TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Sustainable bio-based resins and fibre-polymer composites

for civil engineering structural applications

Mateus de Assuncao Hofmann

Supervisor: Doctor Joao Pedro Ramoa Ribeiro Correia
Co-supervisor(s): Doctor Mario Alexandre de Jesus Garrido

Doctor Joao Carlos Moura Bordado

Thesis approved in public session to obtain the PhD Degree in

Civil Engineering

Jury final classification

Pass with Distinction and Honour

2022






TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Sustainable bio-based resins and fibre-polymer composites

for civil engineering structural applications
Mateus de Assuncao Hofmann

Supervisor: Doctor Joao Pedro Ramoa Ribeiro Correia
Co-supervisor(s): Doctor Mario Alexandre de Jesus Garrido

Doctor Joao Carlos Moura Bordado

Thesis approved in public session to obtain the PhD Degree in

Civil Engineering

Jury final classification: Pass with Distinction and Honour

Jury
Chairperson: Doctor Jorge Manuel Calico Lopes de Brito, Instituto Superior
Técnico, Universidade de Lisboa
Members of the Committee:

Doctor Jorge Fernando Jordao Coelho, Faculdade de Ciéncias
e Tecnologia, Universidade de Coimbra

Doctor Fernando Antonio Baptista Branco, Instituto Superior
Técnico, Universidade de Lisboa

Doctor Joao Pedro Raméa Ribeiro Correia, Instituto Superior
Técnico, Universidade de Lisboa

Doctor Susana Bravo Cordeiro Baptista Cabral da Fonseca,
Laboratorio Nacional de Engenharia Civil

Funding Institutions

Fundagao para a Ciéncia e Tecnologia (SFRH/BD/139863/2018 and
PTDC/ECI-EGC/29597/2017)

Agéncia Nacional da Inovacao (ANI,39769-31/S1/2017)

2022






Resumo

Dado o apelo crescente da sociedade por produtos mais sustentaveis e com menor
impacte ambiental, € cada vez mais relevante a busca por alternativas que minimizem a
dependéncia do consumo de recursos fosseis. No contexto da industria dos compositos
fibra-polimero, o desenvolvimento de polimeros termoendureciveis baseados em maté-
rias-primas derivadas de recursos renovaveis (bio-derivados) pode ajudar a tornar esta
industria mais sustentavel e a diminuir a sua atual dependéncia do petroleo.

Numa primeira fase desta tese, foram desenvolvidas um conjunto de resinas termoen-
dureciveis inovadoras de poliéster insaturado com elevado bio-contetudo. A formulagao
que apresentou maior potencial para substituir as alternativas convencionais derivadas
do petroleo foi utilizada como matriz para impregnacao de fibras de reforco, de maneira a
produzir compositos fibra-polimero de elevado desempenho, mais sustentaveis e endere-
¢ados especialmente para aplicagées em estruturas da engenharia civil.

A este respeito, numa segunda fase, a tese apresenta a producao bem-sucedida, por
infusdo a vacuo, de laminados em compdsito de polimero reforcado com fibras de vidro
(PRFV) utilizando a resina bio-derivada selecionada, assim como a sua respetiva caracte-
rizacdo. Para além disso, foi produzido, por pultrusao, um protétipo de laminado em
compésito de polimero reforgado com fibras de carbono (PRFC), também utilizando a
resina bio-derivada selecionada; esta produgao foi realizada em ambiente industrial, numa
fabrica de laminados de PRFC de elevado desempenho mecanico utilizados no reforco
de estruturas de engenharia civil.

Em face das propriedades de processamento das resinas e das propriedades mecanicas
e termomecanicas dos compdsitos obtidas na extensa campanha experimental realizada
nesta tese, foi possivel concluir que os compositos bio-derivados de fibra-polimero aqui
desenvolvidos apresentam desempenho equivalente ou, em alguns casos, superior aos
alternativos, avaliados sob as mesmas condi¢des, produzidos com resinas convencionais,
derivadas do petréleo. Assim, confirma-se que existe uma oportunidade muito relevante
para o aumento da sustentabilidade e da competitividade da industria dos compésitos
fibra-polimero, o qual deve ser ainda mais explorado, enderecando um desafio muito
importante que este sector enfrenta atualmente.

Palavras-chave: compdésitos sustentaveis; resinas de poliéster bio-baseadas; resinas
termoendureciveis bio-baseadas; compdsitos bio-baseados de fibra-polimero; matérias-
primas renovaveis.







Abstract

Given the growing societal demand for more sustainable products with lower environmental
impacts, the search for solutions that minimise our dependence on fossil resources is
becoming increasingly relevant. In the context of the fibre-polymer composites industry,
the development of thermoset polymer matrices based on raw materials derived from
renewable resources (bio-based) is key to increase its sustainability and to reduce its
current dependence on oil.

In a first stage of this thesis, a set of innovative unsaturated polyester (UP) thermoset
resins with high bio-content were developed. The formulation that presented the highest
potential to replace its petroleum-derived counterparts was used as impregnation matrix
of reinforcing fibres in the production of more sustainable high-performance fibre-polymer
composites, specifically targeting applications in civil engineering structures.

In this respect, in a second stage, the thesis presents the successful production, by
vacuum infusion, of glass fibre reinforced polymer (GFRP) composites using the above-
mentioned bio-based UP resin, and their respective characterisation. In addition, a
prototype of a carbon fibre reinforced polymer (CFRP) strip was produced by pultrusion,
also using the selected bio-based UP resin; this production was carried out in an industrial
pultrusion facility used to manufacture high-performance CFRP strips for strengthening
civil engineering structures.

Based on the processing properties of the resins and the mechanical and thermomech-
anical properties of the composites obtained in the extensive experimental campaign
carried out in this thesis, it was possible to conclude that the bio-based fibre-polymer com-
posites developed herein present equivalent or, in some cases, better performance than
their petroleum-derived counterparts assessed under the same conditions. Thus, it was
possible to confirm that there is a very relevant opportunity to increase the sustainability
and competitiveness of the fibre-polymer composites industry, which should be further
explored, addressing a very important challenge presently faced by this sector.

Keywords: sustainable composites; bio-based polyester resins; bio-based thermosets;
bio-based fibre-polymer composites; renewable raw materials







Acknowledgments

| would like to express my deep gratitude to Professor Joao Ramoa Correia, scientific
supervisor of this thesis, for granting me his trust and freedom in carrying out this research.
In addition to the knowledge shared as a Professor and advisor, his enthusiasm and
professional dedication is something | had never seen before and has been a great
inspiration for my evolution as a student, researcher and engineer.

| would also like to express my gratitude to my co-supervisor Dr. Mario Garrido, who |
consider - in addition to a scientific supervisor - a friend for life. The co-supervision of
Dr. Mario Garrido was fundamental for the development of this thesis, being a filter of
coherence and pragmatism to put my ideas into practice. "By contrast”, we also had
moments of relaxation, mainly those shared on campus and, more recently, exchanging
tips for playing guitars. |1 would also like to thank Professor Jodo Bordado, my co-supervisor
in the Chemistry area, who | consider the greatest inventor | have ever met. The knowledge
and ideas shared by Professor Jodao Bordado were not only fundamental for the execution
of this research but will also remain with me for future work. It is worth referring that
Professor Jodo Bordado has an office with the most beautiful view of Lisbon, perhaps this
is the source of his inspiration.

My thanks to all colleagues and friends of the CORE Group, especially to Abu T. Shahid
and Marina Silva, for their help in carrying out the experiments in this thesis. Shahid
stayed with me during several extended syntheses, including on weekends, a help | will
never forget. Marina also helped me a lot, especially in the final part of this research. My
thanks to colleagues, employees and Professors at Instituto Superior Técnico, especially
to Professor Fernando Branco, for the moments we shared in the coffee room.

Finally, | would like to thank my wife, Barbara Silva, who was my emotional support and
the biggest motivation to achieve my goals. To my parents, Raquel and José, they are
my greatest examples, | thank them for their patience, understanding and unconditional
support once again. To my in-laws Katia and Fernando, for all their help during this period.
To my brother-in-law for that special Agai.

This work was supported by Fundacao para a Ciéncia e a Tecnologia (FCT) and Agéncia
Nacional da Inovacao (ANI) through the projects PTDC/ECI-EGC/29597/2017 (Eco-
Composite) and Biolam (ANI,39769-31/S1/2017), and through the doctoral grant FCT
SFRH/BD/139863/2018, and by the CERIS and CERENA research units of IST.







Table of contents

Resumo i
Abstract iii
Acknowledgments \
Table of Contents vii
List of Figures XV
List of Tables XXi
List of Acronyms XXV
| Introduction and literature review 1
1 Introduction 3
1.1 Contextand motivation. . . . . ... ... ... .. ... ... . .. ... 3
1.2 Topicoverview . . . . . . . . . . e e 6
1.3 Objectives . . . . . . . . e 7
1.4 Methodology . . . . . . . . . . . . e 8
1.5 Thesisorganisation . . . ... .. ... .. . . ... ... 9
1.6 References . . . . . . . . . e 11

2 Literature review 15
2.1 Introductory remarks . . . . . . . . .. 15
2.2 Materials and manufacturing . . . . . ... ... L oo o 16
2.2.1 Reinforcingfibres. . . . . . . .. L L 16

Vii



Table of contents

2.21.1 Syntheticfibres . ... ... ... ... ... oL 16

2.21.2 Vegetablefibres . . .. ... ... ... ... ..., 18

2.2.1.3 Basaltfiores . ... ... ... ... 21

2.2.1.4 Comparative critical assessment . . . . . . ... ... ... 24

222 Polymermatrix . ... ... ... .. 27
2.2.2.1 Conventional thermosetresins . . . .. ... ... ..... 29

2.2.2.2 Bio-basedthermosetresins. . . . .. ... ... ... ... 35

2.2.2.3 Renewable platform . . . ... .. ... ... ... ..., 37

2.2.3 Manufacturing techniques . . . . . . . . ... 39
2231 Handlay-up . ... .. ... . ... 40

2.2.3.2 Vacuuminfusion . . . . .. .. ... ..o 42

2.2.3.3 Pultrusion . . ... ... 45

2.3 Bio-based composite applications . . . ... ... ... ... ... 47
2.3.1 Strengthening of concrete structures . . . . .. . ... ... ..... 47
2.3.2 Pultruded profiles and FRP laminates . . . . .. ... ... ..... 49
2.3.3 Sandwichpanels . . . . ... ... . .. ... 49
2.3.4 Constructionofbridges . ... ... . ... ... ... . ....... 49
2.4 Concludingremarks . . . . . . . . . 50
2.5 References . . . . . . . . e 51
Resins 69
ISO-based unsaturated polyesters 71
3.1 Introductoryremarks . . . . . . . . . . .. 72
3.2 Experimental . . ... ... ... 74
3.21 Materials . . . . . .. . 74
3.2.2 Prepolymer formulations . . . . . ... ... ... ... 75
323 Synthesis . . . . . .. 76
3.24 Bio-basedcontent . . ... ... ... ... 76
325 Kinetics . . . . . .. e 76
3.2.6 Blendingprocess . . . . . . .. ... 77
3.2.7 Crosslinking. . . . . . . . e 77




3.2.8 Prepolymer characterisation . . . . ... ... ... ... . ... 78

3.2.9 Crosslinked thermoset characterisation . . . .. ... ... ..... 78

3.3 Resultsanddiscussion . . . ... .. ... .. ... 79
3.3.1 Bio-based mass and carboncontent . . . .. ... ... ....... 79
3.3.2 Prepolymer characterisation . . .. ... ... ... ......... 80
3.3.2.1 Kinetics and molecular weight distribution . . . . . ... .. 80

3.3.2.2 Prepolymerviscosity . ... ... .. ... .. ... ..., 82

3.3.3 Resincharacterisation . . . . . ... ... ... 0o 83
3.3.3.1 Resinviscosity . . . . . ... ... L 83

3.3.3.2 Tensile properties . . . ... ... ... o oL, 84

3.3.3.3 Dynamic mechanical analysis . . . ... .......... 85

3.4 Concludingremarks . . . . . . . . . .. 91
3.5 References . . . . . . . 92
DFA-based unsaturated polyester 97
4.1 Introductoryremarks . . . . . . . .. e e e 98
4.2 Experimental . . . . . . .. . 102
421 Materials . . . . . . . .. e 102
4.2.2 Prepolymerformulations. . . . ... ... ... ... ... .. ..., 102
423 Synthesis . . . . . . e 103
424 Biobasedcontent. . . .. ... ... .. ... 104
425 Kinetics . . . . . . .. 104
4.2.6 Crosslinkingreactions . . . . . . ... ... oo 104
4.2.7 Prepolymer characterisation . . ... ... ... ... ....... 105
4.2.8 UPRcharacterisation . . ... ... ... ... ... ... 105
4.3 Resultsanddiscussion . . . ... ... ... 106
4.3.1 Preliminaryremarks . . . ... ... .. ... 106
4.3.2 Biobasedcontent. . . ... ... ... 107
4.3.3 Characterisation . . . . .. ... ... 107
4.3.3.1 Kinetic and molecularweight . . . . ... ... ... .... 107

4332 THNMRstudy . .. ......... ..., 109

43383 Viscosity . . ... ... 110




Table of contents

4.3.3.4 Tensileproperties . . . . ... ... . ... .. 112

4.3.3.5 Thermomechanical properties . . . .. ... ... ..... 114

4.4 Concludingremarks . . . ... ... ... 117
4.5 References . . . . . . . e 117
5 FDCA-based unsaturated polyester 123
5.1 Introductory remarks . . . . . . . . .. 124
5.2 Experimental . . . . . . ... 126
521 Materials . . . . . . . . 126
522 Synthesis . . . . . .. e 127
5.2.3 Bio-basedcontent . . ... ... . ... .. Lo 128
524 Kinetics . . . . . .. e 128
5.2.5 Crosslinkingreactions . . ... ... ... ... .. .. .. ...... 128
5.2.6 Prepolymer characterisation . . ... ... ... ... ....... 129
5.2.6.1 Gel permeation chromatography . . . ... ... ...... 129

5.2.6.2 Nuclear magneticresonance . . . ... ... ... ..... 130

5.2.6.3 Viscosity . . . . . . . ... 130

5.2.7 UPRcharacterisation . . . ... ... ... ... ... . ....... 130
5271 Barcolhardness . . ... ... ... ... ... ... ... 130

5.2.7.2 Tensileproperties . . . . . ... ... . ... ... ... 131

5.2.7.3 Dynamic mechanical analysis . . .. ... ......... 131

5.3 Resultsanddiscussion . . .. ... ... ... ... 131
5.3.1 Prepolymers . . ... ... .. 131
5.3.2 Bio-basedcontent . . ... ... ... ... . L. 132
53838 Kinetics . . . . . .. 133
5.3.4 Molecularweight . . . . .. ... ... 133
535 THNMRSUAY . . ..o oot et 135
5.8.6 Viscosity . . . .. ... e 136
5.83.7 Hardness . . . . . . . . ... 138
5.83.8 Tensilebehaviour. . . . .. ... .. ... ... 138
5.3.9 Dynamic mechanical analysis . . . . . . ... ... ... ....... 140

5.4 Concludingremarks . . . . . . . . . . . e 143




5.5 References

Composites

Bio-based GFRP composites

6.1 Introductoryremarks . . . . . . . . . . . ...

6.2 Experiments . . . . . . ..
6.2.1 Materials . . . . ... .. ...
6.2.2 Manufacturing . . . . . . . ...
6.2.3 Mechanical characterisationtests . . .. ... ... .........
6.2.4 Thermomechanical characterisationtests . . . . ... ... ... ..

6.3 Resultsanddiscussion . .. .. .. ... ... .. e
6.3.1 Tensile and compressive behaviour . . . ... ... .........
6.3.2 Shearbehaviour . .. ... ... ...
6.3.3 Thermomechanical behaviour. . . . . ... ... ... .. ......

6.4 Concludingremarks . . . .. ... ... ... ..

6.5 References

Bio-based CFRP composite strips

7.1 Introductory remarks . . . . . . ... e e

7.2 Experiments

721 Materials . . . . . ...
7.2.2 Pultrusionequipment . . . ... oo
723 Testmethods . . . ... . .. .. .. ... ..
7231 Overview . . . . . ...
7.2.3.2 Processingparameters . .. ... ... ... ... .....
7.2.3.3 Calcinationtests . . . . ... ... ... . . oo
7234 Hardness . . . . . .. . ...
7.2.35 Tensiletests . . ... ... . ... ... ... .
7.2.3.6 Thermomechanicaltests . .. ... .............

7.3 Resultsanddiscussion . ... ........... ... ... L.
7.3.1 Manufacturing . . . . .. ...

149

151

152
155
155
156
158
159
159
159
164
166
168
169

Xi



Table of contents

7.3.2

7.3.3
7.3.4

Mechanical behaviour . . . . . . . . . . . . ...
7.3.2.1 Hardness . . . . . . . . . . .. e
Tensile behaviour . . . . . . . . . . . ... ..

Thermomechanical behaviour . . . . . . .. . . . . ... .. .....

7.4 Concludingremarks . . . . . . . . . ...

7.5 References . . . . . . . ..

IV Conclusions and perspectives

8 Conclusions and perspectives

8.1 Conclusions . . . . . . . . e

8.1.1
8.1.2
8.1.3
8.1.4
8.1.5

Generalremarks . . . . . . . ...
Synthesis of bio-based unsaturated polyesterresins . . . ... ...
Using renewable raw materials . . . . . ... ... ... ... ....
Bio-based GFRP composites . . . . . .. ... ...
Bio-based CFRP composites . . . . . . ... ... ... ... ...,

8.2 Futuredevelopments . . . . . . . . . . ...

8.2.1
8.2.2
8.2.3

Issues regarding the bio-based resins developed here (I) . . . . ..
Regarding alternative solutions (Il) . . . . . .. ... ... ... ...

Otherissues (IIl) . . . . . . . . . .. .. . . . .. . .

8.3 References . . . . . . . .

Appendix

Appendix A Prepolymer characterisation

A1 Titration . . . . . e e e e e e e e

A2 Kinetics . . . . . . o

A21

Conversion and degree of polymerisation . . . ... ... ......

A.2.2 Theoretical molecularweights . . . . . .. .. .. ... ... .....

A3 Molecularweight . . . . . .. . .

A.3.1
A3.2

Prepolymers developed in Chapter4 . . . . ... ... ........

Prepolymers developed in Chapter5 . . . . . . ... ... ... ...

205

207
207
207
209
209
211
211
212
213
213
214
215

217

Xii



A.4 Bio-based content . . . . . . . .. .. 225

A5 THNMRstudy . ... ... .. ... e 228
AB ViSCOSItY . . . . . . o e e e 233
Appendix B Resin characterisation 235
B.1 Mechanical properties . . . . . . . . ... 235
B.1.1 Barcolhardnesstest . . . . . ... ... ... ... ... .. ... 235

B.1.2 Tensiletests . . . .. ... ... .. 235

B.1.3 Compressiontests . . . . . ... .. .. ... ... .. 236

B.1.4 In-planesheartests . ... ... ... ... . ... .. .. ... .. 237

B.2 Dynamic mechanical analysis . . . . . . .. .. ... ... ... ... 238
B.3 Characterisation of the commercial UPR . . . . . ... ... ... ...... 239

Xiii






List of Figures

1.1

1.2

1.3

1.4

2.1

2.2

2.3

2.4

2.5

2.6

2.7

Prefabricated components of fibre-polymer composites [4]. . . . . . .. .. 4

Examples of applications of fibre reinforced polymer (FRP) composites in
building construction [4,8]. . . . . . . . ... 4

FRP composites used in the construction of vehicular bridges and foot-
bridges [8]. . . . . . . .. 5

FRPs used in the strengthening of the Maracana Stadium for World Cup
2014 1101 . v v e 5

Main forms of plants used as feedstock for processing reinforcement fibres
for the manufacture of FRP composite materials, namely: bast (a. to e.),
leaf (f. to h.), grass/reed (i. to j.), fruit (I.), other(m.). . . . . ... ... ... 19

The hierarchical structure of plant cell walls: a. to d. are reproductions
adapted from [27,35]; a. shows a section of primary wall composed of macro
and microfibril; b. presents cell wall layers, comprising one primary wall
and three secondary layers (S+, Sy, and S3), with a view of the microfibril
angle in Sy; c. illustrates amorphous and crystalline regions in cellulose
microfibrils; and d. presents 3D cellulose molecular structure. . . . . . . .. 20

Crushed basalt rock production for the manufacturing of basalt fibres [66,67]. 21
Availability of basalt sources around the world [69,70]. . . . . .. ... ... 22

Continuous basalt fibre (CBF) manufacturing procedures by Spinneret tech-
nology [78,79]. . . . . . . 24

Radar plot: plant and synthetic fibres properties. . . . . ... ... ... .. 27

Example of petroleum- and bio-based polymeric matrices currently available
for various industries, such as packaging, biomedical, and composites [102—

XV



List of Figures

2.8 Epoxy main chain based on diglycidyl ether of bisphenol A (DGEBA) with
terminal oxirane groups for crosslinking reactions either with themselves
through catalytic homopolymerisation, or with hardeners, such as amines
oracid anhydrides. . . . . . . . . .. 30

2.9 Unsaturated polyester main chain based on phthalic anhydride, 1,2-propylene
glycol, and maleic anhydride, which provides a double bond for crosslink-
ing reactions with reactive diluents and later orthophthalic polyester resin

formation. . . . . .. 31
2.10 Bisphenol A epoxy-based (methacrylate) vinyl esterresin. . . . . .. .. .. 33
2.11 Types of phenolicresins. . . . . . . . . . . . . . 34
2.12 Hand lay-up technique. . . . . . . . . . . .. 40
2.13 Vacuum infusion technique [202]. . . . . . . . . . . .. ... ... ... 43
2.14 Pultrusion technique (open bath system) [206]. . . . . .. ... ... .. .. 46

2.15 Strengthening of reinforced concrete (RC) beams using externally bonded
FRP sheets with bio-based matrices [212]. . . . . . ... .. .. ... ... 48

2.16 Experimental set-up of sandwich panel manufactured from bio-based resin
[218]. . . e 50

2.17 Bio-composite footbridge in Eindhoven across the river Dommel [219],
manufactured from flax fibres, bio-based resin, poly(lactic acid) foam, and
natural cork. . . . . . . L e e 51

3.1 Graphical abstract of the bio-based unsaturated polyesters. . . . . ... .. 71

3.2 Kinetics of polyesterification reaction for the polyester prepolymers: a. UP-
A; b. UP-B; c. UP-C; d. UP-D; e. UP-E; and f. overlapping of various

formulations. . . . . . ... e e e e 81
3.3 GPC curves for all formulations. . . . . . .. . .. . . ... .. . ... .... 82
3.4 Viscosity of the prepolymers measured at 125°C.. . . . ... ... ... .. 83

3.5 Representative tensile stress-strain curves for the biobased thermoset
polyesters. . . . . . 84

3.6 Tensile properties of the thermoset polyesters: a. tensile strength, b. modu-
lus of elasticity, and ¢. strainatbreak. . . .. ... ... ... ........ 86

3.7 Dynamic mechanical analysis curves of the thermoset polyesters: a. stor-
age modulus, b. loss modulus, andc.tand. . . . . ... ... ... ..... 87

3.8 Definition of different material states and transitions for the UPR-D thermoset. 88

3.9 Cole-Coleplot. . . . . . .. e 89

XVi



4.1 Graphical abstract of the DFA-based unsaturated polyesters. . . . ... .. 97
4.2 Chemical structure of DFA. . . . . . . . . . . ... . ... ... . 99
4.3 Thetalloilvaluechain.. . . ... ... ... .. ... ... .. ... ... 100
4.4 Monomers based on renewable raw materials for the UP synthesis. . . . . . 101
4.5 Kinetics of polyesterification reactionof UPs. . . . .. ... ... .. .... 108
4.6 Signal as a function of retention time traces from GPC data for the UPRs. . 109
4.7 Viscosity of the UPs measured at125°C. . . . . ... ... ... ... ... 112
4.8 Tensile stress-strain curves of the unsaturated polyester resins (UPRs). . . 113
4.9 Scatter plots from the tensile strength, modulus of elasticity, and strain at
break results ofthe UPRs. . . . . . . . . . . . .. . 115
410 DMA curvesforthe UPRs. . . . . . . . . . . . . . 116
5.1 FDCA-based unsaturated polyester graphical abstract. . . . . ... ... .. 123
5.2 From lignocellulosic biomass to FDCA monomer production. . . . ... .. 124
5.3 Chemical segment structures of the synthesised UPs. . . . . ... ... .. 128
5.4 Chemical structures of the synthesised UPRs. . . . . ... ... ...... 129
5.5 Kinetics of polyesterification reactionof UPs. . . . .. ... ... .. .... 134
5.6 Viscosity of the UPs measured at125°C. . . ... ... ... ... ..... 137
5.7 Tensile stress-strain curves of the FDCA-based UPRs. . . . . . .. ... .. 139
5.8 Scatter plots of UPRs tensile results: a. tensile strength; b. modulus of
elasticity; and c. strainatbreak. . . . ... ... ... ... ..., . 141
5.9 Overlapping DMA curvesofallUPRs. . . . . ... ... ... ........ 142
6.1 Bio-based GFRP laminate graphical abstract. . . . . . .. ... ... .... 151
6.2 GFRP manufacturing procedures: a. setup, b. fibre layup. . . . . . ... .. 157
6.3 Manufacturing of the GFRP plates: a. Infusion process for manufacturing of
composites (representation for GFRP-B plate); b. produced plates; and c.
cutting plates to obtain specimens for mechanical and thermomechanical
characterisation. . . . . . . . . . ... 158
6.4 Nominal tensile stress-strain curves: a. GFRP-C, and b. GFRP-B. . . . .. 160
6.5 Tensile failure modes of representative GFRP-C and GFRP-B specimens. . 160

XVii



List of Figures

6.6 Nominal compressive stress-strain curves: a. GFRP-C and b. GFRP-B.
(a premature failure was observed in one of the GFRP-B specimens, and
therefore, only the curves of 4 specimens were presented. The same
happened for GFRP-C.) . . . . . . . . . .. . . ... . .. .. 161

6.7 Compressive failure modes of representative GFRP-C and GFRP-B speci-
MENS. . . o o ottt e e e e e e e e e e e e 162

6.8 Representative nominal axial stress-strain curves of GFRP and resin speci-
mens: a. tensile and b. compressive. . . . ... .. oo oL 162

6.9 Representative nominal axial stress-strain curves in tension and compres-
sion of GFRP and resin specimens. . . . . . ... ... 163

6.10 Nominal shear stress-distortion curves of GFRP-C and GFRP-B specimens.164
6.11 Representative shear stress-distortion curves of GFRP and resins specimens.165

6.12 V-Notched beam shear test failure modes of representative GFRP-C and

GFRP-Bspecimens. . . . . . . . . . .. 166
6.13 Interlaminar shear tests: a. loading configuration (short-beam method), and

b. failure modes of representative GFRP specimens. . . . . . .. ... ... 166
6.14 Thermomechanical properties of GFRP and resin specimens. . . . . . . .. 167
7.1 Bio-based CFRP strip graphical abstract. . . . ... ... ... ....... 177

7.2 CFRP strengthening applications of civil engineering structures [3,4]: a.
Access ramps of A9 Viaduct Riddes, Switzerland; b. Maracana Stadium, Rio
de Janeiro, Brazil; c. Aabachbrlcke railway bridge, Lachen, Switzerland;
and d. Cultural Centre of Sao Lazaro, Lisbon, Portugal (fire damaged
structure). . . . . . e 178

7.3 CFRP composites used for strengthening reinforced concrete and masonry
building and bridge structures [4]: a. and b. application of strips and mats
in bridges and buildings, respectively, ¢. strips applied in slab, d. strips
applied in wall, e. strip with anchoring plate, f. pre-stressed strips, g. strips
and sheets in beam, h. strips in masonry for seismic strengthening, i. strips
in bottom surface of beam, and j. strips in top surface ofslab. . . . . . . .. 179

7.4 From renewable feedstock to the bio-based monomers used in this study. . 183

7.5 Main steps to obtain the bio-based UP resin used in this study: a. polyester
prepolymer, b. polycondensation reaction, ¢. prepolymer incorporation with
reactive diluents, and d. UP resin and performing the cured resin (more
details can be found in [77,78]). . . . . . . . . ... 184

7.6 Overview of pultrusionprocess. . . . . . . . .. .. ... ... ..., 185




7.7 Continuous carbon fibre roving — Tenax® filament yarn: a. fibre roving, b.
fibre roving creels, and c. preforming guides. . . . . . ... ... L. 186

7.8 Preparation for pultrusion process: a. metallic tank for resin bath impregna-
tion; b. clamps for uniform impregnation; and c. clamp opening adjustments.186

7.9 Equipment for pultrusion process: a. two heating zones of the die, and b.
temperature and pulling rate controllers. . . . . . ... ... ... ... ... 186

7.10 Pulling system of pultrusion machine: a. reciprocating pullers, and b.
spacers used to control out-of-plane (bearing) stresses applied to the com-

posite Strips. . . . . .. e e e 187
7.11 Winders for coiling pultruded strips. . . . . . . . .. .. ... ... ... 187
7.12 Resin preparation. . . . . . . . ... 190

7.13 Carbon fibre impregnation of the: a. CF/VE, and b. bio-based CF/UP
COMPOSITES. . . . . o o o ot e e e e e e e e e e e e 191

7.14 Preforming plates: a. before and b. after tightness adjustments. . . . . .. 191

7.15 Pultruded composite strips: a. before and b. after linearity adjustments in
theclamps. . . . . . . . . e 192

7.16 Bio-based CFRP strip successfully produced: a. CF/UP leaving the heating
die; b. pultruded strip with 22 yarns; and ¢. winding the CF/UP strips into

7.17 Nominal tensile stress-strain curves: a. CF/VE and b. bio-based CF/UP. . . 194
7.18 Failure modes in tension of representative CF/VE and CF/UP specimens. . 194

7.19 Comparison of tensile strength of pultruded CFRP composites mentioned
in the literature (CF/PH [84], CF/FA [83], CF/EP [61]), and those developed
in this study (CF/VEand CF/UP). . . . . . . . ... ... . ... .. ..... 195

7.20 Thermomechanical properties of both types of resin and CFRP specimens. 196

A.1 Titration procedures for AN determination of the polyester prepolymers. . . 219

A.2 GPC tests were performed in a JASCO™ equipment. Initially, polyester
samples were dissolved in tetrahydrofuran (THF) with approximate concen-
tration of 1 mg/ml. After filtration, samples were injected into the system
with columns filled of a monodisperse standard, namely, polystyrene cross-
linked with divinylbenzene (gel). The data processing were performed by
ChromNAV® software. . . . . . . . .. i 222

A.3 GPC overlapping formulation curves of the DFA-based unsaturated polyes-
ter prepolymers. . . . .. e e 223

XiX



List of Figures

A4

A5

A.6

A7
A8

A9

Molecular weight distribution curves of the DFA-based unsaturated polyester
prepolymers fromthe GPC analysis. . . . . ... ... ... ... ...... 223

GPC overlapping formulation curves of the FDCA-based unsaturated poly-
ester prepolymers. . . . . .. e e e 224

Molecular weight distribution curves of the FDCA-based unsaturated poly-
ester prepolymers from the GPC analysis. . . . . . ... ... ... ..... 224

NMRtest procedures. . . . . . . . . . . .. ... 228

"H NMR spectra of the DFA-based polyester prepolymers: a. UP-A; b.
UP-B;and c. UP-C. . . . . . . . . . e e 229

"H NMR spectra of the FDCA-based polyester prepolymers: a. UPO; b.
UP50;andc. UP100. . . . . . . . . . . .. . e 231

A.10 Viscosity tests performed on a Cone & Plate Viscometer Instrument from

B.1
B.2
B.3
B.4

REL (Research Equipment London Ltd.), by placing only two drops of resin
on a surface that is then approached by a rotating cone (constant speed). . 233

Setup fortensiletests. . . . . . . .. ... ... .. 236
Setup for compressivetests. . . . ... ... .. . oL o L. 237
Setup for in-plane sheartests.. . . . .. .. ... ... ... . ... ..., 238

DMA test setup in a TA Instruments Q800 equipment [6]. Test procedures
are also illustrated in four main steps: (1) equipment display preparation,
(2) set-up assembly, (3) clamp specimen fixing, and (4) inspection and
completion preparation. . . . . ... .. 239

XX



List of Tables

1.1

2.1
2.2

2.3
2.4

2.5

3.1

3.2

3.3
3.4

3.5

4.1

4.2

4.3
4.4
4.5

4.6

5.1

Thesis core parts organisation and outputs. . . . . ... ... ... ..... 10

Approximate mean values of mechanical properties of synthetic fibres [4,5]. 16

Physical and mechanical properties of the most widely used plant fibres in

engineering applications [86—47]. . . . . . . . . . ..o oL, 20
Comparison of plant, glass and carbon fibres [84-87]. . ... ... ... .. 26
Conventional petroleum-based polyester resins [115-117]. . . . . ... .. 32
Bio-based monomers to thermoset applications. . . . ... ... ...... 38
Prepolymer formulations. . . . . . .. . ... o Lo 75

Bio-based carbon (xg) and mass (mg) contents of the prepolymers and
their respective thermoset resins, determined according to the procedure

outlined in Annex B of ISO 16620 [27]part4. . . . . . ... ... ... ... 79
Prepolymer composition analysis. . . . ... ... ... ... .. ..., 80
Viscosity of the unsaturated polyesterresins. . . . . .. ... ... ..... 84

Dynamic mechanical analysis results for the bio-based thermoset polyesters. 90

UP prepolymer formulations. . . . .. ... ... ... ... ... ..... 103

Bio-based carbon (xg) and mass(mg) contents of UPs and UPRs, according
to ISO 16620 [44] part4. . . . . . . . . e e 107

Composition analysisofthe UPs. . . . . . . . ... ... ... ....... 107

Comparison between 'H NMR results and predicted structure of the UPs. . 111

Viscosity of the UPRs measured at25°C. . . . .. ... ... ... ..... 112
DMA propertiesofthe UPRs. . . . . . . . . . .. . oo oo 116
UP prepolymer formulations. . . . ... ... ... ... ... .. ..., 127

XXi



List of Tables

5.2

5.3
5.4
5.5

5.6

6.1

6.2

6.3

7.1
7.2

7.3

AA

A2

A3

A4

A5

A6

A7

A8

Bio-based carbon and mass content of UPs and UPRs, according to ISO
16620-4 [41]. . . . . . o e e e e e e e e 132

Composition analysisofthe UPs. . . . . . . ... ... .. .. .. ... ... 135
Comparison between "H NMR results and predicted structure of the UPs. . 136
Viscosity of the UPRs. . . . . . . . . . . . . 137

dynamic mechanical analysis (DMA) properties of the UPRs. . . . . .. .. 142

Mean values of mechanical and thermomechanical properties of Resin-C
and Resin-B specimens. . . . . . . . . ... L 156

Mechanical properties in tension and compression of GFRP specimens
(mean + standard deviation). . . . .. ... ... L Lo 161

Mechanical properties in in-plane and interlaminar shear of GFRP speci-
mens (mean =+ standard deviation). . . . . . ... ... o oo 165

Mean values of tensile properties and T4 of UP and VE resin specimens. . 185
Gel time of conventional and bio-based resins (at 180°C). . . . . . ... .. 190

Fibre fraction, mechanical and thermomechanical properties of pultruded
CF/VEand CF/UP strips. . . . . o o o o e e 195

Conversion (p) and degree of polymerization (X,,) from the AN values of the
DFA-based polyester prepolymers. . . . . . . .. ... ... ... 220

Conversion (p) and degree of polymerization (X,) from the AN values of the
FDCA-based polyester prepolymers. . . . . . . .. .. ... .. ..., 221

Values used to estimate the theoretical molecular weights (in Chapter 3)
from modified Carothers equation. . . . . . ... ... ... .. ....... 221

Theoretical molecular weights from modified Carothers equation of the
DFA-based polyester prepolymers. . . . . . ... ... ... ... 221

Theoretical molecular weights from modified Carothers equation of the
FDCA-based polyester prepolymers. . . . . . . .. . ... .. ... 222

Carbon content of raw materials used for the synthesis of bio-based polyes-
ter prepolymers developed in Chapter3. . . . . . . ... ... ... ..... 225

Carbon content of raw materials used for the synthesis of DFA-based
polyester prepolymers. . . . . . . . .. e e 225

Carbon content of raw materials used for the synthesis of FDCA-based
polyester prepolymers. . . . . . . . .. e e 225




A.9 Bio-based carbon and mass content of the group (l) formulations developed
inChapter 3. . . . . . . . e 226

A.10 Bio-based carbon and mass content of the group (Il) formulations developed
inChapter 3. . . . . . . . e 226

A.11 Bio-based carbon and mass content of the DFA-based unsaturated polyes-
ter prepolymers. . . . ... e 227

A.12 Bio-based carbon and mass content of the FDCA-based unsaturated poly-
esterprepolymers. . . . . . .. e e 227

A.13 Main resonances from the "H NMR spectra of the DFA-based polyester

prepolymers. . . . . L e e e 232
A.14 Main resonances from the "H NMR spectra of the FDCA-based polyester

Prepolymers. . . . . . . . e e e e e 232
B.1 Mechanical and thermomechanical properties of the commercial UPR. . . . 240

XXili






List of Acronyms

AFP automated fibre placement

APC automated preforming cell

ATL automated tape layup

BFRP basalt fibre reinforced polymer

bio-PA bio-based polyamide

bio-PBS bio-based polybutylene succinate
bio-PE bio-based polyethylene

bio-PU bio-based polyurethane

bio-PET bio-based polyethylene terephthalate
bio-PTT bio-based polytrimethylene terephthalate
BPA bisphenol A

CBF continuous basalt fibre

CFM continuous filament mat

CFRP carbon fibre reinforced polymer

CLC combined loading compression

CNC computer numeric control

CMR carcinogenic, mutagenic, and reprotoxic

XXV



List of Acronyms

CNSL cashew nutshell liquid

CTS continuous tow shearing

DFA dimer fatty acid

DGEBA diglycidyl ether of bisphenol A

DMA dynamic mechanical analysis

DSC differential scanning calorimetry

ECH epichlorohydrin

EG ethylene glycol

ELO epoxidized linseed oil

EP epoxidized pine

FA fumaric acid

FDCA 2,5-furandicarboxylic acid

FRP fibre reinforced polymer

FW filament winding

GFRP glass fibre reinforced polymer

GPC gel permeation chromatography

GHG greenhouse gas

HAP hazardous air pollutant

HEMA 2-hydroxyethyl methacrylate

HMTA hexamethylenetetramine

ISO isosorbide

LCM liquid composite moulding

XXVi



MEKP methyl ethyl ketone peroxide

NMR nuclear magnetic resonance

PA phthalic anhydride

PBS polybutylene succinate

PAN polyacrylonitrile

PBAT polybutylene adipate terephthalate

PCL polycaprolactone

PE polyethylene

PDO 1,3-propanediol

PFA polyfurfuryl alcohol

PG propylene glycol

PHA polyhydroxyalkanoate

PLA polylactic acid

PP polypropylene

PVA polyvinyl alcohol

PVC polyvinyl chloride

RC reinforced concrete

TFP tailored fibre placement

THF tetrahydrofuran

TOFA tall oil fatty acid

TTR through-thickness reinforcement

UD unidirectional roving

XXVii



List of Acronyms

UP unsaturated polyester

UPR unsaturated polyester resin

VE vinyl ester

VOC volatile organic compound
RTM resin transfer moulding

VARI vacuum assisted resin infusion

VARTM vacuum assisted resin transfer moulding

XXViii



Part |

Introduction and literature review






Chapter 1

Introduction

1.1 Context and motivation

The construction sector is one of the world’s largest consumers of natural resources,
accounting for a significant part of the environmental impact generated by modern society.
Given the role of this industry as an economic engine and its importance in enhancing the
quality of life of communities, it is essential to find strategies to improve the environmental
sustainability of construction. Accordingly, one possible route is the substantial increase in
the use of prefabrication in construction. Prefabrication increases constructive efficiency,
by allowing for a better sequencing in the building process, and under some circumstances
it reduces lead times and construction costs compared to traditional methods [1]. In
addition, developing and implementing innovative and more sustainable materials are
also a potential route towards the above-mentioned goal, just as important as prefab-
rication. Nowadays, the emerging solutions for more eco-friendly building materials are
numerous and extensive [2], ranging from improving traditional materials to generating
new combinations of materials, giving rise to materials with new functionalities [3].

Advanced eco-efficient materials for prefabricated components are one of the main drivers
to increase the sustainability of the construction industry [4]. Figure 1.1 shows examples
of fibre-polymer — or FRP — composites typically manufactured in a factory and transported
to construction sites. FRP composites have several advantages over other materials, due
to their lightness, durability, and high stiffness- and strength-to-weight ratios, relevant
parameters for structural applications, since the reduction of weight is associated with
lower consumption of raw materials [5]. In addition, FRP composites are versatile and
multi-functional due to the possibility of being designed to obtain specific properties in
different directions, namely by appropriate placement of fibres in various layers and
orientations of the laminated structure [6].

FRP composite structures can be modularly produced in a factory and quickly assembled
on-site, potentially reducing construction time and waste when compared to other materials,
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Figure 1.1: Prefabricated components of fibre-polymer composites [4].

such as steel, reinforced concrete, or wood [7]. Figures 1.2a and 1.2b show that off-site
manufacturing of parts provides more controlled conditions and allows for better quality
and precision in component assembly [4]. Figures 1.2c and 1.2d present The ClickHouse
project [8], a recent modular construction for emergency or temporary housing with a
frame structure made of pultruded GFRP profiles with built-in bolted connections. Finally,
assembly costs and energy consumption involved in the processing of these composites
are also lower than those of many traditional materials, making the use of FRPs potentially
interesting for various applications of the construction industry [9].

a. b.

Figure 1.2: Examples of applications of FRP composites in building construction [4,8].

Figures 1.3a and 1.3b show the Sao Silvestre Footbridge [8], with 11 m of length and
2m of width, which was installed on-site fully assembled in less than 3 hours; it has a




4 cm thick deck made of steel fibre reinforced self-compacting concrete (SFRSCC) without
rebars, supported by 2 pultruded I-shaped GFRP profiles (with 400 mm of height).

a.

Figure 1.3: FRP composites used in the construction of vehicular bridges and footbridges [8].

Finally, Figure 1.4 shows the Maracana Stadium’s rehabilitation process for the World
Cup 2014, illustrating the strengthening work carried out on columns, with carbon-fibre
reinforced polymer (CFRP) strips impregnated with epoxy resin as flexural reinforcement
and anchors with low modulus carbon sheets (C-Sheets); for shear reinforcement, high
modulus C-Sheets were used. Additionally, carbon meshes were applied to the main
columns to enable supporting the load of a new stadium roof [10].

Figure 1.4: FRPs used in the strengthening of the Maracana Stadium for World Cup 2014 [10].
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Recent studies have shown that FRP components may have a lower environmental impact
compared to conventional structural materials, mainly due to their more extended durability
and lower life-cycle maintenance requirements [11-14]. However, FRPs still depend
significantly on polymeric matrices produced from oil-based resins, such as unsaturated
polyester, epoxy, and phenolic; these typically comprise 30-70% by weight of the FRP
material [6] and require significant energy for their production [15]. The fact that petroleum
is a non-renewable resource also poses a threat to the long-term sustainability of the
FRP composites sector. A possible long-term response to the sector’s sustainability
requirements is the reduction of petrochemical oil dependence of FRP materials, which
can be achieved by partial or almost full replacement of petroleum-based resins with
resins synthesised from renewable raw materials [16,17]. This change to resins based on
renewable resources will allow to increase the eco-efficiency of FRP composites that are
already being used and, mainly, will give an innovative and significant response concerning
the sustainability of construction.

