrated in figure
4.2.

Twintex3Prepreg

+ heat + pressure = Consolidated composite

Figure 4.2 Consolidation of Twintex

Using commingled fibre instead of normal glass fibre will lead to a better wet out
using the same process pressures, but should equally lead to the same level of wet
out at lower pressures. Wakeman et al. gives a factor 10 for the reduction of
moulding pressures when using a commingled Twintex of glass and polypropylene
(26). St.John shows that these moulding pressures come within reach of rotational
moulding, since he gives a value of 1 bar being sufficient for consolidation of the
Twintex (27). McMahon, Roche-Kelly and Mallon again list a required pressure of
20 bar together with a process temperature of 220°C, having a total cycle time of
around 220 s including heating (28).

Klinkmuller et al. has studied the effect of various degrees of commingling (29).
Their conclusion was that when subjecting a certain commingled material to
temperatures above 175°C and pressures above 10 bar very little difference in void
content could be found. The only influential factor then would be the degree of
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commingling. Boyce gives a processing window combining temperature and pressure
to achieve a low void content (30). The graph for this processing window is given in
figure 4.3.

not
compatible"

210°C
Figure 4.3 Optimum processing window for Twintex fabric

Heaney (31) as well as Van Hooijdonk (32) studied the use of Twintex in rotational
moulding. Previous work by Wiseley (5) had shown that additional measures to
enhance the wet out of reinforcement in rotational moulding were needed. Using a
laboratory unidirectional grade of Twintex of 55% weight glass and polyethylene.
Van Hooijdonk found an increase of nearly 2 times for the flexural modulus
compared to non-reinforced polyethylene. Samples were moulded under a pressure
nearly 1 bar, but SEM studies showed that there was a large void content.

4.3.2

Techniques related to commingling

McDonnell et al. describes a hybrid yam consisting of PA 12 and carbon filaments
(33). The carbon fibres are stretched and broken during the manufacturing of the
yam, giving a more even distribution of the reinforcement in the matrix material than
the commingled yams (34). This stretch broken material has been commercialised by
the Swiss firm EMS-Chemie. Unfortunately a version with glass and PA12 is not
commercially available yet. The benefit of using PA 12 is that it will facilitate wet
through and wet out because of its low viscosity compared to for example
polypropylene. When compression moulding stretch broken fabrics at 220°C and 40
bar for 300 s, McDonnell et al. find high values for the mechanical properties of the
mouldings. The open hole tensile strength found is approximately 25% higher than
existing aerospace grade, epoxy-based prepregs (33).
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Miller et al. describes a method for the melt impregnation of fibre tows with various
polymers (35). Fibre tows are pulled through a fluidised powder bed over rollers that
open and spread out the fibre tows. The polymer powder is then deposited on the
fibre surface and in spaces between the fibres. The fibres coated with powder are
then sintered in two ovens. A final impregnation process takes place in the second
oven using a set of 5 pins similar to those used in the first fluidised bed. After this
the tows are cooled down and consolidated and can be cut to the desired size. The
tows in the fluidised bed are shown in figure 4.4.

Figure 4.4 Melt impregnation of fibre tows (35)

Lackey describes a similar process of fluidised bed coating (36). Elliott et al. points
out that although the powder impregnation technique as described by Miller et al.
(35) can be used for a wide variety of materials, it does currently not offer the same
level of impregnation at high speed (37). The benefit of this technique however is
that the price is much lower than the price for commingled Twintex material, listed
at £3.20/kg by Wakeman et al. (26).

Wei et al. (38) finds that increasing the content of polymer in the impregnated fibre
tows is more beneficial in reducing the void content than simply increasing the
tension with which the fibre tows are pulled through the fluidised bed and the
impregnation pins. Wei et al. has also found that impregnating the fibre tows at
temperatures slightly above the melting temperature will reduce void content.
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Another conclusion from their work was that a high consolidation pressure is again
beneficial to the reduction of void content but that excessive pressure can cause
fibres to be pushed out from the matrix material. A pressure of 3.5 bar resulted in a
void content of around 1.5%.

Other research on the factors that influence the void content in powder impregnated
fibre tows was carried out by Connor et al. (39) Their findings were that, at the
pressures needed to achieve rapid consolidation, surface energy had a negligible
influence on the impregnation rate but its influence on the shape of the voids in the
composite can be considerable. Connor et al. also found that when laminates of a
low void content are required, a minimum pressure is required to overcome the
effect of fibre bed elasticity.

Elliott et al. (37) describes a technique that attempts to unite the best of both the
commingling world and the world of powder impregnation. Their thermoplastic
filament winding is used to manufacture glass fibre reinforced PET tubes. Using
winding speeds of 25, 50, 75 and 100 m/min, tubes were wound successfully. A
commingled roving is impregnated through a fluidised bed of polymer powder after
which it is wound onto a mandrel to produce a thermoplastic filament wound
product. Alternatively normal glass roving can be melt impregnated before it is
wound onto the mandrel. Twintex roving is used in a similar technique for the
thermoplastic filament winding of glass fibre reinforced polyethylene pipes.

4.3.3

Plasma treatment

Although there are many types of plasma treatment, they generally have one thing in
common: they involve the exposure of material to an ionised gas with the aim of
increasing the surface activity of that material. This exposure can be done under
vacuum and at high or low pressures. A wide variety of gasses can be used. The
choice depends on the application and on the material that is being treated. Common
uses include the enhancement of the paintability of surfaces or the increase of the
bonding of reinforcement to a matrix material in a composite (40).
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The effect of the plasma is both physical and chemical. The ions hitting the material
surface will form small craters in the material surface. The craters enhance the
effective area of the material (in other words enhancing the roughness) so that there
will be more opportunity for the paint to bond to the surface or for fibres to bond to
matrix material. The chemical effect is realised by the chemical disposition of
reactive groups (for example molecule groups that can react with both the fibres and
the matrix material) on the surface. These reactive groups will facilitate bonding of
reinforcement to the matrix material (41).

Plasma treatment has been used in rotational moulding for the treatment of finished
parts to enhance their paintability (418). The German firm Arplas has developed a
process to treat rotational moulding grades of polyethylene powder rather than
finished parts (42). Although it is known that the chemical effects of plasma
treatment wear off over time, plasma treatment will still give sufficient enhancement
of bonding of paint to moulded parts, as Boersch, Rawlinson and Sako et al. (42, 43
,44) all report an increase in properties for plasma treated mouldings. However,
recent use of polyethylene treated according to the Arplas process at Queen’s
University did not lead to an enhancement of surface activity (45).

4.3.4

Coupling agents

Coupling agents are defined as chemicals that react with both the substrate and the
adhesive. Through this reaction chemical bonds that are both strong and durable are
formed across the interface (46). Two main types of coupling agents exist, silane
coupling agents and maleic anhydride coupling agents. Silane coupling agents were
first used to treat glass fibres before incorporating them into liquid resins of epoxy of
polyester. Without the use of Silane coupling agents, water would be able to diffuse
along the glass-resin interface (46).
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Apart from covalent bonding, other factors that can account for the effectiveness of
Silane coupling agents (46) are:
•

Silane coupling agents improve surface wettability

•

The Silane layer that is formed is deformable and can relieve internal stresses

•

Interfacial bonds are broken by hydrolysis but then reform, making the bond
ductile and permitting stress relaxation

The reaction of an Amino Silane coupling agent (APMS) with the surface of glass is
shown in figure 4.5.
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Figure 4.5 Reaction of Amino Silane coupling agent with glass surface (46)

Maleic anhydride coupling agents can be used for increasing the adhesion between
fillers or reinforcements and polyolefins. Wisely (5) first investigated the use of
maleic anhydride as a coupling agent for polyethylene and glass fibres in rotational
moulding. He concluded that the use of a small weight percentage of maleic
anhydride coupling agent results in an increase in mechanical properties when
rotationally moulding reinforced polyethylene. When using maleic anhydride
coupling agent with talc and mica fillers in rotationally moulded polyethylene Robert
et al. also reported positive effects on the mechanical properties (47). The reaction of
maleic anhydride coupling agent with glass is shown in figure 4.6.
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Figure 4.6 Reaction of Maleic Anhydride coupling agent with glass surface (5)

Figure 4.7 shows the effect of maleic anhydride coupling agent on the flexural
strength of compression moulded polypropylene with some chopped glass fibres.
PPG 3299 vs 3242 and P368
Polybond 3200

Amount of coupling agent

Figure 4.7 Influence of coupling agent on flexural strength (source: PPG, Mr. Den Besten,
private communication)
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4.3.5

Reduction of the viscosity of the matrix material

When looking at D’Arcy’s law (20) it can be seen that the viscosity of the matrix
material needs to be as low as possible to ensure sufficient velocity of the
impregnating matrix material. The MFI (Melt Flow Index; g/10 min) needs then to
be as high as possible. Organic peroxides can be used to control the MFI of
polypropylene. Applying a controlled degradation process in an extruder various
types of polypropylene with different MFI can be produced. The mechanism of the
reaction is shown in figure 4.8 (48).
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Figure 4.8 Reaction of polypropylene with organic peroxides (48)

By thermally induced decomposition of the peroxides in the extruder process, free
radicals are generated which lead to degradation of the polypropylene. The
degradation process results in a reduction of the high-molecular weight tail and
therefore in narrowing of the molecular weight distribution. As Van Hooijdonk has
shown (32), an increase in MFI will lead to increased properties of a composite
through improved wet through. The effect of the peroxide on the MFI of
polypropylene is shown in figure 4.9 (48).
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Figure 4.9 Effect of organic peroxides on MF1 polypropylene (48)

The joint effect of the addition of peroxides and the use of maleic anhydride
coupling agent is shown in figure 4.10 picturing both a reduction in viscosity and in
shear rate.
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Figure 4.10 Effect of coupling agent and organic peroxides on viscosity and shear rate (48)
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4.3.6

Mould pressurisation

Spence and Crawford have shown that mould pressurisation can be used for bubble
removal in rotational moulding (4). Wei et al. has shown the influence of pressure on
the reduction of void content (38). If mould pressurisation will lower bubble content
in rotational moulding, it can reduce void content in composites. Results of work by
Van Hooijdonk have indicated this (32).

4.3.7

Other techniques for enhancement of wet through and wet out

A less common technique for the enhancement of wet through and wet out is the
application of mould vibration. Ibar (49) reports in his study of Melt Vibration
Technology the effect of shear thinning of polypropylene. This means that when
subjected to vibration the polypropylene will become less viscous due to the shear
between the molecules. This results in a better flow of the polypropylene and thus a
better wetting of reinforcement. Naitove describes of a moulding process based on
this principle called ‘Vibration Injection Moulding’ (50). Frequencies that are used
are between 1 Hz and 100 Hz.

Another way of inducing shear thinning in materials is subjecting them to microwave
radiation. The radiation will improve the flow properties of the material thus
improving the wetting of reinforcement by the material. This effect was described by
Paulauskas et al. (51).
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5

Moulding technologies

5.1

5.1.1

Description of equipment

Moulding

Flat sheet mouldings and single shot cube mouldings were made on a Ferry
Rotospeed RS-160 Five Station Carousel Machine. The mouldings were made using
various cube moulds all measuring 300x300 mm at the bottom of the cube, 330x330
mm at the top of the cube with a height of 300 mm.

Two shot cube mouldings were made on a Ferry Rotospeed RS-160 Five Station
Carousel Machine. This machine is shown in figure 5.1. The mouldings were made
using an aluminium cube mould with a PTFE coating on the inside measuring
300x300 mm at the bottom of the cube, 330x330 mm at the top of the cube with a
height of 300 mm. This mould is equipped with a little hole that can be closed by
screwing in a lid.

Figure 5.1 Ferry Rotospeed RS-160 Five Station Carousel Machine
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An alternative tool used to make two shot cube mouldings was an aluminium cube
mould equipped with a drop box. This drop box involved a reservoir of material
positioned on the mould and connected to it through a valve. The valve would be
operated through the use of pneumatics on the Rotospeed allowing the material to
enter the mould.

Non conventional mouldings were made using the Norstar experimental hot oil
machine that is located at the Polymer Processing Research Centre of the Queen’s
University Belfast. Mouldings were made using the aluminium mould that comes
with the machine. A picture of the Norstar hot oil machine is shown in figure 5.2.

Figure 5.2 Norstar hot oil rotational moulding machine

Vacuum film mouldings were made using a CRC 1820 vacuum former. This
machine is shown in figure 5.3. A variable number of layers of PP-Twintex is heated
by ceramic heating elements in the thermoformer. A vacuum can be applied with the
machine for a certain period using a vacuum film, a bleeder fabric and a release film.
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Figure 5.3 CRC 1820 Vacuum Former

Pressure bag mouldings were carried out on a Ferry Rotospeed RS-160 Five Station
Carousel Machine using a variety of moulds. A specific silicone rubber inflatable
pressure bag was made for every mould used. Figure 5.4 shows the pressure bag that
was used with the scarab type mould.

