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Abstract

Rapid growth in the installation of wind and tidal turbines has caused increasing
usage of polymer composite materials to manufacture the blades, but the current use
of non-recyclable thermoset materials makes composite waste a growing problem.
The development of recyclable alternatives to traditional thermoset matrices, or new
techniques for recycling these materials, is therefore a necessity. While established
high-performance thermoplastics such as polyether ether ketone (PEEK) are recy-
clable and have excellent mechanical properties, leading to their use in the aerospace
industry, the high temperatures and pressures needed to process them make their
use in wind and tidal turbine blades prohibitively expensive. Recyclable alternatives
should therefore be processable via vacuum infusion, which is commonly used with
thermoset resins in the manufacture of wind and tidal turbine blades. Room temper-
ature infusible acrylic resins, known commercially as Elium®, are one such family
of promising recyclable resins, and are currently the only commercially available
‘drop-in’” thermoplastic alternative for the marine and renewable energy sectors.
Since liquid acrylic resins are relatively new to the market, several aspects of
their use remain uncertain. For example, if acrylic-matrix composites are to be
used in the tidal stream energy and marine sectors, they must be able to withstand
long-term immersion in seawater without significant losses in mechanical properties.
While published studies on water absorption in acrylic-matrix composites often rely
on multi-compatible or other non-tailored fibre sizing agents, it has been suggested
that improvements to the mechanical properties and water absorption behaviour of
these composites may be gained with a sizing agent tailored specifically to acrylic
resins. Additionally, beyond being simply a recyclable replacement to traditional
thermosets, acrylic resins create opportunities to improve the manufacturing of wind

and tidal turbine blades. Since acrylic is a thermoplastic, it can be welded instead



of adhesively bonded, which may result in faster manufacturing with stronger, more
resilient bonds.

Several aspects of acrylic resins relevant to marine and renewable energy appli-
cations are therefore explored in this thesis. Firstly, accelerated seawater ageing
is applied to glass-fibre reinforced acrylic (GF/acrylic) and PPE-modified acrylic
(GF /acrylic-PPE) composites, as well as to a traditional GF /epoxy baseline. The
static mechanical properties (tensile, flexural, and short beam) are compared before
and after ageing, and electron microscopy of the fracture surfaces to determine the
effects of water ingress on fracture propagation. The diffusion coefficients of water
in GF /acrylic (1.8 x 1072 m?s™!) and GF/acrylic-PPE (3.4 x 1072 m?s™!) were an
order of magnitude larger than that of GF /epoxy (0.16 x 1072 m?s™!), and analy-
sis showed this would correspond to greater penetration of water into acrylic-matrix
tidal turbine blades.

The tension-tension fatigue resistance of 0° GF /acrylic coupons with an acrylic-
tailored sizing is then characterised, both in dry and water-saturated conditions.
Comparisons are made to the performance of GF /acrylic composites with a multi-
compatible sizing agent to investigate the necessity of acrylic-tailored sizing agents.
Water saturation was found to decrease the low-cycle fatigue performance of the
composite, but performance was more similar in the high-cycle fatigue to which
wind and tidal turbine blades are subject. For example, at 2 x 10% cycles, ageing
reduced the fatigue strength by 21%, but this decrease was 14% at 2 x 10° cycles.
Differences in static and low-cycle fatigue performance were also observed between
the acrylic-tailored and multi-compatible composites—for example a 12% lower dry
UTS with the tailored reinforcement—Ilikely due to differences in the fibre diameter
and tow size, but their performance was again similar in high-cycle fatigue.

A novel method of joining acrylic-matrix composites is also explored. The sol-
ubility of acrylic polymer in its own liquid monomer creates the opportunity to
‘weld” acrylic-matrix (Elium®) composites without the application of heat. In this
method, termed resin welding, acrylic monomeric resin is infused between acrylic-
matrix composite parts. The resin dissolves and diffuses into the acrylic matrix and
creates a continuous material, and a strong bond, when it polymerises, without the

sensitivities of traditional welding methods to adherend or bondline thickness. Sin-
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gle lap shear testing was conducted on resin-welded and adhesively bonded coupons
with varying bondline thicknesses and filling fibres, and the bonding and fracture
mechanisms were investigated using scanning electron microscopy and the diffusion
of dyed acrylic resin. High strengths and low sensitivity to bondline thickness were
observed, with the highest bond strength of resin-welded coupons reaching 27.9
MPa, which is 24% higher than the strongest weld reported in the literature. This
indicates that resin welding is a promising alternative to traditional bonding and

welding methods for acrylic-matrix composites.
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Lay Summary

Wind and tidal turbine blades are the parts of the turbine which capture energy
from the wind/tidal flow, and cause the turbine to turn and generate electricity.
They need to be strong, stiff, lightweight, and corrosion resistant, which means that
metals like steel cannot be used to make them. Instead, composite materials are
used. These are materials which are made of a fibre reinforcement such as glass or
carbon fibre mixed with a plastic, to combine the benefits of both materials. Readers
may be familiar with composite materials as the ‘fibreglass’ which is used to make,
for example, baths and leisure yachts.

The problem is that the plastics which are currently used to make the composite
materials in turbine blades and yachts are not recyclable. Recyclable plastics—such
as in plastic bottles or food packaging—can be melted and reshaped, but those
currently used in blades cannot. This leads to old wind and tidal turbine blades
being landfilled or incinerated, rather than recycled.

New recyclable composite materials have therefore been developed, and one of
these is made using ‘liquid acrylic resin’. Acrylic is a recyclable plastic which is
chemically similar to Perspex windows and acrylic nails, but has been shown to
perform very well when used in composite materials. However, since these acrylic
composite materials are relatively new, there is much we don’t know about them. For
example, do they last as long as traditional materials when exposed to seawater? Do
they need specialised fibre reinforcements, or do they bond well to the reinforcements
already in use? And can we create new ways to join acrylic composite parts which
could be used to manufacture wind turbine blades?

In this thesis, studies are performed to answer these three questions. Firstly,
acrylic composite coupons are exposed to seawater, and its effects on their strength

and stiffness are measured. Additionally, additives are mixed with the acrylic to
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determine if its properties can be further improved. These results are compared
with a traditional non-recyclable composite material, which would be found in wind
turbines today, with positive results.

In another set of experiments, a new reinforcement specially made to be com-
patible with acrylic is compared to a multi-compatible reinforcement. This was
performed by comparing the durability of acrylic composites made with each re-
inforcement, before and after exposure to seawater. The results showed that the
multi-compatible reinforcement performed very well, and that specialised reinforce-
ments may not be needed.

Finally, a new method of joining acrylic composite parts is developed, using liquid
acrylic resin instead of adhesives to create a bond. These bonds were measured to
be stronger than adhesives, and even conventionally welded bonds. The results also
suggested that the method could be applied to large structures such as wind turbine

blades.



Acknowledgements

I would firstly like to acknowledge my supervisor, Prof. Dipa Roy, who has been
not only a source of expertise and guidance, but also support and encouragement.
I would also like to thank my second supervisor, Prof. Conchur o) Bradaigh, for his
sound advice. I am grateful to them both for making every meeting something to
look forward to, which I do not take for granted.

I would like to acknowledge with thanks the EPSRC Centre for Doctoral Training
in Wind and Marine Energy Systems and Structures (CDT-WAMSS, EP/S023801/1)
for providing funding and support, the University of Edinburgh EPSRC TAA for
funding received through block grant EP/R511687/1, and to the Supergen ORE
Hub for funding received through the Flexible Fund Award FF2021-1014. I would
also like to thank Arkema GRL and Johns Manville for the provision of materials
and support, and TWI for performing ultrasonic welding and providing advice.

Finally I would like to thank the Edinburgh University Composites Group for
being the collaborative community that it is—the work in this thesis would not be
possible without these colleagues and friends. In particular I would like to thank Dr
Ankur Bajpai, Dr James Maguire and Dr James Quinn for the support and training
they provided, and Mr John Blackhurst and Mr Eddie Monteith for being able to
solve any problem, technical or not. I would also like to thank Mx. Kit O’Rourke,
Dr Helena Pérez Martin, Ms lone Smith and Dr Catherine Megregian for being the
brightest part of any day.

vi



List of Publications

A list of published works, or manuscripts under review/preparation, is presented
below. Work from the first-author publications make up Chapters 4 and 6, as indi-
cated below, and the other publications are summarised in Appendix A. Elements

from each paper have been included in the literature review in Chapter 2.

First Author Publications

Chapter 4

Devine, M., Bajpai, A., Obande, W, o) Bradaigh, C. M., & Ray, D. (2023). Seawa-
ter ageing of thermoplastic acrylic hybrid matrix composites for marine applications.
Composites Part B: Engineering, 263, 110879. https://doi.org/10.1016/j.composite-
sb.2023.110879

Chapter 6

Devine, M., Bajpai, A., O Bradaigh, C. M., & Ray, D. (2024). ‘Resin welding’: A
novel route to joining acrylic composite components at room temperature. Compos-
ites Part B: Engineering, 272, 111212. https://doi.org/10.1016/j.compositesb.2024.-
111212

vil



Other Relevant Publications

Appendix A.1
Stankovic, D., Obande, W., Devine, M., Bajpai, A., o) Bradaigh, C. M., & Ray, D.
(2024). Accelerated seawater ageing and fatigue performance of glass fibre reinforced

thermoplastic composites for marine and tidal energy applications. Composites Part

C: Open Access, 14, 100470. https://doi.org/10.1016/j.jcomc.2024.100470

Appendix A .4
Bolluk, A., Devine, M., Quinn, J. A., & Ray, D. (2024). Repair of acrylic/glass
composites by liquid resin injection and press moulding. Composites Part B: Engi-

neering, 281, 111513. https://doi.org/10.1016/j.compositesb.2024.111513

viil



Contents

Abstract i
Lay Summary iv
Acknowledgements vi
List of Publications vii
List of Figures xiii
List of Tables xxviii
Abbreviations XxXXi
1 Introduction 2
1.1 Thesis Outline . . . . . . . . . . .. ... ... .. 4

1.2 Chapter References . . . . . . . . . . . . .. ... ... ... ... 4

2 Literature Review 7
2.1 Composites in Renewable Energy . . . . . .. ... ... ... ..., 8
2.1.1  Manufacture of Wind and Tidal Turbine Blades . . . . . . .. 8

2.1.2 Disposal of Blades . . . . . ... .. ... ... ........ 9

2.1.3 Resins for Recyclable Blades . . . . . . ... ... ... .... 11

2.1.4 The Future of Recyclable Blades . . . . ... ... ... ... 17

2.2 Interfacial Bonding . . . . . . .. ... .o 17
2.2.1 Glass Fibre Sizing Agents . . . . . ... ... ... ... ... 18

2.2.2  Interfacial Strength in GF/Acrylic. . . . . ... .. ... ... 20

2.3 Water Absorption . . . . . .. ..o 22

X



CONTENTS

2.3.1 Diffusion Theory . . . . .. .. ... .. ... ... .. 22
2.3.2 Effects of Water on Composites . . . . .. ... .. ... ... 28
2.3.3  Water Absorption in Acrylic-Matrix Composites . . . . . . . . 32

2.4 Fatigue of Composites . . . . . . . . . ... 43
2.4.1 An Introduction to Fatigue. . . . . . . .. ... ... 43
2.4.2  Fatigue of Acrylic-Matrix Composites . . . . . . . . .. . ... 46

2.5 Joining of Acrylic-Matrix Composites . . . . . . . . . ... ... ... o1
2.6 Chapter Summary . . . . . . . .. ... 56
2.7 Chapter References . . . . . . . . . . . . ... ... ... ... ... 58
3 Research Motivation 79
3.1 Gaps in the Existing Literature . . . . . . . .. ... ... ... ... 79
3.2 Thesis Objectives . . . . . . . . . . ... 81
3.3 Chapter References . . . . . . . . . ... ... ... ... ... ... 82
4 Seawater Ageing 85
4.1 Materials and Methods . . . . . . . . .. ... Lo 86
4.1.1 Manufacturing and sample preparation . . . . . ... ... .. 86
4.1.2 Seawater ageing . . . . . . . . ... 87
4.1.3 Testing . . . . . . . . . 88

4.2 Results and discussion . . . . . . ..o 90
4.2.1 Fibre and void volume fractions . . . . . . .. ... ... ... 90
4.2.2  Water absorption . . . . .. ... 90
4.2.3 Dynamic mechanical analysis . . .. ... ... ... ..... 95
4.2.4  Mechanical testing . . . . . ... ... 0oL 97
4.2.5 SEM and fracture . . . . . . . ... oL 105
4.2.6 Practical Significance . . . . . . ... ... L. 109

4.3 Chapter Summary . . . . . . . . .. .. 114
4.4 Chapter References . . . . . . . . . . ... Lo 116
5 Fatigue 121
5.1 Materials and Methods . . . . . . . . . . .. ... . L. 121
5.1.1 Manufacture of Composites . . . . . . ... ... ... .... 122
5.1.2  Fibre Volume Fraction . . . .. ... ... ... ... ..... 123



CONTENTS

5.1.3  Water Immersion . . . . ... ... ... ... 123
5.1.4 Quasi-Static Tensile Testing . . . . . ... .. ... ... ... 124
5.1.5 Fatigue Testing . . . . . . .. ... 124
5.2 Results and Discussion . . . . . . . .. ..o 127
5.2.1 Fibre Volume Fraction . . . . ... ... ... ... .. .... 127
5.2.2 Static Testing . . . . . . . . . ... 127
5.2.3 Fatigue. . . .. ..o 128
5.3 Chapter Summary . . . . . . . .. .. 138
5.4 Chapter References . . . . . . . . . . . . ... ... ... ... . ... 139
Resin Welding 142
6.1 Initial Development . . . . . . . . . . ... 142
6.2 Materials and Methods . . . . . .. .. ... ... 147
6.2.1 Single lap coupon manufacturing and testing . . . . . . . . .. 147
6.2.2 Investigation of the proposed bonding mechanism . . . . . . . 151
6.2.3 Ultrasonic Welding . . . . . . .. ... ... ... ... ... 152
6.2.4 Manufacture of Welded T-Section . . . . . .. ... ... ... 154
6.3 Results and Discussion . . . . . . . ... ... L. 157
6.3.1 Single lap shear testing . . . . . . ... ... 157
6.3.2 Bonding mechanism . . . . .. ... ... 168
6.3.3 Element Level Manufacturing and Beyond . . . . . .. .. .. 169
6.4 Chapter Summary . . . . . . . . . ... 171
6.5 Chapter References . . . . . . . .. .. ... ... L. 173
Thesis Conclusions and Recommendations 178
7.1 Conclusions . . . . . . . ... 178
7.2 Recommendations . . . . . . . ... ..o 184
7.3 Chapter References . . . . . . . . . .. ... ... ... ... 185
Collaborative Work 187
A.1 Fatigue of Acrylic-PPE . . . . . . ... . oo 188
A.2 Sizing Effects on Water Absorption . . . . . ... ... ... .. ... 191
A.3 Thick resin welds vs. adhesive bonds . . . . ... ... ... ... .. 195
A.4 Injection vs. press repair of GF/acrylic . . . . .. .. ... ... ... 198

X1



CONTENTS

A.5 Chapter References . . . . . . . . .. ... .. ... ... ...

B Seawater Ageing—Stress-Strain Curves

C Published Papers

xii



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

Examples of the applications of composite materials in the marine
and renewable energy industries. (a) Nordex N100 wind turbines with
composite blades and a rotor diameter of 100 m. Source: U.S. Depart-
ment of Energy. (b) HMS Shoreham Sandown-class minehunter with
glass-fibre composite hull. Source: UK Ministry of Defence (C) Crown
copyright. (¢) CorPower C4 wave energy converter made from glass-
fibre reinforced polymer. Source: CorPower. (d) Orbital O2 floating

tidal turbine, with composite blades. Source: Orbital Marine Power.

[lustration of a typical blade manufacturing process. (a) Vacuum
infusion of the blade skins, attachment of shear web with adhesive
then bonding of the second skin. Image from [5]. (b) An image of the
low-pressure skin from [4] . . . .. ... oo

A pedestrian bridge installed by BladeBridge [17] in 2022. Used wind

turbine blades provide structural support. Image reproduced from [17]. 10

A 12.6 m long recyclable wind turbine blade made by EireComposites
from CBT® thermoplastic resin. Half of the heated concrete mould
used to produce the blade is visible at the bottom. Reproduced from
[B2]. .
Details of the synthesis and recycling of the PECAN resin. Repro-
duced from [54]. . . . . ..o
(a) The general structure of a trimethoxy silane coupling agent. The
R group is an organofunctional group which reacts with the matrix,
M. (b) After hydrolysis of the silane, it bonds to the surface of the

glass fibre via a condensation reaction. . . . . . .. .. ... ... ..

xiil



LIST OF FIGURES

2.6

2.7

2.8

2.9

2.10

Examples of components of a sizing agent, according to [65]. Many
alternative components are possible, even within the cited patent
(65, 67-69]. Percentages are given by weight of the solid fraction.
Structures are from PubChem [70]. . . . . . ... ... ... .. ...
Four types of diffusion curves that may be encountered in polymers
and composites. (a) Fickian diffusion observed in flax-reinforced

acrylic and epoxy, equally well described by a Langmuir model. The

initial linear region and maximum water uptake are highlighted. Adapted

from [84]. (b) Case II diffusion observed with PMMA and methanol.
Note absorption is linear when plotted against time, and so it would
be a parabola when plotted against v/#. Reproduced from [91]. (c)
Mass loss after saturation observed in polyester-matrix composites.
Theoretical Fickian diffusion is shown by black lines for comparison.
Reproduced from [92]. (d) Non-Fickian diffusion which can be de-
scribed by a dual stage absorption model such as a dual Fick model
(a sum of two Fickian diffusion curves). Reproduced from [93]. . . . .
[lustration of the diffusion mechanisms of water in epoxy proposed
by Soles and Yee [100]. Diffusion is through free volume in the form
of nanopores, but diffusion is slowed by water molecules binding to
hydrophilic sites in the polymer. Reproduced from [100]. . . . . . . .
Differential scanning calorimetry (DSC) curves of deuterated poly-
methyl methacrylate (PMMA) (dPMMA), dry and water-saturated.
Exothermic peaks in the cooling curve shows the presence of differ-
ent phases of freezable water: free water and intermediate (loosely
bound) water. Non-freezable, strongly bound water would not cause
an exothermic peak and so cannot be directly detected using DSC.
Reproduced from [102]. . . . . . . . ... ...
Crazing in epoxy phenolic lacquer after immersion in hot water. SEM
image from [111]. No scale is given in the original publication, but an
approximate scale bar is provided based on the published image size

and the stated x1000 magnification. . . . . . ... .. .. ... ...

Xiv



LIST OF FIGURES

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

The change in interfacial volume in GF /polyester composites with no
sizing, a silane coupling agent and an incompatible PDMS coating

after repeated water sorption-desorption cycles. Reproduced from [62]. 31
Water absorption curves of GF /acrylic (black), CF/acrylic (red) and
unreinforced acrylic resin (blue), after immersion in seawater at 60 °C.
Greater absorption is visible in the neat resin, and non-Fickian diffu-

sion was observed in GF/acrylic. Reproduced from [80]. . . . . . . .. 33
SEM images of the fracture surfaces of +45° GF'/acrylic tensile coupons.
The images are from before (left) and after (right) immersion in 60°C
seawater for 18 months. Cleaner fibres in the aged coupons suggest
interfacial degradation occurs. Reproduced from [80]. . . . . . .. .. 34
Viscoelastic properties of CF/epoxy (top) and CF/acrylic (bottom)
before and after immersion in 80 °C distilled water for 8 weeks. Re-
produced from [75]. . . . . . ... 36
Absorption of water in unreinforced acrylic, immersed at 70°C. Non-
Fickian diffusion is visible, and a Carter & Kibler model is fit to the

data. Free and bound water components are visible. Reproduced

from [97]. . . .. 38
An illustration of the diffusion of water into flax reinforced compos-

ites, along the direction of the fibres. Water can wick through the

fibre lumen, and diffuse into the fibre itself, causing swelling. Repro-
duced from [84]. . . . . . ..o 40
Percentage retention of composite properties after saturation with
water at 23°C, as reported by Das et al. [125]. Glass (GFR) and flax
(GFR) fibres were used to reinforce three matrices: a petroleum based
epoxy (P1), a bio-based recyclable epoxy with Recyclamine®)(P2),

and Elilum@®)acrylic resin (P3). Reproduced from [125]. . . . . . . .. 41
Paint was applied to GF /epoxy and GF /acrylic tidal turbine blades,

and osmotic blistering was observed in the GF/acrylic blade. Water

is therefore pooling under the paint, increasing the measured water

absorption. . . . . . ... 42

XV



LIST OF FIGURES

2.19

2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

The three regions of a strain (e.) vs. fatigue cycles (Ny) fatigue life
diagram according to Talreja [132, 134]. Reproduced from [134]. . . . 44
An illustration of the effects of the matrix on the fatigue behaviour

of GF-reinforced composites. Reproduced from [137]. . . . .. .. .. 45
Tension-tension S-N curves of dry GF /acrylic, GF /epoxy and CF /acrylic.
Reproduced from [81]. . . . . . . .. ... 46
S-N curves for 0° unidirectional GF /acrylic. (a) Tension-tension fa-
tigue curves for testing at room temperature and -30°C. ‘CSM’ and
‘UTK’ refer to the two institutions which performed the tests. (b)
Compression-compression fatigue data for GF /acrylic, with data in-
cluded for GF /polyester from the MSU/DOE database [141]. Figures
reproduced from [135]. . . . . .. ..o Lo 47
Data from the SNL/MSU/DOE fatigue database [141] on 0° GF /acrylic
composites under tension-tension fatigue. Both dry (orange) and
water saturated (blue) coupons were tested. Curves of the form

S = AN’ have been fit to the data. . . . . .. ... ... ... .... 48
The stiffness of a coupon tested under tension-tension fatigue de-
creases with increasing cycle number, as determined by the slope of

the force-displacement curve. This is attributed to the accumulation

of damage. Reproduced from [144]. . . . . . ... ... ... ... .. 49
The threshold stress (aga’MAX) for damage accumulation in acrylic-

sized (AS) and multi-compatible sized (MCS) £45° GF /acrylic com-
posites, as determined via thermal imaging. A departure from linear
viscoelastic behaviour causes a sharp rise in the coupon’s temperature
(AT?), and indicates the onset of damage progression. . . . . . . . . . 50
Image from Murray et al. [7] of leading edge adhesive failure in a
GF/acrylic tidal turbine blade. Failure initiated between the com-
posite skin and the epoxy foam in the cavity. . . . . . .. .. ... .. 51
[lustrations of resistance, induction, ultrasonic and infrared welding

(147, 148]—the four welding methods demonstrated in acrylic-matrix

COMPOSIteS. . . . . . . . 53

xXvi



LIST OF FIGURES

2.28

2.29

4.1
4.2

4.3

4.4

4.5

The single lap shear strengths of GF/acrylic joined with adhesives,
and resistance/induction welding with various heating elements. Re-
produced from [147]. . . . . . ...
S-N curves of single lap shear coupons bonded with an adhesive, or
via ultrasonic welding with (IED) or without (FED) energy directors.
Reproduced from [150]. . . . . . . . .. ...

The infusion setup used to manufacture the composites. . . . . . . . .
SEM images were taken of 0° tensile specimens which failed via lon-
gitudinal splitting. Fragments were cut for gold coating and imaging.
(a) A diagram of a failed coupon with the fibre direction and longi-
tudinal splitting shown. (b) A representative failed coupon with an
example of an imaged fragment highlighted inred. . . . . . . . . . ..
The water absorption curves of the three composites with their corre-
sponding void volume fractions. The experimental data are presented
as points and the fitted Fickian diffusion curves as dotted lines. A
decrease in the diffusion coefficient is visible in the GF1-MCS/epoxy
after approximately 4 days. . . . . . .. ..o
(Top) The chemical structure of the PPE grade used in this study
with methacrylate end groups highlighted and (Bottom) the polymer
structure of the acrylic-PPE hybrid as determined by confocal Raman
spectroscopy in [1]. Yellow regions are rich in PPE and blue regions
are rich in acrylic. . . . . . . ... o
A comparison of the polymer and composite structures as relevant to
the diffusion of water. (a) Acrylic polymer with (i) polar carbonyl
groups in the side chain of the acrylic polymer and (ii) free volume in
purple. (b) Acrylic-PPE with (i) carbonyl groups in the side chain of
the acrylic polymer, (ii) free volume in purple and (iii) PPE oligomers
with methacrylate end groups highlighted in red. (¢) Epoxy has (i)

hydroxyl groups and (ii) amine groups from the hardener.. . . . . . .

XVvil



LIST OF FIGURES

4.6

4.7

4.8
4.9
4.10

4.11

4.12

4.13

4.14
4.15

4.16

4.17

(Top) The T, of GF1-MCS/acrylic, GF1-MCS/acrylic-PPE and GF1-
MCS/epoxy before and after ageing as determined via dynamic me-
chanical analysis (DMA). (Bottom) Tan 0 vs. temperature for the
dry (solid lines) and aged (dotted lines) coupons. In the aged spec-
imens, a shoulder or secondary peak is present due to drying. Flow
behaviour of the acrylic matrix in the dry and aged GF1-MCS /acrylic
is highlighted (curves 1 and 2). . . . ... ... ... ... ...... 96
The tensile properties of the composites are displayed before and
after ageing with percentage changes. The 0° tensile properties are
normalised to 50% FVF and found in (a) and (b). The 90° tensile
properties are in (c¢) and (d). All error bars are 1 standard deviation. 98
Representative stress-strain curves of 0° tensile coupons. . . . . . .. 99
Representative stress-strain curves of 90° tensile coupons. . . . . . . . 100
The flexural properties of the composites are displayed before and
after ageing with percentage changes. The 0° flexural properties are
normalised to 50% FVF and are found in (a) and (b). The 90° flexural
properties are in (c¢) and (d). . . . . ... ..o 101
Representative stress-strain curves of 0° flexure coupons, with GF1-
MCS reinforcement. . . . . . .. ..o 102
Representative stress-strain curves of 90° flexure coupons with GF'1-
MCS reinforcement. . . . . . .. ..o 103
The SBS of the composites when dry (grey) and aged (blue). The
percentage drop in strength due to ageing is highlighted. . . . . . . . 104
Representative load-extension curves for SBS coupons. . . . . . . .. 105
SEM images of 0° tension specimen fracture surfaces with fracto-
graphic features annotated. . . . . ... ..o L 106
Fracture propagation under 0° tension with 0° tensile stress (o), 90°
tensile stress (o2) and shear stress (1) ahead of the crack tip [23].
Cohesive failure indicates a strong interface and adhesive failure in-
dicates a weak interface relative to the matrix. . . . . . . ... . ... 107
A comparison of dry (left) and seawater aged (right) composites

demonstrating relevant damage mechanisms of seawater ageing [15, 31].108

XVviii



LIST OF FIGURES

4.18

4.19

4.20

5.1

5.2

5.3

5.4

5.5

Calculated absorption curve for a 50 x 50 x 2 mm coupon of unre-
inforced acrylic resin. The maximum allowable water contents of the
coupon at 7 and 28 days, according to DNV-ST-0164, are highlighted.
The resin exceeds both limits. Absorption data from [7]. . . . . . ..
Calculated water absorption curves over a 30 year time period for
GF1-MCS/acrylic and GF1-MCS/epoxy laminates. Laminates are of
50 mm thickness and immersed in seawater at 10 °C. Diffusion coef-
ficients and maximum water uptakes are calculated from the current
study. . oL
Contour plots comparing the calculated moisture content of (a) GF1-
MCS/acrylic and (b) GF1-MCS/epoxy laminates of varying thick-
nesses and immersion times. For example, after 15 years, 50 mm thick
laminates of GF1-MCS/acrylic and GF1-MCS/epoxy would reach
0.31% and 0.05% water content respectively. . . . . . ... ... ...

Aged coupons were kept wet during testing by covering with a satu-

rated cloth and plastic wrap. . . . . . . . . .. ... ... ... ...,
The structure of an S-N curve, adapted from Talreja [8]. Equation 5.1

was fit to the data in the region of progressive damage . . . . . . ..
The effects of changing the values of the coefficients A and b in Equa-
tion 5.1. An increased A, e.g. from a higher UTS, increases the in-
tercept with the ordinate. A decrease in b (more negative) increases
the slope of the curve i.e. increased sensitivity to changes in stress.

A comparison of the S-N curves for dry (light blue circles) and aged
(dark blue triangles) GF2-AS/acrylic. The solid lines are the Basquin
relation fit to the experimental data between 80% and 40% of the
UTS, and the dashed lines represent the 95% confidence intervals of
the fit. The mean static UTS at N = 1 and the single datapoints at
30% of the UTS are included as larger data markers. . . . . . .. ..
Comparisons between the S-N curves of GF1-MCS/acrylic (from [5])

and GF2-AS/acrylic for (a) dry and (b) saturated coupons. . . . . . .

Xix

113

. 126



LIST OF FIGURES

0.6

5.7

2.8

6.1

6.2

6.3

The S-N curves of dry and aged GF2-AS/acrylic with stress expressed
as a percentage of each material’s UTS. The mean static UTS at N =
1 and the single datapoints at 30% of the UTS are included as larger
data markers. . . . . ...
S-N curves comparing (a) dry and (b) aged GF1-MCS/acrylic (from
[5]) and GF2-AS/acrylic, with stress expressed as a percentage of each
material’s UTS. . . . . . .. ...
S-N curves of various UDO composites tested in tension-tension fa-
tigue (R=0.1), with curves of the form of Equation 5.1 fitted to the
data. Curve (a) is dry GF1-MCS/acrylic from [5], (b) is dry GF2-
AS/acrylic from the current study, (c) is GF/acrylic from Cousins
et al. [7] and curves (d)-(h) are select GF/epoxy data from the
SNL/MSU/DOE database [20]. Other stitched UD0O GF /epoxy S-N
curves from the database are approximately bounded by the region

shaded in yellow. . . . . . ... ... o

An illustration of the single-stage and multi-stage infusion processes
for GF /acrylic from [2]. Single-stage laminates are produced in one in-
fusion using dry glass fibre (grey). Multi-stage laminates are produced
from a mixture of dry glass fibre and pre-consolidated GF /acrylic
laminates (orange). Reproduced from [2]. . . . . . . ... ... .. ..
[lustrations of the welding methods for thermoplastic polymers and
composites. (a) Fusion bonding increases polymer mobility by heat-
ing. Applying pressure allows the polymer to interdiffuse. (b) Solvent
welding increases polymer mobility by dissolution at room tempera-
ture, but solvent remains trapped in the polymer. (c¢) In the resin
welding method, the acrylic monomer acts as a reactive solvent and
polymerises around the adherend matrix. The same mechanism is
applicable to reactive solvent cements. . . . . . . . ... ... . ...
A demonstration of the solubility of the acrylic matrix in Elium®
acrylic resin. (a) A GF/acrylic coupon was immersed in Elium®
resin. (b) After 48 hours, the matrix had dissolved and the reinforce-

ment plies could be separated. . . . . . . ... ... ... ...

XX

132



LIST OF FIGURES

6.4

6.5

6.6

6.7

6.8

6.9

6.10

An example of one of the initial resin welded single lap specimens. (a)
The clear PMMA adherends allowed the infusion of the reinforcement
in the bondline to be observed. (b) A close-up of the weld quality,
with visible remnants of the sealant tape used to seal the weld region.
The four types of single lap joint which were manufactured. Speci-
mens were made with: (a) 0° fibres in the bondline, oriented in the
same direction as testing and the fibre direction of the adherends;
(b) 90° fibres which were placed perpendicular to the test direction;
(¢) neat acrylic resin with no fibres in the joint; and (d) an adhesive
rather than acrylicresin. . . . . . .. . .. .. .. ... ... ... ..
Details of the resin-welding process. (a) Glass reinforcement, or a wire
spacer for adhesive and neat-resin bonds, is placed on the adherend
then (b) a second adherend is placed on top—the coupon outline and
test direction are highlighted—and (c) the weld region is sealed with
vacuum bagging and a resin inlet and outlet. . . . . . . ... ... ..
(a) A prepared weld with lines depicting where coupons are cut in
black, and the weld region highlighted in red. (b) The single lap
coupon geometry with tabs applied. . . . . . . . ...
Specimens were prepared for optical microscopy by (a) immersing
PMMA and epoxy cuboids in dyed acrylic resin before polymerisation,
then (b) grinding and polishing the demoulded cylinder. The finished
coupon is depicted in (c), and the observed regions are highlighted.
Adherend manufacturing and geometry for ultrasonic welding. (a)
An image of the groove machined into a flat aluminium plate covered
with release film. (b) A side view of the energy directors. (c¢) Each
adherend with an energy director (right) was welded to a flat coupon
(left). (d) Side view of the energy director and welding geometry (not
toscale). . . ..
Demonstration of bonded area measurement using ImageJ [11]. One
half of a fractured coupon is shown, in which two areas of damage are
visible. The area was manually measured as illustrated by the yellow

boundary. . . . . ...

poel

146

. 152



LIST OF FIGURES

6.11

6.12

6.13

6.14

6.15

The process of manufacturing a resin-welded T-section. (a) The L-
shaped and flat GF2-AS/acrylic laminates used to manufacture the
T-section. (b) A layer of GF2-AS glass fibre was placed between the
laminates. (c¢) The noodle region was filled with glass fibre. (d) The
final layer of glass fibre and the L-section were clipped in place. (e)
Spiral tubing and a resin inlet and outlet were attached. The T-
section was sealed in a vacuum bag and infused with acrylic resin. (f)
The edges were trimmed after polymerisation. . . . . . . . ... ...
The single lap shear strengths of each joint type. The values for 0.5
mm thick bonds are solidly coloured and the values for 1 mm thick
bonds are hatched. Error bars represent +1 standard deviation. A
comparison with the highest published weld and adhesive strengths
for acrylic-matrix composites [8] is included in red on the right.

(a) Representative load-extension curves for each type of single lap
bond. Bonds of the same type are the same colour, with the 0.5 mm
bond having a solid line and the 1 mm bond having a dashed line.
(b) The representative load-extension curve of the 90° GF 0.5 mm
coupon along with its derivative i.e. the variation in stiffness of the
coupon throughout the test. Highlighted in red for both the load and
stiffness curves are the initial peak in stiffness, corresponding to the
S-shape in the load-extension curve; the initial edge failure, which
is also visible as a small drop in the load-extension curve; and the
ultimate failure. . . . . . . . ... Lo
A representative map of major strain in a single lap coupon close to
failure, as measured using DIC. Stress concentrations are found at
the edges of the overlap region. The rotation of the specimens during
testing (O) is highlighted. . . . . . .. ... ... ... ...
The average peak gradient of the load-extension curves for each bond
type below 0.5 mm extension. The 1 mm adhesive bond has a signif-

icantly lower stiffness than therest. . . . . . . .. ... ... .. ...

xxil

. 157



LIST OF FIGURES

6.16

6.17

6.18

6.19

6.20

Representative fracture surfaces of the tested single lap coupons.
Each image is of both halves of a fractured coupon. The crack prop-
agation direction (the testing direction) is shown. Light fibre tearing
is highlighted in the 1 mm 0° GF coupon (h), but it is visible in all
fracture surfaces. The voids present in both adhesive bonds—(a) and
(b)—are shown at higher magnification, and larger voids are visible
in the 1 mm thick adhesive (b). Voids were not visible in the resin
welded coupons—(c) and (d). . . . . ... L
The fracture behaviour of the coupons. (a) Fibre bridging in a coupon
bonded with neat resin (no reinforcement). The bridging fibres there-
fore come from the surface of the adherend. (b) The failure mode of
the welded coupons was light fibre tearing where a small amount of
glass fibre is removed from the adherend surface (c¢) The fracture
propagation was through the adherend matrix (yellow) rather than
through the tougher semi-IPN. . . . . . . .. .. ... ... ... ...
SEM images of the fracture surfaces of GF1-MCS/acrylic bonded with
0.5 mm of neat acrylic resin. Photographs of the imaged fracture
surfaces are provided above, with the imaged areas represented by
red rectangles (not to scale). Image (a) is of one half of a fractured
single lap shear coupon and image (b) is of the other half. Fibres and
imprints are present in both halves indicating light fibre tearing of
the adherend. Cusps indicate a shear failure. . . . . . . . .. ... ..
A representative bending angle vs. extension curve for a 1 mm resin
weld. The rapid increase in bending angle corresponding to the stiff-
ness peak is highlighted. . . . . . . .. ... .. ... ...
A representative ultrasonically welded GF1-MCS/acrylic coupon. (a)
A top view of the coupon, with adherend damage visible. (b) A side
view showing that the energy directors did not fully melt and flow

across the overlap region. . . . . . . . . ... o000

Xx111



LIST OF FIGURES

6.21

6.22

6.23

7.1

7.2

7.3

Optical microscope images of the edges of (a) epoxy and (b) PMMA
cuboids immersed in dyed acrylic resin. A lower magnification pho-
tograph of the epoxy and PMMA cuboids cast in dyed acrylic resin
is shown in the centre of the figure. The optical microscopy imaging
locations are highlighted with red rectangles. . . . . . . . .. ... ..
A demonstration of the quality of the resin-welded T-section. (a) A
side-view of the T-section. (b) A close-up view of the bondline (the
centre ply). It is indistinguishable from the adherends. . . . . . . ..
Cross section of a possible method for resin welding an acrylic-matrix
wind turbine blade. Glass or carbon fibre reinforcement would be
placed in the gaps between the blade shells and the shear web, and
the bondlines sealed with vacuum bagging (e.g. a vacuum bag film

tube) before infusion of acrylic resin. . . . . .. ... ... ... ...

Comparisons of the properties of (a) dry and (b) aged GF/acrylic,
GF /acrylic-PPE and GF /epoxy, with axes normalised to a percentage
of the largest value for each property. The short beam strength (SBS)
and T}, are presented, and the other properties are labelled as follows:
T= tensile, F= flexural, S = strength, M = modulus, 0 = 0° fibres,
90 = 90° fibres. For example, TS0 is the 0° tensile strength. The 0°
properties were normalised to 50% FVF. . . . ... ... .. .. ...

An illustration of the differences in water absorption between GF /acrylic

and GF/epoxy composites. (a) The diffusion coefficients and maxi-
mum water uptake of each material. (b) We can consider 50 mm thick
GF /acrylic and GF /epoxy laminates immersed in 10°C seawater. (c)
GF /acrylic would absorb more water than GF /epoxy over 30 years,
but neither would saturate. . . . .. .. .. ... 000
An overview of the resin welding process, with a comparison between
the strengths of adhesive bonds, resin welds with 0° glass fibres, and

a resistance weld from Murray et al. [1]. . . . . . .. ... ... ...

XXiv



LIST OF FIGURES

Al

A2

A3

A4

A5

A6

AT

A8

(a) Comparison of the dry S-N curves of GF/Acrylic and GF/Acrylic-
PPE to the results from Cousins et al. [2]. (b) Comparison of all the
dry coupons in this study. (¢) Comparison of all the aged coupons
in this study. DFTO0 = ‘dry fatigue tension 0°" and WFT0 = ‘wet
fatigue tension 0°’. Reproduced from Stankovic et al. [1]. . . . . . ..
The fitted diffusion curves plotted against the square root of time.
All three absorption cycles of neat acrylic resin (blue, A-C), GF2-
AS/Acrylic (orange, D-F) and GF1-MCS/Acrylic (green, G-I) are
presented. For clarity, only the experimental data (averages of 10
coupons) from the third neat acrylic cycle (C) have been included as
blue circles and are indicative of the quality of fit. . . . . . . . .. ..
The calculated interfacial free volume fractions of the composites dur-
ing each absorption cycle. . . . . ... ..o
SEM images of the fracture surfaces of (a) dry and (b) aged 0° tensile
GF2-AS/acrylic coupons. Crack propagation through the matrix in
the dry coupon, instead of along the fibre-matrix interface, indicates
strong interfacial bonding. The bare fibres in the aged coupon suggest
that the fibre-matrix interface is weakened. . . . . . . . . .. ... ..
An image of the application of methacrylate adhesive on top of a
GF /acrylic laminate. A second GF /acrylic laminate will be clamped
on top. The bondline thickness is set with 5 mm PMMA blocks. . .
The resin welding process. (top) A side-view diagram , with six lay-
ers of dry glass fibre between two GF/acrylic composite adherends.
(bottom) A photo of the setup before vacuum bagging and infusion
of resin between the adherends. . . . . . ... ... ...
The (a) flexural strengths and (b) flexural moduli of dry and aged
adhesively bonded and resin-welded coupons. . . . . . . . .. ... ..
Images of (a) resin-welded and (b) adhesively bonded coupons dur-
ing testing. The adherend and bondline fibre directions are labelled.
Excellent wetting of the bondline plies is visible in the resin-welded

COUPOTL.  + v v v v e e e e e e e e e e e e

XXV

. 195



LIST OF FIGURES

A.9 Schematic of resin injection repair, after resin has been injected into
the repair area. (a) The coupon is placed on a base plate so the
loading blocks overhang the edge, and the setup is vacuum bagged.
(b) The bag is evacuated, applying pressure to the repair until the
resin polymerises. Figure reproduced from [6]. . . . . . . . ... ...