1.2 Topic overview

The development of sustainable composites for high-performance applications has shown
a relatively slow progression, and much of the efforts to date have focused on replacing
synthetic fibres with plant fibres [18—28]. However, plant fibres exhibit lower mechanical
properties compared to conventional synthetic fibres (for example, glass, carbon, or
aramid), preventing them from being used in structural applications [29,30]. In addition,
cellulosic fibres, such as flax and hemp, are also strongly hydrophilic, exhibiting a high
moisture absorption rate within the FRP composite, which leads to durability issues [31].

A reasonable compromise between environmental sustainability and adequate structural
performance can be achieved by combining synthetic or mineral fibres and “greener”
(bio-based) resins; for example, FRPs comprising a bio-based thermoset resin and glass,
carbon, or basalt fibres, can have similar performance to traditional composites, offering at
the same time the advantage of being derived from renewable resources. Nowadays, the
mechanical and thermomechanical properties of some bio-based resins are comparable
to those of their conventional petrochemical-derived counterparts. Thus, the industry’s
current tendency to use “green” composites in heavy structural applications should focus

on replacing the matrix (resin) and not the fibres [32].

Among the primary raw materials available to produce these new resins are vegetable oils,
sugars, starches, and biomass, as well as forest residues or by-products from agro-food
activities, such as sugarcane bagasse and corn cob [33,34]. Like the traditional ones,
these new bio-based resins present a wide range of mechanical properties and behaviours,
from stiff to flexible, brittle to ductile, and low- to high-strength. However, despite the efforts
of producers to develop new more sustainable resins, currently, most bio-based resins




commercially available for structural engineering applications still incorporate a small
amount of sustainable raw materials, approximately 30-35% [35,36].

Although it is desirable to produce resins derived from entirely renewable sources, this is
not always possible, especially in the short-term, namely in the following circumstances:
(i) when renewable raw materials have a significantly higher cost than their synthetic
alternative; (ii) when the structural and processing properties of a 100% bio-based polymer
system are inadequate for high-performance applications; or (iii) when there is a need for
the use of reactive diluents, catalysts, and petroleum-derived curing agents. Thus, many
times, the best option may be the production of a hybrid blend between renewable sources
and oil-based products, aiming to maximise the incorporation of sustainable raw materials.

The synthesis of new monomers based on renewable resources can promote the introduc-
tion in the market of more sustainable resins able to compete with petroleum-based resins
over the next few years. However, this effort should also focus on the development or
improvement of suitable processing properties where conventional processing equipment
and techniques used for composites with synthetic resins (such as hand layup, vacuum
infusion, and pultrusion) should also be suitable for the processing of eco-friendly resins,
facilitating manufacture at an industrial scale [37]. Likewise, bio-based thermoset resins
must have improved processing characteristics and properties to become competitive
matrices for use in FRP composites. Resins based on renewable sources are gradually
being considered for structural applications in civil engineering, and some exploratory
studies carried out to date (reviewed in the following chapters) attest their potential.

1.3 Objectives

The central aim of this research is to develop and produce FRP composites with ther-
moset polymer matrices based on raw materials derived from renewable sources for civil
engineering structural applications.

The following objectives were therefore defined:

1. Selecting the most suitable materials and areas of development that must be ad-
dressed for sustainable FRP composites, namely, eco-friendlier reinforcement fibres
and bio-based thermoset resin alternatives comparable to their petroleum-derived
counterparts in terms of mechanical and processing properties;

2. Development of novel bio-based unsaturated polyester resins for high-performance
applications constituted partially or almost entirely from raw materials derived from
renewable sources;

3. Manufacturing of sustainable GFRP composite laminates through the impregnation
of synthetic glass fibres with bio-based resins by using the vacuum infusion technique
in a laboratory environment;
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4.

5.

1.4

Further validation of one of the bio-based thermoset polyester resins developed in
the thesis, through its use as a polymer matrix in a pilot industrial production, namely
in the pultrusion of a CFRP composite strip prototype;

Experimental characterisation of the mechanical, thermomechanical, and processing
properties of the products manufactured, namely, resins and composites.

Methodology

The methodology adopted to achieve the objectives set for this research was as follows:

1.a

1.b

4.a

4.b

conducting literature and technical reviews to identify a set of materials with the
highest potential for developing sustainable FRP composites. A survey of the relevant
reinforcing fibres (considering synthetic and plant fibres) and bio-based thermoset
resins was also carried out. In this assessment, the processing, mechanical, and
thermomechanical properties of the materials, and the compatibility between fibres
and resins were considered,;

analysis of the raw materials identified in the previous phase, regarding the balance
between performance and eco-efficiency. An assessment of the technical require-
ments of different FRPs manufacturing techniques, such as hand layup, vacuum
infusion, and pultrusion, was carried out. Aspects such as viscosity, cure temperature
and gel time of the resins were considered;

development of novel bio-based unsaturated polyester main chains (prepolymers)
able to be incorporated with reactive diluents and form unsaturated polyester resins.
Synthesis of different molecular formulations through polycondensation reactions
were carried out to obtain bio-based thermoset polyester resins with properties that
match or exceed their petroleum-derived counterparts;

production of GFRP composite laminates with one of the bio-based unsaturated
polyester resins developed in the thesis, namely the one achieving a better balance
between mechanical and processing performance, and incorporating a high bio-
content. The production cost was also taken into account;

experimental characterisation of the bio-based thermoset resins, including: (i) chem-
ical analysis, titration, gel permeation chromatography (GPC), and nuclear magnetic
resonance (NMR); (i) processing features, viscosity and gel time; (iii) thermomech-
anical properties, storage and loss modulus, tan §, and glass transition temperature
(Tg), by means of DMA; and (iv) mechanical characterisation tests, strength, modulus
of elasticity and strain at failure, in tension;

experimental characterisation regarding the GFRP laminates, and CFRP strips
produced by vacuum infusion and pultrusion, respectively. For this purpose, mech-
anical tests (in tension, compression, and shear) and thermomechanical DMA tests




(storage and loss modulus, tané, and T4) were conducted,;

5. production of FRP composite strips by pultrusion using one of the resins developed
in the thesis. A CFRP composite strip prototype was manufactured by pultrusion in
an industrial environment, by a partner company specialised in the manufacture of
FRP composite strengthening strips for the construction industry.

1.5 Thesis organisation

The research presented in this thesis is divided into four core parts, comprising six main
chapters, which address the objectives introduced in Section 1.3, and two additional
chapters, respectively presenting the introduction and summarising the conclusions of the
research and future perspectives. The general organisation of the core chapters of the
thesis is shown in Table 1.1.

A summary of the main content of each chapter is presented in the following paragraphs.
Part I: Introduction

— Chapter 2: This chapter presents a literature and technical review of the current state
of the art about sustainable fibre-polymer composites. The chapter includes the
selection of viable alternative materials (fibres and resins) with potential, in terms of
mechanical and processing performance, to manufacture eco-friendlier composites.
The chapter also describes a critical assessment of available raw materials regarding
the development of thermoset polymer resins with high bio-based renewable content
incorporation. The main techniques currently used to manufacture fibre-polymer
composites addressed for construction are briefly described. Finally, recent studies
on applications of bio-based composites in civil engineering structural applications
are presented.

Part ll: Resins

— Chapter 3: This chapter describes a set of syntheses of different formulations of
bio-based unsaturated polyester prepolymers. The prepolymers are evaluated con-
sidering their molecular structure, kinetics of polymerisation, and reactive diluents
incorporation. Then, an experimental characterisation campaign is described, re-
garding cured unsaturated polyester resins, which was carried out to determine
the mechanical, thermomechanical and processing properties of those resins. In
this chapter, isosorbide (ISO) was considered as the main bio-based building block
studied, together with fumaric acid (FA) and 1,3-propanediol (PDO);

— Chapter 4: Similar to the campaign carried out in chapter 3, this chapter presents
the development of unsaturated polyester resins based on dimer fatty acids and
isosorbide building blocks;

— Chapter 5: This chapter presents the development of unsaturated polyester resins
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based on 2,5-furan dicarxylic acid and isosorbide-derived building blocks. The
experimental campaign was carried out according to the procedures previously
adopted for prepolymer and resin characterisation.

Part lll: Composites

— Chapter 6: This chapter presents the experimental investigation carried out in order
to assess the mechanical properties of GFRP laminates manufactured by vacuum
infusion with a bio-based unsaturated polyester resin developed in the thesis.

— Chapter 7: In this chapter, one unsaturated polyester resin developed in the thesis is
selected to be tested in industrial processing conditions, namely in the manufacturing
by pultrusion of carbon fibre reinforced polymer CFRP strips used for structural
strengthening. The chapter also presents the mechanical characterisation tests
of the resulting bio-based CFRP strips, which allowed validating the CFRP strip
prototype.

Conclusions and perspectives

— Chapter 8: The main conclusions of the conducted research are presented and
suggestions for future research are formulated.

Supplementary information concerning the main chapters of the thesis is provided in the
following two appendices:

— Appendix A: Prepolymer characterisation

— Appendix B: Resin characterisation polyesters.

Table 1.1: Thesis core parts organisation and outputs.

Part Domain Subject Main Appendices Papers
chapters

| Introductory Introduction Chapter 1 _
Literature review Chapter 2

| Resins ISO-based polyester Chapter 3 A,B
DFA-based polyester Chapter 4 AB 3
FDCA-bsed polyester Chapter 5 A,B

i Composites Bio-based GFRP Chapter 6 5
Bio-based CFRP Chapter 7

The main scientific contributions of this thesis have been presented in 5 journal papers and
2 conference presentations, which are listed below and correspond to the main chapters
of the thesis.

1. Hofmann, M.; Garrido.; Correia, J.R.; Bordado, J. Compdsitos sustentaveis para
aplicagdes estruturais em Engenharia Civil: uma breve revisao da literatura. Tema:

10



Tecnologias Construtivas - Novos Materiais. Construgcao 2018 - reabilitar e construir
de forma sustentavel. Universidade do Porto. pages 440-453. 2018.

2. Hofmann, M.: Shahid, A.; Garrido, M.; Bordado, J.; Correia, J. Development of bio-
based composites for structural applications. In Jiping Bai, editor. 15! Ibero-American
Conference on Composite Materials, Quantica Editora, pages 38. 2021.

3. Hofmann, M.; Shahid, A.; Garrido, M; Ferreira, M.; Correia, J.R.; Bordado, J. Bio-
based thermosetting polyester resin for high-performance applications. ACS Sus-
tainable Chemistry & Engineering. Manuscript Accepted 11-Feb-2022.

4. Hofmann, M.; Shahid, A.; Garrido, M; Ferreira, M.; Correia, J.R.; Bordado, J. Devel-
opment of bio-based thermosetting polyester resins from dimer fatty acids. European
Polymer Journal. To be submitted in February 2022.

5. Hofmann, M.; Garrido, M; Ferreira, M.; Correia, J.R.; Bordado, J. lterative way
to optimise thermoset polyester structure for high-performance applications in a
sustainable approach. Journal of Applied Polymer Science. Submitted in January,
2022. Under Review.

6. Hofmann, M.; Shahid, A.; Machado, M.; Garrido, M; Bordado, J.; Correia, J.R.
GFRP composite produced by vacuum infusion with a novel high-performance bio-
based unsaturated polyester resin: manufacturing and mechanical characterisation.
Composites Part A: Applied Science and Manufacturing. To be submitted in March
2022.

7. Hofmann, M.; Shahid, A.; Machado, M.; Garrido, M; Bordado, J.; Correia, J.R.
Pultruded CFRP strips produced with a novel bio-based thermoset polyester for
structural strengthening. Composites Science and Technology. To be submitted in
March 2022.

The research developed herein also resulted in an application for a Patent of Invention
concerning an unsaturated polyester resin for FRP composites manufacturing:

— Hofmann, M.; Garrido, M. ; Bordado, J.; Correia, J.R.; Shahid, A. High performance
unsaturated polyester resins based on renewable resources. Patent of Invention.
Number: 117321. Ref. DP/01/2021/77373. Instituto Nacional da Propriedade
Industrial. Diregao de Marcas e Patentes. Departamento de Patentes e Modelos de
Utilidade. Instituto Superior Técnico. Portugal. 2021.
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Chapter 2

Literature review

2.1 Introductory remarks

As the level of depletion of natural resources, the global warming impact and climate
change are becoming increasingly evident, the search for renewable materials able to
address the current dependence on oil has gained urgency. Consequently, the develop-
ment of more sustainable materials has attracted attention in many sectors, and there is
an increasing pressure to adopt a circular approach in our economy [1]. Sustainability is
especially relevant for the construction industry, which is one of the main contributors to the
depletion of natural and mineral resources among all production industries. The paradigm
shift in the construction industry towards circular ways of building can meet the ambitions
resulting from current legislation [2]. For this, alternative materials and manufacturing
techniques need to be found and implemented to guarantee a more sustainable approach.

FRP composites are well established materials in the construction industry due to their
mechanical and durability properties. However, although FRP composite materials may
perform better in terms of environmental impact than traditional building materials [3],
such as steel and concrete, they are generally derived from non-renewable resources and
generate hazardous waste during their manufacturing process. In addition, resin prices
are strongly linked to the petroleum price, which has undergone significant fluctuations in
cost in recent years, causing instability in composite prices.

The use of raw materials based on renewable resources with lower environmental impact
can help addressing sustainability issues and reducing dependence on the volatile cost
of petroleum for FRP production. However, many currently available bio-based materials
have performance limitations for structural applications. Furthermore, even those with
suitable features may not be compatible with the current processing techniques, such
as in the pultrusion process, which involves at high temperatures. Accordingly, a critical
assessment of materials and manufacturing methods is needed to determine the various
features that can further promote a more sustainable use of FRP composites.
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In this chapter, the main question to be answered by the literature review is whether and
how bio-based FRP composite materials can be produced with adequate properties for
load-bearing applications, such as structural members for buildings and bridges. For
this, alternatives for reducing fossil fuel consumption, preventing raw material depletion,
and increasing options for a transition to a more circular economy are presented and
discussed.

2.2 Materials and manufacturing

FRP composites are manufactured from two primary raw material constituents: reinforcing
fibres and a polymer resin matrix. First, this section reviews the fundamental properties and
characteristics of raw materials used to produce eco-friendly FRP products for structural
applications; and then, manufacturing methods currently used in the composites industry
are investigated.

2.2.1 Reinforcing fibres
2.2.1.1 Synthetic fibres

Synthetic or conventional fibres are still an attractive option mainly due to their superior
mechanical properties, low cost, ready availability and consistent properties. Nowadays,
synthetic fibres are the materials most often used as reinforcement in FRP composites,
particularly in structural applications where the mechanical, thermal, and chemical stability
of the finished product are key requirements. The most often used synthetic fibres include
carbon, glass, and aramid. Among these, glass is the most widely used type of fibre in
composites, mainly due to its low cost and relatively high mechanical properties.

Table 2.1 presents approximate mean values for the mechanical properties of the most
used synthetic fibres in structural engineering applications.

Table 2.1: Approximate mean values of mechanical properties of synthetic fibres [4,5].

. . Tensile Elastic Ultimate Densit
Fibre Grade of fibre strength modulus strain Y
(MPa) (GPa) (%) (g/cm?®)
E-glass Electrical glass 3400 72 2.5 2.57
S-glass Structural glass 4600 88 3.0 2.47
C-glass Corrosion resistant 2350 74 2.5 2.46
A-glass Window glass 2760 73 2.5 2.46
Carbon Standard 3700 250 1.2 1.70
Carbon High strength 4800 250 1.4 1.80
Carbon High modulus 3000 500 0.5 1.90
Carbon Ultrahigh modulus 2400 800 0.2 2.10
Aramid Kevlar™ 29 2920 70 3.6 1.44
Aramid Kevlar™ 49 3000 112 2.4 1.44
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The following paragraphs describe the main characteristics and properties of synthetic
fibres used in structural applications. In general, these fibres are made up of long individual
filaments (continuous) and supplied in different architectures.

Glass fibres have a bright white colour to the naked eye and are the most inexpensive
among high-performance fibres. In mechanical terms, glass fibres are usually considered
to be an isotropic material [6], with a recommended maximum stress in service conditions
of about one third of their ultimate strength due to their susceptibility to creep rupture [7].
Besides, glass fibres are sensitive to moisture and need to be well protected by the matrix
system, especially in presence of salts and elevated alkalinity. It is important to note that,
during the glass fibre manufacturing process, individual filaments are produced with a
surface coating called sizing, which aims at protecting the filaments when they are formed
into a bundle or a strand [8]. The sizing also contains coupling agents, usually silanes,
which improve the bonding between the glass fibre and the polymer matrix [9]. Nowadays,
most commercially available glass fibres can be obtained with sizings compatible with
the three major thermosetting resins used in structural applications, namely: polyester,
vinylester, and epoxy resins [10].

Carbon fibres are mainly used in structural engineering applications, such as (i) FRP
strengthening sheets and fabrics, (ii) FRP strengthening strips, and (iii) FRP prestressing
tendons [5]. Due to their two-dimensional atomic structure, carbon fibres are considered
transversely isotropic, having different properties along the longitudinal and transverse
directions of the atomic array [11]. The longitudinal axis gives the fibre its high longitudinal
strength and modulus. Similarly to glass fibres, carbon fibres need sizing to be compatible
with a resin matrix. Carbon fibres have a charcoal-black colour, and historically have been
used primarily with epoxy resins, since suitable sizings for epoxy resin systems are readily
available. Nowadays, carbon fibres are also being used with polyester [12] and vinyl
ester [13,14] resins for FRP profiles and laminates, although sizing for carbon fibres and
polyester or vinyl ester are not as common. Furthermore, carbon fibres are very durable,
since they do not absorb moisture and perform very well under elevated temperatures and
when subjected to fatigue loads [5]. They have a low coefficient of thermal expansion in
their longitudinal direction, giving them excellent dimensional stability. However, previous
research has shown that the contact of carbon fibre laminates with metallic materials can
lead to the FRP polymer matrix degradation, mainly in the presence of chlorides, and to
the corrosion of the metallic material [15,16].

Aramid fibres were first developed and patented by DuPont under the trade name
Kevlar™ [4]. These fibres have a yellow colour and have similar cost to carbon fibres
[17]; however, they are the lightest among high-performance fibres. As structural reinforce-
ment, they were used to manufacture the first-generation of FRP prestressing tendons
in Europe and Japan, although few manufacturers still produce these FRP components.
Occasionally, they are used in specific FRP strengthening applications to wrap columns
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together with unidirectional glass or carbon fabrics [5]. Due to their relatively high price,
high moisture absorption (up to 6% by weight), and relatively poor compressive properties,
aramid fibres have been losing attractiveness for use in FRP composites for structural
engineering applications.

The different types of aforementioned fibres can be used to reinforce FRP composites
in various forms of fiborous materials. The fibre reinforcement forms (or architectures)
can be further worked to produce textile products with various reinforcing directions.
These multi-axial fabrics are classified either based on fibre linearity and continuity, or
directions of their various fibre layers, or based on the fabric formation techniques. Hybrid
architectures, comprising different types of fibres, are also supplied by manufacturers
for specific purposes, such as to obtain more sophisticated crosswise shapes in FRP
components. Normally, the fibre architectures are selected from specific design objectives,
for example: (i) either to resist stresses in flexural or shear zones; (ii) or to avoid interlaminar
cracking migration; (iii) or to minimise intralaminar cracking propagation, avoiding crack
migration phenomena, and/or preventing the crack from jumping between reinforcing
layers.

2.2.1.2 Vegetable fibres

Over the last 15 years, the use of natural fibres as eco-friendly substitutes of synthetic fibres
in FRPs has been increasing for some specific applications with moderate performance
[18]. Natural fibres are extracted from natural sources, such as plants or some living
genus, and are classified into three categories: plant (vegetable) or cellulosic, animal and
mineral fibres. Plant fibres are the most widely used, due to their renewability and easier
availability, whereas animal and mineral fibres have minimal uses [19-21]; however, a
notable exception can be found in basalt fibres, which are an increasingly popular type of
mineral fibre (as discussed in section 2.2.1.3).

Plant fibres are mainly categorised in two types: primary utility group, which includes,
for example, hemp and jute; and secondary utility group, which includes the by-products
of plants, such as coir and pineapple. Furthermore, vegetable fibres are available in six
different forms [22]: (i) bast fibres (flax, hemp, jute, ramie, kenaf); (ii) leaf fibres (abaca,
pineapple, sisal); (iii) grass/reeds (bamboo, bagasse), and stalks (rice, wheat, maize); (iv)
fruit fibres (coir, oil palm); (v) seed fibres (kapok, milkweek); and (vi) wood fibres (softwood
and hardwood), Figure 2.1. Normally, plant fibres have an uneven and rough surface that
provides good adhesion to the resin in a composite material. Bast fibres typically have
good mechanical properties, as they provide the mechanical support to the plant stem,
which makes them preferred for structural applications in composites [23,24].

Plant fibres present complex structures in microscope view. The different layers of cell
walls that wrap the core of lumen are made up of different orientations of microfibrils,
as illustrated in Figure 2.2, which provide strength to the fibre subject to different loads
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Figure 2.1: Main forms of plants used as feedstock for processing reinforcement fibres for the
manufacture of FRP composite materials, namely: bast (a. to e.), leaf (f. to h.),
grass/reed (i. to j.), fruit (l.), other (m.).

[25]. Therefore, similar to other layered systems, the microfibrillar angle governs the
tensile strength of plant fibres and the strain at failure increases with microfibrillar angle
[26]. According to Lau [27], it is noticeable that the tensile modulus of FRP composites
constituted by plant fibres is higher when all microfibrils are aligned along the direction of
the tensile loading.

The theoretical mechanical properties of plant fibres would be reasonable enough for their
use as a structural material, mainly in fibres with a cellulose content higher than 75% [28].
For example, the theoretical elastic modulus of a cellulose molecule is predicted to be
around 138 GPa [29], whereas the theoretical tensile strength of the cellulose available
in plant fibres, such as cellulose |, cellulose Il and amorphous cellulose is high, about
13 GPa, 9 GPa and 800 MPa, respectively [30-32]. In plant fibres, the higher the cellulose
rate, the higher the mechanical properties [33]. However, such performance figures
are not reached since plant fibres exist mainly as bundles of smaller primary fibres that
contain various microstructural defects. Furthermore, due to their vulnerability to seasonal
variations in growing and soil conditions, their mechanical properties typically present a
wide scatter, unlike synthetic fibres that have higher consistency in their properties, making
the mathematical and numerical modelling of plant fibore composites more difficult (and
uncertain) due to the high variability of the input data [28,34].

Table 2.2 presents some physical and mechanical properties of the most widely used plant
fibres in engineering applications, and it highlights the large variability among the various
properties for a given type of fibre and also for the various fibres.
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Figure 2.2: The hierarchical structure of plant cell walls: a. to d. are reproductions adapted from
[27,35]; a. shows a section of primary wall composed of macro and microfibril; b.
presents cell wall layers, comprising one primary wall and three secondary layers (Sq,
S., and S3), with a view of the microfibril angle in S,; ¢. illustrates amorphous and
crystalline regions in cellulose microfibrils; and d. presents 3D cellulose molecular
structure.
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Table 2.2: Physical and mechanical properties of the most widely used plant fibres in engineering
applications [36—47].

Fibre Microfibrillar Tensile Elastic UItim.ate Density
angle strength modulus strain

() (MPa) (GPa) (%) (g/cm?®)
Flax 8.3—11.0 345—-1035 27.6-50 2.0-38.2 1.3-1.5
Jute 7.0-12.0 200-775 20.0-55 1.5-3.0 1.3
Kenaf 9.0-15.0 930 53.0 1.6 1.4-15
Hemp 6.2—11.0 550-690 30.0-70 1.6 1.5
Ramie 7.5 400-938 24.0-128 2.5-3.8 1.5
Sisal 20.0 400-700 9.0-22 3.0-14.0 1.4
Bamboo 2.0-10.7 140—-230 11.0-17 4.0-7.0 0.6—1.1
Cotton 20.0-30.0 287-800 5.0-12 7.0-8.0 1.5-1.6

2 Fibres derived from species mentioned in Figure 2.1.

The main potential contribution of plant fibres used as reinforcement in FRP composites is
towards improving sustainability. In this respect, the use of plant fibres in FRP structural
applications as an alternative to synthetic fibres has the following advantages, among
others [24,38,48,49]: (i) renewable capacity and neutrality with respect to carbon dioxide
emissions; (ii) lower density and interesting values of specific moduli, which is advantage-
ous, especially in parts subjected to bending, (iii) lower energy consumption, though fibre
processing requires higher amounts of water compared to synthetics, and (iv) thermal
recycling is possible, whereas glass need high temperatures and causes problems in
combustion furnaces.

However, the use of plant fibres also entails some important drawbacks, which need to
be overcome, such as: (i) biodegradability, so the risk of microbial contamination must be
taken into account [50,51]; (ii) hydrophilicity, whereas thermoset resins are hydrophobic
- the possibility of moisture absorption for composites reinforced by these fibres is thus
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significant (up to 8% or 10%), together with the inherent degradation of the fibres, which
leads to a reduction in performance of the material over time [52,53]; (iii) flammability,
since they are not resistant to high temperatures - they lose their stiffness at around 160 °C
and thermally degrade at a temperature of approximately 200 °C [54—58], preventing their
use with some matrices and manufacturing techniques, such as pultrusion; and (iv) the
tensile strength is lower when compared to conventional fibres, thus they are best suited
to produce stiff parts that do not require high strength [59,60].

Regardless of the factors affecting the use of plant fibres as reinforcement in FRP com-
posites, renewability and cost competitiveness are still attractive to all business sectors
to explore opportunities to replace traditional synthetic fibres. The research value in this
direction is massive, namely, to solve the issues reported for the structural feasibility of
natural fibres.

2.2.1.3 Basalt fibres

Basalt fibres have been reported to be a more sustainable alternative for the manufacturing
of FRP composites when compared to other synthetic fibres, such as glass and carbon
[61]. These mineral fibres are produced by melting crushed basalt rock between 1250 °C
to 1500 °C and drawing the molten material to the subsequent formation of CBF, with
nominal diameters in the range of 9 um to 24 um and a golden-brown appearance (bronze).
Basalt fibre belongs to the group of inorganic nonmetallic fibres; however, unlike glass
fibres, the melt is 100% basalt, which is a type of igneous rock formed by the fast cooling
of lava at the earth’s surface (see Figure 2.3), with no further constituent ingredients or
additives, resulting in considerably more eco-friendly fibres than glass fibres [62—65].

Volcani . Lava spreading ridge Basalt quarry plant installation
olcanic eruptions Al Madinah, Saudi Arabia (Shibang Group)

b
\

o :
.
: \\‘!!t- i

i \,

Igneous rocks formation ——— Flood lavas to basalt structures ———— Basalt rocks crushing
Figure 2.3: Crushed basalt rock production for the manufacturing of basalt fibres [66,67].

Basalt is abundant in nature, being the most common rock in the Earth’s crust, since it
represents more than 90% of all volcanic rocks. Figure 2.4 shows the world map and
landscapes with flood basalt examples, where parts of the same flood basalt event are
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indicated by outlines or fills of the same colour, and average ages of the flood basalt events
(in million years) are also given. Basalt has also an advantage over plant fibres,namely
that its physical-chemical properties for production of the CBF are essentially independent
from the geographical provenance of the starting raw material, provided that SiO» content
is in the range of 45% to 50% [68].
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Figure 2.4: Availability of basalt sources around the world [69,70].
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In fact, basalt rock chemical composition depends mainly on the lava source, cooling rate,
and historical exposure to the elements. From a mineralogical point of view, basalt is
mainly composed of three silicate minerals: plagioclases, pyroxenes and olivines. The
nature of the magma influences its chemical composition, where silicon dioxide (SiOy) is
the dominant component, followed by AloO3, FeO + Fe>O3, CaO, MgO, NaxO, K>0, TiOo,
and so on [71]. These basalt rocks are classified according to the SiO» content as: alkaline
(SiO2 up to 42%), mildly acidic (43 to 46% SiO») and acidic basalt (over 46% SiO»); only
acidic basalt rocks are suitable for fibre manufacturing, since a high content of SiO allows
to obtain good levels of flexibility and chemical stability of the basalt filaments. As regards
the other components, AloO3 can increase the chemical resistance of the basalt filaments,
and Ca0, MgO and TiO, promote improvements in water and corrosion resistance [61].

Basalt fibre has higher mechanical and physical properties when compared to glass,
with additional advantages, such as lower carbon footprint, no toxic reaction in air or
water, increased resistance to elevated temperatures (with continuous work from —269 °C
to 700 °C), increased UV resistance, lower hygroscopic property, increased radiation
resistance, and resistance to acid and alkaline active environments [72—74]. The major
drawbacks of basalt fibres are their higher density and cost compared with E-glass [75].

High-quality basalt fibres are produced from basalt deposits with uniform chemical makeup
by selecting the basalt rocks with the richest chemical properties. CBF is typically produced
by Spinneret technology. Figure 2.5 shows a simplified scheme of continuous basalt fibre
manufacturing procedures by Spinneret technology, which can be spun in a similar way to
that used for glass fibres, with: (1) crushed stone silo, (2) loading station, (3) transport
system, (4) batch charging station, (5) initial melt zone, (6) secondary heat zone with
precise temperature control, (7) filament-forming bushings, (8) sizing applicator, (9) strand
formation station, (10) fibre tensioning station, and (11) automated winding station.

Basalt rock is crushed and washed before being loaded into furnaces heated using air
gas mixture or electrically. Some electrodes are generally immersed into the melting
bath to promote uniform heating and reduce the time for achieving thermal equilibrium.
Once the melting process is completed, molten basalt is poured onto platinum-rhodium
heated bushings, from which filaments are drawn under hydrostatic pressure. Filaments
are collected together after the cooling process to form a strand, whose integrity and
chemical stability are ensured through a preliminary lubrication step. The filament size (in
the order of some micrometres in diameter) is controlled by varying the drawing speed
and the melt temperature: at gradually decreasing temperature, a yarn is formed whose
thickness reduces over the cooling process, and subsequently, it gets twisted into a yarn
and plied into a multi-strand roving [76].

CBF can be converted into woven or non-woven textiles or used to reinforce composite
structures with techniques similar to those used with continuous filament glass fibres [77].
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Even though basalt rock is a natural (mineral) resource and is currently intensively explored,
the concept of basalt fibres as a more sustainable raw material than synthetic ones can be
supported by the following aspects [76,77,80,81]: (i) a considerable number of volcanoes
keep expelling tons of lava into the Earth’s surface, thus providing a continuous source of
raw material; (ii) although higher temperatures are required to manufacture fibres from
basalt than glass, the production of basalt fibres requires less energy due to the higher
uniformity of its heating compared to glass fibres; (iii) basalt fibres can be recycled more
efficiently than glass fibres; (iv) no special precautions are required for the disposal of
residues after production or at the end of their life cycle, because basalt fibres do not
contain any harmful substances.

According to Wu [65], the following three aspects are necessary to boost the use of basalt
fibre reinforced polymer (BFRP) composites in structural applications in the future, namely:
() to promote the large-scale application of existing mature technologies, for example,
BFRP reinforcing bars and grids; (ii) to improve recent technologies and accumulate
expertise in demonstration projects, including BFRP anchors, intelligent BFRP reinforce-
ment for concrete structures, and BFRP profile-concrete composite structures; and (iii) to
explore new application technologies, such as BFRP cables for stayed long-span bridge
structures.

2.2.1.4 Comparative critical assessment

In the following, a comparison of the main economic, technical and ecological aspects of
various fibres is presented, namely to assist the selection of the most recommended type
of fibres to manufacture more sustainable composites within the scope of this thesis.

According to Table 2.3, plant fibres are eco-friendlier and cheaper compared to synthetic
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fibres and their production worldwide is considerably larger. However, plant fibres require
more control on surface treatment (sizing), which involves additional costs, whereas syn-
thetic fibres are already supplied with sizing compatible with most commercial thermoset
resins available in the market. Although the potential strength of plant fibres is high if
estimated from the theoretical strength of a cellulose molecule, in practice it has not yet
been possible to exploit the inherently high properties of cellulose due to naturally occur-
ring structural defects within the fibres (these defects also occur in synthetic fibres, but
pose less of a limitation). Defects introduced during processing of the fibres and chemical
incompatibilities with the polymer matrix still prevent the adequate stress transfer from the
resin to plant fibres. Furthermore, it is difficult to evaluate the quality of plant fibres and thus
it is challenging to use existing analytical formulations to predict the mechanical properties
of their FRP composites. Hence, despite studies based on hierarchical cellulosic structure
[82,83], the interest in plant-fibre composites has until now been somewhat refrained by
the acknowledgement that achieving theoretical strengths might not be possible, at least
in the near future, due to the aforementioned difficulties.

Plant fibres also have other key limitations, namely the following: (i) high moisture absorp-
tion; (ii) poor bonding properties with polymeric resins (hydrophilic fibre and hydrophobic
resin); (iii) flammability; (iv) swelling effects that may affect the quality of resulting compos-
ites; (vii) biodegradability; and (v) low weatherability. Thus, compared with the widespread
acceptance of advanced composites produced with synthetic fibres, the path to adoption of
plant-fibre composites in mainstream structural applications will be hindered by technical
challenges yet to be overcome.

Alternatively, the development of eco-friendlier and cost-effective basalt fibres for FRP
composites has received considerable attention in both academic and industrial fields.
In the last decade, FRPs based on basalt fibres have been successfully proved to be
an effective and feasible alternative to conventional FRPs both in terms of mechanical
performance and of ecological and economical sustainability [89]. When compared with
glass and carbon fibres, basalt fibres are easier and cheaper to produce, require lower
energy consumption (in electric furnace), and represent an eco-compatible solution, since
they do not entail recycling problems [90-92]. From a mechanical point of view, basalt
fibres exhibit strength and stiffness properties which allow to manufacture FRP composites
with comparable or higher mechanical performance than FRPs based on glass fibres.
Furthermore, basalt fibres have larger strain at failure than carbon fibres, and these
mineral fibres practically exhibit almost constant mechanical properties in a wide range of
temperature values, retaining about 90% of the normal temperature strength up to 600°C
[93]. Due to the high resistance to both corrosion and UV-radiation, combined with good
mechanical properties, FRP composites based on woven mats and fabrics of basalt fibres
are already successfully employed in structural applications, such as the production of wind
turbine blades and in boat building [73,89,94]. For structural applications in construction,
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CBF has also been already adopted as reinforcement in FRP composites for producing
high-strength rovings for pultruded load-bearing parts and concrete-reinforcing bars. In
fact, recent experimental and analytical studies [95—101] have shown the feasibility and
effectiveness of BFRP for structural applications. Nevertheless, technical standards and
design guidelines are still defined and calibrated based on evidence obtained with CFRP
and GFRP composites, and therefore they also need to be extended to basalt fibres.

Based on the current inability of plant fibres to be used in structural applications, basalt
fibres have emerged to introduce more sustainability to composite materials and structur-

Table 2.3: Comparison of plant, glass and carbon fibres [84—87].

Properties Unit Plant? Glass® Carbon®
Economic
Annual global productiond (tonnes) 31.000.000 4.000.000 55.000
Distribution for FRPs in EU (tonnes) Moderate Wide Low
(60.000) (600.000) (15.000)
Cost of raw fibre (£/kg) Low Low High
(0.5-1.5) (1.3—20.0) (>12.0)
Technical
Density (g/cmd) Low High Low
(1.35-1.55)  (2.50-2.70)  (1.70—2.20)
Tensile strength (MPa) Low High High
(=400—1500) (2000—3700) (2400—4800)
Elastic modulus (GPa) Moderate Moderate High
(~30-80) (70—85) (250—-800)
Ultimate strain (%) Low High Low
(1.4-3.2) (2.5-5.3) (0.3-2.2)
Specific tensile strength (GPa/g/cm?3) Moderate Moderate High
(0.3—1.1) (0.7—1.5) (0.6-3.7)
Specific elastic modulus (GPa/g/cm?®) Moderate Low High
(20—60) (27—34) (68—290)
Abrasive to machines No Yes Yes
Ecological
Energy demand of raw fibre (MJ/kg) Low Moderate High
(4—15)° (30-50) (> 130)
Renewable source Yes No Nof
Recyclable Yes Partly Partly
Biodegradable Yes No No
Health risk when inhaled No Yes Yes
CO> neutral Yes No No

2 Includes bast, leaf and seed fibres, but does not include wood and grass/reed fibres.

® Includes E- and S-glass fibres.

¢ Includes polyacrylonitrile (PAN)- and pitch-based carbon fibres.

4 Estimated values for the year 2010.

¢ While the energy required in the cultivation of plant fibres is low (4—15 MJ/kg), further processing steps
(e.g., retting and spinning) can significantly increase the cumulative energy demand, for instance, to up to 146
MJ/kg for flax yarn [88].

" Carbon fibres based on cellulose currently account for only 1—2% of the total carbon fibre market [86].
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ally compete with their synthetic counterparts, mainly with glass fibres, which remain the
most used to produce FRP composites in the European market, especially E-glass fibres,
which have lower cost than carbon fibres and provide similar strength-related properties.
However, carbon fibres are often used for specific reinforcement applications, such as
FRP composite strengthening strips, because of their higher specific elastic modulus and
specific tensile strength compared to glass fibres (see Figure 2.6).
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Figure 2.6: Radar plot: plant and synthetic fibres properties.

The analysis described herein about reinforcing fibres allowed the following decisions to
be made for the development of FRP composites for more sustainable and eco-friendly
structural applications within the scope of this research: (i) plant fibres do not yet have
sufficiently consistent mechanical properties and durability to compete with synthetic
fibres; (ii) glass fibres will be adopted to produce unsaturated polyester resin matrix
composites; (iii) carbon fibres will be used to produce polyester matrix composites; and (iv)
aramid fibres will not be used in these activities as they present several drawbacks when
compared to the alternatives. Finally, it is worth referring to the fact that basalt fibres have
also been selected (by this author) to produce BFRP composites; however, due to time
limitations, the manufacturing and characterisation works were not included in this thesis.

2.2.2 Polymer matrix

Polymer matrix, or simply matrix, is formed by macromolecular segments or chains
with different conformations and arrangements, typically classified as thermoplastics or
thermosets. Both these matrices may be petroleum- or bio-based, with biodegradable or
non-biodegradable polymeric chains (see Figure 2.7).
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Thermoplastics are usually categorised into four groups [102], namely:

1. Petroleum-based and non-biodegradable, such as polyethylene (PE), polypropylene
(PP), and polyvinyl chloride (PVC);

2. Entirely or partially bio-based and non-biodegradable, such as bio-based poly-
ethylene (bio-PE), bio-based bio-based polyamide (bio-PA), bio-based bio-based
polytrimethylene terephthalate (bio-PTT), and bio-based polyethylene terephthal-
ate (bio-PET);

3. Bio-based and biodegradable, such as polylactic acid (PLA) and polyhydroxyalkanoates
(PHAs); and

4. Petroleum-based and biodegradable, such as polybutylene adipate terephthalate
(PBAT), polycaprolactone (PCL), and polybutylene succinate (PBS). PBS can be
partially bio-based polybutylene succinate (bio-PBS), and it is commercially available
at present.

Most research on bio-based polymers has focused on thermoplastics for applications in
various industries [103]. However, due to their lower mechanical performance compared
to thermosets, they find limitations for high-performance applications. Consequently,
thermoplastics are less often used to manufacture materials with higher requirements in
terms of load-bearing capacity.

Polymers , Products
Petrobased Bio-based "
non-biodegradable biodegradable e
Epoxy PE ;
PP PVC : .
Bio-PBS : Disposable cup, Packaging Nylon
UPE : clutery
PHAs :
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Figure 2.7: Example of petroleum- and bio-based polymeric matrices currently available for various
industries, such as packaging, biomedical, and composites [102—104].

Thermoset resins are the non-reinforced part of FRP composites, being used to impregnate
and bind the fibres and, after cured, they are responsible for carrying part of some types
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of loading, particularly those associated with transverse stresses and interlaminar shear
stresses [105]. Thermoset resins have good fibre impregnation capacity and excellent
adhesive properties. Compared with thermoplastics, they exhibit lower viscosity, allowing
higher processing speeds. Furthermore, thermosets have high strength and modulus,
good thermal behaviour (at high softening temperatures), better creep properties and
more resistance to chemical attack than most thermoplastics [106].

Despite the good properties exhibited by thermosets, they display some shortcomings,
including poor cracking, brittleness, and low toughness [107]. In addition, conventional
thermosets are petroleum-derived, and their reprocessing is still a challenge to be over-
come, since they are a class of amorphous polymers highly crosslinked that become
infusible and insoluble when cured by thermal, chemical (catalyst or promoter) or other
means. However, the appeal for environmental sustainability, together with current high
oil prices and their lower long-term supply availability, may promote the development of
more sustainable alternatives to thermoset resins production. Thus, bio-based thermosets
can trigger the development of high-performance ecological resins able to produce sev-
eral high-performance products, such as FRP composites used in different sectors (e.g.,
construction, automotive, aerospace, marine, energy and consumer goods).

Although bio-based thermoset options have recently emerged, such as polyfurfuryl alco-
hol (PFA) and bio-based polyurethane (bio-PU), conventional petroleum-based thermosets,
such as epoxy, vinyl ester (VE), UP, and phenolic are still dominant in composite applica-
tions - the lower cost and the (present) wide availability of crude oil are the main reasons
for the slow progress and shift towards greener thermoset polymers.

Since this thesis aims to develop more sustainable FRP composites, the review presen-
ted next will focus exclusively on thermoset resins. First, the main characteristics and
properties of conventional thermoset resins currently used in the composites industry
are presented. Then, recent studies on bio-based alternatives to their petroleum-derived
counterparts are presented.

2.2.2.1 Conventional thermoset resins

The most commonly used thermoset resins are epoxy, unsaturated polyester, vinyl ester,
and phenolics. They cover a vast class of chemicals and various physical and mechanical
properties. In the curing process of these thermosets, the low viscosity resin is converted
into a strong, and stiff solid by chemical crosslinking, leading to a tightly bound 3D network
while the composite is being formed.

Epoxy is a reactive prepolymer that contains monomers with two or more ring-like epoxide
(or oxirane) groups, which react with hydroxyl groups and may be distributed along the
macromolecule main chain but are usually terminal [108]. The most popular epoxy
monomers are those derived from the reaction of bisphenol A (BPA) and epichlorohydrin
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(ECH), in presence of NaOH, resulting in a structure known as DGEBA, see Figure
2.8. The epoxy monomers may be reacted (crosslinked) either with themselves through
catalytic homopolymerisation, with a suitable catalyst, such as boron trifluoride and tertiary
amine, or with a wide range of reactants of which secondary amines and acid anhydrides
are the most important. These reactants are often referred to as hardeners, and the
crosslinking reaction is commonly referred to as curing [109,110].

Figure 2.8: Epoxy main chain based on DGEBA with terminal oxirane groups for crosslinking reac-
tions either with themselves through catalytic homopolymerisation, or with hardeners,
such as amines or acid anhydrides.

