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Abstract

Resin Transfer Moulding (RTM), at present, is a semi-automated, low volume
production process for fibre reinforced plastics with much work being
undertaken to achieve full automation and medium volume production. The
efficient and consistent impregnation of thermosetting resin into a

reinforcement pack are key requirements in the development of RTM.

For mass production and automation accurate predictions of mould fill times
are critical in order to plan production. At present, the fill times are predicted
by assuming Darcy's law and using experimentally determined permeability
value. Permeability measurements display a large amount of scatter which

affects the accuracy of simulations of mould filling.

Commercial fabrics such as 'Injectex’ are now available which achieve high
permeability to resin flow through a modified microstructural architecture of

fibre tows.

This thesis seeks to examine the relationship between microstructure and
permeability in these fabrics in the context of possible decreases in mechanical
properties which may result from non-uniform fibre distribution. An image
analysis technique is used to characteﬂs;e and quantify the regions of flow
within the fabric architecture which are then correlated with a series of
permeability measurements determined experimentally. This then leads onto a

mathematical model for the prediction of the permeability of the fibre pack.
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Glossary of Terms

A

Accelerator - a material which when mixed with a catalyst or resin, will
speed up the chemical reaction between the catalyst and the resin.

Anisotropic - properties which differ in different load directions i.e. in fibre
reinforcements the properties vary with respect to the orientation of the fibres.

Anisotropy Index - the ratio of properties in the major flow direction to the
minor flow direction

Areal Weight - The weight per unit area of a fabric or tape reinforcement
usually measured in g/m’.

B

Balanced Laminate - a composite laminate in which all laminae angles other

than 0° and 90° occur only in pairs and are symmetrical about the centre line of
the laminate.

Bundle - the name given to a collection of fibres which are essentially parallel.
Also referred to as a tow of fibres.

C

Carbon Fibre - Fibre produced by the pyrolysis of organic precursor fibres
such as rayon, polyacrylonitrile (PAN) and pitch in an inert environment.

Catalyst - A substance which changes the rate of chemical reaction without
itself undergoing permanent change in composition. A substance which speeds
up the cure of a resin markedly.

Cavity - the space inside a mould into which a resin is injected.

Crimp - the waviness of a fibre or fabric produced by the weaving process.

Cure - to irreversibly change the properties of a thermosetting resin by

chemical reaction. This may be accomplished with or without heat and
pressure

D

Drape - the ability of a fabric to conform to a contoured shape.

ix



E

'E' Glass - A family of glass with an aluminosilicate composition and
maximum alkali content of 2%. The most commonly used reinforcement glass
which is used in electrical laminates due to its high resistivity. Also called
electric glass.

Exotherm - the evolution of heat during the curing reaction of thermosetting
resin

F

Filament - the smallest part of fibrous reinforcement. They are usually very
long and have a small diameter (high aspect ratio)

Fill - yam ornented at right angles to the warp in a woven fabric. Also known
as the weft yam

G

Gel - the jellylike formation that develops when a thermosetting resin is curing.
The resin will not flow when it has reached the gel point

H

Hand Lay-up - the process of working resin into successive layers of plies on
a mould face by hand.

Hardener - a substance which when mixed with the base resin, promotes the
curing action of the resin

Heterogeneous - a material or flow consisting of dissimilar components, i.e. a
flow of resin which exhibits different flow properties in arbitrary directions

Homogeneous - a material which exhibits uniform composition in all directions

Hygroscopic - capable of absorbing and retaining atmospheric moisture

|

Impregnate - to saturate the reinforcement with resin so there are no spaces
left unfilled

Inter-Tow Flow - ﬂufd flow between the fibre tows (bundles)

Intra-Tow Flow - fluid flow into the fibre tows (bundles)




Isotropic - exhibiting uniform properties in all directions
L

Lamina - a single ply or layer within a laminate

Laminate - the result of bonding laminae together with resin, usually with the
aid of pressure or heat

Lay-up - the positioning of the dry reinforcement into the mould cavity

M

Macro - considering the properties of a material from an overall rather than
specific viewpoint

Matrix - the homogeneous resin phase which impregnates the dry
reinforcement

Micro - consideration of the reinforcement, laminate or rein flow from a fibre
scale viewpoint

N

Nesting - the placing of plies of fabric so that the tows lie in the valleys of the
adjacent layer

Needlepunched mat - a mat reinforcement formed of short strands felted
together in a needle loom.

O

Orientation - the alignment of the fibres with respect to a datum direction.
Dictates the direction of flow of resin in high volume fraction composites

Orthotropic - possessing three mutually perpendi-cular planes of elastic
symmetry

P

Permeability - the rate of diffusion of a gas or liquid through a porous medium
without affecting its chemical composition

Pick Count - number of filling yamns per centimetre in a woven fabric

Ply - a layer of reinforcement within a lay-up



Porosity - the trapping of air in a material or the space in a laminate for the
resin to fill i.e. 1- the fraction of the mould volume taken up by fibres.

Preform - a preshaped fibrous reinforcement contoured to the desired
thickness of the finished part.

Q

Quasi-Isotropic - a property which approximates isotropy. Applies to random
mat for example

R

Reinforcement - a material of high strength bonded into a rein to increase its
mechanical properties. Reinforcements may be fibrous or particulate

Resin - usually associated with polymers and is used to bond reinforcements
together.

Resin System - a mixture of resin and ingredients such as catalyst, hardener
and accelerator.

Resin-Rich Area - a localised area with a low fibre content.

S

Size - a material which is deposited onto the reinforcement to improve the
bonding characteristics of the fibres

Starved Area - a localised area where the resin content is low due to
insufficient wetting or improper porting arrangements.

Symmetrical laminate - a laminate in which there is symmetry of layers in
terms of orientation with respect to the centre line

T

Textile fibres - ones which are produceﬂ by a variety of methods as in the
clothing industry such as weaving, knitting and braiding.

Thermosetting plastic - a plastic, which when formed may not be reformed by
meiting unlike thermoplastics which may be remoulded.

Tow - an untwisted bundle of continuous filaments. Tows are designated using
K to describe how many individual filaments are present i.e. 3K = 3000
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U

Unidirectional laminate - a laminate in which the vast majority of the fibres
are oriented in one direction

A\

Viscosity - the property of resistance to flow offered by a material expressed
as the relationship between applied shear stress and the resultant strain rate

Voids - air or gas which is trapped in a laminate which are incapable of
transmitting loads

Volume Fraction - the fraction of the volume of a mould cavity occupied by
fibre reinforcement

W

Warp - the lengthways yarn in a woven fabric, also referred to as the machine
direction

Weft - the transverse yarns in a woven fabric

Wet-out - the condition reached when the voids in the reinforcement have
substantially been filled with resin.

X

X-axis - the axis with which is used as the 0° reference axis in the design of
lay-ups

Y

Y-axis - at nght angles to the x-axis in the plane of the laminate

Yarn - an assemblage of twisted filaments, fibres or strands to form a
continuous length suitable for weaving

Z

Z-axis - the axis normal to the plane of the laminate i.e. the thickness direction
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CHAPTER 1

INTRODUCTION

This chapter provides the background to the research programme undertaken.
After discussing the construction and merits of composite materials,
manufacturing methods are then assessed. This assessment deals with the
subjects of production quality, efficiency and health and safety. Attention 1s
then switched to the complex resin flow and fibre impregnation in each
method. Particular attention is paid to the prediction of the mould filling
processes by the use of an empirically determined permeability value.

1:1 Composite Materials

Although composite materials appear to be relatively new in the area of
matenials science, the principles of their construction are not. The idea of a
composite is to use the properties of two dissimilar materials to create a new
material whose properties are unique, sometimes superior and are often not
present in the constituent materials. The i1dea of this is based upon the so-called
‘matural’ composites which include some flexible tissues in the body and,
probably the most well known, wood. Wood is a composite of cellulose tubes,
which acts as the reinforcement and lignin, which bonds the cellulose tubes
together. A schematic diagram of the structure of wood 1s shown in Figure 1.1
from Higgins 1] and 6w1'ng to the orientation of the cellulose fibres,
directional mechanical properties are produced. These directional properties
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There now follows a description of the roles of the constituent materials
together with examples and a comparison with more traditional matenals.
1:2:1 Matrix and Interfacial Bonding

The task of the matrix is to restrian the fibre reinforement in position whilst
providing protection from damage and most importantly to transfer loads to
the fibres. The loads are transferred through shear to the reinforcement. The
nature of the interfacial bonding between fibres and matrix has a major
influence on the load transfer capacity between matrix and fibres. Adhesion
at the interface may be achieved by one of the following methods

1) Mechanical Bonding - which involves a high enough coefficient of friction
acting between the surfaces

i) Physical Bonding - depending upon the van der Waals forces acting
between surface molecules

1) Chemical Bonding at the interface.

Thermosetting polymer matrices are available in several categories such as
polyesters, epoxies, vinylesters and phenolics depending upon the
requirement of the component. ' Thermosets' are ﬁsed because their low
viscosities (generally < 2000cP) aid the impregnation of the fibre tows
which maximise the mechanical properties of the composite. Table 1.1 shows
properties of commonly used thermosetting resin matrices together with their

composition. It 1s observed that the use of these matrices is limited by the

component service temperature.



Resin Type | Composition |[Relative| Tensile |Elongation| Impact| Typical Max.
Density |Strength| (%) 4)) Service
(MN/m?) Temperature
(O
Epoxides Polymers generally 1.15 35-80 5-10 }0.5-1.5 200
cross-linked by
amines
Polyester Unsatrated linear 1.12 55 2 0.7 220
(unsaturated) polymers, cross-linked
by varicus vinyl
monomers
Polyester Condensation 2 25 - 0.25 150
(Alkyd Resins) products of glycal,
phthalic anhydride
Phenolic Condensation product | 1,35 35-55 1 0.3-1.5 75
(Phenol of either phenol or
Formaldehyde) |cresol with
formaldehyde

Table 1.1 Composition and Properties of Typical Thermosetting Resins [1 ]

The matnx selection is important because the matrix will be in contact with

the environment for which the component is designed, therefore a component

which requires a fire resistant property may require a phenolic matrix

whereas a component where strength is required may require an epoxy resin.

Manufacturing implications are introduced when using certain resins (usually

certain epoxies) owing to the requirement of heat to aid the cross linking

process and cure and maximise the mechanical properties.

1:2:2 Fibre Sizing

Improved interfacial adhesion is achieved by the use of a size or primer

material which coats the fibres. This material is chemically compatable with

both the fibre and the matrix and is discussed in detail by Bascom [4].

Common sizes are vinylsilane coated on glass fibres for processing with

polyester resins and aminosilane for epoxy resins. The silane promotes

adhesion between the size and the glass while the vinyl or amino groups




promote adhesion to the particular resin. Sizes also provide resistance to
physical damage and moisture absorption and can improve the processability
of the reinforcements by providing a uniform surface for the matrix to flow
over and impregnate. Applications of size are usually around 1% by weight
of the reinforcement. This may vary according to the level of protection
required with woven fabrics being more vulnerable to damage compared to
pre-impregnated materials (prepregs).

1:2:3 Fibrous Reinforcements

Reinforcements are available in several materials such as glass (E, S, T, RH),
carbon ( High Modulus,High Tensile Strength) and aramids (Kevlar). These
are obtainable in many geometric forms ranging from randomly oriented to
woven, stitched, knittted and braided reinforcement used for tubes and pipes.
A more detailed review of reinforcement configuration will be found in
Chapter 2:7.

Reinforcements are classified into two distinct groups, depending on the fibre
length,

1) Continuous-used where load transmission is required in specific directions
i) Discontinuous - used where a general strength is required to reinforce the
polymer matrix.

Due to the high aspect ratio (e.g. 10000:1 of length:diameter) of the fibres,
they are only effective when they are loaded parallel to their axis. Owing to

the length of continuous fibres, it is possible to apply substantial loads due to



the large contact area available to shear forces. Continuous fibre composites
possess higher mechaical properties because

+ 1) they can be aligned in the direction of the load

+ 1) higher volume fractions may be achieved . With discontinous shorter
fibres, the contact area is much reduced and hence only small loads may be
transmitted before the shear forces become too large and the fibres pull out.
A minimum effective length is applied to the fibres which depends on he
aspect ratio of the fibres (length/fibre diameter) and for many glass
reinforced plastics, the critical length is only several hundred micrometres.
Table 1.2 from Hull [5] shows a comparison of the properties of fibres made

from a range of matenals.

Material Tensile Relative Young's Specific Specific
Strength Density Modulus Strength Modulus
(GN/m?) (GN/m?) (GN/m?) (GN/m?)
'S' Glass 4.5 2.5 88 1.8 35
Steel (drawn wire) 4.2 7.74 200 0.54 26
‘E' Glass 14-25 2.55 76 14 29
Carbon (High 3 1.74 230 1.8 130
Strength)
Carbon (High 2.1 2 420 1.1 210
Modulus)
Boron 2.8 2.36 390 1.2 160

Table 1:2 Properties of Fibrous Materials [5]

It is important to realise that the composite material is manufactured by

combining the two phases and therefore it is these properties which are

compared with conventional materials. The figures in Table 1.1 are

misleading in the fact that a composite contains only between 30 and 70% of

fibres by volume. Properties of the composite can be predicted by vartous
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rules of mixtures such as Equations 1a and 1b for Young's Modulus parallel
and perpendicular to the fibres in a unidirectional, continuous fibre composite

Ec(u) =Ef.Vf+Em.(1 - Vf) -—-—— Equation la

EnEy
En.Vi+Eq1 - V)

E.xy= - - - - Equation 1b

where

E, = the Young's Modulus of the Composite

E, = the Young's Modulus of the Fibre Reinforcement
E,, = the Young's Modulus of the Matrix resin

V, = the Volume Fraction of the Fibre Reinforcement

As the fibres provide the strength to the composite, it is important to realise
that varying the volume fraction of the fibres affects the mechanical
properties of the composite as a whole. When using rules of mixtures, it is
important to remember that the orientation of the fibres affects the properties
and that loads applied at any angle other than parallel to the axis of the fibre
will reduce the effectiveness of the reinforcement. Also it important to
remember that the presence of voids in the matrix will be detrimental to the
overall properties of the composite. Judd et al. [6] concluded from tests that
the interlaminar shear strength reduced by about ‘)% for every 1% of voids
up to a void content of 4%.

1:3 Comparison of Composites with Traditional Materials

Comparing the properties of fibre reinforced plastics with those of more
common materials, the potential of composites as competitive alternatives to

conventional materials is observed. Table 1.2 from Higgins [1] shows a range



of properties associated with commonly used metallic alloys and plastic

materials and compares them to combinations of fibres and plastics. In terms

of mechanical properties, there does not appear to be to much to be gained

from the use of composites but a clear advantage is seen with density and

hence the weight of components may be drastically reduced. This is

obviously a major advantage where fuel economy is of paramount

importance such as in transport [7,8].

Material Density| Young's | Tensile | Elongation | Coefficient of| Heat
(Mg/m®) |Modulus|Strength |to Fracture] Thermal |Resistance
(GN/m?) | (MN/m’) (%) Expansion °C)
(x10%/°C)

High Strength 2.8 72 503 11 24 350
Al-Zn-Mg Alloy
Quenched and 7.85 207 2050- 12-28 11 300
Tempered Low Alloy 2600
Steel
Nimonic Steel 818 204 1200 26 16 1100
(nickel-based alloy)
Nylon 6.6 1.14 2 70 60 90 150
Glass Filled Nylon 1.47 14 207 2.2 25 170
(25% by Volume)
Carbon-Epoxy 1.62 220 1400 0.8 -0.2 260
Unidirectional
Laminate (parallel to
fibres) V.= 60%
As above 1.62 7 38 0.6 30 260
(perpendicular to
fibres)
Glass-Polyester 1.93 38 750 1.8 11 250
Unidirectional
Laminate (parallel to
fibres) V.= 50%
As above 1.93 10 22 0.2 11 250
(perpendicular to
fibres)
Glass-Polyester 1.55 8.5 110 2 25 230
(Randomly orientated :
fibres) V.= 20%

Table 1:3 Comparison of the Properties of Typical Engineering

Materials at Room Temperature [1]
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The advantages gained from the reduced weight may be seen in Table 1.4

where the specific strength and specific modulit are quoted for the materials in

Table 1.3. The strength to weight ratio of the unidirectional carbon/epoxy

laminate is 5 times greater than the low alloy steel while the glass/polyester is

almost twice as much. The carbon/epoxy laminate also offers a 5 times greater

stiffness to weight ratio compared with its steel alloy counterpart. Hence, there

are advantages of using composites in applications where weight savings

would be beneficial, without reducing the mechanical properties, e.g. aircraft

applications.
Material Specific Young's Modulus | Specific Tensile Strength
Young's Modulus / Tensile Strength /
Specific Gravity Specific Gravity
(GN/m?) (MN/m®)
High Strength Al-Zn-Mg Alloy 25.7 180
Quenched and Tempered Low Alloy 26.4 261-276
Steel
Nimonic Steel 249 147
(nickel-based alloy)
Nylon 6.6 1.8 61
Glass Filled Nylon 9.5 141
(25% by Volume)
Carbon-Epoxy Unidirectional 135 865
Laminate (parallel to fibres)V=60%
Glass-Polyester Unidirectional 19.7 390
Laminate (parallel to fibres) V=50%
Glass-Polyester 5.5 71
(Randomly orientated fibres)V,=20%

Table 1:4. Specific Modulus and Strength of Common Materials

1:4 Manufacturing Routes

The combining of the two constituents to produce the final composite

material component is achieved in a number of ways. The principal methods

are:




+Hand lay-up onto a single faced mould

+Matched Tool Compression Moulding

+Resin Injection or Resin Transfer Moulding (RTM)

+Filament Winding (for circular, elliptical or similar shapes)

+Pultrusion of symmetrical shaped members

+ Vacuum Bagging / Autoclaving of components to ensure high fibre volume
fraction and quality.

1:4:1 Resin Flow Processes

The manufacturing techniques listed previously may be divided into two
categories for the purposes of this research:

1) Short range flow of resin ( 10-500 microns)

1.e. of the order of the thickness of a reinforcement ply

11) Long range flow of resin (up to several metres)

i.e. of the order of a component length.

1:4:2 Short Range Flow Processes

This category includes processes such as autoclaving, compression méulding,
filament winding, pultrusion and vacuum bagging. In these processes, the
resin is only required to travel short distances to impregnate the fibre pack.
This is due to the fibre pack being partly impregnated either by the use of
pre-impregnated materials (prepregs) or by the laminator wet laying the
reinforcement before.consolidation. Consolidation is the use of pressure and

sometimes heat to maximise the fibre volume fraction and mechanical
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properties by squeezing the voids out of the fibre pack. The main advantage
of processes involving short range flow is that air entrapment is reduced
because the resin has already impregnated the fibre tows. Apart from hand
lay-up techniques, the other processes in this category are all expensive to
operate because of capital equipment costs and the increased cost of raw
materials. Therefore, they only tend to be used in specialist applications such
as the aerospace industry where high volume fractions (>55%) are used and
the quality is of great importance.

1:4:3 Long Range Flow Processes

Long range flow processes include Resin Transfer Moulding (RTM) and
Vacuum Assisted Resin Injection (VARI), where a thermosetting resin is
required to impregnate a dry reinforcement to produce the component.
Depending upon the porting arrangement, the resin may have to flow several
metres to fully impregnate the reinforcement.

1:5 Resin Transfer Moulding

RTM involves the injection, at low pressure (typically <4 bar), of a
precatalysed thermosetting resin into a pre-laid fibre pack in a preshaped
closed mould. The resin may be introduced by a single port, array of ports
and or a gallery depending upon the arrangement of the fibres within the
mould. The resin impregnates the fibres by displacing the air, fills the mould
and is allowed to cure, possibly with the aid of heat, before demoulding.

Vacuum may be used in addition to the injection pressure to aid the
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Table 1.5 from Gotch [10] shows some typical levels of styrene present in
some processes with and without extraction. The levels of styrene permitted

in the U.K. are 100 ppm until 1996 when it will be reduced to 50ppm.

Process Without Extraction (ppm)| With Extraction (ppm)
Hand Lay-up 60-100 25-80
Spray Deposition 170-200 70
Resin Injection 25 /
Vacuum Impregnation 25 /
Cold Press Moulding 60 25

Table 1.5 Typical Styrene Levels evident in Processes (parts per million)
Several standard techniques are available for the measurement of harmful
volatiles notably CEN/TC 137 N90 and N96 regarding workplace
atmospheres. Being an enclosed process, RTM contains these volatiles and
therefore poses less of a health and safety risk. Styrene levels are easily
within the maximum allowable limit without expensive extraction.

1:6 Components manufactured by RTM

Components manufactured by RTM may be divided into two categories
according to the volume fraction

i) Low Volume Fraction (<30%) - components manufactured from
continuous and discontinuous random mats are found in this category. The
30% limit is approximately the maximum volume fraction obtainable with
random mats because of the nature of the stacking of the fibres. Random
mats, particularly Continuous Filament Mat (CFM) provide low cost

structures with uniform strength characteristics.
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Examples of components manufactured in this volume fraction category are
Ford Transit van roofs [11], boat hulls [12], panels for freight containers,
tanks for chemicals and gearbox housings. The low volume fraction of fibres
in the components and the use of low viscosity polyester resins means that
impregnation is fast and turn round time of the moulding is much reduced.

ii) High Volume Fraction (>40%) - the majority of the components in this
category may be termed 'advanced composites' owing to the fact that the
components require a specific volume fraction and orientation of fibres to
cope with a particular type of load. The components manufactured take
advantage of the increased properties offered by directional woven or
stitched reinforcements to maximise their mechanical properties. The high
fibre content presents problems in manufacture such as mould distortion. The
increased fibre content also presents problems in the impregnation of the
fibre pack as the nature of the resin flow becomes more dependent on the
fibre onentation and distribution as the volume fraction is increased. Volume
fractions up to 90% are possible in theory but in practice only 65-70% is
possible due to imperfect packing and fibre misal-ignment. The investigation
of resin impregnation and its relationship with reinforcement architecture
forms the basis for much of the work in this thesis.

