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GENERAL INTRODUCTION

Thesis statement

The composite materials are being increasingly used in various areas, especially
in the aeronautics field, attracted by their interesting mechanical performance and
lightweight, multi-layer is used extensively in the last few years. The latest gener-
ations of aircraft from the two major manufacturers, Airbus and Boeing, use more
than 50 % of composite materials. Fig. 0-1 gives the textile applications in Airbus
380. With the development of three-dimensional (3D) textile technologies, 3D re-
inforcement is gradually taking the place of the multi-layer reinforcement. It is
also due to 3D composites with better through-the-thickness strength and stiffness,
which is becoming an emerging research topic in the field of composites.
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Through-thickness reinforcement (TTR) in 3D architectures is not only applied to
address the delamination issue of multi-layer dry textile reinforcements, but also
an attempt to manufacture the lighter and stronger composites part. The delam-
ination is reduced due to the additional of a Z-direction reinforcement. TTR can
be achieved by 3D weaving, z-pinning, and stitching/tufting technologies [1-4].
3D weaving limitation is the low productivity which is due to many fibre bun-
dles which are interlaced with several layers, and the ability rate limit of the textile
machine [5]. Z-pinning is a relatively slow and expensive process [6], and it is suit-
able only for the aerospace market [7]. Tufting is a promising TTR technique for
composites fabrication, which involves high-tension strength tufting thread, e.g.
carbon threads, through the thickness reinforcements [8]. Tufting technology is an
advanced technology, which originates from the traditional carpet manufacture,

and its earliest application in the composites field can be found in the literature
dates back to 1973 [9, 10].

In recent years, the GEMTEX Laboratory focused on the research of the tufting
technology to achieve the TTR composites by adding the Z-direction thread, espe-
cially since an academic tufting device was designed by Lui et al. [11]. As the 3D
laminated TTR technology, it does not only improve the mechanical performance,
but also, on the one hand, it adapts to various materials, and it is easy to achieve
various patterns just by changing the tufting density and tufting direction, and
therefore, the realization is easier than 3D orthogonal TTR technologies (3D weav-
ing, braiding and knitting technologies). On the other hand, this technology can not
only reinforce the preform, the flat appearance, but also to assembly multiple pre-
forms to develop the complex structure. Meanwhile, the mechanism to realize the
tufting technology is relatively simple and the production equipment is low cost,
the stitching damage is reduced, and thick structures up to 30 mm can be rein-
forced. However, as a promising technology, there are still problems to be studied.
For instance, to understand its mechanical performance, to develop new tufting
structures, to fully understand the the working mechanism of tufitng threads, etc.

In the present study, the tufting technology is used as an entry point and investi-
gated in multi-scales: tufting thread and its degradation, tufted laminate compos-
ites and its interlaminar shear properties, and tufted panel assembly composites
and its manufacture as well as the mechanical properties, respectively. The present
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thesis is classified as follows:

1. At tufting thread scale, to well understanding the degradation behaviours of

tufting threads, then to propose a novel tufting process.

2. At tufted laminate scale, to explore an interlaminar shear test under mode II

sliding loading condition on tufted preform and composites, respectively.

3. At tufted plate assembly scale, to develop this novel plate assembly compos-
ite by tufting, and then to study the basic mechanical properties under tensile

loading.

4. Based on the tufting thread properties, the tufting path in the composite and
the cross-section of tufting thread to propose a geometrical model of tufting
thread.
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Outline of the thesis

In addition to this chapter, the manuscript is divided into six ones as follows:

The present chapter gives an overview of this thesis, including the problem state-
ment, the aim of the thesis, and the outline of the thesis.

The chapter 1 provides the literature review on the textile composite, including an
overall overview of textile reinforcements and technologies. This is followed by a
broad overview of the tufting technology and tufted composites.

The chapter 2 presents a novel tufting mechanism based on the exploration of the
reasons of tufting thread degradation during the tufting process. The quasi-static
tensile and image-observation of tufted threads and non-tufted to understand the
degradation of tufting thread. Followed by a novel tufting mechanism is proposed,
meanwhile, the two abovementioned methods are used to verify the feasibility of
this novel tufting process. Furthermore, the effect of tufting density on the tufting

thread degradation is also presented in detail.

The chapter 3 focuses on the interlaminar shear properties under mode II sliding
loading condition of the tufted products. Including the dry tufted preform (DTP)
and cured tufted composite with tufting thread (CTC) or without (CT’C), respec-
tively. The respective intragroup and intergroup comparison results of ultimate
shear strength and shear angle based on the various tufting densities are discussed

in detail.

The chapter 4 demonstrates the manufacturing of plate assembly composite based
on tufting technology. Its basic mechanical properties under tensile loading are
tully discussed, including the influence of tufting density, free tuft loop (FIL), and
tufting pattern on these mechanical properties. The results are shown in terms of
the failure positions and the tensile properties histograms are compared and dis-
cussed in detail. Besides, A novel geometrical model of the tufting thread is pro-
posed based on the shape and path of the tufting thread and the cross-section of
the tuft point. Subsequently, A macro (M)-level model of tufted plate assembly
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composite is established on the basis of the tufting thread model.

The last chapter contributes to the overall conclusion of the thesis and gives per-

spectives for future work.

The schematic outline of this thesis is shown as Fig. 0-2 in below:

Thesis
Statment

Thesis
Outline

{

General Introduction

Y

Textile
composite

Chapter 1: Stat of the Art

Tufted
composite

~
Chapter 2: Chapter 3: Chapter 4:
Novel Tufting Mechanism to the Multi-Scales Tufted Laminates to A Novel Plate Assembly by
Optimisation of Tufting Thread the Response of Interlaminar Tufting and the Optimisation of
Degradation Shear Properties Manufacturing Parameters
/
v o)
[ General Conclusion
Fig. 0-2. Outline of thesis
L] L]
Bibliography
[1] A. P. Mouritz. Design dilemma for Z-pinned composite structures. 27th

Congress of the International Council of the Aeronautical Sciences 2010, ICAS 2010,

3:1895-1905, 2010.



2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

vi

AP Mouritz. Review of z-pinned composite laminates. Composites Part A:
Applied Science and Manufacturing, 38(12):2383-2397, 2007. ISSN 1359835X.

K Dransfield, C Baillie, and YW Mai. Improving the delamination resistance
of CEFRP by stitching—a review. Composites Science and Technology, 50(3):305—
317,1994. ISSN 02663538.

G Dell’Anno, JWG Treiber, and IK Partridge. Manufacturing of composite
parts reinforced through-thickness by tufting. Robotics and Computer-Integrated
Manufacturing, 37:262-272,2016. ISSN 07365845.

BG Falzon, SC Hawkins, CP Huynh, R Radjef, and C Brown. An investigation
of Mode I and Mode II fracture toughness enhancement using aligned carbon

nanotubes forests at the crack interface. Composite Structures, 106:65-73, 12
2013. ISSN 02638223.

P Potluri, E Kusak, and A Cumellas. Structural performance of orthogonal
and bias stitched sandwich structures with rigid close-cellular foams. In pro-
cedding 44th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and
Materials Conference, page 1949, 2003.

P Potluri, E Kusak, and TY Reddy. Novel stitch-bonded sandwich composite
structures. Composite structures, 59(2):251-259, 2003.

A Henao, M Carrera, A Miravete, and L Castején. Mechanical performance
of through-thickness tufted sandwich structures. Composite Structures, 92(9):
2052-2059, 2010. ISSN 02638223.

DW Bauer and WV Kotlensky. Relationship between structure and strength
for CVD carbon infiltrated substrates. Part II- Three dimensional woven,
tufted and needled substrates. SAMPE Quarterly, 4(2):10-20, 1973.

S.D. Green and G. Dell’Anno. Impact resistance of carbon/epoxy L-sections
reinforced through-the-thickness by tufting. In Proceeding of the 21th Interna-
tional Conferences on Composite Materials(ICCM), 2017.

LS Liu. Development and optimization of the tufting process for textile composite
reinforcement. PhD thesis, Université de Lille 1, 2017.



CONTENTS

General Introduction i
Thesisstatement . . . . . ... ... ... ... . Lo o i
Outlineof thethesis . . . . . ... ... ... .. ... ... .. ... ... ... iv
Bibliography . . . . . . ... \%

1 Stat of the Art 1
1.1 Introduction of chapterone . . ... .. ... ... ........... 1
1.2 General knowledge of composite materials . . . .. ... ....... 2

1.2.1 Moulding process of composite materials . . . . . ... .. .. 2
1.2.2  Textile reinforcement architectures and technologies . . . . . . 4
1.3 The advanced tufting technology . . . . .. ... ... ... ...... 15
1.3.1 Applications and devices of tufting technology . . . . . . . .. 16
1.3.2 Manufacturing of tufted composites . . . ... ... ... ... 22
Preparatory work: the definition of tufting density . . . . . . ... .. 25
1.3.3 Micro - and meso-structure of tufted composites . . . . . . . . 28
134 Advantageoftufting . . .. ... .. ... ... ... ..., 31
1.3.5 Disadvantage of tufting . . .. ... ... .......... .. 39
14 Conclusion of chapterone . . . ... ... ... .. ........... 40
Bibliography . . . . . . .. ... 41

2 Novel Tufting Method to the Optimisation of Tufting Threads Degrada-

tion 55
2.1 Introduction of chaptertwo . . .. ... ..... ... ... ... .. 55
22 Materialsand methods . . . . .. ... ... ... .. 000 57
2.3 Problems of degradation in classical tufting . . . . ... ... ... .. 58
2.3.1 Description of classical tufting . . .. ... ........... 58
2.3.2 Image-observation of inserted tufting threads . . . ... ... 59
2.3.3 Tensile tests of the tufting threads . . . ... ... ..... .. 64
24 New tuftingprocess . . .. ... .. ... ... .. ... .. ... ... 66
2.4.1 Description of the two-step tufting process . . . . .. .. ... 66

i



CONTENTS

11

2.4.2 Image-observation of inserted tufting threads . . . ... ... 68
243 Tensile tests of the tufting threads . . . . ... ... ...... 70
25 Discussion . . . ... ... e 71
2.6 Conclusion of chaptertwo . . . . ... ...... .. ... .. ..... 74
Bibliography . . . . . .. ... .. 74

Multi-Scales Tufted Laminates to the Response of Interlaminar Shear Prop-

erties 79
3.1 Introduction of chapterthree . . ... .. ... ... ..... ... .. 79
3.2 Materialsand methods . . . . ... ... ... L oo oo 81
321 Rawmaterials . . . .. ... ... .. Lo Lo 81
3.2.2 The preparation of testsamples . . . . ... .. ... ... ... 82
3.2.3 Preparing and setting tufting configurations . . . . ... ... 84
3.24 Interlaminar shear characterisation. . . . . .. ... ... ... 85
33 Results . . ... ... 89
3.3.1 Interlaminar shear test of dry tufted preform samples . . . . . 89
3.3.2 Interlaminar shear test of cured tufted composite samples . . 91
34 Discussions . . . . ... 96
3.5 Conclusion of chapterthree . . . .. ... ... ... .......... 99
Bibliography . . . . . .. ... .. 100

A Novel Plate Assembly by Tufting and the Optimisation of Manufactur-

ing Parameters 105
4.1 Introductionof chapterfour . . .. ... ... .. ... ........ 105
42 Materialsand methods . . . . . ... ... ..o Lo 107
421 Materialsandsamples . . . .. ... ... ... L 107
422 Testingprocedure. . .. ... ................... 113
43 Results . ... ... .. L 115
43.1 Failure position observations . . . . ... ............ 115
432 Tensiletestingresults. . . . ... ... ... ........... 116
44 Discussion . . ... ... ... e 125
45 Conclusion of chapter four . ... ........ .. .. ........ 127
4.6 Perspective of chapterfour. . . . ... ...... .. .. .. ... ... 128
4.6.1 Modelling of the tuftingthread . . . . . ... ... ... .... 128
4.6.2 Modelling of the tufted plate assembly composite . . . . . . . 132
Bibliography . . . . . . . ... . 137



CONTENTS

General Conclusions i
Conclusions . . . . . . . e, i
Perspectives . . . . . .. ... ... ii

111



CONTENTS

iv



LIST OF TABLES

1-1
1-2
1-3
1-4
1-5

2-1

2-3

3-1
3-2

4-2

4-4
4-5
4-6

Development of preform architecture classification. . . . . . ... .. 6
Main parameters of tufting device [29]. . . . .. ... ... ... ... 22
Delaminationarea [118]. . . . . . . . ... .. ... ... ... ..... 35
Ultimate compressice strength on CBI and CAI tests, and the resid-

ual ratio (CAI/CBI) [83]. . . . . . . . . . o 37
Experimental results in terms of CAl strength [109]. . . . ... .. .. 37
Main properties of tufting threads. . . . . ... .. ... ... .. ... 58
Influence of tufting spacing on the degradation of inserted tufting

threads. . . . . ... ... ... 62
Influence of tufting spacing on the degradation of inserted tufting

threads. . . . . ... ... 68
Description of test tufted samples. . . . .. ... ... ..... ..., 85
Conclusive interlaminar shearing resistance results of all samples. . . 97

Samples that meet various influencing factors and their designated

nomination. . . .. ... Lo 112
Failure position of tufted assembly. . . . . . ... ... ... ...... 116
Tensile properties of group Asamples. . . . ... .. ... ... ... .. 118
Tensile properties of group B samples (Without FTL). . . ... .. .. 118
Tensile properties of group C samples (£ 45° tufting patterns). . . . . 120

The comparison results of specific breaking force between tufted
plate assembly composites with and without FTL. . . ... ... ... 126



LIST OF TABLES

vi



LIST OF FIGURES

0-1 Textile composite applications in Airbus 380 [www.airbus.com] . .. i
0-2 Outlineofthesis . . . . . ... ... ... .. \%
1-1 Overview of thechapter. . . . . ... ... ... .. ... .. ...... 1
1-2  The classification of varying closed-moulding techniques.. . . . . . . 4
1-3 Classification of textile preform by Wang, Legrand and Soulat [11]. . 5
1-4 Standard weave structures (a) plain weave, (b) twill weave and (c)
satinweave [18].. . . . . . . . .. e 7
1-5 Standard knit structures (a) warp knit and (b) weft knit [19,20]. . .. 7
1-6 Basic braid structures (a) regular braid, (b) diamond braid and (c)
herculesbraid [24]. . . . . . . . . . . . . . ... 8
1-7 (a) Braiding machine in GEMTEX and (b) Principe of braiding [24]. . 9
1-8 Example of (a) flat braid and (b) tubular braid [20]. . . . . . .. .. .. 9
1-9 Examples of 3D interlock weaves structures [20]. . . . . . .. ... .. 11
1-10 Examples of 3D knit structure (a) chain stitch and (b) tricot stitch [35]. 11
1-11 Examples of 3D (a) square braid [34] and (b) braid structure [20]. . . 12
1-12 Examples of laminate configurations [36]. . . . . ... ... ... ... 12
1-13 Schematic of z-pinning technology [27,37]. . . . ... ... ... ... 13
1-14 Schematic of (a) lock stitches, (b) modified lock stitches and (c) chain
stitches [38,43-45]. . . . . . . . . e 14

1-15 Schematic of OSS technologies (a) Double-needle Double-thread stitch-
ing (ITA), (b) Double-needles Single-thread stitching (Altin) and (c)
Blind stitching (KSL) [46-50]. . . . . .. ... .. ... .. ....... 14

1-16 Schematic of tufting technology (a) conventional process, (b) partial
or fully penetration and (c) angled tufting process [50, 51]. . . . . .. 15

1-17 Aerotiss® 03 tufting principle [59]. . . . ... ... o oo 16

1-18 Schematic of aviation applications in (a) flat panel, (b) convex panel,

(c) bi-bonvex pane, (d) nozzle of rocket engine and (e) spacecraft

vii



LIST OF FIGURES

viil

1-19 A "Tufting Head" developed by KSL GmbH, Lorrsch and DLR, In-
stitute of Structural Mechanics, Brunswick for operation on conven-
tional CNC machine [25]. . . ... ... .. ... ... .. ....... 18

1-20 (a) Stitching robot and (b) tufting head used in QinetiQ Company [73]. 19

1-21 (a) Kavasaki FN20 stitching robot and (b) KSL KL150 tufting head [64]. 20

1-22 (a) Stitching robot system and (b) tufting head developed by Alitin

Nathechnik GmbH [75]. . . . . . . .. ... .. ... ... . ...... 21
1-23 Tufting device (a) using in GEMTEX Lab. and (b) CAD version [29]. . 22
1-24 Schematic of tufting parameters [29]. . . . . . ... ... ... ... .. 23
1-25 Cylindrical support [70]. . . . . . . ... ... . Lo L 24
1-26 Tuft loops emended in the closed, foam filled preform [77]. . . . . . . 24
1-27 Schematic of liquid resin infusion process [9]. . . . . . . .. ... ... 25
1-28 Definition of tufting density, schematic of tufting direction of (a) 0

angle (b) with a directionangle. . . . . ... ... ... .. ... ..., 26
1-29 Degradation of tufting thread [57]. . . . . ... ... ... ... .... 29
1-30 Resin-rich zones of tufted composites [74]. . . .. ... ... .. ... 30
1-31 Inclined tuft [57]. . . . . . . . . . . .. 31

1-32 Tufted and untufted composites delamination characteristic in static:
(a) force versus crack displacement and (b) G;¢ versus crack length

2 33
1-33 Standard and tufted NCF composites response to delamination: (a)

force versus crack displacement, (b) strain energy release rate [96]. . 33
1-34 Energy absorption after failure in all composites [86]. . . . .. .. .. 35
1-35 Size of lightning strike damaged area [119]. . . . .. . .. ... .. .. 36
1-36 Results of Mills (a) Spar tufting and (b) Energy absorption [120]. . . . 38
1-37 Results of kratz (a) Testing specimens in four-point bending and (b)

First failure load-displacement plot for skin-stringer tests [125]. . . . 39
2-1 Bobbin of tufting thread. . . . .. .. .. ... ... ... 00 58
2-2 The tufted sample using the tufting square pattern of 9 x 9 mm?.. . 58
2-3 C(lassical tufting process (a-b) schematics view and (C) with GEM-

TEX tufting device. . . . ... .. ... .. ... ... .. ... .. ... 59
2-4  (a) hollow needle and (b) schematic view of cross section. . . . . . . . 60

2-5 (a) the tufted preform,(b) the inserted threads picked in one tufting
cycle and (c) the scanned image of inserted threads in one tufting
cycle. . . 61



LIST OF FIGURES

2-6 Image-observation of the non-inserted tufting thread and the inserted

tufting threads with different tufting spacing. . . . . . ... ... ... 63
2-7 Tensile test of the single tufting thread. . . . . . . ... ... ... ... 64
2-8 Tensile load vs. strain curves of the non-inserted and inserted tufting

threads. . . . . . . . .. 65
2-9 Schematics of two-step tufting process. . . . ... ... ... ... .. 67
2-10 Two-step tufted carbon thread with tufting spacing of (a) 9 mm, (b)

6mm, (C)3mm. . . . .. 69
2-11 Comparison of the degradation in pixel between the classical and

two-step tufting. . . . . .. ... . o o 70
2-12 Tensile load vs. strain curves of the inserted tufting threads in two-

steptufting. . ... ... 71
2-13 Comparison of the tensile properties between the classical and two-

steptufting. . . ... ... .. 73
3-1 Thelayoutofthechapter . . . . ... ... ... ... ... .. ... ... 81
3-2 (a) E-glass fabric and (b) schematic of the laminated preform.. . . . . 82
3-3 Dry tufted preform (a) top view and (b) bottom view. . . .. ... .. 83
3-4 The tufted preform sample under the LRI process. . . . ... ... .. 83
3-5 Cured tufted composite (a) top view and (b) bottom view. . ... .. 84
3-6 Interlaminar shear (a) mode II shear delamination, (b) test set-up

and (c) schematicview. . . . . . . . .. ... ... ... 88
3-7 Representative shear load-shear angle curves of DTP specimens . . . 90
3-8 Representative shear properties of DTP specimens. . . . . ... ... 91
3-9 Representative shear load-shear angle curves of CT’C samples. 92
3-10 Representative shear load-shear angle curves of CTC samples. . . . . 93
3-11 Comparison of the shear properties between CT’C and CTC samples. 95
3-12 Three principal states of specimens under the Mode II loading test 98
3-13 Comparison of rupture position for CTC specimens . . . . . ... .. 99
4-1 Schematic view of (a) tufted tubular assembly, (b) tufted plate as-

sembly. . . .. ... 107
4-2  Tufted plate assembly (a) schematic view, (b) dry preform samples

with a tufting spacingof 9mm. . . . ... ... .. 000 L 109

ix



LIST OF FIGURES

4-3 (a) Dimensional schematic of tensile test for tufted plate assembly
sample (Top: Top view; Bottom: Front view). (b) Left: INSTRON® Uni-

versal Testing Machine; Right: Tensile test set-up. . . . . . . ... ... 114
4-4 Tensile load vs. strain curves of group A samples. . .. ... ... .. 117
4-5 Tensile load vs. strain curves of group B samples (without FTL). . . . 119

4-6 Tensile load vs. strain curves of group C samples (+ 45° tufting pat-

4-7 Comparison of the tensile properties (a) maximum tensile load and

(b) breaking strain of tufted plate assembly composite between with

and without FTL. . . .. ... ... ... .. ... ... ... ..... 122
4-8 Comparison of the tensile properties of tufted plate assembly com-

posite with different pattern. . . . . ... ... 0000 0oL 124
4-9 Comparison of specific breaking force between tufted assembly com-
posite part with FTL and without FTL. . . . . ... ... ... ... .. 126
4-10 Basic morphology assumption of tufting thread . . .. ... ... .. 129
4-11 The sectional view of tufting thread through the thickness by QMi-
croCapture. . . . . . . .. ... ... 130
4-12 Polygonal section-cross by Solidwork. . . . . . . ... ... ... ... 131
4-13 Geometrical model of tufting thread by TexGen. . . . . ... ... .. 132
4-14 Parts of tufted plate assembly model. . . . . ... ... ...... ... 133
4-15 Element meshing (a) glass/epoxy element and (b) cohesive element . 134
4-16 Tufting thread meshing . . . . . ... ... ... ... ... ..... 135
4-17 Tufting thread (a) optimized geometrical model and (b) meshing res-
olution . . ... ... . 136
4-18 Overall view of tufted plate assembly meshing . . . . . ... ... .. 136
4-19 The unit cell of tufted architecture. . . .. .. ... ... .. ...... 137



CHAPTER 1

STAT OF THE ART

1.1 Introduction of chapter one

To manufacture the overall preform is commonly recognized to improve the me-
chanical performance of the final composite part. Firstly, general knowledge about
the composite material is introduced in Section 1.2, including the cured moulding
methods to complete the final composite, and the manufacture methods of rein-
forcement to achieve the composite preform. Then, a typical tufting technology is
reviewed in Section 1.3, focusing on its applications and its devices to date, as well
as on the characteristics and properties of resin-based tufted reinforced compos-
ites. Finally, a brief conclusion is made in the last Section 1.4. The present chapter

overview is shown in Fig.1-1.
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Fig. 1-1. Overview of the chapter.