The most characteristic properties of commercial epoxies are related to the reactants used
in the synthesis and from the chemical macromolecular structure obtained, resulting in
products from low to high T, materials. When compared with other thermosets (such as
polyesters) and using appropriate hardeners, epoxy usually has better chemical resistance
to alkalis. Epoxies also present excellent corrosion resistance and high resistance to
moisture absorption. Furthermore, due to the absence of styrene, epoxy resins involve
significantly less toxic emissions during the curing process than polyester and vinyl ester,
making their use eco-friendlier with open-mould techniques, such as hand lay-up or
vacuum bagging.

For the civil structures field, epoxy resins are used in structural strengthening applications
with stringent strength, stiffness, service temperature, and durability requirements. For
example, epoxy resin can be applied to impregnate dry fibre sheets or fabrics in the field
and then cured on-site, acting both as a matrix for the FRP composite (impregnating the
fibres) and as an adhesive to attach the FRP composite to the substrate, or can be just
applied separately as structural adhesive to bond pre-cured FRP strips to concrete (and
other materials) in strengthening applications. Furthermore, prefabricated products can
be manufactured when epoxy resins are combined with carbon fibres; namely, pre-cured
CFRP strips (or sheets) for structural strengthening, CFRP tendons for pre-stressing
concrete, and FRP stay cables for bridges.

Unsaturated polyester resin is one of the earliest thermosets, being (the most) widely
used in FRP composites [107]. Its main chain (prepolymer) is obtained from the poly-
condensation reaction of unsaturated and saturated dicarboxylic acids (or anhydrides)
with diols, resulting in pale yellow oligomers with a low degree of polymerisation. These
oligoesters may have high viscosity, depending on the chemical composition and molecu-
lar weight. However, vinyl monomers (usually styrene) are typically used as diluents to
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decrease the unsaturated polyester oligomers’ viscosity and simultaneously to react with
their unsaturations (double bonds) using free-radical initiators to the formation of a 3D
network.

The solutions of unsaturated polyester prepolymers and reactive diluents are known as
UPR, and may be classified based on their chemical structure, with ortho and isophthalic
resins being the most common types.

Orthophthalic polyester resins, also known as general-purpose resins, are based on
phthalic anhydride, maleic anhydride, and glycols, according to Figure 2.9. Phthalic
anhydride is the anhydride of ortho-phthalic acid; although phthalic anhydride provides
an inflexible link to the main chain, it reduces the thermal and chemical resistance of
the polymer. However, it is cheaper compared with isophthalic or terephthalic acids.
Additionally, maleic anhydride is the most common olefinic monomer - capable to provide
double bonds (unsaturations) - used to synthesise unsaturated polyesters, due to its low
cost, large market scale, and high reactivity with diols. However, it is less reactive in
subsequent free-radical reactions due to its cis configuration when compared to trans-
fumaric acid. Consequently, fumaric acid is a candidate for replacing maleic anhydride in
unsaturated polyesters, as it exhibits frans configurations and can be produced biologically
from renewable feedstocks [111].

Among the glycols, 1,2-propylene glycol is the most important, mainly due to the presence
of the pendant methyl group; the resulting resins are less crystalline and more compatible
with commonly used reactive diluent (styrene) than those obtained using ethylene glycol
and diethylene glycol. By contrast, resins with high heat and chemical resistance are
produced using neopentyl glycol or hydrogenated BPA [112].

Jr‘L(o o o ﬁ@ OT

Figure 2.9: Unsaturated polyester main chain based on phthalic anhydride, 1,2-propylene glycol,
and maleic anhydride, which provides a double bond for crosslinking reactions with
reactive diluents and later orthophthalic polyester resin formation.

UPRs are commonly used to impregnate reinforcing fibres, mainly glass fibres, and cured
in the presence of free-radical initiators eventually coupled with accelerators, resulting
in a wide range of mechanical, physical and chemical properties, depending on the
choice of diacids, diols, crosslinking monomers, initiators and additives [113]. Due to
their suitable balance between low cost, versatility of processing, and good mechanical
and thermomechanical properties, these resins have been among the most often used
thermoset polymers by the FRP composites industry for several years. However, their

31



Chapter 2 Literature review

production still depends significantly on raw materials that are derived from petroleum.
Furthermore, despite widespread historical use, styrene (the most common reactive
diluent) is toxic to human health [114].

Table 2.4 presents the viscosity and hardness of unsaturated polyester resins currently
available on the market for use as matrices in various FRP composite manufacturing
techniques, such as hand lay-up, vacuum infusion, and pultrusion.

Table 2.4: Conventional petroleum-based polyester resins [115-117].

I~ Viscosity? Hardness®
Polyester Type Application (mPa.- ) (Barcol)
Synolite™ 5410-P-1 ORTHO Hand lay-up 390 45
Distrition® 135 SX ISO Hand lay-up 855 37
Distrition® 110 SXZ DCPD Hand lay-up 540 40
Polylite® 33204 ORTHO Lamination 475 40
Synolite™ 8488-G-2 DCPD Infusion 85 45
Distrition® 152 S1 ISO-NPG Infusion 225 44
Crystic® U 904 LVK ORTHO Infusion 120 40
Crystic® 701PAX ISO Infusion 160 35
Synolite™ 2155-N-1 ORTHO Pultrusion 275 47
Crystic® 272E ISO Pultrusion 350 44
Dion® 31068-00 TERE Pultrusion 750 -
Aropol™ 7030 ISO Pultrusion 1200 50
Crestamould® 474PA ORTHO Multi-purpose Thix 48
Polylite® 31054-00 ORTHO Multi-purpose 700 45

& Measurements between 23 °C and 25 °C
® Values obtained for different curing schedules, including post-curing for most resins.

Vinyl ester resins are usually formed from unsaturated esters of epoxy prepolymers,
combining the improved performance of epoxy with the easier processing and lower cost
of polyester. Moreover, vinyl esters offer similar mechanical properties to epoxy resins,
low viscosity, and fast cure, equivalent to polyesters [118].

The vinyl ester main chain is usually synthesised by reacting DGEBA, the epoxy resin
prepolymer, with an unsaturated acid, such as methacrylic acid (see Figure 2.10). Con-
sequently, they are more expensive than polyesters. By contrast, vinylester prepolymer
can also be derived from polyester and urethane prepolymers; but those based on oxirane
groups (epoxy) are of particular commercial significance [107]. In addition, compared
to epoxy resins, vinyl esters exhibit lower adhesion strength to substrates, and their
volumetric shrinkage is higher, ranging from 5% to 10%.

Vinyl esters are often identified as an unsaturated polyester grade because of their similar
structure to polyesters and their cure and processing similarity. However, the structural
difference of their macromolecules, which partially justifies their improved chemical and
mechanical properties, is the presence of reactive double bonds at the ends of the chains.
Thus, crosslinking to vinyl esters occurs at the unsaturations (carbon-carbon double bonds)
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Figure 2.10: Bisphenol A epoxy-based (methacrylate) vinyl ester resin.

positioned at the end of the polymer main chain, meaning that the resulting thermoset
contains fewer crosslinked bonds than polyesters; instead, unsaturated polyester resin has
reactive double bonds distributed throughout its main chain [119]. Furthermore, although
the tensile and flexural properties of cured vinyl ester resins do not vary appreciably with
molecular weight, the thermomechanical properties can be improved by using phenolic-
novolac-type building blocks for their main chains.

Because of the fewer crosslinking sites, a cured vinyl ester is more flexible and has higher
fracture strength than a cured polyester resin. Also, like polyester resins, vinyl esters
are dissolved in styrene [120]. Consequently, the crosslinking mechanism is similar to
polyesters, presenting the same problems with free radicals during long-term storage.
However, unlike polyesters, vinyl ester resins have a low content of ester groups and low
vinyl functionality, resulting in better resistance to hydrolysis, lower exothermic temperature
peaks, and less shrinkage after curing. Furthermore, vinyl ester resins have good wetting
characteristics and excellent adhesion to glass fibres due to the high number of OH
(hydroxyl) groups in their main chain, forming hydrogen bonds with similar groups on the
glass fibre surface [118].

Vinyl esters are also resistant to strong acids, and strong alkalis [121]. This explains why
most commercially available FRP bars used to reinforce concrete elements are made from
vinyl ester resin matrix for applications with specific durability requirements. In addition,
vinyl esters can also be processed at ambient and elevated temperatures, being widely
used as fibre impregnation matrices to manufacture large (and simple) geometry pultruded
FRP profiles mainly used in bridge construction [122].

Phenolic resins consist of low-polarity groups, such as aromatic rings, and highly polar
groups, such as hydroxyls (Figure 2.11), resulting in favourable interactions with a range
of fibre reinforcements. This structural compatibility, coupled with the low viscosity in the
temperature range in which FRP composites are usually prepared, allows phenolic resins
to wet the reinforcements and crosslink through the reinforcement, contributing to good
adhesion at the fibre-matrix interface [106].

Phenolics are traditionally classified in resol- and novolac-type resins by reacting phenols
with aldehydes. Typically, novolac is obtained in a strongly acidic medium through the
reaction of formaldehyde with a molar excess of phenol; hexamethylenetetramine (HMTA)
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Figure 2.11: Types of phenolic resins.

can also be used as a source of formaldehyde for curing novolac-type phenolics, producing
formaldehyde and ammonia as by-products [123]. By contrast, resol is obtained by reacting
phenol with a molar excess of formaldehyde in an alkaline medium, generating water and
formaldehyde as by-products of condensation reactions [124]. These by-products can be
released as volatiles during curing, resulting in networks with a substantial voids content
that negatively affects the mechanical properties of the cured materials and increases the
moisture uptake of composites.

Lower void content can be achieved by replacing water as a diluent with ethylene glycol,
which confers low viscosity to the resin and can also act as both a plasticizer and a
reactant. In the latter case, ethylene glycol is introduced to the thermoset network through
the curing, decreasing the voids content and increasing density, leading to a cured
material with improved mechanical properties [125]. In addition, phenolic resins have good
dimensional stability, keeping their mechanical properties at relatively high temperatures,
and with the advantage of being relatively economical, with a similar cost to polyester.

The main drawbacks are the difficulty in reinforcing and curing phenolic resins, which
further present a brownish colour and are difficult to pigment. Phenolic thermosets are
also brittle at room temperature; however, they overcome one of the drawbacks associated
with the application of organic materials in construction: their high combustibility. Low
flammability justifies why phenolic resins are widely used to manufacture FRP composites
for applications requiring fire, smoke and toxic fumes production and high-temperature
resistance [126], such as interior structural parts, materials used in tunnels, and fire
safety components. Furthermore, phenolics-based FRP composites can be produced with
complex shapes while maintaining high strength and stiffness, making these materials
alternatives to metals in the rail, offshore and construction industries [106].

A more recent phenolic resin type called benzoxazine has been obtained by synthes-
ising diphenolic compounds, aqueous formaldehyde and a primary amine. While typical
phenolics are chemically linked through methylene bridges, benzoxazines are linked
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first by forming a cyclic structure from the phenolic hydroxyl to the ortho position [127].
Consequently, the development of benzoxazine technology presents an alternative to
traditional phenolic condensation chemistry, eliminating the problems associated with the
volatiles that are generated during the condensation reaction.

Finally, the use of phenolic-based resins can improve fire safety (in terms of mechanical
performance) and reduce the costs of FRP composites, especially with carbon fibre
reinforcement. In addition, among the main properties that successfully result from the
combination of phenolic resin and carbon fibres are the excellent thermal stability of carbon
fibres and the low thermal conductivity of phenolic resins.

2.2.2.2 Bio-based thermoset resins

For a renewable product to be commercially competitive, it must be economically viable at
an industrial scale and possess properties that match or exceed its existing petroleum-
derived analogues. However, few bio-based polymers have overcome this challenge
[128] since the properties of a polymer depend on its macromolecular structure, namely,
chain-sequence, chain-length, chain-isomerism and chain-topology [129], whether it is
produced from petroleum- or bio-derived building blocks.

Bio-based thermoset resins have a wide range of mechanical properties and behaviours,
from stiff and fragile to flexible and ductile. However, despite the efforts of producers to
develop new resins, currently, most thermosets commercially available for manufacturing
composites still have reduced incorporation of sustainable raw materials, approximately 30-
35%. In addition, these commercial bio-based thermoset resins are suitable for applications
in various products, such as boats, automotive, energy, and sports parts [130—133]. By
contrast, although new commercial resins have been recently made available [134], the
composites market for structural applications still lacks bio-based thermoset resins with
processing characteristics suitable for current manufacturing techniques, such as vacuum
infusion and pultrusion, and that present the required mechanical and thermomechanical
properties (after curing) for load-bearing composite structures.

Indeed, the development of bio-based thermoset resins for high-performance structural
applications is needed to improve the sustainability of FRP composites, and recent com-
mercial alternatives have attested this evidence [135,136]. In addition, current research
has shown relevant trends for the synthesis and use of renewable raw materials for the
production of new bio-based thermoset resins, namely [109,137,138]: (i) epoxy prepoly-
mer based on vegetable oils; (ii) phenolics containing lignin compounds from liquefied
wood; (iii) unsaturated polyesters containing reactants derived from agro-by-products; and
(iv) reactive diluents for epoxy, polyester, and vinyl ester derived from biomass [139-141].
These developments are summarised next.

Epoxy bio-resins have been reported in the literature recently, and the main approaches
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to making them more sustainable are focused on (i) replacing bisphenol-A with aliphatic
long-chains or other polyhydroxy bio-compounds [142—144], (ii) replacing epichlorohydrin
derived from petroleum with its bio-based counterparts [145], and (iii) using bio-based
alternatives to petroleum-derived amines [146].

Although many studies have been reported on epoxidized vegetable oils (from soybean oil,
castor oil, linseed oil, and others), it is known that epoxies from these long hydrocarbon
chains present lower mechanical and/or thermomechanical properties when compared
with their petroleum-derived counterparts [147,148]. By contrast, aromatic groups based
on biomass (such as those derived from lignins, tannins and furans) have been shown to
provide higher performance to the resulting epoxy resins [149—-153].

Epichlorohydrin, the more expensive compound, is obtained by the chlorination of pro-
pylene followed by a sequence of reactions, and it confers high reactivity to the epoxy
precursor. However, it is classified as carcinogenic, mutagenic, and reprotoxic (CMR)
compound of category 1B. Interestingly, ECH is now industrially produced from bio-based
glycerol [145], and the conversion of glycerol to the chemical ECH is economically attract-
ive [154,155]. The bio-based weight content of DGEBA is about 25%, when the synthesis
is made from bio-based ECH.

Unsaturated polyester bio-resins have been studied under their two primary constitu-
ents, namely: the main chain (prepolymer) and the reactive diluent. Regarding the
prepolymer, the focus has been on replacing petroleum-derived diacids and diols with
bio-based counterparts. In particular, the synthesis of unsaturated polyesters based on
long-chain diacids and diols results in a more flexible cured thermoset material [156—158];
however, increasing the crystallinity of the polyester or decreasing amorphous zones
around its main chain results in a polymer with good mechanical and thermomechanical
properties, but with very high viscosity at room temperature. Consequently, many attempts
have failed to balance incorporating as much bio-content as possible and achieving suit-
able processing properties for different manufacturing techniques of high-performance
materials, such as composites.

The replacement of styrene by bio-based vinyl monomers that provide compatible reactivity
and solubility with the polyester backbone has also been studied [159]. However, the
few alternatives reported are still economically unfeasible compared to styrene, such
as those based on acrylic monomers [160]. Furthermore, to promote traditional curing
reactions, which use initiators and accelerators based on peroxides and metal salts,
respectively, a minimal amount of styrene has still been shown to be necessary [161].
Thus, the production of bio-based unsaturated polyester resins without styrene capable of
competing with their counterparts based entirely on petroleum-derived raw materials is
still a challenge to be overcome.

Vinyl ester bio-resins have also been reported [140]. However, their development
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matches the challenges of bio-content incorporation found in both epoxy and unsaturated
polyester resins, since the main chain of a conventional vinyl ester resin comprises BPA
monomers, also present in epoxy. At the same time, it is diluted in styrene, such as
polyesters.

Phenolic bio-resins have been studied and some practical applications have already
been implemented [162,163]. The main focus in the development of bio-based phenolics
has been the replacement of oil-derived phenol and formaldehyde by bio-based building
blocks, especially those derived from biomass [164]. Glyoxal, furans and lignin derivatives
are candidates to replace formaldehyde during the synthesis of phenolic resins. By con-
trast, lignin, tannin and cardanol are alternative raw materials to replace petroleum-based
phenol [165—-167]. Furthermore, lignin (polyphenolic in composition) has been considered
the most promising substitute for phenol in phenol-formaldehyde resins because of its
phenolic nature. Moreover, its many functional surface —OH groups and surface modific-
ation, have shown an improved reinforcing effect on the performance of biocomposites
[102,168].

Finally, the development of high-performance bio-resins is directly linked to the advances
and availability of raw materials provided by renewable platforms, which are synthesised to
form the bio-based building blocks present in the polymer’s molecular structure. Therefore,
developing renewable bio-based polymers and materials derived from biosources, such as
biomass-derived and by-products feedstocks and natural monomers, has become a focus
of intensive research to foster and promote sustainability. However, significant challenges
should be well addressed [151], namely:

1. relatively high-cost of certain biomass feedstocks and bio-refinery technologies;

2. processing, physical, mechanical and thermal properties, which are often not com-
petitive with their petroleum-derived counterparts; and

3. the lack of universally accepted quantitative metrics on economic sustainability.

2.2.2.3 Renewable platform

One guiding principle to sustainable development is that the rate of natural resource
consumption cannot exceed its regeneration rate if the system is sustainable in the long
term [145,169]. This balance has encouraged a focus on renewable resources, including
those derived from regenerable biomass, as feedstocks for the next generation of plastics.
For bio-derived feedstocks, the rate and time scale of CO2 sequestration can, in principle,
be in balance with the use and release, resulting in an overall “neutral” carbon footprint.
This carbon footprint is in contrast with the carbon cycle for petroleum feedstocks, in which
the rate and time scale of CO» sequestration (millions of years) is much slower than the
use and release (1-10 year time frame) [170].

Recent researches suggest that the development of more sustainable thermosets should
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be based on the use of raw materials that are renewable and/or less toxic to human health
and with lower carbon emissions [109,171,172]. In this context, there are two approaches
for preparing bio-based polymers [173], in which (1) biomass resources are converted to
monomers or key intermediates via large-scale biochemical processes (i.e., they are bio-
refined), and (2) biomass resources are directly used as ingredients in polymer synthesis
[174,175].

Table 2.5: Bio-based monomers to thermoset applications.

Monomer Source Application

Furfural Bagasse, corn cobs etc. Phenolics

Soybean oll Soybean by-products Polyesters and epoxies
Linseed oil, pine oil etc. Vegetable oils Epoxies

Lignin and tannin Biomass Polyesters, epoxies, etc.
Terpenes and rosins Conifer plants Thermosets

Citric acid Citrus fruits by-product Polyesters

Castor oil Ricinus communis Polyurethanes

Cardanol Anacardium occidentelle Thermosets

Natural polymers, such as cellulose, hemicellulose, and lignin, are among the most abund-
ant sources of renewably sourced carbon [176]. The properties of these raw materials can
be enhanced by physical or chemical modifications, making them valuable materials for
various applications. By contrast, molecules including vegetable oils, terpenes, and CO»
are also relevant renewable raw materials. These raw materials can be further converted
to value-added chemicals in integrated bio-refineries, in analogy with the current petro-
leum refineries practice. Table 2.5 gives examples of transformation chains of bio-based
monomers to thermoset polymer applications.

Bio-refinery products, such as alcohols and glycerol, are also helpful monomers for sus-
tainable polymers. Among the different biomass sources for bio-refinery, the lignocellulosic
is attractive because of the availability of feedstock; for example, agro-food wastes, or
even paper wastes, are available at competitive prices, and the use of these feedstocks
does not compete with the food supply.

According to Zhang [145], as the chemical composition of renewable resources is quite
different from those derived from petroleum-based resources, new scientific and technolo-
gical innovations have been developed from more efficient catalytic strategies to convert
these resources into chemical platforms, monomers, polymers, and products that can be
produced economically on a sufficiently large scale for commodity materials.

Finally, vegetable biomass is generated from CO, and H>O using sunlight as the energy
source, producing O, as a subproduct. The primary products formed are cellulose,
hemicellulose, and lignin. Besides those components, plants can also elaborate energy
storage products, such as lipids, sugars, starches, and other products, such as terpenes
(relatively rich in hydrogen and carbon) found in essential oils, which can be transformed
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into components of resins [177].

2.2.3 Manufacturing techniques

Sustainable composites (or biocomposites), used for structural applications in construc-
tion, must be developed to match the best property-sustainability-processing correlation,
depending on the target end use application. When manufacturing FRP biocomposites, it
should be borne in mind that their suitability to the structural design is mainly influenced by
the constituent materials (matrix and fibres), composition and fibre architecture. Different
combinations chosen from the range of fibres and matrices can increase the sustainable
potential of the product, especially, from raw materials incorporated into the FRP biocom-
posite (which can be partially or fully derived from renewable resources). Furthermore,
hybrid biocomposites containing more than one type of fibre reinforcement or matrix are
also currently being developed to provide better properties and also lead to substantial
cost savings due to the incorporation of cheaper raw materials [178,179].

Efficiency in manufacturing of structural composites has been addressed, specifically
for the aerospace, automotive, marine and energy industries, which require advanced
manufacturing technologies in terms of shape, accuracy, lead time, energy consumption
and production costs [180]. More recently, technologies are being developed to be applied
in the manufacturing of advanced composites [181—-183], for example: automated tape
layup (ATL), automated fibre placement (AFP), continuous tow shearing (CTS), filament
winding (FW), through-thickness reinforcement (TTR), tailored fibre placement (TFP),
automated preforming cell (APC) and overmoulding.

Discontinuous-fibre composites have also been studied to provide another alternative
to increase the sustainability of composites manufacturing [184,185]. Furthermore, a
response that will certainly come over the next few years, specially because of the advent
of the end-of-life of FRP components from wind turbines and civil structures, is the
beginning of an assembly between conventional and newer manufacturing techniques,
focusing on recycling and reusing composite materials [186—190]. However, despite recent
efforts to increase sustainability in composites manufacturing process, FRP composites
used in structural applications in construction, such as (i) CFRP strips and tendons for
structural strengthening and reinforcement; (ii) pultruded GFRP profiles used as structural
members; (iii) FRP composite rebars for concrete, and; (iv) FRP composite laminates for
sandwich panels, are still largely manufactured by conventional techniques [191—-194].

FRP composites used in structural construction applications are typically produced by the
following techniques: (1) hand lay-up (or wet lay-up), (2) vacuum infusion, and (3) pultru-
sion. Composites produced by these techniques usually have less complex geometries
when compared with structural shapes applied in airplanes, automobiles and wind turbines.
In fact, the increase in sustainability associated to the production of FRP biocomposites
must address first existing (conventional) manufacturing processes, due to their larger
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current consume, in order to become more competitive, to boost and spread its use more
quickly in structural applications.

2.2.3.1 Hand lay-up

The manufacturing process known as hand lay-up involves the manual laying down of
individual layers (or plies) of reinforcement fibres (which can also be applied in the form
of ‘prepregs’) into an opened mould, and then laminating them with resin [195], using
specially designed rollers to ensure that the laminate will be free from gas or air bubbles,
see Figure 2.12.

Hand roller

Mould . Releasing agent Gel coat

Figure 2.12: Hand lay-up technique.

Hand lay-up can be applied in a plant or on-site, and the composite part will form into the
shape and dimensions of the mould or surface in which it was manufactured. When the
manufacturing is made in a plant, FRP elements are produced inside a opened or closed
mould, being removed after curing. However, on-site manufacturing is often used for
construction applications, in which FRP elements are directly applied over the surface of
an existing structural element that is intended to be strengthened. Here, the main difficulty
or concern consists of guaranteeing an adequate connection between the FRP element
and the structural element to be strengthened [191].

Hand lay-up is highly adaptable to new parts and design changes. Its composition
variability (such as fibre and resin features, and resin/fibre ratio), latitude in size, shape,
and design possibilities (reinforcement direction), enables a manufactured part by lay-up to
be tailored to structurally and economically fit its desired function. Furthermore, large parts
can be produced with minimum tooling cost and start-up lead time, because semi-skilled
workers are needed and are easily trained, and any material that will hold its shape can be
used as a mould form [196]. By contrast, product uniformity is difficult to maintain within a
single part or from one part to another. This process results in only one finished surface
(the reverse surface is usually rough), and parts often have low fibre fraction volume.
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The process is also labour-intensive and longer cure times are required, resulting in low
production rates. Furthermore, quality is related to the skills of the operator and as with
other manual processes, there is also potential for discrepancies between parts caused by
human variation [197,198].

Human interference on lay-up features may become more evident when the technique is
performed on retrofitting concrete structures, especially, shear and flexural strengthening
of |- and T-beams (which has non-obtuse edges) using hand-layup sheets and fabrics of
carbon or glass fibres, and reinforced concrete column FRP wrapping. However, despite
these drawbacks, the adaptability provided by hand lay-up means it remains a key part of
the composites industry, providing one of the most important manufacturing methods for
many applications [191,195,199].

The design of FRP composites produced by hand lay-up involves more than determining
the dimension and shape of the FRP; it also involves paying attention to what happens
to the mix in or on the mould, especially what happens to the fibres in the mix, and
which properties can be obtained. The fibre impregnation and curing kinetics of the
part involves the choice of the resin system to be used in the hand lay-up process.
Further performance properties, processing and handling characteristics, such as gel time,
shrinkage, exothermic peak, viscosity, and thixotropy, are also relevant considerations in
the definition of the resin to be specified. In addition to the materials used, an execution
(manufacturing) plan must be adopted to ensure its suitability for the project. The following
are a set of procedures described in the literature for hand lay-up technique [5,191,196,
200]:

* Mould preparation: starts with a thorough buffing and polishing of an (unused)
mould. For strengthening concrete structures, removing unwanted residues, rough-
ening and cleaning the surface are necessary steps to guarantee the composite-
substrate adhesion and plies uniformity;

* Releasing agent: after mould preparation, for production in plant, a releasing
material (such as polyvinyl alcohol (PVA) ) is applied to the mould — usually three
or four coats applied in perpendicular directions — avoiding the part from being
permanently bond of the mould surface. A proper mould preparation will enable the
smooth separation of the FRP part from the mould. If this operation is neglected or if
short cuts are taken, product appearance will be jeopardised, and if a part hangs-up
in the mould and cannot be removed, both the part and the mould might have to be
scrapped. For on-site manufacturing (retrofitting), a releasing agent is not applied on
the (concrete) surface to be strengthened;

» Gel coat: normally, a polyester, mineral filled, pigmented, non-reinforced layer or
coating is applied first to the mould; it will become the outer surface of the laminate
when completed. This produces a decorative, high protective, glossy, coloured
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surface, which requires little or no subsequent finishing. Furthermore, this layer is
useful for protection from external environmental agents and it improves the service
life of the product. Usually this gelcoat is about 0.5 mm thick;

« Lamination of plies: after gel coating curing, layers of fibres (in the form of mat,
woven fabric or roving) are laid and spread manually onto the mould. In this phase,
resin and catalyst are either premixed in a bucket, and then the catalysed resin is
poured (or applied with a brushed) manually over the previously stretched plies. The
operator facilitates the penetration of the resin and removes the air bubbles inside
the plies with the hand roller (squeegee), by compacting it against the mould. Cored
laminates (where a layer of end-grain balsa, foam, plywood, or another material, is
sandwiched between layers of resin-saturated fibre) are attainable with either hand
lay-up, and additional layers of woven rovings (or mats) can then be applied until the
total design thickness is achieved;

» Curing time: subsequently, the process of curing starts thanks to an exothermic
reaction between catalyst and resin, hardening the FRP composite, at ambient or
elevated temperature (depending of the catalyst system). The degree of curing of
the different layers can be improved by means of elevated temperature, pressure
and/or vacuum. However, in most civil engineering structural applications, the hand
lay-up technique is used without application of external pressure, with the curing
process taking place at ambient temperature; and

» Demoulding: after curing either at room temperature or at some specific temperat-
ure, the produced composite part is taken out and further processed (for example,
under post-curing) to obtain improved mechanical and thermophysical properties.

2.2.3.2 Vacuum infusion

Vacuum infusion is a closed mould resin infusion production process that presents sim-
ilarities with resin transfer moulding (RTM). The most striking difference is that the fully
enclosing, two-part rigid moulds used in RTM are replaced with a one-part rigid mould
sealed with a vacuum bag. The reinforcement is laid on the rigid mould with a layer of
removable flow-enhancement medium, used to reduce fill time, along with peel ply to
facilitate disposal. Inlets and outlets are placed, and the vacuum bag is sealed to the rigid
mould using sealant tape. Air is extracted from the cavity to compact the reinforcement
layers between the vacuum bag and the mould and subject resin to a pressure differential
— see Figure 2.13. As a result, the resin flows through the compacted fibre reinforcement
layers [201].

When dry reinforcements are placed in an open mould, the fibres’ quantity and orientation
can also be precisely controlled. However, the vacuum infusion process (closed mould)
allows manufacturing parts with low porosity and a final fibres volume typically higher than
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Figure 2.13: Vacuum infusion technique [202].

that obtained using an open mould. Through variations in the processing parameters
and construction of moulds, there is a high number of different designations and patents
for liquid composite moulding (LCM) processes, which can be classified in four main
categories, depending on the mould construction and resin injection system, namely: (1)
RTM, (2) compression RTM (CRTM), (3) RTMLight, and (4) resin infusion (also known
as vacuum assisted resin transfer moulding (VARTM) or vacuum assisted resin infusion
(VARI)). These different systems are adapted to the manufacturing scenario, to provide a
cost-effective solution. For large parts or small series, the use of a single-sided mould and
vacuum bag allows savings on the tooling cost [192].

Vacuum infusion process also allows to reduce the harmful volatile organic compounds
generated by thermoset resins, making them compliant with the stringent new environ-
mental standards put in place in many countries. A typical vacuum set-up with its various
elements, and the functions of the different ancillary materials, are described below:

« Vacuum bag: the principal element to provide the airtightness needed for evacuating
and compacting the lay-up is a plastic film (vacuum foil). This film is used to
cover the entire setup, creating the vacuum bag. The film material must be strong
enough to resist mechanical wear and must remain sufficiently elastic throughout
the manufacturing process to adapt to the component geometry;

» Sealant tape: the vacuum foil is sealed at the edges by attaching it to the mould
surface with a sealant material. Typical sealants are available as tapes of rubber-like
adhesive material. As a rule, the areas of the mould to which the sealant tape is
to be applied should be free of release agent; in practice, these areas are often
temporarily covered with adhesive tape when applying the release agent. Also, when
installing the vacuum bag, sufficient excess foil should be provided to avoid tears at
the edges and curvatures of the composite part. This can be obtained by including
additional loops of sealant together with a fold in the vacuum foil (sometimes called
‘duck feet’);
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» Vacuum infrastructure: the evacuation of the vacuum bag is realised by vacuum
pumps connected via tubes and hoses to intake valves in the vacuum set-up. The
intakes must be positioned either in the vacuum bag, wherein the vacuum foil must
be perforated to provide a passage. To further distribute the airflow efficiently,
installing additional channels underneath the vacuum bag is usually necessary, e.g.,
by stacking up several narrow layers of breather fabric;

+ Breather: typically, the entire setup is covered with a layer of breather fabric, consist-
ing of a perforated fabric or fleece textile, which is sufficiently rigid to resist crushing
under pressure, thus maintaining its porous structure to airflow under all process
conditions. In addition, the presence of the breather will allow for homogeneous
pressure distribution and thereby homogeneous compaction of the layers over the
entire surface of the setup; and

* Release film: a release film can be inserted between the cured composite part and
the ancillary materials in the setup to prevent adhesion between them. Release films
are treated such that their surface will not adhere to the resin. Typically, this release
film is perforated in order to allow resin bleed to the breather. In addition, a layer of
peel-ply is usually laid over the reinforcement, allowing for easy separation of the
part from the consumables and providing uniform surface finish of the produced part.

Once the bagging is finished, it is advisable to conduct an airtightness test on the entire
setup before curing. Pressure leaks due to damage in the vacuum bag itself (such as
cuts, torn-off folds or wrinkles, or perforations), at the vacuum bag sealant tape or at the
valves and tubes can usually be repaired prior to curing, if detected in time. However, if not
detected, they can lead to substantial defects in the cured component. The airtightness of
the vacuum setup can be easily verified. First, the setup is evacuated. Then, the vacuum
pump is disconnected. By monitoring the rise in pressure inside the setup, the tightness of
the system can be quantified and evaluated. The setup would only be released for cure if
the tightness complies with predefined requirements (e.g. loss in vacuum not exceeding
50 mbar during a leak test of at least 5 min). As the vacuum bag employed during the
process provides minimal rigidity, the preform thickness will vary in relation to the pressure
inside the cavity, and so will the reinforcement permeability, which is governed by the local
reinforcement architecture.

During manufacture by the vacuum infusion process, the operator typically has little control
over the advancement of the flow. The controllable parameters are the placement of the
inlets and vents, the positioning and dimensions of the flow channels, injection and vent
pressure, and the temperature of the mould (for control of viscosity and cure kinetics of
the resin); the type of reinforcement and its orientation is also relevant, but these will most
often be decided based on the functional and structural design of the FRP product.

Successful process development by trial and error requires experience and can be long
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and expensive. Reduction of development costs requires a good understanding of the
physics of the process, and the process designer can benefit from developing an accurate
simulation tool. While simulation can significantly aid the design process, simulation can
also highlight the areas of the mould requiring extra attention or help defining where
to place the monitoring equipment to determine the end of filling. Some flow sensing
equipment can also monitor the resin’s progression in the mould directly and can be used
in conjunction with fast process simulation tools to automate injection gate control.

2.2.3.3 Pultrusion

Pultrusion consists of an automated continuous and cost-effective manufacturing process
that allows converting directly the resin and the reinforcing fibres into FRP composites
with constant cross-section [203]. During manufacturing, FRP pultruded parts are under
sufficient tension while they cure. This aligns the fibres well and results in a compact,
high fibre content product, allowing to reach a very high strength-to-weight ratio. The
process has a low labour content and a high raw material conversion efficiency, where
about 80-90% of the cost of pultruded composites comes from the raw materials it uses,
since it is a continuous processing technique [204]. The amortised machine cost and the
labour to run pultrusion machines correspond only to a small portion of the total factory
costs. Together, these features explain, in part, why pultrusion is one of the manufacturing
techniques most often used to produce commercial FRP composite parts for structural
applications in construction.

The following products are typically manufactured by pultrusion: (i) CFRP strips or lamin-
ates; (ii) GFRP profiles of open-form (such as I, H or U shapes) or closed-form (tubular)
cross-sections; and (iii) multi-cellular closed-form panels with internal webs [191].

In the traditional pultrusion process, an open bath system filled with resin is used for fibre
impregnation before entering the heating die, and the resin in excess is removed when
the fibres pass through preforming guides — see Figure X. However, in modern pultrusion
machines, the fibres enter dry directly into an injection chamber (an integral part of the
die), being impregnated with the resin supplied under pressure. This new resin injection
system enables a more accurate control of the fibres position, providing higher material
uniformity, and allows for a higher degree of fibre impregnation [205]. Changes in matrix
composition can also be introduced more rapidly during the process. Due to the absence
of an open bath system, resin injection reduces the evaporation of solvents from the matrix,
thereby providing a healthier work environment and reducing pollutant emissions.

Regardless of whether the impregnation process is an open bath or injection system, as
the wet reinforcement travels in a short length through the heated metallic die (typically,
0.5m to 1.0m), curing of the matrix occurs at high temperatures varying from 90 °C to
180 °C, depending on the matrix system used. As the degree of curing increases, the FRP
composite shrinks and separates from the internal walls of the die, exiting the die as a
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Figure 2.14: Pultrusion technique (open bath system) [206].

finished product. The cured composite is then permanently pulled in the main direction
of the reinforcement by reciprocating pullers, synchronised to provide a constant speed.
At the end of the assembly line, an automated and moving cut-off saw is used to obtain
preset lengths of product (often limited by transportation requirements), without stopping
the manufacturing process. The pultrusion rates of production greatly depend on the type
of machine used and also on the shape of the cross-section being produced. On average,
a current cross-section may be produced at a rate of 2m/ min.

While pultrusion machines vary in design, the process is essentially the same, and it can
be divided into three main phases:

+ Fibre impregnation: the fibre reinforcements in the form of unidirectional rovings
(UDs), continuous filament mats (CFMs), and/or surface veils, are held on creel
racks and fed continuously through a guiding system, which allows positioning the
different reinforcement types according to a pre-established fibre architecture for
each of the laminates that will constitute the pultruded part. Subsequently, these
reinforcements are impregnated with a low-viscosity matrix system in a resin bath or
resin injection chamber. The wetted-out reinforcement pack is then collimated into a
preformed shape before entering the heating die;

» Heating and curing: polymerisation takes place inside the forming die, in which the
part changes its state from liquid to gel and then to solid state, with the help of the
heat provided by the heaters. The cured object has the shape of the cross-section
to be produced, resulting in a part with predetermined shape and dimensions; and

+ Cutting: the resin-impregnated fibre reinforcement progresses via a pulling system
to the cut-off saw where the polymerised product is cut to its final length.

Pultruded profiles present high tensile, compressive and flexural strengths in the direction
of the (pultrusion) axis, along which most of the reinforcing fibres are aligned. However,
in transverse directions, the mechanical properties (stiffness and strength) are much
lower and this can govern their design; this can be improved through the use of fabrics or
non-fabrics with fibres oriented in the transverse direction. In general, industrial pultruded
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GFRP parts contain UD rovings and CFM layers impregnated by a thermosetting resin
system [206]. By contrast, CFRP laminates, usually comprising fibres in a preferred
direction, are produced by pultrusion impregnating unidirectional carbon fibre rovings with
epoxy resins without the use of CFM or surface veils.

In spite of recent studies about the possible use of thermoplastics (even recycled) in pul-
trusion [207-210], the pultrusion process is largely dominated by the use of thermosetting
resins, because of their easy adhesion to reinforcements and more efficient impregnation
of fibres due to their low viscosity.

Unsaturated polyester and vinylester are some of the most common resins used to
manufacture pultruded FRP composites [211]. Phenolic and epoxy resins are also used
in structural applications in construction; however, they are more frequently used when
there are specific requirements concerning fire behaviour or resistance to aggressive
environments, respectively. FRP composites based on epoxy resins are often more
expensive compared to other resin matrix systems. All these systems have features, for
example, chemical shrinkage and exothermic reactivity, which are crucial for the pultrusion
process. The higher chemical polymerisation reactivity presented by polyester resins
provides faster curing during processing than epoxy or vinylester, enabling higher pulling
speeds to be used for manufacturing of pultruded FRP composites. Moreover, in polyesters
the gelation occurs at lower conversion rates or degree of curing values, when compared
to epoxies.

2.3 Bio-based composite applications

2.3.1 Strengthening of concrete structures

In structural applications, FRPs composites comprising synthetic fibres in a bio-based
matrix can perform similarly to traditional composites. For example, recent studies reported
the use of bio-based thermoset FRPs composites for external strengthening of concrete
members.

McSwiggan and Fam [212] carried out flexural tests on RC beams strengthened in bending
using FRP sheets and comprising two bio-based resin types, namely: (i) an epoxidized
pine (EP) oil resin blend, and (ii) a furfuryl alcohol resin based on raw materials derived
from corn cobs and sugarcane. The bond tests using small scale notched concrete beams
showed that the EP oil resin blend had comparable bond strength to conventional epoxy.
Furthermore, the EP oil resin also provided similar results to conventional epoxy in CFRP-
and GFRP-strengthened full-scale beams; Figure 2.15 illustrates the failure modes that
were observed in those tests. Regarding the furfuryl alcohol resin, the results showed a
fragile bond when used for hand lay-up of fibres directly on the tension face of concrete
beams (i.e., bond-critical application) due to concrete alkalinity. By contrast, an excellent

47



Chapter 2 Literature review

bond was observed when the furfuryl alcohol resin was used in the prefabrication of cured
CFRP sheets, which were then bonded to the concrete surface using conventional epoxy
adhesive. Consequently, this investigation showed that further studies on curing and
surface treatments are required for furfuryl alcohol resin applications in FRP-concrete
hand lay-up.

3
4
FRPdelaminati
post upture

Figure 2.15: Strengthening of RC beams using externally bonded FRP sheets with bio-based
matrices [212].

Eldridge and Fam [213] performed environmental tests to assess the durability of concrete
cylinders wrapped with conventional epoxy-GFRP compared to bio-based-resin-GFRP
(made from FA). Three control groups of concrete cylinders were included for comparison
with the bio-based counterparts: (i) unconfined (i.e., without GFRP wraps), (ii) uncondi-
tioned bio-based-resin-GFRP-wrapped, and (iii) unconditioned conventional epoxy-GFRP-
wrapped cylinders. The specimen configuration was intended to simulate the rehabilitation
of circular concrete columns using GFRP circumferential wraps. Furthermore, conditioned
specimens were tested under axial compression, at 23, 40, and 50°C, after various peri-
ods (29, 97, 182 and 300 days) of exposure and compared to counterparts kept at room
temperature as well as to unconfined control specimens.

The results showed that unconditioned control epoxy- and bio-based-resin-GFRP had the
same confinement (strengthening ratio) to the concrete cylinders, suggesting that glass
fibres govern the axial strength increase independently from the type of resin. Conditioned
epoxy- and bio-based-resin-GFRP specimens showed a slight difference in strength after
300 days, which was considered statistically significant only at 23°C, but not at 40°C and
55°C, showing that the strength at higher temperatures over the long-term exposure of the
bio-based resin was similar to its epoxy counterpart, which is a significant parameter for
structural applications. However, more studies about the possibility of degradation of this
bio-based resin due to fungus or rodent attacks were recommended.

Foruzanmehr et al. [214] studied the degradation mechanisms of GFRP composites
produced from bio-based resins for external rehabilitation of structures. A comparative
study was carried out between two types of resins, namely: (i) FA-based resin and (ii)
conventional epoxy resin. Mechanical, physical-chemical and environmental degradation
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tests were carried out. The results showed that FA resins should have chemical formula-
tions compatible with the fibres - those resins have undergone more significant hydrolysis
compared to epoxy due to higher porosity, reducing more significantly the mechanical
capacity of the produced composites.

2.3.2 Pultruded profiles and FRP laminates

Exploratory studies have also shown the potential of bio-based resins as matrices for
manufacturing pultruded FRP laminates. For example, Ma et al. [215,216] developed
a bio-based resin for pultrusion and studied more suitable processing parameters for
processing with bio-based resins. Among the main results, it was found that the short-term
mechanical properties of pultruded profiles manufactured with the bio-based resin were
comparable to those of conventional pultrusion laminates.

Mclsaac and Fam [217] tested three blends of bio-based resins with a conventional
epoxy. The bio-content varied from 10 to 41% by weight in the final mixtures of resins,
comprising: (i) a product derived from wood and vegetables, (ii) a liquid from cashew
nutshell liquid (CNSL), and (iii) a epoxidized linseed oil (ELO). The samples were produced
by hand lay-up with glass and carbon reinforcement fibres and were evaluated in relation to
their mechanical properties and lap splice length between laminates. The mixture between
epoxy and bio-based resin derived from wood and vegetables with 41% bio-content
showed the best results, similar to those of conventional FRP-epoxy samples.

2.3.3 Sandwich panels

Bio-based resins have also been studied as matrices for FRP face sheets of sandwich
panels. Mak et al. [218] evaluated the mechanical properties of sandwich panels with face
sheets of bio-based resins derived from pine oil. Figure 2.16 presents the experimental
setup for testing the sandwich panel manufactured with the bio-based resin.

