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Abstract

Fibre reinforced composite materials have attracted attention from industry and academia
due to their high specific stiffness and strength. Commonly used manufacturing processes
include the Liquid Composite Moulding (LCM) group of processes, where a liquid
polymer resin impregnates a dry preform that is prepared in advance. The consistency of
the resin infusion process and properties of the final composite are highly dependent on
preform quality and reproducibility. Preform quality, in turn, depends on a process called
draping. This work aims at understanding and developing quantitative knowledge of key

elements of reinforcement behaviour during preforming.

Testing characterization methods for dry fabrics are introduced and discussed. Moreover,
the thesis probes relations between fabric properties such as their architecture and fibre
type, and elements of their draping and preforming behaviour such as bending stiffness

and in-plane shear properties of the dry fabrics.

Most materials used in this work were selected by the industrial partner, Hutchinson
Aerospace and Industry, based in Montreal. Some experiments were conducted using

Hutchinson’s characterization devices, which are introduced in the relevant chapters.
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Chapter 1

Introduction

1.1 Background

Polymer matrix composite materials have become mainstream choices for many applications in
the automotive and aerospace sectors. Notable improvements were achieved in terms of
mechanical, thermal and electrical properties amongst others. Major reductions in weight
probably constitute a major advantage of composite materials, especially when it comes to
aircrafts. Higher Young’s modulus, larger number of cycles during the lifetime of a structural
part, significantly higher fatigue resistance and higher corrosion resistance are other important
benefits that composites have enabled [1,2]. Although numerous metallic alloys are available,
there are limitations to conducting smart design when using metals. Ongoing research is being
devoted to the replacement of metallic alloys with materials showing better performance. As a
result, composite parts are being manufactured as a superior alternative to metallic parts in

order to obtain higher specific strengths and stiffnesses.

The preforming of fibre reinforcements is a critical operation in out-of-autoclave composite

manufacturing processes. Reducing defects in the final parts, implementing faster processes,
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reducing handling operations of dry fabrics as well as lowering manufacturing costs cannot be
achieved without a clear understanding and a capability for prediction of the preforming
process as it is done in industrial settings. Different parameters affect this influential process
such as fabric type (carbon, glass etc.), fabric architecture (plain, twill, satin etc.), fabric
properties (shear, flexural stiffness, springback etc.), mould geometry, and the composite
manufacturing process used, such as vacuum assisted resin transfer moulding (VARTM), resin
transfer moulding (RTM) and resin film infusion (RFI). Figures 1.1 and 1.2 illustrate the

VARTM and RTM processes respectively.

Vacuum Bag

Vacuum
Connection,
Resin Qutlet

Distribution Medium

Tool Plate (Mold)

Figure 1.1. VARTM set-up for manufacture of flat plate [3]
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\
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vent

R0 < v Y,
g

\\\\ \\\\\\

Holding pressure
module

Figure 1.2. The RTM process [4]

Major aerospace OEMs such as Boeing, Airbus and Bombardier are increasingly adopting
composite materials throughout airframes and aircrafts, in place of the traditional use of
aluminium alloys. The reason is that carbon fibres provide superior stiffness, strength and
fatigue properties while reducing mass, when compared with metals. Lower weight in aircrafts
results in lower fuel consumption, longer service life and other advantages. Prominent examples
include Boeing’s 787 Dreamliner and Bombardier’s C series, where more than 50 percent
materials by mass in the airframe are composites [5]. Figure 1.3 shows an example of a wing

rib element in an aircraft.



Figure 1.3. Aircraft wing rib element produced by RTM [6]

Interior non-structural parts are also increasingly made from composites as the materials reduce
noise, vibration and harshness (NVH) in aircraft, and they are economical to produce. Even in
small series, interior fairings and other components are made using glass fibres primarily.
However, there is undoubtedly more work to be done with regards to understanding out-of-
autoclave composite manufacturing processes, aiming at lowering production costs and
enhancing manufacturing practice every day, especially with the goal of making manufacturing
more predictable and more reproducible. The draping and preforming of fabrics are key in
attaining better quality and productivity, though procedures that are better documented and

optimized.

Numerous studies have been done on the behaviour and draping of textiles reinforcements.
Most previous work tends to be theoretical in nature, somewhat simplistic, and fairly

disconnected from industrial reality and practice.



1.2 Objectives

The overall objectives of the thesis were to investigate targeted characteristics of reinforcement
fabrics that influence the draping process in different ways; to query some of the existing
testing methods applicable to dry fabrics that aim at predictive approaches to the draping
process; and to develop and deliver pragmatic and readily applicable testing methods and data
towards making the draping process more predictable. This work aims at better connecting

technical knowledge with industrial production. Specific objectives are listed as follows:

Studying key deformation modes in single plies and multi-layers;

e Studying target characteristics of fabrics that impact the preforming process such as in-

plane shear, bending, fraying and friction;

e Analyzing the relation between fabric parameters such as fibre type, architecture,
surface density, yarn count, crimp, cover factor, surface contact area and thickness, and

fabric behaviour;

e Developing more reproducible and more accessible testing methods for measuring target

characteristics such as fraying.

This thesis is organized in 8 chapters. The first chapter provides a general introduction to the

subject and focus of the thesis. It also outlines the objectives and contributions of this work.



The second chapter provides a review of the literature pertaining to two main areas. It reviews
deformation modes in fibres, yarns, single ply, as well as 2.5-D and 3-D fabrics. The second
subject that this chapter discusses is the existing testing methods for textiles characterization

such as bending, shear and friction.

Chapter 3 introduces the materials studied in this work, including 3 glass fibre fabrics and 8
carbon fibre fabrics. This chapter attributes a specific number to each textile and documents
textiles parameters such as fibre type, architecture, surface density, yarn count, crimp, cover
factor, surface contact area and thickness. Finally, photos of all textiles as well as topographic

images are presented.

Chapter 4 starts with an introduction pertaining to the shear test and the tested textiles. The next
section presents the apparatus and methodology used in the tests including tool specifications
and dimensions. Measured maximum shear extensions are reported. The analysis section
investigates existing correlations between fabric parameters and test results. The discussion

section elucidates any relationship between observed data and textiles attributes.

Chapter 5 starts by highlighting the importance of the friction test. There are two testing
configurations for this test: friction between reinforcement plies, and friction between a single
reinforcement ply and aluminium as a mould material. The apparatus and methodology are
defined for both configurations in the second section of the chapter. Friction test results as well
as average friction force for each textile are presented in the results section. There are two
analysis sections, one for each testing methods. Finally, a discussion section compares and
contrasts the correlations and trends identified in the analysis sections.
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Chapter 6 presents the bending test, where specimens with specific dimensions are bent under
their own weight. The introduction section discusses the importance of such test, and a brief
history. The apparatus and methodology are detailed in the next section of this chapter,
followed by the results section which presents the raw data from the tests as well as calculated
bending stiffnesses of textiles. Next section is the analysis of results, which correlates fabric
parameters and the bending stiffnesses of reinforcements fabrics. Reasons behind the existence
or not of trends are discussed. Finally, a discussion covers the justifications for differences in

bending stiffness for different textiles, as well as findings highlighted in an analysis.

Chapter 7 introduces a new testing method for fraying, developed in this thesis. This test aims
at quantifying yarn loss in textiles subjected to draping. The chapter starts by stressing the
significance of the fraying phenomenon, and the complications that it brings to the draping
process in an industrial context. Two measurement methods are introduced, and results for each
are presented in the results section. The analysis section of this chapter investigates the
correlation between fabric attributes and yarn loss results. The discussion section discusses the

reasons for higher or lower amount of fraying observed with different textiles.

Chapter 8 presents a brief conclusion and recommendations highlighting the major findings of

this thesis and suggested direction for future work.

1.3 Contributions

The most original contribution of this thesis is the collective analysis of fabrics where numerous

fabric parameters and test results are correlated. This model of analyzing a group of industrial



fabrics and investigating their draping behaviour based on their manufacturing parameters is
almost non-existent in current literature, especially in the extent done in this work. The analyses
offered in the thesis consider each fabric parameters and its correlation with a test result, as well

as the variability of test results.

Another contribution is the development of a new fraying testing method, highlighted in
Chapter 7. The fraying test was introduced and conducted with satisfying reproducibility. The
work covered in chapter 7 was presented at the Canadian Society of Mechanical Engineering
Conference 2018 (CSME 2018) and published in the conference proceedings. The test method
enables the measurements of one of the most problematic elements of draping behaviour upon

preforming.



Chapter 2

Literature review

2.1 Introduction

This chapter introduces deformation modes in textiles, starting from a single fibre to a yarn and
a single ply. In section 2.3.1, common weaves are introduced, along with three basic knits in
section 2.3.2. In section 2.3.3, 2.5-D and 3-D textiles are discussed. Finally, in section 2.4,

existing testing methods are discussed for shear, friction, bending and fraying.

2.2 Deformation modes in textiles

Deformation modes can be analyzed at different scales, from the microscopic scale in fibres,
mesoscopic scale in yarns, and macroscopic scale in weaves. Upon preforming, the handling
and draping of dry fabrics cause different deformations. These deformations from the

microscopic scale to macroscopic scale are reviewed.



(a) Macroscopic (b) Mesoscopic (¢) Microscopic

Figure 2.1. Different scales of a fabric [7]

2.2.1 Fibre

Glass and carbon fibres used in reinforcements for composites are essentially continuous
cylindrical filaments with diameters ranging from 8 um to 15 um. Reinforcement fibres can be
assessed at the microscopic scale. Most approaches consider each fibre as a three-dimensional
beam interacting with other fibres around it. Deformation modes applicable to single fibres

include axial tension A1, axial compression A2, bending A3 and torsion A4.

Figure 2.2. Deformation modes in a fibre [8]
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Regarding the effects of an applied axial tension, tensile forces applied on textile
reinforcements during draping and preforming are not substantial. Hence, tension does not

cause considerable deformation in individual fibres.

In reality, fibres are slightly to moderately curved; typical arch length over height L/a is
assumed to be greater than 100. It will be presumed that the shape of a fibre may be described

by the following equation:

y= %(1 —cos—) (2.1)

Regarding axial compression and bending, a fibre can be deformed by axial load Px or
transverse load Py. Resulting deflections are obtained along the x and y directions. In order to
calculate the displacement A, Equation 2.2 is used. Ny and My are the axial force and bending
moment respectively, while Ne and M. correspond to the real loads Px and Py. E, A and | are the

cross section and second moment of area of the fibre beam [9].