Figure 5.4 Silicone pressure bag for scarab type mould
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The final series of mouldings carried out in the framework of the project was carried
out at Clarehill Plastics Ltd. in Moira. These mouldings were made using a large
mild steel mould for a container suitable for holding a life raft. The opened mould is
shown in figure 5.5. A mould specific pressure bag and vacuum film, bleeder fabric
and release film were also used in the moulding of the Twintex life raft container.

5.1.2

Testing

Falling Dart Impact Testing

A selection of the mouldings made was subjected to Falling Dart Impact Tests.
These tests were carried out using a CEAST Falling Dart Impact Tester. The tests
were carried out according to ASTM standard D3029-90. The following data were
produced from the results of the tests:

•

Impact Energy at Break/Material Thickness

•

Total Impact Energy/Material Thickness

61

The Falling Dart Impact Test is a means of assessing the toughness of a material. A
sample of the material is positioned in the machine and is then subjected to the
impact of a hemispherical dart. This dart is dropped from a prescribed height. The
force impacted on the sample is measured and plotted against the impact time. A
typical plot is shown in figure 5.6.

Figure 5.6 Force-Time Diagram Falling Dart Impact Test

The Force-Time Diagram is used to find the desired impact energies. Integrating the
area under the graph up to the highest force value recorded will give the Impact
Energy at Break. Integrating the total area under the graph will give the Total Impact
Energy. Both Energy values are then divided by the sample thickness to get values
for the material that are independent of material thickness.

Tests to determine flexural properties

A selection of the mouldings made was subjected to tests to determine the flexural
properties. These tests were carried out using a Lloyd’s JJ Tensile and Flexural
Tester. The flexural tests were carried out according to ASTM standard D790M. The
following data were produced from the results of the tests:

•

2% Secant Flexural Modulus

•

Flexural Strength
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The Flexural Modulus is calculated from the data gathered in the Flexural Test using
equation 5.1:

E

=

In which:

((F/D)*L3)/4*b*t3

F

Flexural Load at 2% deflection

D

2% Deflection

L

Length Support Span

B

Sample Width

T

Sample Thickness

(5.1)

The Flexural Strength was calculated using equation 5.2:

a

=

in which:

(Mmax*EpP *yppmax)/(Epp*ipP+Eglass*igiass)

Mmax
max _

Maximum bending moment in beam

Ypp

Maximum distance PP from neutral axis

Ipp

I for PP part of transformed cross section

Iglass

I for glass part of transformed cross section

Tests to determine Inter Laminar Shear Strength

A very small selection of the mouldings made was subjected to tests to determine the
Inter Laminar Shear Strength. These tests were carried out using a Lloyd’s JJ Tensile
and Flexural Tester. The tests were carried out according to ASTM standard D234484. The following data were produced from the results of the tests:

•

Inter Laminar Shear Strength

As only 3 mouldings were tested for Inter Laminar Shear Strength they are only dealt
with in an Appendix of this report. The results can be found in Appendix IV.
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5.2

Flat sheet mouldings

5.2.1

Experimental set-up

Flat sheet mouldings were made using various reinforcements and matrix materials.
Tables 1.1 to 1.3 in Appendix I give an overview of the flat sheet mouldings that were
made. The mouldings were made on a Ferry Rotospeed RS-160 Five Station
Carousel Machine. The mouldings were made using various cube moulds all
measuring 300x300 mm at the bottom of the cube, 330x330 mm at the top of the
cube with a height of 300 mm. A typical sheet moulding cycle would go as follows:

•

The rotation of both axes of the Rotospeed is switched off. The mould is
positioned on the arm in such a way that the bottom surface is as horizontal as
possible.

•

An amount of polymer powder is deposited in the mould depending on the
desired thickness of the sheet. Reinforcement material is then spread out evenly
on top of the layer of powder. Another layer of powder can be added if desired.

•

The material in the mould is then flattened by hand and the mould is closed.

•

The mould is then transported into the oven after a regular moulding cycle starts.

•

After the cycle is finished, a flat sheet with the shape of the bottom surface of the
mould can then be demoulded.

The oven temperature was set at 325°C, the heating fan at 8000 cft/min, the cooling
fan at 8000 cft/min and the exhaust fan at 6200 cft/min. The Rotolog system was
used to measure the internal air temperature and the oven temperature. Mouldings
with polyethylene were taken out of the oven at an Internal Air Temperature of
200°C and mouldings with polypropylene were taken out of the oven at an Internal
Air Temperature of 240°C. Mouldings were demoulded at an Internal Air
Temperature of 80°C. Figure 5.7 shows a typical Rotolog trace for a flat sheet
moulding.
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In some mouldings an internal air pressure of 0.5 or 0.75 bar was applied for bubble
removal. This was done during the heating stage when the Internal Air Temperature
had reached a value of 160°C. The pressure was kept on for the rest of the cycle.

Figure 5.7 Rotoiog trace of internal air temperature for flat sheet moulding

5.2.2

Results

The general quality of the flat sheet mouldings was very poor. The inside surface
was not smooth at all and often powder that had not melted was found trapped in the
moulding. This is shown in figure 5.8.
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In spite of the powder being flattened by hand, often very big differences in sheet
thickness were noticed. The sheet thickness varied from more than 10 mm to 1 or 2
mm. In the latter case it was possible to see through the sheet moulding. Such a big
variation in wall thickness made it impossible to get proper samples that could be
subjected to Falling Dart Impact Tests or Flexural Tests.

Although it was tried to cover all of the reinforcement when inserting the second
layer of polymer in the mould, reinforcement could often be seen protruding from
the polymer. Thus no proper composite was achieved. This lack of wet through was
seen for all the polymers that were used as matrix materials, whether polyethylene or
polypropylene. Less protrusion was found for reinforcements that were shorter, for
example the chopped Twaron or the chopped PE-Twintex. Consolidated PE-Twintex
strands performed worst in that area. Compared to previous work with PE-Twintex
(32) it was found that the type of PE-Twintex used in this project led to better
consolidation than the one used in previous work.

The use of mould pressurisation was no benefit to the wet through and wet out of the
reinforcement. Even at a very low pressure, the air would blow the matrix material
away. This resulted in a very thin area in the moulding. When a short reinforcement
was used, the reinforcement would have also been blown away in the thin area. As
can be seen from Appendix I the pressure was reduced from 0.75 bar for the initial
series of mouldings to 0.25 bar for later series of mouldings. This reduction in air
pressure did slightly increase the thickness in the thinner areas, but the matrix
material could still be seen blown away. A further reduction in air pressure was not
possible on the equipment used.

Problems with wet through and wet out increased when fabric was used for
reinforcement. Both mouldings with the woven PP-Twintex fabric and mouldings
with the Ahlstrom non-wovens exhibited these problems. The mouldings with the
Cotech fabric performed worst for wet through. For the mouldings with the nonwovens, the second layer of matrix material could be pulled apart. Mouldings could
be easier pulled apart when non-wovens with a higher area mass were used.
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Another problem occurring for mouldings with fabric as reinforcement was the
occurrence of warpage. Mouldings using the Cotech woven fabric as reinforcement
performed worst for warpage followed by mouldings with the woven PP-Twintex
fabric as reinforcement. Examples of warpage are shown in figure 5.9.

Figure 5.9 Warpage in moulding

Due to the in general poor results of the flat sheet mouldings and the fact that it was
not possible to get suitable test samples from them it was decided at an early stage in
the project not to continue with this type of mouldings. Also, due to the poor quality
of the produced samples no mechanical testing was carried out.
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5.2.3

Discussion

The flat sheet mouldings have shown that the viscosity of the matrix materials used
so far is too high to properly wet through reinforcement. This is also illustrated by
the large differences in wall thickness found in the flat sheet mouldings. Because of
the absence of rotation in the flat sheet mouldings gravity would be the only way to
ensure an even wall thickness. To ensure this, the material would need to be
sufficiently fluid to spread out evenly. Since this was not the case, the matrix
materials used were not suitable to create a proper non-reinforced flat sheet
moulding or a reinforced flat sheet moulding.

The large differences in wall thickness caused by the high viscosity of the matrix
material can also be blamed for the phenomenon of non-melted powder being
trapped inside the skin of some flat sheet mouldings. While the outside of the
moulding had melted and solidified, heat transfer during the moulding cycle had not
been sufficient to raise the temperature of the inside of the moulding above melting
point. A longer moulding cycle would have ensured this rise in temperature but
would have also led to degradation of the outside of the flat sheet moulding.

The improvement of consolidation found when using PE-Twintex strands can be
attributed to the improvements that the manufacturer of Twintex, Vetrotex, has made
to the product. Sizing and commingling have improved compared to the PE-Twintex
that was used in earlier work carried out at Queen’s University (32) and a different
type of PE (HDPE instead of LDPE) is now being used. As was stated by Vetrotex
though, PE-Twintex is by far not as developed as PP-Twintex is.
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Comparing polyethylene and polypropylene as matrix material it was found that
reinforced plastics processing is much more developed for polypropylene than it is
for polyethylene. Contacts with various suppliers showed that the main commercial
focus is on reinforced polypropylene. This was caused by more developed sizing
technology for polypropylene and by the larger demand for reinforced polypropylene
in the market. It was therefore considered prudent to use polypropylene to develop
the process of reinforced rotational moulding rather than to develop new sizing
compositions for polyethylene.

The fact that the use of mould pressurisation did not benefit the quality of the
mouldings contradicts the theory as outlined by Spence and Crawford (4) but can be
explained by the way in which the pressure was applied. Since the air was blown in
through a vent pipe with only a very small diameter uneven pressure was applied to
the flat sheet moulding. Spence and Crawford applied the pressure while the mould
was rotating, thus ensuring an even air distribution and pressure in the entire mould.
If it is desired to make flat sheet mouldings with mould pressurisation it is
recommended to use a bladder to apply an even pressure. Another means of applying
a more even pressure would be the use of a deflector at the end of the vent pipe.

The flat sheet mouldings also show that an increase in density of reinforcement has a
negative effect on the wet through of this reinforcement. Because there is more
reinforcement, the matrix material will have to travel a longer distance to fully wet it
through (20). This was shown most clearly by the mouldings made with the
Continuous Fibre Mats (CFM) of Ahlstrom. All were made of the same material but
had different glass content. The woven PP-Twintex also was more difficult to wet
through than the chopped Twintex strands. The negative effect of an increase in
density is most clearly shown for the mouldings made with the BTI Cotech woven
fabric. The weave of this fabric was very dense and tight which explains the very
poor wet through and wet out.
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Mouldings made with the BTI Cotech woven fabric also illustrated the problem of
warpage. This was already predicted by the theory (52) that states that warpage will
always occur if the laminate is not perfectly symmetrical about its centreline. As the
BTI Cotech fabric also has a layer of diagonal weave, is it obvious that warpage will
occur.

Single shot mouldings

5.5

5.3.1

Experimental set-up

Single shot mouldings were made on a Ferry Rotospeed RS-160 Five Station
Carousel Machine described in chapter 5.1.1. A variety of matrix materials and
reinforcements were used. Tables 1.4 and 1.5 in Appendix I give an overview of the
single shot cube mouldings that were made. A typical moulding cycle would go as
follows:

•

A desired amount of polymer powder (depending on the desired wall thickness of
the mould) is weighed off and placed in the mould.

•

A desired amount of reinforcement is weighed off and placed in the mould after
which it is hand blended with the polymer powder.

•

The mould is then closed after which it enters the oven to start a regular
moulding cycle.

•

At the end of the moulding cycle the finished product can be removed from the
mould.

70

The oven temperature was set at 325°C, the heating fan at 8000 cft/min, the cooling
fan at 8000 cft/min and the exhaust fan at 6200 cft/min. The rotation ratio of the
Rotospeed was initially set at 8:2. The Rotolog system was used to measure the
internal air temperature and the oven temperature. Mouldings with polyethylene
were taken out of the oven at an Internal Air Temperature of 200°C and mouldings
with polypropylene were taken out of the oven at an Internal Air Temperature of
240°C. Mouldings were demoulded at an Internal Air Temperature of 80°C. In some
mouldings an internal air pressure of 0.5 bar was applied to enhance wet through.
This was done during the heating stage when the Internal Air Temperature had
reached a value of 160°C for mouldings with polyethylene and for an Internal Air
Temperature of 180°C for mouldings with polypropylene. The pressure was kept on
for the rest of the moulding cycle.