The reinforcing fibres were impregnated with epoxy resin by hand application over the foam,
and then the system was sealed with a bag typically used for vacuum application. Various
failure mechanisms were verified under flexural loading, and the results showed that the
flexural strength of bio-resin panels was 23% lower than that of panels with conventional
epoxy resin. Such performance values confirm the high potential of bio-based resins;
however, the results also indicated the need for improvements in their chemical structures
and fibre interaction envisaging their broad applicability.

2.3.4 Construction of bridges

Smits [219] analysed the application of FRP composites in the design of bridges. The
author discussed the challenges and opportunities of this relatively new material, for both
architecture and engineering, and the survey of recent structural solutions in FRP included

49



Chapter 2 Literature review

Specimen

Figure 2.16: Experimental set-up of sandwich panel manufactured from bio-based resin [218].

bio-composites. In this context, a pedestrian bridge was built in Eindhoven from linen
fibres, bio-based resins derived from vegetable oils, poly(lactic acid) foam and natural
cork, as illustrated in Figure 2.17. Aspects such as the carbon footprint and the treatment
of plant fibres were briefly discussed; however, since this was one of the first structures
built and tested with bio-composites in civil engineering applications, it is still necessary to
deepen the knowledge about the mechanical behaviour and durability of these materials.

2.4 Concluding remarks

The results obtained in recent studies concerning bio-based resins and bio-composites
show quite clearly that they have high potential for structural applications in civil en-
gineering. Switching to renewable sources will increase the eco-efficiency of structural
composites that are already in use and will provide an innovative and significant response
regarding the construction industry’s sustainability. However, some aspects of bio-resins
and their respective bio-composites require further investigation, such as (i) the mech-
anical and thermomechanical properties, (ii) the processing, (iii) the performance of the
fibre-matrix interface, and (iv) the long-term durability.

As a result, there is still space to increase the eco-efficiency of bio-resins and bio-
composites, evaluating: (i) different formulations and blends of existing commercial bio-
resins, (ii) the synthesis of new resins based on raw materials derived from renewable
sources, capable of competing with petroleum-based products in the coming years, and
(iii) the need to adjust bio-resins to conventional processing techniques, such as vacuum
infusion and pultrusion, in order to facilitate further manufacturing on an industrial scale
and target the main current applications of composites in the construction industry.
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Figure 2.17: Bio-composite footbridge in Eindhoven across the river Dommel [219], manufactured
from flax fibres, bio-based resin, poly(lactic acid) foam, and natural cork.
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Chapter 3

ISO-based unsaturated polyesters

Abstract

This chapter presents the development of unsaturated polyester main chains based on monomers
derived from renewable sources, namely, isosorbide, 1,3-propanediol, and fumaric acid, with
petroleum-derived phthalic anhydride. The low molecular weight oligoesters achieved a high
bio-content of up to 87.1 wt.% and they were incorporated into reactive diluents formulated to
be eco-friendlier and less toxic compared to the typical styrene incorporation approach, thus
resulting in unsaturated polyester resins with viscosities between 750 and 950 cP. These resins
are suitable for use in fibre reinforced polymer production, having the benefit of presenting over 50
wt.% of bio-content in some formulations. Moreover, the crosslinked polyesters exhibit comparable
mechanical and thermomechanical behaviour to their oil-based counterparts, with modulus of
elasticity and tensile strength of up to 3.9 GPa and 62.1 MPa, respectively, and glass transition
temperatures of up to 106 °C. Figure 3.1 presents a graphical abstract summarising this chapter.
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Figure 3.1: Graphical abstract of the bio-based unsaturated polyesters.
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3.1 Introductory remarks

The vast majority of thermoset polyesters are fully produced using raw materials derived
from petrochemical sources, and very few studies reported thermoset polyesters produced
from renewable feedstock. The current lower cost and wide availability of crude oil are the
main reasons for the slow progress in the development of greener thermoset polyesters.
However, a growing societal awareness of the need to shift towards environmentally
sustainable materials and processes together with the foreseeable limitations in the long-
term supply of petroleum are accelerating the development of more sustainable routes for
the production of thermoset polyesters [1,2].

Bio-based thermoplastic polyesters recently reported in the literature [3] can provide
a basis for developing thermosets, especially regarding the characteristics of the raw
materials used in the main chain. Those thermoplastic polyesters are typically synthesised
from bio-based saturated acids and diols and used primarily in packaging. However, they
often have unsuitable processing, mechanical, and thermomechanical properties for higher
performance applications, such as those required by FRP composites.

Bio-based unsaturated polyesters based on vegetable oils-derived fatty acids have been
reported in the literature [4—6]. Several product segments use these polyesters, especially
paints. However, fatty acids are undesirable for high-performance applications due to
their flexibility arising from their relatively long chains. Furan-based building blocks, such
as 2,5-furandicarboxylic acid (FDCA), have also been used for polyester synthesis since
they are stiffer and result in polyesters with excellent thermomechanical properties [7-9].
Nevertheless, furan-based raw materials are not yet commercially competitive because of
their high production cost and low availability.

Although other bio-based saturated diacids that can be used to synthesise polyesters have
emerged, such as itaconic, adipic, and succinic, petroleum-derived phthalic anhydride (PA)
is still essential to produce general-purpose polyester (orthophthalic) because of its
aromatic structure, which confers higher strength and stiffness to the crosslinked resin.
PA also has a lower cost than its bio-based counterparts. Thus, the production of high-
performance bio-based thermoset polyesters benefits from keeping PA as a saturated
acid, even if this reduces the final bio-based content. However, it is worth referring that
while PA is nowadays derived from benzene, toluene, and xylene fraction of the crude
mixture, it can be produced from the aromatic fraction of coal tar and it is expected that
most of the coal will be in the future obtained from wood, and therefore renewable [10].

Renewable production of PA from other renewable sources (such as corn straw) has also
been recently investigated, and the life cycle greenhouse gas (GHG) emissions appear
promising compared to the traditional process for its production. However, there is still a
high dependence on fossils, in particular in the combined heat and power section, and
solvent consumption during the bio-refining process [11].
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Regarding the unsaturations present in the polyester main chain, an alternative way to
synthesise unsaturated blocks while maintaining the functionality for crosslinking is through
the replacement of petroleum-derived maleic anhydride by a bio-based diacid capable
of providing double bonds to the chain. Fumaric acid (FA) is the prominent diacid with
such characteristics; this unsaturated dicarboxylic acid is non-toxic and is naturally formed
in minor amounts or can be obtained from agriculture by-products, for instance, through
the fermentation of sugarcane bagasse [12—14]. Thus, using bio-based FA to synthesise
part of an unsaturated block of the polymer main chain makes it possible to increase the
renewable content of polyester. In addition, the fumarate double bond is more reactive
than the maleate one, due to lower steric hindrance, resulting in a more complete radical
polymerisation and a lower need for post-cure treatment [15].

Glycols are also an essential part of the building blocks, along with diacids. As diols, glycols
or short chain diols promote linear polyesters and determine toughness, stiffness, and even
thermomechanical properties. In addition, the use of bio-based diols to replace petroleum-
derived ones, such as ethylene glycol (EG) and propylene glycol (PG), can represent about
one-third of the bio-content by weight of a thermoset polyester. Herein, 1,3-propanediol
(PDO) and isosorbide (ISO) diols are considered as potential replacements for petroleum-
derived diols. PDO is a renewable aliphatic diol derived from corn sugar fermentation
[16—18], which has low viscosity (liquid at room temperature) and is compatible with
polyesters of aromatic or rigid cyclic morphology. Conversely, ISO can provide additional
stiffness to the main polyester chain because it consists of a rigid cyclic structure, resulting
in a polymer with higher thermomechanical properties than those of polyesters based on
conventional aliphatic diols [19-23].

Thermoset polyesters also use vinyl monomers as a reactive diluent because they sim-
ultaneously reduce the viscosity of the reactive resin and are responsible for radical
polymerisation with the main chain double bonds for the 3D network formation, usually
styrene. The reactive diluent can represent up to half of the weight of the thermoset
polyester, but very often 30 to 40 wt.%. Hence, the development of thermoset polyesters
must also include more sustainable and preferably less toxic reactive diluents. Additionally,
those diluents must be compatible with the main chain, and after their incorporation,
thermoset polyesters must have similar processing characteristics to conventional ones.

In general, acrylate-type monomers are well known for the mechanical and physical
properties of the respective polymers, such as toughness, elasticity, strength at break, and
quite good oil and heat resistance [24]. For example, 2-hydroxyethyl methacrylate (HEMA)
is a possible replacement for styrene (at least partially) since it contains polymerizable
double bonds, which provide propagating radicals with similar reactivity as styrene; with
the advantage of a lower environmentally impact [25]. However, HEMA behaves like
rubber at room temperature, which can pose some difficulties in its processing. Therefore,
a blend between HEMA and styrene can be a more sustainable alternative as a reactive
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diluent for thermoset polyesters while maintaining high-performance properties [26].

Although the previously mentioned raw materials are the basis for developing less
petroleum-dependent thermoset polyesters, the adequate formulation and macromolecular
structural design of the main chain as well as its compatibility with reactive diluents are es-
sential to make bio-based thermoset polyesters suitable for high-performance applications.
The bio-based thermoset polyesters must present a macromolecular structure capable of
matching or even improving the resulting mechanical and thermomechanical properties
relative to their conventional counterparts, beyond ensuring high bio-content, competitive
cost, and industrial scalability.

In this context, this chapter presents five different bio-based unsaturated polyester formula-
tions with mechanical, thermomechanical, and processing performance that is competitive
with typical petroleum-derived alternatives. This is achieved using monomers derived
from renewable resources specifically selected to confer adequate characteristics to the
polymer main chain. These building blocks, synthesised from diacids with diols, vary ac-
cording to the tested formulations, providing high strength, stiffness, and increased glass
transition temperatures. The resulting oligoesters are assessed by their polycondensation
kinetics, distribution, and molecular structure. The viscosity, mechanical properties, and
thermomechanical properties of the thermoset polyester resins obtained by incorporating
the main chain with reactive diluents of lower toxicity are also presented.

3.2 Experimental

3.2.1 Materials

ISO (>98%, Roquette) and PDO (Susterra™ propanediol, DuPont Tate & Lyle) were used
herein as diols for synthesising the bio-based polyester prepolymers, with ISO being a
monomer capable of providing additional stiffness to the thermoset polyester resin upon
free radical curing. EG (>99%, Sigma-Aldrich) was also used as a diol in three of the
formulations presented herein. PA (99%, Sigma-Aldrich) was used as a saturated aromatic
diacid also to provide additional stiffness to the thermoset upon curing. FA (>98%, Sigma-
Aldrich) was used in all formulations to provide unsaturations (double bonds) for the main
chain, which could undergo free radical curing.

Styrene (Omnova Solutions) and HEMA (97%, Sigma-Aldrich) were blended to obtain a re-
active diluent with lower styrene content to be incorporated with the bio-based unsaturated
polyester main chain. Furthermore, imidazole, hydroquinone, and toluhydroquinone were
obtained from Sigma-Aldrich. Methyl ethyl ketone peroxide (MEKP) and cobalt octoate 1
wt.% (in diisodecyl phthalate) were obtained from EcoCompositos S.A. All the chemicals
were used as received.
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3.2.2 Prepolymer formulations

In general, the main chain (prepolymer consisting of diacids and diols) represents most of
the weight of thermoset polyesters. Herein, the prepolymer formulations aim to design poly-
esters that simultaneously present a high bio-content, match, or exceed the mechanical,
thermomechanical, and processing properties of comparable conventional non-bio-based
polyesters and are commercially competitive with those.

Table 3.1 shows the formulations investigated herein, consisting of unsaturations (FA),
aromatic rings (PA), aliphatic (PDO and/or EG), and cyclic (ISO) structures. The presence
of building blocks along the main chain is designed to provide: (i) a high crosslink density,
which results in higher thermomechanical properties; (ii) strength, stiffness, and elongation
capacity, which would not limit the use in various high-performance applications as matrix
of fibre-polymer composites; and (iii) has suitable viscosity after incorporation with reactive
diluents, to be used as a casting or fibre impregnating resin.

Table 3.1: Prepolymer formulations.

Prepolymer Monomer (mol)
Group Sample S:u@ PA FA PDO ISO EG
I UP-A 1:2 2.145 4.289 2.383 2.383 2.383
UP-B 1:3 1.627 4.880 2.410 2.410 2.410
UP-C 1:4 1.310 5.241 2.426 2.426 2.426
Il UP-D 1:3 1.591 4.772 4.713 2.357 -
UP-E 1:4 1.281 4.745 4.745 2.372 -

a S:U represents the molar fraction between saturated (S) and unsaturated (U) acids

Although achieving a fully bio-based polyester is ideal, some petrochemical monomers are
still essential for the polymer to achieve similar performance and commercial competitive-
ness compared to conventional polyesters. Therefore, partially bio-based polyester main
chains were divided into two groups and pursued according to the following characteristics:

i) UP-A, UP-B, and UP-C belong to the group (l) formulations containing PA and EG
as saturated diacid and aliphatic diol, respectively. Even though PA is petroleum-
derived, its aromatic structure provides a higher stiffness to the polyester than those
synthesised from long-chain diacids, such as fatty acids. The replacement of PA
by furan-based diacids would also be an alternative option; however, furan-based
diacids have a significantly higher cost, making them incompatible with the lower-cost
requirement set for the polymer;

i) UP-D and UP-E belong to the group (ll) formulations. The main feature is the total
replacement of EG by other eco-friendlier glycols, mainly to produce polyester with
higher bio-based content without reducing its mechanical and thermomechanical
properties. Herein, the balance between ISO (33 mol%) and PDO (67 mol%) was
designed to produce main chains with higher stiffness and similar viscosities with
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respect to their fully petroleum-derived counterparts; and

iif) both groups (I) and (Il) have the presence of bio-based FA to replace its petroleum-
derived cis isomer, derived from maleic anhydride.

3.2.3 Synthesis

The prepolymers were prepared by catalysed bulk polycondensation. In a typical exper-
iment, PA (240.9¢, 1.627 mol), FA (570.3g, 4.880 mol), PDO (183.4g, 2.410 mol), ISO
(352.2¢g, 2.410mol), and EG (149.6 g, 2.410 mol) were added to a 2 litres four-neck re-
actor (with bottom drain valve) equipped with an anchor blade mechanical stirrer, a heating
mantle controlled by a thermocouple configured to a set-point temperature at 206 °C (ran-
ging between 202 °C and 210 °C), a submerged nitrogen inlet and a condenser attached
to a dean-stark adaptor to collect the water formed from the reaction and also the one
used for raw material solubilisation. No vacuum was applied during the synthesis.

Imidazole (2.99 g, 0.044 mol) was used as the catalyst. In addition, hydroquinone (0.30 g,
2.72 mmol) and 2-methyl hydroquinone (0.30 g, 2.41 mmol) were added as the free radical
polymerisation inhibitor to prevent gelation. All reactants were added at room temperature.
The mixture was then stirred, and the acid terminal groups and samples removed from
the reactor were periodically titrated with potassium hydroxide (KOH, 0.1M) and phen-
olphthalein as titrant solution and indicator, respectively, to determine their concentration
as the reaction progressed (see Appendix A.1).

Acid number (AN) titration and viscosity measurements (at 125 °C in a Cone & Plate ICI
viscosimeter) were verified each hour, and the first sample was taken after three hours
from the beginning of the reaction. Then, the reaction was allowed to proceed until the
acid number reached a constant value (consistently below 50 mgKOH/g) combined with a
maximum viscosity of 2000 cP, which required 8 hours.

3.2.4 Bio-based content

The procedures specified in part 4 Annex B (B1 and B2) of the ISO 16620 [27] standard
were used to determine the bio-based carbon and mass content for each reactant. Tables
A.6, A.9, and A.10 (in Appendix A.4) show the calculation procedures.

3.2.5 Kinetics

During synthesis progress, the concentration of acid that had not yet been esterified was
measured by titration to determine the AN. Consequently, the conversion or extent of
reaction (p) was estimated as follows,

AN
AN,
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where ANy is the initial acid number. AN, for the prepolymers ranged from 477 to
491 mgKOH/g. Herein, the synthesis’ goal was an extent of reaction of about 90%
(p = 0.90), corresponding to an oligomeric molecular weight of approximately 2.5 kDa.

As the reaction progressed, it was possible to estimate the degree of polymerisation (X))
from p. Nonetheless, the concentration of the components had a stoichiometric imbalance
(r = Ncoon/Nou < 1). Thus, the modified Carothers equation for the X, was considered
as follows,

1+r

“Ter—2m 82)

n

The number average molecular weight (M,) was determined by assuming the typical
hypotheses around the degree of polymerisation and neglecting the weight of the OH
group present in the terminal groups. Thus,

where M, is the molecular weight of the repeating unit. My was calculated from the
weighted average of the components (diacids and diols) for each prepolymer formulation
[22], which can be accessed in Table A.3 from Appendix A.2.2. Then, the extent of reaction
(or conversion) and Equation 3.3 were combined as follows,

My = XoaMo(1 + p) (3.4)

where M,, is the weight average molecular weight. The theoretical results from Equations
3.3 and 3.4 were compared with the molecular weights determined by GPC.

3.2.6 Blending process

Polyester prepolymers were cooled to a temperature between 140 °C and 150 °C after AN
and viscosity achieved their respective target ranges. Then, prepolymers were diluted,
without any previous purification step, using a blend of styrene and HEMA (in equal parts)
as a reactive diluent. An incorporation temperature ranging between 75 °C and 85 °C was
used during dilution to obtain the unsaturated polyester resins, which were cooled to room
temperature as soon as they became homogeneous. The resin systems were blended to
make their composition 60% prepolymer and 40% reactive diluent, both by weight.

3.2.7 Crosslinking

The 2 wt.% MEKP was used to initiate the free radical polymerisation of each resin and
1 wt.% cobalt octoate was added as a promoter. Resins were cured for 24 hours in a
glass mould at 23 °C, post-cured at 100 °C for 4 hours, and allowed to stabilise at room
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temperature before any analysis was conducted.

3.2.8 Prepolymer characterisation

GPC tests were performed to determine the M,, M,,, and dispersity (D) of the polyester
main chain samples using THF as eluent, according to ISO 13885 [28] part 1, in a
concentration of 1mg/ml. The samples were filtered and injected into a column set
consisting of one precolumn (8 x 50 mm) PSS SDV, and columns (8 x 300 mm) PSS SDV
analytical linear S, both with a 3 um particle size, and filled with polystyrene crosslinked
with divinylbenzene (gel). The columns were equilibrated at 40 °C before elution with
purged THF at a 1 ml/ min rate. The eluent was monitored using dual detectors; the first
was a UV/Visible detector (model JASCO UV-4075) set to 254 nm, and the second was
a Refractive Index Detector (model JASCO RI-4030), both held at 40 °C. The molecular
weights were calculated based on the retention time from a conventional calibration with
narrow polystyrene standards (M, of 266—-59300 Da); see more details in Appendix A.3.
The viscosity tests were performed on a Cone & Plate ICI viscometer from REL (Research
Equipment London Ltd.), according to ISO 2884 [29] part 2. The viscosity was taken at
125 °C as the average value of three measurements.

3.2.9 Crosslinked thermoset characterisation

Tensile test specimens were prepared according to the geometry type 1A defined in ISO
527 [30] part 2 (see Appendix B.1.2). In general, five specimens were prepared for each
type of resin and tested under laboratory conditions at 23 + 2 °C and 58 + 2% relative
humidity.

DMA was performed to obtain thermomechanical properties using a dynamic mechanical
analyser from TA Instruments, model DMA Q800. Specimens with dimensions 60 mm
x 10mm x 4 £+ 0.5mm were manufactured according to ASTM E1640 [31] and tested
in a 35 mm dual cantilever configuration. The specimens were subjected to a constant
strain amplitude of 15 um at a constant oscillation frequency of 1 Hz while submitted to a
temperature sweep at a constant heating rate of 2 °C/ min, starting at -30 °C and ending
at 150 °C (see Appendix B.2). The T, was determined (i) based on the onset of the storage
modulus decay and (ii) from the tan ¢ peak.

The crosslink density (ve) was determined based on the kinetic theory of rubber elasticity
by using the following equation [32]:

G/ E/
“RT 3RT

(3.5)

Ve

where R is the gas constant (8.314 J K/mol), T is the absolute temperature in K, and E’ is
the flexural storage modulus obtained in the rubbery plateau. Herein, the beginning of the
rubbery state region of the storage modulus was taken to estimate the crosslink density.
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The kinetic theory of rubber elasticity assumes that the network is ideal and all chains are
effective in elastic deformation [33].

3.3 Results and discussion

The syntheses for all bio-based unsaturated polyester formulations were performed suc-
cessfully. The main results for the prepolymer and thermoset polyesters obtained are
presented below.

3.3.1 Bio-based mass and carbon content

Except for PA and EG, all other monomers are derived from renewable resources, resulting
in prepolymer and thermoset polyesters with high bio-based carbon (xg) and mass (mg)
contents, as shown in Table 3.2.

The high bio-based contents presented by polyesters fulfil one of the principles of green
chemistry according to the procedure outlined in Annex B of ISO 16620 [34] part 1, with
some unsaturated polyester resins reaching more than 50 wt.% of bio-based content. The
results also show a higher bio-content as the FA ratio increases in the main chain, since
FA is bio-based and was used to increase the crosslink density of the polymer and, in turn,
decrease the amount of FA. Furthermore, as expected, the replacement of EG by PDO
and ISO also increases the polyester’s bio-content.

Table 3.2: Bio-based carbon (xg) and mass (mg) contents of the prepolymers and their respective
thermoset resins, determined according to the procedure outlined in Annex B of ISO
16620 [27] part 4.

XB mpg

Sample (%) (%)
UP-A (UPR-A) 63.7(38.2) 68.7 (41.2)
UP-B (UPR-B) 69.7 (41.8) 73.7 (44.2)
UP-C (UPR-C) 80.1(48.1) 76.8(46.1)
UP-D (UPR-D) 78.6(47.2) 84.1(50.4)
UP-E (UPR-E) 82.5(49.5) 87.1(52.3)

Although x5 and mg have decreased after incorporation of the prepolymers with the
reactive diluents because these are not fully derived from renewable resources, the partial
replacement of styrene by HEMA also allowed to obtain UPRs with a lower styrene content,
benefiting from lower toxicity of HEMA relative to styrene. Moreover, bio-based reagents
used in the proportions stipulated herein provided thermoset polyesters with a bio-content
higher than 50%. Therefore, this study shows that the most recent advances achieved by
synthesising thermoplastic polyesters based on renewable raw materials such as ISO can
be expanded to produce unsaturated polyester resins, notably by introducing bio-based FA
unsaturation into the polyester main chain. Herein, the use of PDO proves to be essential
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to maintain a high bio-based content and ensure that these polyesters have viscosities
comparable to their conventional (petroleum-based) counterparts.

3.3.2 Prepolymer characterisation
3.3.2.1 Kinetics and molecular weight distribution

All formulations had ANs equal to or below 50 mgKOH/g (see Table 3.3), which is similar
to the typical ANs of conventional unsaturated polyester prepolymers [35]. Regarding the
group (I) formulations with EG, increasing amounts of FA decreased the AN. However, the
same was not observed for group (II) formulations, containing PDO and ISO, where the
ANs were equal for both prepolymers. In addition, the higher reactivity presented by the
UP-B and UP-C formulations resulted in a higher conversion of the prepolymer main chain
and, consequently, higher degrees of polymerisation, as discussed ahead.

Table 3.3: Prepolymer composition analysis.

Theoretical GPC analysis

Time AN
Sample p Xn M, My, b p X

(min) (mgKOH/g) (%) (a.u) (kDa) (kDa) () (%) (a.u)

UP-A (UPR-A) 480 50 90 6.6 142 4.00 281 O1 7.4
UP-B (UPR-B) 480 45 91 7.1 146 276 189 92 7.8
UP-C (UPR-C) 360 38 92 7.9 1.56 277 177 93 85
UP-D (UPR-D) 480 47 90 6.8 145 359 247 91 7.1
UP-E (UPR-E) 480 47 90 6.9 1.24 259 209 88 6.2

Kinetic plots of X, calculated from Equation 3.2, as a function of time are illustrated in
Figure 3.2 for the last 20% of the polyesterification, occurring after 180 min, when the
reaction medium has few pure reagents, and the ester product no longer acts as a solvent.
Deviation below 80% conversion also occurs for the simple esterification that results when
a monocarboxylic acid replaces dicarboxylic acid [36].

The results show very similar reaction rates (ko, slope of the degree of polymerisation
vs. time) among formulations, except for UP-C, which presented much higher conversion
for a shorter reaction time compared with the other formulations, achieving the highest
theoretical degree of polymerisation. The higher fumaric acid concentration can explain this
phenomenon in UP-C. In fact, as the formulation had a higher fumaric acid concentration,
higher conversions were achieved for both groups | and II.

Figure 3.3 present the signal as a function of retention time results obtained from the gel
permeation chromatography tests.
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Figure 3.2: Kinetics of polyesterification reaction for the polyester prepolymers: a. UP-A; b. UP-B;
c. UP-C; d. UP-D; e. UP-E; and f. overlapping of various formulations.

The results show that the prepolymers of both groups (1) and (Il) behaved as low molecular
weight macromolecules (oligoesters), with M, varying between 1.2 kDa and 1.5 kDa, which
falls within the range referred in the literature for unsaturated polyesters [37,38], with a
degree of polymerisation lower than 10 for all samples. These oligoesters with low degree
of polymerisation resulted in resins with low working viscosities when dissolved with the
reactive diluent. Limiting the prepolymer viscosity resulted in cutting the reaction at lower
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conversions than those observed in thermoplastic polyesters. However, the degrees of
polymerisation obtained herein agree with those reported in the literature for thermoset
polyesters, which range between 6 and 15 [39,40].
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Figure 3.3: GPC curves for all formulations.

Furthermore, it is observed that increasing the FA content for the group (1) formulations
with EG resulted in polyester prepolymers with longer chain lengths and lower dispersity.
By contrast, the results obtained for group (Il) formulations show that the total replacement
of EG by the other bio-based diols (PDO and ISO) results in lower M,, and higher dispersity
when compared to formulations from the group (I) with the same FA content, namely UP-B
and UP-C. The higher ISO concentration can explain this behaviour, since the steric
hindrance from their secondary alcohols results in lower conversion for the same reaction
time during synthesis of the polyester prepolymer, where macromolecules with lower chain
lengths are produced. Finally, EG has primary alcohol groups that are more reactive with
the diacid/anhydride monomers than ISO, and a more homogeneous material is obtained.

3.3.2.2 Prepolymer viscosity

Monitoring viscosity during synthesis allowed ensuring that all polyester prepolymers had
viscosities at 125 °C below 2000 cP, as shown in Figure 3.4. This criterion enabled the
production of unsaturated polyester prepolymers with suitable viscosity for subsequent
incorporation with a percentage of reactive diluent of 40 wt.%. Furthermore, low viscosity
polyesters promote better cure performance due to the higher mobility of the polymeric
chains, aligning with the industry standards regarding conventional resins for impregnating
synthetic or natural fibres used in FRP composites.

In this study, increasing viscosity is among the main factors that limited reaction progress
to higher conversions. ISO is known to contribute to a more significant increase in
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Figure 3.4: Viscosity of the prepolymers measured at 125 °C.

prepolymer viscosity compared to other aliphatic diols due to its intrinsic characteristics of
steric hindrance [41] and Ordelt saturation (branched formation) with FA. Even if branching
takes place at a low level, without further crosslinking and gelling, the obtained prepolymers
are generally unsuitable for preparing UPR due to their high viscosity. Furthermore, an
unsaturated polyester prepolymer synthesised exclusively from ISO would likely not be
miscible with styrene [42]. The curing process would also result in inhomogeneous network
formation with poor mechanical properties. Herein, all formulations contain a maximum
of 33 mol% ISO concerning the total amount of glycol, limiting the excessive increase in
viscosity due to ISO. In addition, inhibitors (hydroquinone and toluhydroquinone) were
added to minimise Ordelt saturation and mitigate gelling. Finally, the deviation of the UP-C
formulation compared to the other ones agrees with the previously shown higher degree
of polymerisation obtained with the former formulation.

3.3.3 Resin characterisation
3.3.3.1 Resin viscosity

The viscosity of the UPRs was measured under the same procedures performed for
the prepolymer but at 25 °C. The results from Table 3.4 also show that the unsaturated
polyester resins developed herein are suitable for different processing techniques used
in composites, such as hand layup, vacuum infusion, and pultrusion. In addition, these
resins have the additional advantage of having a lower styrene concentration than typical
(conventional) thermoset polyesters, this reduction being of 50% of the total amount of
styrene used compared to a styrene-only reactive diluent.
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Table 3.4: Viscosity of the unsaturated polyester resins.

Incorporation ratio

Viscosity at 25 °C
Sample Prepolymer Styrene HEMA

(%) (%) (%) (cP)
UPR-A 60 20 20 780
UPR-B 60 20 20 950
UPR-C 60 20 20 750
UPR-D 60 20 20 800
UPR-E 60 20 20 820

3.3.3.2 Tensile properties

Tensile stress-strain nominal curves are analysed herein to assess the effects of the differ-
ent building blocks on the mechanical properties of the bio-based thermoset polyesters.
Figure 3.5 illustrates one representative curve for each thermoset polyester formulation,
showing that all formulations presented tensile curves with an initial linear elastic branch,
followed by a gradual loss of stiffness for higher strains, resulting in the brittle tensile failure
of the specimen, as is typical for conventional thermoset polyesters under tension.
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Figure 3.5: Representative tensile stress-strain curves for the biobased thermoset polyesters.

Figure 3.6 presents the tensile strength, modulus of elasticity, and strain at break results
obtained for the bio-based thermoset polyester resins. Regarding tensile strength, all
resins have very similar results, with mean values ranging from 55 to 62 MPa; however,
(i) the mean values are higher for group (ll) formulations, synthesised with PDO and
ISO, confirming the hypothesis that it is possible to increase the thermoset polyester’s
bio-content by replacing EG (petroleum-derived) without reducing its strength; (ii) although
UPR-A has lower mean tensile strength than UPR-B and UPR-C, the corresponding
relative differences are within the standard deviations obtained for these formulations,
showing that the increasing ratios of unsaturated to saturated acid adopted here do not
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significantly affect the tensile strength of the resin; (iii) the same observation may be made
for UPR-D and UPR-E, whose results also show no significant differences, and (iv) as a
consequence of the previous point, samples with higher FA concentration result in greener
thermoset polyesters exhibiting higher thermomechanical properties (as discussed ahead),
since higher unsaturated acid content in the main chain potentially results in greater
crosslink density, due to the increased availability of double bonds (crosslinkers).

The bio-based thermoset polyesters studied herein exhibited modulus of elasticity that
ranged between 3.2 and 3.9 GPa, thus lying within the typical range of values presented
by comparable general-purpose commercial products, 2 to 4 GPa [43]. The comparison of
the modulus of elasticity results obtained for the different bio-based resins prompts the
following comments: (i) UPR-B has the highest mean value among all tested formulations;
(i) as a result, UPR-D, synthesised from bio-based diols in lieu of ethylene glycol, achieved
a lower mean value than its counterpart UPR-B of equal crosslink density, thus showing
that (iii) for an equal ratio of unsaturated to saturated acid, shorter chains (provided by EG)
versus longer chains (provided by PDO) resulted in a thermoset with a higher modulus
of elasticity, which is therefore more resistant to deformation within the linear elastic
stress-strain range; (iv) however, this was not observed for UPR-C and UPR-E, which do
not present significant differences between their mean values.

The strains at break of the various thermoset polyesters tested herein, all with high bio-
content, have mean values equal to or higher than 2%, thus being compatible with the
primary synthetic fibres (glass and carbon) used to manufacture fibre-reinforced polymer
composites. Strains at break from group (Il) formulations are similar to those of their
group (l) counterparts. The following observations are made about the strain at break:
(i) UPR-C is the most deformable (flexible) thermoset polyester, since despite having a
higher crosslink density, it also has higher X, and M, with longer chains than UPR-A and
UPR-B, which finally resulted in a more deformable polymer; (ii) UPR-B has a lower mean
value than UPR-A, since although both have similar M,, UPR-B has a higher crosslink
density; and (iii) the lower strain at break of UPR-E compared to UPR-D can be partially
explained by its higher crosslink density and lower M,,. Therefore, these results show that,
for the formulations tested, the strains at break were more influenced by the distribution of
molecular weight, chain length, and crosslink density than by the replacement of EG with
other glycols from renewable sources.

3.3.3.3 Dynamic mechanical analysis

Dynamic mechanical analysis was used to determine the thermomechanical properties
of the cured resins and establish the structural effects of the bio-based constituents on
those properties. Figure 3.7 presents the dynamic mechanical analysis curves for the
storage modulus (E’), loss modulus (E”), and damping factor (tan §) of the bio-based
resins developed herein, all as function of temperature.
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Regarding the damping factor, for all formulations, the polymeric chain is stable and does
not show any movement with temperatures ranging from -30 to ~ 0 °C since its energy
dissipation is low. The glass transition stage starts from positive temperatures onwards;
however, for all formulations, the chain movement is still very restricted with non-significant
values of energy dissipation up to ~ 30 °C. As the temperature increases above 30 °C,
the affinity between molecules drops, resulting in a permanent deformation due to the
chain movement. The glass transition to a rubbery state starts when the intramolecular
interaction has its lowest value, or the highest tan ¢ value is reached, also known as the
alpha transition temperature. The alpha transition temperature occurs when the material
is in a leathery state, and a transition from the leathery-to-rubbery to the rubbery state
ensues. Figure 3.8 shows an example of these states and transitions as a function of
temperature, illustrated for UPR-D.
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Figure 3.8: Definition of different material states and transitions for the UPR-D thermoset.

In this study, all thermoset formulations have their alpha transition temperatures ranging
from 87 to 106 °C, and above this temperature range a gradual drop in tan ¢ value occurs.
UPR-A has the lowest alpha transition temperature value for group (), probably due to the
weak intermolecular chain bonding. In addition, UPR-A has a higher capacity to dissipate
energy in the form of heat due to its viscous molecular movements, followed by UPR-B
and UPR-C. The higher alpha transition temperature from group (l) is associated to the
increasing concentration of FA. Consequently, the higher crosslink density leads to a more
cohesive crosslinked network, which translates into higher stiffness (higher E’) and into
higher amount of energy released when the chains start to move (higher E”). This result
may be particularly relevant for several high-performance applications since the energy
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dissipation capacity is essential for several mechanical properties (e.g., impact strength).

The damping factor peak broadness also increases due to higher crosslink density arising
from increased FA concentration. As a result, the deformation in the chain is viscous
(in viscoelastic material), which results in a higher loss modulus in the leathery state,
leathery-to-rubbery transition, and rubbery state. However, group (ll) generated from chain
structures (blocks) exclusively based on PDO and isosorbide (without EG) have resulted
in equal or lower loss modulus (in the glassy state) for UPR-D and UPR-E against their
counterparts with the same FA concentration from group (1).

Figure 3.9 presents the Cole-Cole plot from the loss modulus as a function of the storage
modulus, reflecting the viscoelastic behaviour and homogeneity of all formulations. A
perfectly semi-circular shape of the curves would define an ideal material with equal
storage and loss modulus characteristics. Although the curves shown in Figure 3.9 are
not perfect semi-circles, the moduli of all formulations vary similarly. In addition, group
(I) formulations have similar behaviour to UPR-C, which is the formulation in group (1)
with the highest Ty, with the former exhibiting slightly higher loss modulus in the range
between 1 GPa and 3 GPa of storage modulus. This agrees with the hypothesis that the
group (Il) formulations are slightly more deformable in the glassy state than UPR-C, which
is also reflected in the results of the tensile tests.
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Figure 3.9: Cole-Cole plot.

Table 3.5 shows the thermomechanical and crosslink density results. Two different meas-
urements were used to determine the Ty: (i) the onset of the storage modulus decay, which
indicates the temperature at which the storage modulus begins to drop more significantly
(lower boundary value or onset), and (ii) the alpha transition temperature from the damping
factor, indicating the sample’s capacity to dissipate energy since molecular chain mobility
is directly proportional to the temperature (upper boundary or tan § peak). Additionally,
this table presents the storage modulus values measured at 25 °C, 50 °C, and 135 °C, as
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well as the crosslink density determined based on the kinetic theory of rubber elasticity.

Table 3.5: Dynamic mechanical analysis results for the bio-based thermoset polyesters.

T, (°C) E’ (MPa) Ve
Sample o tans  25°C 50°C 135°C  (molimd)
UPR-A 56 87 3495 2104 11.2 1.07
UPR-B 62 95 3736 2519 1238 112
UPR-C 71 106 3448 2495 27.4 2.09
UPR-D 66 96 3745 2618 18.9 1.73
UPR-E 65 97 3816 2645 17.8 1.58

As expected, a sharp drop in E’ is observed in the glass transition region for all formu-
lations, being most pronounced for UPR-A. In addition, UPR-A and UPR-C have the
lowest E’ values at the glassy state, resulting in lower stiffness compared with the other
formulations throughout this temperature range. However, this trend maintains towards
higher temperatures only for UPR-A, including in the rubbery state. Regarding group (1)
formulations, the decay of storage modulus occurred for the highest temperature range for
UPR-C, and occurred for the lowest temperature range for UPR-A. Among the formulations
of group (11), UPR-D and UPR-E did not show significant differences in the decay of their
respective storage modulus with temperature.

Comparing the two groups, one can observe that the replacement of EG by PDO and ISO
did not have a significant effect on the development of the E’ values. The results obtained
for UPR-D were very close to those of UPR-B, with the former exhibiting slightly higher T4
and with the advantage that UPR-D has a higher bio-content due to the replacement of
EG by PDO and ISO. Additionally, the group (ll) formulations presented similar results for
all temperature ranges, for all states and all transitions. The observation that the group
(I formulations were able to match or exceed the glass transition temperatures of their
counterparts of lower bio-based content is encouraging, as it suggests that it is possible to
increase the bio-based content of thermoset polyesters while achieving suitable working
temperature ranges for several high-performance applications.

Finally, although the bio-based thermoset polyesters presented herein have been gener-
ated from low molecular weight oligomers (which results in a large amount of end groups),
this is believed to have been compensated by the reduction of segmental mobility of
the polymers around the crosslink junctions. In addition, most of these end groups are
consumed during cure, and crosslinks are generated simultaneously [44]. Herein, the
design of the main chains (by varying the concentration of bio-based FA) minimised the
effect of the low molecular weight of polyesters. Thus, regarding the onset of storage
modulus decay, the glass transition temperatures ranged from 56 to 71 °C. These values
meet or exceed most of the results reported in the literature for bio-based thermoset
polyesters [22,23,25,35,45-50]. Furthermore, they enable the use of the proposed resins
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in a wide range of high-performance applications, such as FRP composites.

3.4 Concluding remarks

Syntheses of UPRs based on renewable building blocks have been successfully carried
out. The synthesised polyester prepolymers are almost entirely based on raw materials
derived from renewable sources (reaching 87.1 wt.% bio-content). The high bio-based
content of polyester prepolymers, combined with their incorporation in a reactive diluent
formed by mixing two reactive monomers (styrene and HEMA), allowed the production of
thermoset polyesters that are less reliant on non-renewable resources and are less toxic
than their fully petroleum-derived counterparts.

We also found that thermoset polyesters obtained from formulations synthesised exclus-
ively with PDO and ISO as glycols exhibit mechanical and thermomechanical properties
that meet or exceed their partially EG-based counterparts also tested herein. Moreover,
the processing properties of the UPRs developed here fall within the range of viscosities
for many fibre impregnation processing techniques, such as hand layup, vacuum infusion,
and pultrusion, with the advantage that some resins have reached more than 50 wt.%
of bio-content. Consequently, the properties of these bio-based thermoset polyesters
enhance their prospects as successful high-performance green materials, which can be
exploited, for example, by the composites industry.

Finally, this study showed that the challenge of expanding the scope and range of applica-
tion of bio-based UPRs is considerable; however, it is considered that the complex issues
surrounding the balance between sustainability, high performance, and processability must
take into account the following considerations:

i) the macromolecular structure must be formed from building blocks derived from
renewable raw materials that contain unsaturations (provided by unsaturated acid)
and rigid structures (provided either by saturated acids or cyclic or aromatic glycols);

ii) the EG typically used in general-purpose UPRs can be entirely replaced by PDO and
ISO, both bio-based:;

iii) PA is still essential for the synthesis of high-performance unsaturated polyesters due
to the stiffness it confers to the polymer and its low cost, but other alternatives to this
block must be found to reach fully bio-based and commercially competitive unsaturated
polyester chains; and

iv) reactive monomers that can be used as diluents in replacement of styrene must be
investigated to produce bio-based unsaturated polyester resins with high mechanical
and thermomechanical performance, maintaining low viscosity, while being competitive
with their fully petroleum-derived counterparts.
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Chapter 4

DFA-based unsaturated polyester

Abstract

This chapter presents the development of UP and their crosslinked resins (UPRs) based on dimer
fatty acid (DFA) and other bio-based building blocks. The original features of these UPs derive
from (i) the use of DFA as an aliphatic monomer, partially replacing PA; (ii) the introduction of
a DFA-ISO block into the polyester backbone, with the presence of unsaturations provided by
bio-based FA,; (iii) the use of controlled excess of PDO to control the weight average molecular
weight (M) and, consequently, the prepolymer viscosity, and (iv) the reduction of styrene content
using HEMA. The developed UPRs have similar mechanical and thermomechanical behaviour to
the petrochemical ones, presenting high Ty (up to 90 °C), high tensile modulus and strength (up
to 2.9 GPa and 40 MPa, respectively) and viscosity of approximately 850 cP, making these resins
greener alternatives to fully petroleum-derived UPRs. Figure 4.1 presents a graphical abstract
summarising this chapter.
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Figure 4.1: Graphical abstract of the DFA-based unsaturated polyesters.
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4.1 Introductory remarks

Monomers based on raw materials derived from renewable sources have already been
used to synthesise unsaturated polyester resin (UPR), such as dicarboxylic acids [1—
4], dihydroxyl alcohols [5-7], and reactive diluents with at least one vinyl group [8—11].
However, although many of these biomass-derived renewable raw materials (such as
sugars and starch) are eco-friendly, they have a high cost (due to the complexity of their
production), which negatively affects the economic competitiveness of UPRs compared to
other thermosets, such as vinyl ester and epoxy resins.

Vegetable-based oils remain the most abundantly used renewable resources for the
chemical industry [12]. Fatty acids (mostly obtained from vegetable oils) are prime
candidates to replace fossil-based derivates in thermosets due to the following reasons:
(i) wide universal availability; (ii) low toxicity; (iii) low costs, and (iv) inherent chemical
structures [13,14], which allows them to be efficiently converted into functional renewable
building blocks.

The chemical functionalisation of vegetable oils, on either the carboxyl group or the
fatty acid chain, can lead to various valuable chemical platforms [15,16]. Consequently,
reactants obtained from vegetable oils have been studied and exploited in the syntheses
of different types of thermoplastics and thermosetting polyester [17—20]. However, fatty
acid-based polymers often do not present stiffness- and strength-properties compatible
with mainstream structural applications. As a result, in those cases, it is necessary to
design a polymer from long chains with a high-performance oriented structure [21]; for
instance, new macromolecular architectures using bio-based building blocks derived from
fatty acids, such as dimer fatty acid (DFA), can be produced for those purposes [22,23].