0 0

L NuN L MuM
A= [ Sdx+ [[ = =dx (2.2)

Solving this equation for the fibre shape given by Equation 2.1 leads to the following equations

for displacements Ay and Ay:
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Figure 2.3 illustrates the shape of a fibre when subjected to bending or buckling.

Figure 2.3. Representative curved fibre [9]

Reinforcement fibres mostly have high elastic moduli and consequently high flexural
stiffnesses. Bending moment M, curvature radius p, second moment of inertia | and the Young’s

modulus E are related by the following equation:

1 M1 M
——— = = (2.4)
o Elp EI
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Strain can be calculated using Equation 2.5, where lq is the deformed length and |, is the initial

length.

(2.5)

A bent fibre is illustrated in Figure 2.4 where ry is the fibre radius and rc is the fibre curvature

radius.

Fibre Central Axis

Figure 2.4. lllustration of a bent fibre [8]

If the shape is simplified to a triangle, the following equation is obtained:

T Te 4 2.6)
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Inserting Equation 2.4 into Equation 2.5 simplifies to Equation 2.7:

Te

rr

€= 2.7)

Finally, the presence of torsion moments applied to individual fibres is not significant and can

be neglected at the microscopic scale.

2.2.2 Yarn

A number of fibres assembled and generally aligned constitute a yarn. The number of fibres in
yarns used as reinforcement in composite materials normally varies from 1000 to 24000 fibres

per yarn. Yarn size can affect many characteristics of a reinforcement fabric [10].

Upon draping and preforming, deformations applied to yarns can be categorized into axial
stretching (B1), axial compression (B2), bending (B3) and torsion (B4). Furthermore, other
deformations such as transverse compression (B5), transverse tension (B6) and intra-yarn shear

(B7) can be present. Figure 2.5 schematically shows these deformation modes.
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Figure 2.5. Deformation modes in a yarn [8]
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In the case of yarns as for fibres, axial forces during draping are trivial, and thus Bl is
negligible. Furthermore, it is undesirable for a single yarn to buckle. However, a group of yarns
can buckle as a fabric is subjected to compression. During textile handling, inter-yarn friction

and compression have a significant impact on fabric deformation [11].

Due to the presence of crimp in weaves as well as upon general handling, bending forces are
inevitably present in yarns. Studies have investigated the bending stiffness of single yarns. Two
of the testing methods established for measuring the bending stiffness of yarns are the Fabric

Assurance by simple testing [12] and Kawabata Evaluation System [13].

The bending stiffness stems from Young’s modulus and the second moment of inertia 1. This
moment of inertia is the sum of each fibre’s moment of inertia. An assumption of a 10-um

diameter for filaments is held. The second moment of inertia lq is calculated using Equation 2.8:
2

wr

where Nt is the number of fibres in a yarn and r; is the radius of the fibre.

2.3 Single ply

A single ply of textile reinforcement can deform in shear, bending, buckling, intra-yarn slippage
and compaction. Moreover, the architecture of textiles such as weaves, braids, stitched or knits
can impact their response to such deformations, whilst textile architecture also controls the

15



range of the deformations. Each fabric can feature different fibre type (glass, carbon etc.),
surface density, yarn count, crimp, cover factor and thickness leading to a complex relationship

between textile construction and its response to deformations.

Different applied forces can cause different deformation modes in textile reinforcements during
the draping process. Figures 2.6 and 2.7 illustrate these deformation modes, namely in-plane

shear (C1), intra-ply yarn slippage (C2), buckling (C3) and bending (C4).
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Figure 2.6. Deformation modes C1 and C2 [8]

C3 C4

Figure 2.7. Deformation modes C3 and C4 [8]
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In-plane shear (C1) occurs frequently in the draping process. In the large majority of
experimental and simulation analyses, it is assumed that the shear behaviour does not depend
on the tension in yarns [21]. This deformation mode is discussed more thoroughly in section
2.4.1. Intra-ply yarn slippage (C2) is the lateral movement of the yarns at their crossovers and it
occurs prevailingly when the fabric reaches its locking angle. When single layers are subject to
a compressive force, the buckling phenomenon (C3) can occur in the textile. When draped on a
single or double curvature mould, textiles undergo bending (C4). Other deformation modes can
occur in a textile such as compaction or yarn stretching, but as they are not prevalent in the

draping process, they are not discussed further in this thesis [22].

2.3.1 Woven architectures

A woven fabric can be assembled in the form of plain, twill, satin weaves as well as other
interlacing patterns. All these weaves are assembled from two sets of yarns: warp and weft.

Figures 2.8 to 2.13 illustrate weaves.

Figure 2.8 shows a 2-D plain weave structure made of interlacing warp and weft yarns.

17



Figure 2.8. Plain weave [14]

Figures 2.9 and 2.10 illustrate twill and satin woven structures respectively. The satin weaves
typically vary from 3-harness to 10-harness structures in composite manufacturing. Satin
weaves are modified to have fewer intersections of warps and wefts. The number of harness is

the total number of yarns crossing and passing under, before the pattern is repeated.

Figure 2.9. Twill weave [14]
18
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Figure 2.10. Satin weave [14]

Figures 2.11 and 2.12 show the basket weave and rib weave architectures respectively. It can be
observed that the warp yarns are thicker in the rib weaves structures illustrated in Figure 2.12.
This rib fabric is unbalanced: extending yarns along the warp and weft are different.
Unbalanced fabrics are not isotropic and thus do not demonstrate the same mechanical

properties along the warp and weft directions.
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Figure 2.11. Basket weave [14]
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Figure 2.12. Rib weave [14]
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Figure 2.13 illustrate the leno weave. It can be observed that this fabric is also unbalanced along

both directions.

Figure 2.13. Leno weave [14]
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2.3.2 Basic knits

Figures 2.14 to 2.16 illustrate some basic knits including the wales loops knit, run-resist circular

knit stitch and single warp tricot knit stitch. Figure 2.14 shows the wales loops knit.

Figure 2.14. Wales loops knit [14]

Figures 2.15 and 2.16 illustrate the run-resist circular knit stitch and the single warp tricot knit

stitch respectively.

Figure 2.15. Run-resist circular knit stitch [14]
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Figure 2.16. Single warp tricot knit stitch [14]

2.3.3 2.5-D and 3-D fabrics

2.5-D textiles are thicker versions of knits or stitched fabrics with in-laid load-bearing yarns
[15]. Consequently, 2.5-D fabrics deliver larger bending stiffnesses, higher resistance to
fraying, and often smaller shear locking angles and axial extensions compared to their 2-D

counterparts.

3-D weaves feature superimposed layers of interlacing yarns, including yarns along the
thickness which are labelled z-yarns [16]. Binding is the most common use of the z-yarns [17]
followed by a structural function in warp-interlock structures [18]. Such textiles can be
transformed into net-shaped preforms with complex geometry, superior delamination resistance
and damage resistance [19]. 3-D weaves are available in different types such as layer interlock,

orthogonal and multi-axis textiles. The manufacturing of these technical weaves can be done
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through standard weaving machinery with minor modifications. Figure 2.17 illustrates an
example of warp, weft and binder yarn paths in a simple 3-D weave. In theory, an infinite array
of interlacing patterns is possible for 3-D weaving which deliver a range of properties, and thus

a specific pattern should be selected carefully for a desired application [20].
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Figure 2.17. Example of yarn path in a 3-D weave [19]

2.4 Testing methods for textiles

2.4.1 In-plane shear testing methods

In-plane shear is defined as the ability of a fabric to deform by relative rotation of its biaxial
yarns. The maximum in-plane shear angle which a fabric can withstand is called the locking
angle. Beyond this angle, the fabric will wrinkle [23]. The draping of some geometries requires
infinite in-plane shear beyond this angle; then, local cutting lines or darting patterns are applied

to the textile. However, such cuts will reduce the final properties of the composite.

Another factor that strongly impacts shearing is the initial orientation of the fabric, which

should be considered meticulously at the design stage [24]. Draping simulation software can
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assist in determining the most effective fabric orientation, to some extent. Two commonly used
testing methods are used for quantifying the response of a fabric to in-plane shear: the picture-

frame test and the bias extension test.

In the picture-frame test, a textile is clamped in a square frame that is hinged at each corner.
Then two opposite corners are displaced during the test. Figure 2.18 shows the set-up for the
picture-frame test conducted on a glass fabric. In-plane shear angle can be significant (up to

50°) [21].

Figure 2.18. Picture frame test [25]

The shear force applied during the test is recorded as the hinges move as a function of

displacement of the frame. Using geometrical relations, shear angle can be determined as a
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function of the shear force. Figure 2.19 illustrates 3 repeats of the picture frame test at a

162mml/s speed. Variability is often large for the results of such tests.
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Figure 2.19. Picture-frame test data graph [26]

In the bias extension test, a rectangular textile specimen is clamped from two sides. Different
areas are labeled as shown in Figure 2.20. The initial length Lo and the final length L are
measured and the difference is reported as the maximum shear extension. Area A is the only
section that deforms purely by in-plane shear. It can be demonstrated that shear angle in region

B is half that of region A. Region C remains undeformed during the test.
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Figure 2.20. Bias extension test, before (a) and after (b) testing [27]

2.4.2 Friction testing method

The most commonly used testing methods for measuring friction between textiles are based on
sliding a textile over another and measuring the friction force using a sensor. Figure 2.21
depicts a typical set-up for this test, where the textile is slid over another and a normal load is

applied for increasing the friction between those textiles [28].

Normal load

Lorica” Soft l
“ | — Sensor
Textile

4—}-

Movement of the support

Figure 2.21. Textile friction analyzer [29]
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Sample size varies in different works of literature, based on device dimensions. In a specific
study [29] conducted to measure the friction between two fabrics, the fabric sample was a circle
of 28.55mm diameter. Furthermore, the friction force was measured using a quartz force sensor
combined with a charge amplifier. Results of the test lead to the friction force between two
fabrics. Tests were repeated 6 times using a new sample each time. The average friction forces
for different fabrics were compared, and textiles were ranked based on those forces. Tests were

conducted for 20 fabrics in this specific study.

2.4.3 Bending testing methods

A considerable amount of research was done pertaining to the study of bending behavior of
fabrics, its effect on preforming, and functional measurement techniques [30]. Although this
deformation mode is typically tested in a two-dimensional approach, three-dimensional bending
deformation was also measured [31] which also investigates a non-linear strain function for the

textile’s extension.

The KES-FB2 bending test was originally created to quantify properties in bending [32]. It
allows the recording of the evolution of the bending moment per unit width as a function of the
curvature, over a cycle of loading an unloading. Specimen dimension is 1 cm along the bending
direction and the width is 20 cm. The specimen is clamped between a fixed (A) and a moving
(B) clamps. The moving clamp (B) rotates around the fixed clamp (A) to warrant a consistent
curvature along the specimen length. The movement is conducted with a curvature rate of

0.5cm*sL. Figure 2.22 illustrates the KES-FB2 bending test tool.
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Figure 2.22. KES-FB2 bending test [32]

The bending stiffness G and the bending hysteresis Mo can be calculated as follows.

Slopes are calculated between k = 0.5 cm™ and k = 1.5 cm™' for s1, and between k = -0.5 cm™

and k = -1.5 cm™! for s, (equation 2.9).

AM =Mk =1.5) — Mk =0.5)
Ak =1
s — AM = Mk = -0.5) — Mk = —1.5) (2.9)

- Ak =1
G =(s1+52)/2

ST =
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The bending hysteresis Mo, which is the frictional restraint force, is half of the average between
the two hysteresis hy and hz at k = 1cm™ and k = -1cm™ respectively (equation 2.10). Mz and My

are moments for the load and unload curves respectively.

hy =Mk =1)— My =1)
hs = Mk =—-1)— My =-1) (2.10)
M() :(h] +h3)/2

Obtaining the bending stiffness G and bending hysteresis Mo, fabrics can be ranked based on
such values. Figure 2.23 illustrates the KES-FB2 test for a fabric along the weft direction as

well as the Grosberg’s parameters.
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Figure 2.23. KES-FB2 test data for a fabric and Grosberg’s parameters [32]
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The flexometer is another bending testing method for fabrics [32]. There are two modules in
this test: the mechanical module and the optical module. The mechanical module allows the
fabric in cantilever configuration to bend under its own weight. The optical module generates
photos of the bent sample. The sample can be a yarn, a single ply or a stack of plies. The width
is normally around 100 mm. The sample S is positioned on a fixed board F and a plane B
comprising laths Li. For ensuring the embedding condition, a translucent plate is fixed upon he
laths and the sample alike. The translation of the drawer T enables the laths to successively
retract, starting with lath L1. The test is stopped for a specific length L and a repeated for a new

length.

plate C

Figure 2.24. Flexometer — mechanical module [32]
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In the optical module, a digital camera takes photos of each bent sample. The photos are

processed to extract the bent sample shape. Figure 2.25 illustrates the optical module for three

lengths.

e -

) "y B
"L:. N, \ ?ﬂﬁ'
I |1 N y A
Lb=50mm Lb=100mm Lb=150mm

>

Figure 2.25. Flexometer - optical module for three lengths [32]

Figure 2.26 shows the profile extracted from the photos by image processing for the optical

module. Bent shapes are defined by bending length which the deformed shapes have been

acquired.
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Figure 2.26. Extracted profile using image processing [32]
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Using these curves, the curvature as well as the bending moment can be calculated for each

distance Ly using the following equation:

14

<

‘T U+ e

where Kk is the curvature and z” is the second derivative of the vertical coordinate. The bending
moment M(s) is calculated by knowing the curvilinear abscissa s and the length of the fabric Ly

using Equation 2.12:

Ly
M(s) = Wf (1 — s)cos(@)du (2.12)

where W is the weight per unit length (N/m) and u and ¢ are the Frenet’s coordinates of the
point Q moving toward the shape from P to F. Figure 2.27 illustrates the bending moment
computed along the profile, where E is the embedded point and F corresponds to the free edge.

The moment and the curvature are calculated at general point P with curvilinear abscissa s.

‘E z

Figure 2.27. Computation of the bending moment along the profile [32]
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Figure 2.28 illustrates a flexometer test result. The evolution of flexural stiffness G (N.mm)
with bending length L (mm) can be observed from the curve. This curve demonstrates a rapid
decline in flexural stiffness in the beginning, an increase up to 140mm of length, followed by an
overall decline towards the end of the test.

7,00

6,50 \\
6,00

E V‘*/‘\-\‘
550
pa
R
o 5,00
4,50
4,00 T T T T T T
80 100 120 140 160 180 200 220

L (mm)

Figure 2.28. Evolution of flexural stiffness with bending length [32]

2.4.4 Fraying testing method

Knowledge of the fraying characteristics of fabric reinforcements upon cutting and handling is
important in manufacturing. However, no established testing method exists for assessing it.
Although some work was done towards that aim, leading to the yarn pull-out test [33] and the
inter-yarn friction test [34], such tests mostly measure friction between yarns subjected to
pulling or shear. However, yarns fraying from the edges upon draping on moulds is a recurring
phenomenon. The following work was developed by master’s candidate Sébastien Gagné at

Hutchinson.
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The concept of the test is to use controlled airflow to fray the fabric for a certain period of time
and measure the yarn loss using image analysis for 5 repeated tests. The fraying tool consists of
a chamber and an acrylic plate with dimensions of 304.8mm by 101.6mm. There are 4 holes in
the acrylic plate positioned by 4 pins into the chamber. A pressured control valve is connected
to the air inlet of the tool, and a manometer is installed after the valve to measure the pressure.
The tool also features a drawer to allow the collecting of frayed yarns. The dimensions of
samples tested are 76.2mm by 228.6mm with a triangular head of length 152.44mm. The
rectangular part of the fabric is held by tapes and thus it cannot fray. The triangular part of the

sample can fray, and loss is measured at the end of the test. Figure 2.29 illustrates the fraying

test tool.
<« 10.16 cm (47)
A
Air exit
Fabric

Air input

30.48 cm (127)

Acrylic plate
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Figure 2.29. Fraying test tool specifications [36]
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This test introduces a novel procedure for measurement of yarn loss in fabrics. However, during
the test, there is friction between the sample and the chamber applied by the air pressure.
Hence, the test does not purely measure the fraying of yarns in fabrics. Moreover, positioning
and securing of the fabric into the chamber seems to be time-consuming due to the taping

process.
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Chapter 3

Materials

3.1 Introduction

This chapter features information pertaining to the reinforcements used in this work including
fibre type, architecture, surface density, yarn count, thickness with and without applied pressure,
crimp and cover factor. Photographs and topographies of the reinforcements are also included.
The information presented in this chapter is referred to extensively in upcoming chapters.
Section 3.2 introduces fabric parameters including fibre type, architecture, surface density, yarn
count, crimp, cover factor, surface contact area and thickness along with photographs of the
fabrics. Section 3.3 features fabric topography images. Section 3.4 features the discussion for

this chapter.

3.2 Fabric parameters

Eleven reinforcements were subjected to various characterization tests in this thesis; each test is
introduced in an individual chapter, along with the relevant results and their analysis. The
reinforcements, labeled fabric 101 to fabric 111, were made of glass or carbon fibres.
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The first reinforcement is labeled fabric 101, which is a plain weave glass fibre fabric. This
fabric has a surface density of 304 g/m?, yarn count of 5.5 yarn/cm, crimp factor of 196.5 um,
cover factor of 91.13%, surface contact area of 89.42%, thickness under pressure of 230 um and

thickness without pressure of 280 pm.

Fabric 102 is a twill woven glass fibre fabric with a surface density of 300 g/m?, yarn count of
6.5 yarn/cm, crimp factor of 192 um, cover factor of 96.21%, surface contact area of 85.62%,

thickness under pressure of 270 um and thickness without pressure of 340um.

Fabric 103 is a 8-harness woven satin glass fibre fabric with a surface density of 296 g/m?, yarn
count of 22.4 yarn/cm, crimp factor of 237.2 um, cover factor of 100%, surface contact area of

71.19%, thickness under pressure of 180 pum and thickness without pressure of 230 um.

The fourth textile is labeled fabric 104, which is a twill woven carbon fibre fabric featuring a
surface density of 408 g/m2, yarn count of 5.0 yarn/cm, crimp factor of 341.9 pm, cover factor of
98.10%, surface contact area of 90.31%, thickness under pressure of 410 um and thickness

without pressure of 530 pum.

Fabric 105 is the next textile tested, which is a 5-harness satin carbon fabric with binder on the
surface on both sides. This textile has a surface density of 368 g/m?, yarn count of 4.5 yarn/cm,
crimp factor of 441 um, cover factor of 99.2%, surface contact area of 81.14%, thickness under

pressure of 400 um and thickness without pressure of 510 pm.

Non-crimp stitched carbon fibre fabric 106 is the next textile introduced, which features a
surface density of 288 g/m?, yarn count of 2.0 yarn/cm, crimp factor of Oum, cover factor of
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100%, surface contact area of 96.41%, thickness under pressure of 180 um and thickness without

pressure of 250 pm.

Fabric 107 is a woven 4-harness satin carbon fibre fabric featuring a surface density of 188 g/m?,
yarn count of 5.0 yarn/cm, crimp factor of 194 um, cover factor of 99.34%, surface contact area

of 78.29%, thickness under pressure of 220 um and thickness without pressure of 300 pum.

The next textile listed is carbon fibre fabric 108 with a woven architecture of 5-harness satin.
This textile features a surface density of 365 g/m?, yarn count of 4.6 yarn/cm, crimp factor of 392
pm, cover factor of 100%, surface contact area of 83.63%, thickness under pressure of 400 um

and thickness without pressure of 510 pm.

Carbon fibre fabric 109 has binder on its 2.5-D woven structure, and also featuring a surface
density of 624 g/m?, yarn count of 6.0 yarn/cm, crimp factor of 494 pum, cover factor of 100%,
surface contact area of 87.29%, thickness under pressure of 700 pum and thickness without

pressure of 1070 pm.

Non-crimp fabric (NCF) 3K carbon fibre fabric 110 has a surface density of 362 g/m?, yarn
count of 6.0 yarn/cm, crimp factor of Oum, cover factor of 100%, surface contact area of

84.77%, thickness under pressure of 180 pm and thickness without pressure of 250 pum.

The last textile tested in this thesis is NCF 6K carbon fibre fabric 111. This textile shows a
surface density of 724 g/m?, yarn count of 12 yarn/cm, crimp factor of 0 um, cover factor of
100%, surface contact area of 84.77%, thickness under pressure of 350 um and thickness without

pressure of 480 pm.
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Data pertaining to surface density was available from the industrial partner. The numbers were
summarily verified and confirmed as follows. A 1cm by 1cm specimen was cut off the fabric roll
and weighed on a scale with £0.001 g accuracy. Then, the weight was divided by the area. Yarn
count was simply attained by counting the number of yarns in 10cm length and dividing by 10.
Crimp was measured by microscopy, calculating the difference between the minimum and
maximum height of yarns. Cover factor was measured using imageJ software, dividing the area

occupied by yarns over the whole area, reported as a percentage.

Surface contact area was quantified by looking at the topography of textiles given by the
Keyence VHX-6000 series digital microscope processes using the imageJ software. Afterwards,
the area with superior height coloured yellow to red by the topography analysis was divided by
the whole area of the textile. Thickness without pressure was measured using a caliper. Finally,
thickness under pressure was measured using a caliper while two plates were constraining the

fabric.

Table 3.1 shows the information pertaining to all fabrics tested, including architecture, surface
density and yarn count. Identifier numbers assigned to each fabric will be used forthwith.
Supplier information is known by the author but was withheld at the request of the industrial
partner. Photographs of the reinforcements appear in Figures 3.1 to 3.11. Such photographs

enabled the measurements of the cover factor attribute in fabrics.
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Table 3.1. Technical parameters of reinforcement fabrics

Thickness Thickness
Surface Yarn Cover  Surface
Fabric Crim under without
Fibre  Architecture  density count factor contact
number pressure pressure
(g/m?)  (yarn/cm) (%) area (%)
(nm) (Hm)
101 Glass Plain 304 55 196.5 91.13 89.42 230 280
102 Glass Twill 300 6.5 192  96.21 85.62 270 340
103 Glass  8-harnesssatin 296 22.4 237.2 100 71.19 180 230
104  carbon Twill 408 5.0 3419 98.10 90.31 410 530
5-harness satin
105 Carbon o 368 45 441 99.02 81.14 400 510
with binder
Non-crimp
106  cCarbon ) 288 2.0 0 100 96.41 180 250
stitched
107 Carbon 4-harnesssatin 188 5.0 194 99.34  78.29 220 300
108 Carbon 5-harnesssatin 365 4.6 392 100 83.63 400 510
2.5-D with
109 Carbon bind 624 6.0 494 100 87.29 700 1070
inder
NCF 3K chain
110  carbon ditch 362 6.0 0 100 84.77 180 250
stitc
NCF 6K chain
111 carbon iteh 724 12.0 0 100 84.77 350 480
stitc
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Figures 3.1 and 3.2 illustrate the plain weave glass fabric 101 and twill weave glass fabric 102

respectively.

Figure 3.1. Plain weave glass fabric 101

Figure 3.2. Twill weave glass fabric 102
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Figures 3.3 and 3.4 illustrate the 8-harness satin weave glass fabric 103 and twill weave carbon
fabric 104 respectively.

Figure 3.4. Twill weave carbon fabric 104
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Figures 3.5 and 3.6 illustrate the 5-harness satin weave carbon fabric 105 and non-crimp stitched

carbon fabric 106 respectively.

Figure 3.5. 5-harness satin weave carbon fabric with binder 105

Figure 3.6. Non-crimp stitched carbon fabric 106
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Figures 3.7 and 3.8 illustrate the 4-harness satin carbon fabric 107 and 5-harness satin weave

carbon fabric 108 respectively.

Figure 3.8. 5-harness satin weave carbon fabric 108
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Figures 3.9, 3.10 and 3.11 illustrate the 2.5-D weave carbon fabric 109, NCF 3K weave carbon
fabric 110 and NCF 6K carbon fabric 111 respectively.

Figure 3.9. 2.5-D weave carbon fabric with binder 109

Figure 3.10. NCF 3K chain stitch carbon fabric 110
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Figure 3.11. NCF 6K chain stitch carbon fabric 111

Fabrics 101, 102 and 103 are glass fibre fabrics. Fabrics 104 to 111 are carbon fibre fabrics.
Fabric 101 is a plain weave while fabrics 102 and 104 are twill weaves. Furthermore, fabrics
103, 105, 107, 108 are satin weaves whilst fabrics 106, 110 and 111 are stitched non-crimp

fabrics and fabrics 105 and 109 are fabrics with binder.

3.3 Fabric topography

Topographies of fabrics were generated using a Keyence VHX-6000 series digital microscope.
Figures 3.12 to 3.22 illustrate these topographies for the fabrics used in this work. The
importance of these topographies is highlighted as they enabled the measurements of fabric
parameters such as surface contact area and crimp.
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Figure 3.12 and 3.13 illustrate the topographies of fabrics 101 and 102 with crimp factor of 196.5
pm and 192 um respectively. The plain weave structure in Figure 3.12 and the twill woven

structure in Figure 3.13 are evident.

196.5pm

168.4

140.3

112.3

84.20

56.13

28.07

0.0

10000.0  12967.8

Figure 3.12. Topography of plain glass fabric 101
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Figure 3.13. Topography of twill glass fabric 102
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Figures 3.13 and 3.14 illustrate the topographies of fabrics 103 and 104 with crimp factor of
237.2 pm and 341.9 pm respectively. The 8-harness satin structure as well as the high cover

factor in Figure 3.13 and the twill structure in Figure 3.14 can be observed.
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Figure 3.15. Topography of twill carbon fabric 104
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Figures 3.16 and 3.17 illustrate the topographies of fabrics 105 and 106 with crimp factor of
441.0 pm and 0 pm (non-crimp fabric) respectively. The 5-harness satin structure and the
presence of binder in the Figure 3.16, and the NCF structure as well as the large contact area in

Figure 3.17, can be observed.

441.0pm

378.0

315.0

252.0

189.0

126.0

63.00
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Figure 3.16. Topography of 5-harness carbon fabric 105 with binder
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Figure 3.17. Topography of non-crimp stitched carbon fabric 106
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Figures 3.18 and 3.19 illustrate the topographies of fabrics 107 and 108 with crimp factors of
194.0 um and 392.0 pm respectively. The 4-harness satin structure in Figure 3.18, the 5-harness

satin structure in Figure 3.19 and the 100% cover factor in both figures can be observed.
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Figure 3.19. Topography of 5-harness carbon fabric 108
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Figures 3.19 and 3.20 illustrate the topographies of fabrics 109 and 110 with crimp factors of
494.0 um and O pum (non-crimp fabric) respectively. The presence of binder in Figure 3.20, the

NCF structure in Figure 3.21 and the 100% cover factor in both figures can be observed.
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Figure 3.21. Topography of NCF 3K carbon fabric 110
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Figure 3.21 illustrates the topography for fabric 111 with crimp factor of 0 um (non-crimp

fabric). The NCF structure in and the 100% cover factor can be observed.
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Figure 3.22. Topography of NCF 6K carbon fabric 111

3.4 Discussion

This chapter introduced 11 reinforcement fabrics probed in this work. Section 3.2 introduced
textiles parameters, and their measurement methods. This section also featured this data in Table
3.1 along with photographs of all textiles. Furthermore, Section 3.3 illustrated fabric
topographies. Eight of the textiles were weaves including plain 101, twill 102 and 104, satin 103,

105, 107 and 108, and 2.5-D 109. Fabrics 106, 110 and 111 were NCF textiles.
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Chapter 4

Shear Tests

4.1 Introduction

Results presented in this chapter determine how fabrics performed in bias extension in-plane
shear tests [35]. Since shear tests cannot be performed for triaxial fabrics, no results are
presented for fabrics 106, 110 and 111. Tests were conducted for all biaxial weaves. Each fabric
was tested 3 times, using a different sample with each repeat. Test specifications and procedures
are explained in Section 4.2. Section 4.3 presents the shear test results, and Section 4.4 relates

them to fabric parameters. Section 4.5 delivers the discussion for this chapter

4.2 Apparatus and methodology

The characterization machine defined below was developed at Hutchinson primarily by Master’s
candidate Sébastien Gagné. This section offers a brief description of the capabilities and test
procedures, as well as the aim of tests. The machine can run 2 tests: the shear tests discussed in
this chapter and the friction tests discussed in Chapter 5. The machine consists of a motor, torque

sensor, controller, displacement hardware, and a laptop to track and record the data. The machine
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can be used to derive characteristics including maximum shear extension, shear force, friction
between plies and friction between a single ply and a mould. Figure 4.1 illustrates the

components of this machine.

L Shear test
Activation

Friction test
Load cell

Motor

Maximum torque: 5.08 N.m
Rotational speed: 10 rpm
Linear speed: 0.0013m/s

Figure 4.1. Characterization tool [36]

The general concept of the displacement hardware is shown in Figure 4.2. Parts include a fixed
and a moving block, an input shaft as well as 4 clamps. Components are all made of aluminium
while the shafts and clamps are made of steel. Two clamping plates are held by two clamps each
for fixing the tested fabric. The input shaft is connected to a torque sensor for measuring the

resistive torque during the test.
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Moving block

Input shaft

Clamps (4x)

Fixed block

Figure 4.2. General concept of device [36]

Figure 4.3 illustrates a partial view of the components of the displacement hardware including
the rack, pinion, input shaft, bearings and guiding rods. The rack is attached to the moving block
using screws. The pinion is also attached to the input shaft using screws as well. The moving

block and the bearing follow the linear movement of the rack, without vibration.
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. Input shaft

Bushings for
input shafr (4x)

_ Bushings for
guides (2x)

Linear bushiﬁg
for rack

Guides (2x)

Figure 4.3. Mechanisms of the characterization tool [36]

Figure 4.4 shows the clamping plates, each side used for holding the fabrics. Figure 4.5

illustrates the assembly of each clamping plate and the fabric placement for shear tests.
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Clamping plate

Clamping plate

Figure 4.4. Clamping of the tool [36]

. Rubber

Aluminum plate "
. Rubber

Fabric «="

Figure 4.5. Assembly of the clamping plates [36]
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Figure 4.6 shows the orientation of fabric samples for the test, which require that the yarns be
oriented at -45°/+45° of the displacement direction to enable shear. The figure also indicates the

dimensions of the specimen along both directions.

29.9cm
(11 3/4”)

Iy
Y

15.2cm
(6”)

Figure 4.6. Dimensions of in-plane shear test specimen [36]

The maximum shear extension was measured manually upon each test, using a 300 mm ruler.
Data are reported in Table 4.1. Figure 4.7 illustrates the clamping of a shear test sample as well

as the maximum extension of a fabric, reached after it is locked at the end of the test.
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|| Maximum
Extension

Figure 4.7. Clamping and maximum extension in the shear test

The approximate displacement speed is 1.3 mm/s and the approximate test duration varies from 6

to 10 seconds.

4.3 Results

Bias extension tests were run 3 times for fabrics 101, 102, 103, 104, 105, 107, 108 and 109. The

normalized force (N) is plotted as a function of time (s) [37] for fabric 101 as an example of
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typical results, Figure 4.8. The reason for reporting time is that each data point is obtained every
0.1 second by the data acquisition system of the machine. For most tests conducted, fabrics
reached locking angle and the machine stopped. Figure 4.8 demonstrates good reproducibility for
the tests conducted. The existence of jJumps in the plotted data is because of the resolution of the

load cell used in the device.

250
,‘"'/-_
200 _/__/—’
—
l'—-.lf
o 150 f
% §
Q
2 _“/“j
[=]
= 100 I/-/
50 f/“'{
_/
0
0 1 2 3 4 5 6 7 8 9
Time (s)

Figure 4.8. Shear tests for fabric 101

Table 4.1 lists the measured maximum shear extension for each tested fabric along with fabric
number, fibre type and architecture. The shear tests ended when the fabrics reached its locking
angle and wrinkled and the device reached the maximum load. However, fabrics 107 and 108
frayed after reaching their locking angle and the device did not reach maximum loads in those

cases.
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Table 4.1. Maximum shear extension for fabrics tested

Fabric number Fibre Architecture Shear extension (mm)
101 Glass Plain 143.05
102 Glass Twill 104.64
103 Glass 8-harness satin 91.87
104 Carbon Twill 103.79
105 Carbon 5-harness satin with binder 96.38
107 Carbon 4-harness satin 102.11
108 Carbon 5-harness satin 99.25
109 Carbon 2.5-D with binder 85.52

4.4 Analysis

Shear extension is plotted as a function of different fabrics parameters: fabric type, architecture,

cover factor, thickness, surface density and yarn count, as shown in Figures 4.9 to 4.16.

Looking at Figure 4.9, glass fibre fabrics demonstrated a higher average shear extension
compared to carbon fibre fabrics. The figure also indicates a lower variability of shear extension

for carbon fibre fabrics compared to glass fibre fabrics. However, given the large overall
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variability of results within each group, it is not possible to separate the two groups in a

statistically significant way.
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Figure 4.9. Maximum shear extension for glass and carbon fibres

Figure 4.10 ranks fabric extensions based on fabric architectures, from plain weave followed by
twill weave, satin weave and woven fabrics with binder respectively. This figure elucidates the
relation between fabric architecture and locking angle [38] for the fabrics tested. Fabrics with

binder showed the highest variability, followed by satin weave and plain weave.

Twill weaves showed the lowest variability amongst the fabrics tested. The only group that is
statistically different from the others is the first one, whereas the plain weave fabric behaves

differently from the 3 other groups.
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Figure 4.10. Maximum shear extension between different architectures

Figure 4.11 plots shear extension as a function of surface density. The linear regression shows a
R? factor of 0.15, which is weak. Fabrics 102, 104, 108 and 109 seem to follow the trend more

clearly. However, fabrics 101 and 103 deviate significantly from it.
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Figure 4.11. Maximum shear extension as a function of surface density
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Figure 4.12 plots the data for shear extension as a function of yarn count for the tested textiles,
with a R? of 0.06. Fabrics 102, 103, 104 and 107 are on trend but other fabrics deviate from it. It

seems that fabric 101 deviates significantly due to its large shear extension.
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Figure 4.12. Maximum shear extension as a function of yarn count

Figure 4.13 shows a correlation with a R? factor of 0.89 which indicates a reasonable relation
between shear extension and the cover factor. Fabrics 101, 103, 104 and 105 follow the trend
noticeably, with other fabrics also in relatively good agreement with the linear trend identified.
Fabric crimp as an independent variable delivers a lower R? factor of 0.30, as shown in Figure

4.14.
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Figure 4.13. Maximum shear extension as a function of cover factor

Looking at Figure 4.14, fabrics 104, 105, 108 and 109 show a relation amongst each other, but

101, 102 103 and 107 fabrics deviate from this relation.
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Figure 4.14. Maximum shear extension as a function of crimp
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Figures 4.15 and 4.16 indicate that thickness with pressure and without pressure deliver R?=0.21
and R?=0.23 respectively when completed with shear maximum extension of fabrics, indicating
that thickness is not a significant indicator of the propensity of a fabric to shear. It can be
observed that in both figures, fabrics 102, 104, 107,108 and 109 follow a trend amongst each

other and fabrics 101 and 103 deviate from it.
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Figure 4.15. Maximum shear extension as a function of thickness without pressure
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Figure 4.16. Maximum shear extension as a function of thickness under pressure

66



4.5 Discussion

Bias extension tests were carried out on multiple fabrics with different architectures. Shear
force, which was plotted in Figure 4.1, includes yarn tension and yarn slippage friction [39]. It
was observed that the cover factor has a clear effect on shear extension for the range of fabrics
tested. In a study conducted by Commonwealth Scientific and Industrial Research Organization,
the cover factor and shear extension were measured for plain woven and twill woven fabrics
[40]. That study identified a correlation factor of 0.76 between the cover factor and the
maximum extension for the textiles tested. In the present work, plain, twill, satin weaves and
fabrics with binder including a 2.5-D woven fabric were tested and returned a correlation factor

of 0.89.

Moreover, plain weave fabric 101 demonstrated the highest shear extension amongst other
architectures. On the other hand, fabrics with binder and satin woven textiles showed the lowest

shear extension.

While crimp did not show a strong relation with shear extension, it illustrated a noticeable trend
between fabrics 104, 105, 108 and 109. Both thickness under and without pressure did not
demonstrate a strong trend as a function of shear extension; however, fabrics 102, 104, 107, 108

and 109 were seen to have a relation amongst each other.

Higher shear extension allows the draping process to be easier and less problematic as it allows

the fabric to be draped easier on double curvatures, with more reproducibility.
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Chapter 5

Friction Tests

5.1 Introduction

Industrial practice shows that when draping multi-layer fabrics, friction between plies and
friction of the lowest-positioned ply with the mould have an impact on the draping process.
Higher friction between plies allows the stack of reinforcement layers to behave as a single ply
and it reduces the slippage between plies. Lower friction between plies and the mould, on the
other hand, makes handling more problematic [41]. In this chapter the results of friction tests

between plies, and friction tests with aluminium plates are presented and discussed.

5.2 Apparatus and methodology

The characterization device described in Chapter 4 was used for the friction tests. Two
configurations were used for measuring the friction force. One configuration aimed at measuring
the friction between plies. The second configuration measured the friction between a single ply
and an aluminium surface. Two layers of fabric were sandwiched between another two layers of

fabric. The former group was clamped to the moving block, and the latter to the fixed block. A
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plate with a mass of 10kg was positioned on top of the plate for increasing the applied friction.
Each test was repeated 5 times, using a different sample each time and for each fabric. Figure 5.1

shows the friction test configuration.

Clamping plate

¥
-

Weight

Figure 5.1. Fixed clamping plate and weight for the friction test

The linear speed used in tests was 1.3mm/s. Since the speed was consistent, the time may be
converted to displacement. Figure 5.2 shows the specimen dimensions for friction tests. The

direction of motion was along the long or side of the specimen.
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(4x)

24.8 cm
(93/4”)

Figure 5.2. Specimen dimensions for the friction test

5.3 Friction between plies

Graphs of the friction force between plies as a function of displacement are presented below. In
the graphs, axes are force (N) and displacement (mm). Furthermore, average forces for 5 friction
tests performed for each fabric were calculated and compared. Fabrics 106 and 111 were not
tested because they were not specified by the industrial partner, and due to limited availability.

Figures 5.3 to 5.11 show the force vs displacement data for the friction between plies.
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Figure 5.3 shows the data for friction between plies, for fabric 101. All five tests can be observed

in the figure, showing variability in the start and at the end of tests. Figure 5.4 illustrates the data

for five tests, for fabric 102 while demonstrating visible but limited variability along with an

upward trend.

10

Force (N)

Force (N)

(=]

Displacement (mm)

Figure 5.3. Friction between plies for fabric 101
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Figure 5.4. Friction between plies for fabric 102
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Figure 5.5 shows the five tests results for fabric 103 while showing acceptable variability at the

start of the test except for one of the repetitions and visible variability towards the end. Figure

5.6 depicts the test data for fabric 104 with substantial variability starting from the middle of the

test.
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Figure 5.5. Friction between plies for fabric 103
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Figure 5.6. Friction between plies for fabric 104
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Figure 5.7 illustrates the tests data for fabric 105 and very satisfactory reproducibility. Figure

5.8, however, shows the test results for fabric 107 while having tangible variability for the whole

test duration.
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Figure 5.7. Friction between plies for fabric 105
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Figure 5.8. Friction between plies for fabric 107
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Figure 5.9 shows the test data for fabric 108. While showing variability at the start of the test,
this is minimized towards the end of the test. It should be said this fabric demonstrates low
amount of friction which is not desirable in the draping process. Figure 5.10 shows test results
for fabric 109 while showing a high amount of friction on average, which is an advantage for the

draping process.
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Figure 5.9. Friction between plies for fabric 108
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Figure 5.10. Friction between plies for fabric 109
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Figure 5.11 shows the data for fabric 110 demonstrating great reproducibility throughout the test

for all five repetitions. However, the amount of recorded friction is not substantial for this fabric.
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Figure 5.11. Friction between plies for fabric 110

5.4 Analysis

The average of 5 tests for each fabric was obtained and it is positioned in Figure 5.12 for
comparison. This shows that fabric 101 has the highest average friction between plies, followed
by fabrics 109, 105, 102, 103, 110, 107 and 104. Fabric 108 showed the lowest amount of
friction. Moreover, the error bars in following figures demonstrate the standard deviation for

each group.
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Figure 5.12. Average friction force between plies

Figure 5.13 demonstrates the impact of fabric type on intra-ply friction. It shows that glass fibre
fabrics on average show higher friction between their plies. Furthermore, carbon fibre fabrics
show slightly higher variability for this friction test configuration. It should be noted that

differences between these 2 groups are not statistically significant as shown by the error bars.

Glass Carbon

Figure 5.13. Friction force between plies for glass and carbon fibres
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Figure 5.14 compares the effect of fabric architecture on inter-ply friction. Results indicate that

the plain weave shows the highest friction followed by stitched fabrics and fabrics with binder,

while twill and satin weaves show the lowest amount. Stitched and binder fabrics demonstrate

the largest variability followed by twill and satin weave. Plain weave showed the lowest

variability.

plain twill satin stitched and binder

Figure 5.14. Friction force between plies between different architectures

Figures 5.15 and 5.16 plot the inter-ply friction data as a function of surface density and yarn

count with R? factor values of 0.09 and 0.007 respectively; the data are not indicative of strong

relations. However, fabrics 102, 105, 107 and 109 demonstrate a tangible relation and fabrics

103, 104 and 110 demonstrate a noticeable relation amongst each other pertaining to friction

between plies and surface density.
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Figure 5.15. Friction force between plies as a function of surface density
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Figure 5.16. Friction force between plies as a function of yarn count
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Figure 5.17 shows the friction forces as a function of the cover factor as the independent
variable; R? is 0.34. Fabrics 101, 102 103 and 110 show a relation amongst each other with
regards to cover factor. Figure 5.18 plots the friction force as a function of crimp factor, showing

an R? factor of 0.01.
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Figure 5.17. Friction force between plies as a function of cover factor
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Figure 5.18. Friction force between plies as a function of crimp
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Figures 5.19 and 5.20 plot the data as a function of thickness without pressure and thickness with

pressure respectively. Although the R? factor values are 0.07 and 0.06 respectively, there seems

to be a relation for fabrics 102, 105 and 109 as well as another relation between fabrics 103, 104,

107, 108 and 110 in both figures.
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Figure 5.19. Friction force between plies as a function of thickness without pressure
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Figure 5.20. Friction force between plies as a function of thickness under pressure
80



5.5 Friction with aluminium

Results for this test appear as below. Here, 5 different specimens were tested for each fabric.
Figures 5.21 to 5.29 show the friction force the data plotted on the graphs as a function of
displacement. Figure 5.21 shows the test data for fabric 101. While the data shows reasonable

reproducibility in the beginning of tests, it features noticeable variability towards the end.
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Figure 5.21. Friction with aluminium for fabric 101

Figure 5.22 shows the data for fabric 102, with initially low variability that increases towards the
end of the tests. This fabric shows comparatively low friction with aluminium on average. Figure
5.23 demonstrates the results for fabric 103. The reproducibility demonstrated for this fabric is

fairly reasonable for all repetitions.
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Figure 5.22. Friction with aluminium for fabric 102
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Figure 5.23. Friction with aluminium for fabric 103
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Figures 5.24 and 5.25 depict the data for fabrics 104 and 105 respectively. They both show great
reproducibility throughout the tests while holding an upward trend. Fabric 105 shows better

reproducibility compared with fabric 104.

10

9

8 Nl a

7 il \A

f7 V=V P

~— b6 —_—
£
8 5 — /_/'—'J
E = \--\--j

4 =

3

2

1

0

0 1 2 3 4 5 6 7 8 9
Displacement (mm)
Figure 5.24. Friction with aluminium for fabric 104
10
9
—
. AL,
5%

7 - _

6 "":l'"’
= ==
8 5 .‘___,'—.C-_H:
g —
= 43 =

3

2

1

0

0 1 2 3 4 5 6 7 8 9

Displacement (mm)

Figure 5.25. Friction with aluminium for fabric 105
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Figures 5.26 and 5.27 show the data for fabrics 107 and 108 respectively. Both fabrics show low

variability and a steady trend throughout the five tests.
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Figure 5.26. Friction with aluminium for fabric 107
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Figure 5.27. Friction with aluminium for fabric 108
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Figure 5.28 shows the results of friction tests with aluminium for fabric 109. Upward trend
towards the end is observed along with reasonable reproducibility. Figure 5.29, on the other
hand, shows the data for fabric 110 featuring a steady trend until the middle of the test and good
reproducibility.
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Figure 5.28. Friction with aluminium for fabric 109
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Figure 5.29. Friction with aluminium for fabric 110
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5.6 Analysis

Figure 5.30 illustrates the average friction force between a ply and aluminium. These tests, fabric
109 showed the highest amount of friction with aluminium followed by fabrics 105, 104, 108,

102, 107, 103 and 110.
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Figure 5.30. Average friction force with aluminium

Figure 5.31 demonstrates that carbon fibre fabrics show a higher average friction force with
aluminium compared to glass fibre fabrics. Carbon fibre fabrics show larger variability compared

to glass fibres, as seen with friction between plies.
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Glass Carbon
Figure 5.31. Average friction force with aluminium for glass and carbon fibre fabrics

Differences between architectures are not substantial in this case as shown in Figure 5.32.
Stitched and binder fabrics show slightly higher values, followed by twill, plain and satin
architectures. Stitched and binder as well as twill structured fabrics show the highest variability
for friction with aluminium as seen for friction between plies. The satin architecture, on the other

hand, demonstrates the lowest variability.
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Figure 5.32. Average friction force with aluminium between different architectures
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Figure 5.33 shows a linear relation with R? factor of 0.4 between surface density and friction

with aluminium.
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Figure 5.33. Friction force with aluminium as a function of surface density

Figure 5.34 plots the data as a function of yarn count with a R? factor of 0.23. Having the yarn
count at the same range, fabrics might not show a reasonable trend with this parameter. The only
radically different yarn count is for fabric 103 with 22.4 yarn/cm; others range from 4.5 to 6.5

yarn/cm. In this case, excluding fabric 103 would lead to a much lower R? value.
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Figure 5.34. Friction force with aluminium as a function of yarn count

Figure 5.35 shows the data as a function of cover factor with a R? factor of 0.003. However,
fabrics 102, 104, 105 and 109 show some trend amongst each other with regards to the effect of

cover factor.
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Figure 5.35. Friction force with aluminium as a function of cover factor
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Figure 5.36 indicates a fairly strong relation (R? factor of 0.76) between crimp and friction force

with aluminium. This is not surprising since crimp likely leads to higher normal forces in the

textile [40].
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Figure 5.36.: Friction force with aluminium as a function of crimp

Figure 5.37 which plots the force as a function of thickness without pressure has the highest R?
factor for the friction force, at around 0.73. Figure 5.38 shows similar data while having
thickness with pressure as an independent variable and a R? factor of 0.63. In both cases, thicker

fabric 109 will influence R? values but a trend is present nonetheless.
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Figure 5.38. Friction force with aluminium as a function of thickness under pressure
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5.7 Discussion

This chapter used two testing configurations for friction tests: friction between plies and friction
between a ply and aluminium. For both cases, all analyses were conducted by looking into the
relation between the friction results and fabric parameters such as fibre type, architecture, surface

density, yarn count, crimp, cover factor and thickness.

Friction with aluminium results showed a higher consistency and less variability compared to
friction between plies. This may be due to the extra weight that was added for maximizing
friction with aluminium, as well as to the fact that there is only one ply present. Moreover, while
most test results show a general steady trend, some demonstrate an ascending trend.
Furthermore, while results for inter-ply friction show different forces for different fabrics, results
for friction with aluminium show very similar results for different fabrics. Hence, it can be
concluded that it is harder to predict the inter-ply friction force and easier to predict the friction

with aluminium due to its lesser variability in results between different tests.

By looking at test results for friction with aluminium, carbon 109 and carbon 105 show the
highest friction amongst fabrics. This indicates the effect of the binder on friction. Having all
fibers along the longitudinal direction and thus less resistance, the non-crimp fabric (NCF) shows

the lowest amount of friction with aluminium [42].

Looking at Figure 5.12, it can be concluded that fabrics 101 and 109 show the highest friction

force between plies, hence these fabrics are likely to behave favourably for the preforming
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process. However, fabrics 104 and 108 possess the lowest friction force between plies and

consequently may prove more problematic for the preforming process.

When looking at Table 3.1 and comparing all three glass fabrics, plain weave 101 has the highest
contact area followed by twill fabric 102, while 8-harness satin fabric 103 ranks the lowest.
Similarly, the graph shows the same ranking for friction with these fabrics. This makes a

reasonable case for the effect of contact area on friction with aluminium.

It should be mentioned that there are other fabric properties that impact friction such as fibre
sizing [43], fibre count etc. which adds to the complexity of the issue and differ depending on the

fibre manufacturer.
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Chapter 6

Bending Tests

6.1 Introduction

The bending behaviour of fabrics is one of the key elements that affects their draping and
preforming behaviour. Higher fabric stiffness results in more springback when the fabric is
draped on a mould. This chapter reports the use of a standard testing method for measuring the
bending stiffness in fabrics. The apparatus specification and the test procedure are presented in
section 6.2, along with photos illustrating the procedure. Section 6.3 tabulates the test data and
the standard deviation for each test. In Section 6.4, the analysis of bending test results is

conducted as a function of fabric properties. Section 6.5 delivers a discussion on this chapter.

The cantilevered test for quantifying the bending behaviour of dry fabrics was originally
introduced by Pierce. The original test consisted in measuring the overhang length of a dry fabric
without use of a tilted board. The modern cantilever test was introduced afterwards as an

improved version [32].
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6.2 Apparatus and methodology

In the bending tests reported in this work, fabric specimens were bent under their own weight
until they touched a board inclined at 41.5°. The apparatus used for the bending test consists of
two 150 mm by 300 mm surfaces, one horizontal and another tilted at 41.5° from the horizontal
as shown in Figure 6.1. The reason for using this angle, which is specified in the standard, is for
simplifying calculations. Specimen size is 25mm by 300mm. Tests are based on their stiffness

defined in standards ASTM F3260-17, ASTM D5732-95 and ASTM D1388—14 [44].

Displacing the sample toward the inclined plane was done using an aluminium plate of a similar
size of 25 mm by 300 mm, which featured a rubber film on its lower surface for increasing
friction between the displaced plate and the sample; this plate was positioned on top of the
specimen. The measured bent length is labelled overhang length O. Bending length c is defined

as half of the overhang length.

In order to measure the overhang length precisely, a 300 mm ruler was positioned next to the
sample. The ruler and the sample were perfectly aligned. Hence, any length that extended past
the origin of the ruler was the overhang length. The flat surface of the apparatus must be

polished, so that friction with the fabric is minimized.

Figure 6.1 shows the bending rig. Figure 6.2 shows a top view of the rig, indicating its main

dimensions.
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Figure 6.1. Cantilever bending test rig

25.4 mm

25.4 mm

152.4 mm

171.45 mm
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Figure 6.2. Dimensions of cantilever bending test rig
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Knowing the bending length and the surface density of the fabric, the flexural stiffness G of the

fabric can be calculated using Equation 6.1:

G =9.81x107° M. c? (6.1)

where G is the flexural stiffness (UN.m), 9.81 is the gravitational acceleration (m/s?), M is the
surface density (g/m?) and c is the bending length (mm) which is calculated as ¢c=0/2 where O is

the measured overhang length.

Motorized versions of such rigs exist, which move the specimens at a constant speed. In the case
of manual testing, ASTM standards [45] dictate that specimens have to slide at a linear speed of
120 £ 5 % mm/min until the specimen touches the tilted board. Should the specimens twist by

more than 45°, a test is deemed invalid.

Figure 6.3 shows cut specimens ready to be tested, and Figure 6.4 demonstrates the test. When
characterizing a fabric, 10 strips are cut - 5 along the warp and 5 along the weft of a roll. The test
is conducted 5 times on each warp sample and 5 times on each weft sample of each fabric using

a different specimen. The average bending length is reported, along with the standard deviation.
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6.3. Cut specimens for the bending test

Figure

test performed on a fabric
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Figure 6
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6.3 Results

Table 6.1 shows the bending length (mm) as well as the flexural stiffness (UN.m) for the fabrics
introduced in Chapter 2 except for fabric 106 which was primarily used for developing the

fraying tests discussed in Chapter 7.

Table 6.1. Flexural stiffness of fabrics

Surface Average
Average overhang Average bending Flexural stiffness Standard
* o density flexural
5 S length (mm) length (mm) (UN.m) deviation
P L (g/m?) stiffness (UN.m)
Warp Weft Warp Weft Warp Weft
101  Glass 96.3 58.6 48.15 29.3 304 358.1 80.69 2194 1314
102  Glass 141 70.5 300 1099 1099 49.49
103  Glass 96.8 62.3 48.4 31.15 296 337.0 89.84 2134 54.51
104  Carbon 150.2 75.1 408 1678 1678 45.75
105 Carbon  201.3 181.8 100.6 90.9 368 3800 2799 3300 504.0
107 Carbon 155.7 77.85 188 856.2 856.2 41.67
108 Carbon 121.7 60.85 365 817.8 817.8 50.82
109 Carbon 1855 226.7 92.75 113.3 624 4931 9000 6965 2040
110 Carbon 153.7 76.85 362 681.2 681.2 65.21
111  Carbon 143.4 71.7 724 1106 1106 159.3
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Figure 6.5 shows actual overhang length for some fabrics. From left to the right in this figure,
fabrics are: plain glass 101, twill glass 102, twill carbon 104, 5-harness carbon with binder 105,

and 2.5-D carbon with binder 109.

Figure 6.5. Overhang length of fabrics

Figure 6.6 illustrates the difference in flexural stiffness along the warp and weft directions [46]
for plain weave glass fabric 101. Such difference was also observed with the 8-harness glass
fabric 103, 5-harness carbon fabric with binder 105 as well as 2.5-D carbon fabric with binder
109. While the fabrics mentioned were stiffer along the warp, 2.5-D carbon fabric with binder
109 was stiffer along its weft direction. For other textiles tested, overhang lengths in both

directions were similar.
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Figure 6.6. Overhang lengths along warp and weft for fabric 101

6.4 Analysis

Flexural stiffness is presented as a function of fabric type, architecture, cover factor, thickness,
surface density and yarn count in Figures 6.7 to 6.14. Figure 6.7 shows that carbon fabrics on
average have a higher flexural stiffness compared to glass fabrics. The figure also indicates that
carbon fibre fabrics show a very large variability in flexural stiffness compared to glass fibre

fabrics. This was not surprising as carbon fibres have a larger Young’s modulus than glass fibres.
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Figure 6.7. Flexural stiffness for glass and carbon fibres

Figure 6.8, on the other hand, illustrates that the plain weave structure features minimum flexural
stiffness on average followed by satin weave structures. Stitched fabrics and fabrics with binder
show the highest bending stiffnesses followed by twill weave structures. Stitched and binder
fabrics possess the largest variability by far, followed by twill weave, satin weave and plain

weave architectures.

Twill weaves and satin weaves show statistically different behaviour, as well as plain weaves
and twill weaves, and also plain weaves and satin weaves. Plain weaves show flexural behaviour
which is statistically different from stitched fabrics and fabrics with binders; however, twill
weaves and satin weaves do not, primarily because of the very large variability associated with

results for stitched fabrics and fabrics with binder.
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Figure 6.8. Flexural stiffness between different architectures

Figure 6.9 shows the relation between flexural stiffness and areal density, with a weak R? factor
of 0.21. However, fabrics 102, 104, 107 and 110 seem to show a better relation amongst each

other, and fabrics 101, 103, 108 and 111 seem to show another.
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Figure 6.9. Flexural stiffness as a function of surface density
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Figure 6.10 shows data for flexural stiffness as a function of yarn count with a low R? of 0.085.
Figure 6.11 shows the data as a function of cover factor with low R? factor of 0.075, which
indicates there is almost no relation between bending stiffness and cover factor. The most
prominent deviation from fabrics is seen with fabric 109, which is a 2.5-D carbon fibre fabric
with binder. Its thick structure increases the stiffness markedly.

10000

9000

8000

7000 1109
6000

5000

4000

3000

Flexural Stiffness (UN.m)

y =-107.62x + 2528

2000 R*=0.0858

1000

15 20 25 30
Yarn count (yarn/cm)

0

Figure 6.10. Flexural stiffness as a function of yarn count
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Figure 6.11. Flexural stiffness as a function of cover factor
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Figure 6.12 illustrates the data as a function of crimp, with R? around 0.42. Fabrics 101, 103 and
108 seem to have a relation amongst each other, and fabrics 102, 105, 110 and 111 seem to
constitute another. It this case also, fabric 109 is largely deviated from other fabrics due to its

large stiffness.
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Figure 6.12. Flexural stiffness as a function of crimp

Figures 6.13 and 6.14 show flexural stiffness data as a function of thickness without pressure and
with pressure respectively. Both figures demonstrate a strong trend showing a R? factor of 0.77
for the former and of 0.83 for the latter. These trends returned the highest values of the R? factor

as a function of stiffness, which highlights the impact of thickness on flexural stiffness.
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Figure 6.13. Flexural stiffness as a function of thickness without pressure
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Figure 6.14. Flexural stiffness as a function of thickness under pressure
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6.5 Discussion

The higher flexural stiffness is, the more difficult it is to perform draping in an industrial setting.
For instance, when draped, plain glass fabric 101 will easily be bent on single-curvature moulds.
5-harness carbon fabric 105 with binder, on the other hand, requires significant manual work in

order to be positioned properly, before resin infusion.

Admittedly, factors such as fabric architecture, crimp (how tight the yarns are woven onto each
other), fabric’s type and fabric’s architecture influence the bending characteristic. However, the
most influential fabric parameter in flexural stiffness found in this chapter was fabric thickness,

and the R? factor associated with flexural stiffness and fabric thickness confirms this claim.

Table 6.1 lists flexural stiffnesses of the fabrics tested. The highest value was obtained for the
2.5-D carbon fabric 109 with binder, followed by the 5-harness carbon fabric 105 with binder.
This highlights the strong impact of powder binder on flexural stiffness. Twill weave carbon
fabric 104 and twill weave glass fabric 102 show comparable results. This indicates the influence
of fabrics architecture on bending stiffness. The lowest values, on the other hand, were observed

with the plain weave glass fabric 101 and 8-harness weave glass fabric 103.
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Chapter 7

Fraying Tests

7.1 Introduction

A lack of an established standard characterization method for the fraying of dry reinforcement
fabrics used in composites manufacturing precludes the use of quantitative methods for
analyzing and predicting this aspect of manufacturing operations. Knowledge of the fraying
characteristics of carbon and glass fabric reinforcements upon cutting and handling is important
in manufacturing. Upon preforming, different fabrics behave in different ways, making it
difficult to plan manufacturing efficiently; each element of the behaviour of these textiles,

including fraying, demands a reproducible testing method.

When draped, industrial fabrics can show fraying around the edges. The amount of fraying varies
with the fabric type, fabric architecture and mould geometry. A typical situation where fraying
can occur is the darting of a fabric, which is done to facilitate the draping of a mould of complex
geometry [47]. Figures 7.1 and 7.2 show two different fabrics after being cut and draped on a
mould. More complex mould geometries result in higher shear and more fraying, eventually

making the draping process more problematic with some fabrics.
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Figure 7.2. Fraying around edges after cutting and draping, carbon fibre fabric 104

Section 7.2 introduces the apparatus and methodology for this testing method including the
device specifications and specimen dimensions. Section 7.3 delivers the results of the fraying test
in Table 7.1, as well as in Figures 7.7 and 7.8. Section 7.4 delivers the analysis part of this test
including the yarn loss as a function of fabric characteristics such as fibre type, architecture,
surface density, yarn count, cover factor, crimp and thickness. Section 7.5 delivers a brief
discussion for this chapter.
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7.2 Apparatus and methodology

A testing rig featuring a 3.81 cm (1.5 in) diameter circular platen supported by a 0.95 cm (3/8 in)
diameter rod as shown in Figure 7.3 was mounted into an adjustable speed spinner. Tests
reported in this chapter were conducted at a spinning speed of 1500 RPM as measured by a
digital tachometer. Circular fabric specimens measuring 15.24 cm (6 in) in diameter were
secured on the platen, using double-sided General Sealants tape covering the whole surface of
the circular platen. Samples were spun at the aforementioned speed for 3 seconds. Inertial forces
caused some yarns to dislodge from the edges. Lost yarns were quantified using mass and area
loss. Tests were run on 5 samples for each fabric. Average losses are reported in Table 7.1, along

with values of the standard deviation.

@ 38.1 mm

S

?9.52 mm

(@) (b)

Figure 7.3. Fraying test rig (a) and fabric specimen mounted on the rig (b)
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The mass of each specimen was measured before and after each test, using a Smart Weight dual
platform scale with 200 g capacity and +0.001 g accuracy. Mass loss is reported as an average of

5 measurements.

The area of the specimen before the test and the non-frayed area after the test were measured
using the ImageJ software. Area loss was reported as an average of 5 measurements for each
fabric. Looking at the topographic images and fabric information in Chapter 3, the effects of
fibre type, architecture, surface density, yarn count, cover factor, crimp and thickness are

analyzed in Section 7.4.

Figures 7.4 and 7.5 show a sample of fabric 103 before and after a fraying test. Figure 7.5 shows

a sample of fabric 102 after the test.

Figure 7.4. 8-harness glass fabric 103 specimen, before fraying test
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Figure 7.6. Twill glass fabric 102, after fraying test
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7.3 Results

Table 7.1 lists fraying test results for mass loss, area loss and standard deviations for both
measurements. fabric information such as fibre type and architecture are also mentioned. Since
this test was developed at University of Ottawa, it was not conducted for all fabrics used by the
industrial partner due to availability and lack of time. The test was conducted for fabrics 101 to

106.

Table 7.1. Fraying test results

Mass loss Area loss

nzargtr)tr Fibre Architecture Iolg/lsa(i;)) Ar?;) I)OSS ztea\\/rilggcr)cril gtea:/r;ggtr)ﬂ
101 Glass Plain 43.15 77.07 242 4.81
102 Glass Twill 1.39 6.04 0.22 1.25
103 Glass  8-harnesssatin ~ 11.23 20.68 1.14 2.99
104 Carbon Twill 3.03 7.20 0.53 1.36
105 Carbon Ohamesssatin -y g, 4.75 0.31 1.59

with binder

Unidirectional

106 Carbon Stitched

1.09 3.39 0.09 0.90

Figure 7.7 shows the results from fraying tests comparing mass loss (%) and area loss (%) for all

6 fabrics tested. This figure illustrates limited yarn loss for glass fabric 102, carbon fabric 104,
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carbon fabric 105 and carbon fabric 106. On the other hand, results for glass fabric 103 show
moderate amounts of yarn loss, and those for the glass fabric 101 show high yarn loss. Figure
7.8, however, shows some of the data presented in Figure 7.7, comparing mass loss (%) and area

loss (%) for the four least frayed fabrics.
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Figure 7.8. Mass loss and area loss for 4 least frayed fabrics
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7.4 Analysis

Figure 7.9 shows the existing correlation between area loss (%) and mass loss (%) for fabrics

tested, demonstrating a strong trend with a R? factor of 0.999. This validates the equivalence of

the two measurement methods. However, both were used in order to investigate any existing

relation as well as variability in each test. The following analyses for fabric parameters were

conducted for mass loss as the mass loss was measured by a +0.001 g accuracy scale and thus

leads to be precise results.

90

Area loss (%)
L% By Lh (=) =1 =]
L] [==] =] = =] =]

]
=

y = 1.7352x +2.0029 / 101
R2=0.999/
102 104 103
_&_'/ 105
106
0 10 20 30 40 50

Mass loss (%)

Figure 7.9. Area loss and mass loss correlation

Figures 7.10 to 7.17 show mass loss plotted as a function of fabric type, architecture, cover

factor, thickness, surface density and yarn count. Figure 7.10 shows that the glass fibre fabric

reinforcements tested showed higher fraying compared to carbon fibre fabrics. Glass fibre fabrics

showed larger variability on mass loss that carbon fibre fabrics.
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Figure 7.10. Mass loss for glass and carbon fibres

Looking at Figure 7.11, plain architecture demonstrates the largest variability followed by satin
and twill. Fabrics with binder and stitching show the lowest amount. Their data are statistically
different with no overlap considering their standard deviation. This demonstrates the effect of

fabric architecture on mass loss results.

50

=
o

[¥%)
Lh

[¥%)
(=]

(5%
Lh

Mass loss (%)

(5]
(=]

—
Lh

—_
o

(=]

I

plain twill

binder and stitched

Figure 7.11. Mass loss for different architectures
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Figures 7.12 and 7.13 shows R? factor values of 0.07 and 0.002 when plotting mass loss as a
function of surface density and yarn count respectively. However, Figure 7.12 shows a relation
between fabrics 103, 104 and 105, and Figure 7.13 shows a relation between fabrics 102, 104,

105 and 106. In both figures, fabric 101 has deviated largely from others due its high mass loss.

50

45

i. 101

40

35

g 30
E: 25
£ %
=
15 v =-0.0012% T 41.003
10 }_1\ R2=0.0774
106 \
3 > 102 y —
0 b 105
250 270 200 310 330 350 370 390 410 430 450
Surface density (gram/cm?)
Figure 7.12. Mass loss as a function of surface density
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Figure 7.13. Mass loss as a function of yarn count
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Figure 7.14 demonstrates mass loss and cover factor with a correlation factor of R?= 0.68. In this
case, fabrics 102 and 103 seem to deviate from the trendline. It can be observed that the plain

weave glass fibre fabric 101 has lower cover factor compared to other textiles tested.
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Figure 7.14. Mass loss as a function of cover factor

Figure 7.15 plots crimp as a variance of fabric mass loss. While the general R? factor is low, for
some fabrics the analysis of fabric topography in Chapter 3 and Table 7.1 delivered information
regarding each fabric crimp placing twill structured fabrics with less crimp than the 8-harness
and perhaps consequently less yarn loss. Varying amounts of crimp can lead to differences in

triggering of yarns sliding relatively to each other [48].
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Figure 7.15. Mass loss as a function of crimp

Figures 7.16 and 7.17, finally, do not show a relation between mass loss and fabrics thicknesses.
This is surprising; however, one contributing factor for lack of relation seems to be the high

amount of mass loss in fabric 101.
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Figure 7.16. Mass loss as a function of thickness without pressure
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fabrics tested.
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Figure 7.17. Mass loss as a function of thickness under pressure

7.5 Discussion

The highest correlation between fabric parameters and mass loss was seen when cover factor was
the independent variable in Figure 7.14. This confirms the impact of cover factor in fraying of
reinforcement fabrics. Surprisingly, while crimp showed a relation for some fabrics, it did not

demonstrate a strong relation as an independent variable for mass loss in Figure 7.15, for the

Another major finding in this chapter was the larger fraying results in glass fibre fabrics
compared to carbon fabrics. It was also observed in Figure 7.11 that different architectures have

statistically different amounts of mass loss.

The high amount of yarn loss seen with the plain glass fabric could be due to low inter-yarn

friction, as well as to the plain weave structure itself. It can be concluded that twill fabrics show
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a higher resistance to fraying. Also, the use of a binder on the fabric and the presence of stitching

in fabrics prevent edge fraying efficiently.

The carbon fabric 106 used in testing had yarns extending along 45° and -45° directions with a
stitch along the 0° direction. This fabric predictably returned the minimum yarn loss, confirming

that stitching can be a potent solution to the occurrence of fraying in some cases [49].

This chapter introduced a reproducible testing method for measuring yarn loss in carbon and
glass fabrics with minimum variability in results aiming at quantifying fraying. The impact of
some fabrics attributes such as architecture, stitching and presence of a binder on yarn loss was
observed and discussed. Using an automated cutting machine [50] for preparing the specimens,

may lead to more accurate specimens resulting in more repeatable results.
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Chapter 8
Conclusions and Recommendations

This work focused on studying elements of behaviour in textiles including shear, friction,
bending and fraying at a macroscopic level, representative of draping procedures. Elements of
behaviour were measured and analyzed in relation to fabric properties including fibre type,
architecture, surface density, cover factor, crimp and thickness. 11 fabrics were tested in this
work including plain glass, twill glass, 8-harness glass, twill carbon, 5-harness carbon, 5-harness
carbon with binder, three non-crimp carbon, 4-harness carbon, and 2.5-D carbon fabrics. All
fabrics used in this work except for the NCF carbon fabric 106 are Hutchinson’s industrial

fabrics and were cut and supplied by Hutchinson.

The objectives defined in Section 1.2 were all attained:
e Deformation modes in fibres, yarns, single ply and multi-layers were studied and

discussed.

e Fabric characteristics that impact the draping process such as shear, bending, fraying and

friction were defined and discussed.

e The relation between fabric parameters such as fibre type, architecture, surface density,

yarn count, crimp, cover factor, surface contact area and thickness were analyzed.
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e A more reproducible testing method for measuring fraying characteristic in fabrics was

developed and introduced in Chapter 7.

In the shear test results, it was demonstrated that glass fabrics have larger shear extensions, and
thus are easier to handle for the draping process. In terms of architecture, plain fabrics showed
the highest shear extension followed by twill, satin and fabrics with binder. The cover factor had
the strongest relation with the shear extension. While crimp factor did not demonstrate a strong

relation, some fabrics followed a trend amongst each other.

For friction between plies results, it was observed that glass fibre fabrics on average have a
higher amount of friction between their plies. It was also seen that plain weave has the highest
amount of this friction followed by stitched and fabrics with binder, while twill and satin have
the lowest amount. The highest correlation was seen with the cover factor as independent

variable for friction between plies.

For friction with aluminium, however, carbon fabrics showed a higher average compared with
glass fibre fabrics. Differences between architectures are not substantial in this case.
Nonetheless, stitched and binder fabrics have the largest amount of friction by a small margin,
followed by twill, plain and satin architectures. The crimp factor and the fabric thickness

demonstrated the strongest correlation with this friction force.

In the bending chapter, it was demonstrated that in most fabrics the bending stiffness is higher
along the warp direction compared to the weft. The only exception for this was the 2.5-D carbon
fabric 109. This influences the decision making for the initial orientation of plies. It was also

concluded that carbon fabrics on average have a higher flexural stiffness compared to glass
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fabrics. In terms of architecture, stitched and fabrics with binder have the highest bending
stiffness followed by twill, satin and plain fabrics respectively. Fabrics thicknesses showed the

highest correlation with this stiffness.

In terms of fraying around the edges in the draping process, glass fibre fabrics showed much
more yarn loss compared to carbon fibre fabrics. Furthermore, twill architecture showed the
lowest amount of yarn loss followed by stitched and fabrics with binder, satin and plain
structured textiles. Cover factor illustrated the highest correlation as a variance of mass loss

measurements in fabrics.

8.1 Future work

For attaining a more accurate draping prediction, different elements of behaviour were defined,
tested and analyzed for available fabrics. While considering the mould geometry and looking at
the fabric elements of behaviour the complexity of the draping process can be predicted, there
are cases that fabrics with high amount of fraying for instance, are virtually impossible to be
draped without major obstacles. The ongoing work to tackle these problematic textiles suggests
solutions such as localized binder or localized stitching where by looking at the most complex
double curvature of the mould, binder or stitching is applied in order to keep the yarns together.
In a similar way, fabrics with extremely high flexural stiffness can be used through some in-oven
preforming processes can be used in order to simplify the draping process before the

manufacturing of the composite parts.
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Collecting the data from the characterizations and inputting them into a comprehensive draping
predictive software which can consider all the elements of behaviour of a fabric, complexity of

the mould, number of plies, and the cutting pattern is the next step for moving this work forward.
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Appendix A

Graphs of shear extension tests
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AB. Shear tests for fabric 108
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