Chapter 1 — Stat of the Art

1.2 General knowledge of composite materials

The increasing importance has been placed on composites and their promising fu-
ture according to recent market shares and predictions. Definition in general [1, 2],
composite materials (composite for short) are formed by combining materials to-
gether to form an integrated structure with properties that differ from those of the
individual components. There are two categories of constituent materials: matrix
and reinforcement. The matrix material surrounds and supports the reinforcement
materials by maintaining their relative positions. Reinforcement imparts their spe-
cial mechanical and physical properties to enhance the matrix properties. A syn-
ergy produces material properties unavailable from the individual constituent ma-
terials [3, 4].

As an important subclass of composites, textile reinforced composites, also known
as Fiber-Reinforced Polymer (FRP) composites [5], are made from polymer matrix
where the reinforcement is a textile material comprised of natural or artificial fibres.
Of which, the matrix protects the fibres from environmental and external damage,
while transferring loads among the fibres. The textile, in turn, provides strength

and stiffness to reinforce the matrix whilst helping it to resist cracks and fractures.

Composites are used in a wide variety of markets due to their high stiffness and
strength to weight ratio, including aerospace, architecture, automotive,civil en-
gineering, energy, infrastructure, marine, military as industrial composites, and
sports, recreation as consumer composites. They are typically designed with a par-
ticular application in mind, such as better strength, efficiency, or durability. They
have played an important role throughout human history, from housing early civ-

ilizations to enabling future innovations [6].

1.2.1 Moulding process of composite materials

Composites moulding process is the basis and condition for the development of
composite industry. With the broadening of the application area of composite ma-
terials, a number of moulding processes have been perfected, while new moulding

2
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methods have emerged. The present chapter describes two groups of moulding
techniques, respective open-moulding and closed-moulding. Each moulding tech-

nique corresponds to a variety of methods and has its own characteristics.

* The open-moulding

The open-moulding technique [7] is typically used for a large size range of com-
posites parts that cannot be manufactured in more automated processes. Or for
composite parts which are manufactured in low volumes that cannot accomplish
the higher mould costs of automated processes. The dry reinforcement and resin
are placed in an open mould, where the cure or harden process is realised while
exposed to the air. The benefits of this moulding technique are its flexibility and
relatively low tooling cost. The open-moulding technique can therefore be used
in prototype manufacturing and short production. It is known that Hand lay-up,
spray up and filament winding are three significant methods of this moulding
technique.

¢ The closed-moulding

The closed-moulding technique [8, 9] is used to manufacture large quantities of
precision composite parts or to respond to the two-sided finish of the final prod-
uct. In the course of the closed-moulding process, the dry reinforcement is placed
onto the mould, then to close the mould. Meanwhile, the resin is introduced into
the closed cavity using a pressure pump or vacuum. When the preform is cured,
open the mould and remove the composite part. The advantages of this moulding
technique are its low-cost tooling, product consistency, high productivity, repeat-
able process, and environment friendly. Thanks to its closed mould system, which
allows resin emissions to be reduced. The following chart, shown as Fig.1-2, sum-
marises the various methods of performing closed-moulding techniques in accor-
dance with the literature review.
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Closed-moulding

Vacuum Bagging| | Compression Liquid Composite Pultrusion Centrifugal Continuous
Moulding moulding Moudling (LCM) Casting Lamination

>

Resin Transfer Vacuum
Prepreg Moulding Infusion Process
(RTM) (VIP)

N

Resin Film Liquid Resin
Infusion Infusion
(RFI) (LRI)

Fig. 1-2. The classification of varying closed-moulding techniques.

Wherein, LRI technique [10] is used as the moulding method to complete the final
composite parts throughout the present thesis. Because it is a simple, low-cost 3D
preform moulding technology.

1.2.2 Textile reinforcement architectures and technologies

Many textile technologies have been developed for the manufacture of reinforce-
ment, also known as "composite preform", prior to the moulding stage. In this sec-
tion, the classification methods of textile reinforcement are presented, followed by
an introduction of some textile reinforcement techniques, together with a demon-

stration of the corresponding composite preforms.

e (Classification of textile reinforcement structures
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There are various ways to classify reinforcement architectures recapped as follows:
According to the dimension: 1D, 2D, 2.5D (2D+), 3D,...
According to the number of orientation: Non-axial, mono-axial, biaxial, triaxial,...

According to the textile technology: Weaving, knitting, braiding, non-weaving,
novel advanced technologies,...

Fig. 1-3 shows one of the classifications proposed by Wang, Legrand, and Soulat
[11]. Meanwhile, there are other classifications of composite preform architecture
that have been developed in the past decades. Its development is shown in Table
1-1, four kinds of Definition Method could be figured out as 1) based on two com-
plementary criteria, the dimension of the final preform and the number of fibre
orientation; 2) focus on the number of different orientations are also posed as a
criterion for the dissociation of reinforcement; 3) based on the reinforcement ar-
chitectures and the associated technology for the production of the preform and 4)
focus on the 3D architectures.

Orientation
randomly mono axial bi axial tri axial multi axial
Dimensions
1D fibre tow, yarn e
rabric: WOVeN, | 4 ayial braiding: | NCF stitch bonded
2D non woven uni directional knlt.tlpg, bi axial flat, over braid NGF woven 2
braiding
2D+ thick non woven woven interlock | multi axial multi-layer interlock
shaped non tetrahedron ply | over-braiding, preforming, stamping of
surface : . -
woven stamping braid or/and multi axial
3D volume assemblies by
tufting, BYVS, cros§ of
o cross of shaped | stiffeners (integral
stitching, 30)
nailing/pinning

Fig. 1-3. Classification of textile preform by Wang, Legrand and Soulat [11].
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Table 1-1
Development of preform architecture classification .

Year Authors Definition Method
2016 Wang, Legrand, Soulat [12] 1 (Fig.1-3)
2003 Nemoz [13] 1

2000 Kamiya et al. [14] 4

1998 Ko and Du [15] 3

1992 Lee [16] 2

1986 Fukuta and Aoki [17] 1

¢ Textile reinforcement architectures and their technologies

Various forms of reinforcement can be used to meet the requirements of different
processes and final products, regardless of the selection of raw material. Materials
supplied as reinforcement include roving, milled fibre, chopped strands, continu-
ous, chopped, or thermoformable mats. Reinforcement materials can be designed
with unique fibre architectures and performed according to product requirements
and manufacturing processes. In the following, the reinforcement architectures
presented are based on 2D and 3D textile technologies.

a) Bidimensional (2D) architectures

The 2D weaving

Weaving is a traditional textile technology that makes it possible to obtain a biaxial
surface textile structure by the intersection at right angles of warp yarn and weft
yarn. Three standard weave structures shown in Fig.1-4 are distinguished: plain,
twill, and satin weave.
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Fig. 1-4. Standard weave structures (a) plain weave, (b) twill weave and (c) satin
weave [18].

The 2D knitting

Knitting is another traditional textile technology for shaping textile structures from
one or more strands. Knits are obtained by interlacing a thread with itself to form a
chain of stitches connection. Depending on the direction in which the loops are
formed, weft or warp knits can be obtained, as shown in Fig.1-5. Knitted rein-
forcements are feasible for making complex composite pieces. However, the strong
shrinkage (crimp of the twisted yarn) generated during the knitting process makes

their own in-plane mechanical properties are restricted.

A /‘ Qy\
@/ﬂ\

warp yarn

(a) Warp knitted (b) Weft knitted

Fig. 1-5. Standard knit structures (a) warp knit and (b) weft knit [19, 20].
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The 2D braiding

Braiding is a typical textile technology for producing high-volume, yet low-cost
composite preforms [21]. Shown as Fig. 1-6 that the regular, the diamond and Her-
cules structures are three common types of braided structures. One braiding ma-
chine, one braid product, braiding machine is therefore a key factor in braiding
technology. A conventional braiding machine (shown in Fig. 1-7 (a)) has fibre car-
riers moving in a circular pattern [22]. Fig. 1-7 (b) explodes that half of the carriers
move clockwise, and the others counterclockwise, in an intertwining serpentine
motion producing the desired braided structure, such as the examples shown in
Fig. 1-8: 2D flat and tubular braids [23].

ANAN

y O/ AN R Y
AR TN 2%
SO &&&

(a) Regular (b) Diamond (c) Hercules

Fig. 1-6. Basic braid structures (a) regular braid, (b) diamond braid and (c) hercules
braid [24].
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(a) Braiding machine in GEMTEX (b) Principe of braiding

Fig. 1-7. (a) Braiding machine in GEMTEX and (b) Principe of braiding [24].
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(a) Flat braid & triaxial (b) Tubular braid & biaxial

Fig. 1-8. Example of (a) flat braid and (b) tubular braid [20].
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b) Tridimensional (3D) and Pseudo-Tridimensional (2D+) structures

Various approaches to manufacturing 3D preform architectures have been brought
out. For instance, 3D weaving, knitting, braiding [5, 25, 26], z-pinning [27], stitching
[28] and tufting [29, 30]. By means of the insertion of a through-thickness fibrous
to obtain a 3D preform architecture, which is referred to as the Through-Thickness
Reinforcement (TTR for short). 3D reinforced architectures have been applied for
the thick and complex composite area, while filling the inherent shortcomings of
the 2D laminate architectures, such as delamination, low impact tolerance, joint
strength, and other out-of-plane properties.

The 3D/2D+ weaving, knitting and braiding

3D/2D+ weaving, knitting, and braiding are integral 3D textile technologies to
achieve integral 3D composite preforms that make up for the lack of mechanical
properties of the 2D preform structures.

3D/2D+ weaving: It is possible to obtain surface or volume structures (namely "In-
terlock structure") depending on the weaving process. They are achieved by super-
imposing several layers of weft yarns, then linked together among the warp yarns.
Two main types of 3D woven preform architecture are demonstrated as follows: 3D
and 2D+ interlock structures [31]: 1) 3D orthogonal interlock, 3D orthogonal layer-
to-layer (LtL) interlock and 3D through-the-thickness (TtT) angle interlock [32]);

2) 2D+ layer-to-layer (LtL) angle interlock and 2D+ layer-layer (LL) angle inter-
lock [33]. Even more, it has been proved that the preforms obtained by 3D weaving
are characterized by good compressive and delamination resistance properties [34],
some examples are shown in Fig.1-9.

10
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(c) Layer to Layer Angle Interlock

(d) 3D orthogonal

Fig. 1-9. Examples of 3D interlock weaves structures [20].

3D knitting: 3D knitted preforms are similar to 2D ones in that facilitates to re-
produce of complex structure pieces. 3D knitting consists of several knits joined
together by a Z-direction yarn(shown in Fig. 1-10). Therefore, they are particularly
appreciated for their lightness and deformability. However, there is little literature

on knitted structures in composites compared to other textile structures.
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(b) Tricot stitch

Fig. 1-10. Examples of 3D knit structure (a) chain stitch and (b) tricot stitch [35].

3D braiding: 3D braiding technology is an extension of 2D braiding. 3D braiding

involves creating superimposed braided layers that are linked together by interlac-
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ing layer-to-layer (LtL). It improves the resistance to delamination. Fig.1-11 shows

an example of a square braid product and a 3D braid structure.

(a) square braid (b) 3D braid structure
Fig. 1-11. Examples of 3D (a) square braid [34] and (b) braid structure [20].

The Laminates

Laminates (multi-layered structures) are composite preforms with the superposi-
tion of plies, oriented at different angles, and then directly cured and moulded
by resin infusion, or inserted Z-reinforcement prior to the resin infusion. Fig.1-12
gives examples of the superposition of the UD layer, which can gain the desired
mechanical properties for the final product. However, the limitations of the appli-
cations are due to the lack of reinforcement along the thickness direction. Some
technologies which reinforce in Z-direction to ameliorate the out-of-plane mechan-
ical properties of composite structures are literately reviewed as follows. These
following technologies can be used in the manufacture of large, thick, and com-
plex parts, and the final product can effectively improve its joint strength to reduce

delamiantion.

(a) [-45/45/ — 45/ — 45/45/ — 45] (b) [0/45/45/90/ — 45/ — 45/0]

Fig. 1-12. Examples of laminate configurations [36].

12
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The Z-pinning

Z-pinning is one of the very first technologies developed for thickness reinforce-
ment of conventional 2D laminates. The principle consists of pins through the
thickness of the laminates, and the process of which is illustrated step by step in
Fig. 1-13. Z-pinning is considered as the only technology for reinforcing prepreg
laminates along the thickness direction in large mass production [27].

.*/
lng

Stage 2: Foam carrier collapses
allowing z-pins to penetrate the
laminate.

Stage 1: Z-pin foam carrier on uncured
laminate preform ready for UAZ process.

Ultrasonic tool

Foam carrier k A NARHAAEEEN

Stage 4: Excess z-pin remaining in
,»7-2‘-';1“.# preform is sheared away.

sseres SRR

Stage 3: Reinforcement of laminate
complete.

Stage 5: z-pinned.
R RN RN R RN RN R R R R R R R R R R R R R

Fig. 1-13. Schematic of z-pinning technology [27, 37].

The stitching

Stitching is initially a sewing technique, using two interlocking threads [38—41],
which has been applied to the TTR laminate composite since mid-1980s. Three most
common types of stitches (lock stitch, modified lock stitch and chain stitch), used
to reinforce the 2D laminates have been shown in Fig. 1-14. Meanwhile, in the late
1980s, its better damage resistance has been revealed and fully proven through the
wing application by NASA. However, due to the need for accessing both sides of
the preform to be reinforced (laminates in general) to interlock the threads, a high
investment in the stitching device is required [42]. In this case, one-sided stitching
technologies which only require access from a single side of the preform have been

exploited, referred to as OSS for further introduction in the following:
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(a) (b) (c)

Needle ~ Needle

Thread Thread f

Thread Thread

Fig. 1-14. Schematic of (a) lock stitches, (b) modified lock stitches and (c) chain
stitches [38, 43—45].

The OSS:

OSS is named after Single-Sided Stitching, and various technologies are continu-
ously explored. Herein reveals three common ones: two straight needles are used
both for ITA stitching and Altin stitching technologies, the difference is whether
to reinforce with two-thread or a single-thread. Unlike the previous two OSS tech-
nologies, a curved needle is required for the Blinding stitching technology. The
principles are shown in Fig.1-15.

b
Feed Feed
[O) D/Thread
Last
\/Thread N

Preform \—”— \) - Preform
[ Support | \ L | [Support] % .

Fig. 1-15. Schematic of OSS technologies (a) Double-needle Double-thread stitch-
ing (ITA), (b) Double-needles Single-thread stitching (Altin) and (c) Blind stitching
(KSL) [46-50].

The tufting

Tufting is a kind of OSS technology to assemble dry textile reinforcements by in-
serting the thread in Z-direction; it is found in Fig. 1-16 that the tufting thread (z-

reinforcement) penetrates into the preform with very low tension, and the needle

14
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retreats leaving a free loop, which is external to the laminates protrudes a few mil-
limetres. However, with the deepening of research, the depth of penetration is ad-
justable, and the loop can also be generated inside of the laminates. Meanwhile, it
can also be performed from different angles. The present thesis focused on the tuft-
ing technology for composite manufacturing. The following reviews the literature
on the tufting process, the application, and manufacturing of tufted composites, as

well as its pros and cons in terms of mechanical properties.

a , . b
©) @y 4 @ Y IZ:'C;E Surface seam
s M !" Partially Fully
Prfi?)ster 1 1 inserted tuft inserted tuft
&f _ = 4\"‘ ‘/ ]
| Dry AN /
/ fabric
\ Nylon —
| Support ) Inserted tuft | film
nsel utt 100
uppo © P Surface loop

Inserted
Preform \ L~ tufted loop

/
| Support |

Fig. 1-16. Schematic of tufting technology (a) conventional process, (b) partial or
fully penetration and (c) angled tufting process [50, 51].

1.3 The advanced tufting technology

Aerotiss® 03S [52-56], which is a typical OSS technology mentioned above. It is
better known as tufting technology due to its development from the initial applica-
tion of a traditional tufted carpet manufacturing area. As shown in Fig. 1-17, tuft-
ing is considered an advanced textile technology for the manufacture of composite
products, which uses a single-threaded needle to assemble dry textile reinforce-

ments by inserting threads through the thickness of the preform without tension.
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Moreover, only one thread, instead of two, is required during the tufting process
[25, 29, 57]. Because of the reasonable lack of the second thread and the locked
thread, the Aerotiss® 03 stitching ( tufting ) is simpler than the conventional stitch-
ing [11, 58]. Recently, research on tufting technology has also expanded its applica-

tion possibilities due to its economic-saving and lightweight characteristics.

Fig. 1-17. Aerotiss® 03 tufting principle [59].

1.3.1 Applications and devices of tufting technology

* Applications

Tufting technology is gradually being applied to various composites manufac-
turing fields in response to the growing demands of the composites market for
lightweight, environmentally friendly. Tufting technology has evolved from its ini-
tial application in carpet manufacturing to industrial applications in composites,
realising a 3D TTR technology from the light industry to the aerospace, transport,
energy, and civil engineering industries... It has been successfully applied in the air-
craft door [60]. Bauer and Kotlensy[61] reveal that the first time tufting technology
was applied to the composites field can be traced back to 1973. With the improve-
ment of the tufting technology, the final tufted composites have been applied to
varies fields, whether in high performance (HP) or grand diffusion (GD) markets.

Such as in Mercedes SLR, tufting is used in the production of the frame rail to join

16
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I-stiffeners to a braided oval crash tube to enhance its energy absorption during im-
pact [62]. Laourine [63] applied tufting on a complex three-dimensional composite
structure of an undercarriage demonstrator where other technologies could not be
used due to the spatial restrictions [64]. Stickler et al. used partial tufting insertion
to connect the T-shaped composite butt joint [65-69]. Fig. 1-18 shows several con-
ceptional applications of tufting technology on aviation composite parts realised
on the prototype of tufting head by Cahuzac Georges from Airbus Group SAS [54].
To extend the potential application of tufting, a novel assembly structure by tufting
is figured out in the Chapter 4 of the present thesis.

|
(a) (b) (©)

(d) (e)

Fig. 1-18. Schematic of aviation applications in (a) flat panel, (b) convex panel, (c)
bi-bonvex pane, (d) nozzle of rocket engine and (e) spacecraft nose [70].

¢ Tufting device

On account of the requirement of cost-effective manufacturing in the composites
industry, the tufting process is therefore anxious to automate. This section will in-
troduce the tufting device founded in the open literature. The commercial tufting
head (see Fig. 1-19) developed by the German Aerospace Centre (DLR) Institute of
Structural Mechanics in Brunswickin cooperation with Keilmann Sondermaschi-
nenbau (KSL) GmbH (Lorsch) is operated on a conventional CNC sewing unit at
the DLR. Tufting thread is carried by a specially designed needle with an inclined
needle eye to penetrate the dry perform and is held by the friction between the
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thread and the surrounding fabric. A presser foot helps to avoid the pulling-out
of the inserted loops during subsequent penetration. The tufting head can be used
which allows for inserting the stitching thread under various angles and at the
lowest possible thread tensions [71]. CNC sewing unit provides a 60 mm lift of the
crankshaft, which allows for the stitching of, particularly thick materials. A large
application area can be covered by controlling the needle position in a bandwidth
of 0 to 40 mm. A particularly small “hold-down” device also allows for inaccessi-
ble areas such as the notches of mounted stringers on the wing shell to be stitched.
The simple tufting mechanism and compact tufting head design allow maximum
variability in stitch spacing of 2-10 mm, seam radius, insertion angle (45° - 135°)
and up to 1000 tufts per minute are possible [72].

Fig. 1-19. A "Tufting Head" developed by KSL GmbH, Lorrsch and DLR, Institute
of Structural Mechanics, Brunswick for operation on conventional CNC machine
[25].