DFAs are the main products of the oligomerisation (dimerization) of Cg unsaturated fatty
acids, a cyclic dibasic dimer having a total of 36 carbon atoms from tall oil fatty acid (TOFA),
see Figure 4.2. DFAs have been used as chain extenders in polyester macromolecular
structures since the 1920s, primarily to produce alkyd resins for the coating industry. The
availability of DFA is widespread worldwide, and it is expected to grow steadily due to at
least three reasons [24]: (i) availability of fatty acids derived from tall oil, a by-product of the
paper industry; (ii) increasingly wide range of dimerized fatty acid applications, including
adhesives, paints, coatings, lubricants, building blocks, etc., as well as (iii) sustainable
economic policies implemented by governments driving the choices of end-use industries
towards bio-based products.

When produced from tall oil (see Figure 4.3) [25], DFAs also have the advantage of not
depending on the agro-food sector, since tall oil is a readily available by-product of the
Kraft pulping process of lignocellulosic biomass and cannot be used for food production
[26]. Furthermore, current prices are more competitive compared to other bio-derived
monomers, such as those based on furans. DFAs may also contribute to high bio-content
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Figure 4.2: Chemical structure of DFA.

incorporation in polyester since they are rich in aliphatic long chains with high molecular
weight (~560 g/mol). Nonetheless, increasing the DFA content in the polyester backbone
has been reported to cause a lower glass transition temperature (74) due to its amorphous
structure and high conformational flexibility of the polymer chains, resulting in polyesters
with lower thermomechanical properties [27]. Although in negligible amounts, further to
the true dimer fraction, monomeric fatty acid, trimeric and higher polymers are present in
these polymerised ‘monomers’; this results in a segmented formation with a two- or multi-
phase structure, with high deformability. However, the limitations in thermomechanical and
mechanical properties of DFA-based polyesters can be overcome by incorporating more
rigid building blocks into the backbone.

The esterification reaction of DFA and ISO can result in a less flexible polyester backbone,
improving its mechanical and thermomechanical properties, and keep an appropriate
sustainably-sourced content since ISO is a building block derived from renewable sources;
when used as a monomer, it can provide the polyester with a balance between high
performance and sustainability [28—30]. Its cyclic structure is responsible for the increased
stiffness of the UP backbone, resulting in polyesters with higher T, than with conventional
aliphatic diols [31,32]. However, when high ISO ratios are incorporated into the polyester
backbone, viscosity is also very significantly increased, becoming difficult to dilute it with
the reactive solvent, most probably due to the presence of polysaccharides formed during
the residence time at the reaction temperature; this may limit its use in the processing of
materials that require low viscosities.

The high viscosity presented by UPs based on ISO can be adjusted by using PDO, a
renewable aliphatic diol derived from corn sugar fermentation [33—35], which has low
viscosity at room temperature, imparting flexibility to the chain of polyesters of aromatic or
rigid cyclic morphology. Changing non-renewable aliphatic diols (such as EG and PG) by
PDO does not significantly affect the thermomechanical properties of UPRs, especially
their T4 [36,37].

High T, values are typically achieved in densely crosslinked polymers; however, high
crosslinking densities can also lead to brittleness. In this respect, to obtain suitable
products for each type of application, the prepolymer’s crosslinking density can be designed
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Figure 4.3: The tall oil value chain.

in advance by adjusting the ratio between unsaturated and saturated acids to promote
the necessary balance between T, and toughness. Moreover, increases in both T, and
bio-content can be obtained by replacing maleic anhydride (petroleum-based) with bio-
based FA; this is considered a top value added chemical from biomass [38], since it is
non-toxic and can be obtained from agroindustry by-products through the fermentation of
sugar cane bagasse. Moreover, the fumarate double bond is slightly more reactive than
the maleate, resulting in a more complete radical polymerisation and a lower need for
post-cure procedures.

The previously discussed bio-based building blocks are widely available and have a high
potential for use as raw materials in synthesising UPs (see Figure 4.4). These renewable
building blocks can provide competitive mechanical and thermomechanical properties
compared with their petroleum-based counterparts. However, the effort to produce UPRs
that are more sustainable and less harmful to human health should not be restricted to the
development of the UP backbone but should also include the reactive diluents. Reactive
diluents must be compatible with the bio-based UP backbone and, after their incorporation,
the UPRs must have similar processing characteristics to conventional ones.

High-performance UPRs need some incorporation of styrene (at least ~10% by weight of
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Figure 4.4: Monomers based on renewable raw materials for the UP synthesis.

styrene in the resin composition), especially because the styrene radical plays one very
important role in the propagation step. However, styrene oxide is carcinogenic, and styrene
is regarded as a hazardous air pollutant (HAP) and a volatile organic compound (VOC),
especially problematic under the occurrence of traces of ozone [39]. Furthermore, it is not
recommended to use more than 45% by weight of styrene in the resin composition [40],
and the molar excess concerning the backbone’s double bonds should be lower than 15%.
In fact, large amounts of reactive diluent tend to decrease the thermomechanical properties
of the cured resin, and non-reacted styrene or excess of other reactive monomers will result
in a plasticising effect, lowering the elastic moduli, as well as the long-term performance.
This can be a problem in load-bearing structural components, especially those under
outdoor exposure or elevated temperatures.

Acrylate-type monomers are an alternative to replace styrene because they generate
propagating radicals at the double bonds, with comparable reactivity to styrene and fumaric
unsaturations, but are less environmentally damaging. Among these, HEMA has been
recently investigated in UPRs [9,41], showing improved mechanical properties, and quite
good oil and heat resistance. HEMA is hydrophilic as it contains a hydrophilic pendant
group in its structure; in addition, it is a viscous colourless monomer at room temperature
and behaves somewhat like rubber [42]. Thus, higher performance can be achieved by a
mixture between HEMA and styrene as reactive diluent monomers for UPRs, since good
reactivity between HEMA and styrene has been previously reported [43].

In this chapter, the potential of DFA for synthesis with other renewable building blocks,
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particularly bio-based diols, is investigated towards the development of cured UPRs of
high-performance and high renewable content. For this purpose, bio-based UP prepoly-
mers were formulated and prepared using DFA, FA, ISO, PDO and PA. Thus, the main
innovation is the development of a novel high-performance UP backbone synthesised from
renewable building blocks currently considered as top added value chemical products
from biomass. Furthermore, the variations in the formulations have been around the
partial replacement of 10% PA by DFA (DFA:PA = 10:90). The results were compared to a
reference formulation without the addition of DFA. Furthermore, the 10:90 formulation was
tested along with two different bio-based FA concentrations with ratios between saturated
and unsaturated acids (S:U) of 1:2.5 and 1:3, respectively. A mixture of styrene and
HEMA was used as a reactive diluent, thus resulting in a cured bio-based UPR of high
renewable content, containing less VOCs in the liquid resin, compared to conventional
petroleum-based ones. The relationships among the bio-based polyester resin’s chemical
structures, viscosity, mechanical, and thermomechanical properties were investigated.

4.2 Experimental

4.2.1 Materials

ISO (>98%) was obtained from Roquete, Usine de Lestrem (France). PDO was obtained
from DuPont Tate & Lyle by the name of Susterra™ propanediol. DFA, Unidyme 18™,
was obtained from Kraton Corporation. FA (>98%), PA (99%) and HEMA (97%) were
obtained from Sigma-Aldrich. Styrene was obtained from Omnova Solutions. Imidazole,
hydroquinone and toluhydroquinone were obtained from Sigma-Aldrich. MEKP and cobalt
octoate solution with 1% cobalt content were obtained from EcoCompositos S. A. All the
chemicals were used as received.

4.2.2 Prepolymer formulations

Polyesters based on long chains from fatty acids tend to be particularly flexible and
deformable, limiting their use for some applications. The five formulations investigated
herein (according to Table 4.1) were designed to assess the effect of crosslink density on
the thermophysical and mechanical properties of UPs with DFA.

UP-A was synthesised as a reference formulation, without DFA; UP-B, UP-C, UP-D and
UP-E were synthesised in the presence of DFA (in partial replacement of 10% and 25%
of PA), with two different molar fractions between saturated and unsaturated acids: 1:2.5
and 1:3.0. The insertion of unsaturations into the UP backbone aimed at increasing the
crosslink density, resulting in a cured polymer capable of achieving similar modulus of
elasticity and T, to those of their conventional general-purpose counterparts.

The rationale for the slight variation in molar fractions between saturated and unsaturated
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Table 4.1: UP prepolymer formulations.

Sample Mol
Name DFA:PA? S:UP PA DFA FA PDO ISO
UP-A 0:100 1:3.0 1.591 - 4772 4.713 2.537

uP-B 10:90 1:2.5 1.550 0.172 4.307 4.466 2.233
upP-C 10:90 1:3.0 1.371 0.152 4.570 4.513 2.257
UP-D 25:75 1:25 1.205 0.402 4.017 4.166 2.083
UP-E 25:75 1:3.0 1.074 0.358 4.296 4.243 2.122

@ DFA:PA is the molar percentage in the total moles of saturated acids
b S:U is the molar fraction between saturated and unsaturated acids

acids was: (i) to maximise the Tg; but, in parallel, (i) to avoid a high content of reactive
double bonds, which could result in embrittlement of the resin when crosslinked with
the reactive diluent (especially styrene); and (iii) to assess the influence of the partial
replacement of PA by DFA. Furthermore, to mitigate the flexibility of the backbone provided
by DFA and produce stiff polyesters with suitable processability for high-performance
applications, the molar fraction between ISO and PDO (about 33 and 67% of the total
amount of glycols, respectively) was kept constant in all formulations, ensuring a good
relationship between resin viscosity and its hardness after curing.

For the planning of formulations and experiments, it was previously confirmed that polyes-
terification must be carried out under excess of OH to avoid decarboxylation, and a slight
loss of glycol by the air separation system was considered. Consequently, it was found
that (i) the amount of COOH groups is slightly less than the content of alcohol groups and
that (ii) the backbone’s unsaturation content must be very close to that provided by the
reactive monomer, particularly when an amount of styrene is used as a reactive monomer,
as the copolymerisation is specifically alternated. Thus, an excess of 10 mol% glycol was
considered for all formulations.

4.2.3 Synthesis

The prepolymers were prepared by catalysed bulk polycondensation following the for-
mulations shown in Table 4.1. In a typical experiment, PA (229.69, 1.550 mol), DFA
(97.3g, 0.172mol), FA (503.3 g, 4.307 mol), PDO (339.89, 4.466 mol) and ISO (326.3 g,
2.233 mol) were added to a two litres four-neck reactor (with bottom drain valve) equipped
with an anchor blade mechanical stirrer, a thermocouple to control a heating mantle with a
set-point temperature of 206 °C (ranging between 200 °C and 210 °C), a nitrogen inlet and
a condenser attached to a dean-stark adaptor to collect the water formed in the reaction
and minor amount of the glycol loss. No vacuum was applied during synthesis.

Imidazole (0.2% relative to the total weight of diacids and diols) was used as the polymer-
isation catalyst. Hydroquinone and 2-methyl hydroquinone (both used at 200 ppm relative
to the total weight of diacids and diols) were also added as the free radical polymerisation
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inhibitor to prevent premature gelation. All reactants were added at room temperature.
The mixture was then stirred, and the progress of the reaction was monitored by acid
number (AN) titration and by viscosity measurements at 125 °C in a Cone & Plate vis-
cosimeter. The reaction was then allowed to proceed until the AN reached a constant
value (always below 50 mgKOH/g) combined with a maximum viscosity of 2000 cP, which
required around 8 hours.

4.2.4 Biobased content

The biobased carbon and mass content were determined for each reactant according to
ISO 16620 [44] part 4 Annex B (B1 and B2). Tables A.7 and A.11 (in Appendix A.4) show
the calculation procedures.

4.2.5 Kinetics

To evaluate the reaction kinetics, the same procedures adopted in Chapter 3 were taken
into account. The theoretical results from equations 3.3 and 3.4 were compared with the
corresponding molecular weights as determined by GPC. M, was calculated from the
weighted average of the components (diacids and diols) for each UP formulation [31], and
it can be accessed from the Appendix A.3.1.

4.2.6 Crosslinking reactions

UPs were cooled to a temperature between 140 °C and 150 °C, after AN and viscosity
achieved their respective target values. Then, pristine UPs were diluted, without any
previous purification step, using a mixture of styrene and HEMA (in equal parts) as a
reactive diluent. This mixture allowed to produce UPRs capable of achieving a better
balance among high-performance properties, processing characteristics (for different
manufacturing techniques), and friendliness with the environment and human health, since
a preliminary assessment showed that this would not be possible using only styrene or
HEMA as reactive diluents.

To dilute the UP (prepolymer) with the reactive diluent, an incorporation temperature
between 75 °C and 80 °C was used to obtain the UPRs. All resin samples consisted of a
composition with 60% of UP and 40% of reactive diluent, both in weight. The free radical
polymerisation of each resin was initiated with 2% methyl ethyl ketone peroxide (MEKP)
using 1 wt.% cobalt octoate, added as a promoter. Resins were cured for 24 hours in a
glass mould at 23 °C, post-cured at 100 °C for 4 hours and allowed to stabilise at room
temperature before any mechanical analyses were conducted.
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4.2.7 Prepolymer characterisation

GPC tests were performed to determine the M, and M,, of the polyester backbone samples
using THF as eluent, according to ISO 13885 [45] part 1, in a concentration of 1 mg/ml.
The samples were filtered and injected into a column set consisting of one precolumn (8
x 50 mm) PSS SDV, and columns (8 x 300 mm) PSS SDV analytical linear S, both with a
3 um particle size, and filled with polystyrene crosslinked with divinylbenzene (gel). The
columns were equilibrated at 40 °C before elution with purged THF at a rate of 1 ml/ min.
The eluent was monitored using dual detectors; the first was a UV/Visible detector (model
JASCO UV-4075) set to 254 nm and the second was a Refractive Index Detector (model
JASCO RI-4030) both held at 40 °C.

The molecular weights were calculated based on the retention time from a conventional
calibration with narrow polystyrene standards (M, of 266—-59300 Da), see Figure A.2 in
Appendix A.3.

NMR spectra were recorded on Bruker Advance 500 MHz at ambient temperature, see
Figure A.7. "H chemical shifts () are expressed in ppm relative to Me4Si (§ = 0) and are
reported relative to the solvent peak ('H NMR).

UP-A (500 MHz, acetone-dg, 298K): ¢ = 7.84-7.65 (C-H (phthalate), overlapping mul-
tiplets), 6.86-6.74 (C-H (FA), overlapping multiplets), 5.48-3.36 (CH+CH:> (ISO) and
O-CH, (PDO), overlapping multiplets), 2.35-2.08 and 1.97-1.82 (-OCH>CH>CH-0- from
PDO, overlapping multiplets).

UP-B and UP-C (500 MHz, acetone-dg, 298 K): ¢ = 7.84-7.65 (C-H (phthalate), over-
lapping multiplets), 6.86-6.74 (C-H (FA), overlapping multiplets), 5.47-3.31 (CH+CH>
(ISO), O-CH, (PDO) and CH=CH (DFA), overlapping multiplets), 2.35-2.08 and 1.97-1.82
(-OCH>CH>CH-0- from PDO), and 1.64-0.79 (CH» and CH3; from DFA, broad singlets).

The viscosity tests were performed on a Cone & Plate ICI viscometer from REL (Research
Equipment London Ltd.), according to ISO 2884 [46] part 2, see Figure A.10. The viscosity
was taken at 125 °C as the average value of three measurements.

4.2.8 UPR characterisation

Tensile test specimens were prepared according to the type 1A defined in ISO 527 [47]
part 2 (see Appendix B.1.2). The specimens were tested under laboratory conditions at
23 + 2 °C and 55 + 3% relative humidity. In general, five specimens were prepared for
each type of resin.

DMA experiments were performed to obtain thermomechanical properties using a dynamic
mechanical analyser from TA Instruments, model DMA Q800. Specimens with dimensions
60mm x 10mm x 4 + 0.5 mm were manufactured according to ASTM E1640 [48] and
tested in a 35 mm dual cantilever configuration, see Appendix B.2. The specimens were

105



Chapter 4 DFA-based unsaturated polyester

subjected to a constant strain amplitude of 15 um at a constant oscillation frequency of
1 Hz while submitted to a temperature sweep at a constant heating rate of 2 °C/ min,
starting at —30 °C and ending at 150 °C.

The crosslink density (v¢) was determined based on the kinetic theory of rubber elasticity
by using the following equation [49]:

G F

where R is the gas constant (8.314 JK/mol), T is the absolute temperature in K, and the
shear storage modulus (G’) and the flexural storage modulus (E’) are obtained in the
rubbery plateau. Herein, the rubbery plateau region of the storage modulus, defined
based on the DMA tests, was taken to estimate v,. The kinetic theory of rubber elasticity
assumes that the network is ideal, and all chains are effective in elastic deformation [50].

DMA and tensile tests were also performed on specimens moulded from a commercial
orthophthalic UPR (see Appendix B.3), cured and characterised under the same con-
ditions and procedures as the bio-based UPRs developed here. The mechanical and
thermomechanical properties obtained from this commercial UPR were considered a
benchmark for comparison.

4.3 Results and discussion

4.3.1 Preliminary remarks

As mentioned, the developed UPs are based on a selection of building blocks derived
from renewable resources, namely DFA, FA, PDO and ISO. In addition, macromolecular
formulations were designed for the development of high-performance polyesters. These
new materials have stiff aromatic-like units introduced by cyclic structures; and soft
aliphatic moieties, DFA and PDO, which were incorporated to modulate the properties of
the ensuing cured polymers, especially in terms of thermal and mechanical behaviour.

It is important to mention that an uncontrolled reaction was observed during the first hours
of the synthesis of formulations with 25% DFA (UP-D and UP-E, respectively), resulting in
(i) considerable increase in the volume of the reaction product, (i) formation of a material
with a multi-phase aspect (honey-foam-rubber type), and (iii) the reactor breakage during
the synthesis of UP-E. Attempts were made to dissolve the UP-D and UP-E samples in
acetone and tetrahydrofuran, but the material was found to be insoluble/precipitated for
these solvents. The presence of a catalyst and the high temperature associated with the
higher viscosity of the dimer fatty acid may have favoured these unwanted phenomena
[51]. Consequently, the UP-D and UP-E formulations were discarded from the analysis, as
it was not possible to proceed with their synthesis and characterisation. Thus, only the
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characterisations of UP-A, UP-B and UP-C are addressed in the following sections.

4.3.2 Biobased content

UP prepolymers were synthesised via catalysed direct melt polycondensation with negli-
gible VOC emissions. Except for PA, all other monomers were derived from renewable
resources, resulting in the synthesis of UPs with high bio-based carbon (xg) and mass
(mg) contents, see Table 4.2. The high bio-based contents obtained allow fulfilling one of
the principles (use of renewable feedstocks) of green chemistry, according to ISO 16620
[52] part 1.

Table 4.2: Bio-based carbon (xg) and mass(mg) contents of UPs and UPRs, according to ISO
16620 [44] part 4.

XB mg
(%) (%)
UP-A (UPR-A) 78.6 (47.2) 84.1 (50.4)

UP-B (UPR-B) 78.2(46.9) 84.5(50.7)
UP-C (UPR-C) 80.7 (48.4) 86.2 (51.7)

Sample

Bio-based carbon and mass contents decreased after incorporation of UPs with the
reactive diluents since these were not fully derived from renewable resources. However,
the partial replacement of styrene by HEMA allowed to obtain UPRs with a lower styrene
content, benefiting from lower toxicity of HEMA relative to styrene. Furthermore, the use
of DFA (in substitution of PA) in the proportions defined in this study, provided UPRs with
bio-based mass contents higher than 50%.

4.3.3 Characterisation
4.3.3.1 Kinetic and molecular weight

UP-A, UP-B and UP-C presented ANs of 47, 44 and 43 mgKOH/q, respectively (see Table
4.3). Similar results have been obtained for commercial UPs, which often present ANs
ranging from 25 to 50 mgKOH/g [1].

Table 4.3: Composition analysis of the UPs.

GPC analysis
Time AN p
Sample M, M, b p
(h) (mgKOH/g) (%) (kDa) (kDa) (a.u) (%)
UP-A 8 47 0.90 1.45 36 248 0.9
UP-B 8 44 090 169 715 423 0.9
UP-C 8 43 091 1.55 349 225 0.91

Kinetic plots of X, as a function of time are illustrated in Figure 4.5 for the last 20% of
the polyesterification, occurring after 180 min, since conversion for the first 80% of the

107



Chapter 4 DFA-based unsaturated polyester

esterification of -COOH and -OH groups do not follow the behaviour of Equation 3.2 for
the degree of polymerisation. This deviation below 80% conversion is not unique for
polyesterification, being also observed for the simple esterification that results when the
dicarboxylic acid is replaced by a monocarboxylic acid [53]. Moreover, the reaction medium
is initially changing from one of the pure reactants to one in which the ester product is
dominant in the reaction media.
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Figure 4.5: Kinetics of polyesterification reaction of UPs.

Beyond that period, chain growth to produce high molar mass material becomes increas-
ingly difficult as the reaction proceeds, especially because (i) of the difficulty in ensuring
the precise equivalence of the reactive groups in the starting materials, since diacids and
diols with different reactivity were used; (ii) the decreasing concentration of functional
groups and the second-order kinetics slows down the progress as their concentration
diminishes; and (iii) the increasing likelihood of interference from side reactions (even with
the use of inhibitors).

The results obtained show also that the reaction rates (k») are very similar among formula-
tions, and a slightly higher conversion was observed when PA was partially replaced by
DFA (p = 91% for UP-C against p = 90% for UP-A and UP-B). As a result, the average
degrees of polymerisation obtained for UP-A, UP-B, and UPC-C were 6.8, 6.9 and 7.0,
respectively. Thus, both the DFA-based prepolymers (UP-B and UP-C) and that without
DFA (UP-A) behaved as low molecular weight macromolecules (oligoesters).

Figure 4.5 also shows that the kinetics had a well-defined trend, where the error bars
around the conversion represent the experimental error (one standard deviation) resulting
from an average obtained from three titrations, which resulted in low standard deviations
for all formulations.

The molecular weights determined by GPC (see Figure 4.6) followed a Gaussian distribu-
tion (see Figure A.4 in Appendix A.3). The replacement of PA by DFA resulted in higher M,
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when comparing UP-B and UP-C with UP-A (see Table 4.3), which is consistent with the
slightly lower AN (and a slightly higher conversion) obtained from DFA-based oligomeric
macromolecules. In addition, the higher DFA concentration into the UP-B backbone can
also explain its higher M, when compared with UP-A and UP-C; this is mainly due to
its long-chain with an intrinsic high molecular weight that resulted in oligomeric polyes-
ter backbones with more different lengths and, consequently, a higher dispersity D. By
contrast, for high-performance purpose, higher M, is desired to enable higher crosslink
density, which provides a higher number of unsaturated sites per macromolecule without
the need to increase the concentration of FA. This improves thermal and mechanical
properties since it does not sacrifice stiffness and strength by removing the saturated
dicarboxylic acid, herein the PA. By contrast, results obtained for UP-B show that the
partial replacement of PA by DFA in UP-B reflects a higher dispersity D when compared
to the other formulations, which can be explained by the higher DFA content in the UP-B
backbone.
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Figure 4.6: Signal as a function of retention time traces from GPC data for the UPRs.

The molecular structure results show also that the UP properties are very much dependent
on the characteristics of the raw materials used and the formulation adopted. The UPs
developed here presented relatively low molecular weight (M, of 3.6, 7.1 and 3.5 kDa
for UP-A, UP-B and UP-C, respectively), since the polycondensation reactions were
controlled to achieve low working viscosities when dissolved in reactive diluent. This
resulted in oligomers with a degree of polymerisation lower than 10 for all samples, which
is in accordance with the literature for the formation of unsaturated polyesters, for which
degrees of polymerisation between 6 and 15 are typically reported [54,55].

4.3.3.2 'H NMR study

NMR is a convenient tool to estimate the relative proportion of the different monomers
present in the polymers. We exemplify here the results for UP-B. This polymer was
obtained as a mixture of PA, DFA, FA, PDO, and ISO. We can assign different regions
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of the spectra with different types of protons as exemplified in the section A.7. While
PA and FA appear separated, the CH> inner protons of the PDO moiety appear partially
superimposed with the solvent protons (acetone). We can nonetheless integrate the CH>»
signals with some level of confidence, although we expect to have a larger error than for
the signals that appear isolated.

We can also estimate the amount of fatty acid by integration of the signals that appear
between 1.64 and 0.79 ppm that are assigned to CH»> and CHj3 protons of the DFAs.

Given the amount of the PDO and DFA detected, we can calculate the amount of isosorbide
by deducting the integration of the -CH-O- protons of PDO and CH=CH of the FA that
overlap with the isosorbide protons in the 5.47-3.31 ppm region. We arrive thus at the molar
fraction PA:DFA:FA:PDO:ISO of 1.00:0.10:1.95:3.24:1.93. The same analysis procedure
was performed for UP-C. Table 4.4 presents the molar percentages based on the 'TH NMR
calculations of the molar fractions.

Some points can be highlighted based on the results obtained for the final structure
characterised by "H NMR and the one initially designed: (i) UP-A, UP-B and UP-C present
lower S:U ratios than the fed ones, with FA retention percentages of 91%, 93%, and
91%, respectively; however, (ii) similar FA retention percentages are found for UP-A and
UP-B, (iii) a higher unsaturation content (originated from FA) is presented for UP-C when
compared with UP-B, and as a consequence, a higher v, can be achieved, which partly
explains the higher T of the respective UPR-C against UP-B; (iv) A:G ratios from 'H NMR
show a higher excess of glycol for all UPs, 17%, 15% and 15% higher for UP-A, UP-B
and UP-C, respectively, when compared to the fed ratios; (v) a lower structures amount
originating from both acids (namely, the aromatic ring from PA, the long carboxylic chain of
DFA and the unsaturations from FA) is presented in the final structure of the respective
UPRs, with UP-A, UP-B and UP-C retaining 81%, 83% and 83%, respectively, in relation
to the fed quantities; (vi) a higher presence of ISO and a lower PDO content in relation to
the total of glycols is verified for all UPs, which can be partly explained by the laboratory
set up (distillation column, nitrogen flow) that drags more glycol than that used industrially,
mainly PDO, which is more susceptible to carryover than ISO; and (vii) the final structure
of the UP-B has a DFA:PA ratio very close to that initially fed, however, UP-C has a DFA
amount 40% higher in relation to the total saturated acids in the final structure.

4.3.3.3 Viscosity

The control of viscosity during synthesis ensured that all linear thermoplastic UP samples
had viscosities at 125 °C below 2000 cP, as shown in Figure 4.7 - the error bars rep-
resent the standard experimental error (standard deviation) around the three apparent
viscosity measurements and the three titration measurements for calculating the degree
of polymerisation, both from each reaction time for a same batch. This criterion allowed
producing UPs with suitable viscosity for subsequent incorporation with a percentage of
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Table 4.4: Comparison between 'H NMR results and predicted structure of the UPs.

Feed 1H NMR

Monomer (%) (%)

UP-A UP-B UP-C UP-A UP-B UP-C
PA 11.84 12.18 10.66 12.47 12,96 10.83
DFA - 1.35 1.18 - 1.52 1.78
FA 35.53 33.83 35.53 26.49 25.26 27.24
PDO 35.09 35.09 35.09 35.41 352 37.58
ISO 17.54 1754 17.54 25.64 25.05 22.56
S:ue 25:75 29:71 25:75 32:68 34:66 32:68
A:GP 48:52 48:52 48:52 39:61 40:60 40:60
PDO:ISO° 67:33 67:33 67:33 58:42 58:42 62:38
DFA:PA¢ - 10:90 10:90 - 11:89 14:86

aS:U is the molar percentage between saturated and unsaturated acid
b A:G is the molar percentage between acids and glycols

¢ PDO:ISO is the molar percentage between PDO and ISO

4 DFA:PA is the molar percentage between DFA and PA

reactive diluent of 40% (see Table 4.5). This value is in line with the industry standards
regarding conventional resins for the impregnation of synthetic or natural fibres used
in FRP composites. Further, the relatively low viscosities have the additional benefit of
promoting better cure performance due to the higher mobility of the polymeric chains.

As mentioned, DFA increases polyester viscosity; however, other factors can also limit the
extent of reaction due to reaching excessive viscosity; for instance, the presence of ISO
can be highlighted. This monomer contributes to a greater increase in the viscosity of UP
with relation to other aliphatic diols due to its intrinsic features of steric hindrance and Ordelt
saturation (branching formation) with fumaric acid. Additionally, a UP produced exclusively
from an ISO-based glycol would probably not be miscible in styrene. Even if branching
occurs at a low level without additional crosslinking and gelation, the prepolymers obtained
are generally unsuitable for UPR preparation due to their very high viscosity. The curing
process for this resin would also result in forming a non-homogeneous network with low
mechanical properties. To minimise the excessive increase in viscosity due to ISO, the UP-
A, UP-B and UP-C were formulated to contain a maximum of 33% in mol of ISO regarding
the total amount of glycol. In addition, inhibitors (hydroquinone and toluhydroquinone)
were used to minimise Ordelt saturation and mitigate gelation. However, it was found that
gelation can occur at lower ANs (below 40) when performing polycondensation at elevated
temperatures (about 206 °C) due to the long residence time and lower efficiency of the
radical inhibitors in the absence of oxygen.

Furthermore, while high DFA content increases the viscosity in UPRs, such as reported in
Example 10 from Fekete et al. [56], the results obtained here show that the developed UPR
formulations can be applied in different processing techniques used in the composites
industry, for example, hand layup, vacuum infusion and pultrusion. These resins have the

111



Chapter 4 DFA-based unsaturated polyester

2000 T T T T T T T
= UP-A
UP-B
& 1e00{ L % UPC . .
o) . -
2 "4
£ i
8 1200 i A §
2 e
‘GE) P
5 800+ PR & ]
g
< ' E3
400 - A .
T T T T T T T T T T

40 45 50 55 60 65 70 75
1+r
14+7r—2rp
Degree of polymerisation

Figure 4.7: Viscosity of the UPs measured at 125 °C.

Table 4.5: Viscosity of the UPRs measured at 25 °C.

Incorporation ratio in wt. (%) Viscosity

Sample Prepolymer HEMA Styrene (cP)
UPR-A 60 20 20 500
UPR-B 60 20 20 520
UPR-C 60 20 20 560

additional advantage of having a lower styrene concentration than typical (conventional)
UPRs, with this reduction reaching up to 50% of the total amount of styrene used.

4.3.3.4 Tensile properties

Figure 4.8 presents the tensile stress-strain nominal curves of the UPRs. The results show
a highly consistent behaviour for UPR-A, UPR-B and UPR-C resins. All curves present
an initial elastic linear branch, followed by a gradual loss of stiffness preceding a brittle
failure. This behaviour is typical of conventional UPRs under tension. The fully crosslinked
structure of UPRs reduces the mobility of the molecules hindering the polymer network’s
ability to rearrange and accommodate the increasing strains. As a result, internal cracks
can form and quickly propagate, thus inducing a brittle failure.

Figure 4.9 presents the tensile strength, modulus of elasticity and strain at break, respect-
ively, for the three resins. Although the DFA-based UPR formulations presented lower
modulus of elasticity (-15% and -12% for UPR-B and UPR-C, respectively) when com-
pared with UPR-A (without DFA), their performance was very similar that of commercial
petrochemical counterpart tested herein (see Table B.1 in Appendix B.3), as well as that
of other conventional formulations well established in the literature [40,57].

Additionally, segmented formulations with aromatic and aliphatic dicarboxylic acid moieties
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Figure 4.8: Tensile stress-strain curves of the UPRs.
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used herein allowed to obtain UPRs with a higher modulus of elasticity when compared
to those based on wholly saturated aliphatic dicarboxylic acids, such as succinic and
adipic acid, which have been reported in the literature [58]. Some other factors can also
explain the higher modulus of elasticity of UPR-A, such as (i) the fact that ISO represents
one-third of total glycols, and promoted higher stiffness in the backbone compared to
aliphatic diols; (i) high double bonds content with 1:3 in mol% S:U dicarboxylic acid ratio
provided high crosslinking density, which resulted in hard and inflexible cured UPRs; and
(iii) the maintenance of a segmented rigid structure in the backbone (from PA) provided
chains with lower flexibility when compared with polyesters wholly based on DFA.

The results obtained also show that the partial replacement of PA by DFA (UPR-B and
UPR-C) provided lower tensile strength (-16% and -37%, respectively) and strain at
break (-37%) when compared to UPR-A. Regardless of this comparison between the
three different formulations tested in this study, DFA shows good potential as a partial
replacement monomer for PA in the production of UPRs. The results of tensile strength,
modulus of elasticity and strain at break obtained for all tested formulations also show that
it is possible to reduce the styrene content in UPRs by partially replacing it with HEMA.

Thus, despite the lower mechanical properties presented by UPR-B and UPR-C compared
to UPR-A, the DFA-based UPs developed herein have the potential to compete with
conventional ones. These formulations may be particularly interesting for non-structural
components, for example those made using lightweight natural fibres (e.g., jute, flax, hemp
and kenaf), which have typical tensile strains at break compatible with (well below) those
exhibited by UPR-B and UPR-C [59-62]. In addition, this study suggests that the synthesis
of DFA-based UPs can be designed to incorporate bio-based FA, to provide double bonds
capable of crosslinking with reactive diluents, resulting in eco-friendlier UPRs. Herein,
PDO and ISO (both derived from renewable sources) were also essential to maintain high
bio-based content and to adjust the viscosity and stiffness of these polyesters considering
those of conventional counterparts (petroleum-based).

4.3.3.5 Thermomechanical properties

DMA was used to determine the thermomechanical properties of the cured UPRs and
to assess the effect of increasing DFA concentration in those properties. Figure 4.10
presents the DMA curves for storage modulus (E’), loss modulus (E”) and tan § as a
function of temperature for the UPRs.

The T4 results are presented in Table 4.6 from the onset of the storage modulus decay and
the peak of the tan § curve; the values of E” at 25 °C, 50 °C and 150 °C are also shown. All
the cured UPRs displayed Ty values ranging from 60 to 65 °C and from 91 to 95 °C, from
the onset of the storage modulus decay and the tan § peak, respectively. These values
enable the use of the proposed resins in a wide range of applications, such as in FRP
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Figure 4.10: DMA curves for the UPRs.

composites, since these results are similar to those found for the commercial UPR tested
herein (see Table B.1 in Appendix B.3).

Table 4.6: DMA properties of the UPRs.

Ty (°C) E’' (MPa) Ve
Sample
El et tand  25°C 50°C 125°C (mol/m3)
UPR-A 65.5 95.5 3745 2618 19 1.9 x1073
UPR-B 609 914 3207 2082 13 1.3 x1073
UPR-C 61.2 929 3365 2129 17 1.7 x1073

The Ty values of the crosslinked thermoset UPRs relate not only to the crosslink density but
also to the inherent flexibility of the chain segments, wherein DFA introduces particularly
flexible segments when compared to those consisting of PA. Thus, the resin formulations
developed in this study overcame the thermomechanical limitations of UPRs based on long-
and flexible chains reported in the literature [63], by incorporating relatively small amounts
of DFA into the polymer backbone. While resulting in a slight decrease in crosslinking
density, this addition did not cause a significant loss of stiffness.

Meanwhile, the E’ at 25 °C of the cured UPR-A is higher than that for the UPR-B and
UPR-C. This result, which is consistent with the tensile results mentioned above (higher
modulus of elasticity of UPR-A), is attributed to the lower crosslinking density and overall
flexibility provided by the addition of DFA. At higher temperatures, namely at 50 °C, DFA-
based UPRs promoted a lower E’ retention (64.9% and 63.3% for UPR-B and UPR-C,
respectively, against 69.9% for UPR-A). In addition, incorporating HEMA as a reactive
diluent in substitution of 50% wt. of styrene also proved to be a successful strategy
regarding the resulting thermomechanical properties of the cured resins.
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4.4 Concluding remarks

Syntheses of UPRs based on DFA and other renewable building blocks have been suc-
cessfully carried out, resulting in unsaturated polyester prepolymers with high bio-based
mass content, up to 86.2 wt.%. The high renewable content of the UPs combined with
their dilution in a reactive diluent formed by the mixture of two reactive monomers, namely
styrene and HEMA, allowed to produce more environmentally friendly — and with a lower
styrene content — UPRs when compared to conventional petroleum-based alternatives.

While the DFA-based UPRs developed herein presented lower tensile strength and modu-
lus of elasticity compared to the baseline formulation (containing only PA as saturated acid),
their properties are still compatible with several mainstream applications of UPRs. In addi-
tion, the UPRs developed in this study presented viscosities that are feasible for various
fibre impregnation processing techniques (such as hand-layup, infusion and pultrusion).
The thermomechanical properties of the DFA-based UPRs were not significantly different
from the baseline formulation due to the balance between PA and DFA ratios, as well as
the previously designed crosslink density. These properties of the synthesised DFA-based
UPRs attest their potential as greener materials to produce bio-based composites.

The challenge of widening the scope and range of application of sustainable UPRs is
considerable; further research is needed to solve issues that involve a balance between
sustainability, high performance, and material processability, namely in order to develop (i)
stiff renewable building blocks to replace phthalic anhydride, which are compatible with
dimer fatty acids; (ii) reactive monomers to be used as diluents, which can fully replace
styrene while ensuring high mechanical, thermomechanical and processing performance,
and (iii) bio-based catalysts (initiators and accelerators) to achieve fully bio-based UPRs.
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Chapter 5
FDCA-based unsaturated polyester

Abstract

This chapter presents the development of unsaturated polyester (UP) main chains and their
crosslinked resins (UPRs) based on 2,5-furandicarboxylic acid (FDCA) and other bio-based
building blocks. The original features of these UPs derive from (i) the use of FDCA as an aromatic
monomer replacing phthalic anhydride (PA), (ii) the introduction of a FDCA-isosorbide block into
the polyester backbone with the presence of unsaturations provided by bio-based fumaric acid
(FA), (iii) the use of isosorbide (ISO) and 1,3-propanediol (PDO) instead of ethylene glycol and
1,2 propylene glycol, and (iv) the reduction of styrene content using 2-hydroxyethyl methacrylate
(HEMA). The developed UPR have similar thermal and mechanical behaviour to the petrochemical
ones, presenting T, up to 102 °C, tensile modulus and strength up to 3.9 GPa and 63.3 MPa,
respectively, and viscosity between 800 and 1250 cP, making these resins greener alternatives to
fully petroleum-derived UPR for high-performance applications. Figure 5.1 presents a graphical
abstract about this chapter.
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Figure 5.1: FDCA-based unsaturated polyester graphical abstract.
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5.1 Introductory remarks

Most research on polymers for industrial applications has focused on thermoplastics,
particularly for packaging [1]. However, compared with the rapid progress on bio-based
thermoplastics, research on bio-based thermoset resins has been overlooked [2]. Ther-
moset resins are often used in the production of fibre reinforced polymer (FRP) for several
industries, such as construction, automobile, aerospace, marine and wind turbines, reflect-
ing their potential for the development of eco-friendly high-performance products.

The previous research efforts on bio-based thermoset resins focused on formulations that
aimed at increasing the bio-content of the unsaturated polyester (UP) backbone [3—6]
and at decreasing the styrene-content by reactive diluents derived from bio- or less toxic
counterparts [7]. Thus, a more sustainable performance of these plastics must involve
incorporating the bio-based polyester backbone diluted in greener vinyl reactive monomers
to produce eco- or human health-friendlier UPRs [8]. Among such approaches, monomers
considered as renewable building blocks have already been used for synthesis of UPRs,
particularly, dicarboxylic acids [9—12], dihydroxyl alcohols [13—15] and reactive diluents
with at least one vinyl group [16—19].

It is known that to maintain or improve the mechanical properties of bio-based UPs,
when compared to conventional ones, a balance between aliphatic and aromatic or cyclic
compounds must be kept within the polyester backbone; for example, FDCA (Figure 5.2),
is a potential replacement monomer for oil-derived diacids or anhydrides, such as PA,
iso and orthophthalic acid, since it often provides higher mechanical strength and T4
when compared to the above-mentioned aromatic diacids or even to terephthalic acid.
Furthermore, FDCA-based polyesters exhibit a semi crystalline structure, but crystallise
at a slower rate than polyesters containing an aromatic ring, resulting in much improved
barrier properties against oxygen, carbon dioxide, and water vapour, which could be
beneficial for high-performance applications, such as in more aggressive environments.
The complete replacement of PA by FDCA, at the industrial scale, is still economically
not feasible due to relatively high market prices of the latter monomer; however, prices
have been decreasing substantially in recent years due to the increased production of that
renewable furan building block with increasing usage for plastics production [20—23].

Feedstock Renewable raw material extraction and transformation Monomer
HO 0_OH N 0 ) o)
O o
> HO oH HO/\@/ = HO () o
HO
Lignocellulosic Fructose 5-hydroxymethylfurfural 2,5-furandicarboxylic acid

biomass

Figure 5.2: From lignocellulosic biomass to FDCA monomer production.
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Recently, research has also focused on ISO to provide stiffness to the UP backbone
structure, resulting in polyesters with higher T, than with conventional aliphatic diols
[24,25]. By contrast, there is a lack of information about the T, of UPRs synthesised
from FDCA-ISO, which limits its range of applicability, for example concerning its use as
a matrix for manufacturing FRP composites for structural applications, where the T4 has
significant influence on the maximum service temperature that may be considered in the
design of structural component, namely used outdoors.

FDCA and ISO have also been shown in the literature to provide UPRs with higher
viscosities [26]. In such cases, viscosity can be adjusted with PDO [27-29], which has
low viscosity (liquid at room temperature) and is compatible with polyester of aromatic or
rigid cyclic morphology. In addition, the sustainability of UP can be further increased by
replacing maleic anhydride (petroleum-based) with bio-based FA [30—32]. The use of FA
derived from renewable resources as an unsaturated monomer in the UP backbone allows
increasing the bio-content of the polyester and, moreover, due to lower steric hindrance
the fumarate double bond is more reactive than the maleate, resulting in a more complete
radical polymerisation and a lower need for post-cure treatment.

The balance between T, and toughness is determined, among other parameters, by the
crosslinking density in the UP backbone. Generally, the higher the crosslinking density,
the higher the T4. However, with increasing crosslinking density, the toughness decreases
requiring a balance between strength and ductility for each type of application. The
crosslinking density of the linear polyester prepolymer can be designed in advance by
adjusting the ratio between unsaturated and saturated dicarboxylic acids in the polyester
backbone to promote a good balance between T4 and toughness.

Finally, resins for FRP composites should have adequate viscosity and gel time to guaran-
tee the complete impregnation of the reinforcing fibres. Therefore, different variations of
the resin composition must be available to allow adjusting it for manufacturing processes
with diverse requirements, such as hand layup, vacuum infusion, or pultrusion. Typically,
such processes require relatively low viscosity resins (100-2000 cP).

In addition to the previously described strategy of incorporating PDO in the polymer
backbone, excessive resin viscosity can be overcome in other ways; for instance, by
increasing the styrene content to decrease the target viscosity of the UPR. However,
styrene is regarded as a HAP and a VOC, and specially under the occurrence of traces of
Ozone the styrene oxide can be formed [33], which is a recognised carcinogen.

Large amounts of reactive diluent tend to decrease the thermophysical properties of the
cured resin — it is not recommended to use more than 45% by weight of styrene in the
resin composition [34] — and the excess molar in relation with the double bonds in the
backbone should be lower than 15%. Non-reacted styrene or excess of any other reactive
monomer will result in a plasticising effect, lowering the elastic moduli as well as the
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long-term performance. This can be a problem in load-bearing structural components,
especially those under outdoor exposure to elevated temperatures and/or moisture.