5.3.2

Results

The most important finding of the single shot cube mouldings with chopped
reinforcement is that the reinforcement tends to migrate towards the inner surface of
the moulding. This is consistent with earlier findings by Wisely (5). Figure 5.10
shows a section of a moulding illustrating this phenomenon.

Figure 5.10 Cross section of moulding illustrating fibre migration
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The migration of the fibres was observed for all types of chopped reinforcement
used, regardless of fibre length or type of fibre. It was tried to counter the effect by
using slower rotations for the machine axes. The rotation ratio was kept at the
optimum rate for a cube mould. The effect of this reduction in rotation speed was
only marginal. In short, a true composite could not be achieved through single shot
cube mouldings using chopped reinforcement.

Using PP-Twintex as reinforcement in single shot cube mouldings resulted in
mouldings of a mediocre quality. Although perfect wet through or wet out were not
achieved, pre-impregnating the fabric enhanced wet through and helped the fabric to
stay in place during the moulding. When impregnated, the fabric would effectively
act as a preform that was moulded around. The preforms were prepared by ironing
the fabric over a cube moulding whilst adding polypropylene powder to enhance
rigidity of the preform. Similar to the flat sheet mouldings, single shot cube
mouldings made with PP-Twintex were very warped. Detail of a polypropylene
moulding with a PP-Twintex as reinforcement is shown in figure 5.11.

Figure 5.11 Detail of PP-Twintex fabric reinforced polypropylene moulding
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5.3.3

Testing

A selection of the single shot cube mouldings was subjected to Falling Dart Impact
Tests. Because of the poor quality of the mouldings the samples the failure
mechanism for nearly all the mouldings was brittle fracture. The non-reinforced
mouldings of polyethylene exhibited ductile fracture. The moulded materials did not
behave as a composite but rather as polyethylene or polypropylene with impurities.
There was no noticeable difference in failure mechanism for mouldings that were
made using mould pressurisation compared to non-pressurised mouldings.

At -40°C also the non-reinforced mouldings exhibited brittle breaking. The samples
of the mouldings using polypropylene as matrix material all shattered during tests at
that temperature.

The only exceptions to the brittle breaking were the mouldings made with PPTwintex fabric as reinforcement. Here the reinforcement slowed down the
penetration of the Falling Dart in the material considerably by absorbing a great deal
of the impact energy. As a consequence the samples exhibited ductile fracture at
room temperature and they did not shatter at -40°C. A failed impact sample of
polypropylene with PP-Twintex fabric is shown in figure 5.12.

Figure 5.12 Ductile failure in impact sample PP with PP-Twintex fabric
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The quantitative results of the Falling Dart Impact Tests for the Single Shot Cube
Mouldings are listed in Appendix II.

A selection of the mouldings made was subjected to tests to determine the flexural
properties. These tests were carried out as described in chapter 5.1.2. The
quantitative results of the tests to determine the flexural properties are listed in
Appendix III.

5.3.4

Discussion

As was stated in the chapter on the results of the single shot cube mouldings, the
results are similar to those found by Wiseley (5). The migration of the fibres towards
the inner surface of the moulding can be explained relatively easily. When the
temperature inside the mould has reached a certain value, the matrix material will
melt and will start to adhere to the mould wall. As the reinforcement will not melt
and is much heavier than the matrix material particles, it will continue to tumble
inside the mould while the layer of matrix material continues to build up Once all
the melted matrix material has adhered to the mould wall, the reinforcement will
stick to the inside surface of the moulding and will stay there when the matrix
material solidifies as it is cooled down.

This mechanism also explains why the change of rotation speed and ratio had very
little effect on the fibre migration. Since the size and weight of the reinforcement is
the decisive factor, changing the rotation speed in an already slowly rotating process
will not result in significant changes in the way the matrix material and the
reinforcement are built up on the mould wall.
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Moulding of PP-Twintex fabric in single shot cube mouldings was improved by
making the PP-Twintex into a preform. The reinforcement stays in place better since
it has the correct shape to fit in the mould. For this pre-consolidation is necessary to
make sure that the preform is rigid enough and will keep its desired shape. Pre
impregnation of the PP-Twintex fabric with a small amount of polypropylene has
also proven to be beneficial since it helps the wet through and wet out of the glass in
the fabric by the polypropylene. However, as can be seen from figure 5.11 much still
has to be improved to ensure a proper pre-impregnation of the PP-Twintex fabric.
New ways of pre-impregnating and consolidating the PP-Twintex preform need
therefore to be developed.

The results of the impact tests on the single shot cube mouldings confirm that these
mouldings are not real composites but rather mouldings with a lot of impurities. As
an increase of impact properties was expected (16) with the addition of
reinforcement, the results in Appendix II show that adding reinforcement to single
shot cube mouldings leads to a decrease in impact properties. The fact that impact
properties get worse with increasing Fibre Volume Fraction can then be explained by
the fact that material will deteriorate if more impurities are added. These impurities
also explain the change in failure mechanism for reinforced polyethylene mouldings.
The fact that mould pressurisation did not make a difference to the impact properties
has also to do with the poor quality of the mouldings as mould pressurisation will not
make impurities in the material disappear.

The impact results for BE182B PP with PP-Twintex fabric are the only reinforced
single shot cube mouldings that exhibit improvement in impact properties compared
to non-reinforced mouldings. Although the impact properties are still not as high as
for non-reinforced polyethylene a significant improvement is made compared to nonreinforced polypropylene. It is likely however that the shape of the reinforcement
leads to high values for impact properties. As the woven fabric is a fairly tight
reinforcement it will be capable of absorbing a lot of energy from the Falling Impact
Dart. This will result in ductile breaking for failure mechanism and will lead to
higher impact properties.
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The flexural properties resulting from the experiments are quite similar to the
theoretical properties for the BE 182B PP with Twintex mouldings. The mouldings
of BE182B PP with other reinforcements were of such poor quality that they could
not be regarded as proper composites. The fact that the flexural properties of the
Twintex reinforced mouldings were similar to the theoretical ones can be explained
by the fact that the main contribution to the flexural properties comes from the
Twintex, and the influence of the polypropylene is negligible.

5.4

Two shot mouldings

5.4.1

Experimental set-up

Two shot mouldings were made on a Ferry Rotospeed RS-160 Five Station Carousel
Machine that was described in chapter 5.1.1. Polypropylene was used as matrix
material with a variety of reinforcements. Table 1.6 in Appendix I gives an overview
of the two shot cube mouldings that were made. A typical moulding cycle would go
as follows:

•

A desired amount of polypropylene is weighed off and placed in the mould.

•

A desired amount of reinforcement is weighed off and placed in the mould after
which it is hand blended with the polypropylene.

•

The mould is then closed after which it enters the oven to start a regular cycle.

•

Once the Internal Air Temperature has reached 150°C the mould is taken out of
the oven and the little hole in the lid is opened.

•

A second shot of polypropylene is added through the little hole using a funnel.

•

Once the second shot of polymer is put in the mould, the little hole is closed and
the mould goes back into the oven to complete the heating cycle and the rest of
the moulding cycle.

•

In some mouldings a drop box was used to insert the second shot of material into
the mould.

•

At the end of the moulding cycle the finished product is removed from the
mould.
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The oven temperature was set at 325°C, the heating fan at 8000 cft/min, the cooling
fan at 8000 cft/min and the exhaust fan at 6200 cft/min. The rotation ratio of the
Rotospeed was initially set at 8:2. The Rotolog system was used to measure the
internal air temperature and the oven temperature. Mouldings were taken out of the
oven at an Internal Air Temperature of 220°C. Mouldings were demoulded at an
Internal Air Temperature of 80°C.

5.4.2

Results

Using the method of adding a second shot of polymer during the moulding cycle
through a hole in the mould resulted in mouldings of good quality. The downside to
this was an increase in cycle time. This increase effect was found to be less when
using a drop box. Figure 5.13 shows the Rotolog traces for both a single shot and a
two shot moulding of polypropylene and OCF 144A-14C chopped strands. As can be
seen, the increase is about 50% (30 minutes to 45 minutes).

Comparison single shot moulding to
two shot moulding

S ingle shot
m o uld ing
Two shot
m ould ing

Time (minutes)

Figure 5.13 Rotolog traces Internal Air Temperature single and two shot cube mouldings
polypropylene with OCF CS
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Comparing the results of the single shot mouldings and the two shot mouldings for
chopped reinforcements, it was found that the second layer of polypropylene
managed to encapsulate the reinforcement well. Wet through was therefore good for
two shot cube mouldings. Figure 5.14 compares the inner surfaces of a single shot
cube moulding and a two shot cube moulding of polypropylene and OCF 144A-14C
CS.

Figure 5.14 Inner surfaces of single (right) and two shot (left) cube moulding PP with OCF CS

Some protrusion was still found for the mouldings in which the chopped PP-Twintex
strands were used as reinforcement. The chopped strands were far larger than the
chopped fibres or the chopped melt-in tape. The chopped strands had a diameter of 2
mm and the chopped fibres had a diameter of 0.007 mm. Protrusion due to fibre
migration was also found for the SAFIRE tape. The SAFIRE tape was supplied in
lengths that were greater than those of the melt-in tape, namely between 20 and 30
mm compared to around 10 mm. In spite of its relatively large length compared to
the chopped fibres (around 10 mm compared to 4 mm) no protrusion was found for
the melt-in tape.
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Figure 5.15 shows that the pieces of tape have remained parallel to the moulding
surface and are randomly oriented.

Figure 5.15 Cross section glass/PP melt-in tape with PP moulding

It was not possible to get an entirely uniform distribution of the melt-in tape in the
polypropylene. Because of the very low Fibre Volume Fractions parts of the
moulding would not contain many pieces of chopped tape. This was taken into
account when selecting pieces suitable for tests on mechanical properties.

5.4.3

Testing

As was already stated in the chapter on the results of the two shot cube moulds, the
two shot cube mouldings looked much more like a composite. The failure
mechanism exhibited during the Falling Dart Impact Tests did therefore change from
brittle breaking to ductile breaking. Tested samples made from the polypropylene
with melt-in glass/PP tape mouldings were shown to have bits of polypropylene
hanging from bits of tape. This shows that the polypropylene broke and not the meltin glass/PP tape. A picture of an impacted sample of a polypropylene with melt-in
glass/PP tape moulding is shown in figure 5.16.
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Figure 5.16 Impact sample glass/PP melt-in tape with PP moulding

Brittle fracture was exhibited by samples from the mouldings made with
polypropylene and chopped PP-Twintex strands. All the mouldings exhibited brittle
fracture when tested at -40°C. Samples from the polypropylene with OCF 144A-14C
CS two shot mouldings exhibited less brittle fracture than the single shot mouldings
of the same material. Appendix II lists the impact properties of two shot mouldings.

A selection of the mouldings was subjected to tests to determine the Flexural
Modulus and the Flexural Strength with a large variety in the results. A full overview
of the results can be found in Appendix III.

The two shot mouldings of polypropylene with OCF chopped strands showed a
substantial increase in flexural properties compared to their single shot equivalent.
The best results however were achieved for the mouldings made with the glass/PP
melt-in tape. In spite of the small Fibre Volume Fraction an increase in Flexural
Modulus and Strength could clearly be noticed. The experimental values were very
similar to the theoretical values calculated before the experiments.
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5.4.4

Discussion

Although cycle time increased considerably for two shot cube mouldings compared
to single shot cube mouldings, figure 5.14 shows that there is a significant increase
in quality of the inside surface of the moulding. Part of the increase in cycle time can
be attributed to the fact that more matrix material was used for the two shot cube
mouldings (1.8 kg compared to 1 kg).

Adding the second shot encapsulates the reinforcement that is stuck on the inside of
the first layer of material. The matrix material particles of the second shot will
adhere to the matrix material and reinforcement already built up on the inside
surface of the mould when the temperature inside the mould is high enough to melt
the second shot of matrix material. As the reinforcement stays in place it will be
completely covered by matrix material once the second shot of material is fully
melted and has adhered to the mould.

The increase in cycle time for two shot cube mouldings can be reduced when using a
drop box to insert the second shot in the mould. The cycle would not have to be
stopped and the cycle time would therefore be only slightly longer than for a single
shot cube moulding of the same amount of material.

The results of the two shot cube mouldings also show that the dimensions of the
reinforcement greatly influence the wet through and wet out of the mouldings. As
can be concluded from the fact that protrusion occurred for the PP-Twintex chopped
strands with their diameter of 2 mm, the diameter of reinforcement needs to
considerably smaller than the wall thickness of the moulding to ensure proper wet
through and wet out of the reinforcement. Otherwise there will not be enough
material to ensure sufficient wet through and wet out. Better mouldings are therefore
achieved when using reinforcements like OCF CS (diameter: 0.007 mm) or melt-in
tape (diameter: around 0.05 mm).
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The results for the two shot cube mouldings indicate as well that not only the
diameter of the reinforcements is important for the wet through and wet out but also
the length of the reinforcement. The mouldings made with SATIRE chopped strands
as reinforcement indicate that a reinforcement length between 20 and 30 mm is too
long to ensure sufficient wet through and wet out for a wall thickness less than 5
mm. As the SATIRE chopped strands have a very large diameter they will not adhere
sufficiently to the first layer of matrix material and will therefore continue to tumble
around the mould when the second shot of matrix material has been inserted in the
mould. The same mechanism that resulted in the fibre migration for single shot cube
mouldings will then result in the SATIRE chopped strands migrating towards the
inner surface of the moulding.