A.10 The press repair process. (a) Tested DCB coupons are placed between
steel plates so that pressure is only applied to the repair area. (b)
Pressure is applied at either 130°C or 160°C for 30 minutes. Figure
reproduced from [6]. . . . .. ... Lo

A.11 The mean Gic init and G prop values for the virgin coupons, as well
as coupons repaired via resin injection (RI), 130°C press repair (130P)

and 160°C press repair (160P). Figure reproduced from [6]. . . . . . .

B.1 All stress-strain curves of dry 0° tensile coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been
normalised to the FVF. . . . . . .. ... oo

B.2 All stress-strain curves of aged 0° tensile coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been
normalised to the FVF. . . . . . .. ... ... 0000

B.3 All stress-strain curves of dry 0° flexure coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been
normalised to the FVF. . . . . . . .. ... 0o

B.4 All stress-strain curves of aged 0° flexure coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been
normalised to the FVF. . . . . . . .. ... 000

B.5 All stress-strain curves of dry 90° tensile coupons, manufactured with
GF1-MCS reinforcement. . . . . . . . ... ... L.

B.6 All stress-strain curves of aged 90° tensile coupons, manufactured
with GF1-MCS reinforcement. . . . . . . .. .. ... ... ... ...

B.7 All stress-strain curves of dry 90° flexure coupons, manufactured with
GF1-MCS reinforcement. . . . . . . . ... .. ... L.

B.8 All stress-strain curves of aged 90° flexure coupons, manufactured

with GF1-MCS reinforcement. . . . . . . . . . . . . . . . . ... ...



LIST OF FIGURES

B.9 All stress-strain curves of dry SBS coupons, manufactured with GF1-
MCS reinforcement. . . . . . . . ... 213
B.10 All stress-strain curves of aged SBS coupons, manufactured with GF1-

MCS reinforcement. . . . . . . .. 214

XXVI1



List of Tables

2.1

2.2

2.3

24

2.5

4.1

Current methods of recovering/recycling thermoset composites. Some
methods are at different stages of development for glass and carbon
fibres (GF and CF). Data from [13] and [15]. . . . . . . . ... .. ..
A list of reactive thermoplastic resins assessed by Qin et al. [22] for
use in the marine environment. The essential criteria of monomer
processing viscosity, processing temperature, polymer 7, and maxi-
mum moisture uptake are included. Cells are shaded green for an
acceptable value, amber for a marginal value and red for an unsuit-
able value, and an overall ‘pass or fail’ decision is made by the authors
of [22]. Reproduced from [22]. . . . . . ... ... ... L.
The recyclable resins or recycling methods which are currently being
explored by several large wind turbine manufacturers. . . . . . . . . .
A summary of interfacial shear stress (IFSS) data from Charlier et
al. [78]. The low IFSS using TP1 (acrylic resin without paraffin
wax) is due to evaporation of the monomer and poor polymerisation.
The sizing agent has no effect on IFSS with TP2 (acrylic resin with
paraffin wax). . . . . ...
Original strengths/moduli of CF/acrylic and CF/epoxy coupons and
percentage changes due to 8 weeks of immersion in distilled water at
80 °C according to [75]. Tensile properties were tested with 0/90°

coupons, and in-plane shear with £45° coupons. . . . . . . . . . . ..

Tests and specimen dimensions used in the study. . . . . .. .. ...

XXVIil

14

21



LIST OF TABLES

4.2

4.3

5.1

5.2

5.3

5.4

5.5

5.6

Al

Fibre and void volume fractions of composites used for mechanical
and diffusion testing. Values are the average of 5 measurements, +
one standard deviation. . . . . . .. ... oo
The diffusion coefficients measured in this study along with values

from literature for comparison. . . . . . . .. ...

A summary of the differences between the reinforcements being com-

The stress levels used to test dry and aged GF2-AS/acrylic coupons. .
Average fibre and void volume fractions of the two composites, +
one standard deviation. FVF values for GF1-MCS/acrylic are from
Chapter 4. . . . . . . . .
Dry and aged UTS values of GF2-AS/acrylic (from the current study)
and GF1-MCS/acrylic (from Chapter 4), as well as the percentage
decreases in strength due to saturation with water. . . . . . . . . ..
Basquin coefficients for the curve S = AN? fit to the fatigue data
of each material. Data for GF1-MCS/acrylic is taken from [5] and
used to fit the Basquin model, rather than the linear combination of
exponential functions in the original publication. The 95% confidence
intervals are provided in square brackets. . . . . . . .. ... ... ..
Details of the UDO GF/epoxy composites from the SNL/MSU/DOE
database [20] which are included as curves in Figure 5.8. The curves
refer to those in Figure 5.8, and the other details are taken from
the database. The naming convention is Reinforcement Type-Fabric-
Matrix e.g. UNI-PPG1250-EP5 is a unidirectional fabric 1L.1200/G50-
EO07, supplied by PPG Fiber Glass, using epoxy resin EP5. For further
details the reader is directed to the database [20]. . . . . ... .. ..

Strength and modulus of dry GF /epoxy coupons after 10° load cycles
at 30% and 40% of the UTS. Two coupons survived 10° cycles at 30%
of the UTS, and one survived at 40%. The % changes with respect

to the initial UTS and modulus are also presented. . . . . .. . . ..

XX1X



LIST OF TABLES

A.2 A comparison between the mechanical properties of GF1-MCS/acrylic
composites (from Chapter 4) with those of GF2-AS/acrylic (from the
current study). The dry properties and change due to water absorp-
tion are presented for both composites. Note that the 0° properties

have been normalised to 50% FVF for both reinforcements . . . . . .

XXX



Abbreviations

ANOVA analysis of variance.
AS acrylic sizing.
CF carbon fibre.

CT computed tomography.

DCB double cantilever beam.
DIC digital image correlation.
DMA dynamic mechanical analysis.

DSC differential scanning calorimetry.

FF flax fibre.

FVF fibre volume fraction.

GF glass fibre.
GF /acrylic glass fibre reinforced acrylic.
GF /acrylic-PPE glass fibre reinforced acrylic-PPE.

GF /epoxy glass fibre reinforced epoxy.

IFSS interfacial shear stress.

IPN interpenetrating polymer network.

MCS multi-compatible sizing.

XXX1



ABBREVIATIONS

MMA methyl methacrylate.

NMR nuclear magnetic resonance.

PA6 polyamide 6.

PALS positron annihalation lifetime spectroscopy.
PBT polybutylene terephthalate.

PDMS polydimethylsiloxane.

PEEK polyether ether ketone.

PMMA polymethyl methacrylate.

PPE poly phenylene ether.

PPS polyphenylsulfone.

QENS quasi-elastic neutron scattering.

RRYV resin rich volume.

SBS short beam strength.

SEM scanning electron microscopy.

TRL technology readiness level.

UD unidirectional.

UTS ultimate tensile strength.



Chapter 1

Introduction

The late 1800s saw the advent of the generation of electricity from wind, with the
first wind turbine in operation being created in 1887 by Scottish inventor James
Blyth, and driven by canvas sails [1, 2]. Steel, or occasionally aluminium, was
the next material of choice for wind turbine blades, but by the 1970s ‘modern’
wind turbines with blades made of fibre-reinforced polymer composite materials—
hereafter referred to simply as composites or composite materials—became the norm
[3, 4]. These blades were often manufactured via hand lay up with polyester resins,
but manufacturing has since progressed, and the latest wind turbine blades are
commonly manufactured via the vacuum infusion of epoxy resins [3-5].

A similar pattern can be seen in the marine industry, with composites being
used in almost all leisure yachts, and interest is growing in the creation of composite
cargo ships to lower weight and reduce maintenance costs [6, 7]. In the marine energy
sector, tidal turbines occasionally had metallic blades in the initial stages of their
development [8], but modern tidal turbines have followed in the footsteps of the wind
industry and typically use composites [7]. Even some wave energy converters, such
as CorPower’s C4, are made from composite materials. This range of applications
is illustrated in Figure 1.1, and shows the importance of composite materials to the

renewable energy and marine sectors.
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Figure 1.1: Examples of the applications of composite materials in the marine and
renewable energy industries. (a) Nordex N100 wind turbines with composite blades
and a rotor diameter of 100 m. Source: U.S. Department of Energy. (b) HMS
Shoreham Sandown-class minehunter with glass-fibre composite hull. Source: UK
Ministry of Defence ©) Crown copyright. (c) CorPower Cj wave energy converter
made from glass-fibre reinforced polymer. Source: CorPower. (d) Orbital O2 floating

tidal turbine, with composite blades. Source: Orbital Marine Power.

The use of these composite materials reduces weight and improves efficiency,
but unlike steel the thermosetting composites in use today are not easily recyclable.
Therefore, as the use of composites increases, so does the amount of composite waste
produced [9]. Interest in recyclable composites is therefore growing due to a need
for sustainability in the renewable energy and marine sectors. These environmental
pressures have caused several wind turbine manufacturers and developers to inves-
tigate recyclable resins, and pledge to manufacture recyclable blades by as early as
2030 [10-12].

Of the recyclable resins that are available, one forerunner is the family of monomeric
liquid acrylic resins marketed as Elium® by Arkema. Much research has been pub-

lished on acrylic-matrix composites in recent years [13-15], and results have been
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positive enough to test the resin in full-scale 62 m wind turbine blades [16]. These
liquid acrylic resins are only a decade old at the time of writing, and aren’t as well
understood as the thermoset resins which have been used for decades. As a re-
sult, continued investigation of their behaviour in renewable energy and the marine
environment is essential if these recyclable resins are to be adopted commercially.
The properties of acrylic-matrix composites prepared using liquid acrylic resins are
therefore studied in this thesis, with the aim of facilitating the use of recyclable

composites.

1.1 Thesis Outline

This thesis investigates acrylic-matrix composites with a focus on marine and renew-
able energy applications such as tidal turbines, wind turbines and marine vessels,
in which composites play a significant role. The use of acrylic-matrix composites
in the renewable energy and marine industries is first discussed in a literature re-
view. This is followed by three research chapters: a chapter on water absorption in
acrylic-matrix composites, another on the effect of a specialised sizing agent on wa-
ter absorption and fatigue performance, and a final research chapter on the joining
of acrylic-matrix composites.

Together, these research chapters provide insight into the practical application of
liquid acrylic resin at multiple stages across the product life cycle, from reinforcement
selection and manufacturing methods to in-service performance. These chapters are
partially based on published work, as detailed previously and in Appendix C. Work
which was performed in parallel with the aforementioned studies, in collaboration

with other researchers, is presented in Appendix A.
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Chapter 2

Literature Review

As discussed in Chapter 1, the development of recyclable alternatives to traditional
thermoset composites is of growing importance in the renewable energy and marine
sectors. Liquid acrylic resins are one such alternative, offering vacuum infusibility
and room-temperature processing, which make them promising for use in large struc-
tures such as wind and tidal turbine blades or ships. These structures are subject to
harsh environments, and so understanding the response of the composites used to
construct them is crucial. For example, key considerations are water absorption and
its effects on the static properties and fatigue life, and the optimum sizing agents
for the resin.

Thermoset resins such as epoxy and polyester have been used in the renewable
energy and marine industries for decades, and so these issues are well understood.
However, the novelty of liquid acrylic resins means knowledge of their performance is
more limited. This literature review therefore explores the potential of liquid acrylic
resins in these demanding environments. It begins by discussing the construction
of wind and tidal turbine blades, and the available recyclable resins which could
feasibly replace thermosets in these structures. The review then discusses specific
aspects of composite materials, such as sizing agents, water absorption, fatigue,
and the joining of composite parts. For each of these topics, the extensive body of
research on traditional composites is first discussed. This is followed by a detailed
examination of how acrylic matrix composites perform under similar conditions,
with a particular focus on their water ingress behavior, interfacial bonding, fatigue

resistance, and bonding methods.
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2.1 Composites in Renewable Energy

2.1.1 Manufacture of Wind and Tidal Turbine Blades

Modern, large wind and tidal turbine blades are typically made from glass-fibre
reinforced thermoset resins such as epoxy or polyester, with a growing usage of
carbon fibre [1-3]. A ‘standard’ method of manufacturing a wind or tidal turbine
blade is to manufacture the high and low pressure blade skins separately via vacuum
infusion in clamshell moulds. The skins are then joined together, and to a central

composite spar or shear web, using adhesives [2, 4, 5]. This process is detailed in

Figure 2.1.
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Figure 2.1: lllustration of a typical blade manufacturing process. (a) Vacuum
infusion of the blade skins, attachment of shear web with adhesive then bonding of

the second skin. Image from [5]. (b) An image of the low-pressure skin from [4]

Departures from this method are made by several manufacturers. For example,
although vacuum infusion is the lowest-cost and most common method of manufac-
turing wind turbine blades [1], Vestas Wind Systems manufactures their blades from
epoxy prepregs [2, 6], which are provided as rolls of reinforcement pre-impregnated
with resin. Epoxy prepregs have similarly been used to manufacture tidal turbine
blades, as in a 2.5 m long tidal turbine blade manufactured for Verdant Power using
GF /epoxy prepregs [7], and tidal turbine blades manufactured in FastBlade, Rosyth
from CF/epoxy prepregs [8]. Siemens also deviates from the ‘standard’ manufactur-
ing method through its IntegralBlade® process, in which wind turbine blades are

manufactured as a single piece, reducing weight by avoiding adhesive bonds [9].
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There is therefore flexibility in the manufacturing of wind turbine blades, and
perhaps even more in tidal turbine blades given their smaller size and less developed
supply chains. However, large departures from established manufacturing techniques
are likely to require significant investment which may not be acceptable to manu-

facturers [10].

2.1.2 Disposal of Blades

Increasing wind and tidal turbine installations cause increasing volumes of composite
waste both during production and at end of life. A commonly-cited figure is of a
total of 43 Mt of blade waste by 2050, according to Liu and Barlow [11], but it
is important to note that this analysis is for onshore wind alone. Offshore wind
currently generates more energy than onshore turbines in the UK, and significant
offshore capacity is being installed across Europe [12, 13], so large quantities of waste
from these sectors should also be expected.

The nature of thermoset composites means that they are difficult to recycle, and
landfill or incineration are common methods of disposal [14, 15]. These practices
have been banned in Germany, Austria, the Netherlands and Finland, and WindEu-
rope has called for a ban across Europe by 2025 [13, 16]. Reuse of the blades in
other structures has been demonstrated [14], for example the BladeBridge project
in County Cork, Ireland (Figure 2.2) [17], but this may not be scalable to deal
with all composite waste. Recycling is therefore of increasing importance from an

environmental, economic and regulatory standpoint.
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Figure 2.2: A pedestrian bridge installed by BladeBridge [17] in 2022. Used wind

turbine blades provide structural support. Image reproduced from [17].

Thermoset composites can be recycled or recovered to a limited extent via var-
ious methods, many of which have been discussed in detail by WindEurope [13],
Mishnaevsky [14] and Cooperman et al. [15]. These methods, as well as their tech-
nology readiness level (TRL) as of 2020, are summarised in Table 2.1. However,
they do not result in full recovery of the matrix and reinforcement, with the pos-
sible exception of solvolysis, and so are not a closed-loop solution. The following

section therefore discusses possible resins for truly recyclable composites.
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Table 2.1: Current methods of recovering/recycling thermoset composites. Some
methods are at different stages of development for glass and carbon fibres (GF and
CF). Data from [13] and [15].

Method Products TRL

Cement co-processing Energy & silica for GF: 9
cement

Mechanical grinding Filler powders GF: 9, CF: 6/7

Pyrolysis Fibres & matrix 9, Microwave: 4/5

feedstock or energy

High voltage pulse fragmentation Short fibres & 6

matrix fragments

Solvolysis Fibres & matrix 5/6
feedstock
Fluidised bed Short fibres & heat 5/6

2.1.3 Resins for Recyclable Blades

This section will give a brief overview of available recyclable resins and their poten-
tial for use in wind and tidal turbine blades. For a resin to be used in both wind and
tidal turbine blades it must have acceptable mechanical, fatigue and thermal prop-
erties, be feasibly processed and be resistant to water absorption. More specifically,
for tidal turbine blades to conform to DNV-ST-0164—a standard which specifies
requirements for the entire lifecycle of a tidal turbine blade—the resin must show
resistance to distilled water, seawater, water condensation and salt spray, and me-
chanical tests must be performed on saturated coupons. DNV-ST-0164 also specifies

that:

“The water absorption of the laminating resin shall be determined ac-
cording to ISO 62 (specimen 50x50x2 mm?) and shall not exceed 50mg
after 168h and 100mg after 28 days of immersion in water.”

11
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For a resin density of 1200 kg m~3, 100 mg of water would be a 1.7% increase in
coupon mass, which should be taken into account when selecting the resin.

One class of recyclable composites are thermoplasics, which can be recycled via
thermal reshaping, shredding and press forming, or separation of the matrix and
fibres via e.g. dissolution [18, 19]. Thermoplastic polymers are often supplied as
solid resins, prepregs, or co-mingled fibres, which are then reshaped using heat and
pressure. These polymers range from high-performance polyaryletherketones such
as PEEK, to commodity thermoplastics such as polypropylene [20].

The high temperatures and pressures needed to process thermoplastic polymers
mean that their use is generally not scalable to large wind turbine blades [21, 22].
However, small, residential wind turbines often have blades made from injection
moulded polymer or composites [23, 24], and Twintex® fabrics (co-mingled glass
and polypropylene fibres) were also used in the manufacture of larger 6 kW and
15 kW thermoplastic wind turbine blades in a collaboration between EireComposites
and SD Wind Energy [25, 26].

These difficulties in processing molten thermoplastic polymers have led to the
development of reactive thermoplastic resins as infusible alternatives to polymeric
resins. Many are supplied as a solid monomer with a low melt viscosity, which
polymerises in-situ, allowing for their use in the manufacture of vacuum-infused
composites [22]. Commercially available resins include polyamides such as nylon-
6 (PA6); for example, AP-NYLON® from Briiggemann. PA6 composites can be
produced by vacuum infusion of molten e-caprolactam, a catalyst, and an initiator,
which then polymerise via anionic ring opening polymerisation [21, 27, 28]. Anion-
ically polymerised PA6 has been shown to have excellent properties in comparison
with heat moulded PA6 and epoxy [29, 30].

Polybutylene terephthalate (PBT) is another thermoplastic which undergoes ring
opening polymerisation from low viscosity precursors [27, 31], and reactive process-
ing of PBT was used by EireComposites, Ireland to manufacture a 12.6 m long
thermoplastic wind turbine blade [32] (Figure 2.3). The resin was previously sold
by Cyclics® as CBT® resin [21], although the company has ceased trading and the
resin appears to be no longer available [33, 34].

The reason that these resins have not been adopted by wind turbine manufac-

12
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Figure 2.3: A 12.6 m long recyclable wind turbine blade made by EireC’omposites
from CBT® thermoplastic resin. Half of the heated concrete mould used to produce
the blade is visible at the bottom. Reproduced from [32].

turers may lie in their processing conditions. The polymerisation of polyamides and
PBT requires elevated temperatures, of around 170°C and 190°C respectively, and
specialised moulds [27, 31, 32, 35], so they have not been demonstrated in large
wind turbine blades. Additional issues with PA6 include the hygroscopicity of the
monomer, which creates difficulties in processing and storage [36, 37]. PA6 polymer
is also hydrophilic, with coupons absorbing 0.68% water after just 24 hours immer-
sion in water, and saturating at around 9.5% mass increase, which means it may
not be suitable for tidal turbine blades [27].

A wide variety of other thermoplastic polymers, including polycarbonate and
even PEEK [21], can be polymerised in-situ and may theoretically be vacuum in-
fused, but these monomeric/oligomeric resins are not commercially available for
composite applications. A summary of reactive thermoplastic resins is included in
Table 2.2, as is an assessment by Qin et al. [22] of the ‘essential criteria’ for their use
in marine composites—i.e. acceptable monomer viscosity, processing temperature,

T, and moisture absorption.
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Table 2.2: A list of reactive thermoplastic resins assessed by Qin et al. [22] for use
in the marine environment. The essential criteria of monomer processing viscosity,
processing temperature, polymer T, and mazimum moisture uptake are included.
Cells are shaded green for an acceptable value, amber for a marginal value and red

for an unsuitable value, and an overall ‘pass or fail’ decision is made by the authors

of [22]. Reproduced from [22].

Essential Criteria

Polymer Viscosity (mPas) Trocessing ("C) Ty (°C)  Moisture (%) Pass? (Y/N)

PAG6 ~b 130-200 40-60 _ N
PA12 23 40-50 <2 N
PBT 20-150 0.09 N
pPC 250-300 150 0.16 N
PLA - 150-185 9565 <2 Y
PMMA 100 20-100 107 0.5 Y
TPU 0.1 N
PEK 340-390 0.07 N
PET 250-325 73 0.5 N
PPA 121-138 0.36 N

Liquid acrylic resins, marketed by Arkema as Elium®, are unique in that they
are thermoplastics which are processed almost exactly like traditional thermoset
resins. They are vacuum infusible and polymerise at room temperature, their prop-
erties have been shown to be comparable to epoxies [38, 39], and they have been
demonstrated in the manufacture of full-scale wind turbine blades [40]. In addition,
a techno-economic analysis of acrylic-matrix wind turbine blades by Murray et al.
[41] concluded that lower costs could be achieved by replacing epoxy with acrylic,
due to the lack of a post-cure stage.

Liquid acrylic resins are largely composed of methyl methacrylate (MMA) monomers,
making the polymer similar to PMMA, but with the addition of other acrylate
monomers to control the polymer’s properties, and acrylic polymer to control the
resin’s viscosity [42-44]. The resin polymerises via a free radical mechanism after

the addition of a peroxide initiator, and can be depolymerised via pyrolysis for re-
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covery of the monomer and reinforcement fibres, in addition to the other described
recycling methods for thermoplastics [45].

Due to the reactive nature of the monomeric acrylic resin, it can be easily mod-
ified by reactive blending to tailor its properties. Acrylic resins have been modified
by Obande et al. [46, 47] using a second polymer, poly phenylene ether (PPE),
which was used to make GF /acrylic-PPE composites. The solvent resistance, duc-
tility, transverse flexural properties and initiation fracture toughness were improved,
while reshapability was retained. On the other hand, a decrease in propagation frac-
ture toughness and an increase in resin viscosity were observed. A comprehensive
review of liquid acrylic resins has been written by Obande et al. [39], which discusses
various aspects of acrylic-matrix composites including processing considerations, me-
chanical properties and resin modification.

Non-thermoplastic recyclable resins are also commercially available. For exam-
ple, vitrimers are polymers which have exchangeable crosslinks, meaning they behave
as a thermoset at low temperatures but become malleable at higher temperatures
[48]. Various chemistries can be used to create these exchangeable crosslinks, but the
commercially available VITRIMAX™ resin from Mallinda has exchangeable imine
crosslinks [49, 50]. The resins have been shown to have good mechanical properties,
are repairable, and can be recycled via thermal reshaping or depolymerisation in
various solvents [48, 50]. Water causes the polymer to become malleable, which is
beneficial for recycling, but also causes significant swelling and calls into question
its use in tidal turbine blades [48, 51].

Recyclable thermoset resins are available as cleavable epoxies, which are poly-
mers with chemically reversible crosslinks. Recylamine® from Aditya Birla Ad-
vanced Materials is one such technology in which a variety of chemistries are used
to make reversible crosslinking agents, which can be used with standard epoxy resins
[52]. Composites made with these crosslinking agents are recycled via immersion in
an acetic acid solution, which cleaves the crosslinks and allows the separation of the
matrix and fibres. The matrix is then converted into a low performance thermo-
plastic polymer [52]. EzCiclo® from Swancor is another epoxy resin which can be
depolymerised using its CleaVER technology to produce monomers and oligomers

[53]. These products can then be used to manufacture new epoxy resin, and the
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recovered fibres can also be reused.

Other recyclable non-thermoplastic resins are also under development, such as
the PECAN (PolyEster Covalently Adaptable Network) resin developed at NREL
[54]. This resin has exchangeable crosslinks—similar to the vitrimeric resins dis-
cussed above—meaning it is recyclable (see Figure 2.4), and it has the additional
benefit of being bio-based. The PECAN resin has been demonstrated in a 9 m long
wind turbine blade, and its properties compare favourably to traditional thermosets

[54, 55].

Bio-derivable

Fiber
Reinforced
Composite

Polyester
Covalently
Adaptable Networks
(PECANSs)

Recovered
Fiber and
Anhydride

(@]

Figure 2.4: Details of the synthesis and recycling of the PECAN resin. Reproduced
from [54].

Additionally, the CETEC (Circular Economy for Thermoset Epoxy Composites)
consortium—a collaboration between Aarhus University, Vestas Wind Systems, Olin
Corporation and the Danish Technical Institute—has developed a method for chem-
ically cleaving standard epoxy resins, rather than requiring the use of specialised

resins and hardeners, providing a route to recycling existing wind turbine blades
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[56]. It also provides manufacturers the possibility of continuing to use their pre-

ferred resins, while still achieving recyclability.

2.1.4 The Future of Recyclable Blades

Numerous recyclable resins may therefore be theoretically used in the renewable
energy and marine sectors, but few have been endorsed by major wind turbine man-
ufacturers. A summary of the preferred recyclable resins or recycling processes of
several major wind turbine manufacturers is presented in Table 2.3. There is a
clear preference for resins which require minimal changes to existing manufacturing
processes. Indeed, Vestas’ approach is to develop new methods of recycling cur-
rent resins—the method of catalytic cleavage of epoxy developed by the CETEC
consortium, as discussed in Section 2.1.3—rather than changing the resin system

itself.

Table 2.3: The recyclable resins or recycling methods which are currently being

explored by several large wind turbine manufacturers.

Manufacturer Recyclable Resin References
Vestas Catalysed epoxy cleavage [56, 57]
GE/LM Wind Power Arkema Elium [40]
Siemens Gamesa Swancor EzCiclo [58]

Aditya Birla Recyclamine [59]

Mingyang Smart Energy Swancor EzCiclo [60]

2.2 Interfacial Bonding

After selecting a matrix resin, compatibility with the reinforcement fibres must
be ensured as poor bonding can significantly reduce mechanical properties [61-63].
Interfacial bonding in glass-fibre reinforced composites is therefore explained in the
following section, and work on interfacial bonding in acrylic-matrix composites is

discussed.
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2.2.1 Glass Fibre Sizing Agents

In glass fibre reinforcements, sizing agents are fibre coatings which improve handling
and prevent fibre damage, but they also play a key role in interfacial bonding.
Bonding is largely promoted by the inclusion of a coupling agent, which is usually
an organosilane compound in the case of glass fibre reinforcements, but the majority
of the sizing agent is made up of other components as will be discussed in the
following paragraphs. Sizing agents’ formulations and effects are complex, but they
are covered in depth in a review by Thomason [64].

The general structure of a silane coupling agent is shown in Figure 2.5a. The
sizing agent containing the silane coupling agent is typically applied to the fibre
surface as an aqueous dispersion or emulsion immediately after fibre forming. The
silane hydrolyses to a silanol in the solution, and the fibre is then heated so the
silanol chemically bonds with the surface of the glass via a condensation reaction
(Figure 2.5b). The organic group later reacts with the matrix, bonding it to the
fibres [64-66].

M M M
CH | | I
78 R R R
o CH, o | o | o | o
| / Heat N Nei” N
R—Sll_o Hydrolysis, é £ é
S condensation | |
Si Si Si
\CH3 o N0 N0 [ >0
Glass fibre

(a) (b)

Figure 2.5: (a) The general structure of a trimethoxy silane coupling agent. The
R group is an organofunctional group which reacts with the matriz, M. (b) After
hydrolysis of the silane, it bonds to the surface of the glass fibre via a condensation

reaction.

The complexity of sizing agent formulations is illustrated in Figure 2.6, which is a
possible combination of components described in a patent from Owens Corning/3B
Fibreglass [65]. As discussed by Thomason [64], the secrecy surrounding sizing
agent formulations means patents such as this are one of the few sources for their

composition, and for the purposes of each component. For example, the film former
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protects the fibres during handling, and in Figure 2.6a it is an epoxy resin emulsion,

with an optional addition of a polyurethane emulsion to improve toughness [65, 67].

These film formers must be compatible with the matrix resin for good adhesion, and

surfactants are added to stabilise the emulsion (Figure 2.6a) [68].

(a) Epoxy film former (60-90% total)

: c n X y X

Low molecular weight epoxy resin Mixture of poloxameric surfactants e.g. x
emulsion in water (45-81%) =4,y=59and x = 37,y = 56 (6-23%)

(b) Silane coupling agents

CH, 0 e H:C,
Q\ O—‘lw—\_/NH >3 i
- | ' O .
H‘C\O/g\/\/\o/w H,CJ Cﬁ H.C /N\/\/U\H)kCH,
O—CH, [¢] H.c—O0
CH, o
y-glycidoxypropyltrimethoxysilane Trace amine coupling  y-methacryloxypropyltrimethoxysilane
epoxy coupling agent (10-20%) agent (0.4-0.8%) coupling agent

(c) Cationic lubricant

H,C. o H ﬂ
W N \/\_/\/ \/\NH:
8 OH

Adduct of tetraethylenepentamine and stearic acid (0.01-1.00%)

(d) Non-ionic Lubricant (e) Polyurethane film former
O O
h 7 ‘ R /“\ '
{/v h/\/\/\/\/v O/[LN/ ~n O/R o~
n H H
n
Polyethylene glycol Aqueous dispersion of polyurethane
monolaurate (6-10%) with surfactants (0-10%)
(f) Source of boron (g) Antistatic agent (h) Weak acid
OH "4 CH,
/ > Cl
HO—-8 e N on HO
\OH ne—/ 0
Boric acid Tetraethylammonium Acetic acid
(0.2-3.0%) chloride (0.4-0.8%) (0.4-1.0%)

Figure 2.6: Ezamples of components of a sizing agent, according to [65]. Many

alternative components are possible, even within the cited patent [65, 67-69]. Per-

centages are given by weight of the solid fraction. Structures are from PubChem
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Three possible silane coupling agents are illustrated in Figure 2.6b. The epoxy
and amine coupling agents allow the fibres to bond with epoxy resins, but methacry-
loxy coupling agents may replace some or all of the epoxy sizing agent to add com-
patibility with vinylester and polyester resins. Other silane chemistries can be cho-
sen for compatibility with e.g. polyurethane [65], although they generally have
amino, epoxide, methacryloxy, or vinyl functionality according to Thomason [64].
Multi-compatible sized fabrics are commonly available, and these fabrics—which
are simultaneously epoxy-, polyester- and vinylester-compatible—are the standard
reinforcement from suppliers such as [71] and [72]. Reinforcements advertised for
compatibility with liquid acrylic resins are not generally available, but since they
polymerise via a free radical reaction—the same as polyester and vinylester resins—
a vinylester-compatible sizing agent is recommended by the manufacturer [73]. The
methacryloxy coupling agent in Figure 2.6b would therefore be expected to bond
with acrylic resins.

The other components in Figure 2.6 also play important roles. Cationic and
non-ionic lubricants (Figures 2.6¢ and d) are included in the formulation to further
protect the fibres, prevent interfilament abrasion and reduce fuzz [65, 69]. A molecule
containing boron and a weak acid (Figures 2.6f and h) both contribute to bonding
between the coupling agent and the glass fibre [65, 74]. Finally, a small amount
of an agent to prevent the buildup of static electricity is also added (Figure 2.6g).
Each of these components is dispersed in water, which can make up 85-99% of the

total weight in the patented composition described here [65].

2.2.2 Interfacial Strength in GF/Acrylic

As mentioned above, sizing agents for acrylic are recommended to be vinylester com-
patible, which is a common feature of multicompatible reinforcements, and so these
non-specialised sizing agents have been extensively—and successfully—used with
acrylic resins [4, 7, 19, 38, 75, 76]. Limited studies on sizing agents and interfacial
strength in acrylic-matrix composites are available, and are discussed below.
Beguinel et al. [77] compared an acrylic-tailored sizing agent to a polypropylene-
tailored sizing agent in GF/acrylic, and to an epoxy-tailored sizing agent in CF/

acrylic. The wettability of the fibres was characterised via contact angle measure-
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ments, and the IFSS was measured via microbond testing. It should be noted that
the acrylic matrix was made from both reactive and non-reactive acrylic latexes—
dispersions of acrylic polymer in water—rather than the acrylic resins discussed so
far. The acrylic-tailored sizing significantly improved both the wettability and IFSS
compared to the incompatible sizings, and the reactive latex was found to form a
stronger interfacial bond than the non-reactive latex. An improvement in IFSS was
also observed when comparing the acrylic-tailored sizing to a multi-compatible siz-
ing, but this was with the nonreactive latex so may not be applicable to Elium®
resins.

Studies by Charlier et al. [44, 78], in which the IFSS of GF/acrylic (Elium®)
was measured via microbond testing, are more applicable. The IFSS was com-
pared between acrylic-tailored and multi-compatible sizing agents, as well as with
a GF /epoxy reference. No significant differences were observed between the sizing
agents, but the GF /acrylic IFSS was around 40% lower than that of GF /epoxy (Ta-
ble 2.4). The authors note that this may have been affected by the addition of a

paraffin wax to the acrylic resin to prevent evaporation.

Table 2.4: A summary of IFSS data from Charlier et al. [78]. The low IFSS using
TP1 (acrylic resin without paraffin waz) is due to evaporation of the monomer and
poor polymerisation. The sizing agent has no effect on IF'SS with TP2 (acrylic resin
with paraffin wax).

TP1-ASF TP1-MSF TP2-ASF TP2-MSF  TS-ASF TS-MSF

System - acrylic acrylic acrylic acrylic €poxy epoxy
Paraffin wax - No No Yes Yes No Yes

Cure 1 [h-°C] - - 1-80 1-80 1-80 1-80

Cure 2 [h-°C] 2-150 2-150 2 -150 2-150 2 - 160 2-160
Sample size - 21 23 18 20 12 12

IFSS [MPa] 85+24 78421 273+42 272+41 445451 488 £6.8

Work by Boufaida et al. [79], discussed further in Section 2.4.2, concluded that an
acrylic-tailored sizing agent improved interfacial strength over a multi-compatible
sizing. However, a chemical incompatibility between the multi-compatible sizing

and the acrylic resin was observed. This highlights that sizing compatibility with a
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resin requires more than simply the addition of an appropriate coupling agent, as
incompatibilities with other components may reduce the interfacial strength [62, 79].

Davies et al. [80, 81] have carried out comparative studies on GF/acrylic com-
posites immersed in water, and suggest that an acrylic-tailored sizing agent improves
retention of properties over a multi-compatible sizing. Different layups were used
with each reinforcement, however, as will be discussed in Section 2.3.3. Regardless
of the sizing agent, reductions in mechanical properties were observed after water

absorption, and so this is explored further in the following section.

2.3 Water Absorption

A key consideration for the application of acrylic resins in the marine and tidal en-
ergy sectors is their water absorption behaviour and retention of mechanical proper-
ties, even after a service life on the order of decades. In Section 2.1, the importance
of choosing a resin which is resistant to water absorption was highlighted, and so in
this section the mechanisms and effects of water absorption in composite materials

are discussed.

2.3.1 Diffusion Theory

Diffusion of a fluid in a composite is often described using Fick’s second law (Equa-
tion 2.1) [82]. In one dimension, this law states that the change in concentration ¢
with respect to time ¢ is related to the change in concentration gradient with respect
to position x by a constant diffusion coefficient D. Upon immersion of a polymer
in a fluid such as water, diffusion of this kind—i.e. Fickian diffusion—results in an
initial linear relationship between concentration of the fluid and the square root of
time (v/1), eventually reaching an equilibrium content, M,, (see Figure 2.7a). This
behaviour has been observed, though not consistently, in many materials including
epoxy resins and composites of various chemistries [83-88], vinyl ester resin [89]
and, as will be discussed further in Section 2.3.3, in acrylic resins and composites

80, 84, 90].
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Figure 2.7: Four types of diffusion curves that may be encountered in polymers
and composites. (a) Fickian diffusion observed in flax-reinforced acrylic and epoxy,
equally well described by a Langmuir model. The initial linear region and maximum
water uptake are highlighted. Adapted from [84]. (b) Case II diffusion observed with
PMMA and methanol. Note absorption is linear when plotted against time, and so
it would be a parabola when plotted against \/t. Reproduced from [91]. (c) Mass
loss after saturation observed in polyester-matriz composites. Theoretical Fickian
diffusion is shown by black lines for comparison. Reproduced from [92]. (d) Non-

Fickian diffusion which can be described by a dual stage absorption model such as a

dual Fick model (a sum of two Fickian diffusion curves). Reproduced from [93].

Non-Fickian diffusion behaviour is often observed in polymers and composites,
depending on a combination of material, fluid and temperature. In glassy polymers,
non-Fickian Case II diffusion can often be observed. This occurs when there is
a strong interaction between the fluid and polymer, leading to significant swelling

91, 94]. Case II diffusion is characterised by a sharp boundary between the swollen
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and glassy polymer and a mass increase which is initially linear with time, resulting
in a parabolic curve in a plot against v/ [94]. This behaviour was reported by
Thomas et al. [91] when immersing PMMA in methanol (Figure 2.7b).

Apparent Fickian diffusion can be followed by a gradual decrease in mass, as
shown in Figure 2.7c. This may occur when leaching of unreacted monomer or hy-
drolysis products occurs, as observed in several studies [92, 93, 95]. This is discussed
further in Section 2.3.2.

Absorption can also continue to increase after starting to reach an apparent
plateau, as in Figure 2.7d, and various absorption curves of this type have been
described in the literature. For example, the absorption of water in CF /acrylic was
described as the superposition of two Fickian diffusion curves by Placette et al. [96]
to model non-Fickian diffusion of water in epoxy moulding compounds—i.e. a ‘dual
Fick’ model. A dual Fick model was also employed by Bel Haj Frej et al. [93] to
model water absorption in acrylic resin and composites, as shown in Figure 2.7d.
The dual stage absorption was attributed to the presence of both free and bound
water, as will be discussed below. In order to quantify the proportions of each state
of water, a Langmuir-type Carter & Kibler model was employed by Bel Haj Frej et
al. [97], in which bound water was found to diffuse more slowly than free water.

Similar results to Figure 2.7d may also be observed when a polymer is immersed
in a mixture of solvents, leading to a mixture of fast Fickian and slower case II
diffusion. For example, Alfrey et al. [94] report that when crosslinked polystyrene
is immersed in a mixture of methanol and acetone, the methanol, which is a small
molecule which does not interact strongly with the polymer, diffuses quickly and
reaches a low equilibrium content, but the acetone, which is larger and diffuses more
slowly, strongly interacts with and swells the polymer. Whitney and Browning [98|
attribute similar behaviour in epoxy resin and composites to the development of
matrix damage over time.

As mentioned above, the state of water in polymers can be described by two
theories. In the free-volume theory, water molecules occupy voids caused by the im-
perfect packing of polymers, without interacting strongly with the polymer, whereas
in the polar interaction theory, water molecules bind to polar sites in the polymer

via dipole interactions or hydrogen bonds, resulting in ‘bound’ water [62, 99, 100).
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These states of water can exist simultaneously, and have been investigated by several
techniques.

Soles et al. [95, 100] used positron annihalation lifetime spectroscopy (PALS)
to investigate the sizes of nanopores (free volume) in epoxy and their effect on
the diffusion of water. Nanopores were found to have diameters of 2-20 A, versus
a diameter of 3 A for water molecules. There was little correlation between the
pore size and diffusion at low temperatures and no correlation above around 35 °C,
possibly because the absorption of water causes changes in the topology, and the
binding/unbinding of water from polar sites in the pores may be the rate determining
step in the diffusion. Therefore, non-amine epoxies, which did not have polar groups
in the pore structure, resulted in an order of magnitude increase in the diffusion

coefficient. This effect is illustrated in Figure 2.8.

Figure 2.8: Illustration of the diffusion mechanisms of water in epoxy proposed by
Soles and Yee [100]. Diffusion is through free volume in the form of nanopores, but
diffusion s slowed by water molecules binding to hydrophilic sites in the polymer.