Recently, research has been dedicated to finding ways to eliminate or at least reduce the
use of these highly hazardous reactive diluents. For example, methacrylate was reported
as an alternative to replacing styrene [35], since methacrylate contains polymerizable
radicals through double bonds, which provide similar reactivity as styrene but are less
environmentally damaging. An acrylate that has been recently investigated is the HEMA.
At room temperature, HEMA is a viscous colourless monomer [36]. HEMA is hydrophilic
as it contains a hydrophilic pendant group in its structure. In general, acrylate monomers
are well known for the physical properties they impart to the respective polymers, such as
elasticity, strength to breakage, and quite good oil and heat resistance. Several studies
have shown that HEMA is a suitable alternative to styrene [16,37]. Moreover, HEMA has
been used together with styrene as diluent monomer with the UPR, as reactivity between
HEMA and styrene has been reported [38].

In this chapter, the application of monomers derived from renewable resources in UPRs is
hence considered for structural applications in various areas/fields, namely towards the
development of cured UPR of high performance and with high bio-based content via an
industrially scalable and eco-friendly approach. For this, bio-based UP backbones were
formulated and prepared using FDCA, FA, ISO, PDO and phthalic anhydride (PA), via
melt polycondensation. Therefore, the main innovation is the development of a novel high-
performance polyester backbone synthesised from renewable building blocks currently
considered as top value-added chemical products from biomass [39,40]. However, the
variations in the formulations have been around the different concentrations of FDCA, and
its incorporation was carried out in three different replacement ratios: 0%, 50%, and 100%.
Further, a mixture of styrene and HEMA was used as a reactive diluent, resulting in a cured
bio-based polyester resin which is more environmentally sustainable and contains fewer
VOCs than conventional petroleum-based ones. The relationships between chemical
structures, viscosity, mechanical, and thermomechanical properties were investigated.

5.2 Experimental

5.2.1 Materials

ISO (>98%) was obtained from Roquette, Usine de Lestrem (France). PDO was ob-
tained from DuPont and Tate & Lyle by the name of Susterra™propanediol. FDCA (98%)
was obtained from Ambeed, Inc. FA (>98%), PA (99%) and HEMA (97%), imidazole,
hydroquinone and toluhydroquinone were obtained from Sigma-Aldrich. Styrene was
obtained from Omnova Solutions. MEKP and cobalt octoate 1% were obtained from
EcoCompositos S.A. All the chemicals were used as received.
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5.2.2 Synthesis

The prepolymers were prepared by catalysed bulk polycondensation following the for-
mulations shown in Table 5.1 and illustrated in Figure 5.3. In a typical experiment, PA
(0.792 mol), FDCA (0.792 mol), FA (4.732mol), PDO (4.694 mol) and ISO (2.347 mol)
were added to a 2 litres four-neck reactor (with bottom drain valve) equipped with an
anchor blade mechanical stirrer, a thermocouple to control a heating mantle with a set-
point temperature at 206 °C (ranging between 202 °C and 210 °C), a nitrogen inlet and a
condenser attached to a dean-stark adaptor to collect the water (formed in the reaction
and raw material solubilization). No vacuum was applied during synthesis.

Herein, imidazole (0.2% relative to the total weight of diacids and diols) was used as the
polymerisation catalyst. Hydroquinone and 2-methyl hydroquinone (both used at 200
ppm relative to the total weight of diacids and diols) were also added as the free radical
polymerisation inhibitor to prevent premature gelation. All reactants were added at room
temperature. The mixture was then stirred, and the progress of the reaction was monitored
by acid number (AN) titration and by viscosity measurements at 125 °C in a Cone & Plate
ICI viscosimeter, see Appendices A.1 and A.6. The reaction was then allowed to proceed
until the AN reached a constant value (always below 50 mgKOH/g) combined with a
maximum viscosity of 3000 cP, which required approximately 7 to 8 h.

For the planning of formulations and experiments, it was previously confirmed that polyes-
terification must be carried out under excess of OH to avoid decarboxylation and consider
a slight loss of glycol by the air separation system. Consequently, it was found that
the amount of carboxylic acid groups is slightly less than the content of alcohol groups.
Furthermore, the backbone’s unsaturation content must be very close to those provided
by the reactive monomer, particularly when an amount of styrene is used as a reactive
monomer, as the copolymerisation is specifically alternated.

Table 5.1: UP prepolymer formulations.

Sample Mol
Name FDCA:PA S:U? A:GP PA FDCA FA ISO PDO
UPO 0:100 1:3 1:1.1 1.591 — 4,732 4.713 2.357
UP50 50:50 1:3 1:1.1 0.792 0.792 4,732 4.694 2.347
UP100 100:0 1:3 1:1.1 — 1.591 4.732 4.694 2.337

8 S:U represents the molar fraction between saturated and unsaturated acid
2 A:G represents the total molar fraction between acids and glycols
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Figure 5.3: Chemical segment structures of the synthesised UPs.

5.2.3 Bio-based content

The bio-based carbon and mass content was determined for each reactant according to
ISO 16620 [41] part 4, Annex B (B1 and B2). Tables A.8 and A.11 (from the Appendix A.4)
show the calculation procedures.

5.2.4 Kinetics

To evaluate the reaction kinetics, the same procedures adopted in Chapter 3 were taken
into account. The theoretical results from equations 3.3 and 3.4 were compared with the
corresponding molecular weights as determined by GPC. M, was calculated from the
weighted average of the components (diacids and diols) for each UP formulation [24], and
it can be accessed in Table A.5 from Appendix A.2.2.

5.2.5 Crosslinking reactions

UPs were cooled to a temperature between 140 °C and 150 °C, after AN and viscosity
achieved their respective target values. Then, pristine UPs were diluted, without any
previous purification step, using a mixture of styrene and HEMA (in equal parts) as a
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reactive diluent. This mixture aimed at producing UPRs capable of achieving a better
balance among high-performance properties, processing characteristics (for different
manufacturing techniques), and friendliness with the environment and human health.

To dilute the UP (prepolymer) with reactive diluent, an incorporation temperature between
75 °C and 85 °C was used to obtain the UPRs. All resin samples consisted of a composition
with 60% of UP and 40% of reactive diluent, both in weight, as illustrated in Figure 5.4.
After shelf-life confirmation, where the resin samples were stable after storage at room
temperature for at least three weeks, the free radical polymerisation of each resin was
initiated with 2% MEKP using 1% cobalt octoate (wt.) added as a promoter. Resins were
cured for 24 h in a glass mold at 23 °C, post-cured at 100°C for 4 h and allowed to stabilise
at room temperature before any analyses were conducted.
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i i
Unsaturated g ) {ﬂ A . s
polyester > W%@k 9 o® éL ? Y
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Figure 5.4: Chemical structures of the synthesised UPRs.

5.2.6 Prepolymer characterisation
5.2.6.1 Gel permeation chromatography

GPC tests were performed to determine the number average molecular weight M, and
weigth average molecular weight M,, of the polyester backbone samples using tetrahy-
drofuran (THF) as eluent, according to ISO 13885-1 [42], in a concentration of 1 mg/mL.
The samples were filtered and injected into a column set consisting of one precolumn (8
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x 50 mm) PSS SDV, and columns (8 x 300 mm) PSS SDV analytical linear S, both with a
3 um particle size, and filled with polystyrene crosslinked with divinyloenzene (gel). The
columns were equilibrated at 40 °C before elution with purged THF at a rate of 1 mL/ min.
The eluent was monitored using dual detectors; the first was a UV/Visible detector (model
JASCO UV-4075) set to 254 nm and the second was a Refractive Index Detector (model
JASCO RI-4030). The molecular weights were calculated based on the retention time
from a conventional calibration with narrow polystyrene standards (M, of 266-59300 Da),
see Appendix A.3.

5.2.6.2 Nuclear magnetic resonance

NMR spectra were recorded on Bruker Advance 500 MHz at ambient temperature, see
Appendix A.5. TH chemical shifts (¢) are expressed in ppm relative to Me,Si (5 = 0) and
are reported relative to the solvent peak ('H NMR).

UPO (500 MHz, acetone-dg, 298 K): § = 7.84-7.65 (C-H (phthalate), overlapping mul-
tiplets), 6.86-6.74 (C-H (FA), overlapping multiplets), 5.48-3.36 (CH+CH» (ISO) and
O-CH: (PDO), overlapping multiplets), 2.28-2.07 and 1.97-1.82 (-OCH>CH>CH-0O- from
PDO, overlapping multiplets).

UP50 (500 MHz, acetone-dg, 298 K): § = 7.84-7.65 (C-H (phthalate), overlapping mul-
tiplets), 7.36-7.29 (C-H (furan), overlapping multiplets), 6.86-6.74 (C-H (FA), overlapping
multiplets), 5.48-3.36 (CH+CH, (ISO) and O-CH, (PDO), overlapping multiplets), 2.28-
2.07 and 1.97-1.82 (-OCH>CH>CH>0- from PDO, overlapping multiplets).

UP100 (500 MHz, acetone-dg, 298 K): § = 7.36-7.29 (C-H (furan), overlapping multiplets),
6.86-6.74 (C-H (FA), overlapping multiplets), 5.48-3.36 (CH+CH> (ISO) and O-CH, (PDO),
overlapping multiplets), 2.28-2.07 and 1.97-1.82 (-OCH>,CH>CH>O- from PDO, overlap-
ping multiplets).

5.2.6.3 Viscosity

The viscosity tests were performed on a Cone & Plate ICI viscometer instrument from REL
(Research Equipment London Ltd.), Figures A.10, according to ISO 2884 part 2 [43]. The
viscosity was taken as the average value of three measurements.

5.2.7 UPR characterisation
5.2.7.1 Barcol hardness

Barcol hardness tests were performed using a Barber & Colman Barcol impressor (Ap-
pendix B.1.1), according to ASTM D2583 [44]. Twenty-five tests were conducted on each
specimen. After the tests, the mean obtained was taken as the Barcol hardness.
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5.2.7.2 Tensile properties

Tensile test specimens were prepared according to ISO 527 part 2 [45] and were manu-
factured according to the type 1A specified in that standard (see Appendix B.1.2). The
specimens were tested under laboratory conditions with room temperature of 23 + 2°C
and 55 + 3% relative humidity. For all specimens, width and thickness were measured
with a digital micrometer at three points along the length to check tolerances and minimum
area for axial stress calculation.

5.2.7.3 Dynamic mechanical analysis

DMA experiments were performed to obtain the thermomechanical properties of the resins
using a dynamic mechanical analyser from TA Instruments, model DMA Q800, see Figure
B.4. Specimens with dimensions 60 mm x 10 mm x 4+ 0.5 mm were fabricated according
to ASTM E1640 [46] and tested in a 35 mm dual cantilever clamp configuration. Specimens
were subjected to a constant strain amplitude of 15 um at a constant oscillation frequency
of 1 Hz while submitted to a temperature sweep at a constant heating rate of 2 °C/min,
starting at —30 °C and ending at 150 °C. The T, was determined (i) based on the onset
values of the storage modulus decay and (ii) from the tan § peak.

The experimental crosslink density () was determined based on the kinetic theory of
rubber elasticity from the rubbery modulus using the following equation [47]:

G FE
“RT 3RT

(5.1)

Ve

where R is the gas constant (8.314 J K/mol), and T is the absolute temperature in K, and
G’ is the shear storage modulus. The flexural storage modulus (E’) was obtained in the
rubbery plateau. Herein, the rubbery plateau region of the storage modulus, defined
based on the DMA tests, was taken to estimate ve. The kinetic theory of rubber elasticity
assumes that the network is ideal and all chains are effective in elastic deformation [48].

For comparison, both tensile and DMA tests were performed on specimens moulded from
a commercial resin (see section B.2 in Appendix B), cured and characterised under the
same conditions as the bio-based UPRs herein developed.

5.3 Results and discussion

5.3.1 Prepolymers

The molar fraction between saturated and unsaturated acids (S:U = 1:3) aimed to balance
the thermophysical and mechanical properties to reach a similar performance to their
general purpose petroleum-derived counterparts. Setting this ratio for all formulations
intended: (i) to promote a crosslinking density in the backbone able to achieve a high T;
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(i) to avoid a high content of reactive double bonds, responsible for the embrittlement
of the resin when crosslinked with the reactive diluent (especially styrene) and (iii) to
allow the direct evaluation of the influence of replacing PA by FDCA. Furthermore, the
molar fraction between ISO and PDO (about 33% and 67% of the total amount of glycols,
respectively) were intended to produce stiff polyesters with suitable processability for
applications in FRP composites, ensuring a good relationship between the resin viscosity
and its hardness after curing. An excess of 10 mol% glycol was used to compensate for
its distillation loss during the polycondensation reaction.

5.3.2 Bio-based content

UP prepolymers were synthesised from diacids and diols via the catalysed direct melt
polycondensation with negligible VOC emissions. Except for PA, all other monomers were
obtained from renewable resources, resulting in the synthesis of UPs with almost wholly
bio-based carbon (xg) and mass (mg) contents, of respectively 99.7% and 99.8% for the
UP100 prepolymer (see Table 5.2). Meanwhile, non-bio-based catalyst and inhibitors used
during synthesis, even if in a very small percentage, prevented the UP backbone from
being produced with 100% renewable content. Despite this, the high level of bio-based
content presented in all UPs fulfil a relevant principle of green chemistry, since according
to ISO 16620-1 [49], bio-based plastics are those that contain materials, wholly or partially
of biogenic origin, where the concept of bio-based content for plastics refers to ‘the amount
of bio-based carbon, the amount of the content of synthetic bio-based polymer or the
amount of the bio-based mass content only’.

Table 5.2: Bio-based carbon and mass content of UPs and UPRs, according to ISO 16620-4 [41].

XB mg
Sample
P (%) (%)
UPO (UPRO) 78.6 (47.2) 84.1(50.4)

UP50 (UPR50)  88.8(53.3) 91.9 (55.2)
UP100 (UPR100) 99.7 (59.8) 99.8 (59.9)

Bio-based carbon and mass contents decreased after incorporation of UPs with the
reactive diluent since these diluents are not fully derived from renewable resources.
However, the partial replacement of styrene by HEMA allowed to obtain UPRs with a lower
concentration of toxic monomers when compared to conventional ones (wholly styrene-
based), resulting in materials with a lower harmful potential to human health [37,50]. In
addition, the use of FDCA (in replacement of PA) in the proportions stipulated in this study
provided UPR resins with bio-based content reaching approximately 60%. Thus, this study
shows that the most recent advances obtained by the synthesis of thermoplastic UPs
based on FDCA and ISO, can be expanded to the production of UPRs, particularly, by
introducing unsaturation with bio-based FA into the polyester backbone. Herein, PDO
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was also essential to maintain high bio-based content and to adjust the viscosity of these
polyesters comparatively to that of conventional counterparts (petroleum-based).

5.3.3 Kinetics

The progress of the polyesterification reaction was monitored using AN titration (see
Table A.2) and viscosity measurements to calculate the extent of the reaction and the
processing ability of the samples, which allowed to produce prepolymers with similar
molecular weights and with viscosities suitable for incorporation in reactive solvents. UPs
used in the preparation of commercial UPRs often present AN values ranging from 25 to
50 mgKOH/g [11], which were fulfilled in this study with the bio-based UPRs.

Plotting values of 7+ r/(1+r — 2rp) as a function of time typically shows that equation
3.2 is not obeyed from p = 0 up to about p = 0.80 (i.e., for the first 80% of the esterific-
ation of COOH and OH groups). The deviation below 80% conversion is not unique for
polyesterification, since it is also observed for the simple esterification that results when
the dicarboxylic acid is replaced by a monocarboxylic acid. Apparently, the major reason
for the non-adherence to equation 3.2 below about 80% conversion is that the reaction
medium is changing from one of pure reactants initially to one in which the ester product
is the solvent. It is often considered that the kinetics of condensation polymerisation are
relevant only for the last 20% of the reaction when the reaction medium has become
essentially invariant [51].

Second-order plots are shown in Figure 5.5 for the last 20% of the polyesterification, after
180 min of reaction. Beyond that period, chain growth to produce high molar mass material
becomes increasingly difficult as the reaction proceeds. This is due to several reasons,
such as: (i) the difficulty in ensuring the precise equivalence of the reactive groups in the
starting materials, since more than two monomers were used, (ii) the decreasing frequency
of functional groups meeting and reacting as their concentration diminishes, and (iii) the
increasing likelihood of interference from side reactions (even with the use of inhibitors).
Thus, it was preferred to avoid the production of high molar mass to avoid gelation, even
with conversions above 90%. However, the higher conversion was observed when PA was
replaced by FDCA, since for the same reaction time, a lower AN was obtained for the fully
FDCA-based backbone (see Table A.2 in Appendix A.2.1).

Figure 5.5 also shows that the kinetics had a well-defined trend, where the error bars
around the conversion represent the standard deviation resulting from three titrations; for
all formulations, the standard deviation was low.

5.3.4 Molecular weight

The molecular weights determined by GPC followed a Gaussian distribution (see Figure
A.4 in Appendix A.3), with M, varying between 1.4 kDa and 2.0 kDa, which falls within the
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Figure 5.5: Kinetics of polyesterification reaction of UPs.

range referred in the literature [52,53]. The replacement of PA by FDCA resulted in higher
M, and lower dispersity when comparing UPO to UP100, since a lower AN was achieved
by the UP100, and for the same OH—COOH ratio, resulted in higher conversion and with
more similar chain lengths (see Table 5.3), which is consistent with the higher degree of
polymerisation obtained from oligomeric macromolecules wholly based on FDCA. Higher
M, is desired to enable higher crosslink density, which provides a higher number of
unsaturated sites per macromolecule without the need to increase the concentration of
FA. This improves thermal and mechanical properties since it does not sacrifice stiffness
and strength by removing the saturated dicarboxylic acid. By contrast, UP50 shows that
the partial replacement of PA by FDCA reflects a higher dispersity D and lower M, when
compared to the other formulations, which can be explained by the greater number of
reactants in its composition, i.e., herein diols compete to react not only with FA and just
one more saturated dicarboxylic acid, but they also participate in the reaction with two
other saturated acids, namely PA and FDCA. Furthermore, the presence of low molecular
weight fractions in UP0O and UP50 samples was observed, which is typical in orthophthalic
polyesters.

When compared with similar formulations reported in the literature, e.g., PPIF25 from Dai
et al. [54], UP02 from Suriano et at. [55], MSIB1322 from Xu et al. [25], polyester 4 from
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Table 5.3: Composition analysis of the UPs.

Theoretical GPC analysis
Sample AN & M, M, M, M, B
(mgKOH/g) (%) (kDa) (kDa) (kDa) (kDa) (a.u) (%)
UPO 47 090 147 280 145 360 248 0.90
UP50 47 0.90 153 291 140 560 4.00 0.89
UP100 43 091 153 293 200 320 1.60 0.94

& Conversion obtained from titration, according to Equation 3.1.
® Conversion obtained from GPC tests.

Jasinska and Koning [14], which take into account ratios of saturated to unsaturated acid
that are close to that presented here, UP100 presents higher M, and lower D. UP100 from
the present study also has higher M, when compared to UPs based on itaconic acid, such
as those synthesized by Panic et al. [56], and those based on oxalic, succinic and adipic
acid prepared by Fidanovski et al. [8] Although the example UP4 from Sousa et al. [9]
presents higher M, than those studied here in UP0O, UP50 and UP100, no viscosity data
corresponding to M, is available in that study (this information would be relevant, since
high molecular weight often results in higher viscosity and more difficult processing).

The UP properties are very much dependent on the characteristics of the raw materials
used and the formulation adopted. The UPs developed here presented relatively low
molecular weight since the polycondensation reactions were controlled to achieve low
working viscosities when dissolved in reactive diluent. This resulted in oligomers with a
degree of polymerisation lower than 10 for all samples, which is in accordance with the
literature for the formation of unsaturated polyesters, for which degrees of polymerisation
between 6 and 15 are typically reported [57,58].

5.3.5 'H NMR study

NMR is a convenient tool to estimate the relative proportion of the different monomers
present in the polymers. We exemplify here for UP50, the most complicated case. This
polymer was obtained as a mixture of FDCA, PA, FA, PDO and ISO. We can assign
different regions of the spectra with different types of protons, as exemplified in Figure A.9
and Table A.13 (included in Appendix A.5). While FDCA, PA and FA appear separated,
the CH: inner protons of the PDO moiety appear partially superimposed with the solvent
protons (acetone). We can nonetheless integrate CH» signals with some level of confid-
ence, although we expect to have a larger error than for the signals that appear isolated.
Given the amount of the PDO detected, we can calculate the amount of isosorbide by
deducting the integration of the -CH>O- protons that overlap with the isosorbide protons
in the 5.48-3.36 ppm region. We arrive thus at the molar fraction PA:FDCA:FA:PDO:ISO
of 1.16:1.00:5.06:6.33:6.31. The same analysis procedure was performed for UP0O and
UP100. Table 5.4 presents the molar percentages based on the 'H NMR calculations of

135



Chapter 5 FDCA-based unsaturated polyester

the molar fractions mentioned above.

Table 5.4: Comparison between 'H NMR results and predicted structure of the UPs.

Feed (mol %) TH NMR (mol %)

Monomer

UPO UP50 UP100 UPO UP50 UP100
PA 11.84 5.92 - 12.48 5.69 -
FDCA - 5.92 11.84 - 4,91 10.72
FA 35.53 35.53 35.53 26.51 27.41 29.47
PDO 35.09 35.09 35.09 35.44 31.04 34.98
ISO 17.54 17.54 17.54 25.57 30.95 24.83
S:u2 2575 25:75 25:75 32:68 28:72 27:73
A:GP 48:52 48:52 48:52 39:61 38:62 40:60
PDO:ISQO° 67:33 67:33 67:33 58:42 50:50 58:42

a S:U represents the molar percentage between saturated and unsaturated acid
b A:G represents the molar percentage between acids and glycols
¢ PDO:ISO represents the molar percentage between PDO and ISO

Some points can be highlighted from the results shown in Table 5.4 between the structure
characterised by "H NMR and the initially fed: (i) UP50 and UP100 have similar S:U ratios
with the fed ones, with a lower retention percentage of FA, 96% and 97%, respectively; (ii)
the lowest retention percentage of FA is found in UPO, around 90%; (iii) as a consequence
of the higher FA amount in the final structure of the UP100, a higher v, can be achieved,
which partly explains the higher T, of the respective UPR100, which will be discussed
later; (iv) A:G ratios from "H NMR show a higher excess of glycol for all UPs, with 17%,
19% and 15% higher for UP0, UP50 and UP100, respectively, when compared to the fed
ratios; (v) a lower acid amount is presented in the final structure of the respective UPRs,
with UPO, UP50 and UP100 retaining 81%, 79% and 83%, respectively, in relation to the
fed quantities, and; (vi) a higher presence of ISO and a lower PDO content in relation to
the total of glycols is verified for all UPs, which can be explained by the laboratory set up
(distillation column, nitrogen flow) that drags more glycol than that used industrially, mainly
PDO, which is more susceptible to carryover than ISO.

5.3.6 Viscosity

The control of viscosity during synthesis ensured that all linear thermoplastic UP samples
had viscosities at 125 °C below 3000 cP, as shown in Figure 5.6 where the error bars
represent one standard deviation around the average values of the three apparent viscosity
measurements and the three titration measurements for calculating the degree of polymer-
isation, both from each reaction time for a same batch. This criterion allowed producing
UPs with suitable viscosity for subsequent incorporation with a percentage of reactive
diluent of 40%, see Table 5.5. This value is in line with the industry standards regarding
conventional thermoset polyester resins. Furthermore, the relatively low viscosities have
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the added benefit of promoting better cure performances due to the higher mobility of the
polymeric chains.
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Figure 5.6: Viscosity of the UPs measured at 125 °C.

Among the main factors that limited the extent of reaction due to excessive viscosity being
reached, the presence of ISO can be highlighted. This monomer contributes to a higher
increase in the viscosity of UP in relation to other aliphatic diols due to its intrinsic features
of steric hindrance [59] and Ordelt saturation (branching formation) with FA. Additionally,
a UP produced exclusively from an ISO-based glycol would probably not be miscible in
styrene [60]. Even if branching occurs at a low level, without additional crosslinking and
gelation, the prepolymers obtained are generally unsuitable for UPR preparation due to
their high viscosity. The curing process for this resin would also result in the formation of a
non-homogeneous network with poor mechanical properties. To minimise the excessive
increase in viscosity due to ISO, all UPs were formulated to contain a maximum of
33 mol% of ISO regarding the total glycol amount. Moreover, inhibitors (hydroquinone and
toluhydroquinone) were used to minimise Ordelt saturation and mitigate gelation. However,
it was found that gelation can occur at lower acid numbers (AN below 40) when performing
polycondensation at elevated temperatures (about 206 °C).

Table 5.5: Viscosity of the UPRs.

Incorporation ratio in wt. (%) Viscosity

Sample

Prepolymer HEMA Styrene (cP)
UPRO 60 20 20 800
UPR50 60 20 20 1290
UPR100 60 20 20 1250

Furthermore, while FDCA also increases the viscosity in UPRs, the results obtained
show that the UPR formulations developed here can be applied for different processing
techniques used in the composites industry, for example, hand layup, vacuum infusion and
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pultrusion. These resins have the additional advantage of having a lower concentration of
styrene than typical (conventional) UPRs, with this reduction reaching up to 50% of the
total amount of styrene used.

5.3.7 Hardness

Barcol hardness average values increased from 30 + 1 (UPRO) to 32 + 1 (UPR100) as
PA was replaced by FDCA into the UP backbone. This (slight) difference can be explained
by the fact that UPR100 presents greater-formed 3D network, since a higher degree
of polymerisation was obtained from UP100 macromolecule (having more crosslinkable
sites) and, consequently this lead to a higher crosslinking density. The higher crosslinking
density potentially achieved after incorporation with reactive diluents should result in
stronger interactions between atoms or molecules, and thus in harder thermosets. By
contrast, UPR50 had Barcol hardness of 30 + 2, showing similar hardness compared
to UPRO, but a higher scatter of results because of a higher D of the polymer molecular
structure, as seen previously in Table 5.3.

The overall differences between UPR0O, UPR50 and UPR100 in terms of Barcol hardness
were very limited. This shows that the hardness of UPR specimens based on FDCA
building blocks used herein has not been negatively influenced compared to that of UPR
specimens based on petrochemical PA. More specifically, the Barcol hardness values
measured for the bio-based resins compare relatively well with those of the commercial
(petrochemical) counterpart tested herein, which presents a Barcol hardness of 40.

5.3.8 Tensile behaviour

The tensile stress-strain nominal curves of the UPRs are presented in Figure 5.7. The
results show a highly consistent behaviour of the curves for UPRO and UPR50 and the
highest scatter for UPR100. The high variability in the tensile strength results of UPR100,
also reflected in the scatter of its strain at break (whose mean value is also lower), should
be attributed to its higher brightness compared to its UPR0O and UPR50 counterparts.
However, all formulations present tensile curves with an initial elastic linear branch, a
gradual loss of stiffness for higher strains, and hard and brittle stress-strain behaviour,
reflecting a typical constitutive behaviour of conventional UPR under tension. The fully
crosslinked structure of the UPRs obstructs the mobility of the molecules, and the network
chains cannot easily align in the tensile direction, which is one of the sources of ductility.
This barrier may form an internal crack, and initiate crack propagation, making a ductile
thermoset polymer become brittle [61].

Figure 5.8 presents the statistical values for tensile strength, modulus of elasticity, and
strain at break, respectively. The UPRO, UPR50, and UPR100 formulations presented
modulus of elasticity of 3.4 GPa, 3.4 GPa and 3.9 GPa, respectively, matching or exceeding
their general-purpose commercial counterparts, which vary on average from 2 to 4 GPa
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[62], as well as other conventional formulations well established in the literature [34,63].
Formulations with aromatic and furan dicarboxylic acids used herein also allowed to
obtain UPRs with a higher modulus of elasticity when compared to those UPRs based on
saturated aliphatic dicarboxylic acids, such as, succinic, itaconic, and adipic acid, which
have been addressed in the literature [8,56]. Some other factors can also explain the
higher modulus of elasticity, namely (i) high double bonds content with 1:3 in mol% S:U
dicarboxylic acid ratio in all formulations, providing high crosslinking density, which results
in hard and inflexible cured UPRs; (ii) prepolymer synthesised from rigid structure saturated
acids (PA and FDCA), which provides chains with lower flexibility when compared with
polyesters based on diacids derived from natural oils; and (iii) the fact that one-third of
total glycols have been ISO, also responsible for promoting greater rigidity in the backbone
compared to aliphatic diols.

The results presented here also evidenced that the total replacement of PA by FDCA
(UPR100) provided the highest modulus of elasticity. By contrast, the UPR100 polyester
resins showed lower tensile strength (-8%) and strain at break (-37%) when compared to
the UPRO. The outlier shown in Figure 5.8c was disregarded for calculating the mean of the
UPR100 strains. Thus, the mean strain at break was 1.5%. Considering that strength is not
just an intrinsic polymer property but also depends on the concentration and dimensions
of defects in the casting and curing of UPRs which present volume shrinkage on curing
of (about 8 to 12%), tensile strength results are generally lower than the real polymer
capacity. Regardless of this comparison between the three different formulations tested in
this study, FDCA shows good potential as a replacement monomer to PA in the production
of UPRs. In fact, the tensile strength results obtained for the bio-based UPRs developed
herein were higher when compared to those of the conventional petroleum-derived resin
that was also tested herein as a commercial reference (see Table B.1 from the Appendix
B.3), and which is widely used as a high-performance thermoset polyester matrix, with the
additional advantage of the proposed UPR0, UPR50, and UPR100 formulations having a
high bio-based content.

The results of tensile strength, modulus of elasticity and strain at break obtained for all
tested formulations also show that it is possible to reduce the styrene content in UPRs
by its partial replacement by HEMA. Namely, it was found that the mechanical properties
were not negatively affected when compared to a commercial unsaturated polyester resin
tested herein, which uses exclusively styrene as a reactive diluent.

5.3.9 Dynamic mechanical analysis

DMA was used to determine the thermomechanical properties of the cured UPRs and to
assess, mainly, the effect of increasing the FDCA concentration. Figure 5.9 presents the
DMA curves for the storage modulus (E’), loss modulus (E”) and tan ¢ as a function of
temperature for the UPRs. The Ty results are presented in Table 5.6 based on the onset
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value of the storage modulus decay and the peak of the tan § curve; the values of E’ at
25 °C, 50 °C and 150 °C are also presented.

All the cured UPRs displayed T4 values ranging from 65 to 70 °C and from 95 to 102 °C,
based on the onset of the storage modulus decay and tan ¢ peak, respectively. These
values enable the use of the proposed resins in a wide range of high-performance applica-
tions, such as FRP composites.
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Figure 5.9: Overlapping DMA curves of all UPRs.

Despite the high v, presented by the UPRs, as shown in Table 5.6, the T4 values of the
crosslinked thermosets relate to the crosslink density and the rigidity of the chain segments
[64]. This explains the higher Tg for formulations with FDCA (particularly, UPR50 and
UPR100), since the furan ring of FDCA contributed with greater rigidity and intermolecular
force in the molecular chains and, consequently, promoted a decreased mobility of chain
segments of the cured UPRs.

Table 5.6: DMA properties of the UPRs.

!
Sample T, (°C) E’ (MPa) Ve
El e tans 25°C 50°C 125°C (mol/md)
UPRO 65 96 3745 2618 19 1.9x1073

UPRS50 65 98 3305 2289 15 1.5x1073
UPR100 70 102 3810 2916 21 2.1x1073

Meanwhile, it is quite clear that the E’ at 25 °C of the cured UPR100 was higher than for the
UPRO, due to the above mentioned reasons. The backbone of the UPR50 comprises two
different types of saturated acid monomer blocks, namely, FDCA- and PA-blocks, unlike
UPRO and UPR100, which have either only-FDCA- or only-PA-blocks in their backbones.
This larger number of reagents (with different reactivities) used in the backbone synthesis of
the UPR50 resulted in the lowest p and the lowest M, compared to the other formulations.
In addition, the highest D was observed for the backbone of the UPR50. Thus, the
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presence of macromolecules with different chain lengths (but with high M) resulted in a
more heterogeneous material and in a thermoset with lower capacity to store (or higher
capacity to dissipate) elastic energy under loading.

At higher temperatures, namely at 50 °C, FDCA promoted retention of approximately 76.5%
of the storage modulus for the UPR100 against 69.9% for the UPRO consisting of saturated
acid exclusively based on phthalic anhydride. The E’ retention values corresponding to
the T4 (onset) of the UPRO, UPR50 and UPR100 were 43%, 40%, and 52%, respectively.
Thus, the full replacement of phthalic anhydride by FDCA in the prepolymer backbone
improved the thermomechanical properties of the resulting cured thermosets, which is
desirable for many high-performance applications.

The incorporation of HEMA, as a reactive diluent for the UPRs proved to be successful also
regarding thermomechanical properties. Conversely, thermoset FDCA-polyesters incor-
porated without a minimum styrene content typically present low storage modulus [9,54],
thus not being suitable for several high-performance applications. It is possible to highlight
the following observations when comparing the thermomechanical results obtained for the
bio-based UPRs developed herein with those for their commercial counterpart (entirely
petroleum-derived): (i) all bio-based formulations presented T4’s equal to or very close to
that of the commercial UPR, showing that the formulations and syntheses of the bio-based
blocks resulted in novel and promising bio-based thermoset polyesters, suitable for use
in high-performance applications at relatively high temperatures; (ii) UPR100 allowed
producing thermoset polyesters capable of achieving thermomechanical properties that
are competitive with those of commercial UPR (entirely replacing PA by FDCA); (iii) at
room temperature, the storage modulus of all bio-based formulations matched or exceeded
those of the commercial counterpart; and (iv) at 50 °C, the UPR100 storage modulus was
higher than its commercial counterpart — this shows that, together with FDCA, the other
chosen bio-based monomers, namely the ISO and PDO diols, as well as the concentration
of FA used in the formulations tested herein, resulted in a thermoset polyester capable
of storing more energy when loaded at high temperatures. This property can be relevant
for several engineering applications, especially for high-performance products, such as
composites.

5.4 Concluding remarks

Syntheses of UPRs based on FDCA and other renewable building blocks have been suc-
cessfully carried out. The linear UPs synthesised are almost entirely based on renewables
(reaching 99.8 wt.%). The high bio-based content of the UPs combined with their dilution
in a diluent formed by the mixture of two reactive monomers, namely, styrene and HEMA,
allowed to produce more environmentally and health-friendly UPRs than conventional ones.
In addition, it was shown (UPR100) that FDCA can replace its petrochemical counterpart

143



Chapter 5 FDCA-based unsaturated polyester

(PA) with improved mechanical and thermomechanical properties. Together with their
chemical composition (bio-based) and processing properties, which fall within the range
of viscosities of various fibre impregnation processing techniques (such as pultrusion),
these properties of the synthesised UPRs increase their prospects as successful greener
high-performance materials, which can be exploited, for example, by the composites
industry.
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Chapter 6
Bio-based GFRP composites

Abstract

This chapter presents the manufacturing and mechanical and thermomechanical characterisation
of a bio-based GFRP composite, produced by vacuum infusion, using a high-performance bio-
based unsaturated polyester resin; this resin was developed in-house and more than 50 wt.% of
its content is derived from renewable raw materials. Bio-based GFRP specimens, with a mass
fibre content of 60%, comprising uni- and bi-directional mats, were successfully produced, and
their mechanical and thermomechanical behaviour was assessed and compared to an equivalent
GFRP composite produced with conventional petroleum-based unsaturated polyester resin and
the same fibre architecture. The bio-based GFRP composite presented (i) 538 MPa, 210 MPa, and
52 MPa of tensile, compressive, and shear strengths, (ii) 20 GPa, 24 GPa, and 2.5 GPa of tensile,
compressive, and shear moduli, and (iii) 3.0%, 0.8%, and 14.8% of tensile, compressive, and
shear strain at failure. These figures meet or exceed the mechanical properties of the equivalent
GFRP composite produced with conventional petroleum-derived resin, evaluated under the same
conditions. Furthermore, the bio-based GFRP composite presented a T, of 64 °C (defined from
the onset of the storage modulus decay), enabling its use in outdoor applications. These figures
highlight the potential of the bio-based GFRP composite developed herein for structural applications,
which offers a key advantage in terms of sustainability. Figure 6.1 presents a graphical abstract
about this chapter.

Figure 6.1: Bio-based GFRP laminate graphical abstract.
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Chapter 6 Bio-based GFRP composites

6.1 Introductory remarks

Sustainability is becoming especially relevant for the fibre-polymer composites industry,
given its extensive use of non-renewable materials; in recent years, research efforts
have been heavily invested in developing more circular and sustainable polymers and
composites [1,2]. Particular focus has been given, for example, to: (i) developing bio-based
thermoplastics [3-5], (ii) achieving recyclability of thermosets [6—8], such as epoxy- or
polyesters-type vitrimers [9-12], namely through the use of dynamic hardeners/agents [13—
16] or by chemical depolymerisation [17,18], and (iii) replacing synthetic fibres with natural
(mainly vegetable) ones [19-22] to manufacture greener (or closed-loop) composites for
different industries, such as automotive, naval, and wind energy. Despite such efforts, one
of today’s biggest challenges is the introduction of sustainable composites in products
that require high mechanical, thermomechanical, processing and durability performance,
namely those used in civil engineering structural applications.

Composite parts used in the new construction or strengthening of civil engineering struc-
tures located outdoors (e.g., bridges, viaducts, platforms, piers, docks, tunnels, buildings,
and others) require high-mechanical performance, durability, and cost effectiveness. In
this respect, performance and processing limitations and insufficient durability data are
restricting the use of (more) sustainable composites developed to date in civil structural
applications [23—28]. For instance, bio-based thermoplastics typically have high viscosity
and require heat and pressure during moulding [29,30], which precludes their use as a
fibre impregnation matrix in typical large-scale FRP production techniques, such as pultru-
sion or vacuum infusion. In addition, when alternative high-performance matrices present
mechanical, thermomechanical, and processing properties suitable for high-performance
applications, they are expensive, which limits the commercial prospect of their use in
mainstream composite products [31-36].

Although recyclable thermoset composites are seen as a potential solution to increase the
circularity of the composites industry, their durability is yet to be comprehensively char-
acterised, namely under long-term exposure to external weathering degradation agents
likely to be found in civil engineering structures, such as moisture, saline environments,
thermal effects, ultraviolet radiation, among others [37,38].

The use of natural fibres, particularly vegetable ones, also entails some critical drawbacks,
which still need to be overcome, such as: (i) biodegradability, including the risk of microbial
contamination [39,40]; (ii) hydrophilicity (whereas thermoset resins are hydrophobic),
associated with significant potential moisture absorption of composites reinforced by
natural fibres (up to 8% or 10%), also causing the subsequent degradation of fibres
and reduction in material performance over time; (iii) flammability — these fibres are not
resistant to high temperatures — generally, they lose their stiffness at around 160 °C and
thermally degrade at a temperature of approximately 200 °C [41-45], preventing their use
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with some matrices and manufacturing techniques, such as pultrusion; and (iv) their tensile
strength is lower when compared to conventional man-made fibres; thus, they are best
suited to produce parts that do not require particularly high strength [46,47].

In this context, a quicker and more competitive way to improve the sustainability of the
fibre-polymer composites industry should involve replacing petroleum-derived matrices
with bio-based counterparts, since thermoset matrices can represent 30-70% of the fibre-
polymer composite weight. Among thermoset matrices, unsaturated polyesters are the
most often used, due to their lower cost when compared to epoxies and vinylester [48].
Although unsaturated polyesters are most suited for structural applications subjected to
less aggressive exposure conditions, they are versatile and their processing, mechanical
and thermomechanical properties are suitable to produce glass fibre reinforced polymer
(GFRP) profiles, laminates, strips, and other composite structural parts [49]. Unsaturated
polyesters are typically used to impregnate glass fibre reinforcement [50]; however, they are
also compatible with several other types of reinforcing fibres, such as basalt and (although
less commonly) carbon [51-54]. Thus, the use of high-performance thermoset polyester
matrices derived from renewable raw materials for the manufacturing of FRP composites
can be considered as a significant advancement towards a more sustainable composites
industry; indeed, this approach entails a potential reduction of the environmental impacts
of FRP composites [55-58].

Previous efforts in this respect were made by Rorrer et al. [59], who developed a GFRP
composite from a muconic acid-based unsaturated polyester resin. The glass fibre
impregnation was carried out by soaking the fibres with the bio-based resin between two
sheets of Teflon on a plate heated to 80 °C and allowed to react for 4 hours. Although
the authors reported the shear modulus’, other relevant mechanical and processing
properties, such as tensile strength and viscosity, were not presented. Later, Rorrer et al.
[60] also tested muconate-containing unsaturated polyester resins diluted in mixtures of
styrene, methacrylic acid, and cinnaminic acid, as a matrix for impregnating double-ply
woven glass fibre mat; the same manufacturing procedures used in the previous study
were applied and, subsequently, the composite was placed in a vacuum oven for 48 hours.
The bio-based composite had a sustainable potential, but no information was provided
about the resin viscosity. The Tg4 of the composite was determined by differential scanning
calorimetry (DSC), varying between 90 °C and 100 °C.

Dai et al. [61] developed fully bio-based composites with itaconic acid-based unsatur-
ated polyester diluted in dimethyl itaconate and reinforced with cotton fabrics. Due to
the constituent materials used, the composites presented low tensile strength (34 MPa),
thus not being competitive for structural applications. Skrifvars et al. [62] investigated the
potential of using a low cost, randomly oriented non-woven viscose fabric impregnated with
a bio-based unsaturated polyester resin in structural composites. However, the mechanical

'The value reported by the authors, ~32 GPa is unusually high, being most likely incorrect.
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properties obtained were too low for structural applications; and, moreover, the thermo-
mechanical properties (which are relevant for design, namely for outdoor applications)
were not presented and the bio-based resin derived from soybean oil derivatives had a
low bio-content of only 13%.

Wu et al. [63] produced a series of thermosets based on palm oil and isosorbide with a
bio-based content of 60%. They used a variety of fibre mats for reinforcement, ranging
from natural bamboo and kenaf fibres to synthetic fibres, such as glass and carbon fibres.
The fibres were stacked and wetted with resin and then pressed into a hot compression
mould. Although this is not a typical technique used in the large-scale fabrication of
composites for civil structural applications, the material produced presented high glass
transition temperature (~136 °C to 193 °C). Hosseini et al. [32] tested a bio-based
methacrylate epoxidized sucrose soyate diluted in styrene as a matrix for unidirectional
E-glass composites, manufactured by compression moulding. The mechanical properties
were similar to those of a conventional vinyl ester resin, which was used for comparison.

Other recent studies have also focused on the use of FRP composites comprising synthetic
fibres in a bio-based thermoset polymeric matrix for external strengthening applications,
such as those previously mentioned in the literature review by McSwiggan and Fam
[64], showing potential of bio-based furfural alcohol resins for FRP composites used
in construction rehabilitation. In addition, bio-based resins have also been studied as
matrices for FRP face sheets of sandwich panels; the results obtained by Mak et al. [65]
confirmed the high potential of the bio-based resins used; however, the authors also
indicated the need for improvements in terms of their chemical structures and of the fibre
interaction envisaging their broad applicability.