The non-uniform distribution of the glass/PP melt-in tape and the OCT chopped
strands in the BE182B PP matrix material can be explained by the shape of the
mould. The uneven distribution could be seen very well in the comers of the mould
as the tape was concentrated there. The tape was distributed unevenly as it is much
bigger than the polypropylene particles and will get stuck easier in comers due to its
size.
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Real improvement in bonding between reinforcement and matrix material was found
for the BE182B PP with glass/PP melt-in tape. This is shown by the increase in
impact properties for only a small Fibre Volume Fraction and by the change of
failure mechanism. The bits of polypropylene hanging from the bits of tape also
show bonding between reinforcement and matrix material. The supposed decrease in
mechanical properties with increasing Fibre Volume Fraction that can be read from
Appendix III can be explained by the very low Fibre Volume Fraction (always less
than 1%) and the fact that they will act as impurities (see figure 3.6).

It can be seen from Appendix II that the glass/PP melt-in tape gives similar impact
properties to the OCF chopped strands but that a much higher Fibre Volume Fraction
is needed for the chopped strands to achieve this. The difference can be attributed to
the increase in bonding caused by the polypropylene already present in the tape.
Another important factor here is the aspect ratio of the reinforcement that was
mentioned earlier in this chapter. This also explains the low Flexural Modulus for
the mouldings with the PP-Twintex chopped strands as reinforcement since their
diameter is too large compared to the length. The relatively flat melt-in tape gives
much better results than the round PP-Twintex chopped strands. The needle shaped
OCF chopped strands are somewhere in the middle for aspect ratio and flexural
properties.

5.5

5.5.1

Non-conventional mouldings

Experimental set-up

Non conventional mouldings were made using the Norstar experimental hot oil
machine that is described in chapter 5.1.1. Table 1.7 in Appendix I gives an overview
of the non-conventional mouldings that were made. A typical moulding cycle would
go as follows:
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•

A certain shape of Twintex is cut off and draped in the mould if reinforcement is
desired.

•

A desired amount of polypropylene is weighed off and placed in the mould.

•

The mould is then closed after which the machine is started and the rock and roll
motion begins. The oil pump is then switched on.

•

Once the Internal Air Temperature has reached 200°C the oil pump is switched
off and the cooling cycle starts.

•

At the end of the moulding cycle the finished product can be removed from the
mould.

The oven temperature was set at 450°F (around 235°C). The Rotolog system was
used to measure the internal air temperature and the oven temperature. Mouldings
were taken out of the oven at an Internal Air Temperature of 200°C. Mouldings were
demoulded at an Internal Air Temperature of 80°C.

5.5.2

Results

The mouldings that were made using the experimental Norstar hot oil machine
displayed a great variety in wall thickness. The moulding using only 1 kg of BE182B
polypropylene failed for that reason since not all comers of the mould were filled.
Moulding with 1.8 kg BE182B polypropylene was successful, but there was a
variance in thickness both between the two mould halves and within a mould half.

With an oil temperature of 450°F (around 230°C), an internal air temperature of
200°C could be reached only slightly slower than the conventional Rotospeed with
an oven temperature of 350°C. A typical Rotolog trace for the Norstar hot oil
machine together with a conventional trace is shown in figure 5.17.
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Comparison between hot oil jacket and fan assisted
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Figure 5.17 Rotolog traces hot oil heated and conventionally heated moulding

As can be seen from figure 5.17, the cooling time as percentage of the total cycle
time has been reduced for a hot oil machine compared to a conventional machine.
The heating time has slightly increased with the total cycle time staying about the
same.

It was not possible to manufacture a composite moulding using the Norstar hot oil
machine. Using the chopped PP-Twintex strands resulted in strands migrating to
wards the inside surface and protruding inward. The distribution of the chopped PPTwintex strands was not uniform. Using the PP-Twintex fabric for reinforcement did
not prove beneficial. Using the consolidated fabric gave slightly better wet through,
but it was not sufficient to consider it to be composite.

5.5.3

Testing

Only non-reinforced hot oil mouldings were subjected to Falling Dart Impact Tests
as the quality of the reinforced mouldings was too low to manufacture useable test
specimens. The hot oil moulded samples exhibited both ductile and brittle fracture
when tested at room temperature. Appendix II lists the impact properties of the hot
oil non-conventional mouldings.
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Non-reinforced hot oil mouldings were also the only material to be tested for flexural
properties as no proper composite was realised in the reinforced mouldings. Flexural
properties were lower than for the conventional rotational moulded samples.
Quantitative values for the flexural properties are listed in Appendix III.

5.5.4

Discussion

The large differences in wall thickness found for mouldings made using the Norstar
hot oil machine can be explained by imperfections of the moulding machine itself.
As was stated by the manufacturer of the machine, the two mould halves do not
receive the same amount of heating. This will lead to differences in the amounts of
powder that adhere to the two mould halves and therefore to differences in wall
thickness for the two mould halves. This difference in heating between the two
mould halves can also be blamed for the failure so far of creating a proper composite
on the Norstar hot oil machine. As many parts of the mould do not get sufficient
heat, proper consolidation of the composite is impossible. Another reason for lack of
heat could be the limited heating capacity of the Norstar hot oil machine. With the
current heating element an internal air temperature of only 200°C can be achieved.
This will not be enough to sufficiently cure a polypropylene moulding (8). The rock
and roll motion of the machine may also have some influence on the failure of
creating a composite as there may not always be an even material distribution. Using
a more powerful heating element will enable reaching an internal air temperature
that is sufficiently high for consolidation. The real influence of rock and roll motion
on the wet through and wet out of reinforcement can then be established.

As was shown in figure 5.17, the Norstar hot oil machine is more efficient in its
cooling than the conventional Rotospeed fan assisted hot air oven. This has resulted
in a shorter cooling cycle than a conventional moulding with the same shot weight.
Following the theory outlined in chapter 2.2 on the structure of polypropylene this
should lead to less crystal growth in the polypropylene and thus to a more ductile
material. Comparing conventional mouldings of non-reinforced BE182B PP with hot
oil moulded BE182B PP the latter turned out to be more flexible and less brittle.
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5.6

Vacuum film and pressure bag mouldings

5.6.1

Experimental set-up

Vacuum film mouldings were carried out using the vacuum former described in
chapter 5.1.1. A full overview of vacuum film and pressure bag mouldings that were
carried out can be found in table 1.8 in Appendix I. A typical vacuum film moulding
cycle would go as follows:

•

The required number of Twintex fabric patches is cut to squares of 300mm x
300mm

•

The Twintex patches are placed on a flat sheet on the thennoformer and the
ceramic heater is positioned over them. The ceramic heater is switched on
and the Twintex is heated for a certain period. The Twintex is heated
sufficiently when the polypropylene of the Twintex fabric has melted. The
polypropylene can be seen to have melted when it glistens

•

A release film is then placed over the heated Twintex, followed by a bleeder
fabric and a vacuum film. Once these are in place, a vacuum is applied

•

The vacuum is released after a certain period of time once the Twintex has
cooled down and the film and fabric are removed. The finished product is a
rigid sheet of Twintex

Pressure bag mouldings were carried out using a Ferry Rotospeed RS-160 Five
Station Carousel Machine, various moulds and mould specific pressure bags. A
typical moulding cycle would go as follows:

•

Several patches of Twintex are cut from a fabric. The number and size of the
patches is determined by the required thickness of the finished product and
the shape and size of the finished product

•

The patches of Twintex are draped in the mould. If necessary they are kept in
place by spray adhesive
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•

The pressure bag is placed in the mould and the mould is closed. The patches
of Twintex can be folded into the mould but care must be taken that the
product always contains a hole that is big enough to remove the pressure bag
from the mould

•

The vent pipe on the pressure bag is connected to the air supply of the
Rotospeed machine and the pressure bag is inflated with 0.5 bar of air
pressure. Subsequently a normal moulding cycle is carried out

•

At the end of the moulding cycle, the pressure is released, the mould is
opened and the pressure bag is peeled from inside the finished product and
removed. The finished product is a rigid, thin-walled reinforced rotational
moulded article

The technique of pressure bag moulding was initially carried out without a rubber
bag. Twintex patches were placed in the mould together with a non-reinforced
polypropylene rotational moulded part. The pressure was then applied and the
moulding was carried out in the same way as described for the rubber bag assisted
pressure bag mouldings.

At a later stage in the experiments with the silicone rubber pressure bag co-extruded
sheets were used instead of Twintex patches. The co-extruded sheets consisted of a
layer of polypropylene and a layer of Twintex. The layers were extruded together at a
low temperature to make sure that the polypropylene had only become tacky and had
not melted. The Twintex was then ‘tack welded’ onto the polypropylene.

The life raft container mouldings carried out at Clarehill Plastics were a combination
of the two previously described techniques. A typical moulding cycle would go as
follows:
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•

Pre-cut patches of Twintex fabric are made into rigid pre-forms to build the
finished product from. The rigid pre-forms are made in the same way as the
vacuum film mouldings

•

The pre-forms are positioned in the mould and if necessary kept in place
using spray adhesive. This is shown in figure 5.18

•

The pressure bag is placed in the mould, the mould is closed and placed in
the oven and a vacuum is applied between the pressure bag and the mould
wall to ensure the wet through of the glass in the Twintex

•

At the end of the moulding cycle, when the finished product has cooled
down, the vacuum is released and the bag can be removed, leaving a rigid,
thin-walled reinforced rotational moulded article

Figure 5.18 Pre-forms are kept in place in mould using adhesive
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5.6.2

Results

The initial vacuum film trials were made using only a single layer of Twintex and
did not result in very rigid, consolidated sheets. An example of this can be seen in
figure 5 .19. It turned out to be difficult to establish the correct amount of heating and
vacuum required because the facilities for heat regulation on the machine were
limited. The first trials therefore led to sheets that were not sufficiently heated and
not sufficiently consolidated. This can also be seen in figure 5.19.

„. «-: A

Figure 5.19 Insufficient consolidation in initial vacuum film trials

A second factor influencing the heating and consolidation was the nature of the
moulding process. The Twintex was heated in open air and the ceramic heating
source had to be removed from the Twintex when the vacuum film had to be applied.
This would lead to loss of heat and re-solidifying of the polypropylene in the
Twintex. Application of the vacuum film therefore had to be done as quickly as
possible.
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When too much heat was applied, smoke would come off the Twintex as the
polypropylene would bum off. It was found that the best result was achieved if the
vacuum film was applied when all the polypropylene had started to glisten,
accompanied by a colour change to a darker shade of black. The vacuum needed to
be released after 90 seconds to make sure that the polypropylene had fully solidified.

It was found that the best consolidation was achieved for mouldings made from two
layers of Twintex. There was insufficient polypropylene to ensure full wet through in
mouldings made from one layer of Twintex and mouldings made from three layers of
Twintex would take too long to heat up. This means that when the bottom layer of
Twintex had not yet started to melt the polypropylene in the top layer of Twintex
would already start to bum off.

An example of a successful vacuum film moulding made from two layers of Twintex
can be seen in figure 5.20.

Figure 5.20 Successful vacuum film moulding
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A sump guard made from two layers of 60% black PP Twintex was provided by
EPM in the course of the vacuum film moulding experiments. This sump guard was
made with the vacuum film technique described in chapter 5.6.1. A section of this
sump guard is shown in figure 5.21. When studying the back side of the sump guard
it could be seen that the surface texture was identical to the surface of the Twintex
vacuum film moulding shown in figure 5.20.

Figure 5.21 Section of EPM sump guard

Pressure bag mouldings made using the small cube pressure bag were of good quality
as they were well consolidated. The degree of consolidation can clearly be seen in
figure 5.22 that shows a box made of a layer of black and of white Twintex together
with a patch of non-consolidated black Twintex. Different colours of Twintex could
be combined and fused together just as easily as parts made from two patches of the
same colour.

92

Figure 5.22 Good consolidation in pressure bag box mouldings

Some creasing occurred on the inside of the small cubes as the small cube pressure
bag was made slightly too big for the small cube mould that it was used in. As can be
seen from figure 5.22, cube mouldings would have a hole in the top of the cube. This
hole was needed for the removal of the silicone pressure bag from the finished
product. This removal of the pressure bag was never difficult.