Reproduced from [100).

DSC has been used to observe the different phases of water, with different bind-
ing energies of the polymer, and an example graph is shown in Figure 2.9. The
exothermic peaks during cooling indicate the freezing temperatures of the various
phases of water [101, 102]. Abdelmola et al. [101] used DSC to investigate absorbed

water in epoxy of various void contents. In void-free water-saturated epoxy, the
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water was found to be entirely non-freezing bound water which is tightly bound
to the polymer. The presence of voids increased the water content, which exists
as non-freezable bound water, free water and freezable bound water, the latter of
which is loosely bound to the polymer. Similarly, after confirming the presence of
free, loosely-bound and bound water in hydrated PMMA via quasi-elastic neutron
scattering (QENS), Fujii et al. [102] determined that loosely-bound water made up
28% of the total water content using DSC.

— dPMMA dry
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heating—

—"—/\/\Jw

| heating—
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Figure 2.9: DSC curves of deuterated PMMA (dPMMA), dry and water-saturated.
Ezxothermic peaks in the cooling curve shows the presence of different phases of
freezable water: free water and intermediate (loosely bound) water. Non-freezable,
strongly bound water would not cause an exothermic peak and so cannot be directly

detected using DSC. Reproduced from [102].

Other methods may also be used to investigate the presence of free and bound
water. Bel Haj Frej et al. [97] fit a Carter & Kibler diffusion model to water
absorption data to determine the proportions of free and bound water in acrylic resin
and CF /acrylic composites. Bound water diffused more slowly than free water, and
the proportions of each phase varied depending on the ageing temperature and the
presence of reinforcement. Zhou and Lucas [88] characterised hydrated epoxy resin
through absorption/desorption studies and 'H nuclear magnetic resonance (NMR).
Their results suggest that water was bound to the epoxy via either one or two

hydrogen bonds, causing different binding strengths to the polymer. The studies
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summarised here show that the proportions of free and bound water in a polymer
vary significantly depending on its chemistry and topology, with the free water
content of PMMA being higher than in epoxy.

An additional consideration in fibre-reinforced composites is presence of voids
and the fibre-matrix interface, which create additional diffusion pathways and can
result in a diffusion coefficient 2 orders of magnitude greater along the direction of
the fibres than in the resin, as measured by Humeau et al. [87]. This effect can
be significant if the fibre sizing is incompatible with the matrix, creating interfacial
voids [62]. For example, Gargano et al. [103] found that an incompatible sizing
agent in CF/vinyl ester, i.e. a sizing which lacks the compatibility described in
Section 2.2, caused the diffusion coefficient of water to triple.

Diffusion studies at ambient temperatures are often prohibitively time consum-
ing, and so hydrothermal ageing—accelerated ageing via immersion in water at
elevated temperatures—is often employed. The diffusion coefficient D may be re-
lated to temperature 7" via the Arrhenius equation (Equation 2.2), in which Dy is
a constant diffusion coefficient, E, is the activation energy for the diffusion process
and R is the molar gas constant [104, 105].

—Eg

D(T) =D, - et (2.2)

To calculate D via Equation 2.2, it is assumed that Dy and E, are known con-
stants. However, in practice, D is measured and F, and Dy are unknown. Therefore,
by taking the ratio of the values of the diffusion coefficient (D; and Dy) at two dif-
ferent temperatures (7} and T5) as shown in Equation 2.3, E, can be determined

and used to calculate D at any other temperature.

E, (1 1
1 2

Therefore, so long as the assumption of Arrhenius behaviour is correct, hy-
drothermal ageing can be applied and the equivalent value of D at the temperature

of real-world applications can then be calculated.
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2.3.2 Effects of Water on Composites
2.3.2.1 The Matrix

The effects of water on matrices such as epoxy, polyester and vinylester have been
studied extensively due to these polymers’ long history of use in the marine envi-
ronment, from leisure yachts to mine countermeasures vessels [20, 106, 107]. Once
water is absorbed by the matrix, swelling and plasticisation occur and result in lower
polymer strength, modulus and 7, [85, 105, 108, 109].

Chemical damage to the matrix can occur via hydrolysis, and subsequent leaching
is evidenced by a decrease in the mass change vs. v/t curve similar to Figure 2.7c.
This can be a particular problem in polyester resins, with Kootsookos and Mouritz
[92] having demonstrated that GF/polyester and CF /polyester composites can lose
around 0.5% of their mass after 3 years in seawater at 30°C, even at 100% cure rates.
While in the study by Kootsookos and Mouritz [92] vinylester is shown to be more
resistant to this chemical damage, in a study by Bel Haj Frej et al. [93], leaching
from vinylester composites has been observed. Leaching has been observed by Soles
et al. [95] in a flexible epoxy immersed in hot (90°C) distilled water, but not in rigid
or semi-rigid epoxy resins. Degradation of epoxy resin during immersion in water
at 90°C was also observed by Xiao et al. [110] and was attributed to chain scission
due to hydrolysis of tertiary amines.

Absorption of water or other solvents can cause matrix cracking in composites,
which can be exacerbated by subsequent drying. Whitney and Browning [98] noted
the development of cracking in epoxy resin and composites after long-term expo-
sure to humid environments. Vanlandingham et al. similarly noted non-Fickian
absorption behaviour in epoxy resin which they attribute to the formation of mi-
crocracks [105]. After immersion of GF/vinylester microdroplets—small droplets of
resin bonded to single reinforcement fibres for the testing of interfacial strength—in
water by Thomason and Xypolias [89], gradually worsening matrix cracking was
noted at the menisci of the droplets. In the same study [89], blistering of the matrix
surface was attributed to stresses caused by swelling and the bi-phasic structure of
the vinylester. Hydrothermal ageing can also cause matrix damage not seen at lower
temperatures, as observed by Pogany [111] in water-saturated polyester and epoxy

phenolic lacquer. In this study, cooling of the specimens resulted in a rapid change
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in the equilibrium moisture content, causing crazing of the polymer as can be seen

in Figure 2.10.

Figure 2.10: Crazing in epoxy phenolic lacquer after immersion in hot water.
SEM image from [111]. No scale is given in the original publication, but an approx-
imate scale bar is provided based on the published image size and the stated x1000

magnification.

Crosslinking in thermoset matrices restricts swelling [112], and moisture absorp-
tion in thermoplastics is hindered by increasing crystallinity [113, 114], but this
does not mean that thermosetting and semi-crystalline polymers are more resis-
tant to water absorption in general. Polymers with a high affinity for the solvent
are often significantly affected by absorption. The semi-crystalline polymer nylon-6
(PAG), for example, is hydrophilic and absorbs around 10% by weight of water [115].
The amorphous thermoplastic PMMA, a more hydrophobic polymer than PA6 [102],
has been shown to absorb around 2% water [102], which is similar to or lower than
crosslinked epoxy resins [86, 101]. PEEK, another semi-crystalline thermoplastic,

only absorbs around 0.5% water, even after immersion at 90°C [116].

2.3.2.2 The Fibres

Carbon and glass fibres tend to absorb very little water compared to the matrix
[36], and are therefore of less importance in water absorption, but chemical damage

to glass fibres can occur. Gu [117] found that E-glass fibres degrade in 2 wt.%
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solutions of sodium chloride, losing approximately 11% of their strength over 4 weeks
of immersion, with stronger salt solutions causing greater decreases. Hydrolysis
of glass fibres, leading to slow mass loss and diameter reduction, has also been
demonstrated after immersion in water [118].

Natural fibres, on the other hand, do tend to absorb water, and the effects of

this in acrylic-matrix composites are discussed further in Section 2.3.3.2.

2.3.2.3 The Interface

Interfacial damage due to water absorption has been observed in several relevant
composites, including glass and carbon fibre-reinforced epoxy [119], polyester [62],
vinylester [103] and acrylic, as will be discussed in Section 2.3.3. Behera et al.
[119] observed interfacial debonding after immersion of CF /epoxy composites in tap
water at 70°C. Thomason and Xypolias [89] measured a complete loss of interfacial
shear strength in GF/vinylester microdroplets after immersion in water for around
7 days at 23°C or 4 days at 50°C. Stresses due to swelling, along with a weakened
interface, were determined to be the cause of interfacial debonding by Gibhardt et
al. [120]. The authors attribute this weakening to plasticisation of the interphase
region, although work by Ishida and Koenig [121] suggests that hydrolysis of the
silane coupling agent can cause interfacial degradation.

The type of sizing agent used may have an effect on interfacial degradation due to
water absorption. This was explored by Tsenoglou et al. [62], who studied the qual-
ity of an interfacial bond via repeated absorption-desorption cycles in GF /polyester
short beam shear coupons. The reinforcement fibres were treated with one of: a
silane coupling agent, an incompatible polymer (PDMS) or no coating. The short
beam strength (SBS) was significantly affected by the fibre treatment, with the
clean, PDMS-coated and silane-treated coupons having strengths of 14.1 MPa, 7.34
MPa and 29.6 MPa respectively. The composite coupons, along with neat resin
coupons, were then immersed in distilled water at 25°C, 35°C and 45°C and their
masses were monitored to allow diffusion coefficients to be calculated and compared.
The silane surface treatment resulted in both slower diffusion and a lower maximum
water content than clean or PDMS-coated fibres. The coupons were then dried for

30 hours under vacuum, and the absorption-desorption cycle was repeated a fur-
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ther three times. By assuming that diffusion occurred via a free-volume mechanism,
Tsenoglou et al. [62] compared the degree of interfacial loosening between the fibre
treatments, as illustrated in Figure 2.11. For clean and silane-treated fibres, interfa-
cial loosening increased with subsequent absorption-desorption cycles, although the
silane treatment resulted in a lowered interfacial free volume fraction. In PDMS-
coated fibres, interfacial loosening was not observed which was attributed to swelling
of the coating. This study not only shows the importance of a silane coupling agent
for interfacial strength, but also how the compatibility of other components of the

sizing agent with the polymer may affect strength and absorption behaviour [64].
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Figure 2.11: The change in interfacial volume in GF /polyester composites with
no sizing, a silane coupling agent and an incompatible PDMS' coating after repeated

water sorption-desorption cycles. Reproduced from [62].

Thomason [61] conducted a study on the influence of fibre sizing, resin and void
content on the absorption behaviour and SBS of GF /epoxy composites. The fibre
surface coating was found to have a much smaller effect on absorption behaviour than
the void content and matrix resin type, although it did affect the SBS. It is suggested
by the author that this is due to most of the fibres tested being sold as ‘epoxy-
compatible’. Indeed, the only fibre which performed poorly in water absorption was

the only one not marketed as ‘epoxy-compatible’.
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2.3.3 Water Absorption in Acrylic-Matrix Composites

The water ageing behaviour of acrylic-matrix composites has been reported in several
studies, using a variety of reinforcements, layups and ageing conditions, as is detailed

below.

2.3.3.1 Glass- and Carbon-Fibre Reinforced Acrylic

Davies et al. [80] performed an extensive study of water absorption in GF/acrylic,
CF /acrylic and unreinforced acrylic resin. GF/acrylic laminates were manufactured
using a [0/90]3 layup of woven fabric with a non-specialised sizing agent. CF /acrylic
coupons were manufactured using non-crimp biaxial fabric with either quadriaxial or
(£45°) layups. To investigate diffusion kinetics, unreinforced resin coupons were im-
mersed in seawater at 25°C, 40°C and 60°C, and their weight gains were monitored.
Non-Fickian diffusion was noted in the GF/acrylic coupons (Figure 2.12), with an
initial plateau followed by further increases in mass, but Fickian curves were fit to
the data for ease of comparison. The maximum water content of the resin was similar
at each temperature, ranging between 1.85-1.90%, but the diffusion coefficients sig-

Land

nificantly increased with temperature at 0.55 x 10712 m?s=1, 1.39 x107*2 m?s~
4.23 x1072 m2s7! at 25°C, 40°C and 60°C respectively. By applying Equation 2.3,
a consistent activation energy of approximately 48 kJmol™' can be calculated be-
tween each increase in temperature, suggesting Arrhenius behaviour of the diffusion
process. Diffusion was found to occur primarily in the matrix, with the composites

reaching a maximum water content approximately half that of the unreinforced resin

(Figure 2.12).

32



CHAPTER 2. LITERATURE REVIEW

2.0

—v— Carbon |
—o— Acrylic

Water Content (%)
5

054 A

0.0

T T
0 20 40 60
Time'*/Thickness (h">.mm™)

Figure 2.12: Water absorption curves of GF/acrylic (black), CF/acrylic (red) and
unreinforced acrylic resin (blue), after immersion in seawater at 60 °C. Greater

absorption is wvisible in the neat resin, and non-Fickian diffusion was observed in

GF/acrylic. Reproduced from [80)].

The study [80] also determined the mechanical properties of the coupons when
dry, at various times during immersion, and dried after saturation. The 0/90°
GF /acrylic coupons exhibited the largest decreases in tensile strength of 50% after
18 months of ageing in 60°C saltwater. The reported decreases in mechanical prop-
erties of the CF/acrylic coupons were generally smaller than those of GF/acrylic.
Drying of the immersed resin resulted in almost complete recovery of its mechanical
properties, suggesting reversible plasticisation as the main effect of water ingress.
However, the composite coupons did not fully recover their original properties, with
the worst performance being in the 0/90° GF /acrylic, which recovered only 62%
of its strength after drying. Scanning electron microscopy (SEM) of the fracture
surfaces (Figure 2.13) shows this is due to irreversible interfacial damage—absent
in CF/acrylic—which the authors suggest could be prevented with a tailored sizing

agent.
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Figure 2.13: SEM images of the fracture surfaces of +45° GF/acrylic tensile

coupons. The images are from before (left) and after (right) immersion in 60°C
seawater for 18 months. Cleaner fibres in the aged coupons suggest interfacial degra-

dation occurs. Reproduced from [80].

Therefore, in a later study, Davies et al. [81] researched the effect of water
absorption on the fatigue of GF/acrylic composites with an acrylic-tailored sizing
agent. The fatigue aspects of this paper will be discussed in Section 2.4.2, but
static testing was also performed and compared with the results using a non-specific
sizing agent [80]. Greater property retention after immersion was observed with the
acrylic-tailored sizing (65% vs. 50%), although differences in layup (]0,(£45)s,0]
vs. [0/90]3; ) and the grade of Elium® resin between the studies make a direct
comparison difficult.

Barbosa et al. [75] compared the performance of CF/acrylic and CF/epoxy
composites after immersion in distilled water at 80°C for 8 weeks. The reinforcement
was a woven 0/90° fabric treated with a multi-compatible sizing agent. The tensile
properties of 0/90° coupons and the in-plane shear properties of £45° coupons were
measured, DMA was used to determine the 7,, and SEM was used for detailed
fractographic analysis. As shown in Table 2.5, similar changes in the tensile and in-
plane shear moduli were measured in both CF /acrylic and CF/epoxy. On the other
hand, CF /epoxy had a higher retention of the tensile and in-plane shear strengths. In
fact, both CF /acrylic and CF /epoxy experienced increases in their tensile strengths

(+3% and +11% respectively).
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Table 2.5: Original strengths/moduli of CF/acrylic and CF/epoxy coupons and
percentage changes due to 8 weeks of immersion in distilled water at 80 °C according
to [75]. Tensile properties were tested with 0/90° coupons, and in-plane shear with

+45° coupons.

CF/acrylic CF /epoxy
Tensile Strength 783 MPa  +2.9% 624 MPa +11.2%
Tensile Modulus 57.5 GPa -3.9% 55.7 GPa -4.2%

In-Plane Shear Strength 51.6 MPa -18.1% 66.7 MPa  -9.8%
In-Plane Shear Modulus 2.9 GPa  -28.2% 5.7 GPa  -26.3%

SEM imaging suggested that interfacial weakening and matrix plasticisation
caused the observed decreases in properties, but DMA unexpectedly showed that
T, increased after water absorption—the opposite of what would be expected for a
plasticised matrix. The storage moduli of both composites did decrease after water
absorption, indicating plasticisation, and the tan § curve of wet CF /acrylic showed
a split peak (Figure 2.14), which the authors attribute to phase separation of block

copolymers [75].
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Figure 2.14: Viscoelastic properties of CF/epoxy (top) and CF/acrylic (bottom)

before and after immersion in 80 °C distilled water for 8 weeks. Reproduced from

[75].

Nash et al. [76] immersed coupons of unidirectional GF/acrylic, GF/epoxy,
GF/polyester and GF /vinylester in deionised water at 35°C for 28 days, and in
diesel for 7 days. The reinforcement for GF/acrylic, GF/epoxy and GF /polyester
was treated with a non-specific sizing agent, whereas the GF /vinylester reinforce-
ment had a tailored sizing agent. The SBS of the composites and their 7, and
onset temperatures were measured before and after immersion, and the fracture
behaviour was characterised using SEM. The largest drop in the SBS was a 38%
reduction for GF/acrylic coupons after immersion in water from an initial value
of 57 MPa, although the SBS of GF/polyester and GF /epoxy also saw significant
decreases of 21% and 16% from initial values of 38 MPa and 58 MPa respectively.
GF /vinylester coupons saw little change (-1.6%) in SBS after immersion in water,
which the authors attribute to the tailored sizing agent. Degradation was caused
by a weakened interface, as revealed via SEM imaging, and plasticisation of the

matrix, which resulted in a decrease in the 7,. Diesel was found to have little effect
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on the composites, aside from GF /polyester which saw a -11% change in the onset
temperature. It should be noted that the water/diesel content was measured at the
28 day mark, but mass increase vs. time data was not included, so the percentage
saturation of the composites is unknown.

Bel Haj Frej et al. [93] characterised water absorption in CF/acrylic and CF/
vinylester 0/90° coupons, as well as coupons of unreinforced resin. Coupons were
immersed in deionised water at 70°C for 6 months and mass increases were tracked to
allow calculation of the diffusion coefficient. Focusing on CF/acrylic, non-Fickian
absorption behaviour was observed in both reinforced and unreinforced coupons.
The mass of unreinforced acrylic resin increased continually over the 6 month pe-
riod, reaching 6% water content without approaching equilibrium when the experi-
ment was stopped. The CF/acrylic composite also showed non-Fickian behaviour,
although the mass increase did approach an equilibrium water content of 6.8%. Dual
Fick models—i.e. a sum of two Fickian diffusion models—were therefore fit to the
data, which the authors attribute to parallel free-volume and molecular interaction
diffusion mechanisms (shown previously in Figure 2.7d). Changes in tensile prop-
erties, in-plane shear and SBS due to water absorption were also characterised in
CF /acrylic coupons after 6 months of ageing. The authors measured losses of 6%
in tensile modulus and 10% in tensile strength, from initial values of 64 GPa and
1120 MPa respectively. The shear modulus and shear strength of dry coupons were
2 GPa and 66 MPa respectively when dry, but saw decreases of 9% and 17% upon
ageing. The largest reduction of 43% was seen in the SBS, with an initial value of
14 MPa.

In another study by Bel Haj Frej et al. [97], the effect of temperature on diffu-
sion behaviour in neat acrylic resin and CF /acrylic was explored. Coupons of neat
Elium® 188 O, as well as 0° /90° and £45° CF/acrylic coupons, were immersed in
deionised water at 40°C or 70°C. Their water uptake was monitored, and tensile tests,
modal analysis and DMA were applied to virgin, aged and dried coupons. Fickian
diffusion was observed in neat resin at 40°C, reaching a plateau of 1.7% water con-
tent, but non-Fickian diffusion of the type previously shown in Figure 2.7d—which
can be described as the superposition of two diffusion curves—was observed in neat

resin at 70°C and composites at both temperatures (see Figure 2.15). The equilib-
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rium water contents of the composites reached 2.95% at 40°C and 4.9% at 70°C,
whereas in the neat resin at 70°C equilibrium was not reached even after 150 days
of immersion and a water content of 6.7%. As discussed before, this was attributed
to a combination of free and bound water, and so to quantify their proportions a
Carter & Kibler diffusion model was fit to the data (Figure 2.15). Free water was
found to diffuse quickly, whereas bound water diffused more slowly. The difference
in behaviour between the temperatures was attributed to hydrolysis of the polymer

side chains at 70°C, causing an increase in hydrophilicity.
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Figure 2.15: Absorption of water in unreinforced acrylic, immersed at 70°C. Non-
Fickian diffusion is visible, and a Carter & Kibler model is fit to the data. Free and

bound water components are visible. Reproduced from [97].

Comparing the equilibrium water contents from Bel Haj Frej et al. [93, 97] to the
other studies discussed here, the values are unusually high. The ageing temperature
of 70°C was given as a possible explanation, although Barbosa et al. [75] measured
a mass increase of only 1.25% in CF/acrylic after immersion in distilled water at
80°C. The high void content (4.8%) and an incompatibility with the epoxy-sized

reinforcement may contribute to the high water content of CF /acrylic, but not the
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unreinforced resin.

Bandaru et al. [122] immersed quadriaxial GF/acrylic coupons in distilled water
at 60°C for 6 months, measuring water uptake and performing tensile, flexural,
short beam, double-cantilever beam, end-notch flexure and DMA tests. No mention
is made of the sizing agent used. Water content was found to reach 0.78%, causing
decreases in tensile strength (-30%), flexural strength (-59%), SBS (-46%) and mode
IT fracture toughness (-37%). Although plasticisation and weakening of the matrix
was observed, the T}, of the composite increased by 6% after ageing, similar to the
observations of Barbosa et al. [75]. The authors suggest this may be due to further
polymerisation during hydrothermal ageing. An increase was also observed in the
mode [ fracture toughness due to increased fibre bridging in the aged coupons,

caused by a weakening of the fibre-matrix interface.

2.3.3.2 Natural-Fibre Reinforced Acrylic

Chilali et al. [84] provide an in-depth study of water diffusion in flax-fibre reinforced
acrylic (FF /acrylic) and FF/epoxy, determining the effects of coupon geometry, fi-
bre orientation and the application of edge sealant on the absorption of both tap
and salt water. The equilibrium water content and diffusion coefficient were strongly
influenced by the coupon geometry and layup. The equilibrium water content, for
example, had an approximate range of 6-11%, depending on the coupon character-
istics. The reinforcement therefore played a significant role in water absorption.

These results may not be applicable to the glass-fibre reinforced composites which
are the focus of this thesis, however, as the water absorption behaviour of natural
fibres is significantly different. Unlike glass and carbon, natural fibres such as flax
and jute absorb a significant amount of water. In most natural fibres—flax, for
example—there is a hollow core called a lumen which allows for wicking of water
along the centre of the fibre. Water can also diffuse into and swell the various
biopolymers which make up the fibres [84, 123, 124]. These effects are illustrated in
Figure 2.16.

39



CHAPTER 2. LITERATURE REVIEW

i Diffusion

Fibre swelling

Porosity

T Diffusion .
(a) (b) (c)

Figure 2.16: An illustration of the diffusion of water into flax reinforced compos-
ites, along the direction of the fibres. Water can wick through the fibre lumen, and
diffuse into the fibre itself, causing swelling. Reproduced from [84].

To illustrate this difference, Das et al. [125] compared water absorption and
mechanical properties of unidirectional flax- and glass-fibre (FF and GF respectively)
reinforced acrylic and epoxy—both petrochemical and bio-based. Coupons were
immersed in distilled water at temperatures between 23°C and 60°C, and their weight
gain and mechanical properties were measured weekly between 0 and 8 weeks of
immersion. The performance of GF /acrylic was in general similar to or better than
GF /epoxy, but significant differences were observed between the glass- and flax-
reinforced composites. As an example, GF /acrylic flexural coupons absorbed only
0.42% water over the course of 56 days at 23°C, and experienced respective decreases
of 11% and 0.2% in flexural strength and modulus over the same period. FF /acrylic
composites, however, increased by 12.67% in mass, and had much larger drops of
62% and 70% in flexural strength and modulus, respectively. Similar differences in
behaviour were observed between FF /epoxy and GF /epoxy. Given these differences,
which are summarised in Figure 2.17, the remaining literature on water absorption

in natural-fibre reinforced acrylic [126-129] is not discussed here.
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Flax composites vs. Glass composites (23°C)
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Figure 2.17: Percentage retention of composite properties after saturation with
water at 23°C, as reported by Das et al. [125]. Glass (GFR) and flax (GFR) fibres
were used to reinforce three matrices: a petroleum based epoxy (P1), a bio-based re-
cyclable epoxy with Recyclamine®)(P2), and Elium®acrylic resin (P3). Reproduced
from [125].

2.3.3.3 Larger Scale Tests

Beyond coupon scale, a study on water absorption in 2.5 m long GF/acrylic and
GF /epoxy tidal turbine blades has been performed by Murdy et al. [130]. The
blades were immersed in water baths at ambient temperature and their masses were
tracked. The GF/acrylic blade absorbed 0.14% over 6 months, and the GF /epoxy
blade absorbed just 0.07% over 11 months. Osmotic blistering of the paint applied
to the GF/acrylic blade (shown in Figure 2.18) was believed to have skewed the
absorption measurements, as was the water absorption by the epoxy foam used to

fill both blades.

41



CHAPTER 2. LITERATURE REVIEW

Figure 2.18: Paint was applied to GF/epoxy and GF/acrylic tidal turbine blades,
and osmotic blistering was observed in the GF/acrylic blade. Water is therefore

pooling under the paint, increasing the measured water absorption.

Coupons were also cut from GF/acrylic and GF/epoxy blades after 6 months
of deployment [130]. The coupons were then immersed in water at 50°C for 4
months, and their water uptake was tracked. Fickian diffusion curves were fit to
the data, which revealed that diffusion was faster in GF/acrylic than GF/epoxy
(12.1 x 1071 m2s7 ! vs. 2.1 x 1071 m?s™! respectively), but that the maximum
uptake of GF/epoxy was 1.7x that of GF/acrylic (0.78% vs. 0.47%). It should be
noted, however, that the fibre volume fractions of the GF/acrylic and GF/epoxy
were significantly different, at 60.9% and 48.8% respectively. This corresponds to
matrix fractions of 39.1% and 51.2%. Considering that the matrix has been shown
to dominate water absorption [80], it would make sense to normalise the maximum
water content of each composite by its matrix fraction. This results in saturation
water contents of the acrylic and epoxy resins of 1.2% and 1.5% respectively. Faster
diffusion therefore occurs in GF /acrylic, although the epoxy resin appears to absorb

1.3x as much water as acrylic resin.

2.3.3.4 Summary

Overall, two main causes of degradation in mechanical properties of acrylic-matrix

composites have been identified by several authors [75, 76, 80, 93] as swelling and
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plasticisation of the matrix and degradation of the fibre-matrix interface. This re-
sults in water absorption causing large decreases in interface- and matrix-dominated
properties, for example SBS is consistently shown to decrease by around 40%. Fibre-
dominated properties such as 0° tensile modulus and strength are less strongly af-

fected, and increases are even observed in some cases [75].

2.4 Fatigue of Composites

Wind and tidal turbine blades are subject to significant fatigue loading during their
service life. Spatially and temporally varying flow speeds and turbulence, among
other sources of cyclic loading, contribute to a blade withstanding large numbers of
load cycles over its lifetime; for example, a wind turbine blade might be expected
to undergo up to 10? fatigue cycles [131]. Fatigue damage is therefore a source of
failure in wind and tidal turbine blades, requiring replacement and disposal of the

affected blade.

2.4.1 An Introduction to Fatigue

Fatigue damage is caused by the progressive growth of cracks due to cyclic loading.
In order to predict fatigue life, materials testing is usually employed to construct an
S-N curve or e-N curve—plot of the cyclic stress (o) or strain (¢) amplitude respec-
tively against the number of cycles before material failure, N. Talreja [132] proposed
that the fatigue diagram for a unidirectional composite under 0° tension-tension fa-
tigue can be split into three regions of strain/stress amplitude, as illustrated in
Figure 2.19.

In Region I, damage occurs via the random breakage of reinforcement fibres
rather than progressive damage. In Region II, progressive matrix cracking leads to
fibre bridging and debonding. These matrix cracks initiate at stress concentrations
cause by flaws. A detailed discussion of the various flaws which lead to progressive
damage is given by Greenhalgh [133], but these flaws can be inherent in the con-
stituent materials (e.g. fibre flaws which lead to breakage); they can be introduced
during manufacture of the composite by e.g. introducing voids or inclusions; and

they can be introduced during service, for example through impacts. The fibre-
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matrix interface is highlighted as being particularly critical by Greenhalgh [133],
and poor fibre-matrix bonding leads to poor fatigue performance. In Region III,
the fatigue limit is reached as matrix cracks are arrested by reinforcement fibres, so

progressive damage does not occur [132].
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Figure 2.19: The three regions of a strain (c.) vs. fatigue cycles (N¢) fatigue life
diagram according to Talreja [152, 134]. Reproduced from [134].

Region II shows a linear relationship between log N and loge or logo. The
simplest equation usually fit to data in this region is the Basquin equation [135, 136],
shown in Equation 2.4, or equivalently in Equation 2.5. The factors A and b are

constants, with b determining the slope of the curve.

S=A-N° (2.4)

log S =blog N 4+ log A (2.5)

Even small deviations from 0° loading can cause significant changes in the S-
N curve [132]. According to Talreja [132], an angle of as little at 5° prevents the
random, non-progressive fibre breakage that makes up region I, and so the S-N curve
has only regions II and III. With increasing off-axis angle, the fracture strain and

the strain at region III decrease until a minimum at 90° loading is reached. At this
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point, fracture proceeds via transverse fibre debonding rather than the fibre fracture
and interfacial debonding seen in 0° laminates [132].

The choices of matrix and reinforcement are both highly influential on the fatigue
behaviour. The large variation in fatigue properties that can be caused by the matrix
selection is illustrated in Figure 2.20. The importance of the fibres can be seen in the
DNV standard DNV-ST-0164, which suggests values for b of -0.125 for GF/epoxy
or GF /polyester, and -0.07 for CF/epoxy in the absence of experimental data, i.e.

a lower S-N curve gradient is expected with carbon fibres.
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Figure 2.20: An illustration of the effects of the matriz on the fatigue behaviour
of GF-reinforced composites. Reproduced from [137].

Region III is known as the ‘fatigue limit’—the stress or strain amplitude at which
the material has an indefinite fatigue life. The fatigue limit is a known feature of
steel, but is known to be non-existent in aluminium [138]. The existence of a fatigue
limit in composites is controversial, and D’Amore and Grassia [139] suggest that
it has not been proven to exist. The fatigue of traditional composites has been
characterised extensively, for example in the SNL/MSU/DOE fatigue database for
wind turbine blade materials [140, 141}, but many studies do not extend to Region
IIT [132], possibly due to time constraints. However, a fatigue limit does appear
to exist at around 360 MPa in the flexural fatigue data of CF/epoxy at 25 °C in
Miyano et al. [142]. This corresponds to around 33% of the static flexural strength.
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2.4.2 Fatigue of Acrylic-Matrix Composites

Given the large differences in fatigue behaviour that can exist between matrices, data
from experimental testing must be used to ensure the fatigue performance of acrylic-
matrix composites. The fatigue behaviour of glass- and carbon-reinforced acrylic has
been characterised in several previous studies. Davies et al. [81] compared the tensile
and flexural fatigue behaviour of GF /acrylic, GF/epoxy and CF /acrylic coupons
before and after saturation with seawater. A [0/(£45),/0] layup was used for the
GF-reinforced laminates, and a [0/(£45)3/0] for the CF-reinforced laminates. The
authors mention that the GF/acrylic reinforcement had an acrylic-tailored sizing,
and the GF /epoxy and CF /acrylic reinforcements had non-specific sizings. In tensile
fatigue, seawater ageing had little effect on CF/acrylic, but the fatigue lives of
GF/acrylic and GF /epoxy were significantly reduced at high stresses. In flexural
fatigue, the three materials’ performance was similar and, in both tensile and flexural
fatigue, GF /acrylic outperformed GF /epoxy. The dry tensile fatigue behaviour is
included in Figure 2.21.
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Figure 2.21: Tension-tension S-N curves of dry GF/acrylic, GF/epoxy and
CF/acrylic. Reproduced from [81].

Cousins et al. [135] conducted extensive fatigue testing with GF/acrylic and
GF /epoxy laminates as part of the IACMI Centre Project 4.2 [143]. Tensile fatigue
tests were conducted on 0°, 90° and +45° GF /acrylic laminates at room temperature

and -30°C, on £45° GF /epoxy and on +45° GF /acrylic coupons with introduced de-
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fects. Compressive fatigue tests were also conducted on 0°, 90° and £45° GF /acrylic
laminates. The fatigue life of GF/acrylic compared favourably to GF /epoxy in ten-
sion, and to GF /polyester in compression. The tensile and compressive S-N curves
for 0° unidirectional coupons are included in Figure 2.22a and b respectively. The
presence of voids in +45° GF /acrylic laminates was found to reduce tension-tension
fatigue life by an order of magnitude. The authors observed a stronger interface in
GF /acrylic than in GF/epoxy as a coating of matrix remained after fracture of the
former, but not the latter. This agrees with other studies [38, 81] and suggests good

compatibility of acrylic resin with the multi-compatible sizing used in the study.
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Figure 2.22: S-N curves for 0° unidirectional GF/acrylic. (a) Tension-tension
fatigue curves for testing at room temperature and -30°C. ‘CSM’ and ‘UTK’ refer
to the two institutions which performed the tests. (b) Compression-compression fa-
tigue data for GF/acrylic, with data included for GF /polyester from the MSU/DOFE
database [141]. Figures reproduced from [135].

Data was also available on 0° GF/acrylic tension-tension fatigue in the SNL/
MSU/DOE fatigue database [141], both before and after ageing in water. Limited
data and details were included in the database, but the aged coupons absorbed 0.58%
water and the data provided has been presented in Figure 2.23. Ageing decreased
the tensile strength by 32%, but performance was similar, or even superior, in the

aged coupons at low stress.
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Figure 2.23: Data from the SNL/MSU/DOE fatigue database [141] on 0°
GF/acrylic composites under tension-tension fatigue. Both dry (orange) and wa-
ter saturated (blue) coupons were tested. Curves of the form S = AN® have been fit
to the data.

Bakkal et al. [144] characterised the tensile fatigue behaviour of 0°/90°, 0°/90° /445°
and +45° GF /acrylic composites with a multi-compatible sizing. The 0°/90° coupons
had the best performance in low-cycle fatigue, followed by the 0°/90°/+45° and
+45° coupons respectively. As the applied stress decreased, the S-N curves of the
0°/90° and 0°/90°/+45° coupons converge. Stiffness degradation, as illustrated in
Figure 2.24, was found to be greater in the 0°/90°/£45° coupons than the 0°/90°
coupons. This indicates that there is greater damage accumulation in 0°/90°/+45°
coupons. In addition, the authors calculate and measure increases in temperature
during fatigue testing for multiple stress levels. Temperature increases were greater
at higher stress levels, and generally calculated to be higher in the more resin-
dominated 0°/90°/£45° laminates than the 0°/90° laminates but did not exceed the

glass transition temperature of the matrix.
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Figure 2.24: The stiffness of a coupon tested under tension-tension fatigue de-
creases with increasing cycle number, as determined by the slope of the force-

displacement curve. This is attributed to the accumulation of damage. Reproduced

from [144].

Boufaida et al. [79] applied static and cyclic in-plane shear testing to woven
E-glass reinforced acrylic with either a multi-compatible or acrylic-tailored sizing
agent. During static testing, coupons with the acrylic-tailored sizing had a 4%
higher shear strength at a shear strain of 0.05 than coupons with a multi-compatible
sizing agent. Rather than typical testing to failure to determine the S-N curves of
the coupons, temperature increases during cyclic testing were monitored and used
to determine the onset of damage in the coupons, and thereby predict how they
would behave during fatigue. A higher damage onset threshold in the acrylic-sized
coupons suggested that the tailored sizing increased fatigue life (Figure 2.25). The
authors do note an incompatibility between the multi-compatible sizing and acrylic
resin, however, as the sizing prevented resin polymerisation at room temperature.
Elevated temperatures were therefore required to manufacture coupons with the
multi-compatible sizing, which has not been observed in other studies and may have

affected the results.
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Figure 2.25: The threshold stress (UEQ’MAX ) for damage accumulation in acrylic-
sized (AS) and multi-compatible sized (MCS) £45° GF/acrylic composites, as de-
termined via thermal imaging. A departure from linear viscoelastic behaviour causes
a sharp rise in the coupon’s temperature (AT®), and indicates the onset of damage

PTOgression.

Flax-reinforced acrylic composites have also been tested in fatigue. Most relevant
to the current work is a study by Davies et al. [145] in which flax/acrylic composites
were tested before and after seawater ageing. Water absorption kinetics were studied
for immersed and one-sided exposure, and a variety of tests (tensile, short beam shear
and four-point flexure) and layups (0°, 0°/90° and £45°) were used for static testing.
Four-point flexural fatigue testing was conducted on dry 0° and 0°/90° coupons, and
aged 0° coupons. Flax-fibre composites are shown to be much more susceptible to
water absorption than glass composites, with the fatigue strength of 0° four-point
bend coupons reducing by approximately 45% at 10° cycles after saturation.

Work on the effect of fibre moisture content in flax/acrylic composites has been
undertaken by Javanshour et al. [146]. Fatigue testing of composites with woven
0°/90° flax reinforcement showed that storage of flax fibres in humid conditions (be-
fore the manufacture of the composite) decreases low-cycle fatigue life, but reduces
the slope of the composite S-N curve and increases ductile failure modes. Static
testing was conducted on 90°, +45° and 0°/90° coupons, which revealed strong in-

terfacial bonding and good compatibility with the acrylic resin with no need for a
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sizing agent.

The studies discussed so far used coupon-scale testing to characterise acrylic-
matrix composites, but full-scale fatigue testing of acrylic-matrix wind [4] and tidal
turbine [7] blades has also been carried out by NREL. A 13 m long GF/acrylic
wind turbine blade was compared to a GF/epoxy blade by Murray et al. [4], using
reinforcements treated with a multi-compatible sizing agent. Static and fatigue
loading were applied, and the overall performance was similar with less than a 0.5%
variation in compliance over 1 x 10° cycles. Greater material damping in the acrylic-
matrix blade resulted in faster free-decay of vibrations, which could have positive
effects in the fatigue performance of the turbine [7].

Murray et al. [7] also compared 2.5 m long GF/acrylic and GF/epoxy tidal
turbine blades in static and fatigue testing, before and after 6 months of deployment.
The epoxy-matrix blade survived 2 million cycles of fatigue testing, whereas the
acrylic-matrix blades failed by 1.2 million cycles, with stiffness degradation observed
after only 400,000 cycles. A combination of incompatibility between the acrylic and
the foaming epoxy used to fill the blade cavity, incompatibility with the epoxy-based
paint used to coat the blades, and poor performance of the leading-edge overlay, led
to failure of the adhesive bonds in the blade, and so failure was not caused by poor

fatigue performance of the GF /acrylic blade skins.

Leading edge adhesive

Figure 2.26: Image from Murray et al. [7] of leading edge adhesive failure in a
GF/acrylic tidal turbine blade. Failure initiated between the composite skin and the

epoxy foam in the cavity.

2.5 Joining of Acrylic-Matrix Composites

As discussed in Section 2.1, wind and tidal turbine blades are often manufactured
in multiple sections which then require joining together. The current method of

joining these parts is to use adhesives. However, as the results from Murray et
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al. [7] show, adhesive bonds can be a source of failure (Figure 2.26). The use of
thermoplastic matrices such as acrylic provides the opportunity to use welded joints
instead, and it has been suggested that higher joint strengths, greater fatigue life
and faster processing times could be achieved through welding [147].

There are several types of welding which can be used for thermoplastic poly-
mer matrix composites. Literature on the welding of acrylic-matrix composites has
concentrated on fusion welding, in which heat is applied to the adherends and the
polymer matrix melts and interdiffuses when pressure is applied to the joint. Heat
can be applied in several ways: for example, via a heating element in the joint (re-
sistive and inductive welding), through frictional heating (ultrasonic, vibrational or
spin welding), or via the direct heating of the adherends (e.g. with infrared or other
radiation, a hot-plate, or hot gas) [148].

Four methods of welding acrylic-matrix composites are discussed in the litera-
ture: resistance, induction, ultrasonic and infra-red welding [147, 149-152]. Each
of these is detailed in Figure 2.27, and all require the application of pressure across
the bond. In resistance and induction welding, a heating element is pressed between
the adherends, heat is applied, and the adherend polymer melts. Heating elements
are conductive meshes, for example steel or carbon fibre, and can be impregnated
with polymer before welding. In resistance welding, the element is heated by the
direct application of a current, whereas in induction welding an electromagnetic field
induces currents in the mesh [147, 148, 153, 154]. In ultrasonic welding, ultrasonic
vibrations are generated and applied to the adherends via a sonotrode. These vi-
brations cause frictional heating and melting of the polymer at the bondline. The
weld quality can be improved by including an energy director—a protrusion of extra
polymer which melts first and fills the bondline [147, 155, 156]. Finally, in infrared
welding the adherend surfaces are heated via an infrared lamp or proximity to a
hot metal plate. This melts the polymer surface before the adherends are pressed

together [152, 157].
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Figure 2.27: Illustrations of resistance, induction, ultrasonic and infrared welding

[147, 148]—the four welding methods demonstrated in acrylic-matriz composites.

Resistance and induction welding in glass fibre reinforced acrylic composites have
been explored by Murray et al. [147] using single lap shear testing. In this study,
single lap resistance welds had average single lap strengths ranging between 19.1
MPa and 22.4 MPa depending on the heating element used (see Figure 2.28). The
fatigue limit, defined by the authors as the stress at which a coupon survived 10
million cycles at a stress ratio of R=0.1 and a frequency of 10 Hz, was reported
to be 5 MPa for resistance welds joined using a carbon fibre heating element [147].
Coupons joined via induction welding with a carbon fibre heating element reached
a lower average single lap shear strength of 20.4 MPa.

For comparison, several adhesive joints were also tested, although the highest ad-
hesive single lap strength and fatigue limit—achieved using Plexus MA310 methacry-
late adhesive—were only 17.4 MPa and 3 MPa respectively. Two other adhesives
were also tested, epoxy-based Acralock SA10-60 and another methacrylate adhesive
Plexus MA590, both of which are suitable for thicker bondlines. Both formed signif-
icantly weaker bonds than Plexus MA310, at only 10 MPa and 8.5 MPa respectively
[147], and testing by Murray et al. (2021) with a different epoxy adhesive (Hexion
BPR 135) also showed an incompatibility with acrylic resin [4]. As discussed in [7],
ensuring chemical compatibility between blade materials is therefore of paramount

importance with novel resins such as acrylic.
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Figure 2.28: The single lap shear strengths of GF/acrylic joined with adhesives,

and resistance/induction welding with various heating elements. Reproduced from

[147].

In other studies, ultrasonic welding of carbon fibre reinforced acrylic was investi-
gated by Bhudolia et al [149, 150]. Similar results were achieved to [147], with welded
single lap joints reaching a strength of 18.9 MPa with proper optimisation, which
was 33% higher than the strength of adhesive bonds (14.2 MPa) made with Bostik
SAF 30-5 methacrylate adhesive. The fatigue strength of ultrasonically welded sin-
gle lap coupons at 10° cycles (R = 0.1, frequency = 5Hz) was also 12% higher than
that of adhesive bonds (7.26 MPa and 6.48 MPa respectively), although this reduced

to a 7% difference at 107 cycles, as shown in Figure 2.29.
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Figure 2.29: S-N curves of single lap shear coupons bonded with an adhesive, or
via ultrasonic welding with (IED) or without (FED) energy directors. Reproduced
from [150)].

The fourth welding method demonstrated for acrylic-matrix composites in the
literature is infrared welding. Perrin et al. [152] obtained single lap shear strengths
of 12.3 MPa using this method, although this was improved up to 19.1 MPa by the
addition of a small amount of crosslinker to the acrylic matrix of the adherends.

Although each welding method has its advantages and disadvantages, a common
requirement for all three is intimate contact between the adherends while pressure is
applied, which may not be possible when manufacturing large and complex parts. In
wind turbine blades, for example, adhesive bondline thicknesses of up to 30 mm may
be required due to large manufacturing tolerances [5, 158]. In addition, ultrasonic
welding may not be suitable for joining thick sections as vibrations are attenuated
through the adherend thickness [156, 159]. There is therefore uncertainty about the
commercial application of polymer welding in the wind power industry, and there
has not been a published demonstration of welding applied to wind turbine blades.
The closest was a study by Murray et al. (2021) [160] which aimed to test a lightning
protection for resistance-welded wind turbine blades, which may be vulnerable to
lightning strike due to the heating element which remains in the bondline. However,
equipment with the required power output was not available, and so the blade was

adhesively bonded with the heating element inside to create a ‘mock weld’.
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2.6 Chapter Summary

Several recyclable resins are commercially available as composite matrices for use
in the marine and renewable energy sectors. These resins belong to three families
of polymer: thermosets with cleavable crosslinks, covalent adaptive networks, and
infusible thermoplastics. Cleavable thermosets appear to be the most popular op-
tion among wind turbine manufacturers. However, liquid acrylic resins (Elium®)
are the most promising thermoplastic resins for large structures, and are the only
thermoplastic resin demonstrated in the large wind turbine blades that are common
today.

For acrylic-matrix composites to be used in the marine environment, they must
demonstrate low water absorption and good long-term durability. This is often
tested by immersing composite coupons in heated water to accelerate absorption,
and characterising the mass uptake and the mechanical properties after saturation.
In general, acrylic resin was found to absorb in the region of 2% water, and glass-
and carbon- reinforced acrylic absorbed around 1% water. Water absorption can
cause several degradation mechanisms in polymers and composites, but the most
significant in glass fibre reinforced acrylic composites were found to be interfacial
degradation and matrix plasticisation. Carbon fibre composites seemed to experi-
ence less permanent damage, and flax-reinforced absorbed significantly more water
with greater decreases in mechanical properties. Beyond the coupon scale, the im-
mersion of 2.3 m long tidal turbine blades in water suggested that acrylic-matrix
composites absorb water more quickly than epoxy-matrix composites, but that sat-
uration is unlikely to be reached in either composite over the lifetime of a turbine.

The long-term durability of composites can be demonstrated via fatigue test-
ing. The fatigue of acrylic-matrix composites has been studied be several authors,
with both the tensile and compressive fatigue properties comparing favourably with
traditional thermosets. Fatigue testing after saturation with water has also been
studied, and has suggested that glass-fibre reinforced composites experience greater
decreases in fatigue life than their carbon-fibre reinforced equivalents. Testing of
full-scale acrylic-matrix wind and tidal turbine blades suggested good fatigue per-
formance of the composite blade skins compared to equivalent epoxy-matrix blades,

but that chemical incompatibility between the acrylic matrix and other blade com-
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ponents may cause premature failure.

A correctly selected fibre sizing agent may improve the water absorption and
fatigue properties of a composite by increasing interfacial strength, but it is less
clear whether a tailored sizing agent provides benefits over a multi-compatible sizing.
The effects of the sizing agent in acrylic-matrix composites have been studied to
a limited extent, and conclusions are mixed, with some studies suggesting acrylic-
tailored sizing agents improve performance over multi-compatible sizings, and others
seeing little difference. Indeed, many of the studies discussed in this review used
multi-compatible sizings successfully. However, the interfacial degradation observed
in composites after saturation with water highlights the critical role of the fibre-
matrix interface in seawater durability, and shows that further research into the
topic is warranted.

While adhesives are commonly used to join thermoset composites, acrylic-matrix
composites are thermoplastic and can therefore additionally be welded. Four types
of welding have been demonstrated in the literature: ultrasonic, resistance, induc-
tion and infrared. The strengths of these welded bonds have been compared to
adhesives using single lap shear testing, with welded bond strengths (~19-22 MPa)
exceeding adhesive bond strengths (~8-17 MPa), and resulting in enhanced fatigue
life. These demonstrations at the coupon scale show that the weldability of acrylic-
matrix composites could be a benefit over its thermoset competitors, but welding
of thermoplastic wind and tidal turbine blades still neesd to be demonstrated in
practice.

In conclusion, acrylic-matrix composites may be the solution to achieve circular-
ity in the marine and renewable energy industries. They are easily processed, their
mechanical and fatigue properties compare favourably to thermoset resins, and they
can be welded which could result in stronger bonds. However, their adoption in
these industries will require continued research into their environmental durability,

and questions remain about the optimisation of their fibre sizing agents.
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Chapter 3

Research Motivation

3.1 Gaps in the Existing Literature

There is a need for recyclable composites in the renewable energy and marine in-
dustries, and of the various recyclable resins that are available, liquid acrylic resins
are one of the few that are currently of commercial interest to manufacturers. From
Chapter 2, while much research has been conducted on acrylic-matrix composites
in recent years, they are still poorly understood compared to traditional thermosets
such as epoxy, and so several knowledge gaps exist.

For example, glass fibre reinforcements are commonly used in wind/tidal turbine
blades and composites. However, at the start of this project, only very limited data
on fatigue and water absorption in unidirectional GF /acrylic composites was avail-
able, as presented in Figure 2.23. This data did not include diffusion kinetics data,
and contained a limited number of datapoints for only 0° tensile coupons. Cousins et
al. [1] have since published dry 0° GF /acrylic fatigue data, but to our knowledge no
other mechanical, fatigue or water absorption data on unidirectional GF /acrylic has
been published. Material properties after saturation, such as longitudinal and trans-
verse moduli and strengths, are essential when deciding if GF /acrylic composites are
suitable for use in the marine environment.

In Chapter 2.1.3, a hybrid acrylic-PPE matrix described by Obande et al. [2, 3]
was discussed. The localised crosslinking in this modified polymer caused several
mechanical and thermomechanical benefits, such as an increase in T}, while the

polymer remains recyclable via thermoforming. Additionally, PPE is known as
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an additive to epoxy to reduce moisture absorption [4, 5|. It is therefore possible
that similarly reduced moisture ingress could be seen in the acrylic-PPE hybrid
matrix, compared to unmodified acrylic. This would be beneficial in the marine
environment, in which water absorption should be minimised. Depending on the
outcome, the benefits of acrylic-PPE described by Obande et al.[2, 3] combined
with water absorption data could allow for its use in hot wet environments.

As discussed in Chapter 2.2, an appropriate sizing agent is essential for good
interfacial strength. However, conflicting information is available in the literature
on the effects of acrylic-tailored vs. multi-compatible sizings in glass fibre rein-
forced acrylic (GF /acrylic). On the one hand some researchers suggest that acrylic-
tailored sizing agents improve interfacial strength, fatigue life and water absorption
over multi-compatible sizing agents [6-9], but on the other hand microbond test-
ing has found no difference in performance [10]. These publications have various
complications in their comparisons, including chemical incompatibilities with the
multi-compatible sizing agent [8], comparing coupons with different layups [6, 7],
the use of acrylic latexes instead of Elium® resin [9], and the addition of paraf-
fin wax to the resin [10]. Conclusions about GF/acrylic composites are therefore
difficult to draw from these studies. Additionally, multi-compatible reinforcements
have been successfully used with acrylic resin in the literature [11, 12], and Arkema
itself recommends multi-compatible or vinylester sizing agents [13]. Acrylic-tailored
reinforcements are under development, but further studies would be useful to bet-
ter understand if these specialised reinforcements provide any benefits over their
multi-compatible counterparts.

Finally, in Chapter 2.5, several welding methods as applied to acrylic-matrix
composites were discussed. Each of these welding methods—resistance, induction,
ultrasound and infrared—was shown to create strong bonds, but they also require
intimate contact between the welded parts. This may not be possible in large struc-
tures such as wind turbine blades, where manufacturing tolerances can necessitate
bondlines of up to 30 mm thickness [14]. It is therefore unclear how these welding
methods could be practically applied in large structures, without the development
of novel joint geometries [15]. Indeed, there does not appear to be an example of

a welded thermoplastic wind or tidal turbine blade available in the literature. The
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development of a joining method which combines the strength of traditional welding

with the tolerance of adhesives would therefore be beneficial.

3.2 Thesis Objectives

The aim of this thesis is to improve understanding of the application of acrylic-matrix
composites in wind turbine blades, tidal turbine blades, and in marine vessels. The
knowledge gaps described in the previous section are therefore investigated with a
focus on these applications. The following research topics are explored in each of

the subsequent chapters:

1. Investigate water absorption in unidirectional GF /acrylic and GF/
acrylic-PPE composites. Water absorption is a key consideration for a com-
posite’s use in the marine environment—for example, in tidal turbine blades
and ships. A chapter is therefore dedicated to the hydrothermal ageing of
GF /acrylic and GF/acrylic-PPE composites, in comparison with GF /epoxy
as a baseline. Diffusion kinetics and the effect of water on mechanical prop-
erties will be used to assess the suitability of each material for the marine

environment.

2. Conduct fatigue studies of 0° GF /acrylic coupons with a specialised
sizing agent. Unidirectional GF /acrylic are subject to tension-tension fa-
tigue, before and after hydrothermal ageing. This allows for comparisons with
published data on epoxy-matrix composites, to determine if acrylic is a suit-
able replacement. The data can also be compared with GF/acrylic with a
multi-compatible sizing agent to better understand the role of tailored sizing

agents in the fatigue performance of GF/acrylic.

3. Explore novel bonding methodologies for acrylic-matrix composites.
A novel bonding method termed resin welding is developed, with the aim of
realising the benefits of welding while allowing for large manufacturing tol-
erances. In this study, the bonding strength is assessed via single lap shear
testing to determine if the resin welding method compares favourably to tra-

ditional joining methods. The applicability to more complex bondlines is then
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explored through the manufacture of a T-section demonstrator.
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Chapter 4

Seawater Ageing of Thermoplastic

Hybrid Matrix Composites

As discussed in Chapter 2, water absorption can reduce the mechanical performance
of polymer-matrix composites. Therefore, if relatively new materials such as acrylic-
matrix composites are to be used in the marine environment, water absorption
and its effects on the composite should be characterised. Indeed, measuring the
properties of seawater-saturated coupons is a mandatory part of some standards for
determining the suitability of a resin for tidal turbine blades (DNV-ST-0164) and
ships (Lloyd’s Register MQPS Book K).

Liquid acrylic resins have been modified by Obande et al. [1, 2] via the addition
of a PPE oligomer. Improvements were made to the solvent resistance, ductility,
transverse flexural strength and modulus and initiation fracture toughness. PPE
is marketed as an additive for resins such as epoxy to improve moisture resistance,
for example in the manufacture of printed circuit boards [3, 4]. It was therefore
of interest to determine the effect of reactive hybridisation with PPE on water
diffusion in acrylic-matrix composites. Therefore, in the following sections, water
absorption in GF1-MCS/acrylic-PPE is compared to GF1-MCS /acrylic, with GF1-
MCS/epoxy as a reference for traditional thermoset composites. The diffusion of
water and the resulting changes in mechanical properties after ageing are compared
between the composites. The dry and aged samples are examined via scanning
electron microscopy (SEM) to study the behaviour of the interface due to water

ingress. Finally, the change in glass transition temperature due to seawater ageing
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is studied via dynamic mechanical analysis (DMA).

4.1 Materials and Methods

4.1.1 Manufacturing and sample preparation

Three types of unidirectional (UD) glass fibre (GF) reinforced laminates were manu-
factured using the same multi-compatible reinforcement (GF1-MCS) from Ahlstrom-
Munksjo, containing 600 gm~2 of 0° fibres, 36 gm~2 of 90° fibres and 10 gm~2 of
polyester stitching. These laminates are termed GF1-MCS /acrylic, GF1-MCS/acrylic-
PPE and GF1-MCS/epoxy. GF1-MCS/acrylic laminates were made with an acrylic
resin (Elium® 188 O, Arkema) and peroxide initiator (BP-50-FT, United Initiators)
in a 100:3 ratio by weight. GF1-MCS/acrylic-PPE laminates were made by mix-
ing 5 wt% of PPE oligomer with methacrylate end functionality (NORYL™ SA9000
Resin, SABIC) in the same acrylic resin, again with the BP-50-FT peroxide initiator
in a 100:3 ratio. GF1-MCS/epoxy laminates were prepared using SR 1710 Injection
epoxy resin and SD 7820 hardener (Sicomin) in a 100:36 ratio by weight.

All laminates were prepared via a standard vacuum resin infusion route on a
glass plate coated with release agent (Marbocote 227 CEE) as detailed in Figure 4.1.
Laminate thicknesses were 1.5 mm for tensile testing, 4 mm for flexural testing and
SBS and 2 mm for diffusion coefficient measurement, and the coupon dimensions

are summarised in Table 4.1.

Resin inlet Vacuum outlet

% Vacuum bag %

Distribution mesh
Peel ply

Sealant tape\ Glass fibre Silicone
Peel ply connector
Glass plate

Figure 4.1: The infusion setup used to manufacture the composites.
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Table 4.1: Tests and specimen dimensions used in the study.

Test Nominal Coupon Dimensions (mm)
0° Tension 250 x 15 x 1.5

90° Tension 200 x 25 x 1.5

0° Flexure 154 x 13 x 4

90° Flexure 154 x 13 x 4

Short Beam Strength 24 x 8 x 4

Water Absorption 160 x 160 x 2

DMA 60 x 13 x 1.5

After infusion, the laminates were left to polymerise at room temperature for
24 h. The GF1-MCS/epoxy laminates were then subject to a freestanding post-
cure at 60 °C for 8 h followed by 100 °C for 4 h according to the manufacturer’s
recommendations. The GF1-MCS/acrylic and GF1-MCS/acrylic-PPE laminates

did not require any post-cure.

4.1.2 Seawater ageing

Composite specimens were subject to seawater ageing. Filtered natural seawater,
collected from Gullane Beach in the Firth of Forth, Scotland, was maintained at
50 °C, and samples for mechanical testing were immersed for 3 months. Evaporated
water was replaced with distilled water to maintain a constant level in the tank.
Aged specimens were kept immersed in seawater at room temperature until testing
to prevent them from drying. Each of the mechanical tests detailed in the following
sections was conducted on dry specimens as well as on aged specimens. In addition
to specimens for mechanical testing, three specimens each of GF1-MCS/acrylic,
GF1-MCS/acrylic-PPE and GF1-MCS/ epoxy were used to determine the diffusion
coefficient and maximum water uptake. They were first oven-dried at 50°C for 5
days and then immersed in seawater at 50°C for 5 months. The specimens were
removed from the water bath at 24-h intervals, their surfaces were wiped with a
cloth and their weights were measured.

At each measurement interval, the percentage mass increase was calculated ac-
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cording to Equation 4.1 (ASTM D5229M) in which M (t) is the percentage increase
in mass caused by water uptake at time ¢, W; is the measured specimen mass at

time ¢ and W, is the oven-dry specimen mass.

M(t) = w x 100 (4.1)

A Fickian diffusion curve of the form in Equation 4.2 (ASTM D5229M) where
h is the specimen thickness, was then fitted, and values for the diffusion coefficient

(D) and equilibrium water content (M,,) at 50 °C were taken from the fitted curve.

M(t) = M, {1 —exp [—7.3 <l});t)°'75] } (4.2)

4.1.3 Testing

4.1.3.1 Mechanical tests

Tensile testing (0° and 90°) was carried out according to ASTM D3039, using an
MTS Criterion Model 45 test machine (serial number 10523451A) with a 300 kN load
cell (serial number 578061). Specimens were spray-painted with a black and white
speckle pattern to allow strain measurements to be taken with an Imetrum UVX
video extensometer system with a Manta G-146B camera. The 0° tensile specimens
were tabbed with GF/epoxy PCB board. All tensile tests were conducted with a
crosshead extension rate of 2 mm/min.

Flexural testing (0° and 90°) was carried out according to ASTM D7264 on an
Instron 3369 test system (system ID 3369J5245) using a span-to-thickness ratio of
32:1. A 10 kN load cell (serial number 168483) was used. The crosshead extension
rate was set at 7 mm/min, and mid-span deflection was taken to be the crosshead
extension. SBS tests were performed in accordance with ASTM D2344, using a

span-to-thickness ratio of 4:1. The crosshead extension rate was set at 1 mm/min.

4.1.3.2 Fibre volume fraction

The fibre volume fraction (FVF) and void fraction of the composites were measured

using a matrix burn-off method according to ASTM D3171. The densities of the
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composite coupons, matrices and glass fibres were measured using a displacement

method (ASTM D792). The specimens were cut to 30 mm squares.

4.1.3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out using a JEOL JSM series
microscope on fragments of 0 ° tensile specimens after fracture (Figure 4.2). Samples

were sputter-coated with 30 nm of gold before imaging at 15 kV.

(a) -§7$EM imaging

(b) o° tensile q .
fracture surface X ~T---__ P —————

Figure 4.2: SEM images were taken of 0° tensile specimens which failed via longi-
tudinal splitting. Fragments were cut for gold coating and imaging. (a) A diagram
of a failed coupon with the fibre direction and longitudinal splitting shown. (b) A
representative failed coupon with an example of an tmaged fragment highlighted in

red.

4.1.3.4 Dynamic mechanical analysis

The glass transition temperatures of both dry and aged specimens were measured
using dynamic mechanical analysis (DMA). A TA Instruments Discovery DMA 850
was used in 3-point bend mode at a frequency of 1 Hz and an amplitude of 20 pm.
Specimens were 50 x 13 x 1.5 mm with 0° fibres in the span direction. A ramp rate

of 1°C/min between ambient temperature and 180°C was selected and 1 specimen
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was tested for each composite type, both dry and saturated with water. Aged
specimens were removed from the water bath, wiped to remove surface water and

then immediately tested.

4.2 Results and discussion

4.2.1 Fibre and void volume fractions

The densities of the unreinforced acrylic, acrylic-PPE and epoxy matrices—as mea-
sured according to Section 4.1.3—used to calculate the fibre and void volume frac-
tions were 1.18 gem ™3, 1.15 gem ™3, and 1.14 gcm™ respectively. The density of
the glass fibres was similarly measured to be 2.6 gcm™3. The fibre and void volume

fractions of the laminates manufactured for each test are given in Table 4.2.

Table 4.2: Fibre and void volume fractions of composites used for mechanical

and diffusion testing. Values are the average of 5 measurements, + one standard

deviation.
Matrix Fibre fraction (vol.%) Void fraction (vol.%)
Diffusion Specimens Acrylic 56.8 + 0.4 1.4+ 0.1
Acrylic-PPE  55.8 + 0.3 1.0+ 0.3
Epoxy 52.8 £ 0.2 0.5 £ 0.1
90° Tension Specimens Acrylic 53.5 £ 0.5 2.14+03
Acrylic-PPE  53.5 + 0.3 0.8+ 04
Epoxy 50.9 £ 0.7 1.7+ 0.5
0° Tension Specimens Acrylic 53.5 £ 0.8 1.9+ 0.8
(Average of 2 Laminates) Acrylic-PPE  54.7 £+ 0.8 1.9+ 0.7
Epoxy 49.0 £ 1.2 0.4+0.3
0/90° Flexure & Short Beam Acrylic 56.4 £ 0.3 1.9+04
Strength Specimens Acrylic-PPE  52.7 + 0.2 1.9+ 0.3
Epoxy 54.6 £ 0.3 1.1 £0.1

4.2.2 Water absorption

A graph of percentage mass increase against the square root of time is presented in

Figure 4.3. The experimental data as well as the fitted diffusion curves are shown
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in Figure 4.3 and the resulting M,, and D, are given in Table 4.3. Each data point

is the average increase of 3 specimens.
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Figure 4.3: The water absorption curves of the three composites with their cor-
responding void volume fractions. The experimental data are presented as points
and the fitted Fickian diffusion curves as dotted lines. A decrease in the diffusion

coefficient is visible in the GF1-MCS/epoxy after approximately 4 days.

Table 4.3: The diffusion coefficients measured in this study along with values from

literature for comparison.

Material Ageing Conditions D, (x1072 m?s7) M.um (%) Source
GF1-MCS/acrylic [0°]4 50°C seawater 5 months 1.81 0.81 Current work
GF1-MCS/acrylic-PPE [0°]4 50°C seawater 5 months 3.4 0.91 Current work
GF1-MCS/epoxy [0°]4 50°C seawater 5 months 0.15 0.63 Current work
GF /acrylic 50°C water 4 months 1.21 0.47 [5]

GF /epoxy 50°C water 4 months 0.21 0.78 [5]

PMMA Cast Resin 60°C deionised water 4.54 - [6]

Elium 190 Cast Resin 60°C seawater 365 days  4.23 1.9 [7]

*A dual Fickian model was fitted. Both diffusion coefficients and values for Mm are presented.

The GF1-MCS/acrylic and GF1-MCS/acrylic-PPE both exhibited Fickian be-

haviour—a linear increase in absorbed water when plotted against v/t which plateaus
after reaching saturation (Figure 4.3). Although a Fickian diffusion curve is also

fitted to the GF1-MCS/epoxy data, there is a slight deviation from purely Fickian
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behaviour as there was an initial period of more rapid absorption followed by a more
gradual mass increase after approximately 4 days (600 v/s). The diffusion coefficients
of GF1-MCS/acrylic, GF1-MCS/acrylic-PPE and GF1-MCS/epoxy composites are
given in Table 4.3 along with diffusion coefficient values of acrylic-matrix compos-
ites and unreinforced acrylic resin reported in published literature. The diffusion
in GF1-MCS/epoxy was an order of magnitude slower than in GF1-MCS/acrylic
and GF1-MCS/ acrylic-PPE. This is supported by a study by Murdy et al. [5], in
which faster diffusion was observed in GF /acrylic coupons than GF /epoxy coupons
immersed in 50°C water for 4 months (see Table 4.3). Unlike in the current study,
Murdy et al. [5] observed a lower saturation water content in GF/acrylic than
GF/epoxy, but this difference narrows when the values are normalised by the ma-
trix fraction, as discussed in Chapter 2.

These differences may be explained by considering the differences in structure
and chemistry between the polymers and relating these to theories of diffusion. The
structure of the acrylic matrix is typical of an amorphous thermoplastic and the
epoxy has the typical structure of a thermoset. The structure of acrylic-PPE (5 wt%
PPE), depicted in Figure 4.4 and Figure 4.5b, has been previously investigated by
Obande et al. [1] and is believed to consist of PPE-rich cross-linked zones surrounded
by acrylic-rich regions. The PPE with methacrylate end functionality reacts with the
acrylic monomers during in-situ polymerisation to form crosslinks between acrylic

chains
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PPE (Noryl™ SA9000) with meth?crylate end groups

Acrylic-rich
region

Figure 4.4: (Top) The chemical structure of the PPE grade used in this study
with methacrylate end groups highlighted and (Bottom) the polymer structure of the
acrylic-PPE hybrid as determined by confocal Raman spectroscopy in [1]. Yellow

regions are rich in PPE and blue regions are rich in acrylic.

(a) Acrylic (b) Acrylic-PPE (c) Epoxy

Figure 4.5: A comparison of the polymer and composite structures as relevant to
the diffusion of water. (a) Acrylic polymer with (i) polar carbonyl groups in the side
chain of the acrylic polymer and (ii) free volume in purple. (b) Acrylic-PPE with (i)
carbonyl groups in the side chain of the acrylic polymer, (ii) free volume in purple
and (i1i) PPE oligomers with methacrylate end groups highlighted in red. (c) Epoxy
has (i) hydrozyl groups and (ii) amine groups from the hardener.
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As discussed in Chapter 2, diffusion can be modelled using the free volume of the
material, or by modelling the interaction between the polymer and the diffusant. In
the free volume theory, the diffusant is assumed not to interact strongly with the
material and instead diffuses through voids in the composite and the free volume
in the matrix, to which the diffusion rate is highly sensitive [8, 9]. In the polar
interaction theory, the diffusant forms bonds with polar sites in the polymer and
water diffuses by hopping between these sites [8].

Free-volume diffusion is expected to occur in all three composites in this study,
but the extent of free volume is likely to be less in GF /epoxy due to its 3D crosslinked
network. Fujii et al. [10] demonstrated via quasi-elastic neutron scattering studies
that the majority of water in PMMA is free-water, which occupies matrix free-
volume and interacts little with the PMMA polymer. We expect similar behaviour
in acrylic and acrylic-PPE matrix composites, shown schematically in Figure 4.5a(ii)
and b(ii). Even if free-volume diffusion does not occur through the polymer, voids
introduced by resin infusion and the presence of fibres also provide a route for water
ingress. For example, in void-free epoxy, free-volume diffusion is not expected to be
significant, but free water content increases as more voids are introduced [11].

Additionally, polar interactions occur in all three matrices. In PMMA around
28% of water molecules exist as intermediate water [10] which interacts through
hydrogen bonding with carbonyl groups on the PMMA side chains (Figure 4.5a(i)
and b(i)). This interaction results in a slower motion of water molecules than in free
water. In epoxy, water interacts with the hydroxyl groups attached to the polymer
backbone and amine groups of the curing agents (Figure 4.5¢) [12]. Epoxy/amine
resins such as the Sicomin SR1710/SD7820 system used in this study are regarded
as hydrophilic due to these groups, and hence the interaction with water is stronger
than in PMMA [13].

In this study, GF1-MCS/acrylic and GF1-MCS/acrylic-PPE diffusion coupons
both had higher void contents than the GF1-MCS /epoxy, as displayed in Figure 4.3
and Table 4.2, which could explain the higher D, values of the thermoplastic com-
posites. In addition to a higher void content, the acrylic matrices are thermoplastic
amorphous polymers and are therefore likely to have more free volume than the

crosslinked epoxy matrix [6, 12]. The GF1-MCS/acrylic-PPE, however, shows a
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higher diffusion rate and final water content than the GF1-MCS/acrylic, whereas
the lower void fraction measured in the GF1-MCS/acrylic-PPE would correspond to
a lower diffusion rate under the free-volume theory. The differences in the polymer
structure induced by the addition of PPE oligomers (Figure 4.5b) could increase the
free volume and explain this observation. Considering the polar interaction theory,
an increase in hydrophilicity is associated with slower diffusion [12, 14] and non-
Fickian absorption behaviour, as noted in the GF/epoxy specimens in this study
due to a combination of free-volume and polar interaction diffusion [15, 16]. The
stronger interaction between the water and epoxy compared with the acrylic could

therefore also contribute to the slower diffusion in GF/epoxy.

4.2.3 Dynamic mechanical analysis

DMA was used to determine the T, of each composite specimen before and after
ageing. Figure 4.6 presents the T, of each composite and the damping parameter
(tan &) vs temperature curves of each composite type from which the T is derived.
The reductions in 7} in the aged composites indicate plasticisation of the matrices
caused by the ingress of water [17, 18], which is associated with a decrease in matrix
modulus and strength. Secondary peaks or shoulders in the tan ¢ curves of the aged
specimens are observed in Figure 4.6 with the most prominent being in the case of
GF /epoxy. This is attributed to drying of the specimens during DMA as observed in
other studies [19]. After the drying peak, the tan 0 curves closely follow the curves

of the dry specimens.
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Figure 4.6: (Top) The T, of GF1-MCS/acrylic, GF1-MCS/acrylic-PPE and GF1-
MCS/epoxy before and after ageing as determined via DMA. (Bottom) Tan 0 ws.
temperature for the dry (solid lines) and aged (dotted lines) coupons. In the aged
specimens, a shoulder or secondary peak is present due to drying. Flow behaviour
of the acrylic matriz in the dry and aged GF1-MCS/acrylic is highlighted (curves 1
and 2).

The addition of PPE resulted in enhanced thermomechanical properties. Firstly,
the T, of GF1-MCS/acrylic-PPE was 4°C higher than that of GF1-MCS/acrylic
when dry (120°C vs. 116°C), and 6°C higher when aged (105°C vs. 99°C). The
GF1-MCS/epoxy had a higher T, of 129°C when dry and 108°C when aged, as
was expected due to its highly crosslinked structure. Secondly, there is a clear
difference in behaviour between the acrylic and the acrylic-PPE composites at tem-
peratures above the T} in Figure 4.6. A rise in tan 0 after the T} peak is observed
in GF1-MCS/acrylic which is indicative of the beginning of flow behaviour, but
this behaviour is absent in the GF1-MCS/acrylic-PPE and the GF1-MCS/epoxy.
This difference in the behaviour of GF1-MCS/acrylic-PPE is due to the presence
of intermittent crosslinked regions as depicted in Figure 4.4 and Figure 4.5. The

suppression of flow behaviour through the addition of PPE may have positive im-
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plications in its use at high temperatures and in the fire safety of acrylic-PPE over
acrylic, as melting and dripping of thermoplastics during a fire is a known safety

hazard [20].

4.2.4 Mechanical testing

Dry and aged specimens were tested in 0° and 90° tension, 0° and 90° flexure and

for SBS. All 0° tensile and 0° flexural properties are normalised to 50% FVF.

4.2.4.1 Tension

As shown in Figure 4.7a, the 0° tensile moduli were not decreased by water ageing,
and the marginal increases after ageing are considered within experimental error.
The 0° modulus is dominated by the fibres which are not significantly affected by
ageing; therefore, the moduli remain approximately constant. In the dry specimens,
the GF1-MCS/epoxy had a 9% and 4% higher strength than GF1-MCS /acrylic and
GF1-MCS/acrylic-PPE respectively. The decrease due to ageing is highest in GF1-
MCS/epoxy, however, with 21% versus 11% and 13% drops in GF1-MCS /acrylic and
GF1-MCS/acrylic-PPE respectively (Figure 4.7b), therefore the GF1-MCS/epoxy

has the lowest 0° tensile strength after ageing.
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Figure 4.7: The tensile properties of the composites are displayed before and after
ageing with percentage changes.
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The 0° tensile properties are normalised to 50%

ure 4.8, and stress-strain curves for all coupons are available in Appendix B.
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Figure 4.8: Representative stress-strain curves of 0° tensile coupons.

In contrast to tests in 0° tension, there were drops in the 90° tensile modu-
lus attributed to matrix plasticisation. The decrease in modulus was largest for
GF1-MCS/epoxy at 18%, nearly double the drop observed in the GF1-MCS /acrylic
and GF1-MCS/acrylic-PPE (Figure 4.7c). Before ageing, the moduli of the three
composites were approximately equal, but the larger decrease in GF1-MCS/epoxy
modulus meant that after ageing the GF1-MCS/acrylic and GF1-MCS/acrylic-PPE
had 14% and 11% higher moduli respectively.

The 90° tensile strengths of the GF1-MCS/acrylic and GF1-MCS/acrylic-PPE
were higher than GF1-MCS/epoxy when both dry and aged. Water ageing caused
only a small decrease in GF1-MCS/acrylic strength of 4%, but the decreases in GF1-
MCS/acrylic-PPE and GF1-MCS/epoxy were larger at 10% and 13% respectively
(Figure 4.7d). After ageing, therefore, the GF1-MCS/acrylic’s strength was 16%
higher than GF1-MCS/epoxy and 10% higher than GF1-MCS/acrylic-PPE.

Representative stress-strain curves for the 90° tensile coupons are shown in Fig-
ure 4.9. The GF1-MCS/acrylic and GF1-MCS/acrylic-PPE coupons has a smooth
transition from elastic to plastic behaviour at a stress of approximately 30-35 MPa,

but in the GF1-MCS/epoxy coupon a sharper ‘knee’ is visible at lower stresses
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between approximately 15-20 MPa. This was attributed to the accumulation of

transverse cracks in the epoxy matrix by Obande et al. [21].
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Figure 4.9: Representative stress-strain curves of 90° tensile coupons.

For comparison, as noted in Chapter 2, a larger decrease in tensile strength
(-50%) was reported by Davies et al. [7] for 0/90° woven GF/acrylic composites.
The differences in fabric weave, sizing agent, resin (Elium® RT300) and ageing
conditions (18 months in 80°C seawater) used by the authors may account for this

discrepancy from the current results.

4.2.4.2 Flexure

Data from flexural testing is presented in Figure 4.10. As was observed in the 0°
tensile testing, there were no large decreases in 0° flexural modulus as this is a
fibre-dominated property. Only GF1-MCS/epoxy saw an appreciable decrease of
6% (Figure 4.10a). The 0° flexural strengths saw larger decreases due to ageing,
but there weren’t significant differences in the percentage drops between materials,

which ranged between 15% and 18%.
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Figure 4.10: The flexural properties of the composites are displayed before and

after ageing with percentage changes. The 0° flexural properties are normalised to

50% FVF and are found in (a) and (b). The 90° flexural properties are in (c) and

(d).

Representative stress-strain curves for 0° flexural coupons are presented in Fig-

ure 4.11, and highlight the reduction in strength but similar modulus after ageing.
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Figure 4.11: Representative stress-strain curves of 0° flexure coupons, with GF1-

MCS reinforcement.

In 90° flexure, all three composites were affected by ageing. Reductions in 90°
flexural modulus were 17% for GF1-MCS/acrylic, 13% for GF1-MCS/acrylic-PPE;,
and 14% for GF1-MCS/epoxy (Figure 4.10c). Even larger drops of 23%, 30%
and 22% were observed in the 90° flexural strengths of GF1-MCS/acrylic, GF1-
MCS/acrylic-PPE, and GF1-MCS/epoxy respectively (Figure 4.10d). The GF1-
MCS/epoxy had the highest 90° flexural modulus when dry at 27% higher than
GF1-MCS/acrylic and 18% higher than GF1-MCS/acrylic-PPE. Similar differences
were seen after ageing when GF1-MCS /epoxy had a 32% higher modulus than GF1-
MCS/acrylic and a 16% higher modulus than GF1-MCS/acrylic-PPE. This can be
attributed to the high degree of crosslinking present in the epoxy matrix adding
rigidity.

Comparing the GF1-MCS/acrylic and GF1-MCS/acrylic-PPE, the addition of
PPE enhanced 90° flexural properties. GF1-MCS/acrylic-PPE had an 8% higher
modulus when dry and a 13% higher modulus when aged (Figure 4.10c). Strength
was increased by 22% when dry and 10% when aged (Figure 4.10d). The localised
crosslinked regions in the acrylic-PPE matrix therefore have a similar effect to the

crosslinking in epoxy, increasing both strength and modulus, but thermoplasticity
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is retained as acrylic-PPE resin coupons can be reshaped upon heating [1].
Representative stress-strain curves for 90° flexural coupons are presented in Fig-
ure 4.12. Reductions in both strength and modulus are visible, as is the superior

90° flexural modulus of GF1-MCS/epoxy.
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Figure 4.12: Representative stress-strain curves of 90° flexure coupons with GF1-

MCS reinforcement.

4.2.4.3 Short beam strength

The short beam strength (Figure 4.13) of GF1-MCS/acrylic and GF1-MCS/acrylic-
PPE were equivalent when dry and 28% higher than GF1-MCS/epoxy. During
water ageing, however, GF1-MCS/acrylic and GF1-MCS/acrylic-PPE saw larger
drops of approximately 30% vs. 13% for GF1-MCS/epoxy. The strengths after
ageing were equivalent for the three materials. The higher drop in SBS in the
GF1-MCS/acrylic and GF1-MCS/acrylic-PPE can be attributed to both the plas-
ticisation of the matrix and weakening of the fibre/matrix interface [22]. As will be
discussed in Section 4.2.5, however, interfacial degradation is dominant over matrix

plasticisation.
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Figure 4.13: The SBS of the composites when dry (grey) and aged (blue). The
percentage drop in strength due to ageing is highlighted.

Representative load-extension curves for the SBS coupons are shown in Fig-
ure 4.14. The graphs are truncated at 2 mm extension, as beyond this crushing was
observed as an increase in load. The smoothness of GF1-MCS /acrylic curve indicates
greater plastic deformation than in the GF1-MCS/epoxy and GF1-MCS/acrylic-
PPE coupons, likely due to the lack of crosslinking in the former [21]. As with the

previous mechanical tests, all stress-strain curves are available in Appendix B.
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Figure 4.14: Representative load-extension curves for SBS coupons.

4.2.5 SEM and fracture

In this section, the reasons for the observed differences in mechanical properties
caused by ageing are explored using SEM. The 0° tensile specimens of all matrices,
both dry and aged, failed via longitudinal splitting or brooming. The differences
in crack propagation between the composites were determined via SEM imaging
of failed 0° tensile specimens as shown schematically in Figure 4.2. Representative

images of 0° tensile fracture surfaces of dry and aged composites are compared in

Figure 4.15.

4.2.5.1 GF1-MCS/acrylic and GF1-MCS/acrylic-PPE

The images of GF1-MCS /acrylic and GF1-MCS/acrylic-PPE show similar fracture
behaviour. In the dry state, there is a matrix layer covering the fibres after fracture
(Figures 4.15a and b). Evidence of the microductility of the thermoplastic matrices
is also seen in Figures 4.15a and b, as are cusps, which are formed by shear failure
during longitudinal splitting. After ageing, however, the fibres appear bare, devoid

of any adhered matrix layer.
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Figure 4.15: SEM images of 0° tension specimen fracture surfaces with fracto-

graphic features annotated.