Fig. 1-20 reveals that QinetiQ Company uses an automated tufting equipment sup-
plied by KSL for the production of TTR dry fibre preforms with robotic tufting
techniques. Structural health monitoring systems have also been incorporated into
thick section composites using these techniques. The robot is mounted on a 5 m rail
to enable the production of large components typical of those required by the air-
craft industry, and it is teamed with a tufting head, allowing both preform produc-
tion and addition of through-thickness reinforcement. This equipment can handle
large 3D shaped preforms of up to 3 x 2 mm?. The maximum thickness of the tufted
preform can be up to 40 mm. Stitch distance is variable between 2 to 10 mm. The

maximum sewing speed is 600 rpm. It is possible to tuft in a variable angle with a
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wide range of sewing threads [Fiche technique QinetiQ)].

(a) Stitching robot

Fig. 1-20. (a) Stitching robot and (b) tufting head used in QinetiQ Company [73].

Dell’Anno G et al. [74], used a KSL KL150 tufting head, interfaced to a Kawasaki
6-axis robot arm FS 20N. The control of the tufting process is achieved using AS a
machine programming language designed specifically for use with Kawasaki robot
controllers, and the dedicated KCWIN software from Kawasaki. Fig. 1-21 shows
the complete tufting needle arrangement. The machine set up has an adjustable

tufting speed which can insert up to 500 tufts per minute.
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Fig. 1-21. (a) Kavasaki FN20 stitching robot and (b) KSL KL150 tufting head [64].

To overcome the stitching technique limitations, which are not efficient and cannot
be applied in the majority of cases, mostly due to the large dimensions and the 3D
structure of the FRP components. Altin Nathechnik GmbH produced a new type
of unilateral tufting suture device: a robot-supported 3D stitching system (Fig. 1-
22(a)) which is adapted to the tufting process. It integrates the stitching process
into the stitching head, and connects the stitching head with a high-precision robot
with multiple degrees of freedom so that the shape and size of the stitching pre-
form are no longer limited by the equipment [71]. A major advantage is that the
stitching machine does not need workpiece feed items known from conventional
stitching machines. Therefore, careful handling of the workpiece is ensured and
the structural damage caused by the transport system can be prevented. The pro-
cess is applicable for performing the preform up to 40mm of thickness. The tufting
head as shown in Fig. 1-22(b) is variable regarding its stitch length, insertion angle,
and the length of the loops. Moreover, negative values for the loop length can be
achieved, resulting in a partial reinforcement of the preform. Since for such a rein-
forcement it is not required to penetrate the workpiece completely, it is possible to
reinforce the preform directly with the RTM tool. The wide range of parameters for

stitch distance, needle insertion, and loop length is adjusted by electro-mechanical
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means and can therefore be modified via the robot control system while perform-
ing stitching (tufting included) jobs.

(a) Stitching robot (b) Tufting head
PR

Fig. 1-22. (a) Stitching robot system and (b) tufting head developed by Alitin
Néathechnik GmbH [75].

Additionally, on account of the study in-depth of the tufting process, a small-size
tufting device is developed to meet the laboratory research environment. For ex-
ample, since 2014, our laboratory (GEMTEX) began to use a home-design tufting
device to perform the tufted preforms. This is an automated tufting equipment de-
signed by Liu et al. [57], as shown in Fig. 1-23. The present tufting device is 700
x 400 mm?, and it is made up of two pneumatic systems and four main systems:
tufting system, presser foot system, and feeding system. The tufting process be-
gins with the tufting thread (twisted or untwisted,various raw materials), which is
unwound from the bobbin carried by the feeding system, firstly passing through
a tension controller into a tufting needle (for example a hollow needle with a di-
ameter of 2 mm in the present thesis), then the tufting needle and the presser foot
cooperate with each other to penetrate into the preform, and the free loop is per-
formed in the foam thanks to the tufting system, presser foot system and the frame,
whose responsibility is to support the foam and the tufting head. Meanwhile, some
essential tufting parameters such as tufting spacing, tufting length, tufting direc-
tion, and presser foot pressure can be predetermined with this automated tufting
device. For instance, the maximum tufting length is determined by the range of
the pneumatic cylinder which links with the tufting needle [29, 76]. Simultane-

ously, another pneumatic is in charge to preset the pressure of the tufting needle
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and presser foot. Table 1-2 shows the main parameters of the present tufting device.

(a) Tufting device in Lab. (b) Tufting device CAD.

Fig. 1-23. Tufting device (a) using in GEMTEX Lab. and (b) CAD version [29].

Table 1-2
Main parameters of tufting device [29].
Parameter Values
Size of tuft machine 700 x 400 mm?
Needle inserting speed (after optimisation) 60 mm/s
Needle retreating speed (after optimisation) 60 mm/s
Needle diameter 2 mm
Maximum needle stroke 50 mm/s

1.3.2 Manufacturing of tufted composites

Tufting is a type of local 3D textile technology, which differs from the integral
3D weaving, knitting, braiding technologies, where the former is a localized Z-
reinforcement penetrated into the 2D preform (laminate preform in general). The
principle consists of the insertion of a reinforcement thread in the Z-direction;
which can also be executed with different angles. The thread is introduced with
very low tension and the needle retreats, leaving a loop. The penetration depth is
adjustable. The loop could be internal or external to the laminate and overflow by

a few millimetres.
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Fig. 1-24 shows that only one thread access to one side of the preform, instead of
two, is required during the tufting process. Developed from conventional stitch-
ing technology, tufting technology is a method used to link together dry reinforce-
ments or strengthen the composite by inserting thread through the thickness of
the preform. It involves the novel aspect that it uses a single needle to introduce
a thread into the structure without tension. In traditional stitching technology or
other technologies such as braiding and knitting technology, threads are bound by
forming a knot or interlock in the preform. Because of the shear force between the
threads, the performance of the reinforcement is weakened. Comparing with other
3D forming technologies, tufting applies a tension-free tuft which can reduce the
sewing effect on interlaminar performance and avoid the weakened zone around
the tuft.

Tufting needle

"1/

Tufting thread

/ Tufting density

Top side

Tuft length

\

— > Preform

Foam
Bottom side

Inserted tuft loop

Fig. 1-24. Schematic of tufting parameters [29].

Tufting can achieve various complex shapes, such as a cylindrical hollow shape
with a cylindrical foam mentioned in the patent applied in 1995 of Aerotiss® [70],
and its concept schematic is shown in Fig. 1-25. Apart from the abovementioned
tufting parameters, the foam is also a very influential one, which plays an impor-
tant role to influence the tufting quality. The researchers [76, 77] are also agreed
that foam with a proper density and softness can help the tuft loop stay well in the
preform and foam to complete the tufted preform. Moreover, Dell’Anno [77] pro-

poses two kinds of partially inserted tufts, a nice idea for tufting a tubular preform
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is demonstrated in Fig. 1-26.

Fig. 1-26. Tuft loops emended in the

Fig. 1-25. Cylindrical support [70]. closed, foam filled preform [77].

Tufting is fairly suitable for load-bearing structures intended to be manufactured
via dry fabric/liquid resin infusion processes. The latter is the closed moulding
method used to cure tufted preforms, with the most common Liquid Composite
Molding (LCM) process after the tufting process. In the open literature, numerous
researchers [78-86] prefer the Vacuum-Assisted Resin Transfer Moulding (VARTM)
process to accomplish high-quality tufted composite parts. This process injects the
resin into the fibre preform placed between rigid moulds to control the dimensional
tolerances. On the contrary, there are some other researchers [57, 87] who would
like to select the Liquid Resin Infusion (LRI) process to manufacture the final tufted
composite pieces. The process is utilized in flexible conditions, such as in low-cost
open moulds with vacuum bags in nylon or silicone [9]. This is the reason that
LRI process is chosen in the present thesis. The LRI set-up is presented in Fig. 1-27,
which demonstrates the LRI principle: the preform is firstly placed on the caul plate
with the release film. And then is enclosed in a vacuum bag, then the peel ply and
infusion flow media are superposed on the preform sequentially to complete the
LRI set-up. While the resin injecting differential pressure is created by a vacuum
at the vent of the resin system, it leads to the impregnation of the compressible

perform in the transverse direction.
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Fig. 1-27. Schematic of liquid resin infusion process [9].

Preparatory work: the definition of tufting density

Lack of criteria and uniform definition in the literature, the definition system of
tufting density proposed by us is shown in Fig. 1-28. It includes lengthwise density,
widthwise density, and total tufting density in the present system. Moreover, it is
obviously found that this tufting density system can even be suitable to the angular
tufting path (namely, path angle 0) shown in Fig. 1-28 (b). The column spacing is
perpendicular to the machine direction and, conversely, the row spacing is parallel
to the machine direction. Tufting spacing therefore depends on the row spacing
and tufting path angle, and vice versa. Initially, it needs to define the Tuft Point
(tuft for short), which refers to the insertion point of the tufting threads left on the
top side (the unit is pts).
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Fig. 1-28. Definition of tufting density, schematic of tufting direction of (a) 0 angle

(b) with a direction angle.
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Preparatory work: the definition of tufting density

The definitions of the items are given in the following:

Tufting path angle(9) refers to the angle between the machine direction and the
tufting path direction (in °).

Column spacing (S;) is the distance between two adjacent tufting columns (in

mm).

Tufting spacing (5;) is the distance between two adjacent tufts (in mm); Therefore,
the row spacing(S,) (in mm) can be calculated as Eq.(1.1):

Sy = S x cosf (1.1)

Lengthwise density (D;): The total tufts within the unit length in each column of
the preform (in pts/cm), here take the number of tufts within 1 cm to count along

the machine direction and multiply by ten, shown in Eq.(1.2):

10 10
D= [SJ - {St X cos@l (12)

Widthwise density (D,,): The total tufts within the unit length in each row of the
preform (in pts/cm), here take the number of tufts within 1 cm to count along the

transverse direction and multiply by ten, shown in Eq.(1.3):

Dy=|q| (13)

Tufting density (D;): The total tufts per square unit of the preform (in pts/cm?),
calculated as Eq.(1.4):

100 100
D p— —_— pu— .
t {Smxsy-‘ ’VSxXStXCOSQ—‘ (14
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According to several validation calculations, the value of tufting density is logically
rounded up as shown in the above formulas. On the basis of the definition proce-
dure, the tufting density can be characterized by different parameters depending
on the situation, which leads the research more accurate and simplified. Such as
tufting spacing, total tuft points (total tufts) of the whole preform, namely as total

tufts in sample.

1.3.3 Micro - and meso-structure of tufted composites

¢ Fiber undulation, crimp and degradation

As shown in Fig. 1-29, a slight degradation of the tufting thread can be observed
and the tufting thread has become slightly untwisted during the tufting process.
Meanwhile, there is the knowledge that using the twisted tufting thread could fa-
cilitate insertion and avoid degradation during tufting [57]. Only one-sided thread
is required in the tufting process, the stability of the thread is less than two threads
stitching. The degradation and winding occur during both the tufting and curing
process. Additionally, it is assumed to date that these defaults may arise due to the
tooling, preform structures, and laminates configurations. However, less research
has been carried on this topic, particularly the tufting degradation. It is of interest
to understand the degradation mechanism of tufting thread, it will be investigated

in detail in Chapter 2 of the present thesis.
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Release film

Degradation
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(a) Degraded threads (b) Winding threads

Fig. 1-29. Degradation of tufting thread [57].

¢ Resin-rich zones

As shown in Fig. 1-30, an eye-like resin-rich area around each tuft (two resin pock-
ets and a tuft) can be found by means of micro-observation, and it is generated
after the needle penetration and subsequent mould curing stages. The resin-rich
zone is a defect phenomenon, with the penetration of the thread, the laminated fi-
bres pushing apart around the tuft, bringing a void which will be filled with resin
during the resin infusion process, and the resin pocket product. The area is resin-
rich zone. If the tufting spacing is too closed that the resin-rich zone (resin pockets)
may overlap, where may easily occur crack initiation and propagation because of
the stress concentration [57, 64, 74, 84]. On account of resin-rich zone can occur
at different scales of composites. It makes sense to optimise the tufting process,
including the optimisation of tufting parameters (tufting density, tuft length, free
tuft loop, etc), the improvement of tufting machine, and the selection of raw ma-
terials for tufting thread, tufting needle, and foam. The influence and optimisation
of tufting density is fully investigated at different tufting scales (tufting thread in
Chapter 2, tufted laminates in Chapter 3 and tufted assembly in Chapter 4) in the
present thesis.
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Resin

pockets
e i

Fig. 1-30. Resin-rich zones of tufted composites [74].

e Tuft inclined

Fig. 1-31 shows the micro-observation of the cross-section of a tufted composite
sample. The tufting thread with a free loop and glass yarns can be observed. There
is no concentrated porosity but some resin-rich zones are around the tufting thread.
Meanwhile, it is noticed that the tufting threads are slightly inclined, and the in-
clination is inferior of 4 °. Liu et al. [57] have proposed that it is probably caused
by the flow of resin during the infusion stage. It is considered that the tuft incli-
nation may occur unintentionally during manufacturing affecting the delamina-
tion. In general, such inclined tufts, especially unintentional inclination, may bring
detrimental effects on the delamination toughness. Of course, except for special cir-
cumstances, like Lombetti [88] has pointed out that the inclined tuft could improve
the delamination toughness under mode II sliding loading. It makes therefore in-
teresting to investigate the interlaminar shearing behaviours of tufted products at
different scales under the mode II sliding loading. And it will be given in-depth
account on the topic in Chapter 3 of the present thesis.
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Glass yarn

Release
film

Fig. 1-31. Inclined tuft [57].

1.3.4 Advantage of tufting

As an ongoing TTR technology in composite , research on tufting has not suffi-
cient than other TTR technologies. However, its good out-of-plane performance
while the weakened in-plane performances have been still studied according to
the open literature. The story about "mechanical properties of tufted composites"
will therefore be taken up in terms of both pros and cons in the present and the next
sections, respectively. Firstly, some open studies have confirmed the enhancement
of tufted composite in the fracture toughness. Meanwhile, the good impact dam-
age resistance and joint strength of the tufted composite have been determined, as
introduced below.

¢ Interlaminar fracture toughness properties

The improvement of interlaminar fracture toughness gained by the tuft. To date,
some studies have revealed that tufting reinforcement provides a significant im-
provement on the fracture toughness and delamination resistance by reducing the
crack opening displacement and by resisting the crack sliding displacement under
Mode I and Mode II loading, respectively [83, 89, 90]. Meanwhile, interlaminar

tufting increases its properties under mixed modes I/II loading condition. How-
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ever, with the lack of significant demand at the engineering application level, little
research may focus on the delamination resistance under the Mode III loading con-
dition.

The delamination crack initiation toughness of the tufted composite has not im-
proved but has been relatively reduced [88]. It is believed that due to the resin
layer of the delamination, the plane of tufted composites is thinner, compared to
that of the untufted one (also called non-tufted). Moreover, the interlaminar frac-
ture toughness properties under mode I loading of tufted laminates have been
characterised by experimental and Finite Element(FE) analysis [91, 92]. The tough-
ness has been measured using the mode I double cantilever beam (DCB) test for
laminated composites [92]. The mode II properties have been measured using the
end-notch flexure (ENF) [81], end-loaded-split (ELS) [51] fracture toughness test. A
large number of experimental studies using the ENF test method have measured
the mode II delamination resistance and identified the toughening mechanisms
of tufted carbon epoxy laminates. However, there is a lack of work in the litera-
ture reporting the fracture behaviour of tufted laminates under mode II loading. It
could be related to the difficult to apply pure mode II loading due to the opening
mechanism acting in the delamination crack. However, a 5-fold increase of the total
fracture toughness under shear loading for the tufted specimens mentioned by Bi-
gaud [93]. Delamination toughness is, without doubt, the most studied property of
tufted composites [81, 84, 91, 92, 94]. Interlaminar fracture comprises energy losses
in terms of matrix cracking, fibre breakage, fibre pull-out, fibre slipping, and fibre
debonding, which differ from metals where fracture toughness depends on the en-
ergy dissipated at the crack tip [95]. Mode I fracture toughness values more than
16 times greater compared with non-tufted composites by Colin de Vediere et al.
[94] (see Fig. 1-32). Colin de Verdiere et al. [96] have also studied the tufting effect
on mode II fracture toughness of carbon non-crimp fabric composites. It showed
about 2 times higher than the non-tufted samples, as Fig. 1-33 revealed. Further-
more, tufting increases the interlaminar toughness of long cracks under mode I, II,

and mixed modes I/1II loadings.
It is important to understand this subject to better control the tufting technology,

and contributes along with other textile technologies [95, 97-107] to improve the

delamination behaviour of composite structures.
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Fig. 1-32. Tufted and untufted composites delamination characteristic in static: (a)
force versus crack displacement and (b) G¢ versus crack length [94].
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Fig. 1-33. Standard and tufted NCF composites response to delamination: (a) force
versus crack displacement, (b) strain energy release rate [96].
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¢ Impact damage tolerance properties

Studies on damage tolerance and CAI behaviour demonstrate that even though
all TTR methods have a positive effect, tufting is expected to have the best perfor-
mance compared to either stitching (regardless low pretension or high pretension)
or z-pinning, with minimal in-plane strength decay [27, 108]. Other studies [109]
have also shown some effect of tufting parameters, such as tufting density, raw
materials, layup of reinforcement laminate, and thickness of the tufted composite,
on the strength of the final composite part [86, 110, 111]. The impact is a dynamic
event that refers to the momentary load on a small area, and it can also be seen as
a transient process in which energy is transferred from the outside to a structural
system [112, 113]. It can be determined by 1) Impact damage tolerance: which as-
sociate with the reduced stability and strength of the structure due to the damage
[114, 115]; and 2) Impact damage resistance: which is related to the response and
damage caused by the impact [116, 117]. The introduction of Z-direction reinforced
thread has well improved the impact damage caused by the encountered in con-
ventional laminated composites [58, 78-80, 83, 85, 86, 94, 118-121]. For instance,
a low-velocity Izod impact is presented in the study of Najafloo et al. [86], and as
shown in Fig.1-34. Deconinck et al. [118] have studied the effect of tufting density of
Z-direction carbon thread reinforced composites on high-velocity impact-induced
behaviour. The results (see Table 1-3) have revealed that the delamination area can
be maximum decreased till 24 % while the tufting density increases compared to

untufted composite laminates.

34



1.3. The advanced tufting technology

~
o

58.34
55
50.35 49,89 50.99
4432 4529
357 3632
19165 I I
UC L6 M6 He L12 MI2 H12 124 M2 H4

Fig. 1-34. Energy absorption after failure in all composites [86].
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Table 1-3
Delamination area [118].

Tufting areal Normalized delaminated
Reference density (%) area
None - 1.00
2K-py d; 0.76
2K-p1 d; 0.76
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Furthermore, a large improvement is that the damaged area is decreased and the
ultimate compressive strength is increased. Tufting reinforcements are found to de-
crease the damaged area up to 4 times when compared to the non-tufted laminates.
Recently, Lombetti et al. [119] have studied the lightning strike impact behaviour
of metal tufted carbon composites. The results have shown that the metal tufted
brings lightning strike impact damage suppressed significantly with internal dam-
age decreasing around 90 % and 75 % compared to untufted laminates for copper
and stainless steel as shown in Fig.1-35.
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Fig. 1-35. Size of lightning strike damaged area [119].

The improved impact resistance achieved by tufting often results in higher CAI
properties [74, 81, 83, 109, 122]. Compression testing after impact (CAI) is a testing
method to determine the strength of the impacted specimens still contained after
initial testing. It is a destructive test, which can be used to determine the ultimate
stress and strain of a specimen after impact. The results can be used to distinguish
whether the impacted sample meets the design requirements, meanwhile to opti-
mize the parameters of the composite and its manufacturing process[123]. In accor-
dance with the research on the impact and CAI behaviours of carbon thread com-
posite laminates with various tufting densities, under the tufting configurations of
square pattern and angular pattern, respectively, by Matin et al. [83]. The study
has pointed out the residual ratio of CAI to CBI (Compression Before Impact). The
specimens which achieved the best results on CAI were compared with those on
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CBI as a manner of evaluating in-plane properties of the tufted composite. Table.
1-4 has shown that the carbon thread reinforcement with different tufting configu-
rations finally contributes the increase up to 30 % and 28 % of the residual ratio, re-
spectively. The residual ratio of glass and carbon tufted thread composite laminates
increased the residual ratio to 25 % and 27 %, respectively, according to the study
of Dell’Anno et al. [74]. The loss of in-plane ultimate compressive strength arrived
until 29 % to T5 configuration and 40 % to A5. This reduction has been reported
by many authors whose research on TTR [81, 95, 106, 121]. Moreovet, Scarponi et
al. [109] have studied the CAI strength of various TTR composites, e.g., tufting,
z-pinning, and lock stitch under low and high tension techniques with carbon Z-
direction yarn. It is calculated that the CAI strength of tufted composite laminates

is superior to the others, which can be specified in the second row of the Table 1-5.

Table 1-4
Ultimate compressice strength on CBI and CAI tests, and the residual ratio
(CAI/CBI) [83].