Figure 5.23 Twintex moulding made in scarab type mould
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Figure 5.23 shows a moulding made in the scarab mould that was provided by
Clarehill Plastics. It can be seen that all details in the mould were reproduced
accurately and that the material is consolidated very well. The scarabs made also had
a hole in the product for removal of the pressure bag. The hole needs to be bigger in
a bigger product as the pressure bag required will also get bigger.

Figure 5.24 Unsuccessful moulding using PP moulding as pressure bag

Figure 5.24 shows that pressure bag mouldings made with a polypropylene moulding
for a pressure bag did not result in successful mouldings. The polypropylene surface
would start to sag, regardless of the application of the pressure. Using the co
extruded Twintex/polypropylene patches resulted in a slightly smoother surface of
the pressure bag mouldings but the effect was minimal. Also the co-extruded
material was more difficult to position than the Twintex patches.

94

Figure 5.25 Warped Twintex shells in initial trials

The pressure bag mouldings carried out at Clarehill Plastics resulted in a successful
prototype of the life raft container, but only after several trials. Initially moulding of
the shells led to warped parts that could not be used in the manufacture of the final
product. The warped shells can be seen in figure 5.25.

5.6.3

Testing

Samples from the Twintex sump guard (see figure 5.21) were subjected to Falling
Dart Impact Testing. The impact properties of the sump guard were very good,
regardless of the relatively large standard deviation. The samples failed because
bundles of fibre were pulled out of the polypropylene matrix. Figure 5.26 shows the
results of these tests compared to the Falling Dart Impact properties of rotational
moulded PE and PP. A complete overview of the impact properties is given in
Appendix II.
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Impact properties EPM sump guard, PE and PP
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Figure 5.26 Falling Dart Impact Properties Twintex, PE and PP

It can be seen that a Fibre Volume Fraction of 35% in the Twintex (2 layers of
Twintex 60% glass by weight) leads to an increase of around 2000% in impact
properties compared to non-reinforced rotational moulded polypropylene.

Data for the flexural properties of pressure bag moulded Twintex is listed in
Appendix III and is based on information provided by the sump guard manufacturer.

5.6.4

Discussion

It is clear from the experiments carried out that the only way to achieve good
consolidation in reinforced rotational moulded parts is to apply sufficient heat and
pressure. As St. John et al. have already pointed out (27), the required pressure can
be as low as 1 bar provided the heating time is long enough. It is clear that the
heating time had not been long enough for the first single sheet vacuum film
mouldings as there was no impregnation of the glass fibres visible.
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Furthermore, the vacuum film mouldings show the serious limitations of the vacuum
former used. As a loss of heat will always occur when the vacuum film is applied
(the heating has to be taken off) the Twintex has to be slightly overheated. The
consequences of this overheating showed during the moulding as polypropylene
would burn off and smoke would be visible. The machine would be greatly improved
if heat could be applied from both sides of the material. This would also allow for
more layers of Twintex to be processed at the same time as top and bottom layer
would be heated at the same rate rather than polypropylene burning off at the top
layer while the bottom layer would not have started to melt. It is worth investigating
whether an oven in a rotational moulding machine could be used as a sort of
autoclave in which Twintex parts would be made using the vacuum film technique.

A heating time of 10 minutes in an oven of 300°C with an application of 0.5 bar to
0.75 bar air pressure gave successful results for two layers of Twintex material with
the small cube pressure bag. The perfect merging of colours between the black and
white Twintex layer shows that there was sufficient impregnation and therefore that
the material had been given sufficient time to heat up. The moulding experiments
with the small cube pressure bag also show that an exact dimensioning of the
pressure bag based on the required final part size and final part thickness is required.
This means that a pressure bag in its inflated state should compress a given number
of Twintex layers just enough to result in a part of prescribed thickness. If an inflated
pressure bag compresses the Twintex layers too much or if a larger number of layers
are used, creases may occur. This explains why creasing was seen in some of the two
layer Twintex parts but not in the single layer Twintex cube mouldings.
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The results of the scarab mould pressure bag mouldings show that if a pressure bag is
dimensioned correctly mouldings with a great deal of surface detail can be made.
The scarab mouldings also show that only a limited number of products can be
manufactured, as a hole is always needed to remove the pressure bag from the
finished product. The limitations of the pressure bag mouldings are shown by scarab
mouldings, in that the polypropylene did not fully fill out some of the comers in the
product. Locally positioned polypropylene sections and higher pressures in the
pressure bag will ensure a good flow of material and will improve the quality of the
corners in the mouldings.

The technique of the co-extrusion of the Twintex and the polypropylene only gave a
marginal improvement in the smoothness of the surface because of the size of the
polypropylene in the entire cross section of the composite. Because the glass is so
much thicker than the polypropylene, adding a small amount of polypropylene will
hardly be visible in the final product. It is also possible that the polypropylene will be
dispersed in the composite due to the pressure of the pressure bag. A way to find this
out would be to use a different colour layer of polypropylene and to see in how far
this colour would have stayed on the outside surface of the finished product. If it
stays on the outside, it may be suitable for the application of graphics or product
identification to Twintex products. It has to be said however that the amount of
polypropylene added to the material must not be too large, as any added matrix
material will bring down the Fibre Volume Fraction in the finished product and
subsequently the mechanical properties. More research and good design should help
in finding a balance here.
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The failure of producing pressure bag moulding with a polypropylene moulding for a
pressure bag can be explained by the fact that the moulding will lose its integrity
once it has been heated above the temperature at which polypropylene starts to
soften. Applying pressure inside the material will then not results in expansion of the
moulding, but rather in flow of the polypropylene. The sagging that was noticed on
the polypropylene surfaces of the mouldings is similar to sagging seen when
reheating a conventional polyethylene rotational moulding in an oven. As was seen
in the moulding experiments a removable bladder that keeps its integrity throughout
the moulding process is needed to supply the pressure required for the wet through of
the glass bundles by the molten polypropylene.

The moulding of the life raft container at Clarehill Plastics brings together
everything that was learned about Twintex in the course of the experiments and
shows that Twintex parts can be manufactured on an industrial scale. The use of a
vacuum bag is probably better than the use of a pressure bag as the pressure on the
mould will be less and it will be safer to operate. Using vacuum does mean however
that the moulds need to be sealed very well whereas the use of a pressure bag is more
forgiving. From a design point of view, there are limits to the use of vacuum and
pressure bags. There will always be a need for a hole in the product for bag removal
and the moulding of inserts into the product can be complicated. This was proven by
the moulding of the round ‘eyes’ onto the body of the life raft container. The solution
of moulding the inserts with separate bags and from separate shells can be workable
but cost aspects will have to be taken into account in future product development.

The very large increase in impact properties of the Twintex sump guard compared to
non-reinforced polypropylene is very noteworthy. This increase can be explained by
the failure method of the impact samples (fibre pull out). Fibre pull out is known to
absorb a lot of impact energy. It can therefore be concluded that the contribution to
the impact strength of the polypropylene in the Twintex is negligible. The main
contribution to the impact strength of the Twintex comes from the glass bundles
present in it.
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The same applies to the flexural properties. With the technique demonstrated in
chapters 3.8 and 3.9 it can be seen that the glass will be the main contributor to the
stiffness of a composite. Polypropylene in Twintex is then merely a matrix material
that gives a finished product its integrity and holds the glass bundles in a specific
shape. The level of wet through of the glass bundles by the polypropylene is
determined by the processing technique. A removable pressure or vacuum bag is the
best way to achieve the required wet through.
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6

General discussion

As was stated several times in chapter 5, the most important conclusion from the
work carried out is that heat and a pressure difference are needed for the
impregnation of glass reinforcement by polypropylene. D’Arcy’s law (see chapter
4.2) shows that the material flow per unit area depends on the type of reinforcement
(K-factor), the viscosity and a pressure difference over the flow length of the
material. As the K-factor depends on the shape of reinforcement used, the only
factors that can be influenced by the processing are the viscosity and the pressure
difference. As the matrix material temperature increases, the viscosity of the material
decreases, leading to an increased flow of the matrix material and therefore to an
increased wet through.

Similarly, if there is no pressure difference over the flow length of the matrix
material there will be no flow and therefore no wet through of the reinforcement by
the matrix material. This reasoning explains why the flat sheet mouldings were of
such poor quality. Although there was a decrease in viscosity due to the heating of
the material in the mould, the pressure difference occurring was solely caused by
gravitational forces and resulted in negligible flow.

Similar things occurred during the single shot moulding of Twintex perfonns and
polypropylene. The required drop in viscosity was achieved due to the heating of the
material, but only gravitational forces could contribute to the flow of the material. A
negative effect was the movement of the Twintex fabric due to the rotation of the
mould. This movement will counter whatever gravitational flow existed, explaining
the poor quality of single shot Twintex mouldings.
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A different mechanism needs to be looked at when trying to explain the results for
the single shot mouldings with chopped reinforcement. The poor quality of the
material (no real composite was created) can be explained by the separation of
particles according to size. Chopped glass fibres are larger and heavier than powder
particles and do not melt and will consequently be the last to stick to the mould
surface during the moulding cycle. Only when all the powder has melted and
adhered to the mould wall will the chopped reinforcements start to stick to the
molten material. Adding a second layer of polypropylene in the two shot mouldings
did not enhance the wet through, the reinforcement is only encapsulated by the
polypropylene matrix material. This is not necessary a bad thing as the described
separation of sizes could be used to create a multi layer composite.

If the encapsulation of a multiple shot moulding is combined with the use of pre
wetted reinforcement, good results can be achieved. This was seen for the chopped
glass/PP melt-in tape. D’Arcy’s law does not apply in this case as the reinforcement
does not have to be wetted anymore. This is the first reason for the success of this
type of moulding as it will always give a good composite. The second reason for the
success of the moulding of glass/PP melt-in tape in rotational moulding is the aspect
ratio as well as the surface to volume ratio. As was explained in chapter 3, a
successful reinforcement will need to have a high surface to volume ratio as well as a
high aspect ratio. A square reinforcement like the chopped glass/PP melt-in tape will
have both.

The downside of the glass/PP melt-in tape was the processing, i.e. the cutting of the
tape. Because polypropylene is a lot less brittle than glass, a chopping motion will be
needed to cut it rather than a shearing motion. It is estimated that a chopper can be
developed, but more work needs to be done in this area.

102

The success of commingled Twintex in pressure bag assisted rotational moulding
can also be explained using D’Arcy’s law. Bearing in mind that D’Arcy’s law only
applies to uniaxial reinforcement, applying it to Twintex will involve a
simplification. When looking perpendicular to one fibre bundle, the glass/PP
combination can be regarded as uniaxial. The pressure is thought to be applied
perpendicular to the fibre bundle. Due to the commingling the pressure difference is
applied over a limited flow length, i.e. the polypropylene never has to travel far to
wet a fibre bundle. Pressure and vacuum bag mouldings of Twintex have resulted in
successful and strong mouldings that were similar in appearance to the sump guard
supplied by EPM mouldings. It is then also clear why moulding Twintex pre-forms
and using them in conventional polypropylene mouldings will not be successful.
When the pressure difference is no longer applied perpendicular to the Twintex fibre
bundles the molten polypropylene will flow in any random direction and the initially
rigid pre-form will start to sag.

Although two different methods of manufacturing Twintex parts were used, there is
one preferred method. When inflating a pressure bag inside a mould air may become
locked in between the mould wall and the pressure bag. An example of this is shown
in figure 6. la.

Figure 6.1 Pressure bag moulding (6.1a, left) and vacuum bag moulding (6.1b, right)
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Looking at figure 6. la it is clear that the use of just a pressure bag is not sufficient to
achieve a successful moulding. A second vent is needed to allow any air trapped to
escape and to ensure an even flow of material. It is clear that vacuum bagging the
Twintex will be the preferred method for manufacturing Twintex parts. Figure 6.1b
shows this, having one vent to ensure a vacuum between pressure bag and mould
wall while a second vent allows for pressure to be applied inside the bag.

It was explained in chapter 3 that the highest possible fibre volume fraction can be
achieved when using a unidirectional fabric as reinforcement. This means that a
unidirectional reinforcement is capable of providing the highest possible mechanical
properties. The downside of using a unidirectional fabric is that the properties are
only achieved in the direction of the reinforcement. Although this may be suitable
for some applications, having good mechanical properties in more than one direction
is generally more desirable. Also, it can be expected that the ability to absorb impact
energy of unidirectional fabric is not as great as of woven bi-directional fabric.

Realising that a bi-directional fabric can also be achieved by using two
unidirectional fabrics in different directions, Twintex woven bi-directional fabric is
regarded as the most desirable reinforcement. Twintex is chosen because the
research project described in this report has only dealt with woven fabric and not
with unidirectional fabric. Also Twintex could be most successfully processed in
mouldings, together with glass/PP melt impregnated tape. However, being a woven
fabric, Twintex was able to provide a much higher fibre volume fraction (and
therefore much better mechanical properties) than glass/PP melt impregnated tape.

Therefore, when assessing the effectiveness of using glass fibre reinforcement the
properties achieved when using Twintex will be used and will be compared with
properties achieved for conventional polyethylene and polypropylene mouldings.
Using the material prices listed in chapters 2 and 3 an assessment can be made on
whether Twintex offers value for money or that the same properties could also be
achieved using more polypropylene or polyethylene.

104

In the assessment the mechanical properties achieved for Twintex, polypropylene
and polyethylene are considered. Figure 6.2 and 6.3 show the theoretically
achievable values for Modulus and Strength for Twintex woven fabric compared
with non-reinforced PP and PE. Results from actual tests on moulded samples are
included as well. Figure 6.4 compares the impact results for Twintex, PE and PP.
Differences between theoretical and actual results can be explained by processing
limitations.

Modulus - What to aim for
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Figure 6.2 Theoretical and practical values Modulus Twintex, PP and PE
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Figure 6.3 Theoretical and practical values Strength Twintex, PP and PE
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Impact properties Twintex, PP and PE
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Figure 6.4 Impact properties Twintex, PP and PE

Table 6.1 shows the material prices per kg of polyethylene, polypropylene and
Twintex.

Material
polyethylene
polypropylene
Twintex

Material price (£/kg)
0.95
1.33
3.20

Table 6.1 Material prices for PE, PP and Twintex

Assessment impact properties

When subjecting a material of a given thickness to impact, it will take a certain
amount of impact energy to cause that material to fracture. If this amount of energy
is known, the coefficient impact energy/thickness can be calculated. This coefficient
is depicted for all three materials in figure 6.4.
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It is assumed that the relationship between impact energy and material thickness is
linear, i.e. if the material thickness doubles the impact energy doubles too. Using this
assumption table 6.2 and 6.3 list the differences in impact energy for PE and PP with
Twintex and what increase in material thickness is required to achieve the impact
energy increase required. The increase is weight required is then found as the
increase in thickness to the power of 3.

Material

Twintex
polyethylene
polypropylene

Impact Energy at
Break/thickness
(J/mm)
21.31
6.24
1.04

Increase in
energy
required
1
3.42
20.49

Increase in
thickness
required
1
3.42
20.49

Increase
in weight
required
1
40
8602.52

Table 6.2 Assessment of materials for impact energy at break/thickness

Material

Twintex
polyethylene
polypropylene

Total Impact
Energy/thickness
(J/mm)
39.14
8.38
2.01

Increase in
energy
required
1
4.67
19.47

Increase in
thickness
required
1
4.67
19.47

Increase
in weight
required
1
101.85
7380.71

Table 6.3 Assessment of materials for total impact energy/thickness

The extra amount of money required is found by multiplying the increase in weight
required with the prices per kg listed in table 6.1. The result of this multiplication is
found in table 6.4. The highest increase in weight required from table 6.2 and 6.3 is
taken, as this will ensure that the thickness of the material is large enough to fulfil
both the impact energy at break and the total impact energy criterion. The result is
the price per kg normalised for impact energy.
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Material

Price per kg (£)

Increase in weight
required

Twintex
polyethylene
polypropylene

3.20
0.95
1.33

1
101.85
8602.52

Price per kg
normalisedfor
impact energy (£)
3.20
96.76
11441.35

Table 6.4 Price per kg normalised for impact energy

If the normalised price per kg would have been lower for the non-reinforced matrix
materials than for Twintex it would have meant that using Twintex would not have
been the most economic option to achieve impact properties. Simply increasing the
thickness of the part would have been sufficient. But, as can be seen from table 6.4,
Twintex is by far the most economic option to achieve the impact properties listed in
figure 6.4.

Assessment flexural modulus

Flexural Modulus is a measure of the rigidity of a material. It is dependent on the
material, but also on the shape of the structure in which the material has been
incorporated. This means that specific shapes of cross sections of beams will be
more efficient for rigidity than others. For the assessment it is assumed that the cross
sections of the beams are rectangular, similar to the samples tested in the project.

It is assumed that the relationship between the Flexural Modulus and the Material
Thickness is of the second order. This assumption is made because the shape of the
cross section (area) determines the flexural modulus. This means that if the material
thickness is doubled, the Flexural Modulus will quadruple. A similar assessment as
for impact properties can then be made. The results are shown in table 6.5 and 6.6.
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Material

Twintex
polyethylene
polypropylene

Flexural
Modulus
(N/mm2)
7490
509
1013

Increase in
modulus
required
1
14.72
7.39

Increase in
thickness
required
1
3.84
2.72

Increase
in weight
required
1
56.62
20.12

Table 6.5 Assessment of materials for flexural modulus

Material

Price per kg (£)

Increase in weight
required

Twintex
polyethylene
polypropylene

3.20
0.95
1.33

1
56.62
20.12

Price per kg
normalisedfor
flexural modulus
(£)
3.20
53.79
26.76

Table 6.6 Price per kg normalised for flexural modulus

It can be clearly seen from table 6.6 that replacing polyolefins with Twintex will be
an economical way to achieve the value of experimental flexural modulus shown in
figure 6.2. The difference between Twintex and the non-reinforced matrix materials
clearly shows in table 6.6 but is less extreme for the flexural modulus than it is for
impact energy, as the price per kg normalised for the flexural modulus for
polyethylene is closer to the price for Twintex (see table 6.4). These findings show
polyethylene’s good impact properties in rotational moulding but also show that
reinforcement is most beneficial when it comes to increasing the rigidity of a
material.

Assessment flexural strength

The three materials can be assessed similarly for flexural strength. The results are
shown in table 6.7 and 6.8. The flexural strength is a measure of how much force a
material can take when it is subjected to a bending moment. It is assumed that the
relationship between flexural strength and material thickness will again be of second
order. This means that if the thickness of a material is doubled, the flexural strength
of this material will quadruple.
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Material

Twintex
polyethylene
polypropylene

Flexural
Strength
(N/mm2)
224.04
24.07
30.48

Increase in
strength
required
1
9.31
7.35

Increase in
thickness
required
1
3.05
2.71

Increase
in weight
required
1
28.37
19.90

Table 6.7 Assessment of materials for flexural strength

Material

Price per kg (£)

Increase in weight
required

Twintex
polyethylene
polypropylene

3.20
0.95
1.33

1
28.37
19.90

Price per kg
normalised for
flexural strength
(£)
3.20
26.95
26.47

Table 6.8 Price per kg normalised for flexural strength

Although not as extreme as for the flexural modulus, a clear benefit of the use of
Twintex can be seen. It is interesting that although polyethylene is by far worst value
for money when it comes to flexural modulus, it is only slightly behind
polypropylene when it comes to flexural strength.

In conclusion, the assessment has clearly shown that the use of Twintex is the most
economical way to achieve the mechanical properties shown in figures 6.2 to 6.4. In
other words, Twintex is best value for money when it comes to increased impact
properties, flexural modulus and flexural strength and compared to polyethylene and
polypropylene.
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7.1

Conclusions and future work

Conclusions

Based on the results of the various experiments carried, the following conclusions
can be drawn:

1. Heat and physical pressure are needed for the wet through of reinforcement by a
matrix material during the manufacture of a composite.
2. It is not possible to mould a proper composite using the technique of flat sheet
moulding.
3. It is not possible to mould a proper composite with chopped reinforcement using
the technique of single shot cube moulding.
4. The poor consolidation and bonding achieved in single shot moulding means that
the reinforcement will act as impurities.
5. Polypropylene is more suitable as matrix material in composites than
polyethylene because of more developed sizing.
6. When compression moulding a fabric preform an even pressure distribution by
means of a pressure bag or vacuum bag will improve consolidation and quality.
7. Even pressure distribution by means of a pressure bag or a vacuum bag will
improve impregnation when making a reinforcement preform.
8. Mouldings made with a fabric as reinforcement need to be symmetric through the
thickness to avoid warpage.
9. When moulding woven Twintex fabric with a vacuum film the Twintex should
be heated simultaneously from both sides.
10. When moulding woven Twintex using the CRC vacuum former used in the
project here described the number of Twintex layers is restricted to two.
11. When designing a vacuum bag or a pressure bag for the moulding of Twintex the
thickness of the final part needs to be taken into account.
12. Pressure bag or vacuum bag materials need not to exhibit any phase changes
during the moulding cycle as they will lose their integrity and subsequently their
effectiveness.
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13. The use of vacuum bag is safer than the use of a pressure bag as there is less
chance of putting the mould under too much stress.
14. Fabric with a higher mass per unit area is more difficult to wet through than
fabric with a lower mass per unit area.
15. A fabric preform needs to be sufficiently rigid for positioning if it is to be used
for local reinforcement.
16. Changes in rotation speed do not have a significant effect on fibre migration in
single shot cube mouldings.
17. It is possible to mould a composite using the technique of two shot cube
moulding.
18. Quality of two shot cube mouldings can be improved and cycle time can be
reduced when using a drop box to insert the second shot in the mould.
19. The dimensions of the reinforcement greatly influence the wet through and wet
out of reinforcement in mouldings.
20. The presence of polypropylene in the glass/PP melt-in tape improves the wet
through and wet out of the glass by the matrix material resulting in higher
mechanical properties.
21. It was not possible to achieve uniform distribution of chopped reinforcement in
the comers of the cube moulds used in the moulding experiments.
22. The Norstar hot oil machine present at Queen’s does not offer the possibility of
an even heating of the material.
23. Woven fabric used as reinforcement is able to absorb a lot of the impact energy
of the Falling Dart in Falling Dart Impact Testing.
24. Twintex fabric is a more efficient reinforcement than glass/PP melt-in tape.
25. Glass/PP melt-in tape is a more efficient reinforcement than OCF chopped glass
strands.
26. Using glass/PP melt-in tape as reinforcement changes the impact failure
mechanism from brittle to ductile at room temperature.
27. The use of chopped reinforcement (fibres or tape) is not beneficial to the impact
properties of polypropylene at -40°C.
28. Melt impregnated tape needs to be cut using a chopping motion rather than a
shearing motion as the latter tends to cause shredding of the tape.
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29. The highest values for Flexural Modulus are achieved when using PP Twintex
fabric as reinforcement.
30. The highest values for Flexural Strength are achieved when using Glass/PP meltin tape as reinforcement.
31. The difference between the theoretical value and the measured value for the
Flexural Modulus depends on the wet out and wet through of the reinforcement.
32. The highest similarity between calculated and measured value of Flexural
Modulus is found for mouldings that are reinforced with Glass/PP melt-in tape.
33. Twintex is the only reinforcement that proved cost effective for impact energy,
flexural modulus and flexural strength.
34. More study is needed into the design of Twintex vacuum bag manufactured parts
in order to bring down the number of pre-form shells needed.

7.2

Recommendations for future work

Based on the conclusions drawn from the work carried out, the following
recommendations for future work can be made:

1. Development of a working cutter for glass/PP melt impregnated tape. This
chopper is required to make the use of chopped glass/PP melt impregnated
tape in rotational moulding into a workable technique. The use of the cut tape
has benefits (see chapter 5 and 6) but current cutting methods (scissors) make
this technique economically non-viable. The cutter needs to have a chopping
motion rather than a shearing motion (scissors) as it has been proven that a
shearing motion does not give satisfactory results and will shred the tape
rather than cut it.
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2. More study needs to be done to develop the design of Twintex hollow parts
further. The study needs to focus on the reduction or elimination of inserts
that need to be separately moulded as well as on the reduction of the number
of pre-form shells needed for the manufacture of final part in order to make
the technique economically viable.

3. Development of the moulding of pre-form shells. Work here needs to focus
on finding a method of heating the Twintex fabric from both sides as this will
increase processing speed and reduce burning off of the polypropylene.
Heating the material from both sides will also allow for the use of more than
two layers of Twintex at a time.

4. Development of the practical side of local reinforcement in conventional
rotational moulding of polypropylene, as this has not been dealt with
extensively during the project described by this report and the moulded pre
form shells can possibly also be used as local reinforcement in conventional
rotational moulding where cost restrictions prohibit extensive use of costly
materials like Twintex.

5. Study of pressure bags and vacuum bags in conventional rotational moulding.
Although this may be slightly outside the research area, the author believes
that these bags can be useful in aiding consolidation of the material, reducing
cycle time and possibly increasing impact and other material properties.
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Appendix I

List of mouldings carried out

This appendix lists the moulding experiments that were carried out. The experiments
are subdivided according to moulding type and type of reinforcement.

Flat sheet mouldings and cut reinforcement

Matrix material
ME8155PE

Pre-consolidated
PE-Twintex
strands
ME8155PE

Reinforcement
Pre-consolidated
PE-Twintex strands

Quantities
*20 unidirectional
*40 unidirectional
*40 bi-directional
*80 bi-directional
*160 bi-directional

Non-consolidated
PE-Twintex strands

Non-consolidated
PE-Twintex strands

20 strands
randomly
dispersed,
length=350 mm
20 strands
randomly
dispersed,
length=350 mm

Remarks
no air pressure,
0.75 bar air
pressure
3 layer system
0.5 bar air pressure

0, 0.25 and 0.5 bar
air pressure
2 and 3 layer
system
0.25 bar air
pressure

Table 1.1 List of flat sheet mouldings with cut reinforcement

Flat sheet mouldings and chopped reinforcement

Matrix material
ME8155PE

Reinforcement
PE-Twintex roving
(pre-consolidated)

Quantities
0.25 kg PE, 4%
and 9% by weight
roving

ME8155PE

PE-Twintex roving

0.4 kg PE, 5% and
7% by weight
roving

BE182B PP

PP-Twintex roving

0.4 kg PP, 2.5%
and 5% by weight
roving

Remarks
chop length=40, 2
layer system
0 and 0.75 bar air
pressure
chop length=25, 3
layer system,
various oven
release temps
chop length 25, 3
layer system

Table 1.2 List of flat sheet mouldings with chopped reinforcement
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Matrix material
ME8155PE

Reinforcement
Twaron

Quantities
0.4 kg PE, 2.5%,
5%, 8% and 11%
by weight Twaron

Remarks
chop length=6, 3
layer system

Table 1.2 List of flat sheet mouldings with chopped reinforcement (cont.)

Flat sheet mouldings and fabric reinforcement

Matrix material
ME8155 PE and
BE182B PP
ME8155 PE and
BE182B PP
ME8155 PE and
BE182B PP
ME8155PE and
BE182B PP
BE182B PP

Reinforcement
Ahlstrom GFT93H8-27
reinforcement
Ahlstrom GFT25H8-25
reinforcement
Ahlstrom GFT57G8-50
reinforcement
BT1 Cotech 424
Style 3005
60% by weight
black PP-Twintex
woven fabric

Quantities
1 A4 sheet

1 A4 sheet

Remarks
0 and 0.5 bar air
pressure, 3 layer
system
no air pressure, 3
layer system

1 A4 sheet

no air pressure, 3
layer system

1 patch of fabric

no air pressure, 3
layer system
no air pressure, 3
layer system

1 patch of fabric

Table 1.3 List of flat sheet mouldings with fabric reinforcement

Single shot mouldings and chopped reinforcement

Matrix material
ME8155PE

ME8155 PE

Reinforcement
Chopped PETwintex roving
Twaron chopped
strands (CS)
OCF 415A-14C CS

ME8155PE

PPG 3299 CS

ME8155PE

Quantities
0.9 kg PE, 5% by
weight roving
1 kg PE, 5% by
weight CS
1 kg PE, 10%,
20%, 30% and
50% by weight CS
1 kg PE, 20%, 30%
and 50% by weight
CS

Remarks
length = 25 mm
1=6 mm, various
rotation ratios
1=4

1=4.5

Table 1.4 List of single shot mouldings with chopped reinforcement
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Matrix material
ME8160 PE

Reinforcement
Chopped PETwintex roving

ME8160 PE

OCF 144A-14C CS

ME8160 PE

OCF 415A-14C CS

ME8160 PE

PPG 3299 CS

BE182B PP

OCF 415A-14C CS

Quantities
1 kg PE, 5%, 6%,
10%, and 15% by
weight roving
1 kg PE, 20%,
30%, 50% and
60% by weight CS
1 kg PE, 20%, 30%
and 50% by weight
CS
1 kg PE, 20%, 30%
and 50% by weight
CS
1 kg PP, 20%,

Remarks
1=2.5

1=4, mouldings
with and without
0.5 bar pressure
applied
1=4, 0.5 bar
pressure applied
1=4.5, 0.5 bar
pressure applied
1=4, mouldings

30%, 50% and

with and without

60% by weight CS

0.5 bar pressure
applied

BE182BPP

OCF 144A-14C CS

1 kg PP, 20%,

1=4, mouldings

30%, 50% and

with and without

60% by weight CS

0.5 bar pressure
applied

BE182B PP

PPG 3299 CS

1 kg PP, 20%, 30%

1=4.5, mouldings

and 50% by weight

with and without

CS

0.5 bar pressure
applied

Table 1.4 List of single shot mouldings with chopped reinforcement (cont.)

Single shot mouldings and fabric reinforcement

Matrix material
BE182B PP

Reinforcement
60% by weight
black PP-Twintex
woven fabric

Quantities
1 kg and 1.2 kg, 1
patch of fabric

Remarks
Twintex pre
consolidated

Table 1.5 List of single shot mouldings with fabric reinforcement
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Two shot mouldings and chopped reinforcement

Matrix material
BE182B PP

Reinforcement
60% by weight PPTwintex CS

BE182B PP

SATIRE CS

BE182B PP

OCT 144A-14C CS

BE182B PP

Glass/PP melt-in
tape

Quantities
0.8 kg+1 kg, 1.2
kg+2.4 kg and
0.6kg+1.2 kg PP,
Fibre Volume
Fraction (VF) 2%
and 3.9%
0.6 kg+1.2 kg PP,
VF 0.76%
0.6 kg+1.2 kg PP,
VF 3.5%
0.6 kg+1.2 kg PP,
VF 0.14%, 0.28%,
0.53%, 0.72%
,0.9%, 1.4% and
7%

Remarks

CS 20<1<30
1=4
melt-in tape 39%
glass by weight,
10<1<20

Table 1.6 List two shot mouldings with chopped reinforcement

Non-conventional mouldings

Matrix material
BE182B PP
BE182B PP

BE182BPP

Reinforcement
PP-Twintex
chopped strands
60% by weight PPTwintex woven
fabric
60% by weight PPTwintex woven
fabric

Quantities
1.5 kg PP, 10% by
weight strands
1.5 kg PP, one
patch of fabric

Remarks
chop length=25,
hot oil moulding
hot oil moulding

1.5 kg PP, one
patch of fabric

hot oil moulding,
Twintex pre
consolidated

Table 1.7 List of non-conventional mouldings
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Vacuum film and pressure bag mouldings

Matrix material
60% by weight PPTwintex woven
fabric
BE182B PP
moulding

60% by weight PPTwintex woven
fabric
BE182B PP

BE182B PP
extruded sheet
60% by weight PPTwintex woven
fabric

Reinforcement

Quantities
1, 2,3 and 4 layers

Remarks
Vacuum film
moulding

60% by weight PPTwintex woven
fabric

single layer

PP moulding made
first, attempt to
mould Twintex
around it
Pressure bag
moulding

1 and 2 layers in
various moulds
1 layer Twintex
pressure bag
moulding
60% by weight PPTwintex woven
fabric

1 kg

2 mm film co
extruded with 1
layer of Twintex
2 layers pre-formed
using vacuum film

Twintex moulding
made first, attempt
to back up with PP
Pressure bag
moulding
Vacuum bag
moulding

Table 1.8 List of vacuum film and pressure bag mouldings
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10 Appendix II - Results of tests on falling dart impact properties

This appendix contains the results of the falling dart impact tests carried out. The
results are grouped by matrix material and by type of reinforcement, similar to the
grouping method used in Appendix I. After listing all the results in tables, the 10
highest results are listed in a graph. The values in brackets in the tables indicate
standard deviations.

Single shot mouldings and chopped reinforcement

Matrix

Reinforcement

Quantity

ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE
ME8155
PE

-

ME8160
PE
ME8160
PE
ME8160
PE
ME8160
PE

-

Impact energy at
break/ thickness
(J/mm)
6.24(0.91)

Total impact
energy/ thickness
(J/mm)
8.38(1.15)

Twaron CS

5% wt.

1.37(0.38)

2.56 (0.63)

OCF 415A-14C
CS
OCF 415A-14C
CS
OCF 415A-14C
CS
OCF 415A-14C
CS
PPG 3299

10% wt.

1.2(0.26)

2.51 (0.76)

20% wt.

0.57(0.13)

1.51 (0.24)

30% wt.

0.61 (0.31)

1.32 (0.32)

50% wt.

0.48 (0.16)

1.03 (0.29)

20% wt.

1.63 (0.43)

3.24(1.03)

PPG 3299

30% wt.

1.11 (0.4)

1.85 (0.71)

PPG 3299

50% wt.

0.87 (0.31)

1.69 (0.58)

-

-

6.38(1.13)

8.88(1.4)

PPG 3299

20% wt.

1.99 (0.59)

3.49(1.12)

PPG 3299

20% wt.
(p=0.5
bar)
30% wt.

1.76 (0.62)

3.47 (0.72)

1.33 (0.54)

2.8(1.03)

PPG 3299

Table II. 1 Impact results of single shot mouldings with chopped reinforcement
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Matrix

Reinforcement

Quantity

Impact energy at
break/ thickness
(J/mm)
0.91 (0.37)

Total impact
energy/ thickness
(J/mm)
2.47 (0.82)

ME8160
PE

PPG 3299

ME8160
PE

PPG 3299

ME8160
PE
ME8160
PE
ME8160
PE

60% wt. PETwintex CS
OCF 144A-14C
CS
OCF 144A-14C
CS

30% wt.
(p=0.5
bar)
50% wt.
(p=0.5
bar)
15%

0.78 (0.24)

2.12(0.97)

1.14(0.35)

2.65(1.15)

20% wt.

1.14(0.31)

2.48 (0.62)

20% wt.
(p=0.5
bar)
30% wt.

1.11 (0.38)

2.4 (0.67)

ME8160
PE
ME8160
PE

OCF 144A-14C
CS
OCF 144A-14C
CS

0.92 (0.36)

2.2 (0.63)

30% wt.
(p=0.5
bar)
40% wt.

0.84 (0.34)

1.99 (0.78)

ME8160
PE
ME8160
PE
ME8160
PE

OCF 144A-14C
CS
OCF 144A-14C
CS
OCF 144A-14C
CS

1.02 (0.26)

2.97(1.19)

50% wt.

0.76 (0.14)

1.87 (0.61)

50% wt.
(p=0.5
bar)
60% wt.

0.7 (0.32)

1.79 (0.9)

ME8160
PE
ME8160
PE

OCF 144A-14C
CS
OCF 415A-14C
CS

0.63 (0.21)

1.9(0.75)

1.06 (0.3)

2.84 (0.82)

ME8160
PE

OCF 415A-14C
CS

1.35 (0.27)

3.27(1.04)

ME8160
PE

OCF 415A-14C
CS

1.07 (0.34)

2.68 (0.62)

BE182BPP

-

-

1.04 (0.54)

2.01 (1.16)

BE182B PP

OCF 415A-14C
CS

20% wt.

0.52 (0.23)

0.77 (0.29)

20% wt.
(p=0-5
bar)
30% wt.
(p=0.5
bar)
50% wt.
(p=0.5
bar)

Table II.l Impact results of single shot mouldings with chopped reinforcement (cont.)
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Matrix

Reinforcement

Quantity

BE182B PP

OCF 415A-14C
CS

BE182B PP

OCF 415A-14C
CS
OCF 415A-14C
CS

20% wt.
(p=0.5
bar)
30% wt.

BE182B PP

BE182B PP
BE182B PP

OCF 415A-14C
CS
OCF 415A-14C
CS

BE182B PP
BE182B PP

PPG 3299
PPG 3299

BE182B PP
BE182B PP

PPG 3299
PPG 3299

BE182B PP
BE182BPP

PPG 3299
PPG 3299

BE182BPP

OCF 144A-14C
CS
OCF 144A-14C
CS

BE182B PP

BE182B PP
BE182B PP

BE182B PP

OCF 144A-14C
CS
OCF 144A-14C
CS
OCF 144A-14C
CS

Impact energy at
break/ thickness
(J/mm)
0.52 (0.32)

Total impact
energy/ thickness
(J/mm)
0.81 (0.33)

0.37(0.17)

0.65 (0.26)

0.35 (0.24)

0.79 (0.42)

0.76 (0.35)

1.25 (0.51)

0.51 (0.3)

0.9(0.45)

0.61 (0.29)
0.63 (0.23)

0.97 (0.2)
1.05 (0.38)

0.47 (0.24)
0.4(0.18)

0.73 (0.3)
0.8(0.15)

0.3(0.16)
0.25 (0.11)

0.43 (0.17)
0.56 (0.28)

0.54 (0.18)

0.72 (0.23)

20% wt.
(p=0.5
bar)
30% wt.

0.2(0.14)

0.38(0.16)

0.2 (0.08)

0.46 (0.19)

30% wt.
(p=0.5
bar)
50% wt.
(p=0.5
bar)

0.39 (0.13)

0.56 (0.19)

0.3 (0.24)

0.74 (0.24)

30% wt.
(p=0.5
bar)
50% wt.
50% wt.
(p=0.5
bar)
20% wt.
20% wt.
(p=0.5
bar)
30% wt.
30% wt.
(p=0.5
bar)
50% wt.
50% wt.
(p=0.5
bar)
20% wt.

Table II. 1 Impact results of single shot mouldings with chopped reinforcement (cont.)
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Single shot mouldings and fabric reinforcement

Matrix

Reinforcement

Quantity

BE182B PP

60% wt. PP
Twintex
60% wt. PP
Twintex

1 kg PP +
1 patch
1.2 kg PP
+ 1 patch

BE182B PP

Impact energy at
break/ thickness
(J/mm)
1.71 (0.27)

Total impact
energy/ thickness
(J/mm)
5.1 (0.76)

3.61 (2.37)

6.95 (3.2)

Table II.2 Impact results of single shot mouldings with fabric reinforcement

Two shot mouldings and chopped reinforcement

Matrix

BE812B PP
BE182B PP
BE182B PP
BE182BPP
BE182B PP
BE182BPP

BE182B PP

BE182B PP

BE182B PP

BE182BPP

BE182B PP

Reinforcement

Quantity

10% wt.

Impact energy at
break/thickness
(J/mm)
2.14(0.81)
1.01 (0.2)

Total impact
energy/ thickness
(J/mm)
4.21 (0.93)
1.58(0.43)

-

-

60% PP
Twintex CS
60% PP
Twintex CS
SAFIRE CS
OCF 144A-14C
CS
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape

20% wt.

0.88 (0.22)

1.89 (0.69)

5% wt.
10% wt.

1.39 (0.52)
1.59 (0.1)

2.46 (0.75)
2.04 (0.28)

1% wt.

2.08 (0.67)

2.95(1.18)

2% wt.

2.13(0.42)

2.87(1.07)

4% wt.

1.35 (0.39)

2.17(0.52)

5% wt.

1.19(0.28)

2.58 (0.78)

5.5% wt.

1.25 (0.45)

1.72 (0.53)

10.5% wt.
(2 layers
of tape)

1 (0.42)

2.37(0.61)

Table II.3 Impact results of two shot mouldings with chopped reinforcement
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Matrix

Reinforcement

Quantity

39% Glass/PP
melt-in chopped
tape
BE182B PP 39% Glass/PP
melt-in chopped
tape

25% wt.

BE182B PP

Impact energy at
break/ thickness
(J/mm)
1.26 (0.39)

Total impact
energy/ thickness
(J/mm)
2.91 (0.82)

1.19(0.43)

1.99 (0.74)

5.5% wt.
(shredded
tape)

Table II.3 Impact results of two shot mouldings with chopped reinforcement (cont.)

Non-conventional mouldings

Matrix

Reinforcement

Quantity

-

-

BE182B PP
(hot oil)
BE182B PP
(injection
moulding)

Impact energy at
break/ thickness
(J/mm)
3.32 (0.74)

Total impact
energy/ thickness
(J/mm)
4.91 (1.08)

14.1 (1.17)

27.9 (6.07)

Impact energy at
break/thickness
(J/mm)
21.31 (7.9)

Total impact
energy/ thickness
(J/mm)
39.14(15.83)

Table II.4 Impact results of non-conventional mouldings

Vacuum film and pressure bag mouldings
Matrix

Reinforcement

Quantity

60% black PPTwintex

2 layers,
EPM
sumpguard

Table II.5 Impact results of vacuum film and pressure bag mouldings

Figure II. 1 shows the ranking of the 10 mouldings with the highest falling dart
impact properties. The percentages of glass by weight have been converted into fibre
volume fractions.
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Ranking impact properties

□ 60% black PP-Twintex (35%)
■ BE182B PP inj. Moulded (0%)
□ ME8160 PE (0%)
□ ME8155 PE (0%)
■ BE182B PP + PP-Twintex (3.9%)
□ BE 182B PP hot oil (0%
■ BE182B PP (0%)
□ BE 182B PP + 39% glass/PP melt-in
tape (0.53%)
■ BE182B PP + 39% glass/PP melt-in
tape (0.28%)
□ ME8160 PE +PPG 3299 (7%)

Figure II. 1 Ranking mouldings with highest impact properties
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Appendix III - Results of tests on flexural properties

This appendix contains the results of the tests to determine the flexural properties
carried out. The main property measured is the flexural modulus. The flexural
strength was also determined for a selection of materials. The results for modulus
and strength are listed in separate tables. The results are grouped by matrix material
and by type of reinforcement, similar to the grouping method used in Appendix I.
After listing all the results in tables, the 10 highest results are listed in a graph.

Results of tests on flexural modulus

Single shot mouldings and chopped reinforcement

Matrix
ME8155
PE
ME8160
PE
ME8160
PE

-

Flexural modulus
(MPa)
509

Standard
Deviation (MPa)
60

-

-

541

70

PPG 3299

20% wt.
(p=0.5
bar)
30% wt.
(p=0.5
bar)
50% wt.
(p=0.5
bar)

224

43

590

290

401

135

-

1077

87

Reinforcement

Quantity

-

ME8160
PE

PPG 3299

ME8160
PE

PPG 3299

BE182B PP

-

Table III.l Flexural modulus of single shot mouldings with chopped reinforcement
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Single shot mouldings and fabric reinforcement

Matrix

Reinforcement

Quantity

ME8160
PE
ME8160
PE

Ahlstrom GFT93H8-27
Ahlstrom GFT57G8-50

1 sheet A4
2% wt.
1 sheet A4
2% wt.

BE182B PP

60% wt. PP
Twintex
60% wt. PP
Twintex

1 kg PP +
1 patch
1.2 kg PP
+ 1 patch

BE182B PP

Flexural modulus
(MPa)
553

Standard
Deviation (MPa)
182

93

16

1155

306

1470

328

Table III.2 Flexural modulus of single shot mouldings with fabric reinforcement

Two shot mouldings and chopped reinforcement

Matrix
BE182B PP
BE182B PP
BE182B PP
BE182B PP
BE182B PP
BE182B PP

BE182B PP

BE182B PP

BE182B PP

BE182B PP

10% wt.

Flexural modulus
(MPa)
1013
864

Standard deviation
(MPa)
61
91

20% wt.

1021

36

5% wt.
10% wt.

1220
1209

74
32

1% wt.

809

108

2% wt.

1037

34

4% wt.

1077

125

5% wt.

1056

54

5.5% wt.

1165

11

Reinforcement

Quantity

-

-

60% PP
Twintex CS
60% PP
Twintex CS
SAFIRE CS
OCF 144A-14C
CS
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape

Table III.3 Flexural modulus of two shot mouldings with chopped reinforcement

133

Matrix

Reinforcement

Quantity

39% Glass/PP
melt-in chopped
tape
BE182B PP 39% Glass/PP
melt-in chopped

10.5% wt.
(2 layers
of tape)
25% wt.

BE182B PP

Flexural modulus
(MPa)
1315

Standard deviation
(MPa)
145

1199

200

____ se____
Table III.3 Flexural modulus of two shot mouldings with chopped reinforcement (cont.)

Non-conventional mouldings

Matrix

Reinforcement

Quantity

BE182B PP
(hot oil)
BE182B PP
(injection
moulding)

-

-

Flexural modulus
(MPa)
878

Standard deviation
(MPa)
88

941

14

Flexural modulus
(MPa)
7490

Standard deviation
(MPa)
531

Table III.4 Flexural modulus of non-conventional mouldings

Vacuum film and pressure bag mouldings

Matrix

Reinforcement

Quantity

60% black PPTwintex

2 layers,
EPM
sumpguard

Table 111.5 Flexural modulus of vacuum film and pressure bag mouldings
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Figure III.l shows the ranking of the 10 mouldings with the highest flexural
modulus. The percentages of glass by weight have been converted into fibre volume
fractions.

□ 60% black PP-Twintex (35%)

Ranking flexural modulus
m BE182B PP + PP-Twintex (3.9%)
9000
8000
7000

□ BE 182B PP + 39% glass/PP melt-in
tape (2.94%)
□ BE182B PP + SAFIRE CS (0.1%)

IS

3000

■ BE182B PP + OCF 144A-14C CS
(3.4%)
□ BE182B PP + 39% glass/PP melt-in
tape (7%)
■ BE182B PP + 39% glass/PP melt-in
tape (1.4%)
□ BE182B PP + PP-Twintex (4.6%)

2000

■ BE182B PP (0%)

6000
"w 5000
Cl.

^ 4000

1000

□ BE182B PP + 39% glass/PP melt-m
tape (1.02%)

0

Figure III.l Ranking mouldings with highest flexural modulus

Results of tests on flexural strength

Single shot mouldings and chopped reinforcement

Matrix

Reinforcement

Quantity

BE182B PP

-

-

Flexural strength
(MPa)
30.48

Standard
Deviation (MPa)
2.12

Table III.6 Flexural strength of single shot mouldings with chopped reinforcement
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Single shot mouldings and fabric reinforcement

Matrix

Reinforcement

Quantity

BE182B PP

60% wt. PP
Twintex

1.2 kg PP
+ 1 patch

Flexural strength
(MPa)
28.78

Standard
Deviation (MPa)
3.19

Table III.7 Flexural strength of single shot mouldings with fabric reinforcement

Two shot mouldings and chopped reinforcement

Matrix
BE182BPP
BE182B PP
BE182B PP
BE182B PP
BE182B PP

BE182B PP

BE182B PP

BE182B PP

BE182B PP

BE182B PP

Reinforcement

Quantity

10% wt.

Flexural strength
(MPa)
35.14
22.52

Standard deviation
(MPa)
2.06
5.9

-

-

60% PP
Twintex CS
SAFIRE CS
OCF 144A-14C
CS
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape
39% Glass/PP
melt-in chopped
tape

5% wt.
10% wt.

33.12
32

2.56
0.76

2% wt.

31.55

1.2

4% wt.

31.37

1.5

5% wt.

33.59

2.88

5.5% wt.

37.11

2.56

10.5% wt.
(2 layers
of tape)
25% wt.

38.21

3.15

37.03

5.29

Table III.8 Flexural strength of two shot mouldings with chopped reinforcement
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Non-conventional mouldings

Matrix

Reinforcement

Quantity

BE182B PP
(injection
moulding)

Flexural strength
(MPa)
31.25

Standard deviation
(MPa)
0.37

Table III.9 Flexural strength of non-conventional mouldings

Vacuum film and pressure bag mouldings

Matrix

Reinforcement

Quantity

60% black PPTwintex

2 layers,
EPM
sumpguard

Flexural strength
(MPa)
224.04

Standard deviation
(MPa)
19.13

Table III.10 Flexural strength of vacuum film and pressure bag mouldings

Figure III.2 shows the ranking of the 10 mouldings with the highest flexural strength.
The percentages of glass by weight have been converted into fibre volume fractions.

060% black PP-Twintex (35%)

Ranking flexural strength
300

■ BE 182B PP + 3 9% glass/PP melt-in tape
(2.94%)
OBE182B PP + 39% glass/PP melt-in tape
(1.4%)
□ BE182B PP + 39% glass/PP melt-in tape
(7%)
■ BE 182B PP (0%)
OBE182B PP + 39% glass/PP melt-in tape
(1.45%)
■ BE182B PP + SATIRE CS (0.1%)
□ BE 182B PP + OCT 144A-14C CS
(3.4%)
■ BE182B PP + 39% glass/PP melt-in tape
(0.6%)
OBE182B PP + 39% glass/PP melt-in tape
(1.2%)

Figure III.2 Ranking mouldings with highest flexural strength
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12 Appendix IV

Results of tests on Inter Laminar Shear Strength

The test to determine the Inter Laminar Shear Strength was carried out on a small
selection of mouldings. The results are found in figure IV. 1. The three values on the
left (‘Theory’) show the shear yield strength of the matrix materials. These values
can be compared with the values measured for the Inter Laminar Shear Strength. The
shear yield strength of the matrix material is the highest possibly measurable value
for shear failure strength in a composite.

Inter Laminar Shear Strength
25

20
■ ME8160 PE+PPG3299
CS (3.5%)

15

■ ME8160 PE+Ahlstrom
non-woven fabric

E

Z

10

□ BE182B PP+PPTwintex fabric (3.9%)

5

0

Theory

Measured

Figure IV.l Ranking mouldings with highest inter laminar shear strength
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