This difference in behaviour can be explained through the Cook-Gordon mech-
anism [23-27], which describes the propagation of a crack through an anisotropic,
inhomogeneous material as it reaches a weak plane—in this case, the fibre-matrix
interface. Immediately at the crack tip in 0° tensile testing, the 0° tensile stress
(01) is at a maximum. In addition, shear (7) and transverse tensile (o2) stresses
are present, the latter of which reaches a maximum ahead of the crack tip. If the
interface is weak relative to the matrix, oy causes interfacial debonding ahead of
the crack tip, and the crack propagates along the interface (adhesive failure in Fig-
ure 4.16¢). If the interface is strong, shear forces cause longitudinal splitting through
the matrix, parallel to the fibres, and the formation of shear cusps (cohesive failure

in Figure 4.16b) [28].
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Figure 4.16: Fracture propagation under 0° tension with 0° tensile stress (o1), 90°
tensile stress (04) and shear stress (1) ahead of the crack tip [23]. Cohesive failure
indicates a strong interface and adhesive failure indicates a weak interface relative

to the matriz.

Cohesive failure was detected in the dry GF1-MCS/acrylic and GF1-MCS/acrylic-
PPE specimens (Figures 4.15a and b) whereas adhesive failure was detected in the
aged GF1-MCS/acrylic, the aged GF1-MCS/acrylic-PPE and both dry and aged
GF1-MCS/epoxy specimens (Figure 4.15¢-f). The GF1-MCS/acrylic and GF1-
MCS/acrylic-PPE therefore have a strong interface when dry and a weak interface
after ageing. This switch from cohesive to adhesive failure in GF1-MCS/acrylic
and GF1-MCS/acrylic-PPE suggests the weakening of the interface must be more
significant than any weakening of the acrylic and acrylic-PPE matrices from plasti-

cisation. This is confirmed by the large drops in SBS measured in these specimens
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(Figure 4.13).

The reduction in interfacial strength can be attributed to the hydrolysis of the
sizing agent which, although proprietary, can be assumed to contain a silane coupling
agent which is typical for glass-fibre composites [29]. The bond formed between the
coupling agent and the GF is reversible via hydrolysis; for example, silane sizings can
be removed from GF by simply boiling in water [29, 30]. As depicted in Figure 4.17,
sizing hydrolysis in combination with matrix swelling causes debonding of the matrix
from the fibres and therefore leads to interfacial degradation as observed in this

study.

Interfacial
relaxation/
debonding

Silane coupling
agent hydrolysis

Figure 4.17: A comparison of dry (left) and seawater aged (right) composites

demonstrating relevant damage mechanisms of seawater ageing [15, 31].

4.2.5.2 GF1-MCS/epoxy

The SEM images in Figure 4.15 show differing failure behaviour between the ther-
moplastic composites and the thermoset GF1-MCS/epoxy. In the former, crack
propagation is through the matrix (cohesive failure) when dry but along the in-
terface (adhesive failure) when aged. In contrast, crack propagation is along the
interface in both dry and aged epoxy, suggesting that the epoxy matrix is stronger

than the epoxy-GF interface both before and after ageing.
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4.2.6 Practical Significance

Beyond lab-scale testing, these water absorption and (thermo)mechanical test results
have implications for the commercial use of acrylic and acrylic-PPE resins in the
marine environment. The DNV standard DNV-ST-0164 requires that a 50 x 50 x
2 mm coupon of the unreinforced resin used to manufacture a tidal turbine blade
absorb less than 50 mg of water after 7 days, and less than 100 mg of water after 28
days. Unreinforced resin was not tested in the current study, but Davies et al. [7]
immersed 50 x 50 x 2.7 mm coupons of unreinforced acrylic in seawater at 25 °C,

2571, and the maximum

and measured the diffusion coefficient as 0.55 x 10712 m
water uptake as 1.87%.

Although this study [7] used seawater and a slightly thicker coupon than the
standard requires, if we assume a resin density of 1.18 gcm ™2 then these values can
be used to create a hypothetical absorption curve for a 50 x 50 x 2 mm unreinforced
acrylic coupon using Equation 4.2. This is shown in Figure 4.18, in which it can be
seen that the water content at 28 days (1.8%) only slightly exceeds the allowable
1.7%, but that the fast diffusion of water in acrylic resin means that 1.3% water is
absorbed after 7 days, far exceeding the allowable 0.85%. Therefore, even though the
mechanical effects of water on GF /acrylic is acceptable in comparison to GF/epoxy,
alterations to the acrylic resin chemistry may be required if a tidal turbine blade
manufacturer wishes to conform to current DNV specifications, although this should
be confirmed experimentally. While it was theorised that reactive hybridisation with
PPE could cause this reduction in moisture absorption, as it is one of its marketed
use in epoxy resins [3, 4], the results from Section 4.2.2 suggest that this is not the

case.
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Figure 4.18: Calculated absorption curve for a 50 x 50 X 2 mm. coupon of unrein-
forced acrylic resin. The maximum allowable water contents of the coupon at 7 and
28 days, according to DNV-ST-0164, are highlighted. The resin exceeds both limits.
Absorption data from [7].

Slower diffusion of water in the resin would therefore be an advantage for its use
in tidal turbine blades, and is essential if it is to conform to DNV-ST-0164. The
faster diffusion of water in GF1-MCS/acrylic could cause deeper penetration into
a tidal turbine blade and cause greater reductions in the blade’s properties, but
on the other hand water penetration is limited in real tidal turbine blades due to
the thickness of the composites [32]. For example, in a study by Murdy et al. [5],
GF /acrylic and GF /epoxy tidal turbine blades were immersed in water at ambient
temperature for 6 and 11 months respectively while their weight gain was tracked.
Faster water absorption was observed in the GF /acrylic blade, reaching 0.14% after
6 months vs. 0.07% after 11 months for GF/epoxy. Extrapolation of the data by
Murdy et al. [5] suggested that the GF/acrylic blade would absorb around 1%
water after 20 years, and the GF/epoxy blade would absorb around 0.4% water.
The authors [5] suggest this is an inflated value due to absorption of water into the
foam cavity of the blades, and due to osmotic blistering in the GF /acrylic blade,
and so they do not believe the composite skins would approach saturation in this
time.

The limited extent of diffusion in a tidal turbine blade can be further illus-

trated using some approximate calculations. Consider two composite laminates,
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50 mm thick to represent a tidal turbine blade shell, and wide enough to minimise
edge diffusion, with one laminate made of GF1-MCS/acrylic and the other of GF1-
MCS/epoxy as in the present study. If they were immersed in seawater at 10 °C
(283 K), then the Arrhenius Equation (Equation 2.3) can be used to calculate the
value of D, at this temperature. Values for D, at 50 °C (323 K) are found in Ta-
ble 4.3, and the value for the activation energy, F,, of 48 kJmol™' for GF /acrylic
is calculated from data in [7] as described in Chapter 2. The value of E, can vary
significantly depending on resin chemistry—for example, Li et al. [33] found that
E, for the diffusion of water in a single epoxy resin could be varied between approx-
imately 32-45 kJ/mol through esterification of the curing agent. The same value of
E, = 48 kJmol ™" is therefore used for GF1-MCS /epoxy for simplicity. Therefore,

starting from Equation 2.3:

E, (1 1
D= Drenn | (77|
1 2

48000 J mol ™ 1 1
Dérjaerytieaoec = 1.8 X 107 mm? s~ -
GF/acrylic,10°C XS ey {8.314 JK-Lmol ! (323 K 283K )}
=14 x 107" mm®s ™"
48000 J mol* 1 1
Dér/eporyioec = 0.15 x 1076 mm?st - -
GF [epozy,10°C * T s e {8.314 JKLmol ! (323 K~ 283 K)}

=1.2x107° mm?s™*

Using the values of M, of 0.63% for GF1-MCS/epoxy and 0.81% for GF1-
MCS/acrylic (Table 4.3), as well as the values for D calculated above, the hypothet-
ical absorption curves of the 50 mm thick GF1-MCS/acrylic and GF1-MCS/epoxy
laminates in 10 °C seawater can be calculated, and are shown in Figure 4.19. While
neither laminate is expected to saturate, the GF1-MCS/acrylic absorbs significantly
more water than the GF1-MCS/epoxy.
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Figure 4.19: Calculated water absorption curves over a 30 year time period for
GF1-MCS/acrylic and GF1-MCS/epoxy laminates. Laminates are of 50 mm thick-
ness and immersed in seawater at 10 °C. Diffusion coefficients and mazximum water

uptakes are calculated from the current study.

The effects of thickness and immersion time on the water content of GF1-
MCS/acrylic and GF1-MCS/epoxy laminates are shown as contour plots in Fig-
ure 4.20, as calculated using Equation 4.2. The figure illustrates that thin sections
of a blade—below ~ 20 mm for GF1-MCS/acrylic and ~ 5 mm for epoxy—will
approach saturation within its 20 year lifespan (perhaps at the blade tip, for ex-
ample). Thicker sections will absorb significantly lower percentages of water, and
water absorption is negligible (< 0.1%) above 50 mm thickness in GF1-MCS/epoxy
after 20 years.
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Figure 4.20: Contour plots comparing the calculated moisture content of (a) GF1-
MCS/acrylic and (b) GF1-MCS/epoxy laminates of varying thicknesses and immer-
sion times. For example, after 15 years, 50 mm thick laminates of GF1-MCS/acrylic
and GF1-MCS /epoxy would reach 0.831% and 0.05% water content respectively.

These are just approximations, but they illustrate both that saturation would
be reached much more quickly in GF/acrylic than in GF/epoxy, and that the long
saturation times mean that full saturation may never be achieved over a turbine’s
typical lifespan. The effects on a real tidal turbine blade would be more complex,

of course, due to the geometry of the blade; the possibility of single-sided exposure
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of the composite to water; the inclusion of other materials, for example paints,
adhesives and foam fillers; and the varying stress through the composite thickness
due to flexural loading of the blade. A 2.5 m long GF /acrylic tidal turbine blade was
immersed in seawater for 6 months by Murray et al. [34] without significant changes
in stiffness, but further experimental testing and numerical simulations should be

performed to understand long-term water absorption in acrylic-matrix tidal turbine

blades.

4.3 Chapter Summary

The aim of this chapter was to determine the behaviour of thermoplastic GF /acrylic
and GF/acrylic-PPE composites during and after ageing in seawater at 50°C, in
comparison with an equivalent thermoset GF /epoxy composite.

The diffusion coefficients of the GF1-MCS/acrylic (1.8 x 107*?m?s™!) and GF1-
MCS/acrylic-PPE (3.4 x 1072m?s™!) were an order of magnitude larger than that
of GF1-MCS/epoxy (0.16 x 107 ?m?s™!), and the final masses of absorbed water
in GF1-MCS/acrylic and GF1-MCS/acrylic-PPE were also higher at 0.91% and
0.81% vs. 0.63% for GF1-MCS/epoxy, respectively. This difference is likely due to
a combination of higher void contents in the thermoplastic composite coupons used
for water diffusion studies and a stronger interaction of the epoxy matrix with water
in GF1-MCS/epoxy that slows down the water diffusion. However, the faster water
diffusion in the thermoplastic composites did not correspond to greater reductions
in mechanical properties due to ageing. In general, the GF1-MCS/acrylic and GF1-
MCS/acrylic-PPE compared favourably and had similar or smaller reductions in
mechanical properties due to seawater ageing compared to the GF1-MCS/epoxy
baseline. The effect of free water in voids and interstitial sites may therefore be less
detrimental than bound water.

The 0° tensile and flexural moduli were approximately equal between matri-
ces and not significantly affected by ageing. The strengths, however, saw larger
decreases—up to 20% in the case of GF1-MCS/epoxy in 0° tension. SEM imaging
of these specimens, along with DMA studies, revealed that interfacial degradation

and matrix plasticisation are the causes of deterioration in mechanical properties

114



CHAPTER 4. SEAWATER AGEING

after seawater ageing. Future studies may therefore focus on determining the effects
of acrylic-tailored sizings on the degradation of GF /acrylic composites in water.

An analysis of these results from the viewpoint of the resins’ commercial use
in tidal turbine blades suggested that, although the comparisons between GF1-
MCS/acrylic and GF1-MCS/epoxy were generally positive, the faster diffusion in
GF /acrylic may prove to be a barrier for its commercial adoption. Calculated
water diffusion curves of thick GF1-MCS/acrylic composites showed that signifi-
cantly more water would be absorbed over a tidal turbine blade’s life than in GF1-
MCS/epoxy. This was confirmed experimentally in the literature, although it was
also shown that a blade is unlikely to saturate in its lifetime. Furthermore, using
data from the literature, it was found that fast diffusion of water into acrylic resin
means that it may not conform to DNV-ST-0164, which specifies a minimum stan-
dard for tidal turbine blade materials. This does not mean the resin cannot be used
commercially in tidal turbine blades—there are other standards such as IEC TS
62600 which does not have such requirements for the resin, and manufacturers do
not necessarily need to follow a standard at all—but it may make investment and
insurance more challenging to obtain.

Reactive hybridisation with PPE did not reduce the diffusion coefficient of water
in acrylic resin, nor did it reduce the maximum water uptake. However, there were
several mechanical benefits of GF/acrylic-PPE over GF /acrylic, the most signifi-
cant of which was in 90° flexural testing. GF1-MCS/acrylic-PPE had higher 90°
flexural strength (+22%) and modulus (4+8%) when dry, and also enhanced 90° flex-
ural strength (+10%) and modulus (4+13%) when aged, compared to GF/acrylic.
In addition, the T, of the GF1-MCS/acrylic-PPE was 4°C higher than the GF1-
MCS/acrylic before ageing and 6°C after ageing. DMA revealed no evidence of
melt-softening behaviour by 180°C in GF1-MCS/acrylic-PPE, whereas the onset of
softening was observed in GF1-MCS/acrylic after the T},.

These results add further evidence that thermoplastic acrylic composites are a
promising recyclable alternative to thermosets in marine applications, given their
favourable material properties when compared to an epoxy baseline. Further re-
search into acrylic resin’s use in tidal turbine blades is, however, required. In addi-

tion, acrylic-PPE allows for improved mechanical and thermomechanical properties
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while retaining recyclability.
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Chapter 5

The Fatigue of Glass-Fibre

Reinforced Acrylic Composites

In Chapter 4, it was demonstrated that seawater ageing reduces the static mechan-
ical properties of GF/acrylic via interfacial degradation and matrix plasticisation.
In renewable energy applications, the fatigue properties of the materials used are of
paramount importance, as wind and tidal turbine blades undergo millions to hun-
dreds of millions of load cycles over their lifespan [1, 2]. As discussed in Chapter 2,
the sizing agent applied to the reinforcement fibres can affect interfacial bonding
strength and resistance to water absorption. This lead Davies et al. [3, 4] to sug-
gest that an improved resistance to interfacial degradation may be achieved if a
multi-compatible sizing agent, such as that used in Chapter 4, were replaced with an
acrylic-tailored sizing agent. Therefore, in the following chapter, the tension-tension
fatigue behaviour of GF /acrylic coupons with an acrylic-tailored sizing agent is char-
acterised both before and after ageing in seawater. Comparisons are then made with
a multi-compatible sizing agent, to explore whether there is a benefit to developing

these specialised formulations.

5.1 Materials and Methods

In the current work, GF/acrylic with an acrylic-tailored sizing agent was manufac-
tured. Comparisons are made with the multi-compatible GF/acrylic from Chap-

ter 4. Static testing and seawater ageing of this multi-compatible GF /acrylic was
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described in Chapter 4, but its fatigue properties were characterised in a parallel
study [5] which is summarised in Appendix A.1. This is discussed again in the

following sections, but is highlighted here for clarity.

5.1.1 Manufacture of Composites

Laminates were manufactured using a standard vacuum infusion process using a [0°]5
layup of unidirectional non-crimp glass fibre with an acrylic-tailored sizing agent.
The fibres were supplied by Johns Manville and stitched by SAERTEX to give a
fabric with 1152 gm™2 of 0° fibres, 35 gm™2 of 90° fibres for stability, and 13 g m ™2
of polyester stitching. The resin used was Elium® 188 O (Arkema), mixed in a 100:3
ratio with BP-50-FT benzoyl peroxide initiator (United Initiators) and polymerised
at room temperature for 24 hours before demoulding and cutting. Coupons were
cut to nominal 250x15x2 mm dimensions with a diamond-tipped water-cooled saw,
although stresses were calculated based on their measured sizes.

Comparisons will be made between these laminates and the multi-compatible
GF /acrylic material described in Chapter 4, although tested in fatigue as part of a
parallel study [5]. See Appendix A.1 for more information. This fabric and sizing
agent were previously shown to have excellent compatibility with acrylic resin [6],
which is supported by the results in Chapter 4. Aside from the difference in sizing,
the two glass fabrics also differed in fibre diameter and tow linear density, as detailed
in Table 5.1. The fabrics will be referred to as GF1-MCS (multi-compatible sizing)
and GF2-AS (acrylic sizing).
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Table 5.1: A summary of the differences between the reinforcements being compared

GF1-MCS GF2-AS
Manufacturing/testing Parallel study [5] Current study
Fibre diameter (pm) 13 16
Tow linear density (tex) 1200 2400
Areal weight (gm™2) 646 1200
Sizing agent Multi-compatible Acrylic specialised

\/

/

Image _
Smm

AN

5.1.2 Fibre Volume Fraction

Fibre (FVF), matrix and void volume fractions were determined using a burn-off
method (ASTM D3171, Procedure G). Values for the fibre, matrix and composite
densities were measured via the displacement of water (ASTM D792). Five coupons,

cut to 30 mm squares, were tested for each material.

5.1.3 Water Immersion

Half of the coupons were immersed in natural seawater from the Firth of Forth, Scot-
land, held at 50°C for 3 months to match the previous work with GF1-MCS/acrylic
in Chapter 4. The immersed coupons were then stored in room temperature seawa-
ter until testing. These coupons are referred to as ‘aged’, and the remaining speci-
mens which were not immersed in water are referred to as ‘dry’. GF1-MCS/acrylic
coupons of 1.5 mm thickness had a time to saturation of approximately 3 days in
Chapter 4. Therefore, given the similarity in thickness and the 3 months of immer-
sion, the aged GF2-AS/acrylic coupons in the present work are expected to be fully

saturated before testing.
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5.1.4 Quasi-Static Tensile Testing

The ultimate tensile strengths (UTS) of 5 dry and 5 aged 0° GF /acrylic coupons were
tested according to ASTM D3039 using an MTS Criterion Model 45 test machine
(serial number 10523451A) with a 300 kN load cell (serial number 578061). Coupons
were tabbed with 1.6 mm thick GF/epoxy PCB board bonded with cyanoacrylate

adhesive and then tested at a 2 mm/min extension rate.

5.1.5 Fatigue Testing

Coupons were tested in tension-tension fatigue using an Instron 8802 servohydraulic
fatigue testing system (system ID 8802J5704) equipped with a 250 kN load cell
(system ID 2742-501) and grip pressure of 60 bar, using a testing frequency of 5
Hz and an R-ratio of 0.1. Fatigue coupons were also tabbed with GF/epoxy PCB
board bonded with cyanoacrylate adhesive.

Given the expected differences between the mechanical properties of the fab-
rics, the stress levels (the maximum stress applied during a load cycle) for GF2-
AS/acrylic were set at 80%, 60% and 40% of the UTS of GF2-AS/acrylic, as well
as 80%, 60% and 40% of the UTS of GF1-MCS/acrylic, i.e. 6 stress levels. A single
additional test was performed at 30% of the UTS of dry and aged GF2-AS/acrylic
to investigate higher-cycle fatigue and the existence of a fatigue limit. The applied
stresses are summarised in Table 5.2, using the UTS values discussed later in Sec-
tion 5.2.2. Coupons were randomly assigned to an ageing condition and stress level

after cutting.
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Table 5.2: The stress levels used to test dry and aged GF2-AS/acrylic coupons.

Dry Aged

Stress (MPa) %UTS Stress (MPa) %UTS

710 100 578 100
639 90 520 90
268 80 462 80
481 68 428 74
426 60 347 60
321 45 286 49
284 40 231 40
213 30 173 30

To keep the aged coupons wet during testing, they were covered in a wet cloth

and wrapped in plastic vacuum bag (Figure 5.1).

Plastic film

Figure 5.1: Aged coupons were kept wet during testing by covering with a saturated

cloth and plastic wrap.

The Basquin relation (Equation 5.1) relates stress (S) to the number of cycles
to failure (N) with two coefficients A and b. Although S may be defined in several
ways, in the present work it refers to the maximum stress applied in a load cycle.
This relationship applies to the portion of the S-N curve in which progressive damage
occurs, and only above the fatigue limit of the material (Figure 5.2) [7, 8]. Therefore,
Equation 5.1 was fit to the experimental data between 80% and 40% of the UTS,
using the MATLAB Curve Fitting Toolbox v3.5.13.

S=A-N° (5.1)
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Figure 5.2: The structure of an S-N curve, adapted from Talreja [8]. Equation 5.1

was fit to the data in the region of progressive damage

Since comparisons will be made between different S-N curves, the effect of chang-

ing the values of the coefficients in Equation 5.1 is illustrated in Figure 5.3.
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Figure 5.3: The effects of changing the values of the coefficients A and b in Equa-
tion 5.1. An increased A, e.g. from a higher UTS, increases the intercept with the
ordinate. A decrease in b (more negative) increases the slope of the curve i.e. in-

creased sensitivity to changes in stress.
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5.2 Results and Discussion

5.2.1 Fibre Volume Fraction

The fibre and void volume fractions of the laminates are provided in Table 5.3. The
values for GF1-MCS/acrylic are from Chapter 4 and those for GF2-AS/acrylic are
from the current study. GF1-MCS/acrylic had a higher FVF than GF2-AS/acrylic,
and the mean void content of GF1-MCS /acrylic was lower but had a larger standard

deviation.

Table 5.3: Average fibre and void volume fractions of the two composites, + one

standard deviation. FVF values for GF1-MCS/acrylic are from Chapter 4.

GF1-MCS/Acrylic  GF2-AS/Acrylic

FVF (%) 53.5 £ 0.8 49.9+ 1.3
Void Fraction (%) 1.9+£0.8 2.440.3

5.2.2 Static Testing

The results of the static tests are presented in Table 5.4, along with results for GF1-
MCS/acrylic from Chapter 4. A more detailed comparison between the mechanical
and water absorption properties of the composites, which were manufactured and
tested separately as part of an MEng project, is available in Appendix A.2, and so
only the UTS values and retention of strength after ageing were measured in the cur-
rent work. The higher UTS of GF1-MCS/acrylic compared to GF2-AS/acrylic can
be attributed to the lower fibre diameter of GF1-MCS, as well as to the higher FVF of
GF1-MCS/acrylic (53.5% vs. 49.9%) and the larger tow size of GF2-AS/acrylic. A
lower fibre diameter is linked to an increased fibre strength due to a lower probability
of flaws causing premature failure [9, 10], or due to differences in the manufacturing
(drawing speed, melt temperature and chemical composition) of the fibres [10, 11].
The larger tow size of GF2-AS/acrylic is similarly expected to decrease static per-
formance due to the increased volume between tows, leading to larger resin-rich

volumes (RRVs) in the composite [12].
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Table 5.4: Dry and aged UTS values of GF2-AS/acrylic (from the current study)
and GF1-MCS/acrylic (from Chapter 4), as well as the percentage decreases in

strength due to saturation with water.

UTS, Dry (MPa) UTS, Aged (MPa) % Change

GF1-MCS/acrylic 802 £ 66 714 £ 68 -11
GF2-AS/acrylic 710 £ 11 578 + 19 -19

5.2.3 Fatigue
5.2.3.1 S-N Curves

S-N curves comparing dry and aged GF2-AS/acrylic are presented in Figure 5.4,
and comparisons between GF2-AS/acrylic and GF1-MCS/acrylic (from [5]) are pre-
sented in Figure 5.5. The values for A and b (Equation 5.1) from the fitted curves
are available in Table 5.5. All experimental data is provided as points in each graph,
and the fitted curve is provided as a solid line between 40% and 80% of the UTS.

The 95% confidence intervals of the fit are shown as dashed lines.
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Figure 5.4: A comparison of the S-N curves for dry (light blue circles) and aged

(dark blue triangles) GF2-AS/acrylic. The solid lines are the Basquin relation fit

to the experimental data between 80% and 40% of the UTS, and the dashed lines

represent the 95% confidence intervals of the fit. The mean static UTS at N = 1

and the single datapoints at 30% of the UTS are included as larger data markers.
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Figure 5.5: Comparisons between the S-N curves of GF1-MCS/acrylic (from [5])
and GF2-AS/acrylic for (a) dry and (b) saturated coupons.
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Table 5.5: Basquin coefficients for the curve S = AN fit to the fatigue data of
each material. Data for GF1-MCS/acrylic is taken from [5] and used to fit the
Basquin model, rather than the linear combination of exponential functions in the

original publication. The 95% confidence intervals are provided in square brackets.

Reinforcement Condition A (MPa) b

GF1-MCS [5] Dry 1750 [1458, 2041] -0.164 [-0.187, -0.142]
GFL-MCS [5]  Aged 1163 [912, 1413]  -0.136 [-0.166, -0.106]
GF2-AS Dry 1221 [971, 1472]  -0.125 [-0.151, -0.100]
GF2-AS Aged 906 [727, 1085]  -0.114 [-0.138, -0.089)]

The fatigue strength in low-cycle fatigue (higher stress levels) of dry GF2-
AS/acrylic is higher than that of the aged GF2-AS/acrylic coupons (Figure 5.4) due
to the difference between their average UTS. This decrease in UTS due to ageing
has been shown to be due to interfacial weakening, which allows for rapid debonding
during failure as shown in Chapter 4. The fatigue strength of GF1-MCS/acrylic is
also higher than GF2-AS/acrylic in low-cycle fatigue, in both dry (Figure 5.5a) and
aged (Figure 5.5b) coupons, due to the lower fibre diameter of GF1-MCS and the
resulting higher UTS [9-11].

5.2.3.2 Normalised S-NN Curves

At lower stresses in Figure 5.5a and b, which is typically the region of interest for
blade fatigue, the S-N curves converge, and each fabric performs similarly despite the
difference in low-cycle performance. The S-N curves of dry and aged GF2-AS /acrylic
(Figure 5.4) also converge at lower stresses, with a 21% decrease in fatigue strength
between the dry and aged coupons at 2 x 102 cycles vs. a 14% decrease at 2 x 10°
cycles. Convergence of the S-N curves was observed by Davies et al. [4, 13] in
dry and aged acrylic-matrix composites, and by Shah et al. [14] in dry composites
with different flax reinforcements. In each case, normalisation of the S-N curves
to the ultimate strength was found to result in similar S-N curves. Therefore S-N
curves are also plotted with stress normalised to each material’s respective UTS

value (Figure 5.6 and Figure 5.7) as provided in Table 5.4, to minimise the effect of
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the differences in UTS.
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Figure 5.6: The S-N curves of dry and aged GF2-AS/acrylic with stress expressed
as a percentage of each material’s UTS. The mean static UTS at N = 1 and the
single datapoints at 30% of the UTS are included as larger data markers.

After expressing the stress as a percentage of the UTS, the fatigue behaviour of
each composite is more similar, and the S-N curves for dry and aged GF2-AS /acrylic
become nearly identical (Figure 5.6) due to their similar values for the fatigue ex-
ponent, b (see Equation 5.1 and Table 5.5). However, as a percentage of UTS, GF2-
AS/acrylic seems to perform better than GF1-MCS/acrylic, both dry and aged
(Figure 5.7a and b). The value of b for GF1-MCS/acrylic is lower than that for
GF2-AS/acrylic in both the dry and aged coupons (Table 5.5), and therefore GF1-
MCS /acrylic appears more sensitive to changes in the stress level.

Given the significant overlap of the 95% confidence intervals of the fitted curves,
differences between them should be interpreted with caution, however there are
several factors which could contribute to a steeper slope in the S-N curves of GF1-
MCS/acrylic (Figure 5.7a and b). The first possibility is the tailored sizing agent
of GF2-AS, but its effect is unclear given the differences in tow size, FVF and
fibre diameter between the fabrics. As discussed previously, the greater tow size of

GF2-AS results in larger RRVs than in GF1-MCS, which may act as sites of crack
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Figure 5.7: S-N curves comparing (a) dry and (b) aged GF'1-MCS/acrylic (from
[5]) and GF2-AS/acrylic, with stress expressed as a percentage of each material’s
UTS.
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initiation and also hasten crack propagation, leading to poorer fatigue performance
[12]. FVF values greater than approximately 40% have also been linked to poorer
fatigue performance, which is seen as a decrease in the fatigue exponent b, and
therefore a steeper slope [14-16]. This has been attributed to an increased likelihood
of fibre-fibre contacts, greater shear stresses at the fibre-matrix interface due to
closer fibre packing, and an increase in interfacial area increasing the likelihood of
interfacial cracks developing [14, 15].

For a given FVF, a smaller fibre diameter also results in a larger number of fibres
and a higher interfacial area—23% higher in GF1-MCS vs. GF2-AS given that the
surface area to volume ratio (SA : V) of a long fibre with radius r is given by
SA:V = % This would increase the probability of fibre-fibre contacts, and result
in a greater surface to volume ratio; a combination which may result in a sharper
decline in the S-N curve, similar to the effects observed with a higher FVF.

On the other hand, a smaller fibre diameter is expected to increase fibre strength
and composite UTS, as UTS is usually proportional to the FVF, as observed when
comparing the static and low-cycle fatigue performance of GF1-MCS/acrylic and
GF2-AS/acrylic (Table 5.4 and Figure 5.5). A higher FVF and smaller fibre diameter
would therefore cause an improvement in low-cycle fatigue via an increase in the
UTS, but the lower value of the fatigue exponent (b) would cause a more rapid
decrease in fatigue life towards lower stresses. There is therefore a balance to be
struck between static and fatigue performance. However, since tidal turbine blades
are usually designed to maximise stiffness [1], a high FVF is a likely target for

manufacturers.

5.2.3.3 Low- and High-Cycle Fatigue

The datapoints outside of the fitted curves (outside the 40-80% UTS range) also
provide useful information. In low-cycle fatigue, above 80% of the UTS, the S-N
curves begin to level off. As discussed by Talreja [8, 17, 18], this points to non-
progressive fibre breakage being the dominant failure mechanism in this region. The
additional single datapoints at 30% of the dry and aged UTS of GF2-AS/acrylic
(Figure 5.6) show that the S-N curve continues to decrease beyond the fitted curves,

and that the fatigue limit must be lower than 30% of the UTS, if it exists [16, 19].
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5.2.3.4 Comparisons with Literature

A comparison with S-N curves of glass-fibre reinforced acrylic and epoxy from the
literature, in which Equation 5.1 has been fit to the experimental data, is provided
in Figure 5.8. Various 0° UD glass-reinforced epoxy composites have been tested
as part of the SNL/MSU/DOE Composite Material Fatigue Database [20], which
characterises the fatigue properties of materials designed for use in wind turbine
blades. Only a few key GF /epoxy S-N curves are explicitly included and detailed in
Table 5.6, but the approximate range of all comparable data for recently tested UDO
GF /epoxy (i.e. reinforced with unidirectional stitched 0° E-glass fabric) is shaded in
yellow. The S-N curves of dry GF1-MCS/acrylic and GF2-AS/acrylic are included,
and their performance is comparable with the lower range of GF/epoxy composites

in high-cycle fatigue.
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Figure 5.8: S-N curves of various UDO composites tested in tension-tension fatigue
(R=0.1), with curves of the form of Equation 5.1 fitted to the data. Curve (a) is dry
GF1-MCS/acrylic from [5], (b) is dry GF2-AS/acrylic from the current study, (c)
is GF/acrylic from Cousins et al. [7] and curves (d)—(h) are select GF/epoxy data
from the SNL/MSU/DOE database [20]. Other stitched UDO GF/epoxy S-N curves

from the database are approximately bounded by the region shaded in yellow.
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Table 5.6: Details of the UDO GF/epoxy composites from the SNL/MSU/DOE
database [20] which are included as curves in Figure 5.8. The curves refer to those
i Figure 5.8, and the other details are taken from the database. The naming con-
vention is Reinforcement Type-Fabric-Matriz e.qg. UNI-PPG1250-EP5 is a unidirec-
tional fabric L1200/G50-E07, supplied by PPG Fiber Glass, using epozy resin EP5.
For further details the reader is directed to the database [20].

Curve Material Name in Database

(d) UNI-PPG1250-EP5
(e) UNI-PPG1200-EP1
(f) UNI-OCV1000-EP1
() UNI-PPG1250-EP1
(h) UNI-PPG1250-EP9

Curve (c) in Figure 5.8 is GF/acrylic from Cousins et al. [7] which was rein-
forced with Johns Manville StarRov 086 (1200 TEX, 16 pm fibre diameter) with a
multi-compatible sizing agent. Comparing this material with GF2-AS /acrylic (2400
TEX, 16 pm fibre diameter, acrylic-tailored sizing) in Figure 5.8, curve (b), there-
fore suggests that a tailored sizing agent does not necessarily result in a superior
fatigue response. The superior performance in Cousins et al. [7] compared to GF2-
AS/acrylic may be due to a lower void content, which X-ray CT scans suggest is
1.4% vs. the 2.4% measured in the current study for GF2-AS/acrylic (Table 5.3).
This difference in void content is likely due to the difference in fabric tow linear
densities—1200 tex in Cousins et al. [7] vs. 2400 tex in GF2-AS/acrylic.

The fatigue data highlights that a high UTS and good low-cycle performance
does not necessarily mean superior performance in high-cycle fatigue; for example,
comparing Figure 5.8 curves (d) and (e), the former has poorer performance at 10

cycles but improved performance at 10° cycles.
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5.3 Chapter Summary

The tension-tension fatigue behaviour of dry and water-saturated (aged) GF /acrylic
composites with an acrylic-tailored sizing agent (GF2-AS/acrylic) was characterised,
and compared to the results from a previous study which used a multi-compatible
sizing agent (GF1-MCS/acrylic). Ageing decreased the UTS of the composite, but
also reduced the S-N curve slope. The dry coupons therefore outperformed the aged
coupons in low-cycle fatigue, but the dry and aged S-N curves converged at lower
stresses. The results indicate that the losses in UTS due to water absorption might
not be so significant from a fatigue perspective, as the fatigue performance of the
dry and aged coupons was similar at the lower stresses a turbine blade is likely to
be subject to.

Similarly, the GF/acrylic with a multi-compatible sizing agent had a higher
UTS than GF/acrylic with an acrylic-tailored sizing agent, but the former also
had a steeper slope of the S-N curve, resulting in better performance of the acrylic-
tailored fabric at low cycle fatigue. These increases in UTS and sensitivity to changes
in fatigue stress can be attributed to a combination of a difference in fibre volume
fraction and fibre diameter, rather than the difference in sizing agent. This would
be consistent with the results of static testing, which showed excellent fibre-matrix
compatibility with both sizing agents.

The larger fibre diameter and tow linear density of the reinforcement with an
acrylic-tailored sizing agent mean that it is likely to be more cost-effective for large
structures, and the similarity between the high-cycle fatigue behaviour of GF1-
MCS/acrylic and GF2-AS/acrylic, along with comparisons with literature, suggest
that the performance of the acrylic-tailored and multi-compatible sizing agents are
similar. Although sizing formulations will vary between manufacturers, these results
suggest that the fact that a sizing is marketed as ‘acrylic-tailored’ does not always
mean that it is superior to a multi-compatible sizing. While an acrylic-tailored
sizing agent guarantees compatibility with acrylic resin, equally good results can
be obtained with a carefully selected multi-compatible sizing agent. Large diameter
fabrics with readily available multi-compatible sizing agents may therefore be a cost-

effective option for acrylic-matrix tidal turbine blades.
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Chapter 6

Resin Welding: A Novel
Technique for Joining

Acrylic-Matrix Composites

6.1 Initial Development

The following work expands on a concept which was initially explored in an MEng
project by O’Rourke [1], in which it was shown that multi-stage infusions with
acrylic resin could create laminates with superior mechanical properties to those
manufactured via a single-stage infusion (Figure 6.1). This was explored further by
Obande et al. [2], in parallel with the current study, as a method of avoiding the large

exotherms which can make thick-section infusions with acrylic resin challenging.
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Figure 6.1: An illustration of the single-stage and multi-stage infusion processes
for GF/acrylic from [2]. Single-stage laminates are produced in one infusion using
dry glass fibre (grey). Multi-stage laminates are produced from a mizture of dry glass

fibre and pre-consolidated GF/acrylic laminates (orange). Reproduced from [2].

The excellent mechanical properties of the multi-stage infusions showed that
strong bonding occurred between the pre-consolidated laminates and the infused
resin. It was, therefore, envisaged that the same process could be applied to the
joining of acrylic-matrix composite parts, in a process we term resin welding, as will
be explained in the following paragraphs.

Thermoplastic polymers and composites can be joined via various fusion welding
techniques (ultrasonic, resistance, induction etc.) as they soften upon heating. The
application of sufficient heat and pressure to the parts to be joined therefore allows
the polymer chains to interdiffuse at the joining layer, creating a bond as illus-
trated in Figure 6.2a. Amorphous thermoplastics like acrylics not only soften when
heated, but also dissolve in suitable solvents. This property has been used to join
thermoplastics via solvent welding and solvent cementing, in which the application
of a solvent, rather than heat, allows for polymer chain mobility and subsequent
interdiffusion and bonding of the thermoplastic polymer (Figure 6.2b). However,

residual solvent remains in the polymer and weakens the joint [3, 4].
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(@) Fusion welding (b) Solvent welding (c) Resin welding
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Figure 6.2: Illustrations of the welding methods for thermoplastic polymers and
composites. (a) Fusion bonding increases polymer mobility by heating. Applying
pressure allows the polymer to interdiffuse. (b) Solvent welding increases polymer
mobility by dissolution at room temperature, but solvent remains trapped in the poly-
mer. (c) In the resin welding method, the acrylic monomer acts as a reactive solvent
and polymerises around the adherend matrixz. The same mechanism is applicable to

reactive solvent cements.

Interestingly, MMA monomer is also a solvent for acrylic polymer and is available
in commercial formulations to solvent weld PMMA [5]. This provides an opportu-
nity to avoid the weakening effects of solvent welding as, if the acrylic monomer is
mixed with an initiator as in some commercial solvent cement formulations [6], the
monomer will act as a reactive solvent and polymerise around the existing polymer
network. This forms a semi-interpenetrating polymer network (semi-IPN), rather
than the solvent remaining as a monomer and weakening the bond (Figure 6.2c).

Since Elium® resins are largely composed of MMA monomers [7], acrylic polymer
matrix is soluble in liquid acrylic resin, as shown in Figure 6.3. The concept of
solvent welding and reactive solvent cements can therefore be extended to the joining
of acrylic-matrix composite parts by the vacuum infusion of acrylic monomer resin
(Elium®) into a bondline packed with reinforcement fibres, as in Figure 6.2c. This

is followed by room temperature polymerisation, allowing for bonds with large and
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varying bondlines and no requirement for heat input. The method works via the
entanglement of polymer chains to create a continuous material, but the process is
significantly different from both fusion and solvent welding; hence, the term resin

welding.

Figure 6.3: A demonstration of the solubility of the acrylic matriz in Elium®
acrylic resin. (a) A GF/acrylic coupon was immersed in Elium® resin. (b) After

48 hours, the matriz had dissolved and the reinforcement plies could be separated.

The initial development of resin welding involved the creation of a method which
would allow comparison with other published joining techniques, while being rep-
resentative of its use in large structures such as wind turbine blades. As seen in
Chapter 2, single-lap shear testing is the method which has been used to charac-
terise weld and adhesive bond strengths of acrylic-matrix composites. Therefore, to
simplify comparisons with other bonding methods, single lap shear geometry was
decided upon for coupon-scale tests. The first resin welded specimens were made
using clear cast PMMA to allow observation of the infusion quality in the bondline.
Two sheets of PMMA were overlapped with a layer of glass fibre between them.
Resin inlets and outlets were attached using epoxy adhesive, and sealant tape was

used to seal the edges of the overlap before resin was infused (Figure 6.4).
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Figure 6.4: An example of one of the initial resin welded single lap specimens.
(a) The clear PMMA adherends allowed the infusion of the reinforcement in the
bondline to be observed. (b) A close-up of the weld quality, with visible remnants of

the sealant tape used to seal the weld region.

Visual inspection of the weld in Figure 6.4 showed that this method was effective
for the manufacture of high quality bonds with a low void content. A similar method
was therefore used to manufacture the resin-welded GF/acrylic coupons. In the
following sections, the manufacture and testing of these coupons are detailed, and
the strengths of resin-welded single lap shear specimens are reported and compared
with adhesively bonded coupons and welded coupons from the literature. The effect
of including filler glass fibres between the adherends with 0° and 90° orientations
is explored, as is the effect of changing the bondline thickness from 0.5 mm to 1
mm. The bonding mechanisms are then investigated, firstly through fractographic
analysis of the single lap shear coupons’ fracture surfaces, and then by examining
the interface between dyed acrylic resin and clear cast acrylic polymer for signs
of dissolution of the polymer and formation of a semi-IPN. The application of the

method beyond the coupon scale is then discussed.
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6.2 Materials and Methods

6.2.1 Single lap coupon manufacturing and testing
6.2.1.1 Laminate preparation

Glass fibre reinforced acrylic (GF/acrylic) laminates were prepared using a [0°4]
layup of GF1-MCS-—a 646 g/m? unidirectional non-crimp E-glass fibre fabric (TEST2594-
125-50, Ahlstrom-Munksjo) with multi-compatible sizing—for a total thickness of
2 mm. Laminates were prepared through the vacuum infusion of Elium® 188 O
acrylic monomer resin (Arkema) mixed in a 100:3 weight ratio with BP-50-FT per-
oxide initiator (United Initiators). The resin polymerised at room temperature for

24 hours before cutting with a water-cooled diamond-tipped saw.

6.2.1.2 Bonding Methodology

Single lap shear coupons are commonly used to characterise adhesive strengths, and
previous work published on welding acrylic-matrix composites used single lap shear
geometry [8-10]. The single lap geometry specified by ASTM D5868 was therefore
chosen to allow for comparisons with published values. This was achieved by bonding
two GF1-MCS/acrylic adherend laminates with a 25 mm overlap, from which 5 single
lap coupons of 25 mm width (and therefore 25 x 25 mm joint area) were cut. The
coupons were prepared so that the adherend reinforcement was parallel to the test
direction.

Four types of bonds were prepared, as shown in Figure 6.5:

Resin-welded joints with neat resin in the bondline

Resin-welded joints with 0° fibres

Resin-welded joints with 90° fibres

Adhesive bonds

Two bondline thicknesses (0.5 mm and 1 mm) were manufactured for each bond

type to match the thickness of 1 and 2 plies of GF fabric.
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Test and adherend fibre

direction
0° Fibres 90° Fibres Neat resin Adhesive

Figure 6.5: The four types of single lap joint which were manufactured. Specimens
were made with: (a) 0° fibres in the bondline, oriented in the same direction as
testing and the fibre direction of the adherends; (b) 90° fibres which were placed
perpendicular to the test direction; (c¢) neat acrylic resin with no fibres in the joint;

and (d) an adhesive rather than acrylic resin.

Adhesively joined specimens were prepared using Plexus MA310 two-part methacry-
late adhesive, which has been previously shown to have good compatibility with
acrylic-matrix composites [8]. The adhesive was applied between the adherends us-
ing a mixer nozzle and the bondline thickness was set using wire spacers of either 0.5
mm or 1 mm diameter. Pressure was applied using butterfly clips and the adhesive
was left to cure at room temperature.

Resin-welded joints with reinforcement in the weld were prepared by placing glass
fabric in the bondline between two adherend laminates (Figure 6.5 and Figure 6.6).
Sealant tape was found to adhere poorly to the surface of the composite, therefore
during vacuum bagging, a resin inlet and a vacuum outlet were attached using an
epoxy adhesive to seal the weld region. Vacuum was applied and acrylic resin mixed
with initiator was infused and left to polymerise for 24 hours to allow the adherends
to bond. Joints with neat resin in the bondline were prepared in a similar manner

but using wire spacers instead of fabric to set the thickness.
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Figure 6.6: Details of the resin-welding process. (a) Glass reinforcement, or a wire
spacer for adhesive and neat-resin bonds, is placed on the adherend then (b) a second
adherend is placed on top—the coupon outline and test direction are highlighted—and

(c) the weld region is sealed with vacuum bagging and a resin inlet and outlet.

The vacuum bagging, epoxy adhesive and tubing were then removed, and sin-
gle lap coupons were cut with a diamond-tipped water-cooled saw (Figure 6.7a).
Composite tabs were applied to reduce loading eccentricities during single lap shear
testing (Figure 6.7b). Five coupons were cut for each weld type and thickness, and
the 90° and neat resin welds at 1 mm thickness were repeated to give a total of ten
coupons for each. Out of the samples cut, only 3 samples each were successfully
tested from the 0° fibre welds. This was due to manufacturing difficulties creating

voids in the coupon edges, particularly close to the resin inlet and outlet.
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Figure 6.7: (a) A prepared weld with lines depicting where coupons are cut in
black, and the weld region highlighted in red. (b) The single lap coupon geometry
with tabs applied.

6.2.1.3 Mechanical testing

Single lap shear coupons were tested in tension according to ASTM D5868 using
an Instron 3369 test machine (system ID 3369J5245) with a 50 kN load cell (serial
number 33197). A crosshead extension rate of 1 mm/min was selected due to the
lower ductility of acrylic resin compared to typical adhesives. The sides of the
coupons were speckled with spray paint so that deformations could be tracked using
an Imetrum UVX video extensometer system with a Manta G-146B camera and the

GOM Correlate Digital Image Correlation (DIC) software.

6.2.1.4 Statistical analysis

Statistical analysis of the weld strengths was performed using Minitab®) 20 statis-
tical software. A Welch’s ANOVA test («=0.05) was employed, which selected due
to its robustness to unequal variances between the tested populations, unlike a stan-
dard ANOVA. This was followed by a Games-Howell post-hoc test, again because
it does not assume homogeneity of variances. A difference was deemed statistically

significant if the P value obtained from the test was less than 0.05.
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6.2.1.5 Fractography

Scanning electron microscopy (SEM) was used to observe the fracture surfaces of
the single lap shear coupons after testing. The fracture surfaces were sputter-coated
with 30 nm of gold and were imaged at 15 kV using a JEOL JSM series scanning

electron microscope.

6.2.2 Investigation of the proposed bonding mechanism

The bonding mechanism that occurs during resin welding was investigated by com-
paring the diffusion of acrylic resin in PMMA and epoxy polymers using optical
microscopy. Epoxy was included for comparison since thermosets do not dissolve in
solvents and should therefore not bond via extensive semi-IPN formation, resulting
in a difference between the acrylic—acrylic and acrylic—epoxy interfaces.

Cuboids of clear cast PMMA and epoxy were cut and placed into a sample
cup of 40 mm diameter which was coated in release agent. Elium® 188 O acrylic
resin was dyed with Bestoil Blue 2N (FastColours Ltd.)—a solvent /oil soluble dye—
then mixed in a 100:3 ratio with BP-50-FT peroxide initiator. The resin was then
poured into the sample cup to immerse the polymer cuboids (Figure 6.8a). The
dye allowed diffusion of the resin to be observed visually, and Bestoil Blue 2N was
chosen for its resistance to bleaching during the free-radical polymerisation of the
acrylic. The resin was left to polymerise for 24 hours, and the resulting cylinder
was demoulded then ground and polished (Figure 6.8b) to a thin disc to reveal the
immersed polymers for optical microscopy (Figure 6.8¢c).

Grinding and polishing were performed using a water-cooled ATA Saphir 520
polisher. The coupon was first ground to a thin disc using a P180 grinding disc, and
was then polished using a force of 30 N with increasingly fine polishing discs (P400,
P800, P1200, P2500, 3 ym and 1 pm) for approximately 3 minutes on each side.
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(@)  Dyed acrylic resin (b)  Grinding/polishing (c) Optical microscopy
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Figure 6.8: Specimens were prepared for optical microscopy by (a) immersing

PMMA Epoxy

PMMA and epoxy cuboids in dyed acrylic resin before polymerisation, then (b) grind-
ing and polishing the demoulded cylinder. The finished coupon is depicted in (c),
and the observed regions are highlighted.

6.2.3 Ultrasonic Welding

Coupons were also ultrasonically welded as an initial trial by TWI, UK, to provide
a comparison between resin welding and a traditional welding method using the
same GF1-MCS/acrylic material. The adherends were GF1-MCS/acrylic coupons
manufactured as detailed in Section 6.2.1.1, but with the addition of energy directors.
This was achieved by machining a groove with a 90° triangular cross section into
a flat aluminium plate, as in [9], lined with an adhesive release film (Figure 6.9a).
The laminate was laid up and infused as normal, then cut to 100x25 mm, creating
adherends with integrated energy directors (Figure 6.9b). Each adherend with an
integrated energy director was welded to a flat adherend (Figures 6.9¢ and d) for a

total of five single lap coupons.
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Figure 6.9: Adherend manufacturing and geometry for ultrasonic welding. (a) An
image of the groove machined into a flat aluminium plate covered with release film.
(b) A side view of the energy directors. (c¢) Each adherend with an energy director
(right) was welded to a flat coupon (left). (d) Side view of the energy director and

welding geometry (not to scale).

A 20 kHz, 2kW ultrasonic welding machine from Weber Ultrasonics was used

with the parameters provided below:

e 100% amplitude

Weld by distance mode, 1-3 mm range

Weld pressure 800 N

Hold pressure 1000N

Hold time 1 s

The energy director is intended to melt and flow across the single lap joint, but

the resin flow was much more localised than expected. This is discussed further
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in Section 6.3.1.3, but meant that the overlap area, as specified in ASTM D5868,
could not be used to calculate the strength. Instead, the force applied at failure was
divided by the actual bonded area. This was measured using ImagelJ [11] by taking

the average damaged area of each side of the fractured coupons (Figure 6.10).

4 IMG_20240416_114529,jpg (75%) - [w] X
151.99x202 66 unit (2736x3648); RGB. 39M8

Measured area

Figure 6.10: Demonstration of bonded area measurement using ImageJ [11]. One
half of a fractured coupon is shown, in which two areas of damage are visible. The

area was manually measured as illustrated by the yellow boundary.

6.2.4 Manufacture of Welded T-Section

To demonstrate resin welding in more complex geometries, a resin-welded T-section
was manufactured. A flat GF2-AS/acrylic laminate (approximately 100 mm X
200 mm) was manufactured using a standard vacuum infusion method, and an L-
shaped laminate was then manufactured on an aluminium mould and cut into two
pieces (Figure 6.11a). The three pieces were assembled with dry glass fibre layers

between them, and a rolled-up section of glass fibre was used to fill the noodle region
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at the centre of the ‘T (Figure 6.11b—d). Spiral tubing was attached to the edges
to improve resin flow, a resin inlet and outlet were attached, and the T-section was
then sealed in a vacuum bag with sealant tape (Figure 6.11e). Acrylic resin was
infused and left to polymerise for 24 hours, the bagging was removed and the edges

of the T-section were trimmed (Figure 6.11f).

155



CHAPTER 6. RESIN WELDING

Figure 6.11: The process of manufacturing a resin-welded T-section. (a) The L-

shaped and flat GF2-AS/acrylic laminates used to manufacture the T-section. (b) A
layer of GF2-AS glass fibre was placed between the laminates. (c¢) The noodle region
was filled with glass fibre. (d) The final layer of glass fibre and the L-section were
clipped in place. (e) Spiral tubing and a resin inlet and outlet were attached. The
T-section was sealed in a vacuum bag and infused with acrylic resin. (f) The edges

were trimmed after polymerisation.
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6.3 Results and Discussion

6.3.1 Single lap shear testing
6.3.1.1 Mechanical properties

The single lap shear strengths for each joint type and thickness are shown in Fig-
ure 6.12. The bond strength of the resin-welding method is promising overall as
the highest average weld strength reached 27.9 MPa for the sample with 0.5 mm
bondline thickness and with 0° fibre reinforcement. This is 24% higher than the
strongest reported single lap weld of acrylic-matrix composites in the literature:
resistance-welded GF /acrylic adherends ([0°] layup of 1200 gm™2 fabric, 3.5 mm
thickness) with a biaxial carbon fibre heating element [8]. It also far exceeds the
minimum 12 MPa single lap shear strength required for type approval as a rigid

adhesive according to DNV-CP-0086.

0.5 mm é Values
. from
1 mm : literature

A
Adhesive Neat Resin 90° GF 0° GF Resistance Adhesive
Weld
Bond Type

Figure 6.12: The single lap shear strengths of each joint type. The values for
0.5 mm thick bonds are solidly coloured and the values for 1 mm thick bonds are
hatched. Error bars represent £1 standard deviation. A comparison with the highest
published weld and adhesive strengths for acrylic-matriz composites [8] is included

in red on the right.
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The effect of including fibres in the bondline can be found by comparing the
strengths of the bonds with fibres to the bonds with neat resin. Considering first the
0.5 mm bondlines, the welds with 0° fibres, 90° fibres and neat resin had strengths
which were not significantly different according to the statistical analysis. The
highest strength of 46.4 MPa was obtained with adhesive and a bondline of 0.5 mm,
66.4% greater than the 0.5 mm weld with 0° fibres (P=0.000).

This study therefore measures no significant effect of fibre type, or if there is an
effect it is too small in magnitude to observe under the parameters of the study.
Other studies have measured a much greater effect on single lap shear strength from
the inclusion of unidirectional reinforcement in adhesive bondlines. Khalili et al.
tested the single lap shear strength of GF/polyester adherends bonded with epoxy
adhesive reinforced with unidirectional 0° glass fibres, resulting in a 54% increase in
strength (18.4 MPa vs. 11.9 MPa) over neat adhesive bonds [12]. Delzendehrooy
et al. similarly compared the single lap shear strength of aluminium adherends
bonded with epoxy adhesive, and date palm fibre reinforced epoxy adhesive. Bonds
reinforced with 0° fibres reached a strength up to 98% greater than those with un-
reinforced adhesive [13]. Finally, Behera et al. tested both aluminium-to-composite
(GF/epoxy) and aluminium-to-aluminium bonds with 0° glass fibre reinforced ad-
hesive [14]. In comparison with neat adhesive, the reinforced adhesive increased
single lap shear strength by 27.3% in aluminium-to-aluminium bonds and by 45.4%
in aluminium-to-composite bonds.

The effect of heating element fibre orientation in the welding of thermoplastic
composites has also been studied in the literature, although comparisons between
fibre orientations may be complicated by the changes in welded area and thermal
uniformity that different heating element fabrics create in resistance and induction
welding [8, 15]. In one study by Tanabe et al. [15], CF/PPS composites were joined
using resistance welding, with carbon fibre heating elements in either the 0° or 90°
direction. Similar welded areas were achieved using each fibre direction but changing
the heating element fibre orientation from 90° to 0° increased the single lap shear
strength by 65%, from 16.5 MPa to 27.2 MPa.

The key difference between these published papers and the present work is the

fracture behaviour of the coupons. In each of these studies there was at least partial
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cohesive failure, and fracture occurred through the adhesive reinforcement or heating
element fibres. The fibres therefore contributed to the single lap shear strength by
resisting crack propagation. However, as will be discussed further in Section 6.3.1.2,
crack propagation in the present study initiated via peeling at the edges and contin-
ued through the upper layer of the adherends for all coupons, rather than through
the bondline. Therefore, the reinforcement in the bondline was unable to contribute
significantly to an increase in strength.

The effect of increasing bondline thickness differs depending on the bond type.
Although the Plexus MA310 adhesive had a high single lap shear strength (46.4
MPa) with a 0.5 mm bondline, the adhesive bond strength saw a large drop of 56%
(P=0.000) as thickness increased to 1 mm. The neat-resin bonds also saw a large
drop in strength of 34% (P=0.005) from 24.5 MPa to 16.2 MPa as the thickness
was increased to 1 mm from 0.5 mm. Decreases in single lap shear strength with
increasing bondline thickness have also been reported in the literature and have been
attributed to greater peel and shear stresses, and an increased likelihood of voids
and other imperfections in the bondline [16-18]. In contrast, the mean strength of
bonds with 90° fibres and 0° fibres decreased by only 11% and 16% respectively with
increasing thickness, which were therefore not found to be statistically significant
changes (P=0.584 and P=0.238 respectively). The inclusion of fibres in the bond
therefore appears to have benefits in thicker bondlines.

These results show that increasing bondline thickness has a significant detri-
mental effect on adhesive bond strength; indeed, Plexus MA310 has a maximum
recommended thickness of just 3.2 mm according to its technical datasheet [19] and
would therefore be unsuitable for use in the thick bondlines found in wind turbine
blades. Other adhesives which are designed for use in thick bondlines are available,
but their strengths are significantly lower [8, 20], and failure in adhesives is therefore
common in wind turbine blades due to the relative weakness of these thick adhesive
bonds, and the likelihood of them containing defects [21]. The presented results
therefore suggest that resin welding could serve as a viable alternative to adhesives
in acrylic-matrix composite wind turbine blades and other large structures. In resin
welding, the bondlines are not constrained to the same maximum thickness as ad-

hesives and could reach the same thickness as the thick-section composites being
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joined.

There is a discrepancy between the adhesive single lap shear strengths measured
in the current study (46.4 MPa at 0.5 mm and 20.4 MPa at 1 mm) and the strength
of 17.4 MPa for GF/acrylic coupons joined by MA310 adhesive, as published by
Murray et al. [8]. For comparison, the adhesive’s technical datasheet suggests
a single lap shear strength range of 20.7-24.1 MPa [19]. Differences in bondline
thickness could have a contribution, as Murray et al. manufactured coupons with
a bondline thickness of 0.76 mm. We would therefore expect a lower strength than
the 0.5 mm adhesive bond in the present study, although it does not explain why
Murray et al. measured a lower bond strength than the 1 mm adhesive bond in
the current study. The edge quality of the specimens is likely to play a role, as
Murray et al. allowed the adhesive to spill out the edges. On the other hand, in the
present study the edges were smoothed, possibly reducing stress concentrations and
increasing strength [22].

Representative load-extension curves for each bond type are provided in Fig-
ure 6.13a. A ductile failure of the adhesive bonds is evident compared to the brittle
fractures of the weld specimens. It should also be noted that the 0.5 mm and 1
mm adhesive bonds reached similar average extensions before failure (4.6 £ 0.1 mm
and 4.3 £+ 0.2 mm respectively) despite the latter’s significantly lower strength. The
stiffness of the 1 mm adhesive bond is therefore lower than that of the 0.5 mm ad-
hesive bond; however, comparisons between the bond stiffnesses is made difficult by

the shapes of the load-extension curves.
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Figure 6.13: (a) Representative load-extension curves for each type of single lap
bond. Bonds of the same type are the same colour, with the 0.5 mm bond having
a solid line and the 1 mm bond having a dashed line. (b) The representative load-
extension curve of the 90° GF 0.5 mm coupon along with its derivative i.e. the
variation in stiffness of the coupon throughout the test. Highlighted in red for both
the load and stiffness curves are the initial peak in stiffness, corresponding to the
S-shape in the load-extension curve; the initial edge failure, which is also visible as

a small drop in the load-extension curve; and the ultimate failure.

Although an initial linear load-extension response for composite single lap shear
bonds is reported in some publications [23], allowing stiffnesses to be easily calcu-
lated, in this case the load-extension curves have an initial s-shape below approxi-
mately 0.5 mm extension followed by a gradually increasing gradient (Figure 6.13b).

Therefore, in order to compare the stiffnesses of the single lap coupons, the load-
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extension curves are differentiated. The resulting stiffness vs. extension curves have
a shape similar to that in Figure 6.13b, in which there is an initial peak in stiffness.
Loading in single lap joints is complex and is a mixture of shear and peel, which is
accompanied by the bending of the adherends. The reason for the nonlinear curve
shape was therefore investigated by measuring the bending angle of the coupons
using DIC (Figure 6.14).
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Figure 6.14: A representative map of major strain in a single lap coupon close to
failure, as measured using DIC. Stress concentrations are found at the edges of the

overlap region. The rotation of the specimens during testing (©) is highlighted.

Below 0.5 mm extension, there is a rapid increase then subsequent slowing in
bending rate, therefore the initial peak in stiffness (Figure 6.13b) can be attributed
to the bending of the adherends. The average peak in gradient before 0.5 mm
extension for each joint is summarised in Figure 6.15. Only the 1 mm adhesive
joint has a significantly lower peak stiffness of 4.2 kN/mm due to the low modulus
and high ductility of the adhesive, which makes a greater contribution to coupon

stiffness at higher bondline thicknesses.
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Figure 6.15: The average peak gradient of the load-extension curves for each bond
type below 0.5 mm extension. The 1 mm adhesive bond has a significantly lower

stiffness than the rest.

6.3.1.2 Failure modes and mechanisms

Images of the failed resin-welded and adhesively bonded coupons are shown in Fig-

ure 6.16.
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Figure 6.16: Representative fracture surfaces of the tested single lap coupons.
Each image is of both halves of a fractured coupon. The crack propagation direction
(the testing direction) is shown. Light fibre tearing is highlighted in the 1 mm (P
GF coupon (h), but it is visible in all fracture surfaces. The voids present in both
adhesive bonds—(a) and (b)—are shown at higher magnification, and larger voids
are visible in the 1 mm thick adhesive (b). Voids were not visible in the resin welded

coupons—(c¢) and (d).

The failure modes of all the adhesively bonded and resin-welded coupons can be
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classified as light fibre tear failure (ASTM D5573) as, rather than the more common
adhesive or cohesive failure types, a small amount of resin and glass fibre is removed
from the surface of the adherend. The clearest evidence of this is the fibre bridging
in coupons with no fibres in the bondline (Figure 6.17a), indicating that these fibres
must come from the adherend. It is therefore the adherend matrix that fails, rather

than the bond between the infused resin and the adherend matrix (Figure 6.17b and

c).

Test direction

Semi-IPN

Figure 6.17: The fracture behaviour of the coupons. (a) Fibre bridging in a coupon
bonded with neat resin (no reinforcement). The bridging fibres therefore come from
the surface of the adherend. (b) The failure mode of the welded coupons was light
fibre tearing where a small amount of glass fibre is removed from the adherend surface
(¢) The fracture propagation was through the adherend matriz (yellow) rather than
through the tougher semi-IPN.

This is confirmed via the representative SEM images presented in Figure 6.18,
which depict both halves of a single lap shear tested coupon bonded with 0.5 mm
of neat acrylic resin. The presence of fibres on both sides—despite no fibres being
included in the bondline—shows that the crack propagates within the first layer of
the adherend fibres (light fibre tearing). These results suggest that the formation of

a semi-IPN increases fracture toughness compared to the bulk polymer, leading to
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failure in the adherend matrix rather than in the semi-IPN at the bonding interface,

as shown previously in Figure 6.17b and c.
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Figure 6.18: SEM images of the fracture surfaces of GF1-MCS/acrylic bonded
with 0.5 mm of neat acrylic resin. Photographs of the imaged fracture surfaces are
provided above, with the imaged areas represented by red rectangles (not to scale).
Image (a) is of one half of a fractured single lap shear coupon and image (b) is of
the other half. Fibres and tmprints are present in both halves indicating light fibre

tearing of the adherend. Cusps indicate a shear failure.

Further insight into the failure of the single lap coupons was gained using DIC.
A map of the major strain across the profile of a single lap coupon just before
failure was presented in Figure 6.14. As noted by Noble et al. [24], there are
stress concentrations at the edges of the overlap region, and this is therefore where
failure initiates. The rotation of the specimens during testing means that this is
a concentration of both shear and peel forces [22, 25], but failure was observed to
initiate via peeling at the edges. This is visible as sudden increases in bending angle
in Figure 6.19. However, shear cusps are present in the SEM images in Figure 6.18a

and b, therefore failure proceeds via a mixture of shear and peeling.
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Figure 6.19: A representative bending angle vs. extension curve for a 1 mm resin

weld. The rapid increase in bending angle corresponding to the stiffness peak is

highlighted.

6.3.1.3 Ultrasonic welds

A representative ultrasonically welded coupon is shown in Figure 6.20. Ultrasonic
welding was performed externally with the intention of providing comparative data
for the resin welding process. However, the ultrasonic welding was not entirely
successful as the energy directors did not flow across the bonded area as intended,
as can be seen in Figure 6.20b. Additionally, the adherends were welded slightly
off-angle, and the coupons had a total overlap of 50 mm, rather than the 25 mm

overlap in the adhesively bonded and resin-welded coupons.

Adherend damage

Figure 6.20: A representative ultrasonically welded GF1-MCS/acrylic coupon. (a)
A top view of the coupon, with adherend damage visible. (b) A side view showing

that the energy directors did not fully melt and flow across the overlap region.

The single lap shear strength was therefore calculated using the actual bonded

area (an average of 414 4+ 68 mm?), and found to be 14.6 4+ 0.8 MPa. This is on par
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with the ultrasonic weld strengths measured by Bhudolia et al. [9] before proper
optimisation of the process, and optimisation allowed ultrasonic weld strengths to
reach 18.9 MPa [26]. Since the ultrasonic welds in the current study were from an
initial trial, their strengths are understandably lower than the 27.9 MPa maximum
strength of resin welds, and the maximum strength of around 22.5 MPa reported
in the literature for a resistance weld, but increased strengths are expected with

further optimisation of the process.

6.3.2 Bonding mechanism

Adhesives can bond adherends via several mechanisms, including the formation
of chemical or physical bonds with the adherend surface, mechanical interlocking
between the adhesive and a rough adherend surface, via electrostatic attraction or
through diffusive bonding [27, 28]. Since PMMA is soluble in its monomer, the
resin-welding method is expected to create a bond via dissolution, diffusion, and
the subsequent formation of a semi-IPN. The experiment described in Section 6.2.2
allows us to visualise this bond.

Optical microscope images of the interfaces between dyed acrylic resin and clear
cast coupons of epoxy and PMMA polymers can be found in Figure 6.21a and
Figure 6.21b respectively. There are two visible differences between the interfaces
of epoxy and PMMA with the acrylic resin. Firstly, there is a difference in colour,
as in the epoxy there is a well-defined colour boundary with the dyed resin, whereas
in the PMMA there is a colour gradient. The dye molecules therefore diffuse into
the PMMA as it is dissolved by the acrylic monomeric resin and remain there once

the resin polymerises.
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Figure 6.21: Optical microscope images of the edges of (a) epoxy and (b) PMMA
cuboids immersed in dyed acrylic resin. A lower magnification photograph of the
epoxy and PMMA cuboids cast in dyed acrylic resin is shown in the centre of the

figure. The optical microscopy imaging locations are highlighted with red rectangles.

Secondly, there is a difference in morphology at the interface. There are ridges at
the edges of the polymer coupons caused by grinding, and in the case of epoxy these
are again well-defined and unaffected by the acrylic resin whereas signs of dissolution
are evident in the PMMA specimen (Figure 6.21b). This is to be expected as epoxies
are thermoset polymers, so they do not dissolve in solvents. This experiment there-
fore provides evidence for the formation of a semi-IPN as the bonding mechanism,
which is only applicable when the polymer is soluble in the infused resin.

The low viscosity of the acrylic resin allows significant penetration of the monomer
into the acrylic polymer; however, the same bonding mechanism may be expected
to occur when bonding GF/acrylic with Plexus MA310 adhesive due to its MMA
content. The similarity in failure mechanisms between the resin welds and the ad-
hesive bonds—light fibre-tearing (Figure 6.17)—would support this, although the
high viscosity and short working time of the adhesive (approximately 15 minutes vs.

90 minutes for the acrylic resin) may limit semi-IPN formation.

6.3.3 Element Level Manufacturing and Beyond

Resin welding is unlikely to be the best choice for making single lap coupons, es-
pecially considering the high strengths that can be obtained using methacrylate

structural adhesives with thin bondlines. A resin-welded T-section was therefore
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manufactured, which was used to observe the quality of more complex bondlines
and to explore the use of resin welding in large structures. The bond quality was
found to be very good, as shown by Figure 6.22 in which the bondline (the middle
ply) is difficult to distinguish, and the part therefore looks as though it were infused

as one piece.

Figure 6.22: A demonstration of the quality of the resin-welded T-section. (a) A
side-view of the T-section. (b) A close-up view of the bondline (the centre ply). It

15 indistinguishable from the adherends.

As an example of possible applications, T-joints such as these are often used in
the building of composite ships [29, 30]. We also envisage that the method could be
applied to wind and tidal turbine blades as shown in Figure 6.23, with the result

expected to be similar to the Siemens IntegralBlade process [31].
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Figure 6.23: Cross section of a possible method for resin welding an acrylic-matriz
wind turbine blade. Glass or carbon fibre reinforcement would be placed in the gaps
between the blade shells and the shear web, and the bondlines sealed with vacuum

bagging (e.g. a vacuum bag film tube) before infusion of acrylic resin.

These large structures would require the creation of thick bondlines, but the
resin-welded bondlines discussed here are relatively thin at a maximum of 1 mm
thickness. A key benefit of resin welding is the ability of the bondline to reach the
thickness of any composite laminate made with acrylic resin, including the thick-
section laminates already used in wind turbine blade manufacturing. For a demon-
stration of resin welding in thicker bondlines (~6 mm thickness), see Appendix A.3.
The principles underlying the resin welding process also allows injection-repaired
acrylic-matrix composites to have excellent mechanical properties, as detailed in
Appendix A.4, which is highly relevant to the repair of wind turbine blades.

A further benefit of resin welding may be found in the recycling of the blades.
During recycling, the composite parts are separated from other components such as
adhesives, core materials and lightning protection [32, 33]. Resin welding, in which
a continuous material is created across the bondline, may therefore simplify blade

recycling.

6.4 Chapter Summary

Welded bonds in acrylic-matrix composites have been shown in the literature to
increase static strength and fatigue life over adhesive bonds, but improvements in
manufacturing tolerances must be made if they are to be applied to large structures

like wind turbine blades. The technique introduced in this work—resin welding—has
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been shown to be a promising joining alternative for acrylic-matrix composites. As
with traditional welding methods, resin welding also results in the entanglement
of PMMA chains at the bonding interface. However, in resin welding, instead of
heating and melting the polymer chains, acrylic monomer resin is infused into a
bondline packed with reinforcement fibres. Here, the resin dissolves and diffuses
into the acrylic matrix of the adherends, polymerising around the existing polymer
and leading to the formation of a semi-IPN, as evidenced by the diffusion of dyed
acrylic resin into clear cast PMMA.

The single lap shear strength of resin welded coupons reached a maximum of
27.9 MPa with a 0.5 mm bondline packed with 0° glass fibres, a strength 24%
higher than the highest published value for welded acrylic-matrix composites, which
was achieved via resistance welding [8]. Nevertheless, this strength was exceeded by
bonds prepared with a commercially available methacrylate adhesive, which reached
46.4 MPa with a 0.5 mm bondline. Unlike the resin welded bonds, however, the
adhesive strength and stiffness were highly affected by thickness, and the strength
dropped by 56% and the stiffness by 57% when the bondline thickness was increased
to 1 mm from 0.5 mm. Additionally, an initial trial of ultrasonic welding was
performed, but further optimisation of the method is required as a relatively low
average strength of 14.6 MPa was achieved.

Methacrylate adhesives may therefore be the most appropriate joining method
for acrylic-matrix composites when bondlines are thin as they create strong bonds,
but their strength quickly drops with increasing thickness. Welding methods like
ultrasonic, resistance or induction welding can also result in high bond strengths,
but they generally require intimate contact between the adherends. As a result,
thicker bondlines like those found in wind turbine blades may benefit from resin
welding. The first steps towards the application of resin welding of large structures
was to demonstrate the method in the welding of a GF/acrylic T-section. The
bonding was observed to be of good quality, although it had a bondline thickness
of only 1 mm. Further investigation of resin welding in large structures is therefore
warranted, especially given the continuing development of recyclable acrylic-matrix

composite based wind turbine blades.
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Chapter 7

Thesis Conclusions and

Recommendations

7.1 Conclusions

In this thesis, the suitability of acrylic-matrix composites for use in the marine and

renewable energy industries was investigated. The main aims of this thesis were:

1. To investigate water absorption and its effects on mechanical and thermome-
chanical properties in glass fibre reinforced acrylic (GF/acrylic) and glass fi-
bre reinforced acrylic-PPE (GF /acrylic-PPE), in comparison with a thermoset
glass fibre reinforced epoxy (GF/epoxy).

2. To investigate the effect of an acrylic-tailored sizing agent on the fatigue of

GF /acrylic, before and after saturation with water.

3. To develop a novel joining method for acrylic-matrix composite structures.

Work conducted towards each of these aims is summarised in the following para-

graphs.

1. Seawater ageing of GF /acrylic, GF /acrylic-PPE and GF/epoxy. Prior
to the commencement of this work, data was not available on the diffusion of water
in unidirectional GF /acrylic composites, nor the mechanical properties of unidi-

rectional GF /acrylic composites after saturation with water. Additionally, though
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some promising results had been observed in acrylic-PPE hybrid matrix composites,
the effects of this hybridisation on water absorption and property retention were un-
known. Hydrothermal ageing studies of unidirectional GF /acrylic, GF /acrylic-PPE
and GF/epoxy were therefore performed, allowing for comparison between these
novel thermoplastics and a traditional thermoset. A summary of the mechanical
and thermomechanical properties of each composite, dry and aged, is presented in

Figure 7.1.

e GF/ACryliC === GF/Acrylic-PPE === GF/Epoxy e GF/ACIYliC === GF/Acrylic-PPE === GF/Epoxy
TS0 TS0

0% 40% 80%

FMO FMO

(a) Dry (b) Aged

Figure 7.1: Comparisons of the properties of (a) dry and (b) aged GF/acrylic,
GF/acrylic-PPE and GF/epoxy, with azes normalised to a percentage of the largest
value for each property. The short beam strength (SBS) and T, are presented, and
the other properties are labelled as follows: T= tensile, F= flexural, S = strength,
M = modulus, 0 = 0° fibres, 90 = 90° fibres. For example, TS0 is the 0° tensile
strength. The 0° properties were normalised to 50% FVF.

From Figure 7.1, we can see that GF/acrylic and GF /acrylic-PPE are largely
comparable with epoxy. The largest differences can be seen in the dry SBS, and
dry and aged 90° flexural properties. GF/epoxy consistently had a higher 7, than
GF /acrylic and GF /acrylic-PPE at 129°C, 116°C and 120°C when dry, and 108°C,
99°C and 105°C when aged, respectively. If a higher T}, or greater 90° flexural prop-
erties than GF /acrylic are required, this can be achieved via reactive hybridisation
with PPE.

Although the composites are largely comparable after saturation, the diffu-
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sion coefficient of water in GF/acrylic was an order of magnitude higher than in
GF /epoxy (Figure 7.2a), meaning water will penetrate further into an acrylic-matrix
tidal turbine blade or ship than its epoxy-matrix equivalent. This was attributed
partly due to differences in void content (Figure 7.2a), but is largely due to higher
hydrophilicity of epoxy, which slows the diffusion of water. It was further deter-
mined that, contrary to the hypothesised effect, hybridisation with PPE did not
result in reduced moisture absorption. Indeed, water was absorbed faster and to
a higher equilibrium content in GF/acrylic-PPE compared to GF /acrylic, despite
the lower void content of the former, which may be due to changes in the polymer
structure increasing the available free volume.

As illustrated in Figure 7.2b and ¢, however, approximate calculations showed
that laminate thicknesses in these large structures are likely to result in limited
penetration of water in reality. This is valuable information for tidal turbine man-
ufacturers, and highlights that the results presented in Figure 7.1 are not the only
consideration when selecting a resin. A balance must be struck between the effects
of water on a composite and the speed at which it is absorbed, depending on the

expected service life.
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(@ D, [x10-12m?2s~1] M, [%] Void Fraction [%]
GF/acrylic 1.81 0.81 1.43
GF/acrylic-PPE 3.4 0.91 0.95
GF/epoxy 0.15 0.63 0.45
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Figure 7.2: An illustration of the differences in water absorption between
GF/acrylic and GF/epoxy composites. (a) The diffusion coefficients and mazimum
water uptake of each material. (b) We can consider 50 mm thick GF/acrylic and
GF /epoxy laminates immersed in 10°C seawater. (c) GF/acrylic would absorb more

water than GF/epoxy over 30 years, but neither would saturate.

2. The effect of a specialised sizing agent on fatigue. Data on the fa-
tigue of unidirectional GF/acrylic composites, either dry or aged in water, was not
available prior to the commencement of this project. Additionally, though specu-
lation on the effects of a tailored sizing agent existed in the literature, there were
few applicable comparisons between a tailored and multi-compatible sizing available
for acrylic-matrix composites. GF/acrylic coupons with an acrylic-tailored sizing
agent were therefore subject to tension-tension fatigue before and after ageing in
water, and the results compared to multi-compatible GF /acrylic from the literature
and Appendix A.1. The multi-compatible sized composite had superior low-cycle
performance, but the performance of the two composites converged in high cycle
fatigue. These differences are likely due to differences in the fibre volume fraction

and fibre diameter between the two reinforcements, as supported by static testing
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in Chapters 4 and 5, and Appendix A.2.

As discussed in Chapter 2.2, sizing formulations are complex and include various
components such as a silane coupling agent and a film former. The formulations of
the sizing agents used in this thesis are unknown, and so the effects of each com-
ponent of the sizing agent cannot be determined. However, this work does provide
further evidence that manufacturers wishing to use liquid acrylic resins may not
need to seek out specialised fabrics. They are instead likely to achieve good results
with a fabric which is compatible with polyester and vinylester, as recommended by
the resin’s manufacturer. Regardless of the sizing agent used, comparisons between
this fatigue data and data from the literature showed that GF /acrylic can have per-
formance on par with the thermoset composites used commercially in wind turbine

blades.

3. Development of a novel joining method. Finally, a novel method of join-
ing acrylic-matrix composite parts—termed resin welding—was introduced in Chap-
ter 6. In this method, acrylic monomeric resin is infused between two acrylic-matrix
parts, dissolving the top layer of the existing polymer. When the liquid resin poly-
merises, it entangles the dissolved polymer chains, creating a strong bond with the
adherends. With the resin welding method, it was possible to achieve greater single
lap shear strengths than the strongest weld (a resistance weld) in the literature [1],
but without the need for intimate contact between the adherends. A surprising
result was obtained with a methacrylate structural adhesive, which achieved much
stronger bonds than expected, at 46 MPa, when the bondline was 0.5 mm thick.
This may be due to the presence of methacrylate monomers in the adhesive, allowing
for a similar bonding mechanism as in resin welding to occur. In thicker adhesive
bondlines, large voids reduced bond strength. This therefore suggests that adhesive
bonds may be the preferred joining method when low tolerances and thin bondlines
can be achieved, but that resin welding could be beneficial when larger tolerances

are involved—such as would be found in a wind or tidal turbine blade.
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Figure 7.3: An overview of the resin welding process, with a comparison between
the strengths of adhesive bonds, resin welds with 0° glass fibres, and a resistance weld

from Murray et al. [1].

Overall, these three studies provide several assurances that acrylic-matrix com-
posites may be an appropriate choice for use in the renewable energy and marine
sectors. Understanding of the effects of water on the mechanical, thermomechanical
and fatigue properties of these composites has been developed, with promising re-

sults in comparison to traditional thermosets. The role of the fibre sizing agent has
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also been explored, with the conclusion that currently available multi-compatible
fabrics may be sufficient. Finally, the resin welding method introduced here creates
the possibility of achieving weld-like strengths with the thick bondlines currently

found in wind and tidal turbine blades.

7.2 Recommendations

The research discussed in this thesis provides valuable insight into the use of GF/
acrylic composites in the renewable energy and marine sectors, and highlights sev-
eral areas for further investigation. The absorption of water into full-scale acrylic-
matrix tidal turbine blades is poorly understood, and it is unclear if the faster
diffusion of water in the acrylic matrix will pose a problem in practice. While full-
scale GF /acrylic tidal turbine blades have been immersed in water and their mass
increases tracked [2, 3|, only a few months of experimental data is available, and it
is complicated by osmotic blistering of the blade paint and absorption into the foam
core. In combination with this experimental data, numerical simulations of water
diffusion in full-scale blades would be helpful as the water penetration depth over
time could be determined, rather than a single value of mass increase for the whole
blade. This, together with data from coupon-scale tests, could allow the practical
effects of water on the mechanical properties of an acrylic-matrix tidal turbine blade
to be determined.

Coupon-scale comparisons between a multi-compatible reinforcement and an
acrylic-tailored reinforcement have been presented in this thesis and in Appendix A.2,
and have been used to infer the effect of the sizing agent on water absorption,
mechanical properties, and fatigue. Direct measurements of the interfacial shear
strengths would also be useful, but the volatility of acrylic resin makes fibre pullout
tests difficult to achieve. Alternative tests such as single fibre fragmentation or fibre
pushout could be employed, as coupons for these tests could be prepared without
resin evaporation.

The conclusions drawn on the effect of sizing agent are complicated by the differ-
ences in fibre diameter and areal weight between the fabrics, and so a comparison of

sizing agents on the same fibres may provide more certainty. This was not possible
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in the current work due to the two fabrics being provided by different suppliers,
however it may be useful to apply sizing agents in-house, for example after using
a furnace to remove the sizing from commercial glass fabric. While the resulting
properties may not be representative of a commercially applied sizing agent, the
comparison would be useful. Additionally, this would allow for a deeper under-
standing of each component of the formulation, for example the role of the film
former in water absorption in GF/acrylic composites.

Further investigation of the interfacial degradation process during water absorp-
tion would also provide valuable insight. In Chapters 4 and 5, it was proposed that
hydrolysis of the silane coupling agent was the cause of the observed decreases in
interfacial strength. This could be confirmed via infrared spectroscopy, or confocal
Raman microscopy, which could detect any detachment of the silane coupling agent
from the glass surface. This could be combined with the immersion of GF /acrylic
coupons in room temperature seawater, to ensure that any degradation mechanisms
observed would occur without thermal acceleration of the diffusion process.

The next logical step in the development of the resin welding method would be
to manufacture a sub-component (an I-beam for example), or even a scale model
of a tidal turbine blade. A method was proposed in Figure 6.23 for the application
of resin welding to wind and tidal turbine blades, and could be used to determine
the feasibility of the method, including the practicality of sealing the bondline and
wetting out of bondline fibres with resin. Processing times and required manpower
would be other important factors in the bonding method’s practicality, and both
could be explored in a demonstrator project. A comparison with an adhesively
bonded equivalent would allow us to determine if the expected benefits to blade
stiffness and bond strength are realised. Fatigue testing at the University of Edin-

burgh’s FastBlade facility, for example, would allow such a comparison to be made.
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Work which was completed in collaboration with other researchers, for example
as part of student projects, is presented here. Each of these studies was extended
from the findings of the work previously presented in this thesis. In each of the
following sections, the key information from each of these studies is presented. For
further details, the reader is referred to the publications found in the List of Publi-

cations, and in Appendix C.

A.1 Fatigue of Acrylic-PPE

In Chapter 4, the static properties of GF/acrylic, GF/acrylic-PPE and GF /epoxy
coupons were compared, both before and after saturation with seawater. Unidirec-
tional 0° tensile coupons (1.5 x 15 x 250 mm), cut from the same laminates as in
Chapter 4, were also tested in fatigue, as is discussed here. Half of the coupons
were tested dry, and the other half were immersed in seawater at 50°C for 3 months
before testing. The results of this study are published in Stankovic et al. [1].
During fatigue testing, maximum loads were applied at 80%, 60% and 40% of the
coupons’ ultimate tensile strengths, as measured in Chapter 4. The results of fatigue
testing are presented in Figure A.1, in which curves of the form f(z) = ae®® + ce®
have been fit to the data. The data from this study was discussed in Chapter 5, but

a Basquin fit was applied to the data instead.
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Figure A.1: (a) Comparison of the dry S-N curves of GF/Acrylic and GF/Acrylic-
PPE to the results from Cousins et al. [2]. (b) Comparison of all the dry coupons
in this study. (c¢) Comparison of all the aged coupons in this study. DFT0 = ‘dry

fatigue tension 0°” and WFTO0 = ‘wet fatigue tension 0°". Reproduced from Stankovic
et al. [1].

The performance of GF /acrylic and GF /acrylic-PPE is found to be similar over-
all. The performance of GF /acrylic and GF /acrylic-PPE is also similar to GF /epoxy
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at high stresses, but GF/epoxy outperforms them both at lower stresses in the dry
coupons. Fatigue data for 0° tensile GF /acrylic coupons from Cousins et al. [2] is
included for comparison. The performance of GF /acrylic according to Cousins et
al. is superior to those tested in the present study, and appears to be comparable
to the GF /epoxy tested in the present study.

Testing was stopped once a coupon reached 10° cycles, which only occurred in
one dry GF /epoxy coupon at 40% of its UTS, as well as two dry GF /epoxy coupons
at 30% of their UTS. Post-fatigue tensile testing was applied to these coupons, and
the results are presented in Table A.1. The strength decreased by between 13% and

37% of its initial value, but the modulus was largely unaffected, or even increased.

Table A.1: Strength and modulus of dry GF/epoxy coupons after 10° load cycles at
30% and 40% of the UTS. Two coupons survived 10° cycles at 30% of the UTS, and
one survived at 40%. The % changes with respect to the initial UTS and modulus

are also presented.

Max stress UTSpostffatiguea MPa %UTSinitial Epostffatigue %Einitial

30% 657.6 81.8 37.93 114.8
30% 505.9 63.0 32.82 99.4
40% 697.3 86.8 33.12 100.3

To conclude, the fatigue performance of GF/acrylic and GF/acrylic-PPE are
similar, so there appears to be no significant benefit of acrylic-PPE in 0° tensile
fatigue. However, the similar performance means that the mechanical and thermo-
mechanical benefits of acrylic-PPE, as well as its enhanced solvent resistance, can
be achieved without sacrificing fatigue performance. The fatigue results may be dif-
ferent with other test configurations—for example, the results of Chapter 4 suggest
an improvement in 90° flexural strength. The performance of GF/epoxy was similar
to the thermoplastics at high stresses, but outperformed GF /acrylic at low stresses.
However, 0° tensile fatigue data of GF /acrylic coupons from the literature compared
favourably to the GF/epoxy in this study. The use of GF/acrylic therefore seems

promising.
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A.2 Sizing Effects on Water Absorption

A study comparing the effects of multi-compatible (MCS) and acrylic-tailored (AS)
sizing agents on the fatigue of GF/acrylic composites was presented in Chapter 5.
Water absorption, retention in static properties and interfacial degradation were also
compared between GF/acrylic composites made with the same two reinforcements
(GF1-MCS and GF2-AS) as part of an MEng project [3], described in the following
paragraphs. In this project, composite coupons were subject to 0° and 90° tension
and flexure, as well as short beam strength tests, before and after immersion in 50°C
seawater for 3 months.

In addition, coupons of GF1-MCS/acrylic, GF2-MCS/acrylic and unreinforced
acrylic resin were subject to three absorption-desorption cycles by immersing them in
50°C seawater until saturation, drying them under vacuum and then repeating. The
mass uptake of these coupons was monitored, and the effective diffusion coefficients
of water in the composite (D.) and the unreinforced resin (D,) were calculated
for each absorption cycle. These were used to determine the degree of interfacial
loosening using Equation A.1, as per Tsenoglou et al. [4], in which f; is the interfacial
volume fraction, f, is the polymer free volume fraction, and V} is the fibre volume

fraction.

5 1
;= —(1-V, Al
fi=v T (E) (D (A1)

A plot of the mass uptake vs. time graphs for each material and absorption cycle

is presented in Figure A.2.
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Figure A.2: The fitted diffusion curves plotted against the square root of time. All
three absorption cycles of neat acrylic resin (blue, A-C), GF2-AS/Acrylic (orange,
D-F) and GF1-MCS/Acrylic (green, G-1) are presented. For clarity, only the ex-
perimental data (averages of 10 coupons) from the third neat acrylic cycle (C) have

been included as blue circles and are indicative of the quality of fit.

Applying Equation A.1, the values of f; are calculated and presented in Fig-
ure A.3.
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Figure A.3: The calculated interfacial free volume fractions of the composites

during each absorption cycle.

The greater water absorption in unreinforced resin in Figure A.2 shows that
water is mainly absorbed by the acrylic matrix. The increases in water uptake with
subsequent cycles also shows that the matrix suffers permanent damage with each
absorption-desorption cycle. Greater absorption in GF2-AS/acrylic is attributed to
a greater void content at 1.37% vs. 0.22% in GF1-MCS/acrylic. Both composites
experience similar degrees of interfacial loosening (Figure A.3), leading to wicking
along the fibre-matrix interface, and water being absorbed faster and at greater
percentages, in the second and third cycles.

A summary of the results of mechanical testing is presented in Table A.2;, and
compares the results of GF2-AS/acrylic from the current study with those of GF1-
MCS/acrylic from Chapter 4. SEM images of the 0° tensile fracture surfaces of
GF2-AS/acrylic before and after ageing are also presented in Figure A 4.
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Table A.2: A comparison between the mechanical properties of GF'1-MCS/acrylic
composites (from Chapter 4) with those of GF2-AS/acrylic (from the current study).
The dry properties and change due to water absorption are presented for both com-

posites. Note that the 0° properties have been normalised to 50% FVF for both

reinforcements

GF2-AS/Acrylic GF1-MCS/Acrylic
Test Property Dry Aged % Change Dry Aged % Change
0° Tension ~ Modulus (GPa) 35.3 +£3.0 33.4 + 3.2 -5% 33.2£22 345+ 28 +4%

Strength (MPa) 683 + 62 541 + 25 -21% 750 £ 61 667 £+ 64 -11%

90° Tension Modulus (GPa) 10.5+£0.7 6.9 + 1.0 -34% 93+£07 84+04 -10%
Strength (MPa) 37.1 £2.2 304+ 1.6 -18% 371 £1.5 358 %45 -4%

0° Flexure ~ Modulus (GPa) 36.1 + 3.6 36.3 + 3.7 0% 316 £ 1.6 31.3+08 -1%
Strength (MPa) 789 £80 706 + 34 -10% 810 =40 678 £+ 53 -16%

90° Flexure Modulus (GPa) 10.6 £ 0.7 84 + 0.7 -21% 9.7+ 06 80=£0.5 -17%
Strength (MPa) 68.3 +5.2 553 + 4.1 -19% 96.5 £87 744 +73 -23%

Short Beam Strength (MPa) 46.6 £ 1.6 39.0 £ 1.6 -16% 573+ 0.8 39.4+23 -31%

0° Tensile Dry 0° Tensile Aged

Strong interfacial
bonding |

“‘.4‘ ;
a8

SED 15.0kV WD21mmP.C.50 HV X750 20pm SED 15.0kV WD21mmP.C.50 HV x750 20pm N

JEOL Tests 0633 JEOL Tests 0633

Figure A.4: SEM images of the fracture surfaces of (a) dry and (b) aged 0° tensile
GF2-AS/acrylic coupons. Crack propagation through the matriz in the dry coupon,
instead of along the fibre-matrix interface, indicates strong interfacial bonding. The

bare fibres in the aged coupon suggest that the fibre-matriz interface is weakened.

From Table A.2, there were no consistent improvements in the retention of me-

chanical properties due to the specialised sizing agent. Additionally, from Fig-
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ure A.4 it is clear that the same interfacial degradation mechanism reported for
GF1-MCS/acrylic (Figure 4.15) occurs with the acrylic-tailored sizing agent.

The comparisons presented here therefore suggest that an acrylic-tailored sizing
agent does not necessarily improve the water absorption properties of GF /acrylic,

in agreement with the results of Chapter 5.

A.3 Thick resin welds vs. adhesive bonds

A T-section was manufactured in Chapter 6 to explore the use of resin welding in
large structures. This was a more complex bondline than in the single lap shear
coupons tested in Chapter 6, but the bondline thickness was only ~1 mm. The
practicality of resin welding with thicker bondlines was therefore investigated in a
BEng project [5] through the bonding of flat ~2 mm thick GF/acrylic laminates.
These laminates were either adhesively bonded with ~5 mm of Plexus MA 320
structural methacrylate adhesive, or resin welded with six plies of unidirectional glass
fibre fabric (GF2-AS). Resin welding was performed by laying the fabric between
the adherend laminates before vacuum bagging and infusing acrylic resin into the

bondline. These processes are detailed in Figures A.5 and A.6.

Filling the bond
line with adhesive
before putting the

top layer of
acrylic/glass fibre
composite on top

}{,A

Figure A.5: An image of the application of methacrylate adhesive on top of a
GF/acrylic laminate. A second GF/acrylic laminate will be clamped on top. The
bondline thickness is set with 5 mm PMMA blocks.
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D€e Infusea with res

Figure A.6: The resin welding process. (top) A side-view diagram , with siz layers
of dry glass fibre between two GF/acrylic composite adherends. (bottom) A photo of

the setup before vacuum bagging and infusion of resin between the adherends.

The bonded laminates were cut into 0° flexural coupons of nominal 173 x 13 x
9 mm dimensions, then tested in 3-point bending. A span of 144 mm was used,
giving a nominal span-to-thickness ratio of 16:1, and the crosshead extension rate
was 7 mm/min. Other coupons were immersed in seawater at 50°C for 10 days before
testing. The seawater-immersed adhesive and resin-welded coupons absorbed 0.32%
and 0.27% water respectively, and so the coupons had not reached the expected
saturation value for GF/acrylic of ~0.6-0.8% before testing.

The results of flexural testing are presented in Figure A.7, and images of the

coupons are presented in Figure A.8.
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Figure A.7: The (a) flexural strengths and (b) flexural moduli of dry and aged

adhesively bonded and resin-welded coupons.
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i

Figure A.8: Images of (a) resin-welded and (b) adhesively bonded coupons during
testing. The adherend and bondline fibre directions are labelled. Fxcellent wetting

of the bondline plies is visible in the resin-welded coupon.

The strengths and moduli of the resin-welded coupons were greatly increased over
the adhesively bonded coupons. This is to be expected considering the inclusion of 0°
glass fibres in the resin-welded bondline. Water immersion caused 11% decreases in

both coupons’ strengths, but caused a much greater decrease in the modulus of the
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adhesively bonded coupons (-18%) than the resin-welded coupons (-2%). However,
these differences should be interpreted with caution for several reasons. The large
standard deviations in the adhesively bonded properties make comparisons difficult,
and the coupons had not reached full saturation. Furthermore, the resin-welded
coupons failed via interlaminar shearing, rather than tensile or compressive failure,
due to the low span-to-thickness ratio.

The project therefore demonstrated that resin welding thicker bondlines is fea-
sible, and excellent bond qualities can be achieved. The benefits to structural stiff-
ness achieved by replacing adhesive bonds with resin welds were also demonstrated,
though the bondline-to-adherend thickness ratio of ~2.5:1 does not accurately rep-
resent an actual wind turbine blade. The effects of water absorption were less clear
due to the large variance in coupon properties and the coupons not reaching sat-
uration before testing. Initial results suggested a greater decrease in modulus for
the adhesively bonded coupons due to water absorption, but this would need to be

verified after a longer immersion time.

A.4 Injection vs. press repair of GF /acrylic

The mechanisms which allow resin-welded bonds to reach high strengths—the dis-
solution of acrylic polymer in its own monomeric resin, and the formation of a semi-
[PN—also allow resin-injection repairs of acrylic-matrix composites to be highly
effective. This was demonstrated as part of an MEng project, now published in
Bolluk et al. [6], in which the effectiveness of resin injection repair was compared to
that of heated press repairs via double cantilever beam (DCB) testing.

GF /acrylic DCB coupons were manufactured via the vacuum infusion of 4 plies
of unidirectional E-glass fabric (GF2-AS). A polymer film of 13 pm thickness was
placed between the two centre plies to form a pre-crack. Coupons were then cut to
175 x 25 mm dimensions, with a 63 mm pre-crack. Loading blocks were adhesively
bonded to the coupons before testing.

DCB testing was carried out with a crosshead extension rate of 5 mm/min until
the crack had propagated at least 50 mm, as measured by an Imetrum DIC video

extensometer. The average mode-I fracture toughness during initiation G¢ inir and
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propagation Gc prep Was calculated via a modified beam theory method.

After testing, coupons were then repaired via resin injection or press repair. In
both methods, the pre-crack film was left in place to ensure the pre-crack remained
open after the repair. Resin injection repairs were carried out by injecting acrylic
resin, mixed with a peroxide initiator, into the crack propagation region of the
coupons. The coupons were then vacuum bagged to remove air (and therefore oxy-
gen, which inhibits free radical polymerisation according to manufacturer guidance)
and to apply pressure until the resin polymerised and the repair was complete. This

process is detailed in Figure A.9.

" Hose connector

Metal base plate
Loose vacuum bag

)

v Vacuum Pump
ON L e

Vacuum Pump . )
oeE () o Tt e—-e—-e—————
o Air-tightened vacuum bag J
Elium injected

specimen Interlaminar crack area

Figure A.9: Schematic of resin injection repair, after resin has been injected into
the repair area. (a) The coupon is placed on a base plate so the loading blocks over-
hang the edge, and the setup is vacuum bagged. (b) The bag is evacuated, applying

pressure to the repair until the resin polymerises. Figure reproduced from [6].

Heated press repairs were performed by subjecting each coupon to 3 bar of
pressure at either 130°C or 160°C. The coupons were placed between steel plates
such that pressure was not applied to the loading blocks (see Figure A.10), and

were held at their target temperature for 30 minutes.
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Figure A.10: The press repair process. (a) Tested DCB coupons are placed between
steel plates so that pressure is only applied to the repair area. (b) Pressure is applied

at either 130°C or 160°C for 30 minutes. Figure reproduced from [6].

The coupons were then re-tested as before, and the resulting G- values are

compared to the virgin coupons’ in Figure A.11.
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Figure A.11: The mean Gic init and Gic prop values for the virgin coupons, as well
as coupons repaired via resin injection (RI), 130°C press repair (130P) and 160°C
press repair (160P). Figure reproduced from [6].

From Figure A.11, the press repairs only partially restored the fracture toughness
of the virgin coupons. The press repair at 130°C was inadequate, and led to rapid
crack propagation. The press repair at 160°C was more successful, leading to 75%
restoration of the coupons’ Gcni value compared to the virgin coupons. The
Groprop value was restored to 62% of its original value, which is lower than the
percentage Gc init restoration, likely due to a lower contribution of fibre bridging
in the press repaired coupons.

The resin injection repair was highly successful, leading to a 30% increase in
G1c,init and a 50% increase in G ¢ prop compared to the virgin coupons. This increase
is attributed to a greater toughness of the semi-IPN which forms at the repair
boundary, compared to the bulk acrylic matrix. This result is in accordance with
Obande et al. [7], who measured increases in short beam strength in GF/acrylic
laminates manufactured in multiple infusion steps compared to those manufactured
in a single infusion.

Resin injection repair of acrylic-matrix composites is therefore highly effective
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due to the solubility of the acrylic polymer in its monomeric resin. These repairs

can be performed in situ without the need for heat or pressure beyond vacuum

levels. This provides further incentive to use recyclable acrylic-matrix wind and

tidal turbine blades, as effective repairs can significantly extend turbine lifetimes.
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APPENDIX B. SEAWATER AGEING—STRESS-STRAIN CURVES

Longitudinal Tensile Stress vs Strain (Dry)
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Figure B.1: All stress-strain curves of dry 0° tensile coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been normalised to

the FVF.
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- Longitudinal Tensile Stress vs Strain (Aged)
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Figure B.2: All stress-strain curves of aged 0° tensile coupons, manufactured with
GF1-MCS reinforcement. Note that the stress values have not been normalised to

the FVFE.
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Figure B.3: All stress-strain curves of dry 0° flexure coupons, manufactured with

GF1-MCS reinforcement. Note that the stress values have not been normalised to

the FVF.
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Figure B.4: All stress-strain curves of aged 0° flexure coupons, manufactured with

GF1-MCS reinforcement. Note that the stress values have not been normalised to

the FVF.
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Transverse Tensile Stress vs. Strain (Dry)
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Figure B.5: All stress-strain curves of dry 90° tensile coupons, manufactured with

GF1-MCS reinforcement.
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45 - Transverse Tensile Stress vs Strain (Aged)
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Figure B.6: All stress-strain curves of aged 90° tensile coupons, manufactured with

GF1-MCS reinforcement.
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Flexural Tests (transverse, dry)

140
Elium-PPE
Epoxy
/L
120 Elium
]
sy
. 100 | g
(U LA
o L
3 A
v 80
(/2]
o
)
T 60
>
X
%)
“ a0t
20 F @
e
0 ! 1 | ~ ! |
0 5 10 15 20 25

Strain (mm/mm) %1072

Figure B.7: All stress-strain curves of dry 90° flexure coupons, manufactured with

GF1-MCS reinforcement.
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Figure B.8: All stress-strain curves of aged 90° flexure coupons, manufactured

with GF1-MCS reinforcement.
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Short Beam Strength Load vs Extension (Dry)
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Figure B.9: All stress-strain curves of dry SBS coupons, manufactured with GF1-
MCS reinforcement.
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Short Beam Strength Load vs Extension (Aged)
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Figure B.10: All stress-strain curves of aged SBS coupons, manufactured with

GF1-MCS reinforcement.
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Handling Editor: Dr Uday Vaidya Increasing usage of polymer composite materials necessitates the development of recyclable alternatives to
traditional thermoset matrices or new techniques for recycling these materials. One family of promising recy-
clable matrices are the room temperature infusible acrylic resins, known commercially as Elium®. If these new
materials are to be used in the tidal stream energy and shipping sectors, they must be able to withstand long-term
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1. Introduction

The use of composite materials is rapidly growing, and as a result, so
is the volume of composite waste. For example, it is estimated that
onshore wind turbine blades alone will create over 43 million tonnes of
composite waste by 2050 [1]. The usage of composites in marine sectors
is also expected to grow to reach carbon neutrality targets; for example,
the deployment of tidal stream turbines which use fibre-reinforced
composite materials in their blades is required to expand fiftyfold [2],
and decarbonisation of the shipping sector may include a switch to
composite materials [3]. As these are generally large structures, they are
currently manufactured with room-temperature infusible liquid ther-
moset resins via vacuum infusion. Such thermoset composites are
non-recyclable and are therefore disposed of in landfill or through
incineration with the possibility of energy recovery, for example in
cement kilns. It is therefore important to find recyclable alternatives that
will allow increased production of large structures at room temperature
and that perform equally well under seawater.

Traditional thermoplastic composites are not suitable for
manufacturing very large structures, as they typically need the appli-
cation of positive pressures (more than atmospheric vacuum) for the
production of void-free laminates, due to their elevated melt viscosity

* Corresponding author.
E-mail address: dipa.roy@ed.ac.uk (D. Ray).
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and melting temperature. These positive pressures are normally applied
by a press or autoclave, which is not economically feasible for very large
structures such as ship sections and tidal energy blades [4]. Liquid
acrylic resins (Elium®) from Arkema have the ease of processing of a
thermoset resin (low viscosity at room temperature), but since they are
thermoplastics, they can be recycled via crushing and heating [4], sep-
aration of the fibres and matrix through dissolution [5-7] or pyrolysis
[8], or by thermoforming of the continuous fibre composite [5,9]. The
resins are largely composed of methyl-methacrylate monomers which
are infused into reinforcement and polymerised in situ during composite
manufacturing. Their room temperature processibility, low viscosity
and promising mechanical properties [10] may make them a drop-in
replacement for epoxy infusion resins.

A key consideration for the application of acrylic resins in the ship-
ping and tidal sectors is their water absorption behaviour and retention
of mechanical properties, even after a service life on the order of de-
cades. The water ageing behaviour of acrylic composites reinforced with
both glass fibres (GF) and carbon fibres (CF) has been reported by other
researchers, but there is significant variation in the reported changes
due to differences in materials, layup and ageing conditions. For
example, Davies et al. [11] found that woven 0/90° GF/acrylic coupons
exhibited a decrease in tensile modulus by 11% and tensile strength by
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50% after 18 months of ageing in 60 °C saltwater. The reported de-
creases in 0/90° CF/acrylic laminates, however, are smaller. Bel Haj Frej
et al. [12] measured losses of 6% in tensile modulus and 10% in tensile
strength of non-woven 0/90° CF/acrylic coupons after 6 months of
ageing in distilled water at 70 °C. Barbosa et al. [13] measured a
decrease of only 4% in tensile modulus for woven 0/90° woven CF/a-
crylic coupons, and even a small increase of 3% in tensile strength, after
ageing in distilled water at 80 °C for 8 weeks. Consistently large re-
ductions in short beam (shear) strength (SBS) have been measured by
several authors: Bel Haj Frej et al. [12] measured a 43% reduction in SBS
for CF/acrylic composites and Nash et al. [3] saw a similar 38%
reduction for GF/acrylic coupons.

Two main causes of degradation in mechanical properties of acrylic-
matrix composites have been identified by several authors [3,12-14] as
swelling and plasticisation of the matrix and degradation of the
fibre-matrix interface. The selection of matrix and reinforcement is
therefore crucial to a composite’s performance under water.

Acrylics are not considered high-performance matrices in structural
composites. There is therefore an opportunity to improve their perfor-
mance as composite matrices by hybridising them with other higher-
performing engineering thermoplastics. Papers on a hybrid matrix of
acrylic resin modified with polyphenylene ether (PPE) have already
been published by the current researchers [15,16]. These studies pre-
sented enhanced transverse flexural properties, initiation fracture
toughness and solvent resistance of GF/acrylic-PPE composites
compared to equivalent GF/acrylic composites, while retaining recy-
clability. This work is a continuation of the aforementioned work and
investigates the seawater ageing behaviour of the GF/acrylic-PPE com-
posites in comparison with GF/acrylic and an equivalent thermoset
GF/epoxy composite. The diffusion of water in the composites is studied
along with the drop in mechanical properties in the aged samples. The
aged and dry samples are examined via scanning electron microscopy
(SEM) to study the behaviour of the interface due to water ingress. The
change in glass transition temperature due to seawater ageing is studied
via dynamic mechanical analysis (DMA).

2. Materials and methods
2.1. Manufacturing and sample preparation

Three types of unidirectional (UD) GF-reinforced laminates were
manufactured: GF/acrylic, GF/acrylic-PPE and GF/epoxy. GF/acrylic
laminates were made with an acrylic resin (Elium® 188 O, Arkema) and
peroxide initiator (BP-50-FT, United Initiators) in a 100:3 ratio by
weight. GF/acrylic-PPE laminates were made using 5 wt% of PPE olig-
omer with methacrylate end functionality (NORYL™ SA9000 Resin,
SABIC) in the same acrylic resin, again with the BP-50-FT peroxide
initiator in a 100:3 ratio. GF/epoxy laminates were prepared using SR
1710 Injection epoxy resin and SD 7820 hardener (Sicomin) in a 100:36
ratio by weight. The same unidirectional non-crimp E-glass fibre fabric
(TEST2594-125-50, Ahlstrom-Munksjo) with multi-compatible sizing
was used for all matrix types, containing 600 g/m? of 0° fibres, 36 g/m?
of 90° fibres and 10 g/m? of polyester stitching.

All laminates were prepared via a standard vacuum resin infusion
route. Laminate thicknesses were 1.5 mm for tensile testing, 4 mm for
flexural testing and SBS and 2 mm for diffusion coefficient measure-
ment. After infusion, the laminates were left to polymerise at room
temperature for 24 h. The GF/epoxy laminates were then subject to a
freestanding post-cure at 60 °C for 8 h followed by 100 °C for 4 h ac-
cording to the manufacturer’s recommendations. The GF/acrylic and
GF/acrylic-PPE laminates did not require any post-cure.

2.2. Seawater ageing

Composite specimens were subject to seawater ageing. Filtered nat-
ural seawater, collected from Gullane Beach in the Firth of Forth,
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Scotland, was maintained at 50 °C and samples for mechanical testing
were immersed for 3 months. Evaporated water was topped up with
fresh water to maintain a constant water level. Aged specimens were
kept immersed in seawater at room temperature until testing to prevent
them from drying. Each of the mechanical tests detailed in the following
sections was conducted on dry specimens as well as on aged specimens.
In addition to specimens for mechanical testing, three nominally 160 x
160 x 2 mm specimens each of GF/acrylic, GF/acrylic-PPE and GF/
epoxy were used to determine the diffusion coefficient and maximum
water uptake. They were first oven-dried at 50 °C for 5 days and then
immersed in seawater at 50 °C for 5 months. The specimens were
removed from the water bath at 24-h intervals, their surfaces were dried
with a cloth and their weights were measured.

At each measurement interval, the percentage mass increase was
calculated according to Equation (1) (ASTM D5229M) in which M(t) is
the percentage increase in mass caused by water uptake at time t, W; is
the measured specimen mass at time t and W, is the oven-dry specimen
mass.

My =YW 100 &)

W,

A Fickian diffusion curve of the form in Equation (2) (ASTM
D5229M) where h is the specimen thickness was then fitted, and values
for the diffusion coefficient at 50 °C (D,) and equilibrium water content
(M,,) were taken from the fitted curve.

M(z)Mm{l exp|:7.3 (i;f> 0'75]} @

2.3. Testing

2.3.1. Mechanical tests

Tensile testing (0° and 90°) was carried out according to ASTM
D3039, using an MTS Criterion Model 45 300 kN test system. Specimens
were spray-painted with a black and white speckle pattern to allow
strain measurements to be taken with a video extensometer and the
0° tensile specimens were tabbed with an epoxy-glass composite. All
tensile tests were conducted with a crosshead extension rate of 2 mm/
min.

Flexural testing (0° and 90°) was carried out according to ASTM
D7264 on an Instron 3369 test system using a span-to-thickness ratio of
32:1. The crosshead extension rate was set at 7 mm/min, and mid-span
deflection was taken to be the crosshead extension. Short beam strength
tests were performed in accordance with ASTM D2344, using a span-to-
thickness ratio of 4:1. The crosshead extension rate was set at 1 mm/
min.

2.3.2. Fibre volume fraction

Fibre volume fraction (FVF) and void fraction of the composites were
measured using a matrix burn-off method according to ASTM D3171.
The densities of the composite coupons, matrices and glass fibres were
measured using a displacement method (ASTM D792).

2.3.3. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out using a JEOL
JSM series microscope on fragments of 0° tensile specimens after frac-
ture. Samples were sputter-coated with 30 nm of gold before imaging at
15 kV.

2.3.4. Dynamic mechanical analysis

The glass transition temperatures of both dry and aged specimens
were measured using dynamic mechanical analysis (DMA). A TA In-
struments Discovery DMA 850 was used in 3-point bend mode at a
frequency of 1 Hz and an amplitude of 20 pm. Specimens were 50 x 13
x 1.5 mm with 0° fibres in the span direction. A ramp rate of 1 °C/min
between ambient temperature and 180 °C was selected and 1 specimen
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was tested for each composite type, both dry and saturated with water.
Aged specimens were removed from the water bath, wiped to remove
surface water and then immediately tested.

3. Results and discussion
3.1. Water absorption

A graph of percentage mass increase against the square root of time is
presented in Fig. 1. The experimental data as well as the fitted diffusion
curves are shown in Fig. 1 and the resulting M, and D, are given in
Table 1. Each data point is the average increase of 3 specimens.

The GF/acrylic and GF/acrylic-PPE both exhibited Fickian behav-
iour—a linear increase in absorbed water when plotted against v/t
which plateaus after reaching saturation (Fig. 1). Although a Fickian
diffusion curve is also fitted to the GF/epoxy data, there is a slight de-
viation from purely Fickian behaviour as there was an initial period of
more rapid absorption followed by a more gradual mass increase after
approximately 4 days (600 \/ s). The diffusion coefficients of GF/acrylic,
GF/acrylic-PPE and GF/epoxy composites are given in Table 1 along
with diffusion coefficient values of acrylic-matrix composites and un-
reinforced acrylic resin reported in published literature. The diffusion in
GF/epoxy was an order of magnitude slower than in GF/acrylic and GF/
acrylic-PPE.

These differences may be explained by considering the differences in
structure and chemistry between the polymers and relating these to
theories of diffusion. The structure of the acrylic matrix is typical of an
amorphous thermoplastic and the epoxy has the typical structure of a
thermoset. The structure of acrylic-PPE (5 wt% PPE), depicted in Fig. 2
and Fig. S1, has been previously investigated by Obande et al. [15] and
is believed to consist of PPE-rich cross-linked zones surrounded by
acrylic-rich regions. The PPE with methacrylate end functionality reacts
with the acrylic monomers during in-situ polymerisation to form
crosslinks between acrylic chains.

Diffusion can be modelled using the free volume of the material, or
by modelling the interaction between the polymer and the diffusant. In
the free volume theory, the diffusant is assumed not to interact strongly
with the material and instead diffuses through voids in the composite
and the free volume in the matrix, to which the diffusion rate is highly
sensitive [18,19]. In the polar interaction theory, the diffusant forms
bonds with polar sites in the polymer and water diffuses by hopping
between these sites [18].

Free-volume diffusion is expected to occur in all three composites in
this study, but the extent of free volume is likely to be less in GF/epoxy
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Table 1
The diffusion coefficients measured in this study along with values from liter-
ature for comparison.

Material Ageing D, (x 10712 M, Source
Conditions m?s1) (%)
GF/acrylic [0°]4 50 °C seawater 1.81 0.81 Current
5 months work
GF/acrylic-PPE 50 °C seawater 3.40 0.91 Current
[0°]4 5 months work
GF/epoxy [0°]4 50 °C seawater 0.15 0.63 Current
5 months work
Acrylic/Carbon 70 °C deionised 9.62/0.15" 1.7/ [12]
fibre water 5.2%
6 months
PMMA Cast resin 60 °C deionised 4.54 - [17]
water
Acrylic (Elium 190) 60 °C seawater 4.23 1.90 [14]
Cast resin 365 days

2 A dual Fickian model was fitted. Both diffusion coefficients and values for
M,, are presented.

due to its 3D crosslinked network. Fujii et al. [20] demonstrated via
quasi-elastic neutron scattering studies that the majority of water in
PMMA is free-water, which occupies matrix free-volume and interacts
little with the polymer. We expect similar behaviour in acrylic and
acrylic-PPE matrix composites, shown schematically in Fig. 2a(ii) and b
(ii). Even if free-volume diffusion does not occur through the polymer,
voids introduced by resin infusion and the presence of fibres also pro-
vide a route for water ingress. For example, in void-free epoxy,
free-volume diffusion is not expected to be significant, but free water
content increases as more voids are introduced [21].

Additionally, polar interactions occur in all three matrices. In PMMA
around 28% of water molecules exist as intermediate water [20] which
interacts through hydrogen bonding with carbonyl groups on the PMMA
side chains (Fig. 2a(i) and b(i)). This interaction results in a slower
motion of water molecules than in free water. In epoxy, water interacts
with the hydroxyl groups attached to the polymer backbone and amine
groups of the curing agents (Fig. 2¢) [22]. Epoxy/amine resins such as
the Sicomin SR1710/SD7820 system used in this study are regarded as
hydrophilic due to these groups, and hence the interaction with water is
stronger than in PMMA.

In this study, GF/acrylic and GF/acrylic-PPE diffusion coupons both
had higher void contents than the GF/epoxy, as displayed in Fig. 1 and
Table 2, which could explain the higher D, values of the thermoplastic
composites. In addition to a higher void content, the acrylic matrices are
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Fig. 1. The water absorption curves of the three composites with their corresponding void volume fractions. The experimental data are presented as points and the
fitted Fickian diffusion curves as dotted lines. A decrease in the diffusion coefficient is visible in the GF/epoxy after approximately 4 days.
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(a) Acrylic

(b) Acrylic-PPE

(c) Epoxy

Fig. 2. A comparison of the polymer and composite structures as relevant to the diffusion of water. (a) Acrylic polymer with (i) polar carbonyl groups with the acrylic
chains and (ii) free volume. (b) Acrylic-PPE with (i) carbonyl groups in the acrylic chains, (ii) free volume and (iii) PPE oligomers with methacrylate end groups
highlighted in red. (c) Epoxy has (i) hydroxyl groups and (ii) amine groups from the hardener. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

Table 2
Fibre and void volume fractions of composites used for mechanical testing.

Matrix Fibre fraction Void fraction
(vol%) (vol%)
Diffusion Specimens Acrylic 56.8 + 0.4 1.4+0.1
Acrylic- 55.8 + 0.3 1.0 +0.3
PPE
Epoxy 52.8+0.2 0.5+0.1
90° Tension Specimens Acrylic 53.5+0.5 21+0.3
Acrylic- 53.5+ 0.3 0.8 +0.4
PPE
Epoxy 50.9 £ 0.7 1.7+ 0.5
0° Tension Specimens Acrylic 53.5+ 0.8 1.9+0.8
(Average of 2 Laminates) Acrylic- 54.7 + 0.8 1.9 +0.7
PPE
Epoxy 49.0 1.2 0.4 £0.3
0/90° Flexure, Short Beam Acrylic 56.4 + 0.3 1.9+ 04
Strength Specimens Acrylic- 52.7 £ 0.2 1.9+0.3
PPE
Epoxy 54.6 = 0.3 1.1+0.1

thermoplastic amorphous polymers and are therefore likely to have
more free volume than the crosslinked epoxy matrix [17,22]. The
GF/acrylic-PPE, however, shows a higher diffusion rate and final water
content than the GF/acrylic, whereas the lower void fraction measured
in the GF/acrylic-PPE would correspond to a lower diffusion rate under
the free-volume theory. The differences in the polymer structure
induced by the addition of PPE oligomers (Fig. 2b) could increase the
free volume and explain this observation. Considering the polar inter-
action theory, an increase in hydrophilicity is associated with slower
diffusion [22,23] and non-Fickian absorption behaviour, as noted in the
GF/epoxy specimens in this study due to a mixture of free-volume and
polar interaction diffusion [24,25]. The stronger interaction between
the water and epoxy compared with the acrylic could therefore also
contribute to the slower diffusion in GF/epoxy.

3.2. Dynamic mechanical analysis

DMA was used to determine the glass transition (Tg) of each com-
posite specimen before and after ageing. Fig. 3 presents the T, of each
composite and the damping parameter (tan §) vs temperature curves of
each composite type from which the Ty is derived. The reductions in Ty
indicate plasticisation of the matrices caused by the ingress of water [26,
271, which is associated with a decrease in matrix modulus and strength.
Secondary peaks or shoulders in the tan § curves of the aged specimens
are observed in Fig. 3 with the most prominent being in the case of

1. 99°C = 116°C 2,
. 105°C ¢=—120°C 4.
5. 108°C ¢=——=129°C 6.

Acrylic flow
behaviour

.
50 75 100 125 150 175
Temperature (°C)

1 --e- GF/Acrylic Aged 2 = GF/Acrylic Dry
K GF/Acrylic-PPE Aged 4 =———GF/Acrylic-PPE Dry
5 —mm-- GF/Epoxy Aged 6 ——— GF/Epoxy Dry

Fig. 3. (Top) The T, of GF/acrylic, GF/acrylic-PPE and GF/epoxy before and
after ageing as determined via DMA. (Bottom) Tan 8 vs. temperature for the dry
(solid lines) and aged (dotted lines) coupons. In the aged specimens, a shoulder
or secondary peak is present due to drying. Flow behaviour of the acrylic matrix
in the dry and aged GF/acrylic is highlighted (curves 1 and 2).

GF/epoxy. This is attributed to drying of the specimens during DMA as
observed in other studies [28]. After the drying peak, the tan § curves
closely follow the curves of the dry specimens.

The addition of PPE resulted in enhanced thermomechanical prop-
erties. Firstly, the Tg of GF/acrylic-PPE was 4 °C higher than that of GF/
acrylic when dry (120 °Cvs. 116 °C), and 6 °C higher when aged (105 °C
vs. 99 °C). The GF/epoxy had a higher Ty of 129 °C when dry and 108 °C
when aged, as was expected due to its highly crosslinked structure.
Secondly, there is a clear difference in behaviour between the acrylic
and the acrylic-PPE composites at temperatures above the T in Fig. 3. A
rise in tan § after the Ty peak is observed in GF/acrylic which is indic-
ative of the beginning of flow behaviour, but this behaviour is absent in
the GF/acrylic-PPE and the GF/epoxy. This difference in the behaviour
of GF/acrylic-PPE is due to the presence of intermittent crosslinked re-
gions as depicted in Fig. 2 and Fig. S1. The suppression of flow behaviour
through the addition of PPE may have implications in its use at high
temperatures and in the fire safety of acrylic-PPE over acrylic, as melting
and dripping of thermoplastics during a fire is a known safety hazard
[29].
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3.3. Mechanical testing

Dry and aged specimens were tested in 0° and 90° tension, 0° and 90°
flexure and for SBS. All 0° tensile and 0° flexural properties are nor-
malised to 50% FVF. Representative stress-strain curves are available in
Figs. S2-S6.

3.3.1. Fibre and void volume fractions

The densities of the acrylic, acrylic-PPE and epoxy matrices—as
measured according to Section 2.3.2—used to calculate the fibre and
void volume fractions were 1.18 g/cm®, 1.15 g/cm®, and 1.14 g/cm®
respectively. The density of the glass fibres was similarly measured to be
2.60 g/cm®. The fibre and void volume fractions of the laminates
manufactured for each test are given in Table 2.

3.3.2. Tension

As shown in Fig. 4a, the 0° tensile moduli were not decreased by
water ageing, and the marginal increases after ageing are considered
within experimental error. The 0° modulus is dominated by the fibres
which are not significantly affected by ageing; therefore, the moduli
remain approximately constant. In the dry specimens, the GF/epoxy had
a 9% and 4% higher strength than GF/acrylic and GF/acrylic-PPE
respectively. The decrease due to ageing is highest in GF/epoxy,
however—21% versus 11% and 13% drops in GF/acrylic and GF/
acrylic-PPE respectively (Fig. 4b)—therefore the GF/epoxy has the
lowest strength after ageing.

In contrast to 0° tension, there were drops in the 90° tensile modulus
attributed to matrix plasticisation. The decrease in modulus was largest
for GF/epoxy at 18%, nearly double the drop observed in the GF/acrylic
and GF/acrylic-PPE (Fig. 4c). Before ageing, the moduli of the three
composites were approximately equal, but the larger decrease in GF/
epoxy modulus meant that after ageing the GF/acrylic and GF/acrylic-
PPE had 14% and 11% higher moduli respectively.

The 90° tensile strengths of the GF/acrylic and GF/acrylic-PPE were
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higher than GF/epoxy when both dry and aged. Water ageing caused
only a small decrease in GF/acrylic strength of 4%, but the decreases in
GF/acrylic-PPE and GF/epoxy were larger at 10% and 13% respectively
(Fig. 4d). After ageing, therefore, the GF/acrylic’s strength was 16%
higher than GF/epoxy and 10% higher than GF/acrylic-PPE.

As noted in Section 1, a large decrease in strength (—50%) was re-
ported by Davies et al. [14] for 0/90° woven GF/acrylic composites. The
differences in fabric weave, sizing agent, resin (Elium® RT300) and
ageing conditions (18 months in 80 °C seawater) used by the authors
may account for this discrepancy from the current results.

3.3.3. Flexure

Data from flexural testing is presented in Fig. 5. As was observed in
the 0° tensile testing, there were no large decreases in 0° flexural
modulus as this is a fibre-dominated property. Only the GF/epoxy saw
an appreciable decrease of 6% (Fig. 5a). The 0° flexural strengths saw
larger decreases due to ageing, but there weren’t significant differences
in the percentage drops between materials, which ranged between 15%
and 18%.

In 90° flexure, all three composites were affected by ageing. Re-
ductions in 90° flexural modulus were 17% for GF/acrylic, 13% for GF/
acrylic-PPE, and 14% for GF/epoxy (Fig. 5c). Even larger drops of 23%,
30% and 22% were observed in the 90° flexural strengths of GF/acrylic,
GF/acrylic-PPE, and GF/epoxy respectively (Fig. 5d). The GF/epoxy had
the highest 90° flexural modulus when dry at 27% higher than GF/
acrylic and 18% higher than GF/acrylic-PPE. Similar differences were
seen after ageing when GF/epoxy had a 32% higher modulus than GF/
acrylic and a 16% higher modulus than GF/acrylic-PPE. This can be
attributed to the high degree of crosslinking present in the epoxy matrix
adding rigidity.

Comparing the GF/acrylic and GF/acrylic-PPE, the addition of PPE
enhanced 90° flexural properties. GF/acrylic-PPE had an 8% higher
modulus when dry and a 13% higher modulus when aged (Fig. 5c).
Strength was increased by 22% when dry and 10% when aged (Fig. 5d).
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Fig. 4. The tensile properties of the composites are displayed before and after ageing with percentage changes. The 0° tensile properties are normalised to 50% FVF
and found in (a) and (b). The 90° tensile properties are in (c) and (d). All error bars are +1 standard deviation.



M. Devine et al.

%)
~

EDry BAged

0° Flexural Modulus
(GPa)

GF/ GF/

Acrylic  Acrylic-PPE
Cc) 14
" 12 | mDry @Aged
=
2 10
2_. 8
58
50 6
ﬁ el
i 4
= 2

D A
GF/
Acrylic  Acrylic-PPE

Composites Part B 263 (2023) 110879

b) 1000
) HAged

800

0° Flexural Strength
(GPa)

GF/ GF/
Acrylic-PPE  Epoxy

Acrylic

Q.
S
—_
-
o

mDry 8Aged
120 |

90° Flexural Strength

GF/
Epoxy

GF/
Acrylic

Acrylic-PPE

Fig. 5. The flexural properties of the composites are displayed before and after ageing with percentage changes. The 0° flexural properties are normalised to 50%

FVF and are found in (a) and (b). The 90° flexural properties are in (c) and (d).

The localised crosslinked regions in the acrylic-PPE matrix therefore
have a similar effect to the crosslinking in epoxy, increasing both
strength and modulus, but thermoplasticity is retained as acrylic-PPE
resin coupons can be reshaped upon heating [15].

3.3.4. Short beam strength

The short beam strength (Fig. 6) of GF/acrylic and GF/acrylic-PPE
were equivalent when dry and 28% higher than GF/epoxy. During
water ageing, however, GF/acrylic and GF/acrylic-PPE saw larger drops
of approximately 30% vs. 13% for GF/epoxy. The strengths after ageing
were equivalent for the three materials. The higher drop in SBS in the
GF/acrylic and GF/acrylic-PPE can be attributed to both the

70
1Dry =Aged

g i

Short Beam Strength (MPa)
8 8 8 8 3

—-
o
T

o

GF/Acrylic GF/Acrylic-PPE GF/Epoxy

Fig. 6. The SBS of the composites when dry (grey) and aged (blue). The per-
centage drop in strength due to ageing is highlighted. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

plasticisation of the matrix and weakening of the fibre/matrix interface
[12]. SEM investigations, however, revealed that interfacial debonding
during failure played a dominant role, as reported in Section 3.4.

3.4. SEM and fracture

In this section, the reasons for the observed differences in mechanical
properties caused by ageing are explored using SEM. The 0° tensile
specimens of all matrices, both dry and aged, failed via longitudinal
splitting or brooming. The differences in crack propagation between the
composites were determined via SEM imaging of failed 0° tensile spec-
imens as shown schematically in Fig. S7. Representative images of
0° tensile fracture surfaces of dry and aged composites are compared in
Fig. 7.

3.4.1. GF/acrylic and GF/acrylic-PPE

The images of GF/acrylic and GF/acrylic-PPE show similar fracture
behaviour. In the dry state, there is a matrix layer covering the fibres
after fracture (Fig. 7a and b). Evidence of the microductility of the
thermoplastic matrices is also seen in Fig. 7a and b, as are cusps, which
are formed by shear failure during longitudinal splitting. After ageing,
however, the fibres appear bare, devoid of any adhered matrix layer.

This difference in behaviour can be explained through the Cook-
Gordon mechanism [30-34], which describes the propagation of a
crack through an anisotropic, inhomogeneous material as it reaches a
weak plane—in this case, the fibre-matrix interface. Immediately at the
crack tip in 0° tensile testing, the 0° tensile stress () is at a maximum.
In addition, shear (7) and transverse tensile (02) stresses are present, the
latter of which reaches a maximum ahead of the crack tip. If the inter-
face is weak relative to the matrix, o, causes interfacial debonding ahead
of the crack tip, and the crack propagates along the interface (adhesive
failure in Fig. 8). If the interface is strong, shear forces cause longitu-
dinal splitting through the matrix, parallel to the fibres, and the for-
mation of shear cusps (cohesive failure in Fig. 8) [35].
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Cohesive failure was detected in the dry GF/acrylic and GF/acrylic-
PPE specimens (Fig. 7a and b) whereas adhesive failure was detected in
the aged GF/acrylic, the aged GF/acrylic-PPE and both dry and aged GF/
epoxy specimens (Fig. 7c-f). The GF/acrylic and GF/acrylic-PPE there-
fore have a strong interface when dry and a weak interface after ageing.
This switch from cohesive to adhesive failure in GF/acrylic and GF/
acrylic-PPE suggests the weakening of the interface must be more sig-
nificant than any weakening of the acrylic and acrylic-PPE matrices
from plasticisation. This is confirmed by the large drops in SBS measured
in these specimens (Fig. 6).

The reduction in interfacial strength can be attributed to the

hydrolysis of the sizing agent which, although proprietary, can be
assumed to contain a silane coupling agent which is typical for glass-
fibre composites [36]. The bond formed between the coupling agent
and the GF is easily hydrolysed; for example, silane sizings can be
removed from GF by simply boiling in water [36,37]. As depicted in
Fig. 9, sizing hydrolysis in combination with matrix swelling causes
debonding of the matrix from the fibres and therefore leads to interfacial
degradation as observed in this study.

3.4.2. GF/epoxy
The SEM images in Fig. 7 show different failure behaviour between
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Fig. 9. A comparison of dry (left) and seawater aged (right) composites demonstrating some damage mechanisms of seawater ageing [25,38].

the thermoplastic composites and the thermoset GF/epoxy. In the
former, crack propagation is through the matrix (cohesive failure) when
dry but along the interface (adhesive failure) when aged. In contrast,
crack propagation is along the interface in both dry and aged epoxy. This
may indicate that the crosslinked epoxy matrix is stronger than the
epoxy-GF interface both before and after ageing. This is likely, given that
it is a crosslinked thermoset matrix rather than an amorphous thermo-
plastic like acrylic.

4. Conclusions

This study aimed to determine the behaviour of thermoplastic GF/
acrylic and GF/acrylic-PPE composites during and after ageing in
seawater at 50 °C, in comparison with an equivalent thermoset GF/
epoxy composite.

The diffusion coefficients of the GF/acrylic (1.8 x 102 m?s Y and
GF/acrylic-PPE (3.4 x 1012 m? s7!) were an order of magnitude larger
than that of GF/epoxy (0.15 x 10712 m? s’l), and the final masses of
absorbed water in GF/acrylic and GF/acrylic-PPE were also higher at
0.91% and 0.81% vs. 0.63% for GF/epoxy, respectively. This difference
is likely due to a combination of higher void contents in the thermo-
plastic composite coupons used for water diffusion studies and a stron-
ger interaction of the epoxy matrix with water in GF/epoxy. The faster
water diffusion in the thermoplastic composites, however, did not
correspond to greater reductions in mechanical properties due to ageing.
In general, the GF/acrylic and GF/acrylic-PPE compared favourably and
had similar or smaller reductions in mechanical properties due to
seawater ageing compared to the GF/epoxy baseline. The effect of free
water in voids and interstitial sites may therefore be less detrimental
than bound water.

The 0° tensile and flexural moduli were approximately equal be-
tween matrices and not significantly affected by ageing. The strengths,
however, saw larger decreases—up to 20% in the case of GF/epoxy in
0° tension. SEM imaging of these specimens, along with DMA studies,
reveal that interfacial degradation and matrix plasticisation are the
causes of deterioration in mechanical properties after seawater ageing.
Future studies may therefore focus on determining the effects of acrylic-
tailored sizings on the degradation of GF/acrylic composites in water.

The most significant mechanical benefits of GF/acrylic-PPE over GF/
acrylic were found in 90° flexural testing. GF/acrylic-PPE had higher
90° flexural strength (+22%) and modulus (+8%) when dry, and also
enhanced 90° flexural strength (+10%) and modulus (+13%) when
aged, compared to GF/acrylic. In addition, the T of the GF/acrylic-PPE
was 4 °C higher than the GF/acrylic before ageing and 6 °C after ageing.
DMA revealed no evidence of melt-softening behaviour by 180 °C in the

GF/acrylic-PPE, whereas the onset of softening was observed in GF/
acrylic.

These results add further evidence that thermoplastic acrylic com-
posites are a promising recyclable alternative to thermosets in marine
applications, given their favourable material properties when compared
to an epoxy baseline. In addition, acrylic-PPE allows for improved me-
chanical and thermomechanical properties while remaining recyclable.
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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen The solubility of acrylic polymer in its own liquid monomer creates the opportunity to ‘weld’ acrylic-matrix

(Elium®) composites without the application of heat. In this method, termed resin welding, acrylic monomeric

Keywords: resin is infused between acrylic-matrix composite parts. The resin dissolves and diffuses into the acrylic matrix
Therm_OPlaStic resin and creates a continuous material, and a strong bond, when it polymerises, without the sensitivities of traditional
Adhesm,n R welding methods to adherend or bondline thickness. Single lap shear testing was conducted on resin-welded and
xﬁ;?;?gili;;mng adhesively-bonded coupons with varying bondline thicknesses and filling fibres, and the bonding and fracture

mechanisms were investigated using SEM and the diffusion of dyed acrylic resin. The highest bond strength of
resin-welded coupons reached 27.9 MPa, which is 24 % higher than the strongest weld reported in the literature,
indicating that resin welding is a promising alternative to traditional bonding and welding methods for acrylic-

Thermoplastic welding

matrix composites.

1. Introduction

Recyclable acrylic-matrix composites produced using infusible
acrylic resins are a possible route towards creating a circular economy in
the composites industry. They have been shown to have excellent me-
chanical properties on par with or even exceeding the properties of non-
recyclable, but widely used, epoxy composites [1,2]. These resins are
largely composed of methyl methacrylate (MMA) monomers which
polymerise in-situ to form a poly-methyl methacrylate (PMMA) based
copolymer during composite manufacturing. The resin therefore has a
low viscosity, enabling its use in the manufacture of large composite
structures such as the 62 m long acrylic-matrix wind turbine blade
recently manufactured as part of the ZEBRA project, led by IRT Jules
Verne [3].

These large structures are often manufactured in multiple sections
which then require joining together. A common method of
manufacturing wind turbine blades, for example, is to infuse two shells
separately and join them together with a shear web or spar in the centre
[4]. The current method of joining these parts is to use adhesives,
however the use of thermoplastic matrices such as acrylic provides the
opportunity to use welded joints instead. It has been suggested that
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higher joint strengths, greater fatigue life and faster processing times
could be achieved through welding [5].

There are several types of welding which can be used for thermo-
plastic polymer matrix composites. Literature on the welding of acrylic-
matrix composites has concentrated on fusion welding in which heat is
applied to the adherends and the polymer matrix melts and interdiffuses
when pressure is applied to the joint. Heat can be applied in several
ways: for example, via a heating element in the joint (resistive and
inductive welding), through frictional heating (ultrasonic, vibrational or
spin welding), or via the direct heating of the adherends (e.g. with
infrared or other radiation, a hot-plate, or hot gas) [6].

Four methods of welding acrylic-matrix composites are discussed in
the literature: resistance, induction, ultrasonic and infra-red welding [5,
7-10]. Resistance and induction welding in glass fibre reinforced acrylic
composites have been explored by Murray et al. using single lap shear
testing [5]. In this study, single lap resistance welds had average single
lap strengths ranging between 19.1 MPa and 22.4 MPa depending on the
heating element used. The fatigue limit, defined by the authors as the
stress at which a coupon survived 10 million cycles at a stress ratio R of
0.1 and frequency of 10 Hz, was reported to be 5 MPa for resistance
welds joined using a carbon fibre heating element [5]. Coupons joined
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Fig. 1. Illustrations of the welding methods for thermoplastic polymers and composites. (a) Fusion bonding increases polymer mobility by heating. Applying pressure
allows the polymer to interdiffuse. (b) Solvent welding increases polymer mobility by dissolution at room temperature, but solvent remains trapped in the polymer.
(c) In the resin welding method, the acrylic monomer acts as a reactive solvent and polymerises around the adherend matrix. The same mechanism is applicable to

reactive solvent cements.

via induction welding with a carbon fibre heating element reached a
lower average single lap shear strength of 20.4 MPa. For comparison,
several adhesive joints were also tested, although the highest adhesive
single lap strength and fatigue limit—achieved using Plexus MA310
methacrylate adhesive—were only 17.4 MPa and 3 MPa respectively.

In another study, ultrasonic welding of carbon fibre reinforced
acrylic has also been studied by Bhudolia et al. [7,9]. Similar results
were achieved to Ref. [5], with welded single lap joints reaching a
strength of 18.9 MPa with proper optimisation, which was 33 % higher
than the strength of adhesive bonds (14.2 MPa) made with Bostik SAF
30-5 methacrylate adhesive. The fatigue strength of ultrasonically wel-
ded single lap coupons at 10° cycles (R = 0.1, frequency = 5 Hz) was also
12 % higher than that of adhesive bonds (7.26 MPa and 6.48 MPa
respectively), although this reduced to a 7 % difference at 107 cycles.

The fourth welding method demonstrated for acrylic-matrix com-
posites in the literature is infrared welding. Perrin et al. [10] obtained
single lap shear strengths of 12.3 MPa using this method, although this
was improved up to 19.1 MPa by the addition of a small amount of
crosslinker to the acrylic matrix of the adherends.

Although each welding method has its advantages and disadvan-
tages, a common requirement for all three is intimate contact between
the adherends while pressure is applied, which may not be possible
when manufacturing large and complex parts. In wind turbine blades,
for example, adhesive bondlines of up to 30 mm may be required due to
large manufacturing tolerances [4,11]. In addition, ultrasonic welding
may not be suitable for joining thick sections as vibrations are attenu-
ated through the adherend thickness [12,13]. There is therefore uncer-
tainty about the commercial application of polymer welding in the wind
power industry, and to the best of our knowledge there has not been a
published demonstration of welding applied to wind turbine blades.

An alternative method of joining acrylic composite parts termed
‘resin welding’ is proposed in this paper. Thermoplastics like acrylics
can not only melt but can also dissolve in appropriate solvents. This
property has been used to join thermoplastics via solvent welding and
solvent cementing, in which the application of a solvent, rather than heat

as in fusion welding, allows for polymer chain mobility and subsequent
interdiffusion and bonding of the thermoplastic polymer. However, re-
sidual solvent remains in the polymer and weakens the joint [14,15].
Interestingly, methyl methacrylate monomer is also a solvent for acrylic
polymer and is available in commercial formulations to solvent weld
PMMA [16]. This provides an opportunity to avoid the weakening ef-
fects of solvent welding as, if the acrylic monomer is mixed with an
initiator as in some commercial formulations [17], the monomer will act
as a reactive solvent and polymerise around the existing polymer
network, forming a semi-interpenetrating polymer network (semi-IPN)
rather than remaining as a monomer and weakening the joint. A com-
parison of the different methods is provided in Fig. 1.

In this work, the concept of solvent welding is extended to the joining
of acrylic-matrix composite parts by the vacuum infusion of acrylic
monomer resin (Elium®) into a joint packed with reinforcement fibre,
followed by room temperature polymerisation, allowing for joining with
large and varying bondlines with no requirement for heat input. The
resin is believed to partially dissolve the matrix at the joining interface
and form a semi-IPN after polymerisation, as described previously,
creating a continuous, homogeneous material across the joint. This
joining method has been termed ‘resin welding’.

In the following sections, the resin welding method is introduced,
and the strengths of resin-welded single lap shear specimens are re-
ported and compared with adhesively bonded coupons and welded
coupons from the literature. The effect of including filler glass fibres
between the adherends with 0° and 90° orientations is explored, as is the
effect of changing the bondline thickness from 0.5 mm to 1 mm. The
bonding mechanisms are then investigated, firstly through fractographic
analysis of the single lap shear coupons’ fracture surfaces, and then by
examining the interface between dyed acrylic resin and clear cast acrylic
polymer for signs of dissolution of the polymer and formation of a semi-
IPN.
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Fig. 2. The four types of single lap joint which were manufactured. Specimens
were made with: (a) 0° fibres in the bondline, oriented in the same direction as
testing and the fibre direction of the adherends; (b) 90° fibres which were
placed perpendicular to the test direction; (c) neat acrylic resin with no fibres in
the joint; and (d) an adhesive rather than acrylic resin.

2. Materials and methods
2.1. Single lap coupon manufacturing and testing

2.1.1. Laminate preparation

Glass fibre reinforced acrylic (GF/acrylic) laminates were prepared
using a [0°4] layup of 646 g/m? unidirectional non-crimp E-glass fibre
fabric (TEST2594-125-50, Ahlstrom-Munksjo) with multi-compatible
sizing for a total thickness of 2 mm. Laminates were prepared through
the vacuum infusion of Elium® 188 O acrylic monomer resin (Arkema)
mixed in a 100:3 wt ratio with BP-50-FT peroxide initiator (United
Initiators). The resin polymerised at room temperature for 24 h before
cutting with a water-cooled diamond-tipped saw.

2.1.2. Bonding methodology

Single lap shear coupons are commonly used to characterise adhe-
sive strengths, and previous work published on welding acrylic-matrix
composites uses single lap shear geometry [5,7,10]. The single lap ge-
ometry specified by ASTM D5868 was therefore chosen to allow for
comparisons with published values. This was achieved by bonding two
GF/acrylic adherend laminates with a 25 mm overlap from which 5
single lap coupons of 25 mm width (and therefore 25 x 25 mm joint
area) were cut. The coupons were prepared so that the adherend

(a) (b)

%

GF/acrylic

GF or wire laminate

spacer
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reinforcement was parallel to the test direction.

Four types of bonds were prepared: resin-welded joints with neat
resin, 0° fibres or 90° fibres in the bondline, and adhesive joints (Fig. 2).
Two bond line thicknesses (0.5 mm and 1 mm) were manufactured for
each bond type to match the thickness of 1 and 2 plies of GF fabric.

Adhesively joined specimens were prepared using Plexus MA310
two-part methacrylate adhesive, which has been previously shown to
have good compatibility with acrylic-matrix composites [5]. The adhe-
sive was applied between the adherends using a mixer nozzle and the
bondline thickness was set using wire spacers of either 0.5 mm or 1 mm
diameter. Pressure was applied using binder clips and the adhesive was
left to cure at room temperature.

Resin-welded joints with reinforcement in the weld were prepared by
placing glass fabric in the bondline between two adherend laminates
(Figs. 2 and 3). Vacuum bagging, a resin inlet and a vacuum outlet were
then attached using an epoxy adhesive to seal the weld region. Vacuum
was applied and acrylic resin mixed with initiator was infused and left to
polymerise for 24 h to allow the adherends to bond. Joints with neat
resin in the bondline were prepared in a similar manner but using wire
spacers instead of fabric to set the thickness.

The vacuum bagging, epoxy adhesive and tubing were then removed,
and single lap coupons were cut with a diamond-tipped water-cooled
saw (Fig. 4a). Composite tabs were applied to reduce loading eccen-
tricities during testing (Fig. 4b). Five coupons were cut for each weld
type and thickness, and the 90° and neat resin welds at 1 mm thickness
were repeated to give a total of ten coupons for each. Out of the samples
cut, only 3 samples each were successfully tested from the 0° fibre welds.

2.1.3. Mechanical testing

Single lap shear coupons were tested in tension according to ASTM
D5868 using an Instron 3369 test machine with a 50 kN load cell. A
crosshead extension rate of 1 mm/min was selected due to the lower
ductility of acrylic resin compared to typical adhesives. The sides of the
coupons were speckled with spray paint so that deformations could be
tracked using the GOM Correlate Digital Image Correlation (DIC)
software.

2.1.4. Statistical analysis

Statistical analysis of the weld strengths was performed using Mini-
tab® 20 statistical software. A Welch’s ANOVA test (a = 0.05) was
employed, followed by a Games-Howell post-hoc test.

(c)

Resin inlet

Test
direction

)

Vacuum
outlet —,

Fig. 3. Details of the resin-welding process. (a) Glass reinforcement, or a wire spacer for adhesive and neat-resin bonds, is placed on the adherend then (b) a second
adherend is placed on top—the coupon outline and test direction are highlighted—and (c) the weld region is sealed with vacuum bagging and a resin inlet and outlet.
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End tab
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Fig. 4. (a) A prepared weld with lines depicting where coupons are cut in black, and the weld region highlighted in red. (b) The single lap coupon geometry with tabs
applied. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Specimens were prepared for optical microscopy by (a) immersing PMMA and epoxy coupons in dyed acrylic resin then (b) grinding and polishing the
demoulded cylinder. The finished coupon is depicted in (c), and the observed regions are highlighted.

2.1.5. Fractography

Scanning electron microscopy (SEM) was used to observe the frac-
ture surfaces of the single lap shear coupons after testing. The fracture
surfaces were sputter-coated with 30 nm of gold and were imaged at 15
kV using a JEOL JSM series electron microscope.

2.2. Investigation of the proposed bonding mechanism

The bonding mechanism that occurs during resin welding was
investigated by comparing the diffusion of acrylic resin in PMMA and
epoxy polymers using optical microscopy. Epoxy was included for
comparison since thermosets do not dissolve in solvents and should
therefore not bond via extensive semi-IPN formation, resulting in a
difference between the acrylic-acrylic and acrylic-epoxy interfaces.

Cuboids of clear cast PMMA and epoxy were cut and placed into a
sample cup of 40 mm diameter which was coated in release agent.
Elium® 188 O acrylic resin was dyed with Bestoil Blue 2 N (FastColours
Ltd.)—a solvent/oil soluble dye—then mixed in a 100:3 ratio with BP-

50-FT peroxide initiator. The resin was then poured into the sample
cup to immerse the polymer cuboids (Fig. 5a). The dye allowed diffusion
of the resin to be observed visually, and Bestoil Blue 2 N was chosen for
its resistance to bleaching during the free-radical polymerisation of the
acrylic. The resin was left to polymerise for 24 h, and the resulting
cylinder was demoulded then ground and polished (Fig. 5b) to a thin
disc to reveal the immersed polymers for optical microscopy (Fig. 5¢).

Grinding and polishing were performed using a water-cooled ATA
Saphir 520 polisher. The coupon was first ground to the correct thick-
ness using a P180 grinding disc, and was then polished using a force of
30 N with increasingly fine polishing discs (P400, P800, P1200, P2500,
3 pm and 1 pm) for approximately 3 minutes on each side.
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Fig. 6. The single lap shear strengths of each joint type. The values for 0.5 mm thick bonds are solidly coloured and the values for 1 mm thick bonds are hatched.
Error bars represent +1 standard deviation. A comparison with the highest published weld and adhesive strengths for acrylic-matrix composites [5] is included in red
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3. Results and discussion
3.1. Single lap shear testing

3.1.1. Mechanical properties

The single lap shear strengths for each joint type and thickness are
shown in Fig. 6. The bond strength of the resin-welding method is
promising overall as the highest average weld strength obtained—0.5
mm of 0° fibre reinforcement—reached 27.9 MPa. This is 24 % higher
than the strongest reported single lap weld of acrylic-matrix composites
in the literature: resistance-welded GF/acrylic adherends ([0°4] layup of
1200 g/m2 fabric, 3.5 mm thickness) with a biaxial carbon fibre heating
element [5].

The effect of including fibres in the bondline can be found by
comparing the strengths of the bonds with fibres to the bonds with neat
resin. Considering first the 0.5 mm bondlines, the welds with 0° fibres,
90° fibres and neat resin had strengths which were not significantly
different according to the statistical analysis. The highest strength of
46.4 MPa was obtained with adhesive and a bondline of 0.5 mm, 66.4 %
greater than the 0.5 mm weld with 0° fibres (P = 0.000).

This study therefore measures no significant effect of fibre type, or if
there is an effect it is too small in magnitude to observe under the pa-
rameters of the study. Other studies have measured a much greater ef-
fect on single lap shear strength of including unidirectional
reinforcement in adhesive bondlines. Khalili et al. tested the single lap
shear strength of GF/polyester adherends bonded with epoxy adhesive
reinforced with unidirectional 0° glass fibres, resulting in a 54 % in-
crease in strength (18.4 MPa vs. 11.9 MPa) over neat adhesive bonds
[18]. Delzendehrooy et al. similarly compared the single lap shear
strength of aluminium adherends bonded with epoxy adhesive and date
palm fibre reinforced epoxy adhesive. Bonds reinforced with 0° fibres
reached a strength up to 98 % greater than those with unreinforced
adhesive [19]. Finally, Behera et al. tested both aluminium-to-composite
(GF/epoxy) and aluminium-to-aluminium bonds with 0° glass fibre
reinforced adhesive [20]. In comparison with neat adhesive, the rein-
forced adhesive increased single lap shear strength by 27.3 % in
aluminium-to-aluminium  bonds and by 454 % in

aluminium-to-composite bonds.

The effect of heating element fibre orientation in the welding of
thermoplastic composites has also been studied in the literature,
although comparisons between fibre orientations may be complicated
by the changes in welded area and thermal uniformity that different
heating element fabrics create in resistance and induction welding [5,
21]. In one study by Tanabe et al. [21], CF/PPS composites were joined
using resistance welding, with carbon fibre heating elements in either
the 0° or 90° direction. Similar welded areas were achieved using each
fibre direction but changing the heating element fibre orientation from
90° to 0° increased the single lap shear strength by 65 %, from 16.5 MPa
to 27.2 MPa.

The key difference between these studies and the present work is the
fracture behaviour of the coupons. In each of these studies there was at
least partial cohesive failure, and fracture occurred through the adhesive
reinforcement or heating element fibres. The fibres therefore contrib-
uted to the single lap shear strength by resisting crack propagation.
However, as will be discussed further in Section 4.1.2, crack propagation
in the present study initiated via peeling at the edges and continued
through the upper layer of the adherends for all coupons, rather than
through the bondline. Therefore, the reinforcement in the bondline was
unable to contribute significantly to an increase in strength.

The effect of increasing thickness differs depending on the bond type.
Although the Plexus MA310 adhesive had a high single lap shear
strength (46.4 MPa) with a 0.5 mm bondline the adhesive bond strength
saw a large drop of 56 % (P = 0.000) as thickness increased to 1 mm. The
neat-resin bonds also saw a large drop in strength of 34 % (P = 0.005)
from 24.5 MPa to 16.2 MPa as the thickness was increased. Decreases in
single lap shear strength with increasing bondline thickness have also
been reported in the literature and have been attributed to greater peel
and shear stresses and an increased likelihood of voids and other im-
perfections [22-24]. In contrast, the mean strength of bonds with 90°
fibres and 0° fibres decreased by only 11 % and 16 % respectively with
increasing thickness, which were therefore not found to be statistically
significant changes (P = 0.584 and P = 0.238 respectively). The inclu-
sion of fibres in the bond therefore appears to have benefits in thicker
bondlines.
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Fig. 7. (a) Representative load-extension curves for each type of single lap bond. Bonds of the same type are the same colour, with the 0.5 mm bond having a solid
line and the 1 mm bond having a dashed line. (b) The representative load-extension curve of the 90° GF 0.5 mm coupon along with its derivative i.e. the variation in
stiffness of the coupon throughout the test. The initial peak in stiffness, the initial edge failure—which is also visible as a small drop in the load-extension curve—and
the ultimate failure are highlighted in red for both the load and stiffness curves. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 8. The average peak gradient of the load-extension curves for each bond
type below 0.5 mm extension. The 1 mm adhesive bond has a significantly
lower stiffness than the rest.

These results show that increasing bondline thickness has a signifi-
cant detrimental effect on adhesive bond strength; indeed, Plexus
MA310 has a maximum recommended thickness of just 3.2 mm ac-
cording to its technical datasheet [25] and would therefore be unsuit-
able for use in the thick bondlines found in wind turbine blades. Other
adhesives which are designed for use in thick bondlines are available,
but their strengths are significantly lower [5,26], and failure in adhe-
sives is therefore common in wind turbine blades due to the relative
weakness of these thick adhesive bonds, and the likelihood of them
containing defects [27]. The presented results therefore suggest that
resin welding could serve as a viable alternative to adhesives in wind
turbine blades and other large structures. In resin welding, the bondlines
are not constrained to the same maximum thickness as adhesives and
could reach the same thickness as the thick-section composites being
joined.

This effect of bondline thickness would partly explain discrepancies
with the published single lap shear strength of 17.4 MPa for GF/acrylic
coupons joined by MA310 adhesive published by Murray et al. [5],
which was conducted with a bondline thickness of 0.76 mm. For com-
parison, the adhesive’s technical datasheet suggests a single lap shear
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Fig. 9. Representative fracture surfaces of the tested single lap coupons. Each image is of both halves of a fractured coupon. The crack propagation direction (the
testing direction) is shown. Light fibre tearing is highlighted in the 1 mm O GF coupon, but it is visible in all fracture surfaces. The voids present in both adhesive
bonds are shown at higher magnification, and larger voids are visible in the 1 mm thick adhesive. Voids were not visible in the resin welded coupons.

strength range of 20.7-24.1 MPa [25]. The edge quality of the specimens
could also play a role as Murray et al. allowed the adhesive to spill out
the edges, whereas in the present study the edges were shaped to match
the edges of the resin-welded specimens more closely, possibly reducing
stress concentrations and increasing strength [28].

Representative load-extension curves for each bond type are pro-
vided in Fig. 7. A ductile failure of the adhesive bonds is evident
compared to the brittle fractures of the weld specimens. It should also be
noted that the 0.5 mm and 1 mm adhesive bonds reached similar
average extensions before failure (4.6 + 0.1 mm and 4.3 + 0.2 mm
respectively) despite the latter’s significantly lower strength. The stiff-
ness of the 1 mm adhesive bond is therefore lower than that of the 0.5

mm adhesive bond, however comparisons between the bond stiffnesses
is made difficult by the shapes of the load-extension curves.

Although an initial linear load-extension response for composite
single lap shear bonds is reported in some publications [29], allowing
stiffnesses to be easily calculated, in this case the load-extension curves
have an initial s-shape below approximately 0.5 mm extension followed
by a gradually increasing gradient. Therefore, in order to compare the
stiffnesses of the single lap coupons, the load-extension curves are
differentiated. The resulting stiffness vs. extension curves have a shape
similar to that in Fig. 7b in which there is an initial peak in stiffness.
Loading in single lap joints is complex and is a mixture of shear and peel
which is accompanied by the bending of the adherends. The reason for
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Fig. 10. Fibre bridging in a coupon bonded with neat resin (no reinforcement). The bridging fibres therefore come from the surface of the adherend. (b) The failure
mode of the welded coupons was light fibre tearing where a small amount of glass fibre is removed from the adherend surface (c) The fracture propagation was
through the adherend matrix (yellow) rather than through the tougher semi-IPN. (d) A representative map of major strain in a single lap coupon close to failure.
Stress concentrations are found at the edges of the overlap region. The rotation of the specimens during testing (®) is highlighted. (e) A representative bending angle
vs. extension curve for a 1 mm resin weld. The rapid increase in bending angle corresponding to the stiffness peak is highlighted. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

the nonlinear curve shape was therefore investigated by measuring the
bending angle of the coupons using DIC (Fig. 10e). Below 0.5 mm
extension, there is a rapid increase then subsequent slowing in bending
rate, therefore the initial peak in stiffness (Fig. 7b) can be attributed to
the bending of the adherends. The average peak in gradient before 0.5
mm extension for each joint is summarised in Fig. 8. Only the 1 mm
adhesive joint has a significantly lower peak stiffness of 4.2 kN/mm due
to the low modulus and high ductility of the adhesive, which makes a
greater contribution to stiffness at higher bondline thicknesses.

3.1.2. Failure modes and mechanisms

Images of the failed coupons are shown in Fig. 9.

The failure modes of the adhesive and resin-welded coupons can be
classified as light fibre tear failure (ASTM D5573) as, rather than the
more common adhesive or cohesive failure types, a small amount of

resin and glass fibre is removed from the surface of the adherend. The
clearest evidence of this is the fibre bridging in coupons with no fibres in
the bondline (Fig. 10a), indicating that these fibres must come from the
adherend. It is therefore the adherend matrix that fails rather than the
bond between the infused resin and the adherend matrix (Fig. 10b and
c). This is confirmed via SEM imaging which showed that 0° fibres were
present in the fracture surfaces of all coupons, regardless of whether or
not 0° fibres were placed in the bondline.

Representative SEM images are presented in Fig. 11 and depict both
halves of a coupon bonded with 0.5 mm of neat acrylic resin. The
presence of fibres on both sides—despite no fibres being included in the
bondline—shows that the crack propagates within the first layer of the
adherend fibres (light fibre tearing). These results suggest that the for-
mation of a semi-IPN increases fracture toughness compared to the bulk
polymer, leading to failure in the adherend matrix rather than in the



M. Devine et al.

¥
. Dy C i
SED 15.0kVWD16mmP.C.50 HV  x250
JEOL Tests

Composites Part B 272 (2024) 111212

irection

Test D

SED 15.0kVWD15mmP.C.50 HV  x250
JEOL Tests

Fig. 11. SEM images of the fracture surfaces of GF/acrylic bonded with 0.5 mm of neat acrylic resin. Photographs of the imaged fracture surfaces are provided above,
with the imaged areas represented by red rectangles (not to scale). Image (a) is of one half of a fractured single lap shear coupon and image (b) is of the other half.
Fibres and imprints are present in both halves indicating light fibre tearing of the adherend. Cusps indicate a shear failure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Optical microscope images of the edges of (a) epoxy and (b) PMMA cuboids immersed in dyed acrylic resin. A lower magnification photograph of the epoxy
and PMMA cuboids cast in dyed acrylic resin is shown in the centre of the figure. The optical microscopy imaging locations are highlighted with red rectangles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

semi-IPN at the bonding interface, as shown schematically in Fig. 10b
and c.

Further insight into the failure of the coupons was gained using DIC.
A map of the major strain across the profile of a single lap coupon just
before failure is presented in Fig. 10d. As noted in the literature [30],
there are stress concentrations at the edges of the overlap region, and
this is therefore where failure initiates. The rotation of the specimens
during testing means that this is a concentration of both shear and peel
forces [28,31], but failure was observed to initiate via peeling at the
edges. However, shear cusps are present in the SEM images in Fig. 11a
and b, therefore failure proceeds via a mixture of shear and peeling.

3.2. Bonding mechanism

Adhesives can bond via several mechanisms, including the formation
of chemical or physical bonds with the adherend surface, mechanical
interlocking between the adhesive and a rough adherend surface, via
electrostatic attraction or through diffusive bonding [32,33]. Since
PMMA is soluble in its monomer, the resin-welding method is expected
to create a bond via dissolution, diffusion, and the subsequent formation
of a semi-IPN. The experiment described in Section 3.2 allows us to
visualise this bond.

Optical microscope images of the interfaces between dyed acrylic
resin and clear cast coupons of epoxy and PMMA polymers can be found
in Fig. 12a and b respectively. There are two visible differences between
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the interfaces of epoxy and PMMA with the acrylic resin. Firstly, there is
a difference in colour, as in the epoxy there is a well-defined colour
boundary with the dyed resin, whereas in the PMMA there is a colour
gradient. The dye molecules therefore diffuse into the PMMA as it is
dissolved by the acrylic monomeric resin and remain there once the
resin polymerises.

Secondly, there is a difference in morphology at the interface. There
are ridges at the edges of the polymer coupons caused by grinding, and
in the case of epoxy these are again well-defined and unaffected by the
acrylic resin, whereas signs of dissolution are evident in the PMMA
specimen (Fig. 12b). This is to be expected as epoxies are thermoset
polymers, so they do not dissolve in solvents. This experiment therefore
provides evidence for the formation of a semi-IPN as the bonding
mechanism, which is only applicable when the polymer is soluble in the
infused resin.

The low viscosity of the acrylic resin allows significant penetration of
the monomer into the polymer; however, the same bonding mechanism
may be expected to occur when bonding GF/acrylic with Plexus MA310
due to its MMA content. The similarity in failure mechanisms between
the resin welds and the adhesive bonds—Ilight fibre-tearing (Fig. 10)—
would support this, although the high viscosity and short working time
of the adhesive (approximately 15 min vs. 90 min for the acrylic resin)
may limit semi-IPN formation.

4. Conclusions

Welded bonds in acrylic-matrix composites have been shown in the
literature to increase static strength and fatigue life over adhesive bonds,
but improvements in manufacturing tolerances must be made if they are
to be applied to large structures like wind turbine blades. The technique
introduced in this work—resin welding—has been shown to be a prom-
ising joining alternative for acrylic-matrix composites. As with tradi-
tional welding methods, resin welding also results in the entanglement
of PMMA chains at the bonding interface. However, in resin welding,
instead of heating and melting the polymer chains, acrylic monomer
resin is infused into a bondline packed with reinforcement fibres. Here,
the resin dissolves and diffuses into the acrylic matrix of the adherends,
polymerising around the existing polymer and leading to the formation
of a semi-IPN, as evidenced by the diffusion of dyed acrylic resin into
clear cast PMMA.

The single lap shear strength of resin welded coupons reached a
maximum of 27.9 MPa with a 0.5 mm bondline packed with 0° glass
fibres, a strength 24 % higher than the highest published value for
welded acrylic-matrix composites [5]. Nevertheless, this strength was
exceeded by bonds prepared with a methacrylate adhesive, which
reached 46.4 MPa with a 0.5 mm bondline. Unlike the resin welded
bonds, however, the adhesive strength and stiffness were highly affected
by thickness, and the strength dropped by 56 % and the stiffness by 57 %
when thickness was increased to 1 mm.

Methacrylate adhesives may therefore be the most appropriate
joining method for acrylic-matrix composites when bondlines are thin as
they create strong bonds, but their strength quickly drops with
increasing thickness. Welding methods like ultrasonic, resistance or in-
duction welding also result in high bond strengths, but they generally
require intimate contact between the adherends. As a result, thicker
bondlines like those found in wind turbine blades may benefit from resin
welding, and further investigation of the method in large structures is
therefore warranted with the continuing development of recyclable
acrylic-matrix wind turbine blades.
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