It is worth referring the work by Smits [66] who presented a survey about the application of
FRP composites in bridges, including bio-based composites. He reported the construction
of a pedestrian bridge in Eindhoven, produced with (i) linen fibres and (ii) bio-based resins
derived from vegetable oils, poly(lactic acid) foam and natural cork. This was one of
the first footbridges with bio-based composites to be built and tested. Aspects such as
the carbon footprint and the treatment of plant fibres were briefly discussed. Despite its
innovation, this project shows that additional research and development is necessary to
improve the performance of bio-based composites for civil structural applications.

Despite the efforts to develop new bio-based resins, currently, most thermosets com-
mercially available for manufacturing composites 2 still have reduced incorporation of
sustainable raw materials, approximately 30-35% [67—69]. It is also worth referring that
although new commercial resins have recently been made available [70], the composites
market for structural applications still lacks bio-based thermoset resins with processing
characteristics suitable for current manufacturing techniques, such as vacuum infusion and

2These commercial bio-based thermoset resins are suitable for applications in various products, such as
boats, automotive, energy, and sports parts.
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pultrusion, and that present the required mechanical and thermomechanical properties
(after curing) for load-bearing composite structures.

In this context, there are challenges to be overcome for the development of more sus-
tainable unsaturated polyester resins with a potential to achieve, at the same time: (i)
mechanical and thermomechanical behaviour suitable for structural applications in con-
struction, (ii) processing properties compatible with typical techniques used to manufacture
large-scale FRP parts, such as vacuum infusion and pultrusion, and (iii) having a high
bio-content from raw materials derived from renewable sources. In addition, the character-
isation of relevant mechanical and thermomechanical properties of bio-based composites
developed to date is still scarce, namely in what concerns the compressive, interlaminar
shear and in-plane shear properties, and the glass transition temperature from DMA tests;
this last information is essential for the structural design of bio-based GFRP composites,
since the T4 determination by DMA is more relevant to determine the stiffness reduction of
the composite caused by the increase in temperature — this method is required in the future
European Technical Specification for the “Design of Fibre-Polymer Composite Structures”
[71].

This chapter presents the manufacturing and mechanical characterisation of a bio-based
GFRP composite, manufactured by vacuum infusion, combining glass fibres and a high-
performance bio-based unsaturated polyester resin recently developed in-house [72-74],
which was synthesised using monomers (diacids and diols) derived from renewable
sources. The cured bio-based resin has a renewable content of more than 50% by weight,
while containing less volatile organic compounds in the liquid resin compared to typical
conventional petroleum-based alternatives. Thus, the main goal and innovation of the study
presented herein is the development of a bio-based GFRP composite with (i) high bio-
based content that meets or exceeds the previously referenced works, and (ii) mechanical
and thermomechanical properties capable of competing with those of its conventional
counterpart, manufactured with petroleum-derived unsaturated polyester resins. For
this purpose, an experimental campaign was conducted towards the manufacturing and
subsequent mechanical and thermomechanical characterisation of bio- and conventional-
based GFRP, which were produced and tested under the same conditions.

6.2 Experiments

6.2.1 Materials

Bio-based unsaturated polyester resin (Resin-B) was used as a polymer matrix for glass
fibre impregnation during the production of a bio-based GFRP composite (GFRP-B). Resin-
B was produced by synthesising monomers (diacids and diols) derived from renewable
raw materials. The bio-based unsaturated main chain (prepolymer) obtained from the
polycondensation reaction was subsequently incorporated using a mixture of styrene and
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HEMA (in equal parts) as a reactive diluent [72—74], according illustrated in Figure 5.4 in
the chapter 5.

The following main features of the bio-based resin can be highlighted: (i) the replacement of
maleic anhydride and ethylene glycol (both petroleum-derived) by fumaric acid, isosorbide
and 1,3-propanediol (renewable sources-derived), respectively, which allowed the bio-
based resin to achieve more than 50% in weight of bio content; (ii) suitable viscosity (750cP
at 23 °C) for the vacuum infusion technique; and (iii) mechanical and thermomechanical
properties that match or exceed those of its petroleum-derived counterparts.

In this study, a conventional petroleum-derived unsaturated polyester resin (Resin-C) with
viscosity of 300 cP at 23 °C, obtained from Scott Bader, under the commercial designation
of Crystic U 904 LV™™ was also used for glass fibre impregnation to produce a conventional
GFRP (GFRP-C). This commercial resin was used as a reference for comparison with
Resin-B. Thus, the mechanical and thermomechanical characterisation was performed
for both Resin-C and Resin-B under identical conditions. Both resins were post-cured
at 100 °C for 4 hours. Table 1 shows the mechanical and thermomechanical properties
obtained for the cured resins, namely the mean values of: strength (ot max and o¢ max),
modulus of elasticity (E; and E;) and strain at break (e max and e¢ max) in tension (t) and
compression (c); shear strength (mmax), shear modulus (G) and distortion at failure (ymax);
and (Tg), based on the onset value of the storage modulus decay.

Table 6.1: Mean values of mechanical and thermomechanical properties of Resin-C and Resin-B
specimens.

a b
O't,max Et €t,max  Oc,max Ec €c,max  Tmax G Ymax Tg Tg

(MPa) (GPa) (%) (MPa) (GPa) (%) (MPa) (GPa) (%) (°C) (°C)

Resin-C 60.7 3.0 1.9 1315 45 52 584 14 52 75 102
Resin-B 62.1 3.4 24 1194 3.8 53 649 15 54 65 96

Specimen

& T, from onset of storage modulus decay
b T, from tan § peak

The glass reinforcement comprised: (i) unidirectional fiberglass mats (WR-500) with
500 g/m?, obtained from Castro Composites (Spain); and (ii) bidirectional (0%/90°) fiber-
glass mats (G-Sheet E 90/10, Type A) with 440 g/m?, obtained from S&P Clever Reinforce-
ment Ibérica. Figure 6.2 presents the detailed layup of the glass fibre reinforcement layers,
which were stacked in a symmetric and balanced configuration.

6.2.2 Manufacturing

GFRP-C and GFRP-B composite laminates were produced by vacuum infusion. The
vacuum equipment and consumables® were obtained from Easy Composites (United

3Vacuum pump, resin trap, vacuum bagging film, peel ply, breather cloth, infusion mesh, PVC vacuum
hoses, straight and tee vacuum hose connectors, resin infusion connector, sealant tape, and auxiliary elements
for infusion.
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Kingdom) and Castro Composites (Spain).

Figure 6.2 illustrates the manufacturing setup, which is also depicted in Figure 6.3 for
the infusion of the GFRP-B composite laminate (the same procedure was adopted to
manufacture the GFRP-C composite laminate). Before starting the infusion, vacuum was
applied for 24 hours to ensure adequate pressure and confirm the absence of leaks.
Afterwards, the resin was transferred with vacuum, which was kept for additional 24 hours,
achieving a homogeneous percolation of the resin along the laminate, namely in-between
the various layers, thus improving the potential adhesion between each constituent.

Infusion flow
—— Bagging film {}:\,\Fﬁ

I
—— Breather I £
“"'II — —
Vacuum Peel r
—— Peel ply i
pump o |
L | \ — Laminate Il 'z *J
. Vol m .
Resin trap = Resin pot
== =B == 8= =5 ==
Vacuum hose . Tacky tape
Stainless-steel plate
b.

‘""ll" Unidirectional glass fibre mat

m Bidirectional glass fibre mat

Figure 6.2: GFRP manufacturing procedures: a. setup, b. fibre layup.

The manufacturing of the GFRP composite laminates was prepared with the following
components: (i) 4 bidirectional glass fibre mats and six unidirectional glass fibre mats,
with approximate dimensions of 1.03m in length and 0.70 m in width; (ii) two sheets of
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Figure 6.3: Manufacturing of the GFRP plates: a. Infusion process for manufacturing of compos-
ites (representation for GFRP-B plate); b. produced plates; and ¢. cutting plates to
obtain specimens for mechanical and thermomechanical characterisation.

breather fabric; (iii) two sheets of peel ply fabric; (iv) three sheets of infusion mesh; and (v)
a plastic film about 1.5 m in length and 1.5 m in width.

The unidirectional glass fibre mats and the infusion mesh mats were positioned according
to the percolation direction of the resin to allow a better impregnation between fibrous layers.
The conventional Resin-C was prepared with 100 parts of resin to 0.7 parts of MEKP
initiator. For the Resin-B, 100 parts of bio-based resin were mixed with 2 parts of MEKP
initiator and 0.8 parts of cobalt octoate accelerator. During the manufacturing process,
both GFRP composite laminates - with conventional (GFRP-C) and bio-based (GFRP-B)
resins - were infused at room temperature (23 °C), and the laminate temperatures were
monitored during the process, never exceeding 30 °C.

After demoulding, both GFRP-C and GFRP-B composite laminates had thicknesses of
approximately 5 mm (Figure 36.2b). The GFRP laminates were then cut using a computer
numeric control (CNC) machine (Figure 6.2c) to obtain the specimens required for the
various characterisation tests — mechanical and thermomechanical — with dimensions
according to each test standard (cf. section 6.2.4). Before testing, the GFRP specimens
were subjected to an initial curing of 24 hours at 20 °C and, subsequently, to a post-curing
cycle of 4 hours at 100 °C.

6.2.3 Mechanical characterisation tests

The mechanical behaviour of both types of GFRP composites, produced with the bio-based
and the conventional resins, was assessed in the direction with higher reinforcement ratio
by means of the following tests: (i) tension, (ii) compression, (iii) in-plane shear, and (iv)
interlaminar shear.

The mechanical characterisation tests were performed using an Instron 8800D universal
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test machine, and a video-extensometer (high-definition Sony™ video camera, model
XCG 5005E, Fujinon - Fuijiflm HF50SA-1 lens) to measure material deformations.

The tensile tests were carried out according to ISO 527-4 [75], under displacement control,
at a loading rate of 2mm/ min. The compressive tests were performed according to ASTM
6641/D6641M[76], using a combined loading compression (CLC) test fixture — the tests
were conducted under displacement control, at a loading rate of 1.3mm/min. The in-
plane shear tests were performed according to ASTM D5379/D5379M-5 [77] (losipescu or
V-notched beam method) - the axial loading of the two independent modules (which apply
in-plane shear stresses) was applied under displacement control, at a rate of 2mm/ min.
Interlaminar shear tests were carried out according to ISO 14130 [78] by the short-beam
method in rectangular test specimens, loaded in a 23 mm span. Tests were carried out at
a loading rate of 1 mm/ min.

For all types of tests, a total of 5 specimens were used for each type of resin. For all
specimens, the width and thickness were measured with a digital micrometre to check
tolerances and to compute the (minimum) area for axial and shear stress calculation;
these measurements were made at three points along the gauge length of specimens
used in tensile, compressive and interlaminar shear tests, and in the notched section of
specimens used in shear tests.

The specimens were tested under laboratory conditions with room temperature of 23+2 °C
and 554+-3% of relative humidity. The fibre mass fraction of the GFRP composites from
calcination tests according ISO 1172 [79].

6.2.4 Thermomechanical characterisation tests

DMA experiments were performed to assess the thermomechanical behaviour of the GFRP
composites produced with the bio-based and the conventional resins. Tests were carried
out in a dynamic mechanical analyser from TA Instruments, model DMA Q800, according
to ASTM E1640-09 [80] in a 35 mm dual cantilever clamp configuration. Specimens were
subjected to a constant strain amplitude of 15 um at a constant oscillation frequency of
1 Hz, while submitted to a temperature sweep at a constant heating rate of 2 °C/ min,
starting at —-30 °C and ending at 150 °C. The T4 was defined from (i) the onset value of
the storage modulus decay, and (ii) the peak of the tan §.

6.3 Results and discussion

6.3.1 Tensile and compressive behaviour

Figure 6.4 shows the nominal tensile stress-strain curves for GFRP-C and GFRP-B
specimens, which were very consistent within each group. For both types of specimens,
the curves present the typical tensile behaviour of fibre-polymer composites, with an initial
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linear branch, followed by a gradual loss of stiffness for higher strains, until the occurrence
of brittle tensile failure. The failure mode of both types of specimens was also typical of
fibre-polymer composites, involving the generalised delamination of reinforcing layers and
the rupture of glass fibres, as shown in Figure 6.5.
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Figure 6.4: Nominal tensile stress-strain curves: a. GFRP-C, and b. GFRP-B.

Table 6.2 summarises the resulting mechanical properties in tension (and compression,
presented ahead) of both GFRP-C and GFRP-B specimens. Overall, the tensile properties
obtained for both types of GFRP composites are very similar: (i) the modulus of elasticity
in tension of GFRP-B (20.6+0.7 GPa ) was about 6% lower compared to that of GFRP-C
(21.94+0.9 GPa); (ii) the tensile strengths virtually matched, being 538.1+23.6 MPa and
533.0+16.5MPa, respectively for GFRP-B and GFRP-C; and (iii) the strain at break in
tension of GFRP-B (3.04+0.1%) was about 10% higher compared with that of GFRP-C
(2.7+%). Although a direct comparison is not possible (due to differences in fibre content

and architecture), these results match or exceed, those found in the literature (for example,
by Hosseini et al. [31]).

GFRP-C_T4 . GFRP-B T1

Figure 6.5: Tensile failure modes of representative GFRP-C and GFRP-B specimens.
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Table 6.2: Mechanical properties in tension and compression of GFRP specimens (mean +
standard deviation).

Ot,max E; €t,max Oc¢,max E; €c,max

(MPa) (GPa) (%) (MPa) (GPa) (%)

GFRP-C 533.0+16.5 21.94+0.9 2.7+0.2 169.6£10.8 25.1+0.3 0.7+0.1
GFRP-B 538.1£38.6 20.6+0.7 3.0+0.1 210.4£27.8 24.94+2.2 0.8+0.1

Specimen

The above-mentioned figures, as well as the curves depicted in Figure 6.4 show that no
significant differences were observed between the tensile behaviour of the GFRP-B and
GFRP-C composites. This attests the mechanical potential of the GFRP-B composite
compared to its petroleum-derived counterpart as regards the mechanical behaviour in
tension, as well as the effectiveness of the bio-based Resin-B in distributing stresses
among glass fibres, the main role of the polymer matrix of composites subject to tension.

Figure 6.6 shows the nominal compression stress-strain curves for GFRP-B and GFRP-C
specimens. For both types of composites, the behaviour was approximately linear up to
failure, which also occurred in a brittle way. However, compared to the results obtained
in tension, the stress-strain curves in compression are less “linear” and there is higher
scatter within each series, which is partly attributed to the test setup, namely to the smaller
gauge length (which also affects the precision of the video-extensometer).
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Figure 6.6: Nominal compressive stress-strain curves: a. GFRP-C and b. GFRP-B. (a premature
failure was observed in one of the GFRP-B specimens, and therefore, only the curves
of 4 specimens were presented. The same happened for GFRP-C.)

The compressive properties obtained in these tests, which are summarised in Table 6.2,
prompt the following comments: (i) the modulus of elasticity in compression of GFRP-B
(24.9+2.2 GPa) matched that of GFRP-C (25.14+0.3 GPa); (ii) the compressive strength
of GFRP-B (210.4+27.8 MPa) was 24% higher compared to GFRP-C (169.6+10.8 MPa);
and, accordingly, (iii) the strain at break in compression of GFRP-B (0.8+0.1%) was also
14% higher than that of GFRP-C (0.7+0.1%).
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Figure 6.7 shows the failure modes of representative specimens of GFRP-B and GFRP-

C composites. All specimens exhibited delamination of the reinforcing layers and fibre

kinking, which is a typical failure mode of fibre-polymer composites loaded in compression,
considered “acceptable” according to ASTM 6641/6641M [76].

Figure 6.7: Compressive failure modes of representative GFRP-C and GFRP-B specimens.

GFRP-B_C1

FLI O L TN W G

SGV failure mode (ASTM 6641/6641M)
S: longitudinal Splitting

G: gauge
V: various

Figure 6.8 presents representative stress-strain curves that allow comparing the axial
behaviour of GFRP-B and GFRP-C composites under tensile and compressive stresses;
this figure also includes, as a reference, representative stress-strain curves of the corres-

ponding resins Resin-C and Resin-B, obtained in [72-74].
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Figure 6.8: Representative nominal axial stress-strain curves of GFRP and resin specimens: a.

tensile and b. compressive.
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Figure 6.9 complements the previous figure, by presenting representative axial stress-
strain curves for GFRP-C and GFRP-B composites and their respective resins — these
curves illustrate in a single plot the full axial behaviour of those materials, allowing to
compare the magnitude of their tensile and compressive strengths and strains at failure.
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Figure 6.9: Representative nominal axial stress-strain curves in tension and compression of GFRP
and resin specimens.

It is shown that while the values of the tensile strain at break of resins and corresponding
composites are relatively similar, that is not the case for the values of the compressive
strain at break, which are much lower in GFRP composites than in their corresponding
resins. Under tensile stresses, the highest strain at break of Resin-B resulted in the
highest strain at break of the GFRP-B composite. In contrast, although Resin-B presented
lower compressive strength compared with Resin-C, the GFRP-B composite achieved
significantly higher compressive strength than the GFRP-C composite.

The magnitude of the relative differences between the average values of compressive
strength of both types of composites is somewhat unexpected (in spite of the relatively high
scatter of this property, e.g. coefficient of variation (CoV) of 13% for GFRP-B). Although
it is not possible to establish a direct relationship between the strength of the resins and
the strength of their respective composites, the higher performance of GFRP-B in terms
of compressive strength may be due to the better performance of its resin under tensile
(in terms of strain at break) and shear (in terms of strength) loading - in both cases,
11% higher. In fact, the relatively complex failure of composites in compression involved
delamination and fibre kinking (as expected). Delamination is typically due to transverse
tensile stresses that develop as a result of the Poisson effect and, therefore, are resisted
by the tensile strength of the matrix - such strength was similar for both composites, but
the strain at break was higher in Resin-B. On the other hand, fibre kinking depends on
the shear strength of the polymer matrix, which was higher in Resin-B. This may (at least
partly) explain the higher compressive strength of GFRP-B.
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6.3.2 Shear behaviour

Figure 6.10 shows the nominal shear stress-distortion curves for GFRP-B and GFRP-C
specimens subjected to in-plane shear loading. Both series of GFRP-C and GFRP-B
specimens presented very similar shear stress-distortion curves, with an initial linear stage
up to approximately 20% of the maximum shear stress, followed by a non-linear branch
with progressive stiffness reduction. Most specimens attained a shear stress peak for very
large distortion values (ranging from 10% and 20%); in a limited number of specimens,
when the distortion of 20% (set as limit for these tests) was attained, the shear stress
had reached a plateau or was still slightly increasing. The in-plane shear strength was
taken as the highest value between the maximum shear stress reached in the shear
stress-distortion curve and the shear stress corresponding to the limit distortion of 20%.
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Figure 6.10: Nominal shear stress-distortion curves of GFRP-C and GFRP-B specimens.

Despite the overall similarity in the shear stress vs. distortion responses, the pre-peak
stiffness reduction and the post-rupture shear stress reduction were both more pronounced
in the GFRP-C composite than in the GFRP-B one, with the latter presenting a more
extensive plateau region after reaching the maximum stress, as can be observed in Figure
6.11.

Figure 6.12 presents the failure modes of representative GFRP specimens tested under
in-plane shear. Failure occurred in a similar way for both types of composites, due to shear
stresses in the notched section. The specimens presented a vertical crack (delaminated
region) in this central section, which is a typical and “acceptable” failure mode according
to ASTM D5379/D5379M [77].

Table 6.3 presents a summary of the in-plane shear properties of the GFRP-B and GFRP-
C composites: (i) the shear modulus of GFRP-B (1.0+0.2 GPa) was about 17% lower
compared to GFRP-C (1.2+0.2 GPa), however, this difference is within the same order
of magnitude as the CoV for this property in both series was quite high (16-20%); (ii) the
in-plane shear strength for GFRP-B (52.5+1.4 MPa) was about 7% higher compared to
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Figure 6.11: Representative shear stress-distortion curves of GFRP and resins specimens.

GFRP-C (49.14+1.6 MPa); (iii) and the distortion at maximum shear stress of GFRP-B
(1.564+0.19%) was ~30% higher than that of GFRP-C (1.07+0.16%). The higher shear
strength of composite GFRP-B can be due to the same reasons put forward to explain its
higher compressive strength.

The plot provided in Figure 6.11, showing the shear stress vs. distortion curves for the
bio-based and conventional resins and the corresponding composites, prompts the follow-
ing comments: (i) as expected, the shear moduli of the GFRP-B and GFRP-C composites
was higher than that of the corresponding Resin-B and Resin-C, which is naturally due
to the contribution of the fibre reinforcement (that includes uni- and bidirectional fibres);
(i) the shear strength of Resin-B and Resin-C was about 20% higher than that of the cor-
responding GFRP-B and GFRP-C composites - this indicates that the fibre reinforcement
(which did not include fibres oriented at directions other than 0°and 90°) was the limiting
constituent material in attaining higher shear stress levels.

Table 6.3: Mechanical properties in in-plane and interlaminar shear of GFRP specimens (mean +
standard deviation).

. Tmax G Ymax TILSS
s
PECIMENS — mpa) (GPa) (%) (MPa)
GFRP-C 491416  29+01 106426  21.040.6
GFRP-B 525414 25105 148411 211422

Table 6.3 also presents the interlaminar shear strength of both types of GFRP composites.
Despite the relatively high standard deviation obtained for GFRP-B, the interlaminar shear
strength of the bio-based composite (21.1+2.2 MPa) matched that of the conventional
one (21.0+0.6 MPa) - this result suggests that the fibre-matrix adhesion obtained with
the bio-based resin is adequate, matching that of the conventional resin. Figure 6.13
shows the failure modes (top view) of representative specimens, where the lighter regions
correspond to areas where delamination has occurred. As for the previous mechanical

165



Chapter 6 Bio-based GFRP composites

Figure 6.12: V-Notched beam shear test failure modes of representative GFRP-C and GFRP-B
specimens.

tests, all specimens tested for interlaminar shear showed a similar failure mode.

Loading
member

GFRP
La‘pecimen Support

Figure 6.13: Interlaminar shear tests: a. loading configuration (short-beam method), and b. failure
modes of representative GFRP specimens.

6.3.3 Thermomechanical behaviour

Dynamic mechanical analysis was used to determine the thermomechanical properties of
the composites and, together with the mechanical tests, to establish the potential use of the
bio-based composite (GFRP-B) to replace its petroleum-derived counterpart (GFRP-C) in
high-performance civil engineering applications, namely those located outdoors, where the
temperature-dependence of mechanical properties is quite relevant. The T4 is a common
indicator of such performance.

Figure 6.14 presents the results of DMA tests, namely the storage modulus (E’), the loss
modulus (E”), and the damping factor (tan ¢§) as a function of temperature, for the GFRP-C
and GFRP-B composites and their corresponding resins.
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Figure 6.14: Thermomechanical properties of GFRP and resin specimens.

Temperature (°C)

The storage modulus curves of both types of resins and their composites present a well-

defined and sharp drop with temperature increase across the glass transition region. The

storage modulus of both “pairs” of curves (composite-resin) are quite consistent and so are

the resulting estimates of T, obtained from the onset value of the storage modulus decay -

the results obtained prompt the following comments: (i) the storage modulus reduction of

the bio-based Resin-B is very similar to that of the conventional Resin-C; however, for the

former resin, the reduction is steeper and occurs for slightly lower temperatures, resulting
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in Ty estimates of 66 °C and 75 °C for Resin-B and Resin-C, respectively; (ii) the same is
observed for the corresponding composites, with GFRP-C presenting slightly (10%) higher
Tg (71 °C) than GFRP-B (64 °C).

The loss modulus curves show no significant differences between GFRP-B and GFRP-C
composites regarding their capacity to dissipate energy for temperatures around 15 °C
and 25 °C. However, as the temperature increases towards the glass transition, the energy
dissipation is higher for GFRP-B (836 MPa) than for GFRP-C (614 MPa). Composite
GFRP-C included a slightly higher fibre mass fraction (64 wt.%) than GFRP-B (60 wt.%),
which may explain this result, as higher fibre fractions result in increased internal friction
with the polymer matrix, thus promoting energy dissipation [81]. In addition, for both types
of composites, the loss modulus curves present a wider shape and a higher peak than for
the corresponding resins. The higher peak value of loss modulus for GFRP-B compared
to GFRP-C should be partially due to the higher polymer fraction of the former composite.

The tan § curves of both types of resins and composites also present a typical development,
with a well-defined peak in the glass transition, showing no signs of secondary relaxations,
which attest the high curing degree of the materials. The results of the tan ¢ curves are also
quite consistent among resin-composite pairs, with slightly lower T4 estimates obtained for
the resins. Moreover, the results obtained for the bio-based resin and composite are quite
similar to those of the conventional counterparts, with slightly lower (6-7%) T4 estimates:
for the resins, the Tgs were 96 °C and 102 °C for Resin-B and Resin-C, respectively,
while for the composites those figures were 87 °C and 94 °C for GFRP-C and GFRP-B,
respectively.

Overall, the results obtained in the DMA tests show that the thermomechanical behaviour
of the bio-based composite GFRP-B is quite similar to that of the conventional GFRP-C,
which is consistent with the similarity of the thermomechanical behaviour of their resins.
Although the T, presented by GFRP-B is slightly lower than that of GFRP-C, it is still
considered suitable for civil structural applications, with the environmental advantage
of having a high bio-based content. In this respect, it is worth referring that the recent
European Technical Specification for the “Design of Fibre-Polymer Composite Structures”
[71] recommends a minimum T, of 60 °C (as defined from the onset value of the storage
modulus decay plotted in logarithmic scale).

6.4 Concluding remarks

This chapter presented the development, manufacturing, and mechanical and thermo-
mechanical characterisation of a GFRPcomposite produced by vacuum infusion using
a novel high-performance bio-based unsaturated polyester resin, which was developed
in-house with raw materials derived from renewable sources. The mechanical and thermo-
mechanical properties of the bio-based GFRP composite were compared with those of
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its conventional GFRP counterpart, manufactured from a conventional petroleum-derived
orthophthalic polyester resin. The main driver of this study was to assess the prospects
of using the innovative bio-based resin in the manufacturing of high-performance GFRP
composites for civil engineering structural applications, as an alternative to its petroleum-
derived counterparts.

The GFRP composites were successfully manufactured, and a suitable impregnation of the
glass fibres was observed for both conventional and bio-based unsaturated resins. Thus,
the bio-based resin proved to have potential to be applied in the vacuum infusion technique,
which is very often used to manufacture large-scale structural composite components,
namely bridge decks.

The results of mechanical characterisation tests showed that the mechanical properties
in tension, compression, in-plane shear and interlaminar shear of the bio-based GFRP
composite meet or even exceed those of its petroleum-derived counterpart, attesting the
ability of the bio-based resin to impregnate glass fibre reinforcement and to achieve ad-
equate fibre-matrix adhesion in the cured product. In what concerns the thermomechanical
behaviour, although the glass transition temperature of the bio-based GFRP composite
was slightly lower than of its conventional counterpart (about 10%), it still exceeded the
threshold of 60 °C, which enables its use in civil structural applications.

The overall results presented in this chapter show the feasibility of using the in-house bio-
based GFRP composite developed in this study in high-performance structural applications,
providing a more sustainable alternative to GFRP composites currently based on non-
renewable resources. Future studies should address different aspects of the bio-based
GFRP composite, namely its creep, fatigue and fracture performance, as well as its
long-term durability.
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Chapter 7
Bio-based CFRP composite strips

Abstract

The development of high-performance carbon fibre (CF) reinforced polymer (CFRP) composites
based on raw materials derived from renewable sources can promote the reduction of the depend-
ence of these advanced materials on petroleum. This chapter presents the manufacturing — at
an industrial environment — of a novel and innovative pultruded CFRP strip prototype produced
with a high-performance unsaturated polyester (UP) resin developed in-house, having more than
50 wt.% of its content derived from renewable raw materials. Bio-based CF/UP strips, with a
mass fibre content of 66% comprising unidirectional CF strands, were successfully produced, and
their mechanical and thermomechanical behaviour was assessed and compared to an equivalent
carbon fibre reinforced vinyl ester (CF/VE) strip produced with conventional petroleum-based vinyl
ester and the same fibre architecture. The bio-based CF/UP composite strip presented 2095 MPa,
167 GPa, and 1.4% of tensile strength, modulus of elasticity, and strain at failure, respectively.
These figures meet or exceed the mechanical properties of the equivalent CFRP composite strip
produced with conventional petroleum-derived resin, produced, and tested under the same condi-
tions. Furthermore, the bio-based CF/UP composite strip presented a glass transition temperature
of 78 °C (defined from the onset of the storage modulus decay), enabling a maximum service
temperature of ~60°C, which will not likely be exceeded in most climates. These figures highlight
the potential of the bio-based CFRP composite strip developed herein for structural strengthening
applications, offering a key advantage in terms of sustainability. Figure 7.1 presents a graphical
abstract about this chapter.

Figure 7.1: Bio-based CFRP strip graphical abstract.
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7.1 Introductory remarks

CFRP composites are being increasingly used to strengthen civil engineering structures
located outdoors (e.g., bridges, viaducts, stadiums, platforms, piers, tunnels, buildings).
In these applications, CFRP composites require high mechanical and thermomechanical
performance, durability, and cost-effectiveness [1]. Figure 7.2 shows recent strength-
ening applications of CFRP composites in construction, used in reinforced concrete or
masonry members to increase their bending and/or shear capacity, or their serviceability
performance. For these applications, CFRPs are typically produced from a fine selection
of synthetic raw materials, particularly carbon fibres and petroleum-derived polymer resin
matrices, such as epoxy, vinyl ester and, less frequently, unsaturated polyester [2].

Figure 7.2: CFRP strengthening applications of civil engineering structures [3,4]: a. Access ramps
of A9 Viaduct Riddes, Switzerland; b. Maracana Stadium, Rio de Janeiro, Brazil; c.
Aabachbriicke railway bridge, Lachen, Switzerland; and d. Cultural Centre of Sao
Lazaro, Lisbon, Portugal (fire damaged structure).
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In the above-mentioned strengthening applications, the CFRP composites can either
be manufactured in sifu by hand layup, or prefabricated, generally by pultrusion. In the
first case, dry fibre mats are applied over (or around) the member that needs to be
strengthened, being impregnated with resin that also bonds the composite to the substate.
In the second case, prefabricated (pultruded) strips, rods or laminates, typically with fibre
volume fraction above 68% [3,4], are adhesively bonded (with epoxy) to the member
that requires strengthening — Figure 7.3 illustrates various strengthening applications
in buildings and bridges, where CFRP strips are applied either as externally bonded
reinforcemente (EBR) or near surface (NSM); in both cases, the strips can be simply
bonded as passive reinforcement or pre-stressed.

a, b.

Figure 7.3: CFRP composites used for strengthening reinforced concrete and masonry building
and bridge structures [4]: a. and b. application of strips and mats in bridges and
buildings, respectively, c. strips applied in slab, d. strips applied in wall, e. strip with
anchoring plate, f. pre-stressed strips, g. strips and sheets in beam, h. strips in
masonry for seismic strengthening, i. strips in bottom surface of beam, and j. strips in
top surface of slab.

Because the pultrusion process allows achieving a high fibre volume fraction (higher
compared to hand layup or vacuum infusion), the thermoset matrix represents around
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30% of the volume of the pultruded CFRP composite. In any case, this figure is still quite
relevant and therefore there is plenty of room to increase the sustainability of these non-
renewable CFRP composites, and namely of their polymeric matrix. This is particularly
relevant considering the increasingly severe level of depletion of natural resources, making
it urgent to search for renewable alternatives that allow overcoming the current dependence
on petroleum.

The development of more sustainable fibre-polymer composites for high-performance
applications has mainly followed two distinct approaches: (l) the search for alternative
renewable raw materials for replacing those with higher environmental impact [5-9]; and
(1N the development of recyclable composites [10—13]. Despite such efforts, to date the
performance and processing limitations as well as the insufficient durability data about
such (more) sustainable composites are restricting their use as mainstream products for
civil engineering applications [14—19].

Regarding approach (l), one of today’s biggest challenges is to develop eco-friendlier fibre
reinforcements and polymer matrices suitable for large-scale production methods, such
as pultrusion, having comparable mechanical performance and durability to conventional
pultruded CFRPs used in civil engineering structures. In this respect, the following main
approaches have been pursued: (i) the development of bio-based precursors to produce
carbon fibres, able to replace the current petroleum-derived polyacrylonitrile (PAN) fibres
[20]; (ii) the replacement of thermoset resins with thermoplastic ones [21-27]; and (iii) the
development of bio-based resins derived from renewable resources [28,29].

The development of bio-based precursors for producing carbon fibres faces the current
challenge of transforming renewable raw materials (such as cellulose, lignin, or hemicellu-
lose) into fibres that are almost exclusively made up of carbon; to obtain bio-based carbon
fibres with comparable mechanical properties to their petroleum-derived counterparts, it
is therefore necessary to use higher processing temperatures (~2900 °C), which leads
to higher energy consumption compared to conventional processes [30]. It is also worth
mentioning that the current efforts to replace synthetic fibres with natural counterparts,
especially vegetable ones, still do not allow fulfilling the requirements set by mainstream
structural applications. In fact, vegetable fibres entail critical drawbacks, which still need to
be overcome, such as: (i) flammability and susceptibility to moderately elevated temperat-
ures (160 °C to 200 °C) [31-35], preventing their use in pultrusion; (ii) hydrophilicity, which
can induce the subsequent degradation of the fibres; (iii) biodegradability [36,37]; and (iv)
lower tensile strength compared to typical synthetic fibres. Due to these limitations, which
are yet to be overcome, natural fibres seem to be best suited to produce composite parts
that do not require particularly high strength [38,39], i.e., for non-structural applications or
secondary members.

It is also worth referring that despite the increasing use of bio-based thermoplastics in
the packing industry and other household consumer products [40—42], the properties
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achieved so far still limit their use in pultrusion. For instance, bio-based thermoplastics
typically have high viscosity and require heat and pressure during moulding [43,44], which
precludes their use as a fibre impregnation matrix in large scale production processes,
such as pultrusion or vacuum infusion. In addition, when alternative high-performance
matrices present mechanical, thermomechanical, and processing properties suitable for
high-performance applications, they are expensive, which limits the prospect of their use
in mainstream composite products [45-50].

Based on the alternatives described above, a quicker and more competitive way to increase
the sustainability of CFRPs in the composites industry seems to be replacing conventional
petroleum-derived (thermoset) matrices with bio-based counterparts. Among thermoset
matrices, unsaturated polyesters have a lower cost when compared to epoxies and vinyl
ester [51], being versatile and having processing, mechanical and thermomechanical
properties that are suitable to produce pultruded structural parts. Unsaturated polyesters
are most often used to impregnate glass fibres [52]. However, it is also possible to
obtain good compatibility and improved adhesion with carbon fibres - for this purpose,
if necessary, composition modifications in the resin or surface treatments in the fibres
can be used [53-55]. In this context, the development of high-performance unsaturated
polyesters based on raw materials derived from renewable resources is a possible route
towards a (more) sustainable composites industry; in particular, this approach has the
potential to reduce the environmental impacts of pultruded CFRP composites [56—-59].

Meanwhile, very limited data were reported concerning the development and character-
isation of pultruded CFRPs with bio-based (thermosetting) matrices. Ma et al. [60,61]
made previous efforts in this respect by developing carbon fibre reinforced furfural alcohol
prepolymers (with viscosity ranging from 500 and 2000 cP) catalysed with p-toluene sulf-
onic acid for free radical polymerisation during the pultrusion process. In this pioneering
study, the characterisation of the CFRPs produced was rather limited; for example, data
about the bio-content achieved and the thermomechanical properties of the composite
(such as the glass transition temperature) were not presented. In addition, the authors
applied a post-curing treatment at very high temperatures (~200 °C), which would be
unfeasible (or at least not competitive) for large-scale production. Despite the potential of
bio-based thermosetting polymers to be used as matrices for impregnating carbon fibres
in high-performance pultruded CFRPs, besides the work by Ma et al. [60,61], no further
studies were found in the literature.

Regarding approach (ll), research efforts have been made to develop more circular
composites, which focused in particular on their recyclability (reprocessing) [62,63]. In this
respect, it has been shown that it is feasible to recover carbon fibres while reprocessing
CFRP composites and obtain high-performance products in a closed-loop. As examples of
this approach, the following reprocessing methods have been tested on pultruded CFRPs:
(i) epoxy- or polyester-type vitrimers [64—67]; (ii) the use of dynamic hardeners/agents
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[68—71]; or (iii) chemical depolymerisation [72,73]. Although these methods are seen as a
potential solution to increase the circularity of the composites industry, the durability of the
resulting products is yet to be comprehensively characterised, namely when subjected to
long-term exposure to external weathering degradation agents likely to be found in civil
engineering structures, such as moisture, saline environments, thermal effects, ultraviolet
radiation, among others [74,75]. In addition, it is also worth referring that the current
techniques capable of reclaiming carbon fibres from thermoset CFRPs are not suitable for
the pultrusion process, as the resulting reinforcement is discontinuous and of lower grade
[76].

This chapter reports a research that follows approach (1), namely focusing on the production
and mechanical characterisation of innovative CFRP strengthening strips manufactured by
pultrusion, combining unidirectional carbon fibres and a high-performance bio-based un-
saturated polyester resin, recently developed in-house [77,78], by synthesising monomers
(diacids and diols) derived from renewable sources. The cured bio-based resin has a
renewable content of more than 50% by weight while containing less volatile organic com-
pounds in the liquid resin compared to typical conventional petroleum-based alternatives.
Thus, the main goal and innovation of the study presented herein is the development, in
an industrial setting, of a bio-based CFRP composite strengthening strip with: (i) high
bio-based content, meeting or exceeding that of previous studies available in the literature,
and (ii) mechanical and thermomechanical properties compatible with the requirements
of civil engineering strengthening applications, and comparable to those of conventional
CFRP strips manufactured with petroleum-derived vinyl ester resin. For this purpose,
an experimental campaign was conducted towards the manufacturing in an industrial
pultrusion line, and subsequent mechanical and thermomechanical characterisation, of
bio-based and conventional CFRP strengthening strips, which were produced and tested
under the same conditions.

7.2 Experiments

7.2.1 Materials

In this study, a bio-based unsaturated polyester (UP) resin — previously developed by the
authors [77,78] — was used as a high-performance thermoset matrix in the manufacturing,
by pultrusion, of carbon fibre reinforced unsaturated polyester (CF/UP) strengthening
strips for civil engineering applications. The bio-based UP resin was developed taking
into account the following requirements that resin systems used in pultrusion must fulfil
[61]: (i) suitable viscosity (typically between ~500 up to 2000 cP); (ii) high reactivity at
high temperatures that are found inside the pultrusion die (typically with a short length, of
about ~100 cm); and (iii) good fibre wetting ability.

Taking those requirements into account, the bio-based UP prepolymer was produced by
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synthesising monomers derived from renewable raw materials, which are illustrated in
Figure 7.4. In this respect, the bio-based unsaturated main chain (prepolymer) obtained
from the polycondensation reaction was subsequently incorporated using a mixture of
styrene and 2-hydroxyethyl methacrylate (HEMA) (in equal parts) as a reactive diluent —
Figure 7.5 presents the main steps taken to obtain the bio-based UP resin used in this
study; more details are available in [77,78].

Renewable feedstock

Jo $a =

Starch-rich residue Soybean cake Sugarcane bagasse

| l l
28 &bx(\ &’,}Otib Q%}’LEQ

Isosorbide 1,3-propanediol Fumaric acid

Figure 7.4: From renewable feedstock to the bio-based monomers used in this study.

The replacement of maleic anhydride and ethylene glycol (both petroleum-derived) by
fumaric acid, isosorbide and 1,3-propanediol (derived from renewable sources), respect-
ively, together with the use of lower styrene content (compared with conventional resins),
allowed the bio-based UP resin to achieve over 50 wt.% of bio-content. In addition, the
mechanical and thermomechanical properties of the bio-based resin matched or exceeded
those of its petroleum-derived counterparts [77,78].

As a benchmark conventional resin, the petroleum-based vinyl ester (VE) resin currently
used as a fibre impregnation matrix for manufacturing pultruded carbon fibre reinforced
vinyl ester (CF/VE) strips by S&P Clever Reinforcement Ibérica was also characterised
under identical conditions.

For comparison purposes, mechanical and thermomechanical tests were performed for
both conventional (VE) and bio-based (UP) neat resins. The VE specimens were prepared
using Trigonox (1.3 wt.%) and Perkadox (1 wt.%), as initiator and accelerator, respectively;
for UP specimens, methyl ethyl ketone peroxide and cobalt octoate (in the same wt.%
concentration) were used as initiator and accelerator, respectively.

Then, VE and UP resin specimens were submitted to a post-curing at 100 °C for 4 hours.
Five specimens for each resin were subjected to tensile and DMA tests. The results
obtained for the cured UP and VE resins are presented in Table 7.1, namely the mean
values of strength (ot max), modulus of elasticity (E;) and strain at failure (e; max) in tension;
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and glass transition temperature (Tg), based on the onset value of the storage modulus

decay retrieved by DMA.

Biobased
polyester Crosslink ) )
prepolymer point l
Rigid
structure
Building block from
bio-based diols

66.67 mol%
1,3-propanediol

Polycondensation

33.33 mol% i
Isosorbide reaction
c.
OYAMN%QNM
Prepolymer 60 wt. %
e Initiator + acelerator
v at 100°C for 4 hours
/& ‘ i Ka . o 3D network formation
E @X w I cured resin
e, I : ‘ BIO-BASED (cured resin)
! ] RESIN
HEMA o Styrene Bio-content
Reactive diluent 40 wt. % . > 50 wt.%

..............................................................

Bio-based unsaturated polyester resin

Figure 7.5: Main steps to obtain the bio-based UP resin used in this study: a. polyester prepolymer,
b. polycondensation reaction, ¢. prepolymer incorporation with reactive diluents, and
d. UP resin and performing the cured resin (more details can be found in [77,78]).

The continuous carbon fibre rovings used in this research, Tenax®-E STS40 F13, were
supplied by Teijin. This unidirectional fibre reinforcement has 24000 filaments with a
diameter of 7 um and nominal linear density of 1600 tex, density of 1.78 g/cm3, tensile
strength of 4300 MPa, modulus of elasticity of 240 GPa and strain at break of 1.8%. Each
CFRP strip comprised 22 strands of these carbon fibre rovings.

7.2.2 Pultrusion equipment

Figure 7.6 illustrates the pultrusion line of S&P Clever Reinforcement Ibérica, which com-
prises a Pultrex pultrusion machine where the manufacturing was carried out. Firstly, the
continuous carbon fibre rovings, grouped in various creels, were positioned in preforming
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Table 7.1: Mean values of tensile properties and T, of UP and VE resin specimens.

E, € T,
Specim Ot,max t t,max g
pecimen (MPa)  (GPa) (%) (°C)
VE 749447 34401 32407 75
uP 621426 33401 24402 65

guides (Figure 7.7). Then, the fibres were immersed in an impregnation resin bath inside
a stainless steel tank (Figure 7.8). Before reaching the heating die, the fibre strands
passed through a series of seven clamps with different openings, allowing: (i) to remove
the excess of resin, (ii) to expel any air bubbles that may have been incorporated during
the resin and additives mixing process; and (iii) to ensure uniform fibre wetting.

JUTAAL

=

Figure 7.6: Overview of pultrusion process.

The heating die, with chrome plating treatment, has internal dimensions of 20 x 1.4 x
1000 mm. The die has two heating zones (controlled by two heating plates) along the
pultrusion direction to guarantee the polymerisation of the matrix. The first heating zone
(first half of the pultrusion die) was kept at a temperature setpoint of 150 °C, while the
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Chapter 7 Bio-based CFRP composite strips

second zone (second half of the die) was kept at a temperature setpoint of 175 °C. The
pulling rate was fixed at 0.30 m/min to balance manufacturing economy and the (desirably
high) degree of cure of the resulting CFRP strips. The pultrusion of both types of CFRP
strips was carried out under the same conditions. Figure 7.9 shows the die parameters for

the pultrusion process adopted in this study.

Figure 7.7: Continuous carbon fibre roving — Tenax® filament yarn: a. fibre roving, b. fibre roving
creels, and c. preforming guides.

Figure 7.8: Preparation for pultrusion process: a. metallic tank for resin bath impregnation; b.
clamps for uniform impregnation; and ¢. clamp opening adjustments.

| Temperature | y
setpoint

Pulling rate at
0.30 m/min

i | First
L heating zone

Figure 7.9: Equipment for pultrusion process: a. two heating zones of the die, and b. temperature
and pulling rate controllers.
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The pullers of the machine’s pulling system were fitted with "spacers” to control the out-of-
plane stresses applied to the laminates during the pull and consequently to minimise the
development of longitudinal cracks in the CFRP composite strips after polymerisation by
the impregnation matrix — see Figure 7.10. At the end of the pultrusion line, the pultruded

CFRP strips were continuously winded into coils, as typically done for commercialisation
purposes (Figure 7.11).

Figure 7.10: Pulling system of pultrusion machine: a. reciprocating pullers, and b. spacers used
to control out-of-plane (bearing) stresses applied to the composite strips.

Figure 7.11: Winders for coiling pultruded strips.

7.2.3 Test methods
7.2.3.1 Overview

In a first stage, prior to manufacturing, the processability of the bio-based and conventional
resins used to produce the CFRP strips was investigated, namely, to assess their viscosity,
wettability, and gel times.
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In a second stage, after manufacturing, the CFRP strips were subjected to different types
of physical and mechanical tests, to determine their fibre fraction, Barcol hardness, tensile
properties, and thermomechanical behaviour. In addition, the bio-based UP resin and
the conventional VE resin were also tested for Barcol hardness, tensile properties, and
thermomechanical behaviour, as a reference. The resins were tested after curing at 100 °C
for 4 hours, while the pultruded CFRP strips were not subjected to any post-curing. It is
worth referring that the same procedures were used in the assessment of both types of
resins, as well of the bio-based CF/UP strip specimens and conventional CF/VE ones.

7.2.3.2 Processing parameters

Viscosity tests were performed on the UP and VE resins using a Cone & Plate ICI
viscometer from REL (Research Equipment London Ltd.), according to ISO 2884-2 [79].
The viscosity was taken at 23 °C, from the average value of three measurements, obtained
by placing two drops of resin into a plate surface, then approached by a rotating cone
(constant speed).

Gel time was used as a parameter to monitor reactivity/time to gelation. In this respect,
resin samples (12 g) were placed into glass tubes (160 mm in length and 16 mm in dia-
meter), and the tests were performed on a Gelnorm® gel timer instrument at 180 °C.

7.2.3.3 Calcination tests

CF/UP and CF/VE samples produced by pultrusion were subjected to calcination tests to
determine the fibre-matrix fraction of the pultruded CFRP strips, following test procedures
indicated in ISO 1172 [79]. The samples (3 for each type of resin) were heated in a muffle
furnace up to 700 °C, and the weight of the residual fibres (no inorganic filler was added
to the resin matrix) was used to calculate the fibre mass fraction (ws), as follows,

ms — I

Wr =
mo — IM4

x 100 (7.1)

where
* my is the initial mass, in grams, of the dry crucible;
* my is the initial mass, in grams, of the dry crucible plus the dried sample;
* mg is the final mass, in grams, of the crucible plus the residue after burning.
Based on the fibre mass fraction, the fibre volume fraction (v¢) was determined as follows,
Wi

o
Pt

Vr = (72)

where

188



* pc is the density of the CFRP composite;

* pr is the density of the carbon fibres.

7.2.3.4 Hardness

Hardness tests were performed on the CFRP composites using a Barber & Colman Barcol
impressor, according to ASTM D2583-13 [80]. Ten measurements were taken at different
random but evenly distributed locations on each sample. After the tests, the average value
obtained was taken as the Barcol hardness. The specimens were tested under laboratory
conditions with temperature of 23+2 °C and 55+3% relative humidity.

7.2.3.5 Tensile tests

Tensile tests were performed on both types of CFRP composite strips under the above-
mentioned laboratory conditions using an Instron 5982 universal test machine, and a
video-extensometer (high-definition SonyTM video camera, model XCG 5005E, Fujinon —
Fujiflm HF50SA-1 lens) to measure material deformations. The tensile tests were carried
out according to ISO 527-5 [81], under displacement control, at a loading rate of 2 mm/min.
Five replicate specimens were tested for each type of composite strip.

7.2.3.6 Thermomechanical tests

DMA tests were performed to assess the thermomechanical behaviour of both types of
resins — bio-based UP and conventional VE — and of the resulting CFRP composite strips.
Tests were carried out in a dynamic mechanical analyser from TA Instruments, model DMA
Q800, according to ASTM E1640-09 [82], in a 35 mm dual cantilever clamp configuration.
Specimens were subjected to a constant strain amplitude of 15 um at a constant oscillation
frequency of 1 Hz, while submitted to a temperature sweep at a constant heating rate of
2 °C/ min, starting at -30 °C and ending at 150 °C. The T4 was defined from (i) the onset
value of the storage modulus decay, and (ii) the peak of the tan 4. For each type of resin
and composite, two replicate specimens were tested.

7.3 Results and discussion

7.3.1 Manufacturing

The bio-based UP resin presented viscosity (at 23 °C ) of 800 cP, fulfilling the requirements
for pultrusion. It was prepared in a rotary mixer (Figure 7.12), allowing the addition of the
free radical polymerisation catalysts shown in Table 7.2. Gel times were determined for
the two resins at 180 °C considering two different concentrations of catalysts, as shown
in Table 7.2. The results highlighted the high reactivity of the bio-based UP resin, which
presented shorter gel times than the petroleum-based VE resin for the same catalyst
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concentrations. As a result of these tests, the catalyst concentrations for production were
set as 1.3% for Trigonox and 1.0% for Perkadox (wt.%), for which the gel time of the
bio-based UP resin was 1 min and 11's (vs. 1 min and 19 s for the VE). In addition, Moulex
(1 wt.%) and BYK (1 wt.%) were also added as release agent and dispersant additive,
respectively, according to the company’s production standard. After its preparation, the
resin was transferred to the resin tank of the pultrusion line used for the carbon fibre
impregnation.

Figure 7.12: Resin preparation.

Table 7.2: Gel time of conventional and bio-based resins (at 180 °C).

Catalyst VE UP
Trigonox (wt.%) 1.0 1.3 1.0 1.3
Trigonox (wt.%) 0.5 1.0 0.5 1.0
Gel time (min:sec) 02:00 01:19 01:42 01:11

It is worth referring that the bio-based UP resin used in this study was prepared about
three months before the production of the CFRP strips — this period was due to technical
scheduling issues, given the need to have the complete production line available for testing.
Thus, the bio-based UP resin was tested at the limit of its shelf-life. As a result, an increase
in viscosity was observed (visually) compared to the viscosity measured in the same
week of its production (in the laboratory), which can be partially explained by the partial
volatilization of styrene during this period.

Considering the high viscosity of the bio-based UP resin, preliminary impregnation and
pultrusion tests were carried out to evaluate possible adjustments to be made. During the
preliminary production tests, the following aspects were observed: (i) deficiency in the
wetting of the fibres by the resin, resulting in the formation of "veins” in the composite strips;
and (ii) the apparently insufficient fibre-resin adhesion. For this reason, it was decided
to increase the concentration of styrene to reduce the resin’s viscosity, thus improving
fibre impregnation. Thus, 10% of styrene relative to the total weight of the bio-based UP
resin was added. After additional styrene incorporation, the viscosity of the bio-based
resin (containing the catalysts) remained stable during the fibre impregnation at 23 °C (i.e.,
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impregnation tank temperature), which indicates that the bio-based UP resin fulfilled the
(pot-life) requirements for pultrusion.

As a result of the viscosity adjustment, the bio-based UP resin showed very similar
wettability to its VE counterpart, as illustrated in Figure 7.13. Adequate wettability is
essential to achieve good impregnation of the carbon fibres and to avoid interfacial defects
that act as stress concentrators and consequently limit the strength of the resulting
composite. The excess of resin during the fibre wetting stage was controlled by a series of
preforming plates of increasingly tighter tolerance, as depicted in Figure 7.14.

Figure 7.14: Preforming plates: a. before and b. after tightness adjustments.
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The CF/VE and CF/UP composite strips were successfully produced after the above-
mentioned viscosity and impregnation adjustments. In some segments of the strips, it
was possible to observe a single longitudinal crack; this was more prevalent during the
initial phase of production, having been mitigated by adding neoprene tabs to reduce the
through-thickness compressive forces from the clamping of the strips at the pullers. In
addition, during the preliminary pultrusion tests, several adjustments were made to the
preforming plates’ position to correct the warping of the strips. As shown in Figure 7.15,
the production was stabilised when the strips showed a deviation from linearity within
the company’s usual quality control parameters. Finally, approximately 300 m of CF/UP
composite strips were produced with average thicknesses of 1.36 mm, see Figure 16. The
fibre (volume) fraction of both types of CFRP strips (Table 3) virtually matched, being 65%
and 66% for the CF/VE and CF/UP strips, respectively.

Non-linearity -“:

Figure 7.15: Pultruded composite strips: a. before and b. after linearity adjustments in the clamps.

Indeed, the bio-based pultruded CFRP strip prototype production in an industrial en-
vironment — by a partner company specialised in the manufacture of CFRP composite
strengthening strips for the construction industry — showed the high technology readiness
level of this solution. This is a main step forward made in the present research.

7.3.2 Mechanical behaviour

7.3.2.1 Hardness

The Barcol hardness measured for the bio-based UP resin was 42 comparing well with
that of the VE (petrochemical) counterpart, which presented a Barcol hardness of 38.
However, the bio-based CF/UP strips presented Barcol hardness of 69, i.e. 14% lower
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Figure 7.16: Bio-based CFRP strip successfully produced: a. CF/UP leaving the heating die; b.
pultruded strip with 22 yarns; and ¢. winding the CF/UP strips into coils.

than the hardness obtained for the conventional CF/VE strips of 80. The higher addition
of styrene (10 wt%) may explain, at least in part, the lower Barcol hardness of the strip
produced with cured bio-based UP. Despite this relatively small difference, the hardness
achieved by the bio-based system was considered adequate for the envisaged application.

7.3.3 Tensile behaviour

Figure 7.17 shows the tensile stress-strain nominal curves for CF/VE and CF/UP speci-
mens. Both types of specimens exhibited linear response until failure, which occurred in
a brittle manner, typical for conventional CFRP strengthening strips under tension. The
tensile stress-strain curves presented very similar development for both conventional and
bio-based CFRPs. All CFRP specimens exhibited an “explosive” failure, with generalised
fibre rupture, as shown in Figure 7.18.

Table 7.3 provides a summary of the main results obtained from the axial tensile tests of
the CF/VE and CF/UP specimens. The tensile strengths of the CF/VE (1964~28 MPa) and
CF/UP (2095~145 MPa) strips were very similar — the average strength of the bio-based
CFRP strip was 7% higher than its conventional counterpart. The tensile modulus of
the CF/VE (172~3 GPa) and CF/UP (167~2 GPa) strips were also very similar, being
about 3% higher in the former. By contrast, the average strain at break of the CF/VE
strip (1.2~0.1%) was about 14% lower compared with that of the CF/UP one (1.4~0.2%)
— for both types of composites, these figures are well below the strain at break of the
corresponding resins, attesting their suitability for this type of reinforcement (cf. Table 7.1).
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It is also worth noting the higher scatter of tensile strength (6.9% vs. 1.4%) and strain at
break (7.1% vs. 8.3%) of the CF/UP strip with respect to the conventional one.
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Figure 7.17: Nominal tensile stress-strain curves: a. CF/VE and b. bio-based CF/UP.
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Figure 7.18: Failure modes in tension of representative CF/VE and CF/UP specimens.

Overall, the relative differences between the tensile behaviour of both types of composite
strips were relatively limited, pointing out the potential of the bio-based CF/UP system
to compete with its petroleum-derived counterpart, in terms of both tensile modulus and
strength.

Figure 7.19 compares the results obtained in this study with other works reported in
the literature, which used conventional thermoset resins to produce pultruded CFRP
composites with fibre volume fraction ranging between 54% and 56% [61,83,84]. Tensile
strength results for conventional pultruded carbon fibre reinforced phenolic (CF/PH) and
carbon fibre reinforced epoxy (CF/EP), as well as bio-based counterparts, namely, carbon
fibre reinforced furfuryl alcohol (CF/FA), are presented for comparison with the bio-based
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Table 7.3: Fibre fraction, mechanical and thermomechanical properties of pultruded CF/VE and

CF/UP strips.
Sample Fibre Barcol Tensile Tensile  Strain at T42 T,°
fraction strength modulus break
(%) (MPa) (GPa) (%) (°C) (°C)
CF/VE 65 80 1964+29 172+3 1.2+0.1 80 134
CF/UP 66 69 2095+145 167+2 1.4+0.1 78 140

& T, from onset of storage modulus decay
b T4 from tan § peak

CF/UP composite herein developed. Figure 7.19 shows that the CFRP composites studied
herein exhibited higher tensile strength values than any of those studies. Finally, it is worth
referring that the authors are unaware of any work reporting tensile strength values higher
than those achieved here for pultruded CFRP composites manufactured with bio-based
resins.
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Figure 7.19: Comparison of tensile strength of pultruded CFRP composites mentioned in the
literature (CF/PH [84], CF/FA [83], CF/EP [61]), and those developed in this study
(CF/VE and CF/UP).

7.3.4 Thermomechanical behaviour

DMA tests were carried out to determine the thermomechanical properties of the CFRP
strips and, together with the mechanical tests, to assess the potential for the use of the
bio-based CFRP (CF/UP) strips to replace their petroleum-derived counterparts (CF/VE) in
high-performance civil engineering applications, namely those located outdoors, where the
temperature-dependence of mechanical properties is quite relevant. As mentioned, DMA
tests were also performed on both types of neat resin specimens. Figure 7.20 presents
the DMA curves for the storage modulus (E’), loss modulus (E”), and damping factor (tan
0) of the resin and composite specimens developed here, all as function of temperature.
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Figure 7.20: Thermomechanical properties of both types of resin and CFRP specimens.

The storage modulus curves of both types of composites and their corresponding res-

ins present a well-defined and sharp drop with temperature increase across the glass

transition region. The storage modulus of both “pairs” of curves (composite-resin) are

quite consistent and so are the resulting estimates of T, obtained from the onset value of

the storage modulus decay — the results obtained prompt the following comments: (i) the

storage modulus reduction of the conventional VE resin is more pronounced and occurs

for higher temperature compared to the bio-based UP resin, resulting in T4 estimates of
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respectively 96 °C and 66 °C for VE and UP resins; (ii) for the corresponding composites,
cured within the pultrusion die, these differences are much lower, with T, estimates of
CF/VE (80 °C) and CF/UP (79 °C) strips virtually matching; (iii) although the T4 estimate
(from the onset of storage modulus decay) of the CF/UP is higher (20%) compared to its
respective neat UP resin, the T, of the CF/VE is lower (16%) compared to its respective
neat VE resin — these differences should be due to the different cure kinetics underwent by
each resin in post-curing (applied to the neat resins) versus the fast curing in the pultrusion
die. While CFRP strips were not subjected to any post-curing and resin polymerization
took place inside the heated die at 180 °C for about 3 minutes, the neat resins were
post-cured at 100 °C for 4 hours — these procedures seem to have had different effects
for the UP and VE resins, resulting in respectively higher and lower T, estimates in their
corresponding composites.

The loss modulus curves show no significant differences between the CF/VE and CF/UP
strips regarding their capacity to dissipate energy for temperatures around 15 °C and 25 °C.
Figure 7.20 shows that as the temperature increases towards the glass transition, the
energy dissipation remains very similar for the CF/UP (4475 MPa) and CF/VE (4368 MPa)
strips. In addition, for both types of composites, the loss modulus curves present a wider
shape and a higher peak than the corresponding resins.

The tan § curves of both types of CFRP strips and the corresponding resins also present
a typical development, with a well-defined peak in the glass transition, showing no signs
of secondary relaxations, which attest the high curing degree of the materials. It is also
worth referring that the CF/VE and CF/UP strips present similar T4 estimates, with that of
the CF/VE strip (135 °C) being 4% lower compared to the CF/UP one (140 °C). In addition,
the T, estimates obtained from the tan & peak for both CF/VE and CF/UP strips were
higher than those obtained for the corresponding VE and UP neat resins, by respectively
21% and 46%.

Overall, the results obtained from the DMA tests show that the thermomechanical beha-
viour of the bio-based CF/UP strip is quite similar to the conventional CF/VE one, although
their respective resins presented differences in thermomechanical behaviour. In addition,
although the Ty of the CF/UP strip is slightly lower than that of the CF/VE one, it is still
considered perfectly suitable for civil structural applications, with the environmental ad-
vantage of having a high bio-based content. In this respect, it is worth mentioning that the
several guidelines for the design of FRP strengthening systems (e.g. [ACI]) recommend
that the expectable service temperature does not exceed Ty — 20 °C. The bio-based CFRP
strip would thus allow a maximum service temperature of 58 °C, which will not likely be
exceeded in most climates.
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7.4 Concluding remarks

This paper presented the pilot production, in an industrial context, of bio-based pultruded
CFRP strips typically used for structural strengthening in civil engineering. The CFRP
strips were manufactured with a high-performance bio-based unsaturated polyester resin
developed in-house with raw materials derived from renewable sources. The bio-based
CF/UP strip was characterised regarding its mechanical and thermomechanical properties,
and compared with a CF/VE counterpart, produced with the same fibre architecture, and
using a conventional petroleum-derived vinyl ester resin.

The bio-based pultruded CFRP strip was successfully manufactured, and a suitable
impregnation of the carbon fibres with the bio-based unsaturated polyester resin was
observed, which showed good potential to be used in the pultrusion technique. The results
of the characterisation tests showed that the mechanical properties of the bio-based CFRP
strip met or even exceeded those of its petroleum-derived counterpart. Furthermore, the
glass transition temperature (Tg4, defined from the onset of the storage module decay) of
the bio-based CF/UP strip was very similar to that of the conventional resin, ensuring that
it is fully compatible with the typical recommendations included in design guidelines for
the maximum service temperature in outdoor applications.

Overall, the results obtained in this study show the technical potential of the bio-based
pultruded CFRP strips developed in this study, which offer a more sustainable alternative
to the CFRP strips currently based on resins produced with non-renewable resources.
Future investigations should address other relevant aspects, such as the bond to concrete
and the long-term durability.
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Chapter 8

Conclusions and perspectives

8.1 Conclusions

8.1.1 General remarks

The need to increase the sustainability of the plastics and fibre-polymer composites
materials is a topic that has recently gained more attention. In fact, there is a demand from
society for the development of innovative products with lower environmental impact, which
can replace their counterparts derived from non-renewable sources. In this respect, some
bio-based thermoplastic alternatives have been successfully developed. However, fibre-
polymer composites — for structural applications in civil engineering — still lack thermoset
matrices that provide the best balance between (i) sustainability, (ii) performance, and (iii)
processing properties, enabling the use of current large-scale manufacturing techniques
for high-performance components, namely vacuum infusion and pultrusion.

The primary research efforts regarding bio-based thermosets have focused on replacing
(partially or totally) petroleum-derived monomers used in the main chain synthesis (pre-
polymer) with renewable alternatives comprising the highest possible bio-content. This
approach is similar to that adopted for the development of bio-based thermoplastics,
particularly addressed to packaging an consumer product applications. However, ther-
moset polymers used in the composites industry are constituted by linear chains that
need to be incorporated (diluted) into reactive monomers — typically low viscosity, toxic,
petroleum derivatives, such as styrene — are used to decrease the resin (matrix) viscosity
to ensure adequate impregnation of reinforcing fibres. This feature constitutes a constraint
on the development of the linear chains suitable for bio-based thermosets; in fact, these
linear chains must offer compatible functionality to ensure chain growth and guarantee its
crosslinking with the reactive monomer.

In this context, a series of challenges that need to be overcome were found both in the
literature and in the market of available bio-based thermoset resins. To the best of the
author’s knowledge, the bio-based thermoset resins presently available in the market

207



Chapter 8 Conclusions and perspectives

that would have the potential to be used as a matrix in the fabrication of fibre-polymer
composites for civil engineering structural applications still have low bio-contents, at most
30-35%.

Among these technical issues, whose resolution is decisive for the widespread acceptance
of more sustainable fibre-polymer composites in civil engineering applications, the following
particularly relevant needs were identified:

» development of a high-performance bio-based thermoset resin with a higher bio-
content than those currently reported in the literature or available in the market,
having adequate viscosity for impregnation of reinforcing fibres;

+ evaluation of the processing properties of these bio-based resins in the production
of prototypes of fibre-polymer composite components to validate their potential use
at an industrial scale;

+ characterisation of the properties of these materials (resins and composites) allowing
for the production of more sustainable fibre-polymer composite structures.

In this context, the main objective of the work developed in this thesis was to contribute
to the advancement in the development of more sustainable thermoset resins and fibre-
polymer composites for civil engineering structural applications. Consequently, the study
focused on the following main aspects:

+ the design and synthesis of bio-based unsaturated polyester resins with high mech-
anical and thermomechanical performance;

+ the production of fibre-polymer composites by vacuum infusion with one of the resin
formulations developed in the thesis combined with synthetic glass fibres;

+ the validation in an industrial environment of a prototype produced by pultrusion with
one of the resin formulations developed in the thesis combined with synthetic carbon
fibres;

« characterisation of the processing, mechanical and thermomechanical properties of
the resins and their respective composites.

Globally, the objectives initially defined for developing the research were fulfilled. Therefore,
the main conclusion drawn within the scope of this thesis is that, from a technical point of
view, bio-based unsaturated polyester resins can potentially compete with their petroleum-
derived counterparts to manufacture fibre-polymer composites intended for structural civil
engineering applications. Specific conclusions and contributions to state of the art on
the aforementioned research topics are presented in the following sections. Additionally,
based on the experience in the development of bio-based composites acquired in this
study, some additional considerations are made about potential alternatives to gradually
increase the sustainability of the composites.
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8.1.2 Synthesis of bio-based unsaturated polyester resins

The resins developed in this thesis were formulated based on a similar approach to
those used in the development of bio-based thermoplastics, i.e., replacing petroleum-
based monomers (diacids and diols) — used in the synthesis of the main chain — with
renewable counterparts. For this, a fine selection of these raw materials was carried out
from a literature review. As a result, some of the main top-value added chemicals and
monomers — compatible with the synthesis of unsaturated polyester — were selected and
used: isosorbide 1,3-propanediol, and 2,5-furandicarboxylic acid. In addition, bio-based
fumaric acid was used to provide the prepolymer with double bonds for further crosslinking
with the reactive monomer (diluent) in the curing process.

In this thesis, bio-based prepolymers were synthesised from a catalysed bulk polycondens-
ation reaction under a 10% excess of glycol over diacids. In this regard, the catalyst added
to the mixture promoted reactions with residence time in the reactor between 6 and 8
hours, for a target degree of polymerisation and viscosity. Consequently, the prepolymers
obtained were polyester with main chains consisting of few repeating units (~6-8), which
can be called oligoesters.

Subsequently, the prepolymers obtained were diluted in a mixture of reactive diluents. Such
a mixture consists of a lower concentration of styrene (approximately 50% lower) when
compared to conventional unsaturated polyester resins derived from petroleum, given its
mixture in equal parts with 2-hydroxyethyl methacrylate. Finally, it is worth referring that
the low degree of polymerisation oligoesters obtained from the syntheses may explain
(in part) the fact that the viscosities are within an appropriate range for the composites
manufacturing techniques tested here. In fact, a higher degree of polymerisation would
have resulted in higher viscosities.

8.1.3 Using renewable raw materials

The building blocks synthesised in the course of this work showed distinct characteristics
and properties, depending on the monomers selected for each formulation. The following
specific conclusions were drawn for each of the raw material used in this study:

2,5-furandicarboxylic acid: the polyester prepolymers obtained from the FDCA-based
building blocks were almost entirely bio-based (reaching 99.8% by weight). In addition,
when FDCA entirely replaced PA in the prepolymer, the resulting cured unsaturated
polyester resin exhibited the best thermomechanical properties, with the highest glass
transition temperature. In fact, FDCA has been extensively studied to synthesise high-
performance polymers, and its potential has been proven here in the UPRs obtained.
However, it is worth referring that FDCA still has a very high cost, making this monomer
uncompetitive in practice (in the short-term) for mainstream fibre-polymer composites —
for example, in this thesis, the acquisition cost of FDCA, albeit at the laboratory scale, was
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about 30 times higher than its counterpart derived from oil, namely the phthalic anhydride.

Fumaric acid: an unsaturated acid that can be naturally formed or derived from agricultural
by-products, such as sugarcane bagasse, was the key for incorporating bio-content
among the other bio-based monomers tested in the thesis, with different formulations.
As a result, formulations with higher crosslink density achieved higher mechanical and
thermomechanical properties. The highest crosslink density was obtained from the
highest ratio of fumaric acid (unsaturated) to saturated acids. As a consequence of the
higher concentration of fumaric acid in the main chain, a successful balance between
higher renewable content and high polymer performance was achieved for the respective
formulations.

1,3-propanediol: Susterra® 1,3-propanediol used as a bio-based diol in the formulations
tested in this thesis showed that, together with isosorbide concentrations, 1,3-propanediol
is also a potential bio-based alternative for replacing ethylene glycol and propylene
petroleum-derived glycol. 1,3-propanediol is commercially available today at a similar cost
to its aforementioned non-bio-based counterparts. In this respect, unsaturated polyester
resins comprising a partial content of 1,3-propanediol, together with other more rigid
diols, are competitive in terms of cost as they have mechanical and thermomechanical
properties that meet or exceed those of conventional resins, with the advantage of being
more sustainable.

Dimer fatty acid: prepolymers synthesised from higher concentrations of dimerized fatty
acid — namely, 25 mol% saturated acid concentration or PA:DFA = 0.75:0.25 — had too
high viscosity, resulting in unsuitable resins for the impregnation of fibre reinforcements in
the context of the vacuum infusion and pultrusion processes evaluated in this study. As a
consequence of this limitation, prepolymers with ratios of 10% in mol of saturated acid
concentration (PA:FA = 0.90:0.10) were evaluated, which were shown to have viscosities
within typical ranges (820-860 cP) compared to their conventional counterparts. However,
it was observed that the mechanical properties were lower — particularly the tensile strength
and modulus of elasticity — when compared with the other bio-based resin formulations
tested in this thesis (cf. Chapters 3 and 5). In fact, the long chains of DFA promoted
higher flexibility in the unsaturated polyester main chain and may (in part) explain the lower
mechanical properties of those formulations. The thermomechanical properties were also
lower than the for the other bio-based resin formulations, but the differences were not
statistically significant. Because of the properties presented by the UPRs formulated from
DFA, it is possible to conclude that although the resins obtained had high bio-content,
they are best suited for manufacturing components for applications where the structural
requirements are less stringent. In addition, in spite of the limited mechanical properties
of unsaturated polyester resins based on DFA, the supply chain of this raw material is
potentially quite sustainable, given its origin (conifer tree — kraft pulp — crude taloil —
DFA); thus it has a significant potential for use in fibre-polymer composites for construction.
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Reactive diluents: all prepolymers synthesised in this thesis were incorporated with a
mixture of reactive diluents comprising styrene and 2-hydroxyethyl methacrylate in equal
parts. It is worth mentioning that the incorporation of the prepolymer with the mixture of
reactive diluents showed that the total replacement of styrene by the alternative tested
here (HEMA) is still impractical for the production of high-performance cured thermosets
(since short crosslinks, specific of styrene are essential for the stiffness of the crosslinked
structure).

8.1.4 Bio-based GFRP composites

Based on the results obtained from the different resin formulations, a bio-based unsatur-
ated polyester resin developed in this thesis — namely, the UPR-D formulation (presented
in Chapter 3) — was selected as a matrix for impregnating glass fibres in the production of
bio-based GFRP composites by vacuum infusion. The criteria for its selection were aimed
at achieving the best balance between sustainability, cost-competitiveness, mechanical,
thermomechanical and processing properties compared to other formulations tested under
the same conditions.

Two equivalent GFRP composite laminates were produced with the same dimensions, one
made with (i) the selected bio-based unsaturated polyester resin, and the other with (ii) a
comparable commercial petroleum-derived unsaturated polyester resin. As a result, the
following results are highlighted, regarding the manufacturing process and the properties
of the resulting composites:

» The bio-based resin required approximately 50 minutes to impregnate the fibres
along the entire length of the laminate (approximately 1 m), while the commercial
resin required 14 minutes. These differences are explained by the different viscosities
of the bio-based resin (800 cP) compared to its commercial counterpart (300 cP);

» The bio-based GFRP laminate showed slightly higher tensile strength and con-
siderably higher compressive strength than its conventional counterpart; however,
differences in the modulus of elasticity were statistically insignificant;

» The in-plane and interlaminar shear strengths were also higher in the bio-based
GFRP composite, attesting the bio-based resin’s ability to impregnate the glass fibre
reinforcement and to provide adequate fibre-matrix adhesion in the cured product;

+ Although the glass transition temperature of the bio-based GFRP composite was
slightly lower than its conventional counterpart (about 10%), it still exceeded the
threshold of 60 °C, which enables its use in most civil structural applications.

8.1.5 Bio-based CFRP composites

As for the GFRP composite, the UPR-D unsaturated polyester resin (developed in Chapter
3) was also selected as an impregnation matrix for producing a CFRP prototype produced
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by the pultrusion process in an industrial environment, namely at the facilities of the partner
company S&P Clever Reinforcement.

The production follow-up and the processing, mechanical and thermomechanical proper-
ties of the bio-based resin and the bio-based CFRP strip prototype were compared with a
well-established product from the company’s standard production, namely a CFRP strip
produced with a conventional petroleum-derived vinyl ester resin.

The manufacturing by pultrusion of the bio-based CFRP strips represented one of the
biggest challenges and achievements of this thesis, as it allowed to further validate the
use (at an industrial scale) of the developed bio-based unsaturated polyester resin, thus
confirming that it offers a potential alternative to the petroleum-derived vinyl ester resin
currently used by the above-mentioned company.

In this context, it is worth mentioning that the resin (initially produced in the laboratory)
had to undergo viscosity adjustments during the preliminary phase of the pultrusion tests,
since it had been stored for approximately eight weeks. Although this resin had been
stored in dark flasks under an environment with controlled temperature and humidity, an
increase in viscosity was observed after this storage period, requiring the addition of 10
wt.% of styrene concerning the total weight of the resin.

After this additional dilution, the resin was placed in an impregnation tank; some adjust-
ments were also introduced in the pultrusion line to guarantee the straightness of the
composite strips, and a few procedures were made aiming at a better impregnation of
the fibres. After making these adjustments, the production process was successful, and
around 300 meters of high-performance CFRP strips were produced using the bio-based
unsaturated polyester resin developed in-house.

In the mechanical tests, the bio-based pultruded CFRP strips exhibited very similar
(slightly higher) tensile strength than their conventional vinyl ester CFRP counterparts —
approximately 2095 MPa vs. 1964 MPa, respectively. Likewise, the modulus of elasticity
and tension at break were similar to those of the conventional CFRP strips. In addition,
the bio-based pultruded CFRP strips exhibited a glass transition temperature that allows
their use for service temperatures up to 58 °C.

8.2 Future developments

This section presents recommendations for future research, which basically fall into three
main categories: () deepening some of the issues addressed in this thesis, (Il) presenting
alternative solutions to those studied here, and (lll) identifying cross-cutting issues related
to the topic of the thesis.
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8.2.1 Issues regarding the bio-based resins developed here ()

Concerning the improvement of the bio-based unsaturated polyester resins developed
here, the following issues deserve further investigation:

+ Study of the shelf-life of the bio-based unsaturated polyester resins. It is important
to note that although radical inhibitors (namely, hydroquinone and toluhydroquinone)
have been used in typical amounts — to avoid side reactions during synthesis and to
prevent gelation after incorporation into the resin — at the time of opening the bottles
of bio-based resins for use in pultrusion (after about eight weeks of storage), the
resin showed a higher viscosity. The use of different reaction inhibitors — as well as
their different concentrations — can promote a longer shelf-life;

+ Alternative types and ratios of reactive diluents can be incorporated with the pre-
polymers developed in this thesis. The main objective would be to make use of
the already studied bio-based polyester main chains — mainly those with higher
bio-content and with better properties, such as those based on FDCA — and to
promote mechanical and thermomechanical improvements, as well as to introduce
some additional bio-content to the resin, since some of these reactive monomers
are bio-based. Furthermore, the production of bio-based resins free of toxic solvents
should be pursued. Some examples of reactive monomers that can promote improve-
ments in mechanical properties and T4 are short-chain acrylate-type or furan-based
monomers;

» Development of unsaturated polyester resins based on lignin, which is a viable altern-
ative for the synthesis of these resins with improved thermomechanical properties,
especially at elevated temperature and under fire exposure, in relation to those
developed here. This alternative is a relevant option, since lignin is one of the most
abundant renewable materials in nature. Furthermore, lignin can be incorporated
as a partial or almost total replacement of the diols tested herein in any of the
formulations;

» New formulations of unsaturated polyester resins based on DFA should be tested,
such as by introducing additional rigid blocks to the backbone, in order to minimise
the resulting flexibility of the long-chain dimerized fatty acid.

8.2.2 Regarding alternative solutions (ll)

With respect to the development of (i) new bio-based thermosetting resins, (ii) new fiber-
polymer composites, and (iii) improvements in manufacturing techniques, the following
issues warrant additional investigation:

» The development of GFRP composites using bio-based and photo-curable unsat-
urated polyester resins. For this, an ultraviolet die can be used in the pultrusion
manufacturing process [1-3] to minimise the energy consumption spent in the con-
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ventional process. Some bio-based building blocks synthesised in this thesis can be
used as a starting point;

» Design and experimental study of the vitrimerization of some of the bio-based
unsaturated polyester resins developed here. This is a potential process to produce
bio-based thermosetting resins capable of being reprocessed. A high-performance,
bio-based thermosetting resin that is capable of being reprocessed could provide
an even more relevant response to the demand for greener products and a more
circular economy;

» The development of basalt fibre reinforced polymer (BFRP) composites, using some
of the resin formulations tested here together with the appropriate types of sizing.

8.2.3 Other issues (lll)

The following other issues related with the work developed in the present thesis are worth
being investigated further:

» Some successful formulations tested here used ethylene glycol and other non-
renewable monomers. However, the production of ethylene glycol from bioethylene
is already a reality. Likewise, it is important to be aware of advances in the production
of phthalic anhydride from renewable resources;

» Generally speaking, the shift from conventional thermosetting polymers to bio-based
ones has a strong relationship with recent advances in biorefinery. Although this
sector is relatively new when compared to the crude oil refinery, it has shown to
be increasingly promising, given the demand for more sustainable products and
energy sources; consequently, it is important to keep a close eye on its development,
namely by assessing the potential of novel bio-based monomers, as well as taking
advantage of the increasingly advantageous economies-of-scale that will continue
to be achieved in this sector (e.g., the cost of FDCA is expected to drop quite
significantly in the coming years, as the increased demand and production should
bring it closer to a commodity monomer status);

» The search for alternative raw materials that do not generate competition with the
food industry;

The following other issues are worth being further investigated in terms of characterisation
and evaluation:

+ the work carried out in this thesis allowed to develop innovative fibre-polymer com-
posites for structural applications. However, despite the positive results achieved in
the thesis, the long-term behaviour of the composites still needs to be evaluated,
especially under exposure to moisture and temperature (hygrothermal ageing), as
well as to thermal and freeze-thaw cycles and UV radiation. In addition, evaluating
the properties of bio-based unsaturated polyester resins subjected to these degrada-
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tion agents will also provide relevant data about the potential performance of these
composites for use in outdoor environments. Studies on the biodegradability of these
bio-based composites are also relevant;

« life cycle assessment (LCA) of the composites developed herein is also relevant,
considering the impacts generated from the extraction of raw materials to the man-
ufacturing, exploration, and end-of-life phases of the different materials used in
this study. Assessing the carbon footprint of fumaric acid (the major constituent of
the resin), as well as of other renewable monomers used here (such as FDCA and
isosorbide), is very relevant in this regard. Finally, these LCA studies should consider
aspects such as gas emission, eutrophication, and other parameters regarding the
environmental impacts of the bio-based resins and composites.
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Appendix A

Prepolymer characterisation

A.1 Titration

Figure A.1 presents the titration procedures used for AN determination of the polyester
prepolymers. The dicarboxylic acids and anhydrides used in the synthesis of the unsatur-
ated polyesters were titrated with potassium hydroxide (KOH, 0.1 M) and phenolphthalein
as titrant solution and indicator, respectively.

| Potassium 7

-| Hydroxide £

| Solution,

| KOH0.1M 3 5

Il 1 Il g Il g ‘1
v 7 " T

U U U U

Phenolphthalein

Polyester I } I
prepolymer
solution

®© ® ® ®

A pH indicator is added to KOH is added slowly Equal amount of OH If the amount of OH
the flask containing an (drop by drop) to the (base) and H* (acid) surpases the amount of H*,
polyester prepolymer prepolymer solution and causes indicator to change the solution changes color
solution (in THF). mixed repeatedly. its color. At this stage it completely. This must be
must stop titration. avoided.

Figure A.1: Titration procedures for AN determination of the polyester prepolymers.

A.2 Kinetics

Commercial polyester resins for lamination of composites typically have acid numbers
ranging from 25 to 50 mgKOH/g, whereas higher molecular weight isophthalic resins have
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Chapter A Prepolymer characterisation

acid numbers that range between 10 and 20 mgKOH/g. In acid-catalysed polyesterification
systems, the following equation is considered for the rate of the reaction as a function of
time,

_ d[COOH]

T = [COOH][OH](k3[COOH] + kcat[H™]) (A1)

where k3 denotes a third-order rate constant for the uncatalysed reaction and k.4 is the
rate constant for the catalysed process. By the definition of a catalyst, the [H*] does not
change throughout the course of the reaction and generally kca[H*] > k3[COOH]. As a
result, Equation A.1 can be approximated by Equation A.2, in which the second-order rate
constant k; is related to kg5 by the expression ko = kgt [H']:

_ d[COOH]

- = k[ COOH][OH] (A.2)

Integration of Equation A.2 leads to:

() = Fe[COOHIt (A.3)

Equation A.3 shows a dependence of the conversion on reaction time for a catalysed
polyesterification, with the left side being the degree of polymerisation for balanced
stoichiometric reactant ratios. However, in this study, an excess of glycol was used. Thus,
the nonstoichiometric reactant ratios (r) were considered, resulting in r = Ncoon/Non < 1.

A.2.1 Conversion and degree of polymerisation

Tables A.1 and A.2 show the conversion (p) and the degree of polymerisation (X,) from
the AN values with the progress of the reaction.

Table A.1: Conversion (p) and degree of polymerization (Xj,) from the AN values of the DFA-based
polyester prepolymers.

Time AN (mgKOH/g) p (%) X, (a.u)

(min) UP-A UP-B UP-C UP-A UP-B UP-C UP-A UP-B UP-C

0 477 452 457 0 0 0 1.00 1.00 1.00
180 72 70 64 85 84 86 511 499 5.4
240 62 63 57 87 86 87 568 542 5.82
300 59 58 54 88 87 88 591 574 6.08
360 55 54 48 88 88 89 6.17 6.03 6.57
420 55 52 43 88 88 91 6.18 6.19 7.03
480 47 44 - 90 90 - 6.82 6.92 -
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Table A.2: Conversion (p) and degree of polymerization (Xj,) from the AN values of the FDCA-
based polyester prepolymers.

Time AN (mgKOH/qg) p (%) X, (a.u)

(min) UP-A UP-B UP-C UP-A UP-B UP-C UP-A UP-B UP-C

0 477 475 473 0 0 0 1.00 1.00 1.00
180 72 73 85 85 85 82 511 5.03 4.49
240 62 68 70 87 86 85 568 531 5.20
300 59 58 57 88 88 88 591 594 6.00
360 55 54 50 88 89 89 6.17 6.24 6.57
420 55 47 43 88 90 91 6.18 6.82 7.25
480 47 46 - 90 90 - 6.82 6.92 -

A.2.2 Theoretical molecular weights

Tables A.3, A.4, and A.5 show the nonstoichiometric reactant ratios and the theoretical
molecular weights of the polyester prepolymers from the AN values.

Table A.3: Values used to estimate the theoretical molecular weights (in Chapter 3) from modified
Carothers equation.

Sample ANo r Mo

(mgKOH/g) (a.u) (Da)
UP-A 482 0.9 191.5
UP-B 488 0.9 187.3
UP-C 491 0.9 184.3
UP-D 477 0.9 207.3
UP-E 480 0.9 201.2

& r = Ncoon/Non is the nonstoichiometric reactant ratio

® Molecular weight of the structural (or repeating) unit, cal-
culated from the weighted average of the components, as
suggested by Sadler et al. [1]

Table A.4: Theoretical molecular weights from modified Carothers equation of the DFA-based
polyester prepolymers.

AN AN p "X, Me® M,
Sample (gKOH/g) (mgKOH/g) (%) (a.u) (au) (Da) (kDa)
UP-A 477 47 9 09 682 2162 148
UP-B 475 46 9 09 692 3575 247
UP-C 473 43 91 09 7.03 3575 253

2 r = Ncoon/Non is the nonstoichiometric reactant ratio
® Molecular weight of the structural (or repeating) unit, calculated from the weighted
average of the components, as suggested by Sadler et al. [1]
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Table A.5: Theoretical molecular weights from modified Carothers equation of the FDCA-based
polyester prepolymers.

AN AN p "X, Me® M, M,
Sample (gKkOH/g) (mgKOH/g) (%) (a.u) (a.u) (Da) (kDa) (kDa)
UPO 477 47 90 0.9 6.87 2162 1480 2800
UP50 475 46 90 0.9 6.92 2212 1530 2910
UP100 473 43 91 09 725 2112 1530 2930

& r = Ncoon/Non is the nonstoichiometric reactant ratio
® Molecular weight of the structural (or repeating) unit, calculated from the weighted average of
the components, as suggested by Sadler et al. [1]

A.3 Molecular weight

Conventional calibration was done with three (vials) narrow polystyrene standards, where
M, (Da) was 266, 2140, 6320, 25000 for cap yellow, 435, 3260, 8420, 41200 for cap blue,
and 1120, 4700, 14700, 59300 for cap black, according to a calibration table from PSS
certificate of analysis information:

(https://www.pss-polymer.com/fileadmin/pdf/product/pskitril-11.pdf).

Figure A.2 shows the experimental procedures for the GPC tests.

@ Dissolution @ Filtration @ Injection @ Data processing

ChromNAV®
u , i
"/‘J’ \\\ = ]
yi -
7 Polyester /N Ve
Tmg/ml chains / \
in THF /

Polystyrene
standards

Figure A.2: GPC tests were performed in a JASCO™ equipment. Initially, polyester samples
were dissolved in THF with approximate concentration of 1 mg/ml. After filtration,
samples were injected into the system with columns filled of a monodisperse standard,
namely, polystyrene crosslinked with divