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Abstract 

Characterisation of Fabric Deformation Mechanisms 

during Preform Manufacture 

by 

Mark Blagdon 

BEng 

The use of composites for structural applications in the automotive industry 

has become more attractive due to the possible weight savings and part integration. 

Liquid moulding processes, where the reinforcement is prepared separately from the 

moulding operation, have been suggested as a suitable production method. However 

there are several obstacles to overcome before they can meet the high production 

volumes required. Whilst forming the preform, defects such as wrinkling and tearing 

can occur which can prevent successful moulding. 

This thesis addresses problems in the design and production of preforms. 

Current preform manufacturing processes and modelling techniques are reviewed. A 

model based on kinematic principles to predict fibre architectures for biaxial fabrics 

draped over arbitrary surfaces is described. A technique based on grid strain analysis 

was used to measure the deformation of various stitch bonded fabrics, and compared 

to the kinematic drape model results. The pure shear assumptions of the kinematic 

drape model assume the fabric has zero resistance to shear. Experimental 

measurements of fabric in-plane shear resistance were undertaken and compared for a 

range of fabrics. This highlighted some important criteria in fabric selection and 

possible problems in the kinematic modelling approach. The results from the in-plane 

shear tests were compared with those from the grid strain analysis to determine which 
fabric variables were important to fabric formability. Problems in the application of 

constraints within the kinematic model were discovered, and methods for overcoming 
them were suggested. Criteria which must be considered when selecting suitable 
fabrics for high drape preforms are discussed. 
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Glossary of Terms 

Anisotropic - Having properties dependent upon the orientation of the 

material. 
Areal density - Unit of measurement of surface density (weight per unit 

area) of a fabric. 

Biaxial - Having fibres in two different directions. 

Binder - A cohesive agent used to join fibres within a preform. 
Braiding - A preforming technique which wraps the fibres around a 

mandrel. 
C- A high level computer language with low level hardware 

access capabilities. 
Catalyst - A chemical which initiates cure of the resin. 
Chain stitch - A type of stitch used in fabric manufacture. 
CNC - Computer Numerical Control. 

Cure - A chemical reaction which permanently changes the state of 

a thermoset resin. 
Drape - The ability of a fabric to conform to a complex surface. 
Fibre - An individual strand of material. 
Filament - The smallest unit of a fibrous material. 
Filament winding - A composite manufacturing technique, which wraps fibres 

around a mandrel. 
Geodesic - The shortest path between two points across a surface. 
GUI - Graphical User Interface 

Impregnation - The penetration of resin into a preform. 
Injection gate - An inlet into the mould cavity through which resin flows. 
Isotropic - Having properties which are independent of material 

orientation. 
KDM - Kinematic Drape Model. 

Laminate - An assembly of plies within a moulding. 
Linear Density - The mass of a yarn per unit length. 

LMP - Liquid Moulding Process. 

Mandrel - A core used in braiding or filament winding. 
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Matrix - Homogeneous material that encases the reinforcement. 

Mould - A cavity with the required component shape, which is used 

to contain the resin during cure. 

NCF - Non Crimp Fabric. 

Newtonian Fluid - A fluid whose viscosity is independent of shear rate. 

Orthotropic - Having mutually perpendicular planes of elastic symmetry. 

PC - Personal Computer. 

Permeability - The ease of fluid impregnation into a porous material. 

Pitch - The spacing between yarns or stitches. 

Plies - Multiple layers within a fabric or laminate. 

Preform - A collection of glass fibres assembled and formed into the 

desired geometry prior to injection of resin 
Prepreg - Pre-impregnated reinforcement. 

Punch - The male half of a mould. 

Reinforcement - A strong material bonded into the matrix to improve the 

mechanical properties. 

Resin - A liquid matrix. 
Roving - A number of strands collected into a parallel bundle with no 

twist (also called tow) 
RTM - Resin Transfer Moulding. 

SBF - Stitch Bonded Fabric. 

SGI - Silicon Graphics Interface, a computer workstation 
hardware manufacturer 

Slip - A fabric deformation mechanism increasing the pitch 

between yarns. 
Simple shear - Fabric deformation via rotation of the yarn intersections. 

SRIM - Structural Reaction Injection Moulding. 

Stitch bonding - Using warp knitting methods to produce reinforcement 

assembled by a light stitch. 

Tex - Unit of measurement of linear density of a fibre (g/km). 
Thermoplastic - A matrix material which can be reformed via heating. 

Thermoset - A matrix material which undergoes an irreversible chemical 
reaction upon cure. 
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Tow - An untwisted bundle of continuous filaments, usually a 

bundle of glass fibres (also called roving) 

Tricot stitch - A type of stitch used in fabric manufacture. 

Vent - A port in a mould cavity that allows air and resin to be 

expelled. 

Volume Fraction - Fraction of volume taken by a particular item. 

Warp - Direction along the major axis of a fabric. 

Weave - A method of interlacing fibres to form a fabric 

Weft - Direction transverse to the warp. 
Yarn - A collection of continuous twisted fibres 

Yield - Imperial unit of measurement of linear density of a fibre 

(yards/lb) 
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Nomenclature 
Units 

A- Area mm' 

B- Boundary condition matrix 

C- Circumference of a circle mm 

D- Distance mm 

E- Elastic modulus Pa 

F- Force N 

L- Spacing between yarns or grid mm 
M- Transformation matrix 
P- Point on a surface 
R- Radius of a sphere mm 

S- Slippage parameter 

S- Shear stiffness N/m. rad 
Sm, Sn - Grid spacing within KDM mm 
so - Areal density kg/m2 

U- Parameter matrix 

V- Volume fraction 

V1.2 - Vector between two points 
W- Width mm 
W- Parameter matrix 
X, Y, Z - Cartesian axes 

a, b, c, d - Planar coefficients 

a� - Proportion of fibres orientated at a� to applied load 

h- Height mm 
1- Length mm 

in - Linear mass of yarn g/km 

n- Number of items 

t- Thickness of a ply mm 
x, y, z - Cartesian distance or co-ordinates of a point mm 

r; 
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a- Length of major axis of ellipse mm 

a� - Fibre angle with respect to applied load radians 
ß- Length of minor axis of ellipse mm 
S- Change of 

- Inter yam angle degrees 

y- Out of plane angle of fibre degrees 

rl - Reinforcement efficiency 
6- Angle of inclination degrees 

65 - Inter-yarn shear angle degrees 

p- Density kg/m3 

(D - Included angle degrees 

0- Angle of fibre with respect to plane degrees 

Subscripts 

Actual - Measured across surface. 

c- Composite property. 

f- Fibre property. 
Frame - Parallelogram shear frame. 

Glass - Glass property. 
Int - Yarn Intersection. 
lay - Layer. 

m- Matrix property. 

m, n - Position of grid intersection with respect to origin. 

o- Original. 

s- Shear property. 

xhd - Crosshead. 

Vec - Vector. 

yam - Yam property. 

0- At angle theta. 

Superscripts 

Measured value 

vi' 



Chapter 1- Introduction 

1.1 Back rý ound 
Composite materials can be defined as a microscopic combination of two or 

more distinct materials having a recognisable interface between them [1], consisting 

of a reinforcement supported by a matrix. The reinforcement is usually in fibrous 

form which performs well in tension, but which tends to buckle under compressive 
loads. The matrix encases the reinforcement, protecting it and transferring any loads 

into the reinforcement. The properties of a composite material (laminate) can be 

optimised to suit the application by altering the material properties with respect to the 

loading, offering strength and weight advantages over traditional homogeneous 

materials. 

Most composite manufacturing processes form the material and component 

geometry at the same time which has the advantage that the geometry is not restricted by 

the laminate forming properties. However the mechanical properties of the laminate are 
dependent upon the moulding process, part geometry and properties of the constituent 

parts. 

The advantages of structural composites have seen them used in aerospace, 

offshore and military applications. These are generally low volume applications using 

materials such as glass, carbon or aramid fibres in a polyester, epoxy or vinyl-ester 

matrix. Many use composites for their weight saving and high strength (and therefore 

safety margin) properties which overcome the higher cost of the materials. 

1.2 Composites in the Automotive Industry 

The continuing growth in the number of automotive vehicles in use world-wide 
has led to most developed countries imposing greater demands on automobile 

manufacturers to reduce emissions and decrease fuel consumption on all new fossil fuel 

powered vehicles. Tighter US vehicle emission regulations defined in the 1997 
Corporate Average Fuel Efficiency (CAFE) legislation [2] require increased fuel 

economy which can partly be met by producing lighter automobiles [3]. 
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Initial uses of composites by mainstream automobile manufacturers were for 

non-structural components such as headlamp housings, spoilers and bumpers. The 

materials used were generally low cost, typically glass fibres combined with a polyester 

resin matrix. These demonstrated the weight saving potential of composites and 

indicated that their use in structural parts may be possible at the high volumes typically 

produced by the industry. The current fashion for low volume niche market vehicles 

requires flexible design methods, component integration and cheaper tooling to minimise 

the higher unit costs involved when producing smaller numbers of parts. Composites 

can satisfy these requirements with lighter panels and lower cost tooling, along with the 

added advantages of resistance to corrosion, low thermal expansion, formability, part 
integration and vibration damping. They also provide possibilities of improved 

automobile aerodynamics by allowing the production of larger, more complex curved 
body panels which may not be viable using more traditional materials such as steel and 

aluminium. 

Since the mid 1980's moulding compounds have been used to produce car 
bonnets and semi-structural parts such as body panels for the Renault Espace, and 

tailgates for the Citroen AX and BX range [4], but the properties provided by the short 
fibres used in these technologies are not sufficient for use in structural parts that maintain 
the weight and cost savings. Several prototype structural parts have been produced using 

an automated liquid moulding process (LMP) [5] [6], which offers the strength 

advantage of long fibre reinforcement, along with fast cycle times, pre-colouring of the 

part and the ability to utilise cores and inserts to reduce weight and increase strength and 

stiffness. 

1.3 Liquid Moulding Processes 

There are two common types of liquid moulding process, Resin Transfer 
Moulding (RTM) and Structural Reaction Injection Moulding (SRIM). To increase the 

effective use of the mould, the process is usually split into two main stages [7]. These 

are preparing and forming of the reinforcement into a preform and the subsequent 
moulding operation (impregnation of fibre reinforcement and cure of the resin). In the 
preforming stage fibrous reinforcements in either mat, roving or fabric form are 
assembled, formed to the final part geometry and trimmed prior to insertion in the 
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mould. The use of polished nickel plated matched dies can provide two good surfaces 

on the finished part aiding release from the mould, reducing cycle time and the need for 

post moulding processes. The mould typically consists of a male and female pattern, 

which are normally heated to decrease the resin injection and cure time. The preform is 

placed in the mould cavity and the two halves are closed and clamped together. A 

thermoset resin is then injected through ports in the tool surface, forcing any air out of 

the mould cavity through vents. As the resin flows through the tool cavity it is heated by 

contact with the tool until it reaches its reaction temperature. The resin cures through a 

chemical reaction where an initiator starts a cross-linking process in the polymer chains 

producing an infusible material. After curing the part is removed from the mould. Post 

cure processing such as oven curing (to ensure all cross-linking of the polymer has 

occurred) and trimming may be required. 

One of the problems preventing the increased use of composites over 

conventional materials such as metals in mainstream applications is cost, both of raw 

materials and processing. Costs can be reduced by integrating many components into 

one moulding (requiring more complex mouldings and hence preforms), shortening the 

cycle time of the moulding operation and reducing the amount of material used. Cycle 

time reduction is being addressed through advanced resin chemistry and optimisation of 

the injection and curing stage through improved tool design and heating methods. Major 

advances are now required in preform technology to bring the preforming cycle time in- 

line with current moulding cycle times, whilst allowing large and complex components 

to be produced reliably. 

1.4 Preform Manufacture 

A preform typically consists of bundles of fibres formed into the component 

shape prior to the moulding process. These fibres form the load bearing structure within 
the composite material. Various methods for preform manufacture exist such as braiding 

[8], direct fibre placement [9-11], slurry forming [12,13] and the `cut and sew' method 
[14]. The automated braiding method produces little waste material, but is slow and 
limited in the size, shape and production volumes that it can achieve. Direct fibre 

placement can produce larger preforms, but can be slow for large shapes and is still a 
developing technology. The slurry method uses chopped fibres (which produce a 
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weaker laminate than continuous fibres) to produce a random fibre distribution across 

the preform, and the cycle time is longer. 

The cut and sew method is the most flexible of the methods, and has been used 

to produce large, highly complex preform shapes in a relatively short time [15]. To 

improve the speed and repeatability of the process, automated methods for manufacture, 

trimming and handling are under development [16,17]. Typically fibres which have 

been pre-processed into a manageable form such as fabric sheet or matting are used [18], 

which can lead to inefficient use of the rollstock material. The sheet materials are 

trimmed to near net shape using devices such as CNC lasers or conventional scissors. 
The sheets are stacked in a predetermined sequence and orientation to form a lay-up, 

which is placed into a preforming tool. This typically has the same geometry as the 

moulding tool, and forms the lay-up into the component shape. A separate tool is used 
for preforming to increase effective use of the moulding tool and minimise the wear 

caused by the high abrasive properties of the glass. As the pressures are generally much 
lower during preforming the preform tool can be less stiff and therefore cheaper. The 

whole assembly can be rigidised using an internal or externally applied binding agent 

such as thermoplastic polyester powder. 

When formed to complex or deep drawn shapes the fibres must realign within 
the fabric structure in order to conform to the tool surface. The alignment of the fibres 

after preforming determines the mechanical and processing properties of the laminate. 

Problems such as fabric tearing, bridging, wrinkling (leaving the tool surface) and 

folding can occur in the preform when the reinforcement reaches the limit of its 

formability. These can cause problems during moulding such as: - 

i) Fast tracking of the resin: When the preform does not fill to the edge of the 

mould cavity, resin will flow more easily around the edge, which can trap a 

pocket of air in the tool cavity preventing complete impregnation of the preform 
[16]. 

ii) Non-closure of the mould: Excessive preform thickness or oversized preforms 

can prevent tool closure. 
iii) Dry patches in the laminate: Incomplete resin impregnation caused by uneven 

resin flow during injection can cause dry spots in the laminate. This is due to 
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areas of low permeability in the preform caused by high glass volume fractions 

and highly orientated fibres. 

1.5 Research At The University of Nottingham 

Several research programmes have been undertaken at the University of 
Nottingham under Ford Motor Company sponsorship to assess the potential of liquid 

moulding for producing high volume structural automotive components and to transfer 

new technology to the production line. Optimisation of the processing cycle by reducing 

cycle times through the use of resin preheating [19,20] and optimisation of the resin 

chemistry [21] were investigated along with improvements in component quality by 

optimising tool and preform design [22,23] and aiding mould release [21]. This 

required work on materials characterisation [24], process measurement and control 

technology [25], preforming [9,26] and process modelling [23,27]. 

Long [26] investigated the change in laminate properties caused by fibre re- 

alignment during the preforming of glass fibre fabrics, and demonstrated that fibre 

movement had a predictable effect on preform processing and laminate mechanical 

properties. This led to the development of a kinematic based computer model to predict 
fibre orientations in biaxial fabric preforms, which provided the starting point for the 

work developed in this thesis. 

1.6 Defining the Problem 

To increase the use of LMPs for composite production in high volume 

applications, improvements in the cut and sew preform method are required through: - 
i) Reduced cost: The preform cycle time can be reduced through simplification of 

the laminate ply assembly. This can be achieved partly through the use of high 

drape, stitch bonded fabrics to create a preform consisting of few large, complex 
plies rather than many smaller overlapping plies. This could also reduce raw 
material waste when cutting the net shape preform from roll stock. 

ii) Improved part development: To reduce the time and effort required for preform 
and mould development, tools are required to predict preform fibre architecture, 
and to highlight problems in fabric forming such as wrinkling and tearing. 
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iii) Fabric formability characterisation: The deformation of a high drape fabric 

composed of aligned bundles of stitched fibres depends upon reinforcement 

parameters such as fibre diameter, tow thickness and local volume fraction and 

construction factors such as stitch type and pitch These factors will affect the 

amount and type of deformation that the fabric will undergo before damage 

occurs. Therefore fabric formability must be considered when selecting the 

reinforcement within a preform. 

Prediction of the fibre architecture within a preform can be used to determine the 

optimal fabric orientation in the preform tool, ensuring that the part can be formed, and 
for determining the preform processing properties. Most of the existing fabric drape 

models use a kinematic approach based on simple shear. This approach assumes 

complete mapping of the fibres onto the surface, using simple shear assumptions, and 

thus is independent of the forces occurring during preforming and the type of fabric 

being formed. 

1.7 Theme of Work 
The aim of the work presented in this thesis is to characterise the deformation 

mechanisms occurring during preform manufacture with regard to fabric construction. 
This requires an understanding of the possible fabric deformation mechanisms and 
factors that affect fabric formability. 

Chapter 2 reviews previous research concerning the possible fabric deformation 

mechanisms along with methods of predicting and measuring them. Four modes of 
deformation have been shown to occur during preform manufacture with three being 

within the plane of the fabric. The dominant mode has been suggested by Potter [28] to 
be inter-fibre shear whereby the fibre intersections act as pin joints about which the 
fibres rotate. 

Methods for predicting fibre orientations within a biaxial fabric draped over a 
surface have been reported by several authors [29-31]. Most methods are based on a 
geometric mapping approach, where the fabric is modelled as a pin jointed net and 
mapped onto a mathematically described surface. The implementation of a kinematic 
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draping model based on work by Long and Rudd [29] is described in Chapter 3. The 

surface geometry is described by flat quadrilateral or triangular patches, so that any 

complex curved 3D geometry can be analysed. To provide a unique solution, constraints 

are provided by two initially perpendicular constrained fibres whose paths across the 

surface are predicted from an initial contact point. 

The kinematic drape model takes no account of the forming forces involved and 

assumes that the fabric being modelled has no resistance to shear. Work reported on 

woven fabrics suggests a resistance to shear and a shear limit beyond which the fabric 

will not conform. To determine the useful limits of the kinematic method, a simple 

trellising rig was used to measure the in-plane shear resistance of various high drape 

fabrics. The test method involved clamping a fabric sample along its edges and 

measuring the shear resistance as the fabric underwent a large shear deformation. 

Comparison of the in-plane shear properties and shear deformation limits of common 

stitch bonded glass fibre fabrics (engineered fabrics) are described in Chapter 4. 

Previous validation of the kinematic models has been qualitative, typically 

involving a visual comparison of the experimental fabric architecture with the predicted 

data. An experimental technique to measure fabric deformation within a preform using 

grid strain analysis to provide quantitative results is described in Chapter 5. The system 

measures the deformation of a known grid printed onto the fabric surface prior to 

preforming. The co-ordinates of each grid intersection were measured in three 

dimensions using two digital images of the preform. The data were processed to provide 

information on the grid angle (hence the inter-fibre shear angle) and strains. This 

allowed comparison of preform fibre architecture over different surface geometries at 

varying forming velocities, the results of which are presented in Chapter 6. A review of 

the effect of fabric parameters which define shear properties (as investigated in Chapter 

4) on preform architecture is given in Chapter 7. The results were used to validate the 
kinematic drape model, and to investigate the occurrence of other fabric deformation 

methods such as fibre slip and wrinkling. 
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Chapter 2- Literature Review 

2.1 Introduction 

This section reviews the development and current state of preform drape 

analysis. The mechanics of deformation and methods of modelling the forming of other 

sheet materials such as fibre reinforced thermoplastics have been examined, along with 

techniques for measuring the material properties used in the models. 

The application of the predicted yarn orientations derived from drape modelling 
in the optimisation of preform design is reliant on accurate data for the formability and 

properties of deformed fabrics. A study of methods for measuring fabric properties and 
fabric deformation during forming, used for model validation, is also presented. Other 

methods for measuring sheet material and fabric properties have been investigated and 

evaluated for their use in obtaining fabric formability data. 

2.2 Effect Of Preform Architecture on Laminate Properties 

The injection phase of LMPs has been researched extensively to aid the design of 
the tooling and injection system. It has been proven that the preform fibre architecture 

affects the resin flow during the injection phase [23]. The ease of flow of the resin 
through the fibres, as characterised by the reinforcement permeability, has been 

researched extensively at low [24] and high pressures [32], and for sheared 

reinforcement [8]. Models to predict the flow of the resin through the mould cavity [27, 

33-36], allowing optimisation of the number and placement of the injection and vent 

ports, have been implemented. The models are usually based on Darcy's law for flow 

through porous media [37] and require information on the principal fabric permeabilities 

and their orientation for each element in the model. The realignment of fibres during 

preforming produces permeability variations [35,38], along with variations in physical 

properties such as modulus and strength. 

The mechanical properties of a laminate depend upon the orientation of the 
reinforcement with respect to the load. A simple estimation of laminate stiffness can be 

calculated using a modified rule of mixtures: - 
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E, = Ef. VJ. r7+E,,, (1-Vf) (2.1) 

where the efficiency factor of the reinforcement in the direction of the load is defined by 

Krenchel [39] as: - 

r7 = Ia,,. cos4 a,, (2.2) 

The theory ignores off axis deformation (and therefore the Poisson effect) and 

assumes perfect bonding, and hence load transfer, between reinforcement and matrix. 
This method was used by Long [26] to predict the tensile modulus variation in a 

wheel hub made from SBF where high fibre shear was predicted, although this was 

not validated experimentally. 

2.3 Analysis of Fabric Deformation Mechanisms 

Research into fabric formability has shown that fabrics may deform by one of a 

number of mechanisms as shown in Figure 2.1 [28]: - 

i) inter-yam shear. 
ii) fibre extension. 
iii) inter-yam slip. 
iv) inter-ply slip. 

v) buckling of the fibres - within the plane of the fabric. 

vi) wrinkling - fibres bending out of the plane of the fabric 

The relative importance of each of these depends upon the materials, the process 
variables and part geometry. The most common deformation method in biaxial 

engineered fabrics is thought to be inter-yam shear [28]. The angle between two yarns is 

called the inter-yam angle (4), with the change in inter-yarn angle defined as the inter- 

yarn shear angle (OS). For an initially orthotropic (90°) fabric the shear angle can be 
defined as: - 

Os=90°- (2.3) 

There is a limit to how much a fabric will deform through inter-yam shear, normally due 
to the compaction limit of the fibres. As the fabric shears the angle between the yam 
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decreases, the minimum angle between yarns that a fabric can deform to before 

wrinkling is defined as the fabric locking angle [41]. 

Due to the high modulus of individual glass fibres and the low forces involved in 

fabric forming, fibre extension is negligible. Inter-yam slip (where individual yarns slide 

relative to each other within the fabric) which could cause fabric thinning at extreme 

deformation, has not been considered by many workers. Inter-ply slip occurs in multiple 

layer preforms where the separate fabric layers move relative to one another. 

2.3.1. Modelling of Garment Draping 

The earliest investigations into fabric properties and development of modelling 

methods were within the garment industry. The difference in conformability of knitted 

fabrics and woven cloths led to research into methods of predicting the fitting of textile 

fabrics to the human body. Mack and Taylor [42] established an early fabric draping 

algorithm. The cloth was assumed to be composed of inextensible fibres, with the cross 

over points of the warp and weft yams acting as pin joints. The simulation assumed the 

cloth maintained complete contact with the surface. The fitting of the cloth to complex 

surfaces was examined theoretically, and differential equations were derived to predict 

the orientation of the yams. A hemisphere was draped with `leno' net to demonstrate the 

principles, but no comparison was made with the theoretical results. 

More recent studies are more concerned with the `hang' and movement of 

garment textiles under free drape conditions, as would be found in garments worn on the 
human body. Chen and Govindaraj [43] describe a FE method using shear flexible shell 
theory applied to a fabric draped over a square block. An alternative method based on 
interacting particles was used by Breen et al [44] to investigate the difference in corner 
folding of a variety of woven fabrics when draped over a table. The validation of such 

models is difficult, and they have only been used to show the effect of fabric stiffness on 
the hang of a garment. 

2.4 Simulation of Sheet Composite Forming Processes 

Sheet composites materials consisting of thermoset or thermoplastic resin 
impregnated fibres, are a middle ground between purely isotropic metal forming and 
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orthotropic fabrics. They usually consist of an isotropic fluid (resin) around fibres (in 

either unidirectional aligned yam or fabric form) described as a pre-preg. The 

deformation mechanisms and methods of modelling sheet forming vary depending upon 

the reinforcement architecture. 

2.4.1. Unreinforced or Randomly Orientated Fibre Reinforced Materials. 

These materials can be modelled using similar methods to metals or other 

isotropic materials. For example, a finite element model using membrane elements was 
described by Taylor [45] and used to predict the wall thickness of various thermoplastics 

when vacuum formed into a box shape. 

2.4.2. Unidirectional Reinforced Materials. 

The deformation of unidirectional reinforced materials is dominated by the high 

stiffness of the reinforcing fibres, which limits axial deformation. A single ply of such a 

material will behave like a fibre-filled Newtonian fluid if stretched in the transverse 
direction, but an elastic solid if stretched in the fibre direction [46]. The major 
deformation mechanism will depend upon the applied load with regard to the 

reinforcement direction, with matrix shear being the most common during the forming of 

complex curvatures [46]. 

The theory of Ideal Fibre Reinforced Materials (IFRM) was developed by Pipkin 

and Rogers [47] and Spencer [48] for modelling highly anisotropic elastic and plastic 

materials. This assumes the material can be modelled as a transversely isotropic 

Newtonian fluid, which obeys the constraints of inextensibility in the fibre direction and 
incompressibility of the material. 0 Bradaigh and Pipes [49] integrated the IFRM 

equations into a finite element package called FEFORM to determine plane stresses in 

the plane of the fibres for various loading cases. The solution allowed the orientation of 
the fibres to be calculated at the end of each time step during the stamping process, thus 

updating the orientation of the inextensible fibre constraints in the model. The model 

was used to investigate the effect of process parameters on wrinkling in a centrally 
indented APC-2 carbon pre-preg, and showed good agreement between model and 

experiment [50]. 
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A simplified method for predicting the fibre distribution of continuous uni- 

directional fibre reinforced thermoplastics formed over complex surfaces was described 

by Smiley et al [51]. The transverse fibre spacing was assumed to remain constant 

during the forming process, and could thus be modelled using the same kinematic 

principles suggested by Potter [28] as used in the modelling of bi-directional fabric 

forming described below. 

2.4.3. Bi-directional Reinforced Materials 

Bi-directional fabrics consist of yams in either woven of stitched form, produced 

using a process adapted from the garment industry. Therefore the analysis of fabric 

based sheet materials is based on deformation mechanisms observed during earlier work 

performed by the garment industry, described in section 2.3. 

Analysis of the Forming of Pre-Prep Sheet Thermoplastic Materials 

Sheet forming of thermoplastic matrix composites has become more attractive 

recently, brought about by a desire to reduce the long cure cycle times associated with 
liquid moulding. Sheet thermoplastic pre-preg using random, unidirectional fibre or 

biaxial fabric reinforcement can be heated, formed and cooled relatively quickly, without 
degradation of the mechanical properties [52]. Murtagh and Mallon [53] have confirmed 

that bi-directional reinforced thermoplastic materials can deform by a number of 

mechanisms; initial yarn straightening, followed by inter-ply slip or intra-ply slip 
depending upon the material and lay up characteristics. 

The finite element modelling of sheet forming has taken two routes, the explicit 

method as applied by de Luca et al [54], and the implicit method as used by 0 Bradaigh 

et al [49,50]. The implicit method is suitable for slower forming, and single curvature 

situations, and the explicit method for faster heat sensitive applications [55]. 

The finite element approach described by 0 Bradaigh et al [50] was modified by 

McEntee [55] to incorporate inter-ply slip and tool contact and hence model multiple ply 
laminates. The simulation of a multi ply pre-preg under simple three point bending was 
described. However the IFRM approach used by McEntee does not take account of the 
influence of processing conditions such as temperature and rate of loading, so is limited 
in its application. 
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An adaptation of the IFRM model to incorporate matrix viscosity was proposed 

by Johnson [56]. This was developed into a velocity and temperature dependent visco- 

elastic material law, where the viscous matrix properties were separated from the elastic 

fibre properties by de Luca et al [54,57] and incorporated into a modified commercial 

finite element program (PAM-STAMP) based on shell elements [54]. The shell 

elements were able to represent ply buckling caused by in-plane compressive loads. 

Multiple plies were modelled by describing each layer individually, and applying a 

viscous-friction relationship between layers. The draping of a spherical ended, half- 

cylinder shaped `sikken' was modelled for unidirectional and woven fabrics and 

compared visually with yam angles and wrinkles obtained in experimental parts. An 

investigation was performed into the effect of varying forming conditions (velocity, 

laminate stack sequence and blank holder clamping) on the formation of wrinkles. 

Canavan et al [58] used the PAM-STAMP code to simulate the forming of a hemisphere 

and compared the results to the experimental forming of a woven fabric. The results 

were validated by manual measurement of the thickness and inter-yam angle at locations 

around the hemisphere. They reported difficulty in measuring the inter-yam angles 

manually which may have accounted for scatter in the results. 

A numerical model integrated in to the ABAQUS finite element code was 

described by Blanlot [59], based on anisotropic hypoelastic constitutive equations. This 

assumes that the direction of yarn shear corresponds to that of the principal directions of 

strain and uses rigid body rotation to update the yarn directions during draping. The 

predicted values of inter-yam angle over a hemisphere were compared with those 

obtained experimentally for a woven fabric, and showed close agreement up to 35° inter 

yarn shear. However there was no description of how the angles were measured. 

Analysis of the Forming of Co-Mingled Thermoplastic Sheet Materials 

A more recent development has been the use of commingled glass and 

thermoplastic fibres such as TWINTEX [60], which allows a higher degree of 

conformability than traditional sheet pre-preg materials [61]. The fabric is heated and 
deformed under pressure, melting the thermoplastic matrix, which impregnates the glass 

reinforcing fibres [62]. Modelling of these materials must include the impregnation [63] 

and consolidation phase [64,65] as well as fabric shear. 
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Van West et al [66] used a kinematic drape model (similar to that described 

below) to predict the yam re-orientation when formed to a surface, followed by a model 

of compaction pressures and a finite difference model of the impregnation process. This 

allowed the prediction of the consolidation time, forming pressure, laminate thickness 

and volume fraction for the press forming of commingled fabrics. 

2.5 Simulation of Fabric Deformation 

Increases in low cost computing power during the late 1980's and early 1990's 

have allowed the large number of calculations involved in analysing fibre movement 
during deformation to be achieved economically. Consequently, research into the 

modelling of fabric preforms has increased rapidly. 

2.5.1 Development of Fabric Deformation Modelling 

Potter [28,67] researched the formability of three classes of material: two- 
dimensional random mats, pre-pregs of aligned, discontinuous fibres and sheet fabric 

reinforcements. He suggested that when a complex surface is draped with a bi- 

directional cloth, two extremes of deformation are possible. These are the pin jointed 

deformation mechanism as suggested by Mack and Taylor [42], and a projection of the 

yams onto the surface. Projecting the yarns onto the surface involves a finite amount of 
slip (increase in distance) between the yarn crossover points. Various woven 
reinforcements were examined to determine the mode of deformation that occurred 
when stretching +/-45° specimens, by measuring the lateral contraction. The results 
suggested that most bi-directional cloths can be modelled as a pin jointed mesh, 

provided that the spacing between the yams is small and that the applied biaxial stresses 

are of similar magnitude. Fabric drape was defined as the ability to form over three- 
dimensional shapes without being cut or applying undue force. 

Robertson et al [30] developed a simple kinematic draping algorithm for a 
hemispherical surface, again assuming pin jointed behaviour. This method 
(subsequently called the kinematic drape model (KDM)) predicts the orientation of the 
yarns over a complex surface using a mapping approach, and does not take into account 
forming forces. Hence inter-yam slip or fibre buckling is not predicted. The equations 
for the surface were combined with two equations representing the possible co-ordinates 
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of the next yarn intersection to determine each yam crossover point. To derive a unique 

solution the initial position and orientation of the crossover point of two yarns on the 

surface was required. This method was applied to the analysis of fibre distributions in a 
fabric draped over a hemispherical surface. Results were compared with components 
draped with woven cheesecloth by manually measuring the inter-yarn angle along the 

line of highest shear, and showed an excellent correlation between theory and 

experiment. 

Van West et al [31 ] adapted the pure shear approach to simulate the draping of a 
bi-directional woven fabric over an arbitrary surface. The surface was represented by 

patches, each described by a bi-cubic polynomial. An iterative solution was therefore 

required to solve the equations of intersection. The model was applied to several shapes 
including hemispheres and conic-spherical surfaces, each geometry consisting of many 

curved surface patches. An adaptation of this approach was described by Bergsma [41], 

who redefined the constraints through a minimisation of energy method after each stage 

of the draping algorithm, for fabric draped over simple three-dimensional shapes. 
Unfortunately this method was not reliable when draping complex surfaces. A finite 

element analysis model was then developed, representing the yarns by a collection of 
beam elements that connect at the yam intersections. This allowed buckling to be 

represented, which is not possible with kinematic drape modelling. A theoretical 
investigation was performed, to minimise the occurrence of wrinkling in a fabric draped 

over a rectangular box, by applying tension to the edge of the fabric. 

A further kinematic drape model to predict yarn orientations over an arbitrary 

surface was developed by Long [26]. The difference between Long's model and those of 
previous authors was in describing the surface using flat patches (the mosaic method). 
The solutions could thus be calculated directly, as opposed to the iterative solutions 
required with curved patches, producing a faster solution. The model was applied to a 
number of automotive component geometries, with the surface geometries imported 
from PAFEC finite element data files. An investigation was undertaken, to minimise 
wrinkling in the recessed swage areas of a Ford Escort Cosworth Undershield by 

reorientation of the fabric. The yarn architecture of a woven fabric draped over a 
prototype wheel hub was also modelled, and validated by manual measurement of the 
inter-yarn angles and measurement of the glass volume fraction. The data produced for 
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of the next yarn intersection to determine each yam crossover point. To derive a unique 

solution the initial position and orientation of the crossover point of two yams on the 

surface was required. This method was applied to the analysis of fibre distributions in a 

fabric draped over a hemispherical surface. Results were compared with components 

draped with woven cheesecloth by manually measuring the inter-yam angle along the 

line of highest shear, and showed an excellent correlation between theory and 

experiment. 

Van West et al [3 11 adapted the pure shear approach to simulate the draping of a 
bi-directional woven fabric over an arbitrary surface. The surface was represented by 

patches, each described by a bi-cubic polynomial. An iterative solution was therefore 

required to solve the equations of intersection. The model was applied to several shapes 
including hemispheres and conic-spherical surfaces, each geometry consisting of many 

curved surface patches. An adaptation of this approach was described by Bergsma [41], 

who redefined the constraints through a minimisation of energy method after each stage 

of the draping algorithm, for fabric draped over simple three-dimensional shapes. 
Unfortunately this method was not reliable when draping complex surfaces. A finite 

element analysis model was then developed, representing the yarns by a collection of 
beam elements that connect at the yarn intersections. This allowed buckling to be 

represented, which is not possible with kinematic drape modelling. A theoretical 

investigation was performed, to minimise the occurrence of wrinkling in a fabric draped 

over a rectangular box, by applying tension to the edge of the fabric. 

A further kinematic drape model to predict yarn orientations over an arbitrary 

surface was developed by Long [26]. The difference between Long's model and those of 

previous authors was in describing the surface using flat patches (the mosaic method). 
The solutions could thus be calculated directly, as opposed to the iterative solutions 
required with curved patches, producing a faster solution. The model was applied to a 
number of automotive component geometries, with the surface geometries imported 
from PAFEC finite element data files. An investigation was undertaken, to minimise 
wrinkling in the recessed swage areas of a Ford Escort Cosworth Undershield by 

reorientation of the fabric. The yam architecture of a woven fabric draped over a 
prototype wheel hub was also modelled, and validated by manual measurement of the 
inter-yam angles and measurement of the glass volume fraction. The data produced for 
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of the next yarn intersection to determine each yam crossover point. To derive a unique 

solution the initial position and orientation of the crossover point of two yarns on the 

surface was required. This method was applied to the analysis of fibre distributions in a 
fabric draped over a hemispherical surface. Results were compared with components 
draped with woven cheesecloth by manually measuring the inter-yarn angle along the 

line of highest shear, and showed an excellent correlation between theory and 

experiment. 

Van West et al [31 ] adapted the pure shear approach to simulate the draping of a 
bi-directional woven fabric over an arbitrary surface. The surface was represented by 

patches, each described by a bi-cubic polynomial. An iterative solution was therefore 

required to solve the equations of intersection. The model was applied to several shapes 
including hemispheres and conic-spherical surfaces, each geometry consisting of many 

curved surface patches. An adaptation of this approach was described by Bergsma [41], 

who redefined the constraints through a minimisation of energy method after each stage 

of the draping algorithm, for fabric draped over simple three-dimensional shapes. 
Unfortunately this method was not reliable when draping complex surfaces. A finite 

element analysis model was then developed, representing the yams by a collection of 
beam elements that connect at the yam intersections. This allowed buckling to be 

represented, which is not possible with kinematic drape modelling. A theoretical 

investigation was performed, to minimise the occurrence of wrinkling in a fabric draped 

over a rectangular box, by applying tension to the edge of the fabric. 

A further kinematic drape model to predict yarn orientations over an arbitrary 

surface was developed by Long [26]. The difference between Long's model and those of 

previous authors was in describing the surface using flat patches (the mosaic method). 
The solutions could thus be calculated directly, as opposed to the iterative solutions 
required with curved patches, producing a faster solution. The model was applied to a 
number of automotive component geometries, with the surface geometries imported 
from PAFEC finite element data files. An investigation was undertaken, to minimise 
wrinkling in the recessed swage areas of a Ford Escort Cosworth Undershield by 

reorientation of the fabric. The yarn architecture of a woven fabric draped over a 
prototype wheel hub was also modelled, and validated by manual measurement of the 
inter-yarn angles and measurement of the glass volume fraction. The data produced for 
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fibre orientation and volume fraction in each patch was imported into a resin flow model 
developed by Rice [27], and used to predict the flow front pattern during moulding 

which were compared to experimental short shot mouldings. 

Van Der Ween [68] compared the numerical accuracy and computational 

expense of three algorithms for draping biaxial cloths over arbitrarily curved surfaces. 
Three methods comprising of a minimisation of elastic energy method and two based on 

the kinematic drape approach were applied to a hemispherical surface. The mosaic 

approach was dominated by a constant error due to surface discretisation, but was the 

only method that allowed arbitrary surfaces such as those to generated from FE data to 
be described. 

Trochu et al [69] took the kinematic drape method and applied it to parametric 

surface geometries which had been approximated from the true geometry by a dual 

`kriging' interpolation process. This produces a continuous and differentiable surface 
model which overcomes the problems described by Van Der Ween [68] when there are 
discontinuities between the tangent plane or curvature across patches. However, it can 

only be applied to surfaces that are described by a single mathematical function. 

A commercial finite element package called PATRAN 3 [70] provided a 
Laminate Modeller option, which used a kinematic drape model to produce ply data for a 
fabric layer over a FE mesh. The software assumes either pure shear deformation or 
projection of the grid onto the surface, and stops the draping simulation if a user input 

fabric locking angle is exceeded. This approach is also used in the FiberSIM program 

which is integrated within the Catia CAD system produced by Composites Design 

Technologies [71]. 

A mechanics based approach to drape modelling was reported by Boisse et al 
[73]. A finite element model was developed assuming minimisation of tensile strain 
energy within the fabric. This was used to predict the outline of a square piece of fabric 
deformed with a hemispherical punch and showed a good correlation with the measured 
profile. Data on the tensile and shear properties of a fabric were required and measured 
for a woven fabric using an off-axis tensile test and a trellising shear test (as described in 
section 2.7.2). 
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A method for predicting locking angle of woven fabrics, required by the 

programs mentioned above, is presented by Prodromou and Chen [72], based on the 

packing limit of a fabric unit cell. They suggest the locking angle depends upon the yam 

spacing (Lya,, ) and the yam width (Wya,,, ) and can be defined by :- 

6= sin` 
Wyam 
1'yam (2.4) 

Hence a quick comparison of the locking angle of two woven fabrics can be made from 

their relative yam width to yarn spacing. However this approach ignores factors such as 

yam compaction and friction at yam intersections, and the results they present showed 

these to be a major factor. 

2.5.2 Drape Algorithms 

Kinematic Approach 

The kinematic approach has proved the most popular method of modelling fabric 

deformation as it assumes the fibres are stiff and inextensible, thus reducing the analysis 

to a geometry fitting problem. This allows the fabric to be modelled as a pin jointed 

mesh, where the co-ordinates of any yam intersection (node) can be derived from the co- 

ordinates of three adjacent nodes. Each yam intersection can be defined uniquely by 

relating its position within the grid matrix to the grid origin (0,0), along two axes (using 

two integers, m and n). Since it is assumed that the yarns rotate about the node points, 

any node in the net can be found from the intersection of the arcs defining possible yarn 

paths from two previous nodes (n-1, m and m-1, n) [Figure 2.2] and the equation of the 

surface [26]. The equations defining the possible intersection of two yams restrained at 

previous node points are: - 

Sn = (xni1, 
- xnrlln)2 + (Y1,, 

n 
Ynr1111)2 + (Zni 

n- 
Znrl 

n)2 
(2.5) 

Sn = (JCm, 
n - Xnn, 

n-I)2 
+ lYni n 

yni 
Ii-1)2 

+ (z),,, 
- Zni 

n-1)2 
(2.6) 

Many ways of describing the surface mathematically have been suggested. Early 

work was performed on surfaces that could be described by simple mathematical 
equations, such as a hemisphere [30]. More complex symmetrical shapes, such as 
pyramid and top hat sections, were described by various authors [50,74]. However, 
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describing the surface mathematically is limited in its applicability to modelling complex 

preform geometries. 

A more general approach requires any surface geometry to be the input for the 

model. The simplest method describes the surface as flat quadrilateral or triangular 

patches. This is the so called mosaic approach [68], and allows direct solution of the 

equations, and thus a unique solution. The equation of the flat plane that the node lies on 
is defined by: - 

axn, n+ 
by,,,,. + CZm, n= Lý (2.7) 

By solving the equations 2.5,2.6 and 2.7 simultaneously two solutions to the co- 

ordinates of the next node can be found, with one set of co-ordinates being identical to a 

previous node (n-l, m-1) [Figure 2.2]. This was the approach used by Long [26] and 

allows any arbitrary surface to be modelled. 

Another method of describing the geometry involves approximating the surface 

using parametric bicubic equations [31]. Each node is described by Cartesian co- 

ordinates and parameters that describe the plane of the surface at that point. This method 
can describe changes in slope, inflection points and twist in a surface. The equation 
defining each patch (p) is: - 

p= UMBMTWT (2.8) 

where U and W are parameter arrays of the co-ordinate system that lie on the surface 

patch, M is a transformation matrix that depends upon the surface model and continuity 
constraints and B is the patch boundary condition matrix defined by the four corner 
points. This method can describe curved surface geometries more accurately due to the 

existence of a second derivative term, but requires an iterative solution. 

Modelling Fibre Slip 

Another approach to draping (as suggested by Potter [28]) is to project the yarns 
from a plan view onto the surface. Projecting the yarns onto the surface involves a finite 
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amount of slip between the yam crossover points. Since experimental work has shown 
inter-yam shear to be the major mode of deformation, little work has been done to 

develop this modelling method. 

A method for defining slip (change in yarn length between intersections) as a 
function of the shear angle for woven fabrics is described by Laroche and Vu-Khanh 

[74]. 

Slip=1+S. 1-90 (2.9) 

The slippage parameter S must be determined experimentally, although Laroche 
does not explain how. This was investigated experimentally by Wang et al [75] who 

used a bias extension test to study the deformation of woven fabrics. They found no 

evidence of slip in areas where the shear was uniform, but recorded up to 4% slip in 

areas where there was a large change in shear angle. The slip only occurred in fabrics 

with carbon yams, and the yarns in these areas were also constrained by the clamping 
method at one end. 

2.5.3 Defining Constraints Within the Kinematic Model 

In order to determine a unique drape solution for a given geometry, initial 

conditions or constraints are required. The majority of authors [26,29,30,31,69] 

assumed the constraints to be described by the paths of a known warp and well yarn 

across the surface, known as constrained paths. The constrained paths are calculated 

prior to drape analysis as two geodesic [29] or projected lines [69] derived from an initial 

orientation and point of intersection of the fabric and the geometry. This has generally 

proved valid for geometries with planes or axes of symmetry such as a hemisphere or 
box. However, for geometries with high Gaussian curvature, such as a box, or non axi- 

symmetric surfaces this method can be unstable [70]. 

Van West et al [66] demonstrated the importance of constrained path selection, 
first by draping a beaded stiffener geometry symmetrically and then draping two beads 

sequentially using a pure shear drape simulation. The symmetric part showed no 
problems were likely in draping the part, whereas the more complex sequential bead 

geometry showed the possibility of fabric wrinkling and bridging around the second 
bead. However, they do not describe experimental validation of this finding. A similar 
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experiment was performed by Long [26] who demonstrated the effect of altering the 

initial fabric orientation when draping a box corner. When draped with the yams 

initially parallel to the box edge, the minimum predicted inter-yam angle was 16° along 

the leading edge. This could cause a wrinkle to form in the fabric depending upon the 

fabric properties and may affect the ability to preform the geometry. Long suggested 

that by rotating the fabric orientation by 45° this problem could be eliminated and the 

minimum angle increases to 22° along the edge face, although no experimental results 

were presented. 

Bergsma [41] attempted a different approach to generating the constrained paths, 
by redefining the constraint as the position of each row of yarns was calculated. This 

method minimised the energy needed to deform the fabric and is analogous to a forming 

process, where as the fabric comes into contact with the geometry, its position is 

constrained. However, this method requires an iterative solution and is computationally 

expensive. The technique was applied successfully to complex shapes with little or no 

planes of symmetry such as a modified T box section, but the automated method was not 

robust and a manual option for path selection was added. The manual method required 

the user to chose which constraints looked valid from those the program calculated. 

The Laminate Modeller option in PATRAN 3 provides several methods of 
applying constraints [70]. As well as the geodesic and projection approaches, a 

minimisation of energy method is described. From an initial start orientation the fabric 

grows a grid step at a time using a minimisation of shear criterion, which appears to be 

the same as that used by Bergsma [41]. This is suggested as an alternative to the 

geodesic method on surfaces with high Gaussian curvature. However, there has not been 

any experimental validation of this approach reported. 

2.6 Characterising Sheet Deformation 

The formability of sheet materials can be defined as a measure of the ability to 
undergo deformation to the desired shape without failure [76]. Early research into sheet 

steel was aimed at improving the quality of stamped sheet parts. The test methods used 
to characterise sheet metal forming may not be applicable to non-isotropic materials such 
as fibre reinforced materials. 
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2.6.1. Measuring Sheet Metal Formability 

Sheet metal forming has become the main process in car body panel manufacture 

and has therefore been studied extensively. The process failure criteria are different to 

those for fabric forming, the main problems being thinning, wrinkling and ruptures in the 

blank which limit the depth of draw. 

Formability of sheet metals can be evaluated by simple tests such as a tensile test 

to measure parameters related to formability such as yield point, but to evaluate 

accurately material formability requires more complex methods such as the Fukui 

conical cup test [77]. Formability may be represented by a forming limit (FLD) or 

Keeler-Goodwin diagram [78]. From test data, the major and minor principal surface 

strains are plotted at the onset of visible necking in a deformed sheet for a wide range of 

stress regimes. The maximum strain combinations that the material can withstand before 

failure are plotted. The forming limit diagram can be combined with strain results from 

a numerical forming simulation to predict safety margins or failure criteria in the part. 

An automated method of measuring strains from deformed specimens, such as 

those occurring during metal forming, was developed by Vogel et al [79-81]. This 

technique, known as grid strain analysis (GSA), measured the co-ordinates of the 

intersections of a grid printed onto a sheet material prior to forming, and from a 
knowledge of the initial grid size, calculated the strain distribution across the surface. 
This approach is normally used for evaluating the forming feasibility of panels, as well 

as producing forming limit diagrams for sheet metals [79-82]. Figure 2.3 shows a 

sample of aluminium sheet with a grid etched on the surface and press formed to 

provide strain data for a FLD. 

2.6.2. Measuring Sheet Polymer Formability 

The deformation of most sheet polymer materials is a function of the shear 
characteristics of the matrix [55], and successful modelling of these materials requires 
information of the material viscosity at various temperatures. Therefore most of the 

work presented on this topic is concerned with measuring such properties. 

A trellising shear rig was used by Breuer et al [83] to measure the shear 
characteristics of woven fabric impregnated with a polyamide matrix at 215°C. They 
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found that fabric wrinkling is dependent upon membrane stresses and showed for a 

carbon pre-preg that a 35° decrease in the locking angle was possible by applying a 20 

MPa membrane stress. They used the findings to minimise fabric wrinkling in 

thermoformed fabrics by increasing membrane stress by tensioning the yams using 

flexible roller blank holders. A similar method was described by Canavan et al [58] to 

determine the longitudinal and transverse viscosities of carbon fibre - epoxy woven 

material. 

Murtagh and Mallon [53] performed a range of tests on thermoplastic laminates 

to characterise the processing properties of these materials with regard to temperature 

and pressures. A 90' V bend test was used to study inter-ply slip between multiple 

layers in experimental forming situations. A comparison of the shear stresses occurring 
during ply slip was made from ply pull out tests, where the force required to pull a single 

ply from a laminate stack was recorded. A bias extension test was used to validate a 

geometric inter-yam shear versus bias extension relationship and determine the three 

material viscosities (i. e. longitudinal, transverse and inter-yarn shearing). 

Most measurement of yam angles used in the validation of sheet modelling 
techniques have been manual. Martin et al [84] demonstrated the use of a grid strain 

analysis technique similar to that described in section 2.6.1 to measure the principal 

strains in three types of thermoplastic sheet formed into a hemisphere by diaphragm 

forming. They concluded that laminates with two directions of fibre reinforcement act 
like bi-directional woven fabrics when formed over complex curved surfaces. 

2.7 Characterising Fabric Deformation 
The assumptions and equations used in any model require validation. The 

modelling of yam orientations and volume fractions within a preform is only useful if 

the fabric properties pertaining to similar states can be measured. Existing validation 
work has focused mainly on comparing predicted fibre patterns with those derived from 

experimental preforms. Methods of measuring properties of isotropic materials, such as 

metals, are not always applicable to orthotropic materials, such as fabrics, and some of 
the properties obtained do not have relevance to modelling fabric deformation. 
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2.7.1. Determining Yarn Orientations Within a Preform 

Two main methods of determining yam orientations are direct measurement of 

the yarn orientation within the preform and measurement of the laminate properties 

affected by yam orientation. 

Direct Measurement Methods 

Early measurement of inter-yam angle were performed manually on a coarse 

woven cloth by Robertson et al [30] and Laroche and Vu-Khanh [85], which proved 

suitable for a simple shape such as a hemisphere, but could be time consuming for the 

validation of more complex shapes. An improved method using visual comparison of 
the deformation of a known size of grid printed onto the fabric prior to deformation, was 

performed by Long [26]. This allows a quick comparison of the inter-yam angles over a 

much wider area, but still gives a subjective assessment of accuracy. A development of 
this method was to superimpose a simulation of the draping over a photograph of the 

experimental part, as performed by Van West et al [66]. 

A more objective method involving direct measurement of fibre orientations 
within a moulded part was described by Hull [86] who suggested that the orientation of a 
fibre can be determined by examining the elliptical projection of a fibre cut by a known 

plane. The orientation of the fibre relative to the plane can be determined from the 

orientation and dimensions of the major and minor axes of the ellipse. Figure 2.4 shows 

a fibre sectioned by a known plane. From an image of the cut sample, the co-ordinates 

of the each end of the major and minor ellipse axes, and the out of plane angle of the 

fibre (y) with respect to the plane of the fabric, can be measured. The length of the major 
(a) and minor (ß) ellipse axes can then be calculated, and the angle of the fibre (O) with 

respect to the section plane determined using: - 

0= siri 
a (2.10) 

The automation of the image capture and analysis has been reported by many 
authors [87-89], mainly for measuring the orientation of short fibres for injection 

moulded components. Using computer based software, the speed with which fibre 
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angles can be measured has been greatly enhanced, and several errors in the process 

have been minimised by comparing the predicted area against the actual fibre area. 

However, the equations for calculating the fibre ellipticity (2.10) are sensitive to error 

when the fibre is nearly perpendicular to the section plane [89]. This can be minimised 

by taking two samples, or sectioning at an oblique angle to the fibre. This method was 

used by Smith [8] to measure fibre angles in continuous fibre braided components who 

used the manual measurement method to validate his braid model. 

Measuring Laminate Properties 

Determining the fibre volume fractions within a moulded part via ashing gives 
the average fibre volume fraction over the sample area and is thus not accurate in areas 

where there is high fibre reorientation within the sample. This method has been used to 

compare predicted and measured volume fractions by Long [26] as a method of 

verifying the kinematic drape model. Experimental results for yarn orientation and 

volume fraction were compared with those produced by modelling for a prototype wheel 
hub. 

Laroche and Vu-Khanh [74] assumed that, for pre-preg sheets under diaphragm 

forming, the volume fraction of the deformed ply remains constant, and therefore the 

thickness (t) of the ply would be related to the inter-yam angle (4) and initial thickness 
(to) by: - 

to 
t= 

sin 
(2.11) 

However, this approach is sensitive to the accuracy in thickness measurement, 

which can be affected by surface defects such as uneven crimp in the weave. When used 
to measure the thickness variation of a woven carbon pre-preg draped around a radius 
topped cone significant scatter was seen in the data. 

2.7.2 Measuring Material Properties of Engineered Fabrics 

Traditional garment fabric characterisation methods, such as the Kawabata KES- 
F [90] range of tests, are aimed at measuring wear and feel characteristics of fabrics. 
Therefore, few of these tests may be applicable to the large deformations seen by 
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engineered fabrics, and may not produce the mechanical properties required by current 

and future drape models. Substantial work has been published on the measurement of 

processing properties such as the permeabilities of roll stock fabrics [24], but there have 

been relatively little data on processing properties of sheared fabric [8], which may be 

more relevant for complex shapes. 

Kutz [91 ] researched fabric characterisation and drapability. Test methods used 

in evaluating the formability of sheet metals, garment fabrics and engineered fabrics 

were investigated. The results suggested that conventional methods such as the 

Kawabata KES-F system for measuring fabric conformability do not necessarily work 

for fabrics being formed under high loads and deformations. Along with Ko [92], they 

performed a comparison of the formability of five fabrics (two woven and three 

stitched), by comparing bending stiffness, force required to shear fabric by V, bias 

extension and hemisphere forming tests. They rated the performance of the fabrics after 

each test and found that the rankings for low deformation tests (bending and 1° shear) 

did not correspond to those for high deformation tests (bias extension and forming). 

This implies that the use of fabric test results for fabric selection relies upon the test 

method simulating similar amounts of deformation as that seen during the preforming 

process. 

Yu et al [93] applied existing fabric characterisation experiments devised for the 

textile industry to four woven carbon fabrics. Units from the Kawabata evaluation 

system which have been applied successfully to fabrics, rubber, leather, yam and films, 

were used to measure tensile, compressive, shear and bending properties. Further 

experiments [94] which measured the energy required to form the same carbon woven 
fabrics into a hemisphere, were used to provide a formability rating. A comparison of 
the characterisation [93] and forming [94] results showed a correlation between the 
bending rigidity of the fabric and its relative formability (defined as energy required to 
form), and it was concluded that characterisation results could be used to assess the 
formability of textile preforms. However, these results are for carbon fibres which have 

a higher bending stiffness than glass fibres, and the results may not be applicable to glass 
fibre fabrics. 
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Most of the early work on inter-yam shear properties was undertaken on woven 

garment textiles which exhibit a high shear stiffness and limited formability. The 

equipment used by Treloar and others [95-98] to measure in-plane shear properties 

deformed the fabric by applying a horizontal load to a vertically orientated sample 

under in-plane tension (similar to the Kawabata KES-F method). A schematic of a 

typical test set-up can be seen in Figure 2.5a. A mass was hung from the lower edge 

of the sample to tension the fabric, and a horizontal force was applied along the lower 

edge. The force was increased by adding weights in stages to a cable running over a 

pulley, and the angle of shear of the fabric was measured and plotted against the 

shearing force. Detection of wrinkling in the fabric denoted the end of the test. The 

fabrics used were mainly garment textiles with a fine weave and a correspondingly 

high in-plane shear stiffness. Consequently locking occurred at shear angles as low as 

100. 

A parallelogram based method [Figure 2.5b] was described by Culpin [99] for 

textiles, but the shear forces in the fabric were not calculated from the crosshead force 

(described fully in section 4.2.2). Skelton [100] proposed models for estimating shear 

stiffness and shear limits from existing data on fabric construction and shearing force 

(calculated from a parallelogram based shear test). The models were for woven garment 

textiles and were based on the change of fibre intersection area, and hence increase in 

rotational friction between the fibres, during shearing. 

Prodromou and Chen [72] used a parallelogram rig, video equipment and image 

analysis equipment to plot shear angle versus load for various woven fabrics. They 

noted the occurrence of a locking angle in the fabric, which limited further shear and 

caused out-of plane wrinkling. Similar tests were performed by Breuer et al [83] on 

glass and carbon woven fabrics. Breuer et al also noted that the results were sensitive to 

the alignment of the fabric in the test fixture, with a 1° misalignment of the yams with 

respect to the parallelogram edge causing 1.5% strain in the fibres. 

Measurement of the load-displacement characteristics of fabrics under 45° bias 

tensile loading conditions [Figure 2.6], the so called bias extension method, have been 

reported [26,73,75,97]. This test method places the fabric under tension as well as 

shear, and does not indicate the relative importance of the two effects, hence the physical 
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application of such data within current kinematic drape models is limited. A summary 

of the locking angle of various fabrics presented by previous authors, is shown in Table 

2.1. 

2.8 Conclusions 

The re-orientation of yarns which occur when draping an engineered fabric over 

a 3-D geometry has been shown to have a large effect on the processing (permeability) 

and mechanical properties of the laminate. This has led to the development of models to 

predict the yam reorientation during preforming. 

The possible mechanisms of fabric deformation have been established and 

evaluated for their relevance in general fabric forming. The major deformation mode of 

engineered fabrics has been assumed to be inter-yam shear, but in certain cases, for 

example where the yarns are close to their packing limit, other forms of deformation 

such as inter-yarn slip may be significant. The pure shear kinematic drape method has 

been shown to be the most common, which approximates the yarn intersections to pin- 
joints between stiff inextensible fibre links, and is analogous to mapping the yams onto 

the part surface. No prediction of the forces involved in the forming process is made. 

Several authors have applied the technique to simulate the draping of simple shapes and 

validated the model through simple subjective test procedures. Because the kinematic 

drape models are based on a pure shear mapping approach they predict the same unique 

yarn orientation for each geometry regardless of which fabric is being considered. 

The limitations of this method have proved to be the valid selection of boundary 

conditions and accurate representation of the surface geometry. There are an infinite 

number of possible yam orientation configurations for modelling the drape of a fabric 

over a surface. To determine a unique solution, constraints must be applied. One 

method of achieving this is by defining the paths of a pair of warp and weft yarns across 
the surface using geodesic principles. This has proved the most common method, but 

can become erroneous on surfaces with high Gaussian curvature. 

It has been shown that a pin-jointed 'shear only' model is suitable for application 
to simple shapes such as a cone or pyramid, but the validity of this model for all 
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orthotropic fabrics or when applied to more complex shapes has not been established. 
The validation of such models has been limited although various experimental 

techniques have been used to measure orientation of the fabric. Evaluation of the 

existing methods for validating the kinematic drape model predictions has shown them 

to be mainly simplistic and subjective, therefore a more objective method is required. 
However, it may be possible to adapt techniques for measuring metal formability, such 

as grid strain analysis, to measure preform deformation. 

The kinematic drape method assumes that the fabrics being modelled exhibit 

zero resistance to inter-yam shear and that all fabrics can undergo up to 90° of inter- 

yam shear. The results of shear tests have shown that there is a limit to the amount of 

shear that a fabric can undergo. This is called the fabric locking angle and is 

important in the application of current drape models as it indicates whether the KDM 

results are invalid. 
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Author Fabric Material Locking 

angle 

Method 

Culpin [99] Cotton Hessian 84.50 Parallelogram 

Wang [74] Carbon Plain weave 189 g/m 370 Bias extension. 

Wang [74] Carbon 5HS weave 289 g/m 280 Bias extension. 

Wang [74] Glass 4HS weave 107 g/m 350 Bias extension. 

Wang [74] Glass 8HS weave 289 g/m 360 Bias extension. 

Breuer [83] Glass Plain weave 345 g/m2 500 Parallelogram 

Breuer [83] Glass Twill weave 295 g/m2 350 Parallelogram 

Breuer [83] Glass Twill weave 167 g/m 380 Parallelogram 

Breuer [83] Glass Satin weave 294 g/m 520 Parallelogram 

Breuer [83] Carbon Plain weave 350 g/m2 500 Parallelogram 

Breuer [83] Carbon Twill weave 204 g/m2 300 Parallelogram 

Breuer [83] Carbon Satin weave 285 g/m2 370 Parallelogram 

Prodromou [71] Glass Plain weave 250 g/m 320 Parallelogram 

Prodromou [71] Glass Plain weave 333 g/m 330 Parallelogram 

Prodromou [71] Glass Plain weave 200 g/m2 240 Parallelogram 

Prodromou [71] Glass Plain weave 800 g/m2 400 Parallelogram 

Prodromou [71] Glass\Resin Plain weave 800 g/m 470 Parallelogram 

Table 2.1 Summary of published fabric locking angle data. 
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Chapter 3- Fabric Construction and Modelling 

3.1 Introduction 

This chapter describes the method of construction used in the manufacture of 

engineered biaxial fabrics along with the implementation of a kinematic drape model to 

predict the fibre orientations within a biaxial fabric preform. Previous work has 

assumed that in-plane shear dominates fabric forming [28]. A kinematic model (also 

known as the pin jointed model) has been the most commonly implemented method of 

modelling such fabrics as reviewed in section 2.5. A model based on that described by 

Long [26] was developed in order to predict fibre orientations for comparisons with the 

experiments described in Chapter 5 and to evaluate the limitations of the kinematic 

approach. An examination of the manufacturing methods of a range of high drape 

fabrics used in subsequent experiments for validation of the kinematic drape model is 

presented, to establish the differences between them and which factors could affect their 

formability. 

3.2 Fabric Manufacturing Methods 

For a fabric to conform to the complex geometries required in the automotive 
industry, large amounts of fabric shear may be required. It has been shown by 

previous authors that biaxial woven fabrics can undergo large shear deformations. 

However, they are limited by locking of the weave at higher shear angles. Alternative 

non-interwoven biaxial fabrics which use stitching to bond the fibre plies (stitch 
bonded fabric - SBF) are available, and have been used in structural automotive parts 
by Chavka et al [101] and Johnson et al [6]. Therefore the deformation of SBFs are 
the main topic of this research. 

The stitch-bonded fabrics used in the experiments presented in Chapters 4-7 
are all described by the manufacturers as +/- 45° biaxial high drape fabrics. The high 
formability is claimed because of the use of a stitch to bond the fabric rather than the 
use of interwoven fibres. A range of fabrics from two manufacturers was used for the 
experiments described in this thesis. Additionally a 0°/90° plain weave fabric (from 
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Fibre Glass Industries) of similar areal density to the SBFs was used in the in-plane 

shear tests to provide a comparison. A summary of their properties is presented in 

Appendix 3.1. Three high drape COTECH +/- 45° fabrics from Tech Textiles were 

compared with four +/- 450 Biaxial Ulti Cloths (BUC) fabrics from the standard range 

of Flemmings Industrial Fabrics (BUC 440, BUC 600, BUC 800 and BUC 1200) and 

five prototype BUC fabrics made to the author's requirements (BUC 403, BUC 545, 

BUC 682, BUC, 784 and BUC 1600). The main variables examined were: - 

i) Yarn linear density. 

ii) Yarn spacing. 
iii) Number of plies. 

iv) Stitch type and spacing. 

v) Fabrication method. 

3.2.1 Fabric Constituents 

The yarn linear density (m) and yarn spacing (L) define the areal density of the 

fabric. The areal density (So) is defined by: - 

(3.1) 

The linear density of the yarns used ranged from 300 Tex to 1200 Tex, with 

pitches ranging from 1.3 mm to 2.3 mm. The fabrics used were mainly 2 layer fabrics 

with one four layer fabric (Tech Textiles E-bBXhd 892) for comparison. This gave a 

range of areal densities from 403 g/m2 to 1600 g/m2, as summarised in Appendix 3.1. 

3.2.2 Types of Stitch Used 

Two types of stitch are used to assemble stitched fabrics. The most common is 

tricot stitch [102] (Figure 3.1) which was used in both the Tech Textiles and Flemmings 

range of reinforcements. A second type of stitch was used in the construction of the 

Flemmings Industrial Fabrics materials to hold the layers in position prior to joining 

with the tricot stitch. A chain stitch (Figure 3.2) was used to prevent movement in the 

yams as they were fed into the stitching machine. 
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3.2.3 Manufacturing Method 

The two Tech Textiles fabrics (E-BXhd 936 and E-bBXhd 892) that are 

produced in the UK are made on LIBA machines [103] using an improved fibre 

laydown method which LIBA call the perfect parallel or `Parramax' method. This 

method [Figure 3.3] guides the yarns in a parallel path upon laydown. The Tech 

Textiles fabric (TT E-BX 948) that is produced in the USA is made on conventional 

Meyer machines [103] ('cross weft' method) that create a slight misalignment in the 

yam pattern as they are passed across the bed (Figure 3.4). This results in an 88° to 92° 

angle between the yams. 

The Flemmings Industrial Fabrics are made using a modified weft insertion 

knitting process. Two separate layers of transverse weft yam are formed and held with 

a chain stitch, and are then sheared to create the desired ply angle, before being fed into 

the sewing head to be joined with a tricot stitch. The exact process is commercially 

sensitive, so cannot be described in further detail [107]. 

3.2.4 Comparison of Fabric Construction Characteristics 

The pure shear drape model described later in this chapter assumes that the yarn 
intersections act as pin joints between inextensible fibres. This presumes that fabrics 

have no shear resistance and can undergo up to 900 shear. This is obviously not true, 

and an investigation into fabric shear limits is described in Chapter 4. In order to 

characterise those fabrics which the kinematic drape model can be applied to, and 

understand what is causing the differences in fabric formability, a comparison of the 

fundamental differences in fabric construction is made in Table 3.1. 

Manufacturer Name Manufacturing 
method 

No of 
plies 

Stitch 
type 

Figure No. 

Tech Textiles E-BXhd 936 Parramax 2 Tricot Figure 3.5 
Tech Textiles E-BX 948 Cross weft 2 Tricot Figure 3.6 
Tech Textiles E-bBXhd 892 Parramax 4 Tricot Figure 3.7 
Flemmings BUC Range Well Insertion 2 Chain 

and 
Tricot 

Figure 3.8 

1 aale i. 1 summary of fabric construction characteristics. 
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