Residual Residual
Ultimate strength (Mpa £ SD)

ratio(%) ratio(%)
CBI CAI 25] CAI 60] 25] 60]
REF 453.1 +£40.9 176.1 + 1.3 1374+ 1.1 38.9 30.3
T5 323.9 £ 289 2235 +£2.5 1715+ 29 69.0 52.9
A5 2719 £19.7 1789 + 4.9 157.8 +4.9 58.8 58.0
Table 1-5
Experimental results in terms of CAI strength [109].
Low High
No No z-pins Z-pins
tensioned tensioned Tufting
stitched (hybrid panel) (hybrid panel)
lock stitch lock stitch
CAI (MPa) 282 323 303 328 295 276
Dev. st. 25.3 20 11.5 28 19.1 17.3
CV % 9 6.2 3.8 8.5 6.3 6
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* Joints strength

As the role of the tufting thread is to link two or more layers of the basic 2D pre-
form, the joint strength is becoming an interesting problem to study. The strength
of composites reinforced by tufting technology has been verified by experimental
testing [65-69, 78, 120, 124-126]. Tufting technology has been used to reinforce the
stiffeners to enhance their performance and damage tolerance. In 2006, Cartié et
al. [78] have investigated the joint behaviours by tufting and stitching. Milles et
al. [120] have investigated the influence of tufting density and thread material on
carbon fibre T-stiffeners (see Fig. 1.36(a)). The manufacture of the structures uti-
lized a pre-infused and cured web plate, positioned between the two flanges of the
dry preform. The flanges were tufted on the skin, and subsequently, the infusion
process moulded of the whole moulded T-stiffener plate with two different regions
reinforced by glass and carbon threads. The pull-off test carried out on the speci-
mens has shown a considerable enhancement of the absorbed energy, especially for
the densest tufting specimens, 309 % and 215 % for carbon and glass fibre threads,
respectively. The maximum load has also improved up to 54 % and 62 %, for car-
bon and glass fibre threads, respectively, when compared to the control structures.
Fig.1.36(b) has shown the comparison results of energy absorption under pull-off
loading on carbon and glass tufted thread with the non-tufted specimen.

Energy absorption of Spars

Pre-cured plate

Carbon tufts
Glass tufts

26 ® 4mm carbon
24 1 tufted spar

o 4mm glass
tufted spar

@ untufted spar

Energy (J)
>

6
44
2
04

1
Displacement t (mm)

(a) (b)

Fig. 1-36. Results of Mills (a) Spar tufting and (b) Energy absorption [120].

Kratz et al. [125] have studied the damage of four bending tests on the T-stiffener,
the results are shown in Fig.1-37. Back in the year 2011, Préau et al. [124] have
demonstrated their research results of {)-stiffener by tufting on "comptes-rendus
des JNC 17". Whilst, other assembly parts can be taken into account. [52] outline
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tests performed on T-joints with different stitching or tufting patterns and com-

bined tensile shear loading conditions.
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Fig. 1-37. Results of kratz (a) Testing specimens in four-point bending and (b) First
failure load-displacement plot for skin-stringer tests [125].

1.3.5 Disadvantage of tufting

The advantages of improvement in interlaminar fracture toughness and impact
damage tolerance are detailed above, which are typically accompanied by a re-
duction of in-plane properties. Reduced to the elastic properties, the strength and
fatigue performance due to tufting are examined and compacted to change the in-
plane properties of composite materials with other types of TTR [27, 38, 91, 92,
109, 127]. The low tension under the tufting thread inserted results in a reduc-
tion of the stitching effect on the in-plane properties of polymer matrix composites
[95]. Although relative to the research on the advantages of this product, the re-
search on the disadvantages is relatively litter, there are still some researches on
this aspect. However, the reduction of in-plane mechanical performance is con-
cerned during manufacturing. The related references have revealed that the in-
plane tension strength and compression properties of the 3D tufted composite are
10-15 % lower than that of 2D non-tufted composites with the same lay-up con-
sequence. Treiber [64] and Dell’Anno [74] have studied the effects of tufting and

the tufting process in detail, and they have observed that tufting can significantly
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improve the delamination resistance (by threefold) within a laminate with only a
small reduction (approximately 10 %) in the in-plane mechanical properties due to
the disruption of the tuft on the fibre alignment. JWG [64] has pointed out that fibre
misalignment and local stress concentration are essential factors for the observed
reduction in axial tensile strength of up to -19% in unidirectional composites. Sup-
pression of delamination and natural fibre waviness (in woven laminates) have
reduced the detrimental effect to only -11 % and -1.5 % for biaxial non-crimped
tfabric (NCF) and woven fabric respectively. Fibre breakage from needle penetra-
tion has no effect on the tensile strength. The reduction in strength properties of
the tufting laminate has been reported by some researchers [95, 121]. The longitu-
dinal modulus of the 3D specimen was 6 % lower than that of the 2-D specimen in
tensile as well as compression. The failure strength of the 3D specimens was 6 and
13 % lower than that of the 2D specimens in tension and compression, respectively
[122]. Karuppannan et al. [95] compared unidirectional and quasi-isotropic tufted
carbon fabric composites and showed that in-plane properties of quasi-isotropic
and notched composites are not well affected by transversal tufting reinforcement.

1.4 Conclusion of chapter one

The present chapter first briefly accounts for the composite materials. Then mould-
ing technologies, textile reinforcement architecture (from 2D to 3D), and corre-
sponding technologies for particular textile composites (from traditional meth-
ods to the specialties ones) have been introduced in sequence. Followed by a full
overview of published research and development work on tufting technologies
and tufted composites. Over the past decades, there has been some significant
progress, with advantages such as better interlamination resistance, damage tol-
erance, and joint strength. However, the poor in-plane mechanical properties of
tufting products, due to the presence of in-plane threads which destroy the 2D
structure. The present thesis investigates the tufting at multi-scales in order to
fully understanding the tufting. The first topic is on the tufting thread scale. This
topic focuses on understanding the degradation mechanism of tufted yarns and
proposes a solution in terms of the tufting process. The following topic is about
the tufted laminate scale. The topic concentrates on the investigation of the inter-
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laminar shear properties of tufted laminates at multi-scales architecture, in order
to fully understand the role of each parameter in the development of mechanical
properties for the final composite product. The final topic is the most interesting
one. This topic contributes to the conception and the manufacturing of tubular as-
sembly composites by tufting, in which a prototype of tufted tubular assembly is
proposed, and a tufted plate assembly composite is manufactured. By means of
the investigation on basic mechanical properties under tensile loading, various pa-
rameters are investigate and optimised. Throughout the whole thesis, it is found
that the tufting thread is a crucial influence. Therefore, a preliminary work on the
modelling and simulation of tufted tubular/plate assembly composite based the
tufting thread will be presented as in perspective section.
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CHAPTER 2

NOVEL TUFTING METHOD TO THE
OPTIMISATION OF TUFTING
THREADS DEGRADATION

2.1 Introduction of chapter two

The increasing interest in 3-dimensional (3D) composite manufacturing has height-
ened the need for the through-the-thickness reinforcement (TTR) technology. TTR
3D structure is characterized by the insertion of the thread in Z-direction. Its main
interest is the ability of such reinforcement to improve the mechanical properties of
the final composite, such as the resistance to delamination, impact resistance, and
damage tolerance by the insertion of the thread in z-direction [1-4]. TTR 3D struc-
ture can be achieved through various approaches, including 3D weaving, braiding,
knitting, and other specific technologies such as z-pinning, stitching, and tufting
[5-9].

Amongst of the 3D TTR technologies, tufting emerges as a well-known technol-
ogy, which is used in the carpet manufacturing area, based on stitching technology.
Tufting process is an advanced technology to assemble dry textile reinforcements
by inserting thread through the thickness of the preform [10]. Currently, tufting has
developed in the thicker and complex composite manufacturing field, much due
to its simple and efficient process compared to the other TTR processes, 3D weav-
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ing process for example. As shown in Fig. 1-24 (call back to Chapter 1). Only one
thread access to one side of the preform, instead of two, is required during the tuft-
ing process. Besides, the thread remains in the preform by a simple friction while
the needle is retracted [11-13].

The research on TTR tufting technology of 3D composite manufacturing has never
stopped in recent years. Based on the literature study, tufted reinforcements pro-
vide out-of-plane improvements in mechanical properties. For instance, it increases
fracture toughness, impact resistance, compression-after-impact (CAI) strength, in-
terlaminar strength, and the stiffener’s pull-off strength [14-23]. However, the re-
duction of in-plane mechanical performance is concerned during the manufactur-
ing. The related references reveal that the in-plane tension strength and compres-
sion properties of 3D tufted composites are 10-15 % lower than that of 2D non-
tufted composites with the same lamination configuration, and also point out that
the reduced mechanical performance is attributed to the insertion of thread /needle
during the tufting process and the flow of resin during the infusion process [14, 23,
24]. To improve the in-plane mechanical properties is essential to the 3D composite

manufacturing.

These mechanical properties have generally been studied on dry preform and com-
posite parts and focus on the optimization of tufting configuration [25, 26]. While
Rudov-Clark et al. [27] have conducted on understanding the alteration in macro-
mechanical performance by studies of the characterisation of variations on the
meso-structure with the presence of thread. They have put forward that the re-
duction in the strength properties of the 3D woven composite can be controlled
by z-binder yarns” damage during the weaving process. It is therefore interesting
to notice that the damage to the tufting inserted thread during the tufting process
can also reduce the strength properties of the 3D tufted composite. In addition,
an investigation of particular interest by Liu et al. [12] recently demonstrated the
contribution of the tuft length of threads to optimise the tufting process and to im-
prove the mechanical performance of tufted reinforcements and composites, whilst
"degradation" was first explored to examine the damage of tufting threads, it was
deemed that the tufting thread might be degraded by the friction effect on the in-
terface. However, it was just being put forward without depth research. A study by

Leca [28] provided two analysed methods of thread degradation in terms of exper-
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imental viewpoints (image-observation) and mechanical behaviour of degraded
threads, in particular, tensile properties. Regrettably, a complete study of thread
degradation is not available in the open literature and none of the effective meth-
ods to improve this phenomenon is proposed. In addition, some researches [29-31]
mentioned that there are still some limitations of using tufting technology, due to
its lack of understanding about the influence of the manufacturing process on per-
formance, as well as the tufting mechanism still has a huge potential to further

stage and large development to innovate.

The aim of the present chapter is to improve the tufting mechanism in terms of the
reduction of threads degradation. To meet this aim, it firstly to evaluate the clas-
sical tufting mechanism efficiency and particularly its effect on the threads degra-
dation. The chapter detailed firstly the preparation of the inserted thread (through
tufting process) and non-inserted threads (without the tufting process) to provide
the possibility and necessity of the present chapter. And then by means of the
image-observation, the degradation of the tufting thread is visually analysed and
quantified defined at the same time. Finally, through the quasi-static tensile test,
the degradation of the tufting thread was studied from the view of mechanical
behaviour (in particular tensile properties). Besides, the effect of tufting spacing
was studied through preparing various tufting square patterns during the above-
mentioned two experimentations. The present chapter will propose a novel tufting
process, namely "two-step" tufting process, based on the primary results, used to
carry out this improvement, and then to quantitatively evaluate its contribution to

the mechanical performance of the tufting thread.

2.2 Materials and methods

In order to study the tufting threads degradation during the tufting process, the
chosen preform is composed of twenty E-glass cross-plies [0/90°]. The preform
with 20 plies provides the sufficient thickness to analyse the thread degradation.
The influence of the number of plies is not considered in the present chapter. The
areal density of a single ply is 454.5 4 5.0 g/m?. The tufting thread is the twisted
carbon yarn (see Fig. 2-1) and its main properties are noted in Table 2-1. Moreover,
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three types of tufted samples have been prepared with different tufting spacing,
9 mm, 6 mm, and 3 mm, respectively. Fig. 2-2 describes the definition of tufting
spacing and demonstrates the tufting pattern used in the present chapter.

Row spacing

Tufting spacing

Inserted
tufting
thread

“Reinforcement

Fig. 2-2. The tufted sample using the

Fig. 2-1. Bobbin of tufting thread.  tufting square pattern of 9 x 9 mm?.

Table 2-1
Main properties of tufting threads.

Reference Linear density (tex) Number of filament  Twist(T/m)

Tenax®-] HTA-40 2 x 67 2 x 1000 240 £ 16

2.3 Problems of degradation in classical tufting

2.3.1 Description of classical tufting

The preform is tufted with a home-designed tufting device in GEMTEX, which is
shown in Fig. 1-23, and its parameters shown in Table 1-2 in section 1.3.1. This de-
vice is made up by four main systems: tufting system, presser foot system, feeding
system and frame. The presser foot system adjusts the pressure on the preform.
The feeding system carries the bobbin of tufting threads and controls the tufting

threads with a set-length and pretension. During the tufting process, the pressure
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2.3. Problems of degradation in classical tufting

of the tufting needle and of the presser foot is 2.5 bar, while being initialised to a
starting position based on the predetermined length of the tuft loop, which must be
controlled constantly. The corresponding process is described as shown in Fig. 2-3.
It contains one tufting needle carrying the tufting thread (threaded tufting needle),
penetrates into the preform, and remains in the perform with a simple friction as
described detailed in section 1.3.2.

Tufting

. Tufting
spacing spacing
Tufting thread Tufting thread
N = Tufting needle - ~Tufting needle
~ Preform » Preform
~Foam ~Foam

(a) (b)

Tufting needle

Presser foot

Preform
Tufting thread

(@

Fig. 2-3. Classical tufting process (a-b) schematics view and (C) with GEMTEX tuft-
ing device.

2.3.2 Image-observation of inserted tufting threads

In order to evaluate and analyse the degradation behaviours of tufting threads, the
inserted threads should be brought out carefully. To bring out the inserted threads
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without tension and friction, the inserted threads are picked after the tufted pre-
form is unpicked. Even if a hollow needle (as shown in Fig. 2.4(a)) has been used
during the tufting to reduce the friction effects on the tufting thread / preform inter-
face, the significant degradation can be observed. The cross-section of the needle
(see Fig. 2.4(b)) demonstrates that the "hollow" defines an axial needle passage
which opens laterally and obliquely onto a non-throughway needle eye whose
edge is remote from the needlepoint, and the thread travels through the interior
of the needle.

Insertion of thread-—__

Needle passage «——-

Needle eye\

Needle point

(a) (b)

Fig. 2-4. (a) hollow needle and (b) schematic view of cross section.

The image-observation has been proposed firstly to analyse the tufting threads
degradation. Fig. 2-5 presents the scanned image of an inserted thread picked from
the tufted sample. The study can be performed in one tufting cycle defined in Fig.
2-5. Three parts (L1, L2 and L3) of inserted tufting threads in one tufting cycle are
defined. L1 presents the length of the part where stays on the top side of the pre-
form surface. It equals the tufting spacing. L2 is the length of the part inserted 100 %
into the preform and depends on the preform thickness. Regarding the movement
path of the tufting needle, L2 can be divided into two parts: L2-in and L2-out. L2-in
part is formed during the tufting needle insertion through the preform, beginning
at the insertion point (also called tufting point) on the top side to the bottom side
of the preform and held into the preform. Compared to the L2-in part, L2-out part

is formed in the tufting needle drawing back path. L2-in and L2-out have the same
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length that equals to the preform thickness. L3 presents the total length of the tuft
loop inserted into the foam.

Tufting L1
Thread Input l Spacing {ry cad Output e =
e Top side
L2-In
Tuft length — 1 - L2-Out
Tuftloop < > > Bottom side 1.3
(a) (b)
3mm
L1 L2-In L3 L2-Out
/ \ - B
R —— S R o SR
_—

Tufting direction

(©)

Fig. 2-5. (a) the tufted preform,(b) the inserted threads picked in one tufting cycle
and (c) the scanned image of inserted threads in one tufting cycle.

Fig. 2-6 shows the first image-observation of the non-inserted and inserted tufting
threads. Compared to the non-inserted threads, the degradation can be noted in
the inserted threads. Furthermore, the degradation is only observed in L2-in part,
and this phenomenon is repeated in each tufting cycle.

The threads hairiness (threads degradation) can be quantified using the image pro-
cessing software "Image J'". In the present image processing, it should first convert
the size in pixel of each image into physical length in mm and then transform the
image into the grayscale to finish the image scale setting. Then the pixels of an im-
age are replaced by the fixed threshold values in the second step, called the thresh-
olding process, in which a binary image is created to perform easily the following

image analyses. The hairiness in pixel of the pre-treated image is analyzed and
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measured to quantify the thread degradation per mm?. Table 2-2 shows the mean
degradation in pixel of the non-inserted (as reference) and inserted tufting threads
with different tufting spacing (as 9, 6 and 3 mm). It is obvious that the degrada-
tion occurs on the inserted threads, but no expressively difference of degradation

among three different spacings, typically about 550 pixels.

Table 2-2
Influence of tufting spacing on the degradation of inserted tufting threads.

Non-inserted Tufting spacing Tufting spacing Tufting spacing
Ref.of samples
threads 9 mm 6 mm 3 mm

Degradation (pixels) 0 571 + 35 545 + 27 555 + 47
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(a) Non-inserted tufting thread

(b) Tufting spacing of 9 mm

(c) Tufting spacing of 6 mm

(d) Tufting spacing of 3 mm

Fig. 2-6. Image-observation of the non-inserted tufting thread and the inserted tuft-
ing threads with different tufting spacing.
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2.3.3 Tensile tests of the tufting threads

Further analysis of the degradation of the inserted tufting threads is conducted by
the tensile characterisation tests. Fig. 2-7 shows the tensile test of a single inserted
tufting thread. The tensile test of each type of sample is repeated five times to ob-
tain an average value. During the tensile test, the length of the tested thread is 250

mm and the crosshead speed is 5 mm/min.

el s

Initial status At the break

Fig. 2-7. Tensile test of the single tufting thread.

The tensile load /strain curves of the non-inserted and inserted tufting threads are
shown in Fig. 2-8. It can be observed that the four curves have a similar profile.
It is obviously found that the maximum tensile loads before the break of tufting
thread are 121 + 2, 112 + 3.9 and 109 = 0.9 N for the samples with the tufting
spacing of 9, 6, and 3 mm, respectively. Compared to the maximum tensile load of
non-inserted thread (141 + 4.3 N), it can be noted the degradation of the maximum
tensile load of 14 %, 21 %, and 23 % for the used tufting spacing of 9, 6, and 3 mm,
respectively. Regarding to the strain at break, the degradation of 4 %, 10 % and 15
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2.3. Problems of degradation in classical tufting

% can be observed for the tufting spacing of 9, 6, and 3 mm, respectively. The sig-
nificant degradation to the tensile performance of the inserted tufting threads can
be remarked in the classical tufting process. Moreover, the smaller the tufting spac-
ing settled, the higher tufting density, the more friction and degradation produced
on the inserted tufting threads, which will bring out the negative influence on the

mechanical proprieties of the tufted preforms and composites.

1
60 Non-inserted thread
140 — - Tufting spacing of 9 mm -
fi f 28
Tufting spacing of 6 mm M Bl NS
20 .. / LS
Tufting spacing of 3 mm K1 —
~ 100 E
z ‘.
E \
s 80
)_] .
\
60 :
\
40 \
20 \
\
0 “
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Strain (%)

Fig. 2-8. Tensile load vs. strain curves of the non-inserted and inserted tufting
threads.

As shown in Fig. 2-8, the significant degradation of the inserted tufting threads
can occur during the tufting process. The degradation will weaken the mechanical
proprieties of the through-the-thickness tufting threads and the final composites.
Consequently, the question is if it is possible to reduce the degradation of the in-
serted threads by means of improving the tufting process. Based on this assump-
tion, an improvement solution is proposed in the following section and the verifi-

cation tests will be conducted.
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2.4 New tufting process

2.4.1 Description of the two-step tufting process

As presented previously, it can be noted that degradation is observed mainly in
the L2-in part. It provides that the degradation is produced only by the insertion of
the threads due to the first friction between the threads and the preform through
the tufting path. Therefore, a 2"¢ needle quasi-identical, the tufting needle without
thread, is proposed as the guide needle to reduce the degradation. The principle
of the improvement tufting with two needles (a guide needle without threads + a
tufting needle with threads) is shown in Fig. 2-9. It needs two steps in the improved
tufting process. The guide needle without threads inserts at first into the preform
(Figs. 2.9(a) and 2.9(b)), then the tufting needle with tufting threads inserts into
the preform through the same path of the guide needle (Fig. 2.9(c)). Thanks to the
insertion of the guide needle at the first step, a space-room is created into the pre-
form (Fig. 2.9(c)). Consequently, the effect of the friction between the threads in
L2-in part and the preform decreases due to the decreasing of the lateral contact
and transverse compaction of the inserted threads (Fig. 2.9(d)). The diameter of the
guide needle is slightly smaller than the tufting needle. The inserted threads need
friction and lateral contact to remain their position and to avoid removing from the
preform. As this improved tufting process has one more step than the classical one,
it is called the two-step tufting process in the following sections.
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- Tufting needle
~Tufting needle
Guide needle
Tufting tflread )
~Guide needle
-~ Preform
-Preform
" Foam Foam
(a) (b)
Tufting -Guide needle Tufting
spacmg Spacing - Guide needle
Tuftlng thread . Tufting thread /
Tufting needle - Tufting needle

-~ Space room - Preform
- Preform
‘é -Foam ~Foam

() (d)

Fig. 2-9. Schematics of two-step tufting process.
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2.4.2 Image-observation of inserted tufting threads

Fig. 2-10 shows the image-observation of three inserted thread samples after two-
step tufting with tufting spacing of 9, 6, and 3 mm. The degradation can be always
observed even if two-step tufting is used. By contrast, the degradation in two-step
tufting is much reduced compared to the classical tufting. The measurement of
degradation in the pixel is shown in Table 2-3, around 370 pixels.

Table 2-3
Influence of tufting spacing on the degradation of inserted tufting threads.

Tufting spacing  Tufting spacing  Tufting spacing
Ref.of samples
9 mm 6 mm 3 mm

Degradation (pixels) 371446 375+26 397+43
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______

(a) Tufting spacing of 9 mm

______

(b) Tufting spacing of 6 mm

(c) Tufting spacing of 3 mm

Fig. 2-10. Two-step tufted carbon thread with tufting spacing of (a) 9 mm, (b) 6 mm,
(c) 3 mm.
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The comparison of the degradation in pixel between the classical and two-step
tufting is shown in Fig. 2-11. It can remark that a significant improvement of the
inserted thread degradation can be achieved in the two-step tufting. Compared to
the classical tufting, the degradation decreases by 30 % in the two-step tufting.

700
@ Classical Tufting = Two-step Tufting
600 |
= i b 3 =
% 7 i O
N Vi Vi v
g 400 | 7 i 7
.g G i
< ¥ . 7
E . 7 P
g 300 . 7 ,ﬁ,
2001 7 7 "
v 7 v
100 7 i .
P s e
. _ .
0 7 S , : S , e
Tufting spacing of Tufting spacing of Tufting spacing of
9 mm 6 mm 3 mm

Fig. 2-11. Comparison of the degradation in pixel between the classical and two-
step tufting.

2.4.3 Tensile tests of the tufting threads

The tensile load vs. strain curves of the single inserted thread in two-step tufting
are shown in Fig. 2-12. The degradation on the tensile performance of the inserted
threads and the influence of the tufting spacing can be noted. Both the maximum
tensile load and the breaking strain reduce with the decrease of the tufting spacing,
the breaking loads are 128 +1.9,124 + 2.9, and 115 4+ 2.9 N and the breaking strains
are 1.24 %, 1.18 % and 1.12 % for the tufting spacing of 9, 6, and 3 mm, respectively.
Compared to the non-inserted thread (breaking load of 141 + 4.3 N and breaking
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strain of 1.24 %), there are 9 %, 12 %, and 18 % decreases of the tensile load and 0%,
4 %, and 10 % of the tensile strain in the tufting with the spacing of 9, 6, and 3 mm,

respectively.
160 Non-inserted thread
— - Tufting spacing of 9 mm S °
140 & Q|
Tufting spacing of 6 mm |
120 U Tufting spacing of 3 mm
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Fig. 2-12. Tensile load vs. strain curves of the inserted tufting threads in two-step
tufting.

2.5 Discussion

The results of image-observation have demonstrated a big improvement of the
degradation of the inserted tufting threads in two-step tufting compared to the
classical one (see Fig. 2-11). Fig. 2-13 presents the comparison on the degradation
of the tensile proprieties of the inserted threads between the classical and two-step
tufting. As for the same tufting spacing, it can be noted the improvement of the
breaking load in two-step tufting compared to the classical tufting, nevertheless, it
exists also the degradation. It has 5.8 %, 10.7 %, and 5.5 % augmentation for 9, 6,
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and 3 mm tufting spacing, respectively when a guide needle was used during two-
step tufting process. Compared to the classical tufting, it has 5.7 %, 6.0 %, and 6.3
% improvement of breaking strain by using two-step tufting with 9, 6, and 3 mm
tufting spacing, respectively. As regarding the non-inserted threads, more signifi-
cant improvement is done in breaking strain in two-step tufting. The threads have
almost no degradation in breaking strain in two-step tufting with 9 mm spacing.
Moreover, the degradation increases with the decreasing of the tufting spacing,
which can be noted in the tensile breaking load and in tensile breaking strain in
both classical and two-step tufting. It is logical that the decreasing of the tufting
spacing leads to the increasing of the number of tufting cycle in the 250 mm tested
length. The friction and degradation on the inserted thread reduce consequently.

The image-observation results provide that the degradation is only observed in
L2-in part (see Figs. 2-6 and 2-10). Figs 2.9(a) and 2.9(b) obviously indicate that the
thread issues from the needle and bends upon the top portion of needle eye as the
tufting needle penetrates down into the preform. Followed the thread retained in
the preform is in the L2-in part. By analysing this procedure, a relative movement
between the thread and needle eye is produced in the bending moment, whilst the
varied transverse compactions from the preform bring different friction and degra-
dation on the thread in this position. Meanwhile, the brittle property of the carbon
tilaments tends the carbon thread easily to degrade under high curvature in the
needle eye particularly when the preform is tight used in close preforms [13]. The
guide needle can loosen the preform structure. Whilst in the present chapter, the
polyethylene foam with a low coefficient of friction reduces friction and degrada-
tion on the thread in L3 part. Additionally, the introduce of the hollow needle can
make sense to avoid the tufting thread directly contacting with preform or form.
From this, it follows that there is no effective friction and degradation on the thread
in L1, L3, and L2-out parts.
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Fig. 2-13. Comparison of the tensile properties between the classical and two-step
tufting.
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2.6 Conclusion of chapter two

In the present chapter, the preparation of inserted tufting threads and degrada-
tion of these samples are outlined. The definition of tufting degradation is given at
tirst. Due to the presence of tufting thread through the thickness, several mechan-
ical performances of the tufted composites are improved, such as the reduction
of delamination effect and the increase of impact resistance. Important degrada-
tion of the inserted tufting threads was observed in the classical tufting process,
which brings out the significant negative influence on the tensile properties of the
inserted tufting threads, the most important deformation mode of the through-the-
thickness reinforced threads.

The present chapter carries out the image-observation analysis and demonstrates
that the degradation appears only in the path where the tufting needle inserts into
the preform (L2-in part in Fig. 2-5) due to the friction among the tufting thread, the
tufting needle and the preform. In order to minimize the friction, a guide needle
without tufting thread and the two-step tufting were proposed as an improvement
method. On account of establishing a space-room before tufting thread passing,
the friction effect on the thread of L2-in part is reduced, followed up, reducing the
inserted tufting thread degradation, and thereby improving the tensile properties
of the inserted tufting thread finally.

The present chapter indicates that the tufting spacing acts as an essential factor
during the tufting process, it leads to a trade-off relation to the tensile properties
of the inserted tufting thread. Whereas the tufting thread degradation does not
vary with the tufting spacing in one tufting cycle. The effect of tufting spacing
on degradation and on tensile properties of inserted tufting threads taken from
the two-step tufting is a consistent manner than taken from the classical one. A
30 % reduction in degradation by the two-step tufting process is identified as a

significant improvement of 3D tufted composite manufacturing.

This two-step tufting method will be employed in the next chapters. It is used to
prepare laminated products by tufting, followed by interlaminar shear test. Mean-

while, it is also applied to develop a novel plat assembly composite by tufting.
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CHAPTER 3

MULTI-SCALES TUFTED LAMINATES
TO THE RESPONSE OF
INTERLAMINAR SHEAR PROPERTIES

3.1 Introduction of chapter three

Advanced laminated textile reinforced composites have extensively used in many
industrial fields on account of their lightweight properties and better mechani-
cal performance such as in-plane strength and stiffness and resistance to fatigue
than metallic materials. However, the lack of the linkage fibre positioned across the
thickness direction resulting in the two-dimensional (2D) laminated textile struc-
ture shows unsatisfied interlamination shear under mode I opening loading or
mode II sliding loading [1-3]. A large number of studies conducted over the last
two decades, demonstrate that through-the-thickness reinforcement (TTR) can im-
prove meaningfully the resistance to delamination utilizing inserting threads in
the thickness direction [4-8]. TTR three-dimensional (3D) structure can be achieved
through various approaches, including integrated 3D technologies such as 3D weav-
ing, braiding, knitting, and other local 3D technologies like z-pinning, stitching,
and tufting [7, 9-15]. Out-of-plane performance enhancement exists at the expense
of in-plane performance degradation. However, it also depends on the parame-
ters of the TTR 3D reinforcement. Tufting is one of the significant local TTR tech-

nologies to assemble dry textile reinforcements or strengthen composites [16, 17],
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which first used in carpet fabrication and developed from the stitching technology.
In particular, tufting has gradually applied in the fabrication of thicker and com-
plex composites on account of its simple and efficient process [18, 19]. Whilst, Fig.
1-17 (recall 1.3) shows that only one threaded needle penetrates the preform un-
der low tension, the thread is retained within the preform by simple friction when
the needle retracts, while forming a tufting loop. Compared to the stitching pro-
cess, one thread access to only one side of the preform is required [13, 20, 21], thus
the stitching effect on the in-plane properties can be effectively reduced during the
tufting process [22, 23].

The present chapter will focus on the topic of the improvement of mechanical
performance of laminated materials by tufting, which is being widely researched.
Majority of researchers have demonstrated the advantages of tufting materials on
mechanical performance, especially the delamination resistance properties. For in-
stance, Bortoluzzi et al. [8] have dedicated about 27 % increased resistances to de-
lamination of tufted composites compared to non-tufted one. Besides, Martins et
al. [23] have studied the impact as well as the compression after impact (CAI) be-
haviours of tufted composites. They have mentioned that the delamination area of
the tufted composites is decreased with the tufting density increasing compared to
the non-tufted composites. Both of them have conducted under the specific delam-
ination mechanism in mode II condition, which is reflected by sliding loading.

As per the literature, varying set-ups can realise mode II delamination experimen-
tation to present different mechanical performance. However, none of them has
been standardised. In addition to the end-notch flexure (ENF) [24] and short-beam
bending which are used in the abovementioned delamination studies, respectively,
the end-loaded split (ELS) [25] is also generally used. Nevertheless, no studies and
set-ups to date are taken into account in the interlaminar shearing of tufted mate-
rials. Therefore, a modified T-steel shearing test is proposed in the present study,
which can explore the interlaminar shearing behaviour of both tufted preforms and
composites driven by the mode II sliding loading condition.

The aim of this chapter is to assess under the Mode Il loading, i) the effect of tufting

density on the interlaminar shear behaviour of tufted preforms and tufted compos-

ites, respectively; ii) the effect of the presence of tufting threads on the mechanical
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properties of tufted composites; ii) the role of the infusion resin in interlaminar
shear performance will be also investigated by means of comparing tufted pre-
forms and tufted composites with the identical tufting density. To ensure the fea-
sibility of the present study, samples with various tufting densities of dry tufted
preform (namely, DTP), cured tufted composites with thread (namely, CTC) and
without threads (namely, CT’C) will be first prepared in sequence in the present
chapter. Meanwhile, the present modified T-steel interlaminar shear set-up will be
introduced in detail.

In the present chapter, the tufted preform is carried out by a home-designed tufting
device which is introduced in chapter one. Moreover, my colleague, Chen CHEN,
whose dedication to the T-steel interlaminar shear experimentation of dry tufted
preform ensures the integrity of the present chapter, as shown in Fig. 3-1.

Shear behaviours

Infusion Interlaminar
Process (LRI) shear teStHﬂH HMHZ

Preparation 2-step tufting

process processjy

Preform
L composite

Fig. 3-1. The layout of the chapter

3.2 Materials and methods

3.2.1 Raw materials

Tufted preform or composite materials with and without Z-reinforcement are fab-
ricated using E-glass NCF (Fig. 3.2(a)) with an areal density of 454.5 + 5 g/m?.
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Twenty layers of this NCF are then laid up in a stacking sequence with cross-plies
[0°/90°]. An example of NCF and its stacking sequence are shown in Fig. 3.2(b).
Then to be assembled together by a Tenax® ] HTA-40 twisted carbon thread as
tufting thread to enhance the interlamination. This tufting thread is shown in Fig.
2-1 and its parameters are given in Table 2-1 (recall to chapter 2). The sample prepa-
ration and suitable processes will be introduced in the following paragraphs.

(@) (b)

Fig. 3-2. (a) E-glass fabric and (b) schematic of the laminated preform.

3.2.2 The preparation of test samples

The dry tufted preforms (DTP) are carried out through a 2-step tufting process ac-
cording to the preset tufting parameters and configurations, which is described in
detail in the previous chapter (detailed in section 2.4.1). Meanwhile, a 1-step tuft-
ing (classical tufting) process is required to produce dry tufted preforms without
threads (DT'P), repeating the same tufting configuration as the DTP. In this process,
a hollow needle without thread is applied to accomplish the tufting penetration.
These DTP and DT’P samples are performed using a home-design tufting device
[18] at GEMTEX laboratory. Fig. 3-3 shows the top and bottom sides of one of the
DTP samples. Some of the samples obtained at this stage will be used to manufac-
ture the next composite material. In addition, the others will be directly used for

follow-up shearing testing after machining to size.
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Fig. 3-3. Dry tufted preform (a) top view and (b) bottom view.

Once the tufting process is completed, the 3D DTP samples are afterwards vacuum
infused with SICOMIN® SR8200 epoxy resin system (the mass ratio of the resin to
hardener is 100 : 37), using LRI (Liquid Resin Infusion) process as shown in Fig.
3-4, which is introduced in detail in section 1.3.2. LRI process is a widely respected
infusion process thanks to its cost-effective, which can respond to the production
of high-quality, large, thick, or complex composites with simpler equipment [26].
During the LRI process, the resin flows through the thickness of the preform, due
to a low pressure between the inlet and the outlet ( vacuum pressure: -1 bar ). The
infused tufted composite is cured at room temperature for forty-eight hours after
optimisation. Fig. 3-5 demonstrates the top and bottom sides of an example of CTC
samples.

Output E— - = Input

Fig. 3-4. The tufted preform sample under the LRI process.
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Top view Bottom view

(a) (b)

Fig. 3-5. Cured tufted composite (a) top view and (b) bottom view.

3.2.3 Preparing and setting tufting configurations

To achieve the interlaminar shear test in the next section, it is required to machine
the samples to the desired size of 65 mm x 20 mm in length and width, respectively.
The dry preform samples are cut and trimmed into size by electronic scissors. The
cured composite samples are machined into size by a water-jet cutter. The variation
in the thickness of the final test samples is not large and can be ignored, and the
value of their thickness is around 8 & 0.5 mm. In order to understand the respective
contribution of tufting thread, tufting action (typically only tufting needle effect
but not the thread) and cured tufting thread on the interlaminar shearing perfor-
mance under mode II (shear) loading (sliding displacement). Three different series
of tufted samples are prepared in terms of the manufacturing process: 1) Dry tufted
preform with thread (DTP) sample is concentrated on the role of the tufting thread;
2) Cured tufted composite without thread (CT’C) sample then focuses on the effect
of pure tufting action; 3) Cured tufted composite (CTC) sample is for understand-
ing the contribution of cured tufting thread. Moreover, to identify the influence of
tufting density on the interlaminar shear properties under mode II loading. Tuft-
ing density can be expressed by other tufting parameters (as mentioned in section
1.3.2). In the present case, it is expressed by the tufting spacing (seen in Fig. 2-2).
Initially, the non-tufted is investigated as a reference, and meanwhile three various
tufting spacings are evaluated: tufting spacing of 9, 6, and 3 mm corresponding
to the 9 x 9, 6 x 6 and 3 x 3 mm? square patterns, respectively. They are noted as
T9, T6, and T3, respectively. Obviously, the smaller the tufting spacing, the larger
the tufting density, T3 is the densest one. However, non-tufted preform, as a ref-

erence in the DTP series, the lack of reinforcement in the Z-direction (through the
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thickness), leads to delamination automatically prior to the shear load applied. No
test results from these two preform samples are introduced in the present chapter.
Therefore, Table 3-1 summarizes the parameters and manufacture methods of all

test samples, except non-tufted preform, and their naming.

Table 3-1
Description of test tufted samples.

Ref. of Tufting Methods of Infused

samples spacing (mm) manufacture resin system
DTP-T9 9 2-step tufting —

DTP-T6 6 2-step tufting —

DTP-T3 3 2-step tufting —

Non-tufted — LRI SICOMIN® SR8200
CT'C-T9 9 (uted without thread) 1-step tufting, LRI SICOMIN® SR8200
CT'C-Te 6 (tufted without thread) 1-step tufting, LRI SICOMIN® SR8200
CT'C-T3 3 (tufted without thread) 1-step tufting, LRI SICOMIN® SR8200
CTC-T9 9 2-step tufting, LRI SICOMIN® SR8200
CTC-T6 6 2-step tufting, LRI SICOMIN® SR8200
CTC-T3 3 2-step tufting, LRI SICOMIN® SR8200

3.2.4 Interlaminar shear characterisation

The present study is to investigate the interlaminar shear behaviours of tufted sam-
ples by means of understanding the individual behaviour of tufting thread, tufting
action, and cured tufting thread, respectively. Moreover, as shown in Figs. 3-3 and
3-4, each sample is repeated six times in the present shearing test. Therefore, the
mean results of each sample can be obtained in the end. This section will present
the suitable shear testing procedure for the present study.

"T-steel” shear test fixture

An interlaminar shear test fixture is required in the present chapter, and then the
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mode II in-plane shearing (shown in Fig. 3.6(a)) is chosen to achieve the interlam-
inar shear sliding behaviour of the tufted samples. A "T-steel" shear test fixture is
designed as Fig. 3.6(c) and is optimised to be employed on the test samples with an
aspect ratio of about 8 (length divided by thickness) in our laboratory (GEMTEX).
A total of ten series of samples are tested applying this fixture to undergo the inter-
laminar shear investigation, and the corresponding test results will be described in

a later section.

Bonding the samples to the test fixture

With respect to the interlaminar shear fixture in the present chapter, it is required
to bond the sample onto two steel plates. Moreover, the bonding strength has to
be strong enough between the sample and two plates to ensure that the effective
shear failure occurs on the sample before the adhesive failed. Firstly, the steel plates
need to be cleaned up with acetone just before the application of the adhesive. EC-
9323B/A from 3M™ Scotch-Weld™, an epoxy-based structural adhesive, is fol-
lowed to use for bonding the tufting samples to the steel plates. The adhesive is
cured in an oven at 65 °C for two hours and post-cured at room temperature for

three hours.

Test equipment and test evaluation

The present interlaminar shear testing is performed in a INSTRON universal test-
ing machine (type of 5985) with 250 KN (seen in Fig. 3.6(b)). The present interlami-
nar shear fixture is to be called the "T-steel" shear fixture is attributed to the using of
T-type steel as the steel plates in the present study. Consequently, the special grip is
required to design for aiding to mount the fixture system onto the test equipment.
The test samples are performed under loading at a constant crosshead speed of 5
mm/min until failure. The representative data of load and displacement are traced
during the whole testing process and the representative means shear load-shear
angle curve is plotted finally.

In accordance with the present T-steel shear fixture and the theoretical formula of
shear behaviour, the average shear properties of all test samples are conducted.
All calculations are based on the load-displacement data from the data processing
unit of INSTRON. In this way, the shear strength, T, and the shear strain (Here,
expressed by shear angle), €, are calculated using the following formulas as Egs.
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(3.1) and (3.2):

P
= 3.1
T Ixw 3.1)
A
€= arctan(tanf) (3.2)

Where, L, W, and T are the sample length, width, and thickness in mm, respectively;
Ais the relative displacement of the steel plates (to express the specimens deforma-
tion which occurs during the shear testing) in mm; € is the shear strain expressed
by shear angle, the angle is measured in radians (rad), which is a non-unit (shear
strain is dimensionless); P is the shear load in N, When P reaches the peak shear
load, then T expresses the ultimate shear strength (in MPa), noted as T4,
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Fig. 3-6. Interlaminar shear (a) mode II shear delamination, (b) test set-up and (c)
schematic view.
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3.3 Results

Following testing at least six repeated tests for each sample, as introduced in sec-
tion 3.2.4, and all failures are caused by shearing delamination under mode II load-
ing, the corresponding representative shear load-shear angle curves are then cal-
culated in average. The results will be given by three series samples as DTP, CT'C,
and CTC, in accordance with the role of the respective tufting thread, tufting action,
and cured tufting thread in the interlaminar shear test, in the following sections,

respectively.

3.3.1 Interlaminar shear test of dry tufted preform samples

Fig. 3-7 and shows the representative shear load vs shear angle curves for the DTP
samples with three tufting spacings of 9, 6, and 3 mm. It can be observed that the
slopes of the three curves are slightly different. In particular, this difference be-
comes gradually increased after the shear angle of 0.4 rad until the failure. It is
considered that the stiffness of the DTP samples can be influenced by the tufting
density. And reveals the inversely proportional relationship between them. The
smaller the tufting spacing, the denser the tufting density, the stiffer the DTP sam-
ples. Regarding the maximum shear load, it can be observed that the average max-
imum shear loads are 65 + 14.1 N, 129 4+ 25.7 N and 192 + 30.1 N for DTP-T9,
DTP-T6 and DTP-T3, respectively. Furthermore, Fig. 3-8 recaps the ultimate shear
strength and the corresponding shear angle of DTP-T9, DTP-T6, and DTP-T3, re-
spectively. Regarding the ultimate interlaminar shear strength, the values are 0.05,
0.1, and 0.15 MPa for the DTP-T9, DTP- T6, and DTP-T3, respectively. It increases
with a tolerance of 0.05 MPa when the tufting spacing decreases with a tolerance
of 3 mm. Regarding the shear angle at failure, it can be found that they are similar
as 1.04 +0.01,1.13 £ 0.02 and 1.17 + 0.02 rad for DTP-T9, DTP-T6 and DTP-T3, re-
spectively. However, the smaller the tufting spacing, the denser the tufting density,
the increased resistance to interlaminar shearing leads to the stronger interlaminar
shear strength. It can be noted that tufting spacing has a remarkable effect on the
interlaminar shear properties of DTP specimens. The results can be attributed to
the presence of tufting threads, which enhance the through-the-thickness stiffness.
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With the tufting spacing decrease, the more intertwining between layers, the harder
to shearing, thus the stronger shear load is required to apply. Therefore, with the
lack of through-the-thickness threads, there is no interlaminar shear behaviour of

the non-tufted preform.

250

——DTP-T9 - - - DTP-T6 DTP-T3
200 I [
150 [ \

DTP: Dry tufted preform T l e 'I- .

Load (N)

100

50

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Shear angle (rad)

Fig. 3-7. Representative shear load-shear angle curves of DTP specimens
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Fig. 3-8. Representative shear properties of DTP specimens.

3.3.2 Interlaminar shear test of cured tufted composite samples

Two series of cured tufted composites samples, CT'C and CTC, are respectively
investigated in the present section. Initially, six non-tufted composites are prepared
as a reference to be tested. Its average shear failure load is 23 669 + 231.8 N, the
corresponding shear failure angle is 0.28 4 0.01 rad, and 18.2 MPa of its ultimate
shear strength. Then the interlaminar shear results of CT’C and CTC are presented

in the following.

3.3.2.1 Cured tufted composite without thread (CT'C)

Fig. 3-9 represents the shear angle vs load curves of the CT'C samples with three
different tufting spacings and the reference non-tufted sample. It is well observed
that the effect of tufting spacing on the shear load is too small to be negligible. For
the samples of T9, T6 and T3 are 24 044 £+ 998.2,24 170 4= 251.1 and 24 315 + 305.2 N,

respectively. Compared to the non-tufted composite, the average maximum load
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increases 1.6%, 2.1%, and 2.7%, respectively. The shear failure angle of all CT'C
samples is similar to that of the non-tufted composite ones, which are detected at
about 0.28 £ 0.01 rad. Further results will be discussed later.

30000
Non-Tufted = = -CT'C-T9
25000 0
— - CT'C-T6 CT'C-T3 S RUASEL
20000
&
< 15000
g
3
10000

CT'C: Cured tufted composite (tufted

without thread)
5000

~ Non-Tufted

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Shear angle (rad)

Fig. 3-9. Representative shear load-shear angle curves of CT'C samples.

3.3.2.2 Cured tufted composite with thread (CTC)

As illustrated in Fig. 3-10, the representative shear load vs shear angle curves of
the CTC sample with three different tufting spacings and the non-tufted sample
are figured out. It reveals that a higher interlaminar shear load is needed to de-
laminate the denser CTC samples. Since the average maximum shear loads are 22
723 £ 94.1, 24 256 + 204.5 and 26 568 + 151.5 N for T9, T6 and T3, respectively.
Compared to that of the non-tufted composite, the maximum shear load increase
2.5% and 12.3% for CTC-T6 and CTC-T3, respectively. Unfortunately, the CTC-T9
decreases 4.0%. Regarding the corresponding shear failure angle, it is also clearly
found that the smaller the tufting spacing, the denser has a tendency for higher
shear strength, the greater shear angle is needed to be reached at failure. As the
values are 0.26 + 0.01, 0.27 £+ 0.01 and 0.3 £ 0.01 rad for T9, T6 and T3, respec-
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tively. It changes -7.0%, -3.5%, and 7.0% when compared to the non-tufted com-
posite sample, respectively. There is no doubt that compared with the reference
non-tufted composite, the increase and decrease of shear failure load and of shear
failure angle coexist. Wherein, T6 is a critical tufting spacing to optimise the tufting

parameters of the final tufted composites.
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Fig. 3-10. Representative shear load-shear angle curves of CTC samples.

3.3.2.3 Comparison interlaminar shear strength

The comparison results of interlaminar shear properties between CT’C and CTC
samples are plotted in Fig. 3-11. It summarizes the average ultimate interlaminar
shear strength and the corresponding average shear failure angle shown in 3.11(a)
and 3.11(b), respectively. For the same tufting spacing, it can be noted that the im-
provement of the ultimate shear strength of CTC compared to the CT’C, as 0.4%
and 9.3% improvement for the tufting spacing of 6 and 3 mm, however, 2.2% de-
creases for the tufting spacing of 9 mm. Regarding the corresponding shear failure
angle, as depicted in its comparison chart of Fig 3.11(b), increase and decrease by
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7% respectively for the tufting spacing of 3 and 9 mm, 3.5% decrease for the tufting

spacing of 6 mm. The further discussion will be given in a later section.
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3.4 Discussions

Table 3-2 summarizes the averaged interlaminar shear properties at failure, includ-
ing the ultimate shear strength and the corresponding shear angle, for all three
series samples. It is globally proved that the presence of tufting thread can effec-
tively improve the interlaminar shear performance of the laminated composite un-
der mode II sliding loading condition. The smaller differences in the interlaminar
shear strength between the three difference tufting densities of CT’C and the non-
tufted composites are negligible. Moreover, the CT'C samples with three different
tufting densities yield the same average shear failure angle, actually equal to that
of the non-tufted composites, about 0.28 rad. It is believed that the pure tufting
action does not significantly affect the interlaminar shear strength. This is due to
the lack of in-plane threads in the thickness direction to offer the interlaminar rein-
forcement in this direction. Therefore, the rationality and feasibility of the two-step
tufting method used in the present work are once again confirmed, i.e., a suitable
guide needle without thread is placed before the tufting needle. However, it is con-
sidered that different tufting needles without threads (pure tufting action) may
cause varying degrees of destruction to the preform structure when passing inter
layers. It may bring a negative but also a positive effect, even no effect at all. It can
nevertheless be controlled by combining the diameter of the tufting needle with
the structure of the preform. This topic can be concerned in the future work.

It is to notice that the only tufting configuration which showed lower ultimate
shear strength than non-tufted is CTC-T9. In general, the presence of tufting thread
effectively binds the laminated preform together to reduce the delamination and
then to increase the interlaminar shear strength of the tufted composites. However,
i) as the penetration of the tufting thread, the laminate fibres are pushed apart,
brings a void which will be filled with resin during the curing process to generate
a resin-rich [17, 19, 27], which may weaken the shear loading bearing capacity of
CTC-T9 to occur earlier failure under mode ii sliding loading. ii) from the results of
DTP seen in Fig. 3-8, it is found that the interlaminar strength of T9 is one-third of
T3, much weaker than the others, the destruction to the layer-to-layer or/and inter-
layers of the laminate preform may occur with the tufting thread passing through
the layers. T9 may not be sufficient to avoid the delamiantion. Therefore, CTC-
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T9 may fail due to the weakening of mode II sliding loading bearing, before the
tufting thread play its interlaminar enhancement. Tufting density is a remarkable
factor to optimise the tufting parameters of the final composites. Wherein, T6 is a
critical tufting density to distinguish the positive and negative effect on the present

interlaminar shear properties.

By comparing the shear strength curves between DTP specimens and CTC spec-
imens. It is found that the shear strength of the CTC is largely stronger than the
DTP’s. It thanks to the addition of epoxy resin matrix, it increases the shear mode
ii sliding loading bearing to improve the strength performance of the final com-
posites. The same ply stacking sequence and the injection of resin may have con-
tributed to the similar stiffness of all CT’C, CTC samples and non-tufted compos-
ites. A large difference in the interlaminar stiffness property between the DTP and
the CT'C/CTC is observed with the rigid. This can also be attributed to the pres-

ence of epoxy resin matrix

Table 3-2
Conclusive interlaminar shearing resistance results of all samples.

Tufting spacing Shear strength Shear angle
Ref. of sample

(mm) (MPa) (rad)
DTP-T9 9 0.05 £+ 0.01 1.04 £0.01
DTP-T6 6 0.10 £ 0.02 1.13 £0.02
DTP-T3 3 0.15 £+ 0.03 1.17 £ 0.02
Non-tufted — 1824+ 0.18 0.28 £0.01
CT’'C-T9 9 (utted without thread) 18.5 £0.32 0.28 £+ 0.01
CT'C-Te 6 (tuited without thread) 18.6 +0.23 0.28 £0.01
CT’'C-T3 3 (uited without thread) 18.7 £0.23 0.28 £+ 0.01
CTC-T9 9 18.1 £0.23 0.26 &+ 0.01
CTC-Té 6 18.7 £0.58 0.27 £+ 0.01
CTC-T3 3 20.4 £+ 0.81 0.30 & 0.01

Various delamination positions could be found during the test. Under the continu-

ous loading on the sample, three significant states could occur before it breaks, an
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example of the rupture process is shown in Fig. 3-12.

Testing
state

Breakage

Initial
state

Fig. 3-12. Three principal states of specimens under the Mode II loading test

As shown in Fig. 3-13, it is found that the delamination position among different
types of composites is different. The non-tufted one is broken in the middle layer of
the composite. However, the delamination position of CTC is totally different than
the non-tufted one, they are separated by the applied load on the first top layers
(next to the top side) or the last ones ( next to the bottom side) of the composite.
Nevertheless, tufted with or without thread. It is considered that although the un-
threaded tufting process does not bring the enhance of the shear strength, because
of the lack of the interlayer bonding strength of the composite material which anal-
ysed above. However, due to the movement of the tufting needle between every
layer, the yarn of the laminated preform itself has been destroyed to a certain ex-
tent, it makes the binding force of the middle layer is higher than the two edges
that can be further study in the future.
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Non-Tufted

Tufted without thread

Tufting spacing 9mm

Tufted with thread

Tufting spacing 9mm Tufting spacing 6mm Tufting spacing 3mm

Fig. 3-13. Comparison of rupture position for CTC specimens

3.5 Conclusion of chapter three

In the present chapter, the interlaminar shear performances of multi-scales were
studied. Due to the presence of the through-the-thickness tufting thread, reducing
the shearing sliding of the laminated sample. Thereby, the mechanical performance
of interlaminar shearing under mode ii sliding loading condition is corresponding
improved. Several significant conclusions are listed as follows:

* A modified T-steel shearing test is designed that can be effective to study the
pure interlaminar shear performance of tufted laminates under three tufting
scales (DTP, CT’C and CTC ) under mode II sliding loading condition.

o At DTP scale, there is a positive proportional relationship of tufting density
and interlaminar shear properties in terms of shear stiffness and strength.

e At CT’C scale, there is an identical result for CT’C series and the non-tufted

composites of interlaminar shear properties, regardless the various tufting

99



Chapter 3 — Multi-Scales Tufted Laminates to the Response of Interlaminar Shear Properties

densities. The shear stiffness is improved with the resin infused, so does the

shear strength and shear angle.

o At CTC scale, with the tufting density increasing, only the shear strength
increases. Meanwhile, tufting density brings out positive and negative effects
on the interlaminar shear strength compared to the non-tufted. The introduce
of Z-direction thread could degrade the interlaminar shear properties under
mode II sliding loading condition if the tufting density does not meet the

need. Wherein, T6 is the critical tufting density in the present study.

The present focused on the interlaminar shear strength under Mode II sliding load-
ing condition. Therefore, fracture toughness can be subjected to future work. Mean-
while, due to the low-cost, high stiffness, and strength to weight ratio of the tufting
process and the tufted composite, developing a new structure to expand its appli-
cation field is also a worthy work, which will be presented in the following chapter.

Bibliography

[1] A Faggiani and BG Falzon. Predicting low-velocity impact damage on a stiff-
ened composite panel. Composites Part A: Applied Science and Manufacturing,
41(6):737-749, 6 2010. ISSN 1359835X.

[2] BG Falzon, SC Hawkins, CP Huynh, R Radjef, and C Brown. An investigation
of Mode I and Mode II fracture toughness enhancement using aligned carbon

nanotubes forests at the crack interface. Composite Structures, 106:65-73, 12
2013. ISSN 02638223.

[3] S Ali, Xm Liu, S Fawzia, ] Wu, and YT Gu. A Review on Exploring the Behav-
ior of Multi-Layer Composite Structures Under Dynamic Loading. Interna-
tional Journal of Structural and Civil Engineering Research, 5(1):44-51, 2016. ISSN
23196009.

[4] SD Green, AC Long, BSF El-Said, and SR Hallett. Numerical modelling of
3D woven preform deformations. Composite Structures, 108(1):747-756, 2014.
ISSN 02638223.

100



BIBLIOGRAPHY

[5]

[6]

[7]

8]

[10]

[11]

[13]

Y Mahadik, KAR Brown, and SR Hallett. Characterisation of 3D woven com-
posite internal architecture and effect of compaction. Composites Part A: Ap-
plied Science and Manufacturing, 41(7):872-880, 2010. ISSN 1359835X.

C Scarponi, AM Perillo, L Cutillo, and C Foglio. Advanced TTT composite ma-
terials for aeronautical purposes: Compression after impact (CAI) behaviour.
Composites Part B: Engineering, 38(2):258-264, 2007. ISSN 13598368.

AP Mouritz. Review of z-pinned composite laminates. Composites Part A:
Applied Science and Manufacturing, 38(12):2383-2397, 2007. ISSN 1359835X.

DB Bortoluzzi, GF Gomes, D Hirayama, and AC Ancelotti. Development of
a 3D reinforcement by tufting in carbon fiber/epoxy composites. The Interna-
tional Journal of Advanced Manufacturing Technology, 100(5-8):1593-1605, 2019.
ISSN 14333015.

Kimberley Dransfield, Caroline Baillie, and Yiu Wing Mai. Improving the de-
lamination resistance of CFRP by stitching-a review. Composites Science and
Technology, 50(3):305-317, 1994. ISSN 02663538. doi: 10.1016/0266-3538(94)
90019-1.

G Dell’Anno, JWG Treiber, and IK Partridge. Manufacturing of composite
parts reinforced through-thickness by tufting. Robotics and Computer-Integrated
Manufacturing, 37:262-272, 2016. ISSN 07365845.

AP Mouritz and BN Cox. A mechanistic interpretation of the comparative
in-plane mechanical properties of 3D woven, stitched and pinned composites.
Composites Part A: Applied Science and Manufacturing, 41(6):709-728, 2010. ISSN
1359835X.

AP Mouritz and BN Cox. Mechanistic approach to the properties of stitched
laminates. Composites Part A: Applied Science and Manufacturing, 31(1):1-27,
2000. ISSN 1359835X.

AP Mouritz, MK Bannister, P] Falzon, and KH Leong. Review of applications
for advanced three-dimensional fibre textile composites. Composites Part A:
Applied Science and Manufacturing, 30(12):1445-1461, 1999. ISSN 1359835X.

101



Chapter 3 — Multi-Scales Tufted Laminates to the Response of Interlaminar Shear Properties

[14] AP Mouritz, KH Leong, and I. Herszberg. A review of the effect of stitch-
ing on the in-plane mechanical properties of fibre-reinforced polymer com-
posites. Composites Part A: Applied Science and Manufacturing, 28(12):979-991,
1997. ISSN 1359835X.

[15] Xiaogang Chen, Lindsay Waterton Taylor, and Li ju Tsai. An overview
on fabrication of three-dimensional woven textile preforms for composites.
Textile Research Journal, 81(9):932-944, 2011. ISSN 00405175. doi: 10.1177/
0040517510392471.

[16] LS Liu, T Zhang, P Wang, X Legrand, and D Soulat. Influence of the tuft-
ing yarns on formability of tufted 3-Dimensional composite reinforcement.
Composites Part A: Applied Science and Manufacturing, 78:403—-411, 2015. ISSN
1359835X.

[17] G Dell’Anno, DD Cartié, IK Partridge, and A Rezai. Exploring mechanical
property balance in tufted carbon fabric/epoxy composites. Composites Part
A: Applied Science and Manufacturing, 38(11):2366-2373, 2007. ISSN 1359835X.

[18] LS Liu. Development and optimization of the tufting process for textile composite
reinforcement. PhD thesis, Université de Lille 1, 2017.

[19] JWG Treiber. Performance of tufted carbon fibre/epoxy composites. PhD thesis,
Cranfield University, 2011.

[20] LS Liu, P Wang, X Legrand, and D Soulat. Investigation of mechanical prop-
erties of tufted composites: Influence of tuft length through the thickness re-
inforcement. Composite Structures, 172:221-228,2017. ISSN 02638223.

[21] ] Bertrand and B Desmars. Aerotiss® O3S stitching for heavy loaded struc-
tures. JEC Magazine #18, pages 34-36, 2005.

[22] DDR Cartié, G Dell’Anno, E Poulin, and IK Partridge. 3D reinforcement of
stiffener-to-skin T-joints by Z-pinning and tufting. Engineering Fracture Me-
chanics, 73(16):2532-2540, 2006. ISSN 00137944.

[23] AT Martins, Z Aboura, W Harizi, A Laksimi, and K Khellil. Analysis of the im-
pact and compression after impact behavior of tufted laminated composites.
Composite Structures, 184:352-361, 2018. ISSN 02638223.

102



BIBLIOGRAPHY

[24]

[25]

[26]

[27]

AJ Smiley and RB Pipes. Rate sensitivity of mode II interlaminar fracture
toughness in graphite/epoxy and graphite/PEEK composite materials. Com-
posites Science and Technology, 29(1):1-15, 1 1987. ISSN 02663538.

AJ Brunner, BRK Blackman, and P Davies. A status report on delamination re-
sistance testing of polymer-matrix composites. Engineering Fracture Mechanics,
75(9):2779-2794, 6 2008. ISSN 00137944.

P Wang, S Drapier, ] Molimard, A Vautrin, and JC Minni. Characterization
of Liquid Resin Infusion (LRI) filling by fringe pattern projection and in situ
thermocouples. Composites Part A: Applied Science and Manufacturing, 41(1):
36-44, 1 2010. ISSN 1359835X.

C Osmiani, G Mohamed, JWG Treiber, G Allegri, and IK Partridge. Explor-
ing the influence of micro-structure on the mechanical properties and crack
bridging mechanisms of fibrous tufts. Composites Part A: Applied Science and
Manufacturing, 91:409-419, 2016. ISSN 1359835X.

103






CHAPTER 4

A NOVEL PLATE ASSEMBLY BY
TUFTING AND THE OPTIMISATION OF
MANUFACTURING PARAMETERS

4.1 Introduction of chapter four

Improved understanding of the pros and cons of tufting technology in the com-
posites field has inspired increasing interest in the development of its potential
structures. The structure of tufting is characterised by the insertion of threads in
the thickness direction [1, 2] to improve the mechanical properties, for instance, the
resistance to delamination, impact resistance, damage tolerance, and joint strength
[3-7]. Consequently, its main contribution is to produce lighter and stronger com-
posites parts, which will improve fuel economy and safety in the aerospace, trans-
port, energy, or civil engineering industries [8, 9].

Tufting is an Aerotiss®03S technology [10-12] to assembly dry textile reinforce-
ments by inserting only one thread on one side of the preform, instead of two, along
the through-the-thickness (TTR) direction [13, 14]. The thread (Z-reinforcement) is
introduced into the preform under relatively low tension, and the needle is re-
treated while leaving a free tufting loop (FTL) external to the laminate and some-
times remaining internal to it. Currently, tufting is a promising attempt to manufac-

ture thicker and more complex structures [9, 15], given that it is a more flexible local
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three-dimensional (3D) technology, differing from other integrate 3D technologies,
such as interlocking. Meanwhile, tufting can link together various structures: NCF,

braided and woven fabrics, etc.

The application of tufting technology originates from the traditional carpet manu-
facturing field. However, an infusion technique of resin as the matrix has led the
tufting technology to be applied in the high-tech composites manufacturing field
for the first time, and the date can be back to 1973 [16, 17] in the open published
literature. Follow-up, the researchers are dedicated to expanding its application by
the development of new tufting structures. In the early 1990s, several prototypes
of tufting structures [18-21] which would be applied in aerospace, have been pro-
posed by Airbus Group SAS. For instance, it is employed in the manufacture of
3D frame, beam and stringer structures on the back of an integrated aircraft door
[22]. Furthermore, the excellent performance of tufting in the manufacture of com-
plex 3D structures has resulted in its successful application in an undercarriage
demonstrator. It well makes up for the limitation of spatial restrictions of other
textile technologies eg. ITA one-sided stitching (OSS) technology [6, 23]. Mean-
while, tufting is also successfully used in the production of automotive frame rails
to join I-stiffeners to a braided oval crash tube to enhance its energy absorption
during impact [24]. The application of tufting in such stiffener reinforcement has
been fully investigated. For instance, a T-stiffener is explored in terms of bending
performance and damage tolerance [7, 11, 25], while some focus on the the effect of
tufting density and thread materials [26]. Furthermore, Stickler et al.[27-31] used
the unique feature of partial tuft insertion to join a novel T-shaped composite butt
joint. Another tufted J-stiffener structure that triples the maximum load bearing
capacity before failure has been mentioned in [6]. Additionally, Préau et al. [32]

demonstrate their research on the manufacture of (2-stiffener by tufting technol-

ogy.

Based on literature research, it is also found that tubular assembly is a common
component in industrial areas where tufting technology has been applied, such as
nozzle assembly in the aerospace field. Unfortunately, there are no applications,
or even prototypes, that have been proposed concerning it in the past researches.
Therefore, it motivated the idea of manufacturing tubular assemblies by means of

tufting technology. Fig. 4-1(a) shows a new conception prototype of the tubular as-
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sembly structure by tufting is proposed. However, due to the limitations of the tuft-
ing device and in order to better investigate its mechanical properties, the present
work initially will focus on the establish of a tufted plate assembly structure (see

in Fig. 4-1(b)) and performing fundamental investigations on its performance.

The aim of the present study is to develop the abovementioned tufted plate assem-
bly composites and evaluate its mechanical properties, typically those of the tufting
threads. To meet this aim, it firstly to manufacture a typical tufted plate assembly
composite suitable for tensile loading testing based on preliminary results. Further-
more, the effect of tufting density, free tufting loop (FTL), and tufting pattern on the
failure behaviours and mechanical properties under tensile load need to be taken
into account. Meanwhile, the definition of tufting density is given in the present
chapter to better characterise the influence factors. Finally, the results will be dis-
cussed in terms of the damage repair, mechanical properties, and lightweighting of
composites respectively. Wherein, lightweighting will be determined by a relative
physical quantity called "Specific Breaking Force" in the present chapter.

Tufting needle

Tufting thread Tufting thread |[[— Tufting needle

— T

—
—
Renfort ——/ Renfort
-Lower - ‘// -Upper
/—v—\/

—

1

(a) (b)

Fig. 4-1. Schematic view of (a) tufted tubular assembly, (b) tufted plate assembly.

4.2 Materials and methods

4.2.1 Materials and samples

The material under investigation is manufactured using 2-step tufting and liquid

resin infusion (LRI) techniques, which are introduced in sections 2.4.1 and 1.3.2,
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respectively. Besides, tufted preforms are performed by a home-designed tufting
device[1] (shown in Fig. 2.3(c)) under the pressure of 2.5 bar (seen in section 1.3.1)
and with two hollow needles, seen in Fig.2.4(a), which are a guide needle and a
tufting one, respectively. Taking into account the need to extend the research to a
subsequent tufted tubular assembly study in the future, a braided fabric with this
specific shape advantage is selected as the preform, and its parameters are as fol-
lows: Braided E-glass fabric with a braiding angle of 45° and an areal density of
747.4 + 32 g/m?. In order to the feasibility of the present study, the braid is firstly
cut into a plate shape (namely cut-braided fabric) with a thickness of 1.5 mm and
a width of 170 mm (after pretrimmed). Fig. 4-2 shows a schematic representation
of the sample stack configuration and an example of a dry tufted plate assembly
preform: Two layers of cut-braided E-glass fabrics are superposed in the same ori-
entation with a preset overlap length (noted as Lassy), 35 mm in the present study.
Meanwhile, a thin release film is required to be added between the two layers be-
fore tufting, which makes the assembly effect focus and only focus on the tufting
thread, avoiding the adhesive of infusion resin. This release film is a kind of E2760
red micro-perforated Teflon film manufactured by Cytex. Moreover, the trace dry
powder (epoxy as raw material, white colour) is evenly spread on both sides of the
braided fabric, to ensure the consolidation of the structure of the preform during
the whole preform preparation, even the latter tufting process. However, its poten-
tial or possible effect on mechanical properties, in particular the tensile properties,
is not taken into account in the present chapter. The overlap is assembled by a
twisted 2 x 1k TEX Tenax® JHTA- 40 carbon thread, as shown in Fig. 2-1 and Table
2-1 offers its parameters (in section 2.2). The tufted plate assembly mainly consists
of two zones: the "Tuft-assembly" and "Tuft-free" zones, respectively. The existence
of the release film, combing the path of the tufting thread, divides the tuft-free
zone into the upper one and the lower. These tufted plate assembly preforms are
then vacuum infusion on a flat plate, using SICOMIN® SR8200 resin system (with a
weight ratio of 100: 37) by LRI (Liquid Resin Infusion) process to produce the tufted
plate assembly composites (recall Fig.1-27 in section 1.3.2). The infused composites
are cured at room temperature for forty-eight hours. Later, they are machined into
the desired dimensions addressed in the following test procedure section using a

water-jet cutting technique.
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(a) Schematic view of tufted plate assembly.
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(b) Dry tufted plate assembly preform samples with a tufting spacing of 9 mm

Fig. 4-2. Tufted plate assembly (a) schematic view, (b) dry preform samples with a

tufting spacing of 9 mm.
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In order to optimise the tufting parameters on the tensile properties of tufted plate
assembly composites. Three group samples are prepared in response with three
varying tufting parameters: i) Group A samples are tufted with various tufting
densities; ii) Group B samples are prepared without free tuft loop (FTL); iii) Group
C samples are tufted at £ 45° path direction to determine the effect of the tufting
pattern. They are introduced in the following paragraphs. Taken into account the
potential influence parameters and to uniform the tufting density for the following
various tufting configurations, the definition of tufting density needs to be rede-
fined initially as total tuft points (tufts for short) per unit square (pts/mm?), which
has been given in chapter 1/section 1.3.2. Furthermore, the column spacing for all
samples are constant as 6 mm in the present study. Meanwhile, the tufting spacing
is used to be characterised as the tufting density in the sample preparation stage.
Moreover, it is used as the basis for naming samples. Table 4-1 summarizes the de-

scription of each group sample as reported in detail in the following paragraphs.

Group A: This group studies mainly on the influence of tufting density on the me-
chanical properties of tufted plate assembly composites. Firstly, the minimum tuft-
ing spacing that can be prepared is 3 mm (noted as A3), because of the limitation
of the 2 mm diameter of the tufting needle. Meanwhile, in order to ensure that the
sample does not delamination before testing to meet the research feasibility, two
tufts at least in each column, that is, at least a total of 6 pts of tufts. In addition,
leaving a suitable distance to the edge, 27 mm of tufting spacing is finally selected
to prepare an A27 sample with 6 tufts in total of the sample (called total tufts in
sample with the unit of pts). And on this basis, A9 is prepared to correspond to
the 27 mm tufting length of each column in the above. Finally, returning to the
original intention of the samples in this group, six samples with respective tufting
spacing from 8 mm to 4 mm (diminished at intervals of 1 mm) are also prepared to
meet the requirements of sufficient tufting density. Furthermore, all samples in this
group are tufted into rectangular patterns, it means that the tufting path direction
is consistent with the machine direction (tufting path angle of 0°). The top and bot-
tom sides of the typical samples in the group A are included in the inserts of Fig.
4-4.

Group B: This group focus on the influence of FTL on the mechanical properties
of tufted plate assembly composites. An important challenge for response samples
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in this group is to remove the FIL, but how? The first thing to determine is to
better remove FTL under the principle of avoiding the destruction of the original
mechanisms of tufted plate composites to the maximum extent. A special foam,
which does not absorb the resin and retains the FIL inside, is placed under the
preform during the whole tufting process and resin infusion stages. After the resin
infusion, these FTLs are then trimmed off manually by scissors followed by peeling
off the foam with preform, but with a little loss of surface finish of the composites
anyway. And then to accomplish the research about the influence of FTL on the
tufted plate assembly composites. According to the dense, medium, and loose of
tufting density level, the samples with FTL with tufting spacing of 27, 9, and 3
mm are selected from group A as three comparative samples. Consequently, in
the B group, samples in rectangular patterns without FTL of B27, B9, and B3 are
prepared finally. Same as group A, the top and bottom sides of the typical samples
in group B are included in the inserts of Fig. 4-5.

Group C: This group concentrates on the influence of tufting pattern on the me-
chanical properties of tufted plate assembly composites. The difference from the
samples of group A and group B is that the tufting path angle is in + 45° for sam-
ples in group C, which makes the tufting patterns are totally different with the
rectangular one. However, these two varying tufting patterns are with an identical
column spacing of 6 mm: i) C1 with a - 45° direction of the initial step, namely
"cross". It is because that there is a cross point between the two tufting columns,
but without any effective influence on the final tufted product, for its penetrate-
free into the preform, which makes the real column spacing is 12 mm. The row
spacing is also predetermined as 12 mm, resulting a tufting spacing of 8.49 mm.
ii) C2 with a 45° direction of the initial step, namely "reciprocation" as well, all be-
cause of the tufting pattern showing a reciprocating path on the top surface of the
preform. Since the presetting of column spacing and row spacing are both 6 mm,
and the tufting spacing is calculated as 16.97 mm. The top side of these two typical
samples C1 and C2 are included in the inserts of Fig. 4-6.

The preliminary non-tufted plate assembly composite sample with release film can
be separated without applied load. No test results are conducted in a later section.
Therefore, except for the non-tufted plate assembly composites, Table 4-1 summa-
rizes the description of the tufting configuration for all samples in the three groups
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as reported in detail above. Moreover, As recapped in Table 4-1, it is found that the
same total tufts in sample may with different tufting density, A7 and A8, for ex-
ample. The tufting density and total tufts in sample of C1 ( 0.69 pts/cm? and 8 pts
respectively) are similar to the A27 ( 0.62 pts/cm? and 6 pts respectively); On the
contrary, the same tufting density may with different total tufts in sample, A6 and
C2 with the same tufting density of 2.78 pts/cm?, for example, have different total
tufts in sample of 18 pts and 16 pts, compare to A7 and A8, respectively. Therefore,
in the following discussion, as long as the tufting density is involved, the total tufts
in sample should be taken into account as a factor.

Table 4-1
Samples that meet various influencing factors and their designated nomination.

Ref. of Free tuft loop Column Tufting path Row/Tufting Tufting Total tufts
ef. o

(FTL) spacing direction spacing density in sample
sample

(with/without) (mm) ®) (mm) (pts/cm?) (pts)
A27 27 0.62 6
A9 9 1.86 12
A8 8 2.09 15
A7 7 2.39 15

with 6 0
A6 6 2.78 18
A5 5 3.34 21
Ad 4 417 27
A3 3 5.56 36
B27 27 0.62 6
B6 without 6 0 6 2.78 18
B3 3 5.56 36
C1 . 12 /1697  0.69 8

with 6 + 45
C2 6 /849 2.78 16
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4.2.2 Testing procedure

The tensile test is used to require test dimensions of 130 x 25 mm? (after optimisa-
tion) in the present chapter. Meanwhile, the alignment tabs of dimensions 20 mm
x 25 mm x 1.5 mm (in length x width x thickness, respectively) are placed at the
two ends of the tufted assembly sample, prior to the resin infusion stage as shown
in Figure 4.3(a), to ensure the centring of the sample between the tensile testing
grips, so as to avoid alliteration during the tensile testing. Therefore, thirteen pre-
pared tufted plate assembly composites with different tufting configurations can
be cut into a total of seventy-eight samples, six for each tufting configuration, with
an overall dimensions of 170x 25 mm?. The default overlap dimensions are 35 x
25 x 2.7 (+ 0.3) mm?. The test sample is mounted onto the Instron® Universal Test-
ing Machine (Model: 5985) as shown in Fig. 4.3(b) to undergo a tensile test on the
tufted plate assembly composite. Tensile loading is directly applied at the centre of
the tested samples until failure. During the tensile test, one end of the tested sam-
ple is always required to be fixed on the central position of the lower head in the
longitudinal direction, whereas another one is carried by the upper head moved
upwards at a constant crosshead speed of 2 mm/min. Meanwhile, the initial ten-
sile load vs displacement diagram for each test is traced and plotted in the whole
testing. Six-time tests are repeated to be conducted for each configuration of the
tufted plate composite samples under identical conditions to calculate the average

results.

113



Chapter 4 — A Novel Plate Assembly by Tufting and the Optimisation of Manufacturing
Parameters

> _— g
<O
S §
25 mm f I .
Lassy =35 mm
Liest= 130 mm
| 170 mm

20 mm
1.5 mm 1.5 mm
PT
1.5 mm J‘ 1.5 mm
0000 /20mm )

Alignment tabs
(a)

| Upper
741 || movable head

\!

Lower
fixed head

!
H I
/'- .

(b)

Fig. 4-3. (a) Dimensional schematic of tensile test for tufted plate assembly sample
(Top: Top view; Bottom: Front view). (b) Left: INSTRON® Universal Testing Ma-
chine; Right: Tensile test set-up.
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4.3 Results

4.3.1 Failure position observations

Initially, images of the two typical failure positions, at the "Tuft-assembly" zone
and the "Tuft-free", of all tufted plate assembly composite samples are included in
the inserts of Table 4-2. The tufting density/total tufts in sample has a remarkable
influence on the failure behaviour, whereas it has nothing to do with the tufting
pattern or the FTL in the present study. Furthermore, it is can be found that the
samples with total tufts in sample of 6 pts ( A27 and B27), 8 pts (C1), and 12 pts (
A9 and BY) are totally delamination to failure at the "Tuft-assembly" zone shown in
the three columns to the left of Table 4-2. On the contrary, the other samples have
the occurrence of fracture before delamination (respectively, including A8 and A7
with total tufts in sample of 15 pts and C2 with a total tufts in sample of 16 pts), or
even never delamination (samples of A6, A5, A4 and A3 as well B3 with total tufts
in sample of 18 pts, 21 pts, 27 pts and 36 pts, respectively) as shown in the three
columns to the right of Table 4-2. Whilst, it is revealed that the effective total tufts
in sample to avoid delamiantion needs to be equal or superior to 15 pts. Further

findings will be reported in a later discussion section.
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Table 4-2
Failure position of tufted assembly.

At "Tuft-assembly" zone At "Tuft-free" zone
Reference | Total tufts in sample (pts) | Reference | Total tufts in sample (pts)
A27 6 A8 15
B27 6 A7 15
C1 8 C2 16
A9 12 A6 18
B9 12 A5 21

A4 27
A3 36
B3 36

4.3.2 Tensile testing results

The load-strain curves of each group sample will be illustrated in the following
sections. To optimize the tufting parameter by means of the intragroup and in-
tergroup comparisons of the results. Wherein, the intragroup comparison results
mainly focus on the influence of tufting density; the intergroup comparisons are
concentrated on investigating the effect of FTL (groups A and B) and the influence
of tufting path direction/tufting pattern (groups A and C).

4.3.2.1 Influence of tufting density

Group A

The tensile load-strain curves of samples in the group A with eight different tufting
spacings are illustrated in Fig. 4-4. Overall, all slopes of the curves are similar. It
is found that A27 reaches its maximum load at a breaking strain of 1.6 & 0.08 %,
which is only 1889 + 76 N. However, the maximum load of A3 has been already up
to 3238 4 78.2 N (about 71% stronger than the A27), and its corresponding breaking
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strain reaches 4.4 + 0.15 %. In addition, draw support from Table 4-3 in order to
more clearly investigate the relationship between tufting density (the total tufts in
sample in particular) and tensile properties. For instance, A8 and A7 own the same
total tufts in sample of 15 pts, with the similar maximum tensile load (2505 + 113.8
N and 2545 + 87 N, respectively ) and the similar corresponding breaking strain
(2.5 4+ 0.09 % and 2.4 + 0.21 %, respectively). Moreover, Table 4-3 also recaps that
with the density increases, the total tufts in sample also increase, but the growth
rate of the maximum tensile load gradually decreases. Such as A6 and A5 (3 pts
difference of total tufts in sample) are with similar maximum tensile loads of 2833
+116.7 N and 2913 + 128.8 N and the similar corresponding breaking strain of 3.2
+ 0.11 %, 3.0 &+ 0.17 %, respectively. However, the total tufts in sample of A4 is 9
pts less than that of A3, with the similar maximum tensile loads of 3310 4+ 92 N
and 3238 + 78.2 N, meanwhile, the similar corresponding breaking strain of 4.3 &
0.2 %, 4.4 £ 0.15 %, respectively.It can be observed that as the density increases, the

maximum tensile required roughly increases.

35001 — = A27 (6 pts)

- --A9 (12pts) Loy
3000, = —A8 (15pts) Tu -’ '
— -A7 (15pts) AL
——A6 (18pts) -~
25001 —— A5 (21pts) o
_ — — A4 (27pts) 8
£ 2000- A3 (36pts) 77
e S 44
< e »
3 v
1500+ . /8 General configuration
/
1000+ A
g-
500 Typical example
of group A sample
0 T T T T T 1
0 1 2 3 4 5 6

Strain(%)

Fig. 4-4. Tensile load vs. strain curves of group A samples.
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Table 4-3
Tensile properties of group A samples.

Ref. of Total tufts in sample Tufting density Breaking strain Maximum tensile load

sample (pts) (pts/cm?) (%) (N)

A27 6 0.62 1.6 + 0.08 1889 £ 76.0
A9 12 1.86 20+0.14 2242 +44.4
A8 15 2.09 2.54+0.09 2505 + 113.8
A7 15 2.39 24 +0.21 2545 + 87.0
A6 18 2.78 3.2+ 0.11 2833 £ 116.7
Ab5 21 3.34 3.0£0.17 2913 +128.8
A4 27 4.17 4.3+ 0.20 3310 + 92.0
A3 36 5.56 44 +0.15 3238 + 78.2
Group B

The load-strain curves of samples without FIL in group B are plotted in Fig. 4-5
and the values are listed in Table 4-4. These samples are trimmed off the FTL at
the bottom side prior to the resin infusion. The maximum tensile of 1941 + 59.7
N, 2232 + 27.8 N, and 3238 + 76.4 N for B27, B9, and B3, respectively. Regarding
to the corresponding breaking strain, 1.5 £ 0.13 %, 2.1 £ 0.08 %, and 4.3 £ 0.08
% for B27, B9, and B3, respectively. It directly confirms that as the tufting density
increases and the total tufts in sample increases, the tensile properties will also
increase, which gives very consistent results compared to those with FTL in group
A.

Table 4-4
Tensile properties of group B samples (Without FTL).

Ref. of Total tufts in sample Tufting density Breaking strain Maximum tensile load

sample (pts) (pts/cm?) (%) (N)

B27 6 0.62 1.5+ 0.13 1941 +59.7
B9 12 1.86 2.1 +£0.08 2232 +27.8
B3 36 5.56 4.3 +0.08 3238 +76.4
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Fig. 4-5. Tensile load vs. strain curves of group B samples (without FTL).
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Group C

The tensile load vs strain curves of C1 and C2 are illustrated in Fig 4-6 and the value
results are listed in Table 4-5. These samples are tufted at &+ 45°. The maximum
tensile of 1795 £ 29.2 N and 2508 + 127.5 N for C1 and C2, respectively. Regarding
to the corresponding breaking strain, 1.3 £ 0.08 % and 2.3 & 0.14 % for C1 and C2,
respectively. It is also found that the denser the tufting density and the more the
total tufts in sample, the stronger the strength of the sample, which still gives fairly
consistent results regardless of the comparison with group A or B.

3000+
- = CI1 (8 pts)
2500
——C2 (16 pts)
2000
g /Il
s
;§ 1500- . -
I ’
s <
1000~ A g Other tufting
, / patterns
}
500- 7
Typical examples
of group C sample
0 T T T T T 1
0 0.5 1 1.5 2 2.5 3

Strain(%)

Fig. 4-6. Tensile load vs. strain curves of group C samples (+ 45° tufting patterns).

Table 4-5
Tensile properties of group C samples (& 45° tufting patterns).

Ref. of Total tufts in sample Tufting density Breaking strain Maximum tensile load

sample (pts) (pts/cm?) (%) (N)
C1 8 0.69 1.3 +0.08 1795 + 29.2
C2 16 2.78 23+0.14 2508 4+ 127.5
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4.3.2.2 Influence of free tuft loop (FTL)

Fig. 4-7 summarizes the comparison of the mean maximum tensile load and the
corresponding failure strain between group A and group B, with and without FTL
respectively. There is no missing force for B27, B9, and B3 with the FTL trimmed
off under identical conditions of A27, A9, and A3, respectively. Although there are
only three tufting densities, the comparison results are still sufficiently represen-
tative, as they represent loose, medium, and dense tuft levels, respectively. It is
obviously noted that the same proportion improvement of mechanical properties
under tensile loading between group A and group B with the tufting density in-
creased, corresponding to the results in the previous subsection. However, as for
the same tufting density, there are no important differences as to be negligible in
group B samples without FTL compared to group A. The similar maximum failure
load is required when the failure strains reach the similar value. Therefore, with-
out doubt that it is not a perfect agreement between group A and group B, but the
trend is definitely the same. It can be considered that there is no influence of FTL on
the mechanical properties under tensile loading of the tufted plate assembly com-
posite, regarding either in terms of the maximum tensile load or the corresponding
breaking strain.
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Fig. 4-7. Comparison of the tensile properties (a) maximum tensile load and (b)
breaking strain of tufted plate assembly composite between with and without FTL.
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4.3.2.3 Influence of tufting pattern

Fig. 4-8 revels the comparison of the mean maximum tensile load and the corre-
sponding failure strain between group A and group C, under varying tufting pat-
terns. In the present work, that is, the comparison of tufting path angles of 0° and +
45°, respectively. This intergroup comparison is based on tufting density per area
and on total tufts in sample, respectively. Wherein, the tufting density of C1 (0.69
pts/cm? and 8 pts in total) is similar to the A27 (0.62 pts/cm? and 6 pts in total).
However, with regard to tufting density per area, C2 (2.78 pts/cm?) is identical to
the A6 (2.78 pts/cm?), while in terms of total tufts in sample, C2 (16 pts) is similar
to A7 and A8 (15 pts).

Firstly, comparing C1 and A27, the respective maximum tensile load and failure
strain of C1 are 94 N and 0.3 % smaller than those of A27, although both are within
the margin of error, C1 is slightly denser than A27, a little contrary to the previous
intragroup results. Next, the comparison of C2 with group A: i) C2 and A6 with
the same tufting density per area of 2.78 pts/cm?, but the total total tufts in sample
of C2 (16 pts) are 2 pts less than for A6 (18 pts) , it is relatively logical that there are
325 N and 0.9 % decrease of C2 than A6 for the maximum tensile load and failure
strain, respectively. ii) C2 and A7 as well A8 with a similar total total tufts in sam-
ple of about 16 or 15 pts, although the tufting density of C2, A7, and A8 are slightly
differences as 2.78 pts/cm?, 2.39 pts/cm? and 2.09 pts/cm?, respectively, the max-
imum tensile load and failure strain are similar. It is logical that when describing

the tufting density, the total number of total tufts in sample is more accurate.
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Fig. 4-8. Comparison of the tensile properties of tufted plate assembly composite
with different pattern.
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4.4 Discussion

The results of the tensile test in group C have demonstrated that the total total
tufts in sample with its higher accuracy has a certain essential to replace the total
tufts per unit area in mm? to express the influence of tufting density parameter
on the tensile performance of the tufted plate assembly composite (see Fig. 4-8).
There is no typical influence of the presence of FIL of tufting thread on the tensile
properties in terms of experimentation (call Fig. 4-7). However, the absence of FTL
can reduce the weight of the composite part. To better understand this point of
view, it is deemed that the tensile behaviour can be reasonably well characterized
using a "specific breaking force" for the tufted plate assembly composite, especially

in the industrial applications field. It is calculated by the following equation (4.1)

Breaking force (N)
Weight (g)

Specific breaking force (N/g) = (4.1)

Fig. 4-9 presents the specific breaking force curves of tufted assembly composites
with and without FTL. As for the same total tufts in sample, it can be fairly noticed
a big improvement of the specific breaking force in the tested samples without FTL,
compared to the tested samples with FTL. And it is logical that as the number of
total tufts in sample increases, the advantage of tufted plate assembly composites
without FTL is more outstanding. As shown in Table 4-6, there are 0.9 %, 5.7 %, and
20 % improvement for the total tufts in sample of 6 pts, 12 pts, and 36 pts, respec-
tively, when the FTLs are trimmed off. its in the composite design and responds to
the demand for lightweight in the industrial field. It makes perfect sense in the de-
sign of composite materials and can satisfy the demand for lightweight industrial
applications. Dell’Anno et al. [2] have discussed that it is doable to remove FTLs in
tufted samples prior to or after resin infusion. However, regardless of the methods
mentioned in their article or what used in the present chapter are manual removal
with scissors, which is unfeasible in industrial mass production and market ap-
plications. Nevertheless, they also proposed that the industrial shearing machines
used in mass carpet production may be a viable commercial solution to this FTL
removal issue. It is considered as a cutting-edge front in the future investigation on

the application of tufting technology in the composites industry field.
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Fig. 4-9. Comparison of specific breaking force between tufted assembly composite
part with FTL and without FTL.

Table 4-6
The comparison results of specific breaking force between tufted plate assembly
composites with and without FTL.

Total tufts in sample (pts)

Group
6 12 36
o . 111 140 186
specific breaking force (N/g)
B 112 148 224
Increase ratio (%) 0.9 5.7 20
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The failure position observation results of all tested tufted plate assembly com-
posite samples have demonstrated three types of failure modes (see Table 4-2):
i) only delamination, ii) post-fracture delamination, and iii) only fracture. Firstly,
delamination failure obviously occurs at the "Tuft-assembly" zone. However, the
fracture failure usually occurs at the "Tuft-free" zone and infinitely close to the
"Tuft-assembly" zone but away from the edge, as noted by the yellow ellipse in
the rightmost illustration in Table 4-2, where is the stress concentration location,
at which failure typically occurs first. Additionally, the fracture failure caused by
stress concentration precedes the delamination failure for the tufted plate assembly
composite when the number of total tufts in sample reaches a critical value, 15 pts
in the present study. Secondly, comparing these two failure positions, the failure at
the "Tuft-free" zone, particularly under the failure mode iii (fracture), due to time
and economic savings, is a more expected result from the perspective of compos-
ites damage repair in the industrial field. Meanwhile, all of these observed tensile
failure behaviours are the contribution of the tufting threads, which are isolated in
all samples, using the release film between two assembled layers as described in
the material description section in the present chapter. Consequently, it is required
that at least 18 pts of total tufts in sample, based on the tufted plate assembly com-
posites samples in the present chapter, can effectively avoid delamination under
the present tensile conditions, regardless of with or without FTL. It is believed that
these failure modes can be dominated by the total tufts in sample of the tufted
plate assembly composite sample. However, with the lack of other tufting patterns
in mode iii failure, it is not sufficient to reveal whether the tufting patterns will
not affect the failure mode. Meanwhile, it is not entirely possible to determine that
the tufting pattern has no effect on the mechanical properties under tensile load-
ing due to the insufficient of samples in group C. Both of them are worthy to be
investigated and discussed in future work.

4.5 Conclusion of chapter four

In order to expand the application of tufting technology in composites industry
field, a novel tufting tubular assembly structure was proposed in the present chap-

ter. Due to the limitation of tufting device and the lack of basic research data, a new
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plate assembly composites by tufting and infused by LRI is firstly manufactured
to study in the present work. Basic tensile tests were conducted for various tufting
parameters of tufted plate assembly composites in groups. And their mechanical
performances under this loading condition were analysed. Each intragroup analy-
ses demonstrated that the tufting density is a significant influence factor, and has
a positive relevant relationship with mechanical properties. The removal of FTL
is of major interest in lightweight design in the composites industry a 20 % im-
provement of specific breaking force could be reached with a total tufts in sample
of 36 pts in the assembly zone. Even the least with 6 total tufts in sample had a
0.9 % increase. Meanwhile, a method to trim off has been presented, whereas it
is not available for mass production due to the time cost. Three modes of failure
position under the identical tensile loading condition were identified as delamina-
tion occurring in the "Tuft-assembly" zone; post-fracture delamination and fracture
occurring first in the "Tuft-free" zone. They are depending on the tufting density.
By contrast, studies on the effects of tufting patterns on plate assembly composites
by tufting have been carried out but are not yet sufficient and could be subjected
to future research. Meanwhile, the method or device of manufacturing tubular as-
sembly by tufting and the related mechanical performance studies can be taken
into account for future research work.

Tufting thread is a significant factor. A geometry method of tufting thread, which
will be briefly presented in the latter section. Meanwhile, plate/tubular assembly
composites by tufting are as a novel conception for manufacturing the integrated
composite product, there are several problems that need to be studied. Further
investigation on this front will be required in the future.

4.6 Perspective of chapter four

4.6.1 Modelling of the tufting thread

Abovementioned results reveal that the tufting threads play a significant role on

the tensile properties of tufted plate assembly composites. Therefore, in this mod-
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elling, the geometry of the tufting thread is well considered. In this section, a ge-
ometrical model of tufted plate assembly is proposed, meanwhile, the study is fo-
cused on that of the tufting thread. The present modelling is for the Tenax®-] HTA-
40 carbon thread, which is used in this thesis, and its properties are shown in Table
2-2 in chapter 2 / section 2.2.

4.6.1.1 Preliminary study of tufting thread

Thanks to Mme. MAKHSIYAN Nouné, a graduated master IMS student of EN-
SALIT, she gives various hypotheses of the tufting thread shown in Fig. 4-10. Taken
account of the negligible influence of FTL on the mechanical properties, it is there-
fore only chosen one type of modelling. To confirm these hypotheses, it is necessary
to be prepared the tufted composite plate thick enough to visualize the morphol-

ogy of the tufts loop.
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(@ — (b) |
7 ol r_" T~ \r‘ \/ —
\ o l |
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« / k ) k\ /) \\\ )
— ' _ ~_ >/
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1 | ( ‘ (
|
Full loop ‘
|
J J ~
Ellipse / Polygon Ellipse / Polygon

Fig. 4-10. Basic morphology assumption of tufting thread

¢ Shape and path of tuft loop

The cut tufted composite plate needs to be polished until the tufting thread cross-
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section can be clearly observed. Then a sectional view of the tufting thread through
the thickness is shown in Fig. 4-11. The micro-observation sample is that some
points are confirmed concerning the adaption of the thread according to the space
offered, although it is not visible on this plan for the shape of the section. Therefore,
the images clearly show that the expansion of the loop does not prove to be applied
each time on the tufting thread with a free loop. Moreover, according to the sample
loops, the expansion does not form an ellipse but rather a parallelogram (according
to the vertical path of the needle), this is why it is necessary to verify that the model
behaves as closely as possible to the observed reality. And this, even if the modelled
shape is elliptical.

Output
._ o

i
-

k"&‘; ¢ Input
T -2
gy 4

Fig. 4-11. The sectional view of tufting thread through the thickness by QMicro-
Capture.

According to the tufting process, the input and output of the tufting thread can
be easily indicated on the image above (Fig. 4-11) The initial step of the free loop
is positioned lower than another side, because the thread is retracted, a slight dis-

placement could be produced.
¢ Cross-section of tufting thread

Anideal type of tuft loop is sketched and implemented on Solidwork-aided, which
can minimise the design steps. It is important for our model to point out the polyg-
onal cross-section of the tufting threads. The image is imported into the software,

then the cross-section can be extracted by color recognition or by sketching the
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boundary using the sketch basics tool. It is therefore possible to vary the tolerance
of the color and shape, as close as possible to the shape by segments, or distant via
curves called "splines". Finally, some polygonal cross-sections can be observed in
Fig. 4-12.

Fig. 4-12. Polygonal section-cross by Solidwork.

4.6.1.2 Geometrical model of tufting thread

The geometrical and mechanical model of textile implemented in TexGen. It offers
two ways to implement the internal geometry of almost all types of textile struc-
tures. One is to input the necessary data into the software interface directly, another
needs the aide of Python algorithm. In the present study, by writing the python
script to realise the geometry model of tufting thread and unit cell of the tufted
preform. As the general geometry method for the thread shape, it is known that
the cross-section is cylindrical or elliptical. However, either is the most realistic for
the sample observed. To get closer to the shape of the real tufting thread, the tufting
thread model is improved to the polygonal shape in the present study. And three
kinds of polygonal cross-section shapes are assumed, illustrated in Fig. 4-13. Be-
cause, it is found that the model with less than 6-sides polygon is too rigid, whereas
the model with more than 8-sides polygon is too close to a circle (less significance
to assign the cross-section as a polygon). The length of the tufting thread loop is
depended on the whole plate tufted assembly composite in the present study, the
thickness of the tufting thread is defined by its own parameters, and the width of
the model is accordance with the tufting density. Meanwhile, it is assumed that the
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distribution of fibres over a cross-section is uniform for simplifying the following

model calculated. This tuft thread loop model is saved as the STEP file which can

transfer to the FE software Abaques.

(a) . (b)

Ellipse, Hexagon Ellipse, Heptagon

(c) .

Ellipse, Octagon

Fig. 4-13. Geometrical model of tufting thread by TexGen.

This model is saved as ".stp" file to be imported into the Abaqus to further design
the model tufted plate assembly and meshing it for validating the model used to
tinite element (FE) analysis by the macro (M)-level model.

4.6.2 Modelling of the tufted plate assembly composite

* Modelling approach

In this chapter, a macro(M)-level model is established in FE software Abaqus. The
present study is still based on the cohesive zone model, the difference is that us-
ing the established geometrical model of tufting thread instead of the connector
element, which used in other models. A model without cohesive zone will be es-
tablished after this study, which is for the comparison. Therefore, there are four
parts used to assemble the final tufted plate composite as shown in Fig. 4-14. They
are two glass/epoxy elements, one tufting thread element, and a cohesive element.
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Printed using Abaqus/CAE pj_’f sSiMmuLIA

Four Parts

Cohesive element

Tufting thread

Fig. 4-14. Parts of tufted plate assembly model.

The "cohesive zone model" is typically for the laminated composite. COHESIVE is
a new area to divide two layers to characterise the delamination properties. CO-
HESIVE area can be regarded as an area with excess resin, but different from the
pure resin area. Its main function is to connect the upper and lower single layers.

There are three types of stress on the bonding surface, defined in the following Eq.
4.2:

/0 tn()do, =GP

5;",0.1'

; ts(0)dos =G% (4.2)
5%7104$

; ty(8)ds; = Gh

The constitutive equation of COHESIVE element is B-K criteria (illustrated in Eq.
4.3), which is with respect to the traction-separation law.

G
G =aS + (S —GS)(G—jW (4.3)
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where, Gg = G5+ G, Gp =G + Gg.

Two layers are both glass/epoxy, and everyone is regarded as a whole element,
which is defined as isotropic transverse, which is as another constitutive equation
of this model. It is assumed that the tufting thread and composite plates are elastic,
meanwhile the degradation and damage are not considered.

* Model validation (meshing)

The model can be meshed directly in software Abaqus, then to validation. In this
model, four parts under three-type elements use their three mesh types. Fig. 4-15
illustrates the meshing of glass/epoxy and cohesive elements, where the glass-
epoxy element is assigned C3D8R element type ( An 8-node linear brick, reduced
integration, hourglass control ), the cohesive element is assigned COH3D8 element
type ( An 8-node three-dimensional cohesive element ). Because of the complex
shape of the tufting thread model, C3D4 ( A 4-node linear tetrahedron ) element
is used to assign the tufting thread mode shown in Fig. 4-16 (a). It is not hard to
notice that this kind of element type meshing is too rigid. However, the worst thing
about this model is that the mesh of tufting thread is unsuccessful, highlighting the
default areas in Fig. Fig.4-15(b).

2.
Printed using Abaqus/CAE 25 simuLIA

(a) C3D8R element (b) COH3D8R

X
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e X

Fig. 4-15. Element meshing (a) glass/epoxy element and (b) cohesive element
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2.
Printed using Abaqus/CAE 23S simuULIA
(a) C3D4 element (b) C3D4 element

Fig. 4-16. Tufting thread meshing

It is believed that the reason for the failure of mesh creation is its boundary inter-
section, after several recalculations failures, and the model tufting thread should
be optimized, the result is shown in the following;:

¢ Optimization of tufting thread model

Fig. 4-16 (b) demonstrates that there are two areas with "boundary intersections".
Without changing the basic parameter of tufting thread, the problem is easily be-
come to the thread path. Firstly, for the intersections with "input of tuft free loop"
area, the sinking distance at the beginning of the forming the free loop is reduced.
Then, for the intersections with "tuft loop" area, to minimize their intersection sur-
face. An important principle is to respect the actual path as much as possible.
Therefore, the abovementioned three polygonal cross-sections are optimized. It is
found that the mode with 7-gon is much more approximately to the reality. The

optimised model and its meshing results are shown in Fig. 4-17.
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@ Printed using TexGen m Printed using Abaqus/CAE ,D?YSIN\ULIQ

Fig. 4-17. Tufting thread (a) optimized geometrical model and (b) meshing resolu-
tion

The meshing of the tufted plate assembly is demonstrated in Fig. 4-18, until now,
this model can be used to simulate the mechanical behaviour by the Element Finite
(FE) method, which can be the further work.

2.
Printed using Abaqus/CAE on: Fri Nov 27 02:34:36 Paris, Madrid 2020 23S SIMULIA

X

Fig. 4-18. Overall view of tufted plate assembly meshing

Furthermore, this section will focus on the geometrical modelling of tufted plate
assembly, which is an interest for the macro(M)-level FE to simulate the mechan-
ical properties. This work is different from other researchers which is focused on
modeling the thread, instead of the cylindrical model. Therefore, a model without
cohesive element need to be established to fully on the assembly effect only by tuft-
ing thread. Regretfully, the lack of some foundations data of materials, this model
is on the prototype stage. It will be an interesting and meaningful project worth
looking into.

Finally, Fig. 4-19 is the establishment of this unit cell based on the tufting thread
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established in this chapter. After optimising the geometrical of the tufting thread,

this unit cell can be used to meso(m)-level FE in the further work.

Fig. 4-19. The unit cell of tufted architecture.
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GENERAL CONCLUSIONS

This chapter summarizes what we have done in this thesis and points out what
will be done in the future...

Conclusions

The present thesis conducts orderly and progressive investigation research on the
following three tufting scales: tufting thread in chapter 2, tufted laminate com-

posite in chapter 3 andtufted plate assembly composite in chapter 4.

¢ Definition of tufting density

In section 1.3.2 has given a definition of tufting density suitable to express the vary-
ing tufting patterns. Besides, there is a trade-off between tufting density and tufting
spacing.

¢ Optimization of tufting thread degradation

Tufting thread degradation is observed during the tufting process, by means of
image-observation and quasi-static tensile properties. Besides, it is proved that the
tufting density can effect the generation of tufting thread degradation, the denser
the tufting density, the worse the degradation. Furthermore, a novel tufting pro-
cess (namely, two-step tufting process) is proposed, and it is proved to effectively
reduce the degradation of the tufting thread.

i



General Conclusions

¢ Investigation of interlaminar shear properties under mode II loading con-
dition for DTP, CT’C and CTC, respectively

The effect of tufting density on the interlaminar shear behaviours under mode II
sliding loading of tufted preforms and composites. The results show that the intro-
duction of tufting thread can bring both positive and negative effects according to
the tufting density. T6 is a critical tufting density in the present research. The neg-
ative effect acts on the composite, which with the tufting density looser than that
of T6, while the opposite is the positive effect. Besides, it is proved that the tufting
thread is at work, not the tufting action.

¢ Development of tufted plat assembly composite

A tensile experiment is carried out on the tufted plate assembly under various tuft-
ing parameters, and the results reveal that the FTL has no influence on this prop-
erty, but it has a significant contribution to the composites industry of lightweight.
Furthermore, the tufting density plays an essential role on the present mechanical
properties. Finally, an macro(M)-level model of tufted plate assembly composite is
proposed in the present thesis based on the model of tufting thread introduced as
follows:

* Design of geometrical model of tufting thread

Studies in the present thesis demonstrate that tufting thread plays an essential role
in the tufted products. Thus, it is interesting to simulate a tufting thread in the state
of tufted composite. A geometrical model of the tufting thread is established with

the assistance of TexGen and validation by meshing in Abaqus software.

Perspectives

For future work, the following suggestions can be used as research entry points:
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General Conclusions

¢ Exploration on the tufted laminate preforms/composites

In chapter 3 of this thesis, the results of the load-displacement curve of tufted pre-
form /composite under mode II loading condition are discussed. Whereas the rup-
ture position of the tufted composite is shown in Fig. 3-13 in section 3.4, the R-
Curve of delamination properties can be explored in the future.

¢ Exploration of the effect of tufting pattern on the tufted plate assembly

composite and its other mechanical properties

The configuration of tufting thread on the laminate preform leads to various tufting
patterns for the tufted composite, it would be interesting to study the influence of
tufting pattern on the mechanical properties. Furthermore, more mechanical per-
formances should be studied, e.g., the pull-off behaviour, the crack initiation, and
its propagation under different loading conditions can be calculated by the next
researchers. There is an interest to explore the possibilities of assembling advanced
and complex structures for broadening the application of tufting technology.

¢ Optimization on the tufting thread model of the non-regular polygonal
cross-section and exploration on the meso-scale FE of tufting thread

Our model of tufting thread is to assign a regular polygonal cross-section, however,
the reality is not always regular. Therefore, the researcher can be conducted on the
optimization of the tufting thread model. Meanwhile, our model of tufted plate as-
sembly is a macro(M)-level model, which distributes the local reinforcement prop-
erties, and the overall loading conditions act on the parts. Further work can first be
done by refining the base information of material to complete our model finite ele-
ment (FE) analysis. Then a meso (m)-level of tufted composite, an unit cell of tufted
composite is proposed in Fig. 4-19 in perspective 4.6 of chapter 4. Further work can
conduct with the homogenisation of mechanical properties, determination of dam-
age initiation conditions and simulation of damage development aided with this
unit-cell. Furthermore, to establish a model only assembly by tufting thread with-
out "cohesive element".
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General Conclusions

¢ Optimization on the tufting device and corresponding testing device

Finally, in order to facilitate and simplify in academic research, it is imperative
to optimize and develop the tufting device which can achieve various complex
structures, tufted tubular assembly, tufted sandwich composite for example, and
which can be adapted to more aspects of research, same to the testing device...
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Résumé

Renforcement textile basé sur une technologie textile avancée pour la fabrica-

tion de composites

Les composites stratifiés tridimensionnels (3D) sont de plus en plus utilisés dans
différents secteurs industriels. Leurs caractéristiques mécaniques sont intéressantes,
en particulier par leur résistance et leur rigidité supérieures dans le sens de 1’épais-
seur. Le piquage est une des technologie qui permettent un recherche et dévelppe-
ment, qui non seulement s’adapte a divers matériaux, mais qui permet également
de réaliser motifs et formes variés. Cette these est dédiée du développement de
’assemblage tubulaire par la technologie de piquage, d’analyse de l'influence des
parametres de piquage sur les performances mécanique du composite assemblé
a plate est étudié. En plus les propriétés de cisaillement de la préforme piquée
et du composite piqué, les comportements de dégradation du fil de piquage sont
également étudiés. Alors, un mécanisme de piquage d’amélioration est proposé.
Des configurations de produits piqués en 3D ont été congues et les parameétres im-
portants ont pu ajustés par la machine de piquage du GEMTEX. L'influence de la
densité de piquage sur les propriétés de cisaillement mode II dans le plan de la
préforme piquée et du composite piqué ont promis d’optimiser notre processus
de piquage. L'étude de la dégradation du fil de piquage par l'essai de traction et
l’observation d'image a conduit a la définition d"un processus de piquage amélioré.
Ainsi, afin de discuter I’assemblage tubulaire, des essais a plat ont été menés . Ces
travaux ouvert le developpment de cette technologie d’assemblage avec de nou-

velles utilisations.

Motclés: Composite textile, assemblage tubulaire / plaque, piquage, performance

mécanique, modélisation géométrique



Abstract

Textile reinforcement based on advanced textile technology for composite man-

ufacturing

Three-dimensional (3D) laminated composites are increasingly used in different
industrial areas. Their mechanical characteristics are advantageous, in particular
by their better through-the-thickness strength and stiffness. Tufting is an ongoing
technology, which not only adapts to various materials but also easy to achieve
various patterns and shapes. This thesis is dedicated to the development of tubular
assembly composite by tufting technology, the analysis of the influence of tufting
parameters on mechanical performance by the plate assembly composite instead
of the tubular assembly is to simplify the experimental study. In addition to the
shear properties of the tufted preform and the tufted composite are introduced,
the degradation behaviours of tufting thread are also studied. Then,an improve-
ment tufting mechanism is proposed. The configurations of 3D tufted products
have been designed and the significant parameters can be adjusted on the home-
designed tufting device by GEMTEX. The influence of tufting density on Mode II
in-plane shear properties of the tufted preform and the composite promised to the
optimisation of the tufting process. Tensile test and the image-observation methods
of tufting thread are carried out to determine the degradation behaviours, mean-
while to improve a novel tufting mechanism. Moreover, in order to discuss the
tubular assembly, the tests on the plat assembly are carried out. These works open

up the development of the new applications under this assembly technology.

Keywords: Textile composite, Tubular/plate assembly, Tufting, mechanical perfor-

mance, geometry modelling
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