1:7 Simulation of the RTM Process

The potential of RTM to develop into an automated mass production process

[13] has led to a great deal of research and development into modelling the
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process. The vast majority of modelling has concentrated on the use of
Darcy's law to predict the passage of resin through reinforcements. Darcy's
law, derived to predict the losses in a water supply system, states that the
flow velocity of the fluid is directly proportional to the pressure gradient
driving the flow. The constant of proportionality, referred to as the
permeability, has been adopted as a method of classifying the reinforcements
used in RTM. Permeability describes the ease with which a fluid flows
through a porous medium, a high permeability implying a high flow rate.
However, Darcy's law was derived for particulate porous media which was
assumed to be homogeneous. In the case of fibre packs certain flow
complications are introduced. The flow of a fluid through a reinforcement is
influenced by a number of factors with respect to the reinforcement

1) the amount of fibres in the mould (volume fraction)

ii) the orientation of the fibres

1ii) the distribution of the fibres

A fibre pack, particularly one consisting of a woven reinforcement, consists
of areas of differing fibre distribution (on a scale from a few microns uptoa
few millimetres) and differing orientation. Consequently, there are several
different impregnation mechanisms involved in the total wetting out of the
reinforcement illustrated in Figure 1:1:

+ i) inter-tow flow - these gaps may be of the order of a few square

millimetres in size and dominate the overall flow.
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permeability values. The variation of permeability from pack to pack means
that errors will occur in the simulation of the process. This thesis is dedicated
to tackling the problems of permeability measurement and the governing flow
phenomena of RTM. Fabrics designed to enhance fill-rates are investigated
from a fill-rate versus mechanical properties viewpoint. The size and
architecture of the flow channels in the fabrics is investigated with the use of
an image analysis technique to enable a new prediction of mould fill to be
produced based on the proportion of each type of flow present in the

laminate.
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CHAPTER 2

MODELLING THE PROCESS

2:1 Porous Media Theory

Porous media are an important part of everyday life and have a number of
important applications. Therefore, it is important that we understand their
characteristics of permitting the flow of fluids through them. The many
differing geometries of media produce a variety of directional flow properties
which need to be defined in order to predict the flow through them. The
modelling of the flow of resin through fibres is based on work undertaken on
particulates which have a different geometry.. This research concentrates on the
understanding of the flow mechanisms of a resin through a fibrous pack. In this
chapter, there is a brief description of the two categories of medium together
with a detailed development of the governing equations for fluid flow through
fibrous beds developed from particulate theory.

2:1:1 Parficulate Media

These materials, such as sandstone and limestone are found commonly in a
number of important areas of industry, particularly oil exploration. The original
use of the work was in monitoring the losses through aquifers which were used
in the water supply system for the town of Dijon in France. Henri Darcy [14]
was responsible for the design of the system and his work is still used
extensively as the basic theory in solving problems involving both particulates
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and fibrous media. The petroleum industry is an obvious application of his
work in the extraction of oil, with various sea bed rocks being classified
according to the ease with which oil flows through them. Exploration and
reservoir engineers are interested in how easily the oil may be extracted
through these rocks in order to determine production rates. Later fundamental
work was carried out by Blake, Carman and Kozeny. This work was
semi-empirical and involved the determination of flow path constants such as
tortuosity (defined in 2:3:5) and geometry. Several methods have been
developed to measure the permeability of rocks as described in Chapter 2:6.

2:1:2 Fibrous Media

The development of reinforced plastics has led to the requirement to produce a
reliable model which would predict the flow of resin through a fibre pack.
This fibre reinforcement 1s considered as a porous medium and initially,
existing particulate theories were used to model the flow. Owing to the
differing geometry of fibres, i.e. a long continuous phase rather than a small
discontinuous phase, modifications were needed to the particulate equations.
These are discussed later in this chapter. Fibrous reinforcements are available
in a large number of different configurations produced by many techniques
such as uniaxial, bi,tri and quadriaxial which may be woven, stitched or
braided and continuous and discontinuous random mats which all give rise to
differing flow patterns. With both forms of media, the classification regarding

their flow properties is by use of permeability coefficients.




2:2 Permeability -Definition

Permeability is defined as the ease with which a fluid, vapour or gas passes
through a porous medium, It appears in a number of applications which are
evident in everyday life from petrol hoses to 'waterproof' clothing. There are
several British Standards available which use permeability to assess the
relative merits of a particular material in a particular application. Where
explosive gases such as oxygen, acetylene or hydrogen are concerned it is
obviously very important to know if there is any leakage through the tubes
which transport them and BS 903 (A46) and BS 103.11 deal with methods of
testing for leakage. In the packaging industry, it is important to know the
permeability of water vapour through various different types of packaging,
usually polymers. This relates to keeping food stuffs fresh and is dealt with in
BS 3177. The maternials are tested using a desiccant such as anhydrous
calcium chloride which is weighed before the test and the amount of water
vapour absorbed is recorded for a square metre of material in 24 hours. The
units of permeability are thus g/m? day. Civil engineers use BS 1377(5 & 6) to
test materials encountered in the building industry, such as sand, to determine
their drainage characteristics. Permeability has been used extensively by the
petroleum industry in the classification of types of porous rocks encountered
on the sea bed. These permeability figures are used to estimate the time that it
will take to recover the crude oil contained in the pores of the rocks.

Permeability has also been adopted as a method for classifying the fluid flow
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characteristics of fibre packs used in reinforced plastics processing. However,
there is no standard method of measuring the permeability of fibre beds
although there have been several methods developed from theory similar to
those used in flow through particulate media. Darcy's law has been extensively
used to explain the flow properties of porous media. Permeability appears in
Darcy's law as the constant of proportionality between the flow velocity and
the pressure gradient. Its magnitude is dependent upon the pore size and
structure, the viscosity of the infiltrating fluid and the driving pressure behind
the fluid. The units of permeability in the SI system are m? but are more
commonly quoted in the cgs system as darcies. A medium has a permeability
of 1 darcy if a fluid of viscosity 1cP flows with a velocity of 1 cmy/s under a
pressure gradient of 1 atm/cm. Therefore 1 darcy is the equivalent to the
following;

1 darcy = 1(cnv/s)(cP)/(atm/cm) = 9.869 x 107" m’ = 9.869 x 10° cni’
In particulate and fibre beds, transparent faced moulds have been used
extensively to momitor the infusion of fluids, obtain permeability values and to
gain a better understanding of the flow mechanisms. In particular, some
agreement has been reached regarding the fact that more than one type of flow
1s apparent in the filling process due to the different configuration of the
reinforcements and fibre distribution. This subject is investigated in greater

detail in chapters 5,6 and 7.
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2:3 Permeability in Particulates

2:3:1 Derivation of Permeability and Darcy's Law
The original definitions of permeability are found in work dealing with
particulate media and this section describes the following porous media

theories.
i) Darcy's Law
1i) Blake - Carman - Kozeny Theory

Darcy's law states that the flow velocity of the fluid is proportional to the
pressure gradient causing the flow. Throughout research in this area, several
symbols have been used to signify permeability and these will be consistent
with the authors who derived them. If a volume Q flows in ¢ seconds across a

cross-sectional area A, then the direct linear flow rate is

u= % ------ Equation 2:1
and Darcy's law states that
) A :
u=-—B1.8—§=B1.fp ----- Equation 2:2

where:
B, = the permeability coefficient
Ap = the fotal pressure drop across a sample, length L
where the flow is parallel to the x direction

This condition implies that
i) the fluid is assumed to be Newtonian

ii) the fluid is inert to the porous medium, i.e. chemical, adsorptive and

capillary effects are absent.

Therefore the flow rate is inversely proportional to the viscosity, 4 and the
viscosity will be part of the permeability coefficient, with the coefficient B,

becoming the specific permeability coefficient for viscous flow
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U=—"->——=——-— ----- Equation 2:3
Dupuit [15] realised that the linear velocity u of the fluid must be less than the
actual velocity u, in the pore space. This was due to the fact that the particles
reduced the area to be filled by a proportion according to the porosity, € as
reported by Carman [16].The layer will therefore have a fractional pore volume
equal to the fractional pore area. The following equation is known as the

Dupuit relation.

U, = % - - - - Equation 2:4

In petroleum technology, Muskat [17] employed mixed units which resulted in
the permeability unit being a darcy. This corresponded to a flow of 1 cm®/sec
through a cm-cube with a pressure difference of 1 atm/cm between opposite
faces using a fluid of 1 cP viscosity. The millidarcy has been used extensively
in the measurement of permeability of particulates. If the porespace of the
porous medium is uniform then it follows that the permeability will be similar
in the principal directions (i.e. the directions parallel to the direction of the axis
system used) and will have isotropic flow properties. In several substances
such as sandstone and mica, the particles are not uniform and therefore the
permeabilities will be different in the principal directions. Mica is a saucer
shaped particle which when layed on top of one another produces highly
anisotropic flow as ca-n be seen in table 2:3 taken from tests by Johnson and
Hughes [18].
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2:3:2 Pore Structure or 'Texture'

This is the governing parameter which dictates the permeability of a medium. It
is therefore important that a relationship is obtained between the pore structure
and the permeability. In some cases such as filters or membranes, where the
permeability is known, the pore size may be deduced. The problem with
obtaining a relationship between pore structure and permeability is the
modelling of the very complex network of inter-connecting pores. It has been
common practice by a number of researchers [19-22] to consider the pores as
an array of parallel capillaries. This does not allow for the inter connection of
the capillaries and so the medium has zero permeability normal to the
capillaries. The capillary model implies that the pore size needs to be related
to an equivalent capillary size. As the pores have a wide distribution of sizes
and there is only one permeability value associated with a given particulate
medium, it is important that the correct mean pore size is selected and this is
done by a statistical investigation of the particle sizes.

2:3:3 Porosity

The first attempt to derive a porosity function for a uniform bed of spheres was
made by Slichter [23] in 1897. He assumed the mean cross-section of the
capillary to be triangular and deduced expressions for the cross-sectional area
and length of the capillaries. He then applied the equivalent of Poiseuille's law

for capillary flow through a triangular cross section and obtained the following

permeability relationship
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------ Equation 2:5

where:
K{(€) = the permeability as a function of porosity varying from
8100 darcies for £ =0.26 to 1230 darcies for & = 0.46.

A completely different method was adopted by Blake [24] in 1922, who
introduced the concept of the hydraulic radius. The work carried out by

Stanton [25] in 1914 involved the production of a single valued plot of the

pu.d. against ——

Reynold's number
K p.u’

where u, is the linear velocity in a

pipe of diameter d, and R is the frictional force per unit area of the wetted
surface. For non-circular pipes, Schiller [26] produced good correlation for the
same non-dimensional group plotted against another non-dimensional group

p.Uem
m

, where m is the mean hydraulic radius given by,

m = cross-sectional area normal to the flow
wetted perimeter

- - - Equation 2:6

For a pipe of uniform cross-section the hydraulic radius may be written as

= volume filled with fluid
wetted surface area

- - - Equation 2:7

For a circular pipe, Dullien reported that m = d /4 and therefore d, = 4m may
be regarded as the mean pipe diameter. For a random packed bed of particles,
the fractional free cross-sectional area is equivalent to the porosity, € and
therefore the bed may be regarded as a i)ipe with a complicated cross-section

which gives

m=%& -----_. Equation 2:8

S

where: S = the particle surface area per unit volume of bed.
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If this expression for m is used with Dupuit's equation, u,=t/¢, then Stanton's
dimensionless groups become R.&/p.u’ and p.w/u.S. If R = Ap.&/L.S then the
first group becomes Ap.g*/L.p.u%S which Blake recommended for turbulent
flow through packed columns. In the viscous and streamline flow, these groups

lead to a relationship analogous to Poiseuille's law for circular pipes as seen

below,

_kH-S g Ap
Lpu2S PU T " kuS?L

- - - - Equation 2:9

where
k= the Kozeny constant (depends on shape of flow channel)

It then follows that the specific surface area of the particles S, is given by,

S,=S/(1-¢€) ------ Equation 2:10

2. perimeters of the particles .
here : S = - —_— - Equation 2:11
T - 00 = cross-sectional area of the particles quation

and then rearranging equation 2:3,

B _kul _em? ¢ _ 1 g3
7 Ap Tk kS? kS¥(1-¢)?

The effect of porosity is accounted for by the function £/(1- ¢ and the

- - - Equation 2:12

average particle size used when particles are non-spherical and non-uniform is
accounted for by S,. For uniform spheres S, = 6/d and it is therefore seen that
the surface mean particle size is thus

d=6/8,

where:

d, = the diameter of a sphere with the same specific area per unit
volume as the particles.

Therefore the permeability with respect to viscous flow is written as follows

B0= d%n ' 83
36k (1-¢)
26
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The practical effectiveness of this equation depends upon the constancy of k
for particles of varying shapes and beds of differing porosities.

Kozeny [27] also applied the hydraulic radius concept but clarified the
limitations of k. He assumed the pore space to be a bundle of capillaries with
a common hydraulic radius and a cross-section representative of the average
shape of a pore cross-section. He also assumed the path of a streamline
through a pore space to be tortuous with an average length L, greater than the
length of the test piece L and suggested that the L, term should be the
average length of the capillaries. For viscous flow through a non-circular
capillary of hydraulic radius m and length L_,the effective velocity may be

written

....... Equation 2:14

where:
k = the shape factor. For a circular capillary k= 2 and equation 2:14 is
equivalent to Poiseuille's Law.

2:3:4 Shape Factor

The shape factor k, varies for different cross secﬁons of capillary as shown in
Table 2:1 . Common shapes are rectarigular, elliptical and annular shapes
and therefore k_ lies in the range 2 - 2.5 and is reasonably independent of
shape. The shape factor k, was determined experimentally by Sullivan [28]

using equation 2:15 . The shape of the capillaries were produced by varying
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the distance and stacking of various fibres such as goat wool and copper

wire. The change in flow rate was then monitored for each capillary shape

Q= (EID ) '((31)2) '((1 i)zj """ Fuation 2:13
where :

¢ =sin’g
¢ = angle between a normal to the interface and the direction of
macroscopic flow i.e. normal to the fibre
QO = the volumetric flow rate
A = the cross sectional area of the medium

£ = the porosity of the reinforcement pack

If the fibres are aligned then the value of ¢ is unity

SHAPE OF CAPILLARY k,

Circle 2
Ellipse, semi-axes a,b : a= 2b ' 2.13
a=10b 2.45
Square 1.78
Rectangles, sides a,b: a=2b 1.94
a=10b 2.65

Parallel sided Slit 3
Equilateral Triangle 1.67

Annuli in pipes with concentric cores 2.0-3.0

Table 2:1 Values of k, for Viscous Flow in Various Cross-Sections [16]

Substitution of u,= w/e, m = &8 and L/L into equation 2:14 yields the

following -

g3 Ap
ko.p.S2 L

u= EL_ ------- Equation 2:16

Comparison with equation 2:9 shows that k£ =k (L /L). The ratio L /L is

known as the tortuosity factor and is illustrated in Figure 2.1.
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Comparison of equations 2:18 and 2:9 shows that

L.\2
k= (-fe) ko ------ Equation 2:19

where :
k = the Kozeny constant

Typical values of the Kozeny constant for different porosities are shown in

Table 2:2
POROSITY (g) Kozeny Constant (k)
0.3 3.5
04 5
0.5 6.2
0.6 7.6
0.7 11

Table 2:2 Kozeny Constant for various Porosities reported by Rose [31]

2:4 Blake - Carman - Kozeny Relationship

The work done by Blake, Kozeny and Carman [16,24,27] led to the

expression for linear flow velocity in particulate media,

L & Ap

4= E'ko.u.sz'f

------ Equation 2:20

This is known as the Kozeny-Carman equation . It was derived independently
of Blake. The equation describes laminar flow where the Reynolds Number is
less than 2000. The hydraulic radius concept has been shown to be a good
approximation under turbulent condition_ls. The previous section discussed the
derivation of the hydraulic radius equation and highlighted the number of
experimentally determined variables contained in it. Dullien [32] reported that
by combining the Hagen-Poiseuille equation with both Darcy's Law and the
pore velocity : effecti-ve velocity ratio (w/u, ), the following expression was
obtained for permeability.
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2
e.D
K= b ... Equation 2:21

L.)?
e

Dullien used the hydraulic diameter which is defined as 4 times the volume of

voids in the medium divided by the surface area of the channels

4t )1 ___. ion 2:
Dy, —4.(1 —e)'S Equation 2:22
By substituting for D, , the following is obtained, which is identical to

equation 2:12
3

K=—07>" £
= —e)?2 Q2
ko.(L) (1-¢)".S

- - - - Equation 2:23

The derivation of the equations thus far shows how dependent the permeability
values are on experimentally determined constants for different arrangements
of particles. In practice, there are a number of factors which provide
inconsistencies to measurements of this nature. Specifically, the particles are
not all the same size and shape and hence an error is induced by using a
statistically determined average pore siz-e for a specific matenial. However this
is a standard method of dealing with this type of problem.

Following the derivation of particulate media permeability equations, the

application of similar theory to fibre packs is now discussed.
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Darcy's law models this flow geometry with the following equation;

Uy = ——=.S—=— === -~ Equation 2:24

where

u_= the superficial velocity of the fluid in the x direction

dP/dx = the pressure gradient in the fluid

u = the fluid dynamic viscosity

K = the permeability of the porous medium

Q = the volumetric flow rate of the fluid in the medium

A = the area available for flow - i.e. the cross-sectional area of the front

This shows Darcy's law in its simplest form. For predicting fill- times,
Equation 2:24 is integrated over the flow distance to give the fill time

equation 2:25-

oo G K P
dt M dx
-
dt = | x.dx
0 K.P, 0
The flow time is thus -
t peL” Equation 2:25
= oo -- uation 2:
L= 2 KP, a

2:5:2 Radial, Isotropic Darcy Flow

The most commonly used inlets are point sources which produce radial
flow. The shape of the flow will be dei)endent upon the fibre orientation
and volume fraction of the fibre pack. For an isotropic radial flow, as
portrayed in Figure 2.3 overleaf, the Darcy equation is expressed in circular

co-ordinates
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If equation 2:29 ( the Dupuit Relation) is substituted into equation 2:28 |

then equation 2;30 is obtained

Ii"io dt=rln (-r%) dr ------ Equation 2:30
Integrating
R T
K.P _
r="-ro rln (%) dr= €. po J. dt ------ Equation 2:31
where

T is the time to fill radial distance R.

Integrating equation 2:31:

[L;}[r; ( )j| li;— = S'“ ----- Equation 2:32

By rearranging equation 2:32 we obtain the following

2 2
1}1 (2 In (R) - 1) +r_0 = LS POT ------ Equation 2:33

K= PS %{[4] + sz(Z In (%) - 1)} - - - -Equation 2:34

This equation may be rearranged according to the parameter being

measured, usually either permeability K or fill time 7'

2:5:3 Radial, Anisotropic Darcy Flow

For the case of an isotropic flow, the front is circular. For anisotropic flow
as would be observed during a central injection of a unidirectional lay-up,

the front is elliptical in shape. In this case, Darcy's law takes a different

form:
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The non-zero diagonal terms, K|, and K,, are the principal permeabilities in
the direction of the first and second principal directions respectively. If the

principal axes are x and y then from 2:35 and 2:36:

(&
[ Knn O x .
0=d ( ) - - - - Equation 2:38
lv[ 0 K L% J q
which produces
2 2 ,
K”g;g + Kzzgy—z =0 ------ Equation 2:39

The relative magnitude of the K, and K, determines the aspect ratio of the

flow front. If:
a=Su . Equation 2:40
K2
The goveming equation is then obtained as follows
2 2
Chl SN -l Sy S Equation 2:41
ax2 ay2

When a =1, then the bed is isotropic and the flow is governed by the
Laplace equation. In general, the principal axes of the porous medium will
be oriented at the same angle 0, as the axes in which the permeability is
measured. A particularly clear and succinct derivation of the permeability

tensors was developed by Carter [32] and these tensors are as follows;

Ky = Ky ;:KV + Kx ; KY_ cos20 -~------ Equation 2:42
Kx+Ky Kx-K .
Kyp=——_ X 0520 ------- Equation 2:43

where
K,,and K, are the experimental permeabilities
K, and K are the principal permeabilities

8 = the angle between the two co-ordinate systems
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2:5:4 Modification of Carman-Kozeny for Fibrous Beds

The Carman-Kozeny equation for particulates has been used to describe the
flow of Newtonian Fluids through packed beds of spherical particles and

this is now extended for packs of fibres. The equation which models this is;

K= ey S Equation 2:44

where r, = the fibre radius
In this situation, there are two distinct types of flow
1) Axial (along the fibres)
11) Transverse (across the fibres)
Therefore the Kozeny constant varies in each direction of flow due to the
different resistance to flow.Modifications have been made to the
Carman-Kozeny equation to take into account the possibility of flow in
both transverse and axial directions. The packing arrangement of the fibres
has also been dealt with by Gebart [34] and this is highlighted below. Two
ordered arrangements have been selected and these are hexagonal and
square packing. For flow perpendicular to the fibre lay-ups the

permeabilities are as follows,

5
16 [ [Viaw | .
K 1(sQUARE) = { -1 J I --n-- Equation 2:45
( ) 7.2 v
16 Vf(max) : .
Kimexy = [ -1 J A Equation 2:46
) 9_1t.‘/g Vi

where V. = the maximum volume fraction when the fibres touch.

Vimay = /4 for square and —= J_ for hexagonal arrangements
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For flow parallel to the fibres, Gebart concluded that the flow was
dependent on an experimentally determined constant, and the general

equation is

3
Kypy="r—r——m—  -c--- Equation 2:47

where k, = 32.k

The shape factor in fibres is primarily a function of the volume fraction
which can only be altered by moving the fibres together or apart, hence
changing the flow geometry. Typical values for the shape factor were
determined by Schlichting [35] and are 57 for square and 53 for hexagonal
arrangments which gave Kozeny constants of 1.78 and 1.66 respectively.
The Carman-Kozeny equation was modified further by Williams et al. [36]
who combined the Darcy equation (equation 2:24) for linear isotropic flow
with the Carman-Kozeny equation and introduced the mean hydraulic
radius m. The mean hydraulic radius is given by,

£

_r
m=T-¢

- - - - Equation 2:48
where

r = fibre radius

The flow rate Q, from Darcy's law for linear one-dimensional flow may

then be written as

_eAm?.Ap

Q= kol T Equation 2:49
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2:6 Measurement of Permeability

The purpose of this section is to review the development of permeability
measurement from its origins in particulate media up to present day
procedures for fibre beds.

2:6:1 Permeability of Particulates

The work of Darcy, Blake, Kozeny and Carman led to the experiments to
verify their respective equations. The early experimental set-ups used
particles of a predetermined size, determined by the Sauter mean diameter
method which involved analysis with sieves of different sized meshes. Some
work was also carried out by Latini [37] to determine the degree of
anisotropy in specific rocks such as mica. Anisotropy in rocks is caused by
particles which are, on average, asymmetric in shape and have a specific
orientation. This is even more pronounced in fibre beds due to the vastly
different flow areas in the axial and transverse directions. There has been a
steady development of apparatus designed to measure the permeability of
porous rocks, both consolidated and unconsolidated.

Figure 2:5 shows the first apparatus, designed by Fancher et al. [38] in 1933
which used a bored rubber holder for the sample into which fluid flowed
from the base with pressure tappings to enable the pressure to be determined.
Johnson et al. [39] then designed a radial flow experiment, the apparatus of

which is shown in Figure 2:6.
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SAMPLE | POROSITY |  VERTICAL HORIZONTAL | PERMEABILITY | EQUIVALENT
e PERMEABILITY | PERMEABILITY RATIO DIAMETER
B, (cm’x 107)| B, (cm’® x 107) B,/B,
SANDSAMPLEL| (38 5.1 54 1.06 254
0.44 9.6 10.1 1.05 254
SANDSAMPLEZ| (38 0.76 0.79 1.04 100
LIMESTONE
SAMPLE A 0.46 9.9 11 1.11 230
0.51 14.4 17.4 1.21 220
LIMESTONE
wEsToNe | g 45 178 19.7 111 326
0.5 30.5 36.5 1.2 334
LIMESTONE ‘
SAMPLE C 0.46 25.1 28.1 1.12 369
0.5 41 50.5 1.23 383

Table 2:3 Directional Properties - Unidirectional Flow

SAMPLE POROSITY VERTICAL HORIZONTAL PERMEABILITY EQUIVALENT
£ PERMEABILITY PERMEABILITY RATIO DIAMETER

B, (cm*x 107) (B, (em*x10")| B/B, H
SANDSAMPLEL | 0 42 5.21 485 0.93 204
0.48 7.8 8.54 1.1 220
SANDSAMPLE2 | g 42 1.98 2.43 1.23 126
0.44 2.61 3.54 1.36 133
0.45 3.15 4.01 1.28 136

LIMESTONE
IMESTON 0.49 926 11.3 1.22 191
0.52 143 16.7 1.17 210

LIMESTONE
s Ton 0.48 20 22.2 1.11 304
0.52 32.4 32.5 1.01 315

LIMESTONE
o 0.5 50.7 40.8 0.81 424
0.53 70.4 56.3 0.8 432
MicA 0.87 0.09 0.17 1.93 2

ACTIVATED
CTIVATE 0.77 1.38 1.38 2.16 17
0.76 0.97 0.97 2.46 15

Table 2:4. Directional Propetrties - Two Dimensional Flow

# the equivalent diameter is the hydraulic radius of the bed multiplied by
the fluid viscosity
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2:6:2 Permeability Measurement of Fibre Beds

A significant amount of time has been spent by a number of institutions
regarding the measurement of the permeability of fibre reinforcements. In most
cases, the permeability has been used to show how the flow properties vary

with changes in the parameters of the process. This section reviews the work
undertaken in the area of fibre permeability measurement and shows the degree
to which permeability is affected by the following parameters

» fibre volume fraction

> injection (driving) pressure

> injection fluid

> the stacking sequence of the layers

> the fluid viscosity

> fibre orentation

>reinforcement architecture

> fibre surface treatment

2:6:3 Fibre Reinforcement Permeability Measurement Apparatus

The methods used for measurement of permeability have been based around
two theories

1) Darcy's Law

i1) Carman-Kozeny Theory

The vast majority of the tests carried out are based on two dimensional flow
because most RTM type components are thin shell structures and therefore
through thickness flow is relatively small. All the moulds used for

permeability measurement have been of the visualisation type to enable
accurate measurement of flow rates. A selection of moulds is now shown with
varying degrees of coﬁpleﬁw and instrumentation. In all the moulds, the same

parameters are being measured but the flow directions may be linear or radial
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plate, 350mm square with a 2mm gelcoat bonded to it. The gelcoat was
ground flat with various grades of wet and dry grinding paper. The major
difference in this rig was that the mould was used for the injection of fluids
under positive pressure rather than vacuum. This provided scope for pressures
greater than 1bar to be used if required. The mould used radial injection from a
central port which avoided the problem of edge effects. The depth of the mould
cavity may be varied with the use of different depth plates. There was no seal
and therefore the fibre pack was open to the atmosphere. Positioned either side
of the inlet port were measurement ports to which pressure transducers (RS
0-15 psi Piezo Resistive) were attatched. Three thermocouple leads were
positioned in the mould base plate. The mould top was a piece of float glass
10mm thick, 350mm square. The glass plate was positioned on top of the fibre
pack and held in place by four toggle clamps and two force-distributing angle
sections. The toggle clamps were more efficient than the caphead bolts as they
released more easily. The set-up was postioned on a stand to enable easy
access to the inlet port. The injection equipment,supplied by Plastech T.T. of
Gunnislake, Cornwall consisted of a 3 litre steel cylinder with both vacuum
and pressure injection capabilities. The maximum injection pressure available
was 6 bar and the injection/vacuum was controlled by a valve positioned on the
outlet tube of the cylinder. The cylinder also had the capabilities for solvent

cleaning with a port at the head of the cylinder to allow a spray of acetone to
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wash down the inside of the cylinder to dissolve unused resin which was then

flushed out.

3:2:2 Reinforcements / Resin Tested

The fabrics used in this set of tests were as follows

i) Plain Woven E' Glass of 345g/m’ areal weight

i) Plain Woven 'E' Glass of 220 g/m’ areal weight

A set of tests were undertaken to determine the repeatability of the injection.
The tests were then continued to determine the effect of the following factors
on permeability

1) laminate thickness

i1) volume fraction

iii) areal weight

The injection fluid used was the MY 750 Epoxy resin system consisting of
MY750 Resin / HY917 Hardener / DY070 Catalyst manufactured by
Ciba-Geigy, see data sheet [92].

3:2:3 Data Collection

The procedure for data collection was improved By the use of a video camera
and recorder to record the injection. An'acetate sheet with a radial scale was
placed on the top plate to enable the progression to be replotted as accurately
as possible. The temperature of the mould was monitored throughout the
injection and this temperature was used in the fluid viscosity testing. Viscosity

tests were carried out after the injection at the measured mould temperature,
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initially with a U-tube viscometer and latterly with a P-C controlled cone and
plate viscometer. These tests are now discussed in more detail

3:2:4 Viscosity Test Procedure

Measured permeabilty value depended to a large extent upon the accuracy with
which the viscosity was known, so viscosity measurements were conducted
under strict conditions. These were carried out separately to the permeability
tests and it was therefore required to obtain as much information regarding the
state of the resin during the permeability test as possible. Therefore the
following two temperatures were measured during the test:

1) the resin temperature

1) the mould temperature

The ambient temperature was also measured but it was not believed that this
would cause significant changes to the resin or mould temperatures during the
test.

The viscosity tests undertaken during this research were done by two methods:
1) U-Tube Viscometer

1) Cone and Plate Rheometer

3:2:5 U-Tube Viscometer

This method of viscosity determination was carried out in accordance with
B.S. 188 Methods for the Determination of the Viscosity of Liquids’. The
correct U-tube was. selected and was secured in position in the water

immersion heater bath. Using a pipette, the fluid, (in this case glycerol) was
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at a similar time to the injection in the permeability test. The shear rate was
monitored at a constant shear stress and a viscosity time plot obtained for each
test. A comprehensive log of all the viscosity testing is in Appendix 2. This
method was adopted as the standard viscosity determination test and was used
in all the subsequent measurements. The preparation time was speeded up for
the faster curing polyester resins. An advantage of using the cone and plate
viscometer was that the viscosity could be monitored closely in order that the
test be terminated when the gel commenced and the apparatus be cleaned off
accordingly.

3:2:8 Fluid Pressure Measurement

In order to be able to analyse the fluid progression in greater detail, pressure
readings at various points within the progression were required. The pressure
gradient was also required in order to verify Darcy's Law i.e. that the flow
velocity was proportional to the pressure gradient across the fluid. In the
permeability tests undertaken, the pressure profile was not known but
assumptions made were as follows:

1) the pressure at the inlet was equal to the injection pressure set on the
gauge on the injection cylinder (no lossés along the pipe between the mould
and the cylinder)

i) the pressure at the resin front was atmospheric if the mould was not

sealed and therefore the pressure drop was simply the injection pressure minus

the atmospheric pressure.
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The permeability values calculated all used the total pressure difference
between the front and the inlet.

To determine the pressure profile, some method of pressure measurement was
required. It was decided to use pressure transducers placed at intervals across

the mould . The specification of these transducers was as follows:

1) they should be easy to use
i1} owing to cost constraints, they should be reusable

iit) they should not degrade when in contact with resin

These specifications precluded the use of affordable transducers and hence it
was decided not to use resin, but water-based glycerol as the injection fluid.
An RS 0-15 psi piezo-resistive transducer together with charge amplifier (the
components and circuit of which are shown in Appendix 3) were selected for
testing and this formed part of a B.Eng final year projects by Surphlis [93] and
Mackenzie [94]. The first step was to realise the effectiveness of pressure
measurement and after successful tests, further transducers were introduced to
the mould to monitor the whole frontal progression. A problem encountered
during measurement was the pressure limit on the transducer of 1 bar.

3:2:9 Calibration of the Pressure Transducer

The procedure for this was to use a preéalibrated pressure gauge to apply
specific pressures to the diaphragm located in the body of the transducer and
record the voltage output (imbalance) in the circuit. The pressure was
incremented upwards and downwards to observe any hysteresis losses. The

voltage output was plotted against the gauge pressure to obtain the calibration
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was compared to the average permeability value for the whole injection i.e. the
last incremental permeability. The complete set of flow front progressions for
this series of tests is to be found in Appendix Al:2.

3:2:11 Observations and Possible Improvements

Observations made in this set of injections were that the initial percolation of
the resin through the fibre pack to the top face proved to be very inconsistent.
Some injections showed a large initial flow, some very little and some with two
separate witness points i.e. the initial flow is three-dimensional rather than
two-dimensional as assumed in Darcy theory. This effect is addressed in the
next section. The mould deflection, determined by a similar method as before
was found to be greatly reduced but for 2 mould depth of 2.12mm, there was
still a deflection of 0.2mm (i.e. 9.4%) at the centre.

There was a problem of inconsistency in the viscosity tests being carried out
using different samples of resin albeit with a similar time and temperature
schedule as the injection. The homogeneity of the mixing was not guaranteed
although care was taken to mix each sample well. The resin used in these
injections was a high temperature cure epoxy which required heat to cure. In
this set of tests, due to the absence of miould heating facilities, the resin was
not cured. To enable samples for mechanical testing and plate thickness
investigations to be moulded, there was a requirement for a heating system for
the mould or the use of ambient temperature curing resins. The latter is adopted

in the next schedule of permeability testing,
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3:3 Adaption of Further Improvements.

The modified mould shown in Figure 3:13 was manufactured from a laminate
of glass and polyester resin enclosed by a rigid frame and includes several
improvements

1) the inclusion of a heater mat embedded in the mould base for high
temperature injections

ii) the addition of a rigid frame to be clamped to the mould top to prevent
mould deflection.

The toggle clamps were removed in favour of six G-clamps positioned around
the perimeter of the mould. Thermocouples were moulded into the base to
enable temperature monitoring to take place during the injection. The mould
also had the capability to be coupled to a vacuum supply if required.

3:3:1 New Reinforcement to be Tested

The new mould was used to test a set of development fabrics woven by Carr
Reinforcements Limited of Stockport, Cheshire. The fabric was a 2x2 twill
woven carbon, woven from Grafil 34-700 standard modulus in 6k tows. The

full specification of the fibres is seen in Table 3:3..

Fibre Type | Tensile Strength | Modulus | Density |Elongation| Filament Diameter
(GPa) (GPa) | (g/em’) | (%) (um)

34-700-6000 45 234 1.8 1.9 6.9

Table 3:3 Carbon Fibre Specification
The new fabric was similar in form to 'Injectex' in that it included a bound or
twisted tow in the w;:ﬁ direction, This bound tow was woven in differing
proportions according the weave designation. Figure 3:14 shows the
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conventional twill and introduces the development fabric range. A limited
supply was provided by Carr Reinforcements for flow testing to determine the
flow enhancement produced by the twisted tows and for further microstructural
investigations.

The tests conducted on these fabrics used a nominal constant volume fraction
laminate which was made up of 4 layers. The slight variation in areal weight of
the fabrics required depth plates of slightly varying thicknesses to maintain a
50% volume fraction. The bound tow was orientated in the weft direction only
which meant that the flow enhancement was only in this particular direction.
To produce isotropic flow, the lay-up required balancing which was achieved
by laying the plies in a 0-90-90-0 orientation with respect to the bound tow. To
measure the degree of anisotropy produced in the flow by the bound tows,
some tests were undertaken on unbalanced laminates such as 0-90-0-0 and
0-0-0-0 orientation with respect to the bound tows. The first set of tests
undertaken measured the change in permeability produced by the flow
enhancing tows and used glycerol or 'Glycerin' supplied by Boots the Chemuist.
There then followed a sequence of tests (see Tables 3:4 and 3:5) using
different polyester resins in order not only to produce plates for microstructural

analysis but also to investigate the effect of different fluids on the permeability

value.
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3:3:2 Changes in the Permeability Measurement Procedure

After consulting the literature regarding the testing of laminates, it became
apparent that similar problems of the initial three-dimensional flow had been
experienced by other researchers. Montgomery et al [48] investigated the idea
of cutting a circular hole above the inlet in order to reduce the vanability of the
initial contact of resin and fibre and also to initiate two dimensional flow. A
14mm diameter hole was punched through the whole laminate on a wooden
board to reduce the problem of misalignment and the laminate positioned with
the hole over the inlet on the base of the mould. The mould was then
assembled with the frame being placed on the glass plate and then clamped at
the corners using G-clamps. Table 3:4 shows the tests conducted on balanced
(0-90-90-0), isotropic lay-ups, while Table 3:5 shows the schedule of testing
conducted on anisotropic lay-ups.

A similar testing method was adopted for the lay-ups with an injection pressure
of 0.85 bar with no vacuum. The progressions were videoed from above the
mould and replayed to enable plotting. This procedure was thought to be one
source of errors and therefore for one injection, three separate progressions
were recorded and an error band obtained. This is discussed in the conclusion
of Chapter 4. The planimeter was again employed to determine not only the
incremental flow areas but also the average incremental flow radius. Viscosity
values were obtained from the cone and plate viscometer in the same way as in

section 3:2:7. The initial flow radius from (equation 2:34) was altered to the
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radius of the hole cut in the laminate and as before , this information was

introduced into a Microsoft Excel spreadsheet in order to determine the

incremental permeabilities. These results are shown graphically in chapter 4:3

Fabric Ratio of Bound : Areal Cavity Test Number | Injection Fluid
Designation Conventional Weight Thickness
Tows (g/m?) (mm)
Base Twill-1 Boots Glycerol
38166 Conve.ntiona] 2x2 380 1.69 Base Twill-2 Boots Glycerol
Twill Weave Base Twill-3 Boots Glycerol
DWQI126-1 |Scott Bader 2-414
(ResinE")
DWO126-2 |Scott Bader 2-414
(Resin'E")
DWO 126 11 381 1.69 DWO126-3  |Scott Bat'ier 2414
(Resin'E")
DWOQ126-5 Boots Glycerol
DWO0126-7 BDH Glycerol
DWO0126-8 Boots Glycerol
DWOI126-9 Boots Glycerol
DWO 127-1 BDH Glycerol
DWO 127 1:2 382 1.70 DWO 1272 BDH Glycerol
DWOQO148-1 Scott Bader 2414
(ResinE")
DWOI148-3  |Scott Bader 2-414
DWO 148 1:3 384 1.71 (Resin'E")
DWO148-4 Scott Bader 471
(Resin'A")
DWOI148-6 Beots Glycerol
DWOQO148-7 Boots Glycerol
DWQ148-8 Boots Glycerol
DWO 149-1 Boots Glycerol
DWO 149 L4 385 171 DWO 1492 | Boots Glycerol
DWO 149-3 Boots Glycerol
DWQ 150-1 Boots Glycerol
DWO 150 L5 380 1.69 DWO 1502 | Boots Glycerol
DWO 150-3 Boots Glycerol
DWQ 151-1 Boots Glycerol
DWO 151 1:6 381 L.69 DWO 151-2 | Boots Glycerol
DWO 151-3 Boots Glycerol
DWO 156-1 Boots Glycerol
DWQ 156 1:7 380 1.69 DWO 156-2 Bools Glycerol
DWO 156-3 Boots Glycerol

Table 3:4. Permeability Testing Schedule for Flow Enhancing Fabrics
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Fabric |Ratio of Bound| Areal Lay-up Cavity |Test Number| Injection Fluid
Designation | : Conventional | Weight Orientation | Thickness
Tows (g/m®) |(wrt Bound Tow)| (mm)
38166 N/A 380 N/A 1.69 38166-1 |Scoit Bader 2-414
(Resin'E")
DWO126-4| Jotun Norpol
DWO126 1:1 381 0-0-0-0 1.69 42-10 Polyester +
MEKP Catalyst
0-0-0-0 DWQ126-6 | Boots Glycerol
0-90-0-0 DWO148-2 | Scott Bader 2-414
DWO148 1:3 384 1.71 (Resin'E'")
0-0-0-0 DWO148-5 | Scott Bader 471
(Resin'A")
DWO 149 1:4 385 0-0-0-0 1.71 [(DWO149-4| Jotun Norpol
42-10 Polyester +
AAP Catalyst
Jotun Norpol
DWO 150 1:5 380 0-0-0-0 1.69 |DWO150-4 | 42-10 Polyester +
MEKP Catalyst
Jotun Norpol
DWO 151 1:6 381 0-0-0-0 1.69 |DWOI151-4|42-10 Polyester+
AAP Catalyst
Jotun Norpol
DWO 156 1:7 380 0-0-0-0 1.69 |DWO156-4 | 42-10 Polyester +
AAP Catalyst

Table 3:5. Permeability Testing Schedule for Unbalanced, Anisotropic

Lay-ups.

3:4 Flow Monitoring Procedure Modifications

This section describes a new method of collecting the flow radius data, on the
Brite-Euram RTM development program at the University of Plymouth.
Figure 3:15 shows the arrangement of the permeability measurement facilities
while Figure 3:16 shows the heater mat and porting arrangements. It involved
the use of a frame grabbing camera placgd above the mould, much the same as
the video camera, except that it was programmed to take and store images at
set intervals. After the injection was finished, these frames were analysed by
means of grey level detection, the wetted region being a different shade to the
unwetted region. Combarison of the wetted regions with an unwetted

calibration image yielded flow radii. The calibration image dictated the centre
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of the injection and also the 'x' and 'y' measured distances . The flow radii were
measured at 15° intervals around the front which were stored on disk and
imported onto a spreadsheet to determine the permeabilities. This was much
more efficient than the planimeter at producing flow radii although it was
susceptible to slight changes in the grey threshold level. This caused problems
when different lighting conditions prevailed owing to a failure in the
illumination system or when carbon reinforcements were used producing
weave patterns on the glass plate. Smears on the glass caused by mould release
also caused problems as they too produced different grey levels which affected
the flow radii determination and therefore great care was taken to ensure the
glass was clean before assembling the mould.

3:4:1 Verification of Permeability Testing

This set of tests is used to check the permeability values obtained from the

previous section. Table 3:6 shows the testing schedule for these tests.

Fabric Test Number| Nominal Volume Lay-up Resin System
Fraction (%) Orientation
(wrt twisted tow)

2x2 Twill VTWILL - 1 53 N/A Jotun Norpol
42-10

DWO 156 (1:7) | VI156-1 53 0-90-90-0 Jotun Norpol
42-10

DWO 150 (1:5)| VI150-1 53 0-90-90-0 Jotun Norpol
42-10

DWO 148 (1:3) | V148-1 53 0-90-90-0 Jotun Norpol
42-10

DWO 126 (1:1) | VI126-1 53 0-90-90-0 Jotun Norpol
42-10

Table 3:6 Schedule for the Permeability Verification Tests
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These series of tests were undertaken on 5 selected fabrics with an increment
of 1,3,5 and 7 conventional tows per twisted tow. The tests were conducted at
ambient temperature at an injection pressure of 1 bar and a mould depth of

1.59mm.

3:4:2 Data Processing

The flow radii data were imported into a spreadsheet and in a similar method
as before, the incremental permeability values determined. The results of these
permeability tests are shown in chapter 4:4. The plates produced by the
permeability tests were sectioned, measured and mounted to provide data for

mould deflection and samples for image analysis which is discussed in chapters

5 and 6.
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CHAPTER 4

PERMEABILITY TEST RESULTS

This chapter presents the results of all the permeability tests undertaken using
the four experimental procedures described in Chapter 3. The results are
presented in both tabular and graphical form to enable comparison of the
values. The plots of the flow progressions for all of the permeability tests are
presented in Appendix 1.

4:1 Preliminary Flow Test Results

This section reports the results of the tests described in Chapter 3:1:3
involving the impregnation of various 'E' glass reinforcements using vacuum
pressure only. It is important to realise that the permeability values are not
strictly correct. This was due to the radial Darcy's law (equation 2:34) being
inapplicable after the glycerol meets the side walls of the mould. At this point
the boundary conditions change as the radius of the flow front at the wall is
constant. Therefore, the relative magnitude of the -permeability values should
only be used as a comparison between different fibre lay-ups.

4:1:1 Plain Weave

Table 4:1 lists a sequence of average incremental permeability values for each
test using a plain weave fibre bed with a nominal 50 % volume fraction. The
sequence of flow path identities (A-G) give a representation of the variation of

permeability across the flow front for each particular test. Reference to
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Appendix 1:1 will show the exact position of these flow paths. These
permeability values are then plotted on a histogram shown in Figure 4:1 and
show graphically the range of values across the front.

4:1:2 Twill Weave

Table 4:2 shows the range of values obtained for a fibre bed nominally
containing 50% by volume of a 2x2 twill woven glass reinforcement. The flow
paths are again plotted on a histogram shown in Figure 4:1 to enable
comparison with the plain woven fabric.

4:1:3 Uni-Directional Fabric

This set of tests exhibit the flow characteristics of various orientations of
uni-directional glass fibre with a nominal 50% volume fraction. The
permeability values are shown in table 4:3 and plotted on a histogram in Figure
4:2. A graph showing the respective permeabilities of the central region of flow
is shown in Figure 4:3 for all the laminates tested in the rigid mould.

4:1:4 Resin Injection under a Vacuum Bag

As a vanation to the rigid mould method, the vacuum bag injection described
in section 3:1:6 was used to rid the problem of edge effects. However, although
the volume fraction was not accurately controllable, the permeability values
were of similar magnitude as will be observed in Table 4:4. Unfortunately,
problems with wrinkles producing preferential flow channels and vacuum loss

were apparent in experiment 'VACBAG PW-2' as seen in Appendix 1:1 and
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Test Reference Reinforcement |Orientation Areal Vacuum Average Permeability of Specific Resin Paths
No. Style (degrees) Weight Pressure (darcies)
(g/m®) (bar)

A B C D E F G
VAC PW0-90-1 0, 90° 210 0.54 41 31 26 32 40
VAC PW+/-45.1 |  Tiain Weave +/-45° 450 0.56 5 18 | 29 | 37 | 35 | 19 5
VAC PW+/-45-2 +/-45° 900 0.59 20 28 33 39 41 14 6
VAC PW+/-45-3 | Plain Woven (washed) +/-45° 200 0.56 49 92 106 99 45

SEl

Table 4:1 Permeability Values obtained for Plain Weave using Vacuum Assisted Impregnation in a Rigid Mould

Test Reference | Reinforcement |Orientation Areal Vacuum Average Permeability of Specific
No. Style (degrees) Weight Pressure Resin Paths
(g/m?) (bar) (darcies)
A B C D E
VAC TWILL-1 { Twill (2x2) Weave 0, 90° 290 0.92 56 52 45 45 46

Table 4:2 Permeability Values obtained for 2x2 Twill Weave for Vacuum Impregnation













this technique was abandoned in favour of a rigid mould. The permeability
range across the bag is presented graphically in Figure 4:4.

4:2 Permeability Test Results with Modified Mould and Procedure
These were undertaken on a mould with a central injection port to produce
radial flow. The modified mould and procedure are described in detail in
Chapter 3:2. The radial flow was designed to avoid edge effects. A series of
tests were undertaken to observe the variation in permeability due to changes
in the following parameters

1) cavity thickness (three different thicknesses)

ii) areal weight (two different areal weights)

iif) volume fraction (two different volume fractions)

4:2:1 Changing Laminate Thickness

Table 4:5 forms the basis for comparison of all the testing i.e. the parameters
are changed with respect to the first set of tests. As will be noticed, two
separate permeability values are quoted
1) Cumulative Permeability - this is the average permeability of the progression
and is determined, (in isotropic flow) by using the maximum flow radius with
respect to the central port as shown in €quation 4:1

Keum = P:Ttax[(%) + 5?';—“—(2 In (Rr“:”‘) -~ 1) ]- - - - Equation 4:1

where : T__ = the time for the flow to reach the maximum flow radius R__

It is susceptible to the inconsistent initial flow problem and may produce a

larger range of values than incremental permeability.
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ii) Incremental Permeability - is an average of all the individual permeabilities

calculated at the flow front isochrones plotted.

K average incremental = 2 % - - - - Equation 4:2
where K = the incremental permeability for between each isochrone

n = the number of isochrones

To enable a more meaningful value to be produced, unusually large and small
values of K (~ +/- 15% above or below the average) have been ignored. Table
4:5 has also been produced to give an idea of the repeatability of the test and
both the error range and standard deviation have been quoted to show the

degree of scatter.

4:2:2 Changing the Cavity Thickness, Volume Fraction & Areal Weight

Table 4:6 shows the effect of changing the laminate thickness, areal weight
and the volume fraction. As before, both cumulative and incremental
permeabilities are determined together with the ranges and standard deviations.
Figures 4.7 and 4:8 compare the results graphically showing the experimental
scatter encountered as well as the difference in permeability produced by
altering the process conditions. It is observed from Figure 4.7 there are several
values of permeability which are either unusually high or low, proving that
permeability values are difficult to reprdduce accurately. Finally in this set of
tests, Figure 4:9 shows a plot of the variation in permeability for all five
process conditions. The reduction in volume fraction is the only test to show

significant increases in permeability.
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EXPERIMENT NUMBER CUMULATIVE INCREMENTAL
PERMEABILITY PERMEABILITY
(darcies) (darcies)
Plain Weave 1-1 307 235
Plain Weave 1-2 279 253
Plain Weave 1-4 266 260
Plain Weave 1-5 267 263
Plain Weave 1-6 253 240
Plain Weave 1-7 251 229
Plain Weave 1-8 384* 262
Plain Weave 1-9 271 229
Plain Weave 1-10 217 177
Plain Weave 1-11 235 215
Plain Weave 1-12 314 282
Plain Weave 1-13 361* 356*
Plain Weave 1-14 229 213
Plain Weave 1-15 211 150*
Plain Weave 1-16 354* 288
Plain Weave 1-17 185* 176*
Plain Weave 1-18 321 353*
Plain Weave 1-19 229 211
Average Permeability 274 244
Range +40% -33% +46% -39%
Standard Deviation 54 53

Onmitting the large and small values (outside the range of +/- 60 darcies from the
average) indicated by the asterisk from the following values were obtained

Average Permeability 261 240
Range +23% -19% +20% -27%
Standard Deviation 34 29

Table 4:5 Permeability Values for Plain Woven 'E' Glass

Omission of the large and small values from Table 4:5 shows the effect that

these values have on the average permeability and particularly the standard

dewviation which reduces by approximately 40%. As there appears to be no

obviuos reason why these results should be so, it is recommended that the

average permeability and standard deviation from the 18 tests be used.
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Fabric Ratio of Bound | Test Number Injection Fluid Cumulative |Average Incremental
Designation | :Conventional Permeability Permeability
WarpTows (darcies) (darcies)
DWO149 -1 Boots Glycerol 184 186
DWOQ149- 2 Boots Glycerol 192 209
DWO149 1:4 DWO149- 3 Boots Glycerol 206 201
Average Permeability (darcies) 194 199
Error Range +6% -5% +5% -6%
Standard Deviation 9.1 9.5
DWO150- 1 Boots Glycerol 158 172
DWOI150- 2 Boots Glycerol 164 169
DWO150 1:5 - DWO150- 3 Boots Glycerol 202 199
Average Permeability (darcies) 175 180
Error Range +16% -10% +11% -6%
Standard Deviation 19.5 13.5

Table 4:7c . Isotropic Permeabilities for Flow Enhancing Fabrics DWO 149 and DWO 150




8vl

Fabric Ratio of Bound | Test Number Injection Fluid Cumulative | Average Incremental
Designation | :Conventional Permeability Permeability
WarpTows (darcies) {darcies)
DWOI151-1 Boots Glycerol 150 162
DWOI151-2 Boots Glycerol 158 162
DWO151 1:6 DWO151- 3 Boots Glycerol 201 181
Average Permeability (darcies) 170 168
Error Range +18% -12% +7% -3%
Standard Deviation 22,4 8.9
DWO 156- 1 Boots Glycerol 156 161
DWO156- 2 Boots Glycerol 125 125
DWO156 1.7 DWO156- 3 Boots Glycerol 160 164
Average Permeability (darcies) 147 150
Error Range +9% -15% +9% -17%
Standard Deviation 15.6 17.7

Table 4:7d. Isotropic Permeabilities for Flow Enhancing Fabrics DWO 151 and DWO 156






















Time Measured Area Measured Area Difference (%)
Increment (Recording 1) (Recording 2)

(s) (mm’) (mm’)

30 38.8 347 10.6
60 723 67.9 6.1
90 100.2 98.9 1.3
120 126.8 123.6 25
150 154.6 154 0
180 178.3 181.5 -1.8
210 203.5 203.5 0
240 227 2275 0.2
270 252.5 249 1.4

Table 4:10 Variation of Measured Area from Video Reproduction
The average measurement difference was 2.7 % which after neglecting the two
large differences reduced to 1 %. This was repeated on a separate test and the
average difference was found to be 2.9 % which reduced to 1.7 % after
neglecting the mitial large differences.

4:5:3 Measuring using the Planimeter

This instrument was calibrated using a piece of graph paper over an area of
100cm?®. The area was measured 7 times and the accuracy calculated, the

results of which are shown in Table 4:11.

Measurement Number 1 2 3 4 5 6 7
Area Measured (cm®) { 1023 { 104 [.1042 | 102 | 103.3 | 102 | 1023
Average Area Measured = 102.97 cm’

Table 4:11 Precision Measurements of the Planimeter
It can therefore be seen that the planimeter measures with an accuracy of

around +3% which varies between 2% and 4% .
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4:5:4 Setting the Injection Pressure

The injection pressure was supplied by a main which was susceptible to
pressure fluctuations when other machinery was engaged. Therefore it was
important to know the vanation of the set pressure on the regulator. The
pressure transducer situated on a T-junction just prior to the inlet position was
monitored for a set pressure of 0.8 bar for 11 tests and the average pressure
over the injections is shown in Table 4:12. Fluctuations in pressure may have

been caused by the uncontrollable constriction of flow by the stacking or

nesting of the fibre pack
Test Number |Average Pressure (bar) |Difference from set value (0.8 bar)(%)

1 0.8 1.8
2 0.8 -4.5
3 0.8 1.8
4 0.7 -5.7
5 0.7 -8.8
6 0.7 -9.9
7 0.8 -0.8
8 0.7 -5.6
9 0.7 -7

10 0.8 -4.5
11 08 -3.6

Table 4:12 Variation of Set Injection Pressure during Permeability Tests
The average difference was found to be 5.9 % which reduced to 4.7 % when
the larger differences were neglected.

4:5:5 Resin Viscosity

The viscosity figures used in the calculation of the fabric permeability were all
obtained by interpolating between temperatures from a family of viscosity -

time curves. It was required to know how consistent these figures were.
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Therefore a set of consistency tests were undertaken by reproducing a viscosity
test for different samples in the same time period and with the same mixing
procedure.

The tests were undertaken on the MY 750 /HY917 /DY 070 resin system
and involved three different samples being mixed and prepared in
approximately 5 minutes and a 30 minute test being undertaken at 20°C. The
resin is cross-linking and increasing in viscosity and Table 4:13 shows the

values obtained at the start and finish of the tests and percentage differences

between them
Test Number | Start Viscosity (Pa.s) | End Viscosity (Pa.s) |Percentage Difference
1 1.6 2.1 29.7
2 1.5 1.9 244
3 1.5 1.8 20.1
Average 1.6 1.9 24.9
Range +4,.2% - 2.24% +8.27% - 6.01%

Table 4:13 Viscosity Consistency of 3 Samples of Similar Resin

4:6 Conclusions regarding Permeability Measurement

After conducting the error analysis it was important to determine the overall
accuracy of the permeability values. This was obtained from the cumulative
experimental error from all the variables measured from equation 2:34. Listed

below are the relevant variables with their respective errors:

Resin Viscosity : 8%
Injection Pressure : 6%
Flow Radius : 2.6%
Flow Time : 1%

The flow radius error varied at different times in the injection and therefore this

produced a variation in the overall permeability error as shown in Table 4:14.
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N eI CECDI
2 1.22 3 1.35 9
4 10.07 2 10.63 53
6 2979 1 30.57 2.55
8 62.08 0.5 62.86 2.38
10 107.96 0.2 108.62 0.06
12 168.72 0.2 169.54 0.05

Table 4:14 Actual Error in the Flow Radius Term
Therefore accumulating the errors into equation 2:34, the error in the

permeability is seen in Table 4:15.

WEP_t (%) AR (%) AK (%)
15 9 24
15 5.3 20.3
15 2.55 17.55
15 2.38 17.38
15 0.06 15.06
15 0.05 15.05

Table 4:15 Cumulative Permeability Error during an Injection
The permeability values are seen to vary from between 15% and 24%. The
larger errors are apparent during the initial transient part of the injection when
the flow rates are faster. It can be seen that the major contributors to the errors
are from the viscosity and pressure measurements. Therefore in future
permeability testing it is important that the measurement of these parameters is
carefully monitored . Mould bow will also affect these figures as the porosity
will vary from the centre towards the edge of the mould cavity. Therefore the
visualisation moulds used for permeability testing need redesigning with

stiffening grids over the glass to prevent bow.
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CHAPTERS

MICROSTRUCTURAL EXAMINATION
&
IMAGE ANALYSIS

5:1 Introduction and Objectives

Chapter 5 describes the development of the technique by which the
flow-enhancing reinforcements, described in Chapter 3:3, may be categorised
according to their flow channel geometries, particularly their respective flow
channel areas and perimeters. A series of specimens was prepared from the
moulded plates produced from the permeability tests described in Chapters 3:3
and 3:4. A detailed investigation into the flow channels produced in the
reinforcements by the spiral bound tows was carried out to determine the effect
on the permeability and the flow channel geometries. This investigation was
accomplished using the Q570 Image Analyser at the University of Plymouth.

S:2 Preparation of Microstructural Samples

The anisotropic plates (described in Chapter 3:3) were marked out
perpendicular to the flow enhancing tow and cut using a diamond circular saw
at 20, 40 & 60 mm intervals from the inlet centre position. These samples were
labelled before being cut according to the diagrams in Appendix 4:1, an
example of which is shown in Figure 5:1. It was decided that the samples
should be no less than 25mm wide in order to provide enough specimen to

include a unit cell for each of the laminates. The unit cell was based upon the
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following grades of wet and dry grinding paper ; 320, 400, 800 & 1200.
Special care was taken to cleanse the specimen face in a vibrating water bath
between grades to rid the face of larger particles which may have caused
scratches. When the face appeared flat, it was polished using an automatic
polishing machine with descending grades of diamond paste. Starting with 14
micron paste, the face was then polished with 6 micron, 1 micron and finally
with 0.25 micron paste until scratches were not detectable on an optical
microscope. All the samples were prepared in the same way and were then
ready for image analysis.

3:3 Image Analysis - Introduction

Before describing the application of image analysis to this work, the general
principles of the technique are described

S:3:1 Stages of Image Analysis

The principal stages of image analysis may be considered as

1) Image Capture

1i) Image Enhancement (Segmentation)

ii1) Object Detection

1v) Measurement

v) Analysis

These stages form the backbone of the flow diagram shown in Figure 5:3 and

are now discussed in greater detail.
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rectangular grid of picture elements known as pixels. Tonally, the image is
detected between 0 and 256 (2° ) intensity levels, known as 'grey levels'.
5:3:1:2 Image Enhancement
This involves several processes designed to improve the quality of the captured
image and distinguish regions of interest. For example, an image of fibre ends
in a laminate may include the following
+ small areas (holes) in the region of interest due to fibre breakage during
polishing which do not reflect light
¢+ regions in which two separate areas merge and produce erroneous
measurements.
+ regions which may be out of focus
+ regions of interest which cannot to be measured due to them extending
beyond the bounds of the image frame.
Some of the above will be demonstrated later in the chapter.
A possible solution to these problems is now discussed. Segmentation
describes the act of separating regions of interest from the background. It may
be necessary to consider the regions of interest individually.

There are three main methods of segmentation:

1) Thresholding

11) Edge Finding

1ii} Region Growing

Thresholding involves altering the grey level to an appropriate value to cover

the region of interest. The threshold level may vary from sample to sample due
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to the varying strength of artificial light. Edge finding techniques pick out
regions with a high rate of change of grey level on the grounds that they are
likely to indicate edges of objects or at least regions of interest. 'Region
Growing' makes use of information regarding neighbouring pixels to group
them together if they are similar or establish a boundary if they are sufficiently
dissimilar.

The result of the enhancement will be a binary image in which each pixel may
have one of two states, classified as either 'regions of interest' or 'background'.

5:1:1:3 Object Detection, Measurement and Analysis

This 1s where the regions of interest are detected. It is a data reduction step
which produces a compact list of co-ordinates for each pixel within a region of
interest. Features regarding the regions of interest which require measurement
are inserted into a QBasic program which controls the image analysis
sequence. These measurements are then printed and saved to disc for further
analysis.

5:4 The Q570 Image Analyser

There are several companies which manufacture image processing and analysis
equipment but the largest is Leica-Cambridge of Cambridge, UK.

At present there are four systems available, all offening different facilities.

The system based in the Department of Biological Sciences at the University of
Plymouth is the Quantimet Q570. This system sees extensive work int a number

of areas of research, some of which are now described. Flook et al.[96] used
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LAMINATE RATIO OF BOUND TOWS : AREAL WEIGHT
IDENTIFICATION CONVENTIONAL TOWS (g/m?)
38166 conventional twill (no bound tows) 380
DWO 156 1:7 384
DWO 150 1:5 381
DWO 148 1:3 380
DWO 126 1:1 382

Table 5:1 Image Analysis Sample Specification

5:6 Calibration of the Image Analyser

When using the Carl Zeiss microscope, the fixed values of magnification
provided by the lenses linked in with an automatic calibration procedure
provided by the Quantimet. However, with the Scopeman microscope, owing
to the variable magnification involved, a separate calibration was required for
each magnification. This was achieved by the use of a graduated calibration
slide and the calibration frame on the image analyser which was focused and
set to a specific size on the calibration slide. This was essential to provide
accurate results for each image measured. Whenever the magnification was
altered, recalibration was undertaken.

3:7 Detection and Measurement of Large Flow Areas

The first set of analysis involved the detection and measurement of the flow
channels caused by the spiral bound tows. Typical sections of the five
laminates investigated are shown in Plates 5:1 to 5:5. This was undertaken
using the Scopeman Optical Microscope linked to the image analyser. A
Q-Basic program "Resinlow", shown in Appendix 5:1, was designed and

written to measure the following parameters of the detected flow areas:
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1) the 'x' position of the detected area

ii) the 'y' position of the detected area
ii1) the area of the detected area
iv) the perimeter of the detected area

v) the centre of gravity of the detected area

The detection of the specimen area was accomplished by running the program
'Resinlow' which initially detected a grey binary image of the laminate,
examples of which are shown in Figure 5:7. The image frame measured 512 x
512 pixels and was fixed whereas the measuring frame was a variable
rectangle according to the size of the specimen. By distinguishing the different
levels of grey obtained on the image by use df the variable contrast control, the
matrix areas, which were darker than the fibres, could be separated. The
contrast used 256 grey levels, black being at grey level 0 and white at 255. The
contrast threshold was altered manually to produce the best reproduction of
the flow channels within the laminate. The program then proceeded to analyse
the areas of interest for the parameters set in the program. Several problems
were encountered during the detection.

Initially, the whole image was measured and it was found that the very small
inter-fibre matrix areas within tows as well as variations in light reflection were
detected as shown in Figure 5:8. These areas were of a different scale to the
areas produced by the spiral bound tows and to make the analysis more
efficient were neglected. To solve this problem an image enhancement program

was introduced to filter out these very small areas. This was done by
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introducing a size threshold into the program whereby any areas below a
specified size were excluded as shown in Figure 5:9. Also, due to
imperfections such as a small percentage of voids and inclusions from the
polishing process which had a differing grey level in the laminate, holes
appeared in some of the detected areas which were filled by means of image
enhancement. The results of this enhancement can be seen in Figure 5:10.
Several long areas were apparent in a number of the laminates as shown in
Figure 5:8 (this section is at 90° to the image on the image analyser monitor)
which posed problems for the measurement process. This was due to the point
which governed the measurement of the area, known as the X¥CP point, being
outside the measurement frame. Figure 5:11 shows the result - all areas in
contact with the left side of the frame in Figure 5:10 have been excluded. To
counter this problem, a segmenting procedure was introduced whereby the long
areas were divided into smaller areas at points where the width of the area of
interest was below a specified pixel value as shown in Figure 5:12. The result
of this image enhancement is seen in Figure 5:13, and as will be appreciated
the segmentation produces a more appropriate detéction of the flow channels
than the unsegmented detection. This turned out to be the standard method for
each image measurement, with the contrast threshold level varying for each
laminate due to slight matrix colour differences, but the magnification
remaining constant. The size of the specimen compared to the measurement

frame meant that several images were required to analyse the whole of the
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specimen. Each of the specimens were analysed individually and the results
saved on disc. The flow areas detected along with their respective perimeters
were manipulated, totalled and compared on the Microsoft Excel spreadsheet,

the results of which are shown in Chapter 6.

S:8 Fixed Specimen Area Image Analysis

The first set of measurements undertaken used a fixed area for investigation.
This was to provide an adequate representation of the laminates being
investigated. The analysis was accomplished by taking three adjacent images
of equal size and area and summing the results. As there was a slight difference
in the thickness of each specimen, the measurement frame dimensions were
changed accordingly although no change was made to the area. The results of
this set of tests is shown in Chapter 6:2.

5:9 Unit Cell Image Analysis

After analysing the data for a fixed area, it was decided that a different
approach was required due to results being affected by random groupings of
spiral bound tows or conventional tows. This new approach adopted the unit
cell technique whereby repeat units of the fabrics (as shown in figure 5:2) were
measured. This meant that several frames were required for the large unit cell
of Fabnic 156 (1:7) and only two for the base twill and Fabric 126 (1:1). The

results of the unit cell analysis are shown in Chapter 6:3
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The '0' direction was defined as the direction of the spiral bound tow on the
outer layer of the plate and is also referred to as the weft direction. The '90'
direction is defined as the direction of the conventional tows and is also termed
the warp direction. These two directions were measured and compared for
each laminate by the unit cell method to determine if the flow channel areas
were evident in similar proportions. The results of the area and perimeter
comparisons are shown in Chapter 6:5.

5:12 Measurement of Tow Volume Fractions

The second set of measurements required was that of the volume fraction of
fibres within the two distinctive types of tows. This was performed using the
Carl Zeiss microscope with fixed magnifications. This method has been used
previously by Guild et al. [99] to measure conventional tow volume fractions
and fibre distribution. The calibration procedure was completed automatically
with the respect to the magnification being used. The fibre distribution analysis
was undertaken using the Voronoi Cell method as reported by

Vrettos et al. [100 & 101] whereby the neighbouring fibre centres were joined
together and the perpendicular bisectors were drawn to produce cells around
the fibres. This method is shown sequencially in Figure 5:16 .

Program "Zonel™ in Appendix 5 shows the QBasic procedure for detecting the
Voronot cells. Figure 5:17 shows a binary image of a small area of a
conventional tow with a segmented image to separate out merged fibres into

single entities. Figure 5:18 shows a different segmented area followed by the
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CHAPTER 6

IMAGE ANALYSIS RESULTS

This chapter presents the results of the image analysis described in Chapter 5.
The main areas of interest were the size and geometry of the large flow channel
areas produced by the flow enhancing, spiral bound tows in five anisotropic
and isotropic lay-ups.

6:1 Preliminary Flow Channel Investigation

Initially, a set of image analyses were conducted not only to measure the flow
areas but also to provide a leaming exercise for the user. The method of
measurement of the flow channel geometry is described in detail in Chapter
5:7. This set of results was obtained from the anisotropic plates moulded, as
described in Chapter 3:3. The specimens analysed were taken at 60mm from
the inlet port in the '0' direction (perpendicular to the spiral bound tows).

6:2 Fixed Sample Area Investigation

The specimen area analysed for each fabric was fixed as specified in Chapter
5:8. The results of the image analysis were imported into Microsoft Excel 5.0
from where they were processed. Figure 6:1 shows the cumulative range of
sorted flow areas detected, the vast majority of which were less than 0.1mm?®
area. Figure 6:2 displays the result of segregating these areas into bins and
plotting them on a histogram. The size of the bins was decided by considering
the range of the flow areas detected and using a suitable increment. As
expected, Figure 6:2 shows that Fabric 126 exhibits a greater frequency of the
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6:3 Unit Cell Area Method

As will be observed, the expected increase in total flow area and perimeter for
an increase in spiral bound tows was not evident, although the general trend
was upwards. This was thought to be due to the analysis of an arbitrary area in
the section, even though the specimen area was fixed. Therefore a modification
was made to the analysis procedure to counter this problem. The new area of
detection was based on the unit cell of any particular layer of fabric in the
laminate, 1.e. the distance between repeat units as shown in Figure 5:2. The
results of the modification of the procedure are seen in Figures 6:5 to 6:7. The
distribution of the detected areas above 0.01mm? is shown in Figure 6:5. To
enable a clearer distribution to be observed, the values less than 0.01mm?* have
been omitted and the remaining values sorted in descending order. As with the
fixed area method, it was apparent that there was a greater number of larger
areas in fabric 126 with the largest number of spiral bound tows. This is
highlighted better in Figure 6:6 which shows all the flow channel areas divided
nto specific size bins as before. Plotting of the total areas and perimeters of
the flow channels allowed a comparison of the ﬁvé laminates and this i1s shown
in Figure 6:7. Again the sequence shows a general upward trend in the areas
and perimeters detected but several fabrics (notably Fabric 156 with 12.5%
spiral bound tows)) show unexpectedly large increases in detected areas and

perimeters. Therefore a slightly different method of measurement was adopted.
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repolished and reanalysed four times. This provided five sets of data which
were imported into a spreadsheet. Figures 6:8a-d show the distribution of the
flow channel sizes which are larger than 0.01mm? using the fixed specimen
area method for the four new specimen faces. These again show that Fabric
126 has a greater proportion of large flow channels as do the histograms of the
flow channel area bins of the four new sections shown in Figures 6:9a-d. After
importing all the data for the totalled areas and perimeters for each fabric and
each section an average value was obtained for each of the laminates. Tables
6:1 and 6:2 show the total areas and perimeters of the flow channels detected

for the five sections investigated.

FABRIC |SECTION |SECTION|SECTION| SECTION | SECTION | AVERAGE
1 2 3 4 3
Twill 2.0 0.0 1.2 2.5 1.3 1.5
156 (1:7) 3.0 1.9 1.8 1.6 2.2 2.1
150 (1:5) 3.0 2.1 3.0 3.5 1.9 2.7
148 (1:3) 4.2 5.0 3.9 4.0 3.0 4.0
126 (1:1) 4.8 5.4 5.4 5.7 6.2 5.5

Table 6:1 Sum of the Flow Areas (mm’) for each Section

FABRIC |[SECTION)SECTION |SECTION | SECTION|SECTION| AVERAGE
1 2 3 4 3
Twill 86.7 19.5 57.2 79.4 46.6 57.9
156 (1:7) 81.2 54.2 47.6 48.0 59.0 58.0
150 (1:5) 69.8 52.5 79.4 893 58.2 69.8
148 (1:3) 94.4 107.6 87.1 04.1 64.8 89.6
126 (1:1) 93.3 95.6 108.4 113.8 107.9 103.8
Table 6:2 Sum of the Perimeters (mm) of the Detected Areas for each
Section

Figure 6:10 shows the total flow channel areas for the five sections together
with the average of the five sections. Figure 6:11 shows the respective
perimeters of the flow channels for the five sections, again including the
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average of the five sections investigated. As will be observed, there 1s increase
in detected flow area with an increase in the number of spiral bound tows
which correlates with the permeability results in Chapter 3:3. The five section
method is now applied using the unit cell procedure.

6:5 Unit Cell in the Thickness Direction

This section investigates the five sections analysed previously using the unit
cell method. Figures 6:12a-d show the distribution of the flow channel sizes
for the four new sections which differ from those the fixed area method. This 1s
also true of the histograms of the four sections shown in Figures 6:13a-d which
once again show expected greater number of larger flow areas in fabric 126.
As the unit cells are of different size, the flow areas detected required
normalisation. Therefore, the unit cell areas were noted from the image
analyser during the investigation and were consistent for each fabric. The
difference between fabrics 156 and 150 was due to the‘ difference in thickness

of the specimens. Table 6:3 shows the unit cell areas used

Fabric | Unit Cell Area (mm?)
Twill 15.2

156 (1:7) 18.6

150 (1:5) 16.7

148 (1:3) ' 23.3

126 (1:1) 31.0

Table 6:3 Unit Cell Areas for Flow Enhancing Fabrics
Table 6:4 shows the detected areas and their respective perimeters within the

unit cells for the five sections considered.
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TWILL 156.0 150.0 148.0 126.0

Section| Area | Perimeter | Area |Penmeter| Area |Perimeter| Area |Perimeter| Area | Perimeter

mm? mm

1.0 | 16 52.1 5.1 120.7 3.7 84.7 3.7 74.6 4.7 85.2
2.0 | 04 19.8 2.5 68.3 2.6 S52.1 3.1 58.6 4.5 82.7
3.0 | 1.2 48.7 2.2 66.5 1.4 41.6 2.6 56.1 4.8 91.6
4.0 | 2.0 50.0 2.2 59.0 2.5 75.3 2.2 55.2 4.0 66.6
50 | 0.7 22.3 31 72.0 1.4 45.4 3.6 56.4 4.4 85.8

Table 6:4 Flow Channel Area and Perimeters Measured from the Unit Cells
After normalising this data by dividing the detected areas by the unit cell
areas, the five sections were plotted in Figure 6:14 and averaged to show the
relationship between normalised flow channel area and percentage number of
spiral bound weft tows. The perimeters of the flow channels in the unit cell
areas were summed for each of the sections. Due to the perimeter of the unit
cells not being available, the total perimeters were divided by the unit cell area
and plotted against the percentage number of bound tows as shown in Figure
6:15. In both figures, there is an increase in normalised flow area and perimeter
correlating with an increase in the number of spiral bound tows, although fabric
148 (16.7% spiral bound weft tows) does not show as large an increase in
detected flow area.

Both the fixed area and unit cell area methods appear to provide evidence that
the large flow channels detected are indt;,ed produced by the introduction and
subsequent increase in spiral bound tows. The relationship between detected

flow channels and permeability for the flow enhancing fabrics is discussed in

Chapter 6:7.







6:6 Iniage Analysis of the Balanced Isotropic Plates

After undertaking the investigation using anisotropic plates (lay-up 0-0-0-0 ), it
was decided that tests were also required on isotropic lay-ups (0-90-90-0).
Therefore the plates moulded in Chapter 3:4 in the Brite-Euram mould (figure
3:14) were sectioned and polished at 40mm from the inlet in both the '0' an '90'
directions. These specimens were then analysed using the unit cell method
only. The measurements taken were imported into a spreadsheet from where
the total areas and perimeters in the 0 and 90 directions were summed,
normalised and plotted to compare both directions as shown in Figures 6:16
and 6:17. As will be observed in Figure 6:16, the percentage detected area is
approximately half of the detected areas from the anisotropic plates which
would be expected as there were only half the number of spiral bound tows. As
with the anisotropic analysis, an upward trend in detected area with increasing
tows is observed with only fabric 148 not showing an increase in detected area
for this particular section. The method of averaging five sections was expected
to produce an increasing percentage of flow channels per unit for increase in

bound tows as it did in the anisotropic analysis.

6:7 Comparison of the Fixed Area and Unit Cells Detections with
Permeability

After completing the programs of permeability measurement and image
analysi.s of the flow enhancing fabrics, a comparison was made of both the
fixed area and unit cell average detected areas with the permeability results

reported in Chapter 4:4. Figure 6:18 shows the relationship of the permeability
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and average detected flow areas using the fixed area method while figure 6:19
shows the relationship using the unit cell method. Both methods show good
correlation with permeability with the expected increase in detected area with
the inclusion of more spiral bound tows. As will be seen, there are certain
fabrics which show smaller or larger changes in detected flow area than
expected and this was thought to be due to a number of phenomena
encountered in the image analysis. This is now discussed further.

6:8 Precision of Image Analysis Procedure

Dunng the detection and measurement of the large flow channel areas in the
laminate sections, a number of factors were observed which affected the final
measurement of the detected regions. There now follows a qualitative
breakdown of these factors and a quantitative precision analysis 1s made where
possible.

6:8:1 Grey Levels

Whilst analysing the flow channel areas, the grey level selection, which was at
the user's discretion, was observed to vary from section to section, sometimes
quite markedly. This was due to the difference in intensity of the reflected light
from the microscope from section to section. It was also noted that small
differences (+/-1) in grey level would produce different detected areas.
Therefore, for a given specimen section of fixed measurement frame area, the

grey level was varied by increments of 1 from a set value. Table 6:5 shows the
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results of these measurements and quantifies the percentage difference and the

percentage range of the detected areas.

Grey Level | Total Area Detected (mm®) Variation
132.0 1.2
133.0 1.2 Level 132-136
12.7% Difference
134.0 1.3
135.0 1.3 Level 132-133
136.0 1.4 2.7% Difference

Table 6:5 Effect of Small Grey Level Threshold Changes on Total Detected
Area for a Given Specimen Area

6:8:2 Imperfections in the Laminate

Whilst undergoing the image analysis, it became obvious that the detected
areas were being affected to some degree by small voids within the resin areas
and also minor scratches left from the polishing process. The image
enhancement provided a means of filling in some of these small areas but
scratches presented a problem. The light reflection from the scratches was at a
different intensity and therefore on detection separated larger regions into two
or more areas, thus invalidating the measurement. This was not a common
problem but emphasised the need for good quality polishing. The colour
difference in the polyester resins in some of the specimen was believed to be
the reason behind large differences in grey level required for some detections.
This thought was not supported in the final set of image analyses conducted on
the isotropic lay-ups (0-90-90-0) due to the fact that all the specimen were
moulded using Jotun Norpol 42-10 polyester resin and still, large grey level

variation was apparent. This light variation was therefore accepted as being an
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uncontrollable variable and therefore great care was taken in setting the most
appropniate grey level for feature detection.

6:8:3 'X' FCP Positioning

As explained in Section 5:3 , the 'XFCP' point is located on the lowest X'
co-ordinate of a detected area. If, therefore, the region of interest protrudes
outside the boundary of the measurement frame, the region is ignored during
measurement. Therefore, a segmentation procedure was implemented which
divided the large regions into smaller regions to enable measurement to take
place as shown in Figure 5:12. This also invalidated some results as the size of
the detected region was the object of part of the analysis. To cater for this
problem, several frames were varied in length within the sampling area to suit
the flow channels being measured.

6:8:4 Plate Thickness Variation

As discussed in Chapter 4.4, there was evidence of mould deflection during the
permeability measurements with a consequent thickness variation of the plates.
The thickness of each plate was not constant and therefore the area of
investigation varied. The volume fraction of the plates varied between 42.45%
for fabric 126 up to 46.17% for fabric 150. This was believed to be due to
different mould closure forces being required for each of the laminates because
of the inclusion of varying percentages of spiral bound tows. The geometry of
the bound tow (~ circular) was designed not to crush significantly under mould

clamping pressure, thus producing adjacent large flow channels. Therefore, to
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produce a constant volume fraction, greater clamping pressure was required.

As the percentage of bound tows increased, so did the deflection of the mould

as shown in Figure 4:14.

6:8:5 Tow Misalignment

Misalignment of tows was a result of storage and handling of the
reinforcements. The scale of the microstructural measurements exaggerates the
problem, as very small misalignments of the transverse tows were noticeable .
The problem of misalignment was catered for in the image analysis by taking
five sections and averaging the results. The misalignment of the tows may
possibly be reduced by preforming and minimum handling although small
misalignments are common in many reinforcements.

6:8:6 Measuring Frame Size

During the measurement of the unit cell, the problem of thickness variation was
met. This meant that the width of the frame size for each section measured
required a modification. Therefore small differences in measuring frame area
and unit cell area were evident. The normalising procedure with the unit cells

eradicated this problem.
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CHAPTER 7

MODELLING OF THE
FLOW ENHANCING FABRICS

7:1 Modes of Flow within the Fibre Bed

After conducting the image analysis on the fibre laminates, it was decided to
model these flow enhancing fabrics according to the categories of flow
domains which existed in the cross section. Summarising the cross sections of
the laminates, it was observed that the flow required to fill all the 'space’ in the
fibre pack could be divided into the following categories according to the fibre
distribution and orientation,

1) Enlarged Flow Channels caused by the addition of Spiral Bound Tows

11) Axial Capillary Flow along both the conventional and bound tows

11) Transverse Flow through the tows.

7:2 Modelling the Flow

The purpose of this section is to describe the derivation of equations to model
the categories of flow described above. The approach was to determine the
proportion of each type of flow evident in a given unit cell section and using
the rule of mixtures, produce a total flow model. Therefore by considering a
simplified version of the flow enhancing fabrics as shown in Figure 7:1, a
derivation of an equation to calculate the proportions of each type of flow is

now presented.
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7:2:2 Percentage Axial Flow Area

To enable the proportion of axial flow to be determined for each of the fabrics,
the volume of axial tows per unit area was first determined. This was
ascertained by summing the areas of the axial tows, both conventional (r.a.b)
and bound (w.r? ), and dividing it by the length of the unit cell (sum of the
lengths of the tows plus the inter-tow gaps). This at first appears to be area per
unit length but as the length of the cell was constant, the length cancels out.
The number of conventional tows increases by one for each fabric and
therefore 'n’ increments by one in equation 7:1. The average volume of the axial

tows per unif area was given by :

2
VaxiaL = nrabtmrt . Equation 7:1

" 2an+s(n-1)+2s'+2

where:

n = number of conventional tows per unit cell

a = half the length of the major axis of the conventional tow = Imm

b = half the length of the minor axis of the conventional tow = 0.135mm
s = distance between conventional tows = 0.1mm

s = distance between conventional tow and bound tow = Imm

r = radius of bound tows (assumed to be circular) = 0.155mm

Substituting these values into equation 7:1, for n =1 to 7 to simulate the

fabrics, Table 7:1 is obtained.

Fabric n | Volume per Unit Area of Axial Flow Area (mm)
DWO 126 (1:1) | 1 0.12
DWO 148 (1:3) 3 0.16
DWO 149 (1:4) | 4 0.17
DWO 150 (1:5) | 5 0.17
DWO 151 (1:6) 6 0.18
DWO 156 (1:7) | 7 0.18

Table 7:1 Volume of Axial Flow with the Individual Unit Cells
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The base twill weave is not included in table 7:1 because equation 7:1 requires
a slight modification due to there being no bound tows. Equation 7:2 shows the
volume of axial tows per unit area in twill weave:

2tab ----.. Equation 7:2
VaxaaL = =282 q '
AXIAL = 4 a+2s

Fabric n Volume per Unit Area of Axial Flow Area (mm)
Base Twill 0 0.2

Table 7:2 Volume per Unit Area in Base Twill Ply

7:2:3 Percentage Transverse Flow

As there were no spiral bound tows in the transverse direction for anisotropic
(0,) lay-up, the unit cell was a constant size for all the fabrics. The transverse
unit cell consisted of one conventional tow (area 'mab' and length '2a") together
with one inter-tow space (length 's') . Therefore in one ply, the volume of

transverse flow area per unit area of fabric is given by the Equation 7:3

7.a.b
2.a+S

VTRANSVERSE = 5~ ====-=~-- Equation 7:3
Substituting the relevant dimensions from figure 7:1 into equation 7:3, the
volume of transverse tows per unit area is:

Viransverse = 0-1944

This is assumed to be constant for all the fabrics.

7:2:4 Percentage Space (Large Flow Channels)

This section determines the proportion of the ply occupied by 'space available
for flow' (except intra-tow space). The thickness of the ply was assumed to be

double the thickness of a conventional tow (0.54mm).
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Therefore by subtracting the volume per unit area of both the axial and
transverse flow areas, the volume per unit area of 'space’' was determined i.e.
Vseace = Vrorar = Vaxiar-Viransverse - - - = Equation 7:4

The results of this are shown in table 7:3.

Fabric n Space (Large Flow Channels) mm
DWO 126 1 0.23
DWO 148 3 0.19
DWO 149 4 0.18
DWQO 150 5 0.17
DWO 151 6 0.17
DWO 156 7 0.17
Base Twill all conventional 0.14

Table 7:3 Volume of the Large Flow Channels per unit Area
The proportions of the different flow areas were then determined and are

presented in Table 7:4 and illustrated in Figure 7:2

Fabric n % Axial Flow % Transverse Flow % Large Flow
Area Area Area
DWO 126 1 21.46 36 42.54
DWO 148 3 29.32 36 34.69
DWO 149 4 30.91 36 33.09
DWO 150 5 32 36 32
DWO 151 6 32.76 36 31.24
DWO 156 7 33.48 36 30.52
Base Twill 0 374 36 26.6

Table 7:4 Percentage of Different Flow Areas Apparent in Each Fabric
The proportions of each of the categories of flow apparent in the single ply
were then ready to be used in the cumulative flow model. However, before the
cumulative flow could be determined for each of the fabrics, suitable equations

were required to model the flow in each of the three flow areas.
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K= D23 (2 V0

480 Vy; ------- Equation 7:7 (Wheeler)
8R2 ((1 - Vf)3 .
Ka== vE ) Equation 7:8 (Gebart)
R

7:3:2 Transverse Permeability Equations

Kr=-D2 | neves | 2V0 Equation 7:9 ( Happel)
- lnevoy+| —— [ - - n7: e
="V, (Vp+ 1+ V2 quatio PP
Vil
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Kr= — 5 — -Equation 7:10 (Cogswell)
. Yz [ \E
[ 1: Y3z n(l + ﬁ) x
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r) 2 2(1+42)
_;_
[ 2n ] o
Ved3
Kr=D? T e Equation 7:11 (Wheeler)
2. Vi
3
Ky c( Vf,m\,;x -1 ) ’ Rz T Equation 7:12 (Gebart)
£

7:4 Application to the Flow Enhancing Fabrics

The equations listed above were then individually applied to each of the fabrics
to determine the permeability value for each category of flow areas. An

example is presented for each flow category.
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7:4:1 Transverse Permeability

According to equation 7:12, and using the volume fractions determined from

the image analysis, the transverse permeability is given by

where: ¢ = _16 for hexagonal packing
onJ6

4

may= 0.91 for maximum packing

R = Fibre Radius (um) = 3.45 x10°m
V.= the volume fraction within the tows = 57% =0.57 (from 5:12)
Therefore, the transverse permeability equates to the following
K;=6.9X 10" m? = 0.07 darcies
This is assumed to be constant for the set of fabrics under investigation

7:4:2 Axial Permeability

Using Equation 7:8 and once again using the volume fractions from the image

analysis, the axial permeability is given by:

8R2[(1 —Vr)3]
Ka=73 2
Vf

where c= 53 (used by Gebart to model the flow channel shape)
The axial permeability equates to the following

K,=3.2 X 10" m* = 0.32 darcies

This figure was then multiplied by the appropriate axial flow area apparent in

each of the fabrics and the values substituted into the rule of mixtures, equation

7:13.
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7:4:3 Large Flow Channel Permeability

Several assumptions are made in the following calculation and these are listed.
1} the fibre tows are solid i.e. there is no cross-flow between channels and tows
ii) to simplify the calculation, the tows are assumed to be circular with an
average radius of 0.15mm (the radius of a circle with a similar cross sectional
area to an elliptical tow).

The laminate is, in effect, being analysed macroscopically, where the whole
tow 1s now assumed to behave as if it were a single fibre. Therefore using
equation 7:8 again, it is possible to work out the permeability of the large flow
channels. Using a volume fraction of 50% i.e. (the areas of the tows in a unit
cell divided by the total area of the cell) and ¢ = 53 as before, the permeability

equates to the following;

K, ;= 1.84 X 10° m* = 1840 darcies

7:5 Total Permeability

The section presented to the flowing resin consists of a proportion of each of
the types of flow which were determined earlier in this chapter. By taking
Fabric 126 with the 1:1 ratio of conventional and bound tows as an example,
the total permeability is determined usitig a rule of mixtures of permeability,

equation 7:13,

Krotar = x. K axgaL + )’-K]RANSVERSE +z.Kirc --- Equation 713
where :

x, y and z are the respective proportions of each flow area apparent in the

laminate (table 7:4).
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The models presented in'this chapter are hot dependent on RTM process:
variables 'such as injection;pressure and fluid viscosity. From experience
gained in:the measurement of permeability; the fluid viscosity:particularly
proved:difficult to: measure :accurately and appeared to be:dependent upon
several variables. Therefore, the methodology presented in this chapter
provides a: way of determining the true permeability ofa-fabric by using the

proportions of each of the flow:mechanisms.
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CHAPTER8

DISCUSSION, CONCLUSIONS
and
FUTURE DEVELOPMENT

When designing an RTM process for a component, the knowledge of the flow
properties through the reinforcement has been shown to be critical. Therefore,
an accurate permeability measurement for the reinforcement is an essential
parameter for RTM production planning, simulation and optimisation.

The permeability of a fabric is very difficult or impossible to determine
analytically and therefore experimental or semi-empirical techniques have been
used extensively to measure its value. The measurement of permeability as
reviewed has been shown to be susceptible to inconsistency. Several factors
have been shown to affect the measured permeability and these are now
discussed.

8:1 Resin Viscosity

The calculated value of permeability depends on the accurate measurement of
viscosity. As the viscosity was determined from a separate sample of resin
from the one used in the permeability tc;.st (see Chapter 4:5:5 ), inaccuracies
were expected from a lack of consistent mixing producing local
inhomogeneities in individual resin samples. This inhomogeneity in mixing,

particularly for a polyéster resin with a faster cure rate than a typical epoxy
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such as Ciba Geigy LY 556, would cause a difference in cure reaction rate thus

affecting the measured viscosity value.

An idea was suggested by McLeish [103] that the topological nature of
thermoplastic polymer chains entangling in a random manner, may affect the
resultant flow properties. An example of this phenomenon is seen with low and
high density polyethylene (LDPE & HDPE) which exhibit different molecular
weights. The HDPE consists of linear branching from the monomer (base
molecule) whereas the LDPE has randomly positioned branches from the
monomer. Tests have shown that by tuning the molecular weights of HDPE
and LDPE polymers to produce icientica] viscosities, the resultant flow
properties are very different, HDPE produces a converging flow pattern akin to
Newtonian fluids whereas LDPE sets up vortices within the flow. This is
believed to be caused by the difference in the molecular topologies. Work on
molecular topology has so far concentrated on thermoplastics. The monomers
of thermoplastics exhibit lengths of a few angstroms whereas the lengths of
several thermoplastic chains have been up to a micron in length which in a
typical reinforcement used in RTM is of the order of the inter fibre spaces in a
single tow. The difference with thermosets is that the chains are being formed
and crosslinked by chemical reaction during the injection. Since, during the
injection the resin should exhibit as low a viscosity as possible, the chain size

would not adversely affect the impregnation.
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8:2 Glycerol Viscosity

After undertaking the permeability tests with the two glycerols (supplied by
Boots and BDH Chemicals), it was observed in that both samples exhibited
quite different viscosity values (Appendix 2). Shankar et al [104] have
discussed the atmospheric water absorption properties of glycerol, it was likely
that the viscosity of both samples may have been affected by the hygroscopic
effect. As a consequence, the calculated permeability would have been affected
due to the glycerol reducing in viscosity. This shows the merits of measuring
the viscosity of the fluid for each permeability test. Concluding, the use of
glycerol for permeability measurement is not recommended, although it is
useful for understanding qualitative flow phenomena.

8:3 Permeability Tests using Different Injection Fluids

The permeability tests conducted on the flow enhancing fabrics (Chapter 3:3)
exhibited a marked difference in values produced for specific lay-ups using
different injection fluids. Initially, it was thought that the viscosity values of the
fluids were contributing to this large difference and therefore the separate
injections were analysed with respect to their flow rates thus removing the
viscosity dependency. Appendix 6 shows the individual flow rates for all the
injections with respect to the injection fluids. These flow rates support the
permeability values in that the larger flow rates were associated with the higher
permeability values. Further support of this variation was provided by

Steenkamer et al. [105] who tested two specific reinforcements using a range
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of oils (corn and silicone) and polyester resins and obtained a vanation for
each fluid. It has been found that with different resins that the measured
permeability varies. It is therefore recommended that permeability values
which are used for simulation purposes are determined using a similar resin to
the actual component mould being simulated.

8:4 Fabric Layer Nesting

The woven fabrics for which permeability was measured consisted of tows
ranging from 2000 (2k) to 6000 (6k) filaments. As a result of handling, some of
the tows are likely to become misaligned during lay-up and therefore did not lie
in phase (i.e. tows in layers lying in the valleys of adjacent layers) with
neighbouring layers. Upon closure of the mould, small localised areas of high
and low volume fraction would be produced above or below the nominal
design volume fraction. As a result, the impregnation would be affected by
varying resistance to flow encountered within the fibre pack. This effect was
thought to be present in most of the fibre lay-ups tested. It may average out
over the mould but initially has a large effect on the flow.

8:5 Mould Compression and Deflection

The compression force required to close the mould produced mould deflection,
resulting in a lower volume fraction than intended in the central regions of the
mould. As observed in Chapter 4:4, the mould deflection rose with an increase
in the number of spiral bound tows included in the fabric. This was thought to

be due to the resistance of the twisted tows to crushing under the compressive
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load because of the spiral binding. As a result, the permeabilities were affected
as the average volume fractions of the moulded plates differed from the
nominal design volume fraction. Pearce et al.{106] showed that the
compression force required to close the mould reduced quite considerably by
clamping, opening and reclamping the fibre pack due to the relaxation of the
fibres. This strategy is recommended for permeability measurement and also
manufacturing to reduce mould deflection.

8:6 Process Flow Phenomena

During the impregnation of the fibre pack, it was noticed that the initial
percolation of the fluid into the reinforcement affected the final value of
permeability obtained. This initial flow was thought to be affected by the
distribution of the fibres directly above the inlet port. For instance, if there was
a local region of lower volume fraction above the inlet, the impregnating flmid
would initially flow at a faster rate than if a higher volume fraction. This initial
variation in flow is shown well in Appendix 1:2. Although in manufacturing it
would not be appropnate, the initial variation was reduced by the introduction
of a punched hole in the fibre pack above the inlet.

After discussing the problems of the lack of repeatability with permeability
measurement, 1t 1s recommended that the measurement technique be
standardised. Therefore, at present, for two-dimensional flow only, two

methods of measurement are proposed.
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Compression tests were undertaken in accordance with CRAG method 418 on
an Instron 1175 Universal Testing Machine (S/N H0525) calibrated to
BS1610:1985 Grade 1 while the ILSS tests were carried out in accordance
with CRAG method 100. Results which are discussed in Appendix 7 showed
for example, that with the minimum amount of spiral bound tows, the
compression strength reduced from 245kPa for twill fabric to 218kPa for
Fabric 156 (1:7 ratio of bound to conventional tows) and the corresponding
inter-laminar shear strength reduced from 49.9MPa to 44MPa. Therefore, the
improvement in processing characteristics produced by the inclusion of spiral
bound tows is compromised by the reduction in mechanical properties. Further
modifications to the reinforcement are therefore required to optimise the
mechanical properties as well as improving the processability of the fabrics.

8:9 Conclusions

. The importance of representing the permeability of a fabric reinforcement
accurately has been shown. The RTM simulations discussed and developed in
references [108-115] all rely heavily on accurate permeability measurements in
order to predict the passage of resin through a fibre pack. All the simulations
showed deviation from the actual injection due to inaccurate permeability data.
The permeability tests conducted in future require a simultaneous viscosity test
with the same resin sample at a fixed temperature similar to the mould
temperature. Although this is more time-consuming, it alleviates the variation

in viscosity detected from sample to sample. In order to simulate the process
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accurately, resins are required for permeability tests rather than resin models
such as glycerol due to the fact that large differences in permeability are
obtained for different fluids on similar fibre packs.

8:10 Future Development

The image analysis technique has been shown to distinguish slight differences
in reinforcement construction according to their respective flow channel areas.
To further this work and to test the versatility and sensitivity of the technique,
it would be interesting to investigate the following topics to determine if the
method would

1) distinguish between different weaves with a similar tow size

(t.e. plain / twill)

i) distinguish between a specific weave with different tow sizes

(3k, 6k, 10k)
With regard to the flow enhancing fabrics, a number of research programs are
ongoing at the University of Plymouth based on the work in this thesis into
optimising the flow properties of reinforcements without reducing the
mechanical properties. A new fabric is being wovén with a mixture of tow
sizes with smaller bound tows replacing the larger bound tows previously. This
is expected to produce more smaller flow channels, thus not compromising the
mechanical properties. A paper in preparation by Guild et al [116] introduces

the proposed modifications to the reinforcements.
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APPENDIX 1

Glycerol and Resin Front Progressions during the
Permeability Measurement Testing

Al:1 Vacuum Impregnation using Glycerol

Al:1:1 Vacuum Impregnation of Various Reinforcements in a Rigid
Mould

Al:1:2 Vacuum Impregnation of Plain Weave Lay-ups under a Vacuum
Bag

Al:2 Injection of MY 750 Resin System into Various Plain Weave Lay-ups

A1:2:1 Vol. Fraction =52%, Areal Wt.=345g/m* Thickness=2.12mm
Al1:2:2 Vol. Fraction =52%, Areal Wt.=345g/m? Thickness=4.24mm
A1:2:3 Vol. Fraction =52%, Areal Wt.=345g/m? Thickness=6.36mm
Al:2:4 Vol. Fraction =52%, Areal Wt.=220g/m* Thickness=2.12mm
 Al:2:5 Vol Fraction =39%, Areal Wt.=345g/m? Thickness=2.12mm

A1:3 Glycerol and Resin Progression through Flow Enhancing Weaves

Al:3:1 Base Twill

Al:3:2 DWO 126 (1:1)
Al:3:3 DWO 148 (1:3)
Al:3:4 DWO 149 (1:4)
Al:3:5 DWO 150 (1:5)
Al:3:6 DWO 151 (1:6)
Al1:3:7 DWO 156 (1:7)



























































































































































































































































































FLOW VISUALISATION IN RESIN TRANSFER MOULDING
P R. Griffin, S.M. Grove, A. Lewis and D. Short

ACMC, School of Manufacturing, Materials and Mechanrical Engineering
University of Plymouth, UK.

Abstract

This paper will present and discuss a range of flow characteristics which have been observed
in different fibre configurations and under different operating conditions, in both
vacuum-assisted and pressure RTM. It is concluded that flow is inhomogeneous at every
scale. At the scale of the component, flow is affected by geometrical factors such as fabric
cutting and lay-up which may result in 'easy paths' for the resin. At the scale of fibre tows or
bundles, there may be movement either within or between layers resulting in local variations in
permeability. At the scale of the individuai filaments, there are competing processes of viscous
and capillary flow which may affect microstructural composite properties if fibre wet out is
incomplete.

Small variations of this nature may be beyond the control of normal manufacturing processes,
and can have a large effect on the way in which the mould fills. However, this does not

preclude the production of quality RTM parts if these variables are understood and taken into
account at the process design stage.

INTRODUCTION

Resin Transfer Moulding is an increasingly common process for the manufacture of reinforced
plastic components. A pre-catalysed thermosetting resin is injected at low pressures (up to 7
bar) into a closed mould containing dry reinforcement. Impregnation may be assisted or driven
by evacuating the mould; the process is the sometimes known as VARI (Vacuum Assisted
Resin Injection).

The process originated in the mid 1940's when the US Navy used it to fabricate patrol boats
[1]. In the last 10 years, the process has become of considerable commercial interest in the
composites industry, both for reinforced plastics' (using relatively low amounts of randomly
oriented glass reinforcement and polyester resin) and 'advanced composites' (high volume
fraction, oniented glass, carbon or aramid reinforcement and epoxy resin).

RTM requires a matched mould of adequate stiffness built to high tolerances. Careful
attention has to be paid to sealing arrangements, particularly if vacuum is used. The process
has therefore encouraged developments in tooling design and automation [2-4] which are
crucial to its commercial success in the production of high performance, load bearing
engineering components.

Of equal importance is the interaction between raw material selection, mechanical

properties/part quality and process cycle times. Of particular interest is the permeability of the
reinforcement (i.¢. the ease with which the flowing resin is able to impregnate the fibres and
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fill the mould). There is now a considerable literature on both empirical [5-7] and theoretical
[8, 9] studies of permeability measurement, as well as numerical models of resin flow [10-13].
Resin and fabric suppliers are now marketing raw materials specifically designed for RTM
[14].

In common with many other academic groups, we have measured the permeabilities of a range
of different reinforcements. The experiments and some typical results are briefly described in
this paper. The twin objectives of this work are to provide basic data which can be used in
flow simulation models [15}, and to attempt to correlate permeability with the detailed fibre
‘architecture’ {i.e. the microscopic details of fibre arrangement - filament diameter, tow size
and orientation, weave style, etc.) [16, 17].

Almost all experimental work assumes that the flow of resin through a reinforcement can be
described by Darcy's law [18] - this is a linear relationship in which flow velocity is
proportional to pressure gradient and inversely proportional to fluid viscosity, The apparent
permeability is essentially the constant of proportionality in the Darcy equation. As described
below, permeability is measured by observing the progress of a resin of known viscosity (in a
transparent mould) as it flows under a controlled pressure gradient.

Experience over several years with this type of experiment, plus prototype production of real
components, has indicated that Darcy's law is only a crude approximation. Within a real
fabric, there are local inhomogeneities; flow takes place on different scales, from the relatively
large gaps between tows (of the order of a few mm) down to micron-sized spaces between
individual filaments. Both capillary and viscous forces may be significant in determining the
overall flow pattern [11]. Flow may be 3-dimensional, especially near inlet ports and in thick
composites.

The second part of the paper offers a purely qualitative description of some of these
'departures’ from predictable flow according to Darcy's law. Some of these variables could (at
least in principle) be eliminated by careful experimental design, preparation and process
control, but others are inherent in the nature of the process and need to be taken account of
for successful component production by RTM.

EXPERIMENTAL MEASUREMENT OF PERMEABILITY

The 'permeability’ of a porous medium refers to the ease with which a fluid passes through it.
Darcy's original work [18] was based on the flow of domestic water through porous rock, and
has been used widely since then to classify particulate media in the petroleum industry. Darcy
has lent his name to a unit of permeability; 1 darcy is the permeability of a medium in which a
fluid of dynamic viscosity 1 centipoise flows with a velocity 1 cm/s under a pressure gradient
of 1 atmosphere/cm. In SI units, permeability is expressed as an area, and | darcy = 1.01325
x 10” m’.

As indicated above, measurement of permeability requires monitoring the rate of progress of a
fluid (resin) as it impregnates the porous medium (reinforcement). Fig. 1 shows a schematic
of the type of experiment used at the University of Plymouth, in which the mould comprises a
steel base plate to which is clamped a glass or Perspex cover. Resin flow is recorded either
manually by tracing successive positions of the flow front, or photographically. Permeability is
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then deduced from the ratio of flow velocity to pressure gradient. Table 1 gives some typical
values for measured permeability, obtained over a number of years on several different fabrics.
As can be seen, there are considerable differences between different types of reinforcement,
and permeability is very sensitive to volume fraction.

One result of this sensitivity is that repeatability between experiments is difficult to achieve,
due to the natural variations in local volume fraction which occur in commercial fabrics and
accidental fibre disturbance which may be introduced through handling. Typical experimental
scatter is illustrated in Fig. 2.

SOME OBSERVATIONS OF RESIN FLOW

Easy Paths. In a closed mould, any gap between the edge of the reinforcement and the sides
of the cavity will result in a high permeability 'easy path' for resin flow. The effect of this is
seen in Figures 3 & 4,where the position of the resin front has been recorded at 5 min.
intervals during injection of a solution of glycerol under vacuum only. The initially circular
front becomes straighter as time progresses, but the shape is dominated by much faster flow
around the edges. In extreme cases, fluid which has 'race-tracked' around the edge can reach
the vent port in advance of the main flow front, and lead to large unfilled areas and/or resin
wastage.

In an idealised, symmetric mould, edge effects would be reduced (and fill times decreased) by
the simple expedient of injecting resin at the centre of the mould. However, practical tooling
is rarely so straightforward, and edge effects have to be controlled by accurate cutting and/or
preforming and placement of the reinforcement. Even accurately cut fabric may be relatively
unconstrained at the mould edges, and suffer movement as the resin front advances,
particularly if injection pressures are high. In 'leaky' moulds (working without vacuum) it may
be possible to clamp the reinforcement through the seal. Alternatively, the mould tool could
incorporate an edge feature near the seal locally to compress the fabric - this would ensure
high volume fraction and low permeability at the mould edges, but the part may then require
additional finishing after moulding.

A different approach is to use edge effects to advantage, by designing 'galleries' to assist rapid
mould filling.

Fibre Orientation and Anisotropy. Many advanced reinforcement fabrics are anisotropic in
terms of fibre orientation, and this will be reflected in the nature of resin flow - permeability
parallel to unidirectional fibres may be of the order of 6 times higher than in the transverse
direction. Figs. 5 and 6 illustrate these orientation effects. In Fig. 4, a plain weave fabric is
aligned with warp and weft at 4 45° to the mould edges,; the rates of flow are stmilar to those
in Fig. 3, although edge effects are less proncunced. In Figures 5 & 6 a unidirectional fabric
was aligned at 45° and 0° respectively. The combination of anisotropy and easy paths results
in a very different pattern of mould filling such that the resin reaches the outlet long before all
the reinforcement is impregnated.

It should be noted that flow-enhancing fabrics are highly anisotropic in permeability. One such
fabric in undergoing evaluation at the University of Plymouth [16, 17]. Flow enhancement is
achieved by spirally wrapping a thermoplastic fibre around a proportion of the warp tows.
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This maintains a roughly circular cross section, even when the fabric is compressed, and
ensures that a larger inter-tow gap is maintained. Fig. 7 shows experiments with these fabrics
in which resin was injected at the centre of a flat plate. When an ‘isotropic' lay up is used, a
succession of circular flow fronts is produced; changing the orientation of individual plies
introduces anisotropy of permeability, and the flow front becomes elliptical rather than
circular. In these cases, a tensor description of permeability is required [19] and Darcy's law is
modified appropriately. Just as mechanically anisotropic reinforcements enable the designer to
tailor laminate stiffness and strength, so anisotropic permeability can be exploited for optimum
RTM process design.

Fingering. Local inhomogeneities in fibre distribution result in regions of high and low
permeability within the reinforcement. The resulting flow front is far from smooth, as seen in
Figs. 5,6 & 7. In these illustrations the inhomogeneities may arise from 'natural’ variations in
fibre orientation or from disturbances introduced by handling. Under some circumstances, the
flowing resin may displace fibres lateraily, and we have observed that the degree of fingering
increases with injection pressure.

Many fabrics are inherently inhomogeneous, comprising stitched or woven tows or bundles of
fibres which may be several mm apart. Close inspection of the flow front during injection
reveals different rates of flow between the tows compared to within the tows (Fig. 8). At low
pressures, the capillary flow within tows can lead the viscous flow in the spaces between them;
at high pressure the situation is reversed, and the observed flow front does not indicate the
extent of the wetted-out fabric.

The interaction of these complex mechanisms has been demonstrated in the manufacture of a
rectangular test panel from a quadriaxial (0°, - 45°, 90°) non-crimp fabric. This fabric has well
defined gaps between the stitched tows in the 0° direction, but evenly spread unidirectional
fibres in the other 3 layers. Permeability is thus highly anisotropic. In this experiment, half the
required volume of epoxy resin was pigmented yellow and injected in the normal way, the
injection was completed with a second batch of black-pigmented resin. The result in shown in
Fig. 9, in which the lighter coloured resin appears to occupy the tows, while the second batch
of dark resin remains in the tow spaces. It is believed that the first batch of resin will have
rapidly filled the spaces between the 0° tows, then subsequently impregnated the tows
themselves, leaving the spaces relatively clear once again for the second batch. Whatever the
precise details of resin flow, it seems unlikely that a single value of permeability as derived
from a Darcy flow experiment will provide an adequate characterisation of this fabric.

Three-Dimensional Flow, Most composite components comprise thin, shell laminates, in
which the lateral dimensions are several orders of magnitude greater than their thickness. In
this case, the problems of materials characterisation and flow simulation can be considered in
two dimensions. A few compenents, such as panels for ballistic protection, are required to be
of considerable thickness - at the University of Plymouth monolithic GRP test panels for such
applications of up to 60 mm thickness have been manufactured from a range of non-crimp
fabrics [20]. 1n the quadriaxial fabric referred to above, the continuous 90° fibre layers offer a
high resistance to through-thickness flow (Fig. 10). In-plane flow is relatively rapid due to the
inter-tow gaps in the 0° plies. It was found that injecting thick laminates from one face of the
tool resulted in resin flowing laterally and around the edges of the reinforcement to reach the
far side of the tool (a distance of the order of 1 m) before resin had penetrated vertically
through the fabric (a distance of only 60 mm). Unwetted plies were therefore located within
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the laminate typically a few mm from the back surface. Subsequent experiments on biaxial
(0°/90%) non-crimp fabrics (in which both warp and weft fibres comprise stitched tows) have
proved more successful, due to the higher through-thickness permeability.

DISCUSSION

In most experiments, the initial shape of the flow front reflects the geometry of the inlet. For
example, an isolated port produces a circular flow front, while linear injection from the mould
edge produces a straight line. During the first few cm of mould filling, the flow appears to be
in transition, and Darcy's law is inapplicable.

At the highest level, flow is subsequently influenced primarily by fibre ortentation and
anisotropy, and this determines the overall way in which the mould is filled. Location of inlet
and vent ports should take this into account to avoid wastage of resin. At a lower level
(smaller scale), any 'fingering' due to fabric design or irregularities will be superimposed on
this pattern. In extreme cases, resin may progress rapidly towards the outlet without fully
wetting the fibre bundles. At the lowest (microstructural) level, capillary forces affect flow
within fibre tows. The magnitude of capillary forces will depend on the packing of fibres
within the tow, and this in turn could be affected by the overall fibre volume fraction and the
pressure gradients in the resin. Local movement of fibre in response to excessive pressures
has been observed both in discontinuous and continuous reinforcements. In the latter case,
resulting regions of high volume fraction and hence low permeability will restrict resin flow.

CONCLUSIONS

Darcy's law has been widely used as a model of resin flow during RTM. However, a number
of observed features have been described in this paper which itlustrate that the interaction
between a fluid and advanced fabrics containing aligned fibres is considerably more complex.
While many of these effects may be difficult to quantify, it is suggested that the use of flow
visualisation can give an important insight into the various flow mechanisms, their interactions
and likely influence on mould filling. An appreciation of these aspects is crucial to the
meaningful characterisation of the raw materials used in RTM, and hence to the success of
flow prediction and efficient process design and control.
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Bound Tows

Reinforcement [ Areal Weight| Volume Injection / | _Test Fluid | Permeability
(g/m?) Fraction (%)] _Vacuum (darcies)
Pressure
(bar)

Plain Woven 345 52 0.85 Ciba Geigy 2441
'E' Glass MY750

HY917

DY070
Plain Woven 220 52 0.85 As Above 244 4
'E' Glass
Plain Woven 345 39 0.85 As Above 9233
'E' Glass
Twill Woven 380 50 09 Boots 229
Carbon (2x2) Glycerol
Twill Woven 380 50 09 Boots 1493
Carbon with Glycerol
1:7 Ratio of
Bound Warp
Tows
As above with 380 50 09 Boots 168
1:6 Ratio of Glycerol
Bound Tows
As above with 380 50 09 Boots 180
1:5 Ratio of Glycerol
Bound Tows
As above with 380 50 09 Boots 198
1:4 Ratio of Glycerol
Bound Tows
As above with 380 50 0.9 Boots 207
1:3 Ratio of Glycerol
Bound Tows
As above with 380 50 0.9 BDH 413
1:2 Ratio of Glycerol
Bound Tows
As above with 380 50 0.9 Boots 208
1:1 Ratio of Glycerol

Table 1. Typical Permeability Values worked out using Darcy's Law

A7:19
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Abstract

The resin transfer moulding process involves the long range flow of resin into a closed mould
which is filled with dry fibre reinforcement. The rate of resin flow can be calculated using the
Darcy and Kozeny-Carman equations. The flow rate is thus a function of the pressure drop across
the fibre bed, the resin viscosity and the permeability of the fibre bed. The permeability constant is
dependent on the fibre radius and the porosity of the bed.

A number of reinforcement fabrics are now available commercially which promote faster resin
flow than that in equivalent fabrics of the same areal weight at the same fibre volume fraction. The
Kozeny-Carman equation includes a parameter known as the mean hydraulic radius. If this
parameter is varied by calculating a specific hydraulic radius, then the flow enhancement may be
modelled. Calculations for model materials have been published and demonstrate that this
approach predicts that significant changes in flow rate are possible.

The commercial fabrics do not have model structures, but feature variations in the mesoscale
architecture of the reinforcement: fibres clustered into tows and uneven distribution of pore space.
The paper will report on the correlation of quantitative image analysis of optical micrographs with
the flow rates in a range of reinforcement fabrics.

Introduction

Resin transfer moulding (RTM) is a process for producing fibre-reinforced polymeric parts in final
shape. A dry preform of reinforcement fibres is placed into a net-shape mould, which is closed
before resin is injected into the mould to fill the spaces between the fibres. Once the resin has
cured, the stiff solid composite component can be removed from the mould. Unlike all other
composite manufacturing processes, RTM involves long-range flow of resin through the porespace
between the reinforcement fibres. The process and the associated governing equations have been
well described [1-3].
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The one-dimensional flow of fluid through a porous bed was modelled by Darcy {4] in 1856.
Darcy's law relates the linear flow rate, g, to a coefficient depending on the permeability, K, the
pressure drop, AP, and the bed length, L, through the equation:

_KAP
q = L ............

Kozeny [5] and Carman [6] considered the relationship between the volumetric flow rate of fluid,
Q, and the porosity (fractional free volume in the bed), €, and found it to be governed by the
equation:
Ae.m? AP
=== . 2
0= 2)

where A is the cross-sectional area of the bed, k is the Kozeny constant, m is the mean hydraulic
radius of the bed, and | is the dynamic viscosity of the fluid.

The concept of the hydraulic radius of the bed is attributed to Blake (7], and is defined as the
cross-sectional area normal to the flow divided by the perimeter presented to the fluid. Williams et
al [8] suggested that the mean hydraulic radius of a unidirectional fibre bed is given by Equation 5:
m=L & - Vo

2 (1-&)y 20 T

where v 1s the fibre radius, V, is the matrix volume fraction of the void-free composite and V, is
the fibre volume fraction. Hence:

e=Vy=(1- V/’)

The 1-D volumetric flow rate can be represented by Darcy's equation by including the cross
sectional area normal to the flow on both sides of the equation, hence:

Q:q.AzKA.AL—P ............ (5)

and substituting Equation 3 into Equation 2 gives:

Art g AP
0==- S 6
= b4k (1-¢)2 L (©)
Equating the vight hand sides of Equations 5 and 6 gives:
T 7
4ku(l —e)? )
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Thiron et al [9] have demonstrated that the linear flow rate through the same volume fraction of
similar reinforcement fibres with different reinforcement architectures under identical flow
conditions was more rapid in fabrics with clustered tows. Gnffin [10] has conducted a
comprehensive survey of international studies of the permeability of fibrous reinforcements and
found that reported values for similar fabrics might vary by one or two orders of magnitude.
Griffin and Grove [11] have reported that the rate of flow front advance increased with the
proportion of spiral-bound tows at constant reinforcement volume fraction.

Clearly Equation 7 is only applicable to situations in which we might expect the fibres to be
organised such that the mean hydraulic radius is an applicable concept. This situation is only
likely to be relevant when the fibres are organised with uniform or truly random packing. The use
of weaving techniques to produce commercially useful reinforcement will inevitably organise the
reinforcement tows into clustered groups.

Summerscales has analysed situations with clustered fibres [12] and clustered layers [13] to
determine the effect of variations in the reinforcement architecture on the flow rate. The predicted
flow rate in a regular array of clustered fibres was significantly increased relative to a uniform
distribution of individual fibres at the same volume fraction. Similarly, the flow rate is predicted
to be higher in a small number of thick layers when compared to a large number of thin layers.

The materials analysed by Summerscales were idealised models. The evaluation of real materials
will require the use of automated microstructural image analysis. The use of such techniques for
fibre-reinforced composites has been reviewed by Guild and Summerscales [14].

Quantitative microscopy, using spatial statistics, is capable of revealing subtle relationships
amongst the fibres in the composite. Summerscales et al [15] used the Voronol half-interparticle
distance to characterise the microstructure of carbon fibre-reinforced plastics processed by the
vacuum-bag technique using different process dwell times.

Li et al [16] used automatic image analysis to quantitatively evaluate fibre distributions in cast
continuous aligned aluminia fibre-reinforced aluminium alloy. Significant differences could not be
detected between the fibre distributions of samples solidified under different conditions.

Everett and Chu [17} modelled the microstructural effects of non-uniform composite
microstructures.  Fibre positions and areas were determined from micrographs of Nicalon
(SiC)/zirconia titanate ceramic by image analysis, or were generated by a computer program.
Dirichlet cell tesselations, number of cell sides, cell volume fraction and nearest-neighbour
distances were calculated. The flexural strength of the ceramic matrix composites which exhibited
clustering was found to correlate with the maximum value of nearest-neighbour distance
distribution skewness.

Experimental Techniques

Muarerials Used:

The carbon-fibre reinforcement fabrics in this study were developed by Carr Reinforcements with
the specific aim of promoting resin flow. All fabrics were 2 x 2 twill weaves, with from 0-7

flow-enhancing warp threads to each normal warp tow. The materials used are summarised in
Table 1.
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TABLE 1: Materials used in the experimental study

REINFORCEMENT
FABRICS
Designation Description % Bound Tows
38166 normal 2 x 2 twill weave 0%
156 one bound tow in each eight tows 12.5%
150 one bound tow in each six tows 16.7%
148 one bound tow in each four tows 25%
126 one bound tow in each two tows 50%
FLUIDS

Boots glyceral
BDH glycerol
Scott Bader unsaturated polyester resin A cured with MEKP
Scott Bader unsaturated polyester resin E cured with MEKP

Jotun Polymer unsaturated polyester resin 4210 cured with MEKP

Jotun Polymer unsaturated polyester resin 4210 cured with AAP

Permeability measurements and composite manufacture

Four layers of one type of fabric were laid up in a 350 mm square 1.7 mm deep parallel-sided flat
mould. The fabrics are anisotropic due to the inclusion of the bound flow-enhancing warp thread.
To measure the permeability in quasi-isotropic flow, the layer stacking sequence was [0/90],and a
fluid inlet port was included at the centre of the [ower face of the mould. A central hole (diameter
of 14 mm) was punched in the centre of each fabric layer to encourage true two-dimensional flow
throughout the permeability experiment,

The flow fluid was introduced through the central inlet port into the space punched into the
reinforcement layers. The fluid pressure at the reservoir was 0.9 bar gauge pressure (ie 1.9 bar
pressure absolute). The fluid permeated radially outwards. The flow front isochrones were
recorded at 30 second intervals during the early stages and one minute intervals in the later stages
of each flow experiment. The permeability values were calculated using the radial form of Darcy's
law. This approach is similar to that of Adams et al [18] and Hwang and Chang [19].

Further experiments were conducted using an anisotropic stacking sequence, [0,], under the same
conditions as above.

The permeability results using Boots glycerol are shown in Figure 1. Since the experiments were
performed, we have become aware of the high variability in the measured viscosity of glycerol
[20]. All fabrics had similar areal weights (a range of Sg/m’ for a nominal fabric weight of 382
g/m*). All experiments were conducted in the same mould, to the same nominal thickness, and
hence at equivalent volume fractions. The permeability increased with the number of
flow-enhancing tows. This result would not be predicted by Kozeny-Carman law as volume
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fractions (porosities) were nominally identical and a mean hydraulic radius is used in that equation
(equation 2).

Figure 2 summarises the permeability results for the full range of fluids used (listed in Table 1).
All experiments were conducted under identical conditions, except for the fluids and their
viscosities, and hence it would not be expected that different permeabilities resulted. A similar
problem has been reported by Steenkamer et al [21]. The explanation may be that the experimental
configuration involves the wetting of fabric (unlike Darcy's original wetted flow experiment) and
hence surface chemistry/physics may assume a significant importance. The flow regime could also
involve extensional flow, rather than bulk flow, and the different performance of each flow fluid in
this regime could be critical.

The procedure used follows that developed by Griffin [22-24]. The full mathematical derivation of
the model has been reported by Carter et al [25]. A standard experimental apparatus and procedure
have been proposed by Fell et al [26].

Microstruciural Examination

Sections perpendicular to the flow-enhancing fibre direction were cut from the anisotropic plates at
20, 40 and 60 mm from the inlet position normal to the bound tow, The sections were mounted in
casting resin. The sections were polished on 'wet-and-dry’ diamond papers of 200, 320, 400 and
600 grade in turn, until the surface appeared flat to the unaided eye. The sections were then
polished using an automatic metallurgical polishing machine with diamond pastes and a specimen
load of 1 kg. The sequence used was: 1 h at 14 um; 1 h at 6 um; 30 min at | um; and a final short
polish at 0.25 pum.

The microstructure of a unidirectional continuous-fibre composite is entirely defined by sections
perpendicular to the fibre direction, assuming that the fibres are perfectly straight and of constant
cross-section along their length. The samples examined are reinforced with bidirectional
(orthogonal) fabrics. The flow direction fibres appear as circles and the transverse fibres lie in the
plane of the section. The sections were examined with a Quantimet 570 Automatic [mage
Analyser. The section was placed in bright-field illumination in the microscope. The overall
magnification used was recorded for each individual frame, typically 0.0162-0.0178 mm/pixel.

The features of the Quantimet 570 used in this work will be briefly described. The maximum size
of frame which can be examined is divided into a square grid of 512 x 512 square pixels. The
contrast is divided into 256 grey levels; black is defined as grey level 0 and white is defined as grey
level 255. The grey level of each pixel is recorded as an 8-bit digital word. Detection was carried
out with respect to a single threshold. The threshold level and detection were set so that the carbon
fibres appeared white with respect to the matrix. Figure 3 is a grey-level image of a typical
section. The fibre bundles are darker than the flow space. Individual fibres are not detected at this
magnification. The flow areas could thus be detected as features, and their centres of gravity, ie.,
their X, y coordinates with respect to the frame, could be measured and recorded.  The
image-enhancement processing of the Quantimet is used to improve the image after converting the
image to a binary form.

The microstructure of the laminate is variable due to its construction using carbon fibres in tows;
measurements must be taken over an area which reflects the size of this vanability. The total area
analysed was a grid of 3 contiguous frames in the sample width, parailel to the weft direction. The
measure frame used was 438 x 123 pixels: for sample 156 this corresponds to 21.3 mm wide by
1.99 mm high total area analysed.
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The image shown in Figure 4 is a binary image; each pixel is defined as detected or not detected.
The sophisticated image processing available on the Quantimet 570 arises from its large storage
capacity. Such image enhancement was used here; the 'segment’ process was ased. This
essentially consists of successive erosions and builds (dilations without remerge) of features,
leading to their separation. Figure 5 shows the binary image of the same field after the image
enhancement. The flow areas are now detected as separate features.

The process of image capture, image processing, measurement and movement of the stored image
to prepare for the next frame was programmed using QBASIC, the command language of the
Quantimet. The results were written onto a floppy disk; for each fibre-free zone, the parameters
recorded were area, maximum feature height (vertical feret) and maximum feature width
(horizontal feret), x- and y- centres of gravity and perimeter. The results were subsequently
analysed using a spreadsheet (LOTUS 1-2-3).

The data was divided into bins from which histograms can be drawn. An alternative presentation
of the data is a continuous plot showing the total number in a given range and all smaller ranges.
Results from different laminates are more easily compared using such continuous plots.
Comparisons can be made 1f the total number is normalised; the y-axis range is 0 to 1. These are
plots of the cumulative distribution function.

Results and Discussion

The permeability of the reinforcement fabrics at constant (to within £ 2%) volume fraction increase
with the proportion of (bound) flow-enhancing tows. The values are calculated from each of the
flow front isochrones recorded using the radial form of Darcy's equation, and the values reported in
Table 2 are the averages of at least ten values.

TABLE 2 : Permeability values determined with Boots givcerol
Fabric Number: 38166 156 150 148 126
Description: Twill 12% bound | 17% bound | 25% bound 50% bound
Permeabitity: 25.6 149 180 206 208
(x 10 m"

Tests were run on fabric 126 using a variety of flow fluids. The permeabilities calculated were
dependent on the flow fluid (Table 3) which confirms the findings of Steenkamer et al [21].

TABLE 3: Variation of permeahility with 1Tow tluid tor fabric 126
Flow Fluid: BDH g¢lycerol Boots glycerol  Scott Bader |
Resin E i
Mean permeability 165 208 1288
(x 10" m*)

It proved impractical to undertake the quantitative microscopy of samples manufactured with two
of the fabrics (150 and 148), because the samples were damaged during preparation. The sum of
the microstructure parameters measured are recorded in Table 4.
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TABLE 4: Total areas and perimeters of voids determined bv guantitative microscopy

Fabric No. Total no of areas Total area (mm?*) Total perimeter (mm) Av perimeter area (mm)

126 130 11.21 146.4 1.126
156 115 8.54 112.4 0.977
Twill 210 5.47 139.6 0.655

The Blake-Kozeny-Carman (BKC) equation predicts that flow will be proportional to total area
wetted per unit volume or to total perimeter wetted per unit area. The "areas” reported in Table 4
are the areas of the large pore space (voids in the unwetted reinforcement) and not the areas
corresponding to the BKC equation. A threshold pore space area of ~5 pixels was set to eliminate
the small pore spaces corresponding to close packing of the fibres as flow visualisation experiments
[27] suggest that flow occurs in the macro-porosity of the reinforcement.

The perimeters recorded do carrespond to those of the BKC equation. However, it is not yet
practical to determine the effective penetration of the flow front into the tows during wetting, so a
global perimeter has been determined from the large areas in isolation.

The parameters determined in Table 4 have been plotted as histograms. The results are reported in
more detail elsewhere [28]. The middle-range flow areas are more abundant in fabric 126 (which
has most flow enhancing tows) and least abundant in the twill fabric. The flow enhancing tow can
therefore be seen to achieve the required effect by creating flow passages, which are predominantly
in the range ~> 0.6 mm’. These areas are of irregular shape and hence the ratio of perimeter to
area is variable. The total perimeters in Table 4 do not correspond to the expectations of the BKC
equation. The perimeters which correspond to the above middle-range flow areas are summarised
in Table 5. The resolution of these perimeters is limited by the pixel size and by the diffuse edges
of the large flow areas due to the separation of individual fibres along the tow edge. Further study
of the pernimeter as a factor determining the flow will require examination of this parameter over a
range of magnifications.

TABLE S: Sum of perimeters of laree flow areas in millimetres.
(number of areas considered)
Twill 156 126
Area >0.4mm’ 86.6 (47) 31.6 (34) 95.6 (41)
Area >0.6 mm® 69.9 (32) 31.0(23) 86.6 (30)
Area >0.8 mm’ 61.2(24 30.7(18) 80.0 (25)
Area >1.0 mm® 39.6 (23) 306 (17) 76.2 (22)

The histograms of zone area for the three laminates are shown in Figure 6. The highest bin used is
0.15 mm®. The final bin includes all areas greater than the size of the highest bin. Histograms for
these large areas are shown in Figure 7. The larger total number of areas measured for the twill
{Table 4} 1s clear from the histogram; the larger total number arises from larger numbers of small
areas. Comparing Figures 7a, b and ¢, it is clear that the introduction of the twisted tows allows
more large areas to occur. The number and distribution of these large areas are not significantly
changed by changing the frequency of the twisted tows (Figures 7b and ¢). The effect of the
twisted tows on the intermediate areas is not clear from comparison of these histograms.
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The dimensions of the fibre-free zones were compared using cumulative plots. Figure 8 shows the
plots of the total number; Figure 9 shows the plots where the total number has been normalized.
As expected from the overall laminate construction, the values of through-thickness length (Figures
8 and 9a) are smaller than the values of in-plane length (Figures 8 and 9b); the x-axes arve different
lengths for each direction. Considering first the plots of "Total Number', Figure 8: the ranking of
the graphs for very small lengths is the ranking expected from the number of twisted tows.
Increasing the number of twisted tows leads to a decrease in the number of small zone lengths.
The difference is clearer for the through-thickness length (Figure 8a). However, the plots for the
156 and 126 laminates cross since the 126 laminate had a higher overall number of zones {Table
4), The difference between the laminates is clarified by the normalisation (Figure 9). The ranking
remains unchanged throughout the range. The 126 laminate has the lowest proportion of small
dimensions, that is the highest proportion of long dimensions. The effect is most apparent in the
through-thickness direction.

Summary

Permeability experiments have been conducted on a series of fabrics containing a variable number
of flow enhancing tows. The permeability was found to be dependent on the flow fluid used, but
values for a single fluid showed the expected increase in permeability with number of flow
enhancing tows. Quantitative microscopy revealed that flow enhancement was accompanied by the
presence of large flow areas adjacent to the "bound” tows and increased in line with the average
perimeter of these areas. '
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ABSTRACT

The resin transfer moulding (RTM) process involves the long-range flow of resin through a mould
packed with dry reinforcement. The process can be considered as similar to the flow of fluids
through porous media, and hence the situation can be modelled by the Darcy and Kozeny-Carman
equations. The Kozeny-Carman equation predicts the effect of changes in the pore structure of the
reinforcement on flow rate, through a parameter known as hydraulic radius, which is itself a function
of the wetted surface in any given volume. Laminates have been manufactured, from fabrics which
include flow-enhancing tows, in a transparent RTM mould. The cured laminates were sectioned for
quantitative microscopy and image analysis. An analysis of the effect of substituting spiral-wound
flow-enhancing tows for conventional tows in the reinforcement fabric is presented.

INTRODUCTION

The resin transfer moulding (RTM) process involves the long-range flow of resin through a closed
mould packed with dry reinforcement. This situation can be compared to the flow of fluids through

porous media in other engineering applications (e.g., groundwater in fractured rocks) and can be
modelled by the appropriate equations.

Darcy [1] studied the water supply to the city of Dijon. He found that the linear flow rate, q, was

proportional to the pressure drop, AP, over the bed length, L. The constant of proportionality for

this empirically determined quantity i1s known as the permeability, K, and Darcy's equation is
therefore:

-k AP

q = [1]

Darcy's equation was first published in 1856. The volumetric flow rate, Q (= q.A) is given in
equation 2, as modified to a more general form to allow for the viscosity of the fluid, L

Q:KA.A}—)-

Darcy's law does not permit the calculation of changes in flow rate due to changes in the
microstructural architecture of the reinforcement fibres. Permeability is an averaged macroscopic
property of the medium, and does not describe microscopic inhomogeneities.

The work of Kozeny [2] and Carman [3] related flow rate to physically measurable characteristics of
the porous medium. The volumetric flow rate of the fluid, Q, is given by the equation:
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_eAm? AP
Q kw L [3]
where: € is the fractional free volume (porosity) of the bed [1-V,]

A 1s the cross-sectional area of the bed
m is the mean hydraulic radius of the bed
k 1s the Kozeny constant

W is the fluid viscosity
V, is the volume fraction of fibre reinforcement

The mean hydraulic radius, m, of the porous medium is defined [4] as gither the volume in which

flow actually occurs, €V, divided by the surface area (S) presented to the fluid or the cross-sectional
area normal to the flow divided by the circumference (C) presented to the fluid. In the former case,

where m = eV/S,Equation 3 becomes:

- EBBAV? AP
? sz L e (4]

If a fluid is flowing under the same pressure gradient in a fixed volume of reinforcement, then A, €,
V, k, L and AP/L are all constant. Thus, at constant fibre volume fraction:

Qaé—% or Qa(—:l; ............ 5]

The flow rate, and hence permeability, are simply inversely proportional to the square of the wetted
surface area in a unit volume or to the square of the wetted perimeter in a unit area. Permeability
can be shown to have the same dependence by equating the nght hand sides of equations 2 and 4.

The use of resin transfer moulding (RTM) as a method of manufacture of continuous fibre
reinforced composites leads to the production of consistent composite components at a reasonable
cost. The cost of the process 1s critically dependent on the mould fill time, which is directly related
to the rate of resin flow through the fibre preform. In the manufacture of high performance
composite structures, the flow of resin is constrained by the high volume fraction of reinforcement
fibres required to achieve the performance. This long-range resin flow is primarily flow through the
pore space between the tows of reinforcement fibres. Summerscales [5] has presented a model

which predicts a significant increase n flow rate with increasingly clustered fibres at a constant
volume fraction. :

Commercial fabnics, (e.g. 'Inmjectex’ described by Thirion et al [6], designed to promote faster
processing in RTM are becoming available. These commercial fabrics exhibit vanations in the
mescoscale architecture of the reinforcement leading to uneven distribution of pore space. However,
the presence of uneven fibre distribution has been predicted to lead to degradation of the mechanical
properties of continuous fibre reinforced laminates [7]. These predictive results may be
confirmed by recent measurements of the mechanical properties of these laminates which show
reduction in longitudinal compressive strength with increasing proportions of clustered tows [8).
Thus the requirements for good mechanical performance are in conflict with the requirements of
large pore space for rapid manufacturing using the RTM method. The work described here seeks to
correlate measurements of flow front velocity in RTM and measured microstructures of the finished

laminates. The understanding of the microstructural parameters leading to enhanced flow may lead
to resolution of this manufacture-properties dilemma.
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EXPERIMENTAL DETAIL

The carbon-fibre reinforcement fabrics used in this study were developed by Carr Reinforcements

Limited with the specific aim of promoting resin flow by including a varying proportion of bound,
twisted tows in the weft direction. All fabrics are 2 x 2 twill weaves; the fibres in both warp and
weft directions are tows containing 6000 fibres of standard modulus high strain carbon fibres (Grafil

34-700-6000) with a diameter of 6.9 |t m { from suppliers product specification). The twisted tows

are bound with a low melt-point thermoplastic filament with a diameter of around 100 um. (The
manufacturers do not disclose the precise material used.) Figure 1 shows diagrams of three of the
fabrics in plan view; varying proportions of the twisted tow are included.

TABLE 1: Materials used in the experimental study

REINFORCEMENT
FABRICS Proportion of Distance Between
Designation Description Bound Tows Bound Tows
38166 (twill) normal 2 x 2 twill weave 0% n/a
156 one bound tow in each eight tows 12.5% {7 mm
150 one bound tow in each six tows 16.7% 13 mm
148 one bound tow in each four tows 25% 9 mm
126 one bound tow 1n each two tows 50% 5 mm
FLUIDS
Boots glycerol
BDH glycerol
Scott Bader unsaturated polyester resin A cured with MEKP
Scott Bader unsaturated polyester resin E cured with MEKP
Jotun Polymier unsaturated polyester resin 4210 cured with MEKP
Jotun Polymer unsaturated polyester resin 4210 cured with AAP

Permeability measurements and composite manufacture

Four layers of one type of fabric were laid up in a 350 mm square 1.7 mm deep parallel-sided flat

mould with a transparent upper face. The fabrics are anisotropic due to the inclusion of the bound
flow-cnhancing weft tow.

To measure the permeability in quasi-isotropic flow, the layer stacking sequence was {0/90]_and a
fluid inlet port was included at the centre of the lower face of the mould. A central hole (diameter of
14 mm) was punched in the centre of each fabric layer to encourage true two-dimensional flow
throughout the permeability experiment,

The flow fluid was introduced through the central inlet port into the space punched into the
reinforcement layers. The fluid pressure at the reservoir was 0.9 bar gauge pressure (ie 1.9 bar
pressure absolute). The fluid permeated radially outwards. The flow front isochrones were recorded
using a video camera above the mould at 30 second intervals during the early stages and one minute
intervals 1n the later stages of each flow experiment. The permeability values were calculated using

the radial form of Darcy's equation. The approach is similar to that of Adams et al [9] and Chan and
Hwang [10].
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Further experiments were conducted using an anisotropic stacking sequence, [0,], under the same
conditions as above.

The permeability results using Boots glycerol are shown in Figure 2. Since the experiments were
performed, we have become aware of the high variability in the measured viscosity of glycerol [11].

All fabrics had similar areal weights (a range of 5g/m’® for a nominal fabric weight of 382 g/m®). All
experiments were conducted in the same mould, to the same nomunal thickness, and hence at
equivalent volume fractions. The permeability increased with the number of flow-enhancing tows.
This result would not be predicted by the Kozeny-Carmen law as volume fractions (porosities) were

nominally identical and a mean hydraulic radius is used in that equation (equation 2).

The full mathematical derivation of the model has been reported by Carter et al [12]. A standard
experimental apparatus and procedure have been proposed by Fell et al [13].

Figure 3 summarises the permeability results for the full range of fluids used (listed in Table 1). All
experiments were conducted under identical conditions, except for the fluids and their viscosities,
and hence it would not be expected that different permeabilities resulted. A similar problem has
been reported by Steenkamer et al [14]. The explanation may be that the experimental configuration
involves the wetting of fabric (unlike Darcy's criginal wetted flow experiment) and hence surface
chemistry/physics may assume a significant importance. The flow regime could also involve

extensional flow, rather than bulk flow, and the different performance of each flow fluid in this
regime could be cntical.

Microstructural Examination

Sections perpendicular to the flow-enhancing fibre direction were cut from the anisotropic plates at
20 mm from the inlet position normal to the bound tow. The sections were mounted in casting resin.
The sections were polished on 'wet-and-dry' diamond papers of 200, 320, 400 and 600 grade in tumn,
until the surface appeared flat to the unaided eye. The sections were then polished using an
automatic metallurgical polishing machine with diamond pastes and a specimen load of 1 kg. The

sequence used was: 1 h at 14 [im; 1 h at 6 tm; 30 min at 1 jtm; and a final short polish at 0.25 pm.
After each examination on the Quantimet, the sections were reground and repolished to expose the

surface 0.5 mm behind the original. This was repeated to produce five different planes on each
specimen.

Typical micrographs of three laminates are shown in Figure 4. The bright areas are tows parallel to
the plane of the section. Since the flow was perpendicular to the section, the effects of fibre
architecture on flow must arise from tows perpendicular to the section. Th e individual tows
perpendicular to the section, are clearly distinguishable at this low magnification; the tows are
brighter than the pore space. The two types of tow perpendicular to the section can be seen in the
Figure. The conventional tows are approximately elliptic due to the closing forces on the mould
fattening the tow. The twisted tows are "circular" before and after mould closure. A typical twisted
tow is at the position marked by the interscction of the lines between the horizontal and vertical
arrow heads. The continuous horizontal lines are the warp fibres running in the plane of the section.

The twisted tows keep the adjacent layers apart and create significant areas of additional pore space
in regions immediately adjacent to their positions.

The mucrostructure of a unidirectional continuous-fibre composite is entirely defined by sections
perpendicular to the fibre direction, assuming that the fibres are perfectly straight and of constant
cross-section along their length. The samples examined are reinforced with  bidirectional

(orthogonal) fabrics. The flow direction fibres appear as circles and the transverse fibres lie in the
plane of the section.
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The sections were examined with a Quantimet 570 Automatic Image Analyser. The section was
placed in bright-field illumination in the microscope. The overall magnification used was recorded

for each individual frame, typically 8.0pum/pixel. The features of the Quantimet 570 used in this
work will be briefly described. The maximum size of frame which can be examined is divided into
a square grid of 512 x 512 square pixels. The contrast is divided into 256 grey levels; black 1s
defined as grey level 0 and white is defined as grey level 255. The grey level of each pixel is
recorded as an 8-bit digital word. Detection was carried out with respect to a single threshold. The
threshold level and detection were set so that the carbon fibres appeared white with respect to the
matrix. Figure 5 is a grey-level image of a typical section. The fibre bundles are darker than the
flow space. Individual fibres are not detected at this magnification. The flow areas could thus be
detected as features, and their centres of gravity (their x, y coordinates) with respect to the frame,
could be measured and recorded. The image-enhancement processing of the Quantimet is used to
improve the image after converting the image to a binary form.

The microstructure of the laminate is variable due to its construction using carbon fibres in tows;
measurements must be taken over an area which reflects the size of this variability. The total area
analysed was the unit cell of the fabric, which occupied a maximum of 5 contiguous frames in the
plane of the laminate parallel to the warp direction. The measure frame was adjusted to the
thickness of the specimen and the width was compensated for the variation in thickness.

The image shown in Figure 6 1s a binary image; each pixel i1s defined as detected or not detected.
The sophisiticated image processing available on the Quantimet 570 arses from its large storage
capacity. Such image enhancement was used here; the 'segment’ process was used: this consists of
successive erosions and builds (dilations without remerge) of features leading to their separation.

Figure 7 shows the binary image of the same field after the image enhancement. The flow areas are
now detected as separate features.

The process of image capture, umage processing, measurement and sample movement by the
stepping microscope stage to prepare for the next frame was programmed using QBASIC, the
command language of the Quantimet. The results were written onto floppy disk; for each fibre-free
zone, the parameters recorded were area, maximum feature height (vertical feret) and maximum
feature width (horizontal feret), x- and y- centres of gravity and perimeter.

RESULTS AND DISCUSSION

The flow rate measurements show that the inclusion of bound tows increases the flow rate at

constant fibre volume fraction, Increasing the proportion of bound tows leads to further increase in
the flow rate.

The presence of the twisted tows leads to increased pore space. This pore space can be defined
either by 1its area or perimeter. The laminates were examined using a Quantimet 570 Image
Analyser using bright-field illumination in the microscope. The pore space was measured at low
magnification, when individual fibres were not distinguished. The regions of pore space were
detected as "features" and the size and position of the features were recorded.

The Quantimet data was imported into a spreadsheet (LOTUS 1-2-3 for Windows) and divided into
bins from which histograms can be drawn. The results for each section from the five depths were

combined. All results are normalised with respect to Imm® area. The flow areas were characterised
using perimeter and area. The data was analysed with respect to these two parameters, Table 2
shows the values of total perimeter and total area of flow regions for the five laminates.
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Table 2 Values of Normalised Total Flow Perimeter and Total Flow Arca

Laminates Total Perimeter (mm) Total Area (mm?) Permeability (darcies)
Twill 12.70 0.383 35.65
156 12.4% 0.491 258.80
150 12.83 0.499 306.30
148 18.02 0.912 389.00
126 22.14 1.237 290.60

As expected, the total flow area increases with increasing frequency of bound tows. The results in
Table 2 also show that the value of total perimeter increases with increasing frequency of bound
tows. The increase in observed flow rate cannot be simply explained by these results. The flow rate

increases sharply between the twill and 156 laminates; this difference is not described by the results
in Table 2.

The results must be examined in more detail. The histograms of perimeter for the five laminates are
shown in Figure 8. The Blake-Kozeny-Carman equation predicts that the flow rate will be inversely

proportional to the square of the wetted surface area in a unit volume, or to the square of the wetted
perimeter 1n a unit area,

The values of permeability and of perimeter in Table 2 are clearly not in line with the expections of
the Blake-Kozeny-Carman equation, in that increasing permeability is associated with increasing
perimeter.  Griffin et al [15] have reported that the flow front shows differing wet-out rates in the
tows and the inter-tow spacing. Close inspection revealed different rates of flow between the tows
when compared to flow within the tows. It was believed that resin rapidly filled the spaces between
the tows, then subsequently impregnated the tows themselves, leaving the inter-tow spaces clear for
subsequent resin flow. Clearly the wet-out process is complex and the sampling of perimeter from

single planes at the scale considered is inadequate to confirm or refute the Blake-Kozeny-Carman
equation.

The advance of the flow front has been assumed to occur over the surface of the tow, without
penetration of the interior of the tow. It i1s not currently possible to ascertain the full
three-dimensional microscopic flow paths within the bulk of the reinforcement pack. It may
eventually be possible to acquire this information through the use of computer micro-tomography
(CMT) using radiographic or nuclear magnetic resonance techniques. However, a feature of current
CMT systems 1s that the reconstruction algorithms assume that material exists throughout the entire
circle of reconstruction. Data from a hollow object can then be reconstructed such that the apparent
density on the inside edge falls off [16]. In an unwetted reinforcement stack, this density averaging
at the air/fibre interface could easily mask the detail of the pore filling process. Kinney et al [17]
have recently described a state-of-the-art synchrotron radiation CMT system with a smallest

resolvable volume element (voxel) of 17 x 17 x 17 um. This is clearly inadequate to follow the 3-D
micro-flow between 7 um fibres.
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The histograms of the flow arcas are shown in Figure 9. The bins are 0.005 mm’ wide. The final
bin includes all areas greater than 0.25 mm?. Comparison of these histograms shows an increase in

the number of large flow areas greater than 0.25 mm’® with increasing frequency of bound tows; the
values are shown in Table 3. However, this steady increase cannot be correlated with the change in

flow rate. The number of flow areas of medium size, between 0.1 and 0.25 mm’ are also shown in

Table 3 and Figure 10. These values show a sharp increase between the twill and 156 laminates.
This correlates with the shape of the change in flow rate.

Table 3 Values of Normalised Total Area in different ranges

Laminate 0.1-0.25 mm? greater than 0.25 mm?
Twill 0.461 0.197
156 0.905 0.388
150 0.986 0.429
148 1.198 1.018
126 1.075 1.613

Results from the microstructural analyses show that, as expected, inclusion of the bound tows
increases the total area of pore space. However, careful examination of the distributions of the size
of pore space indicates that enhanced flow may anse primanly from the presence of many
medium-sized areas rather than the presence of the large arcas, This result could be most significant
for good mechanical behaviour of the finished lamunate. The Blake-Kozeny-Carman equation
predicts that the flow rate will be dependent on the wetted surface area in a unit volume, or on the
wetted perimeter In a unit area. The image processing capability of the Quantimet 570 permts the
systematic analysis of the effective pore space by quantification of the features of the reinforcement
architecture such as perimeter. It is thus practical to measure the effective perimeter in a complex
real material such as the laminates of flow-enhancing fabrics. Examination of the values of the
penimeter of the pore space reveals that the total perimeter is increased, not reduced, as expected, by
the presence of the bound tows, although it 1s not simply related to the proportion of bound tows.
This indicates that there may be a 'critical' value of perimeter below which the pore space i1s not
filled via the primary flow. The correlation of flow rate and microstructural parameters could lead
to improved understanding of the critical factors allowing enhanced flow, and ultimately lead to the

design of fabrics which promote more rapid processing without seriously compromising the
mechanical properties of the composite.

CONCLUSIONS

The permeability of larminates fabricated with flow-enhancing fabrics increases with the number of
flow-enhancing tows present. However, the change from normal to enhanced fabric is far more
effective than subsequent increases in the number of flow-enhancing tows. Quantitative microscopy
of sections normal to the flow direction reveals that the flow-enhancing tows create significant pore
spaces adjacent to their position. The inter-tow pore spaces have been quantified in terms of their
perimeters and areas. The total perimeter of the pore space increases with the proportion of flow
enhancing tows, as does the total area of pore space in the section. The sharp increase in the
permeability of the reinforcement stack with the introduction of the first flow-enhancing tows is

accompanied by a sharp increase in the flow areas in the range 0.10 - 0.25 mm’.
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Figure 1: Representative plan view of typical reinforcement fabrics

Figure 2: Measured permeability of flow-enhancing reinforcement fabrics using glycerol as the
flow fluid

Figure 3: Measured permeabilities of flow enhancing reinforcement fabrics using various test
fluids

Figure 4: Typical microstructures of the various laminates

Figure 5: Grey level detection of a section of a laminate

Figure 6: Binary image of the laminate section in Figure 4 |

Figure 7: Laminate section in Figure 4 after image enhancement

Figure 8: Histograms of pore space perimeters

Figure 9: Histograms of pore space areas

Figure 10:  Varation of medium size flow areas and of measured permeability with percentage of

bound flow-enhancing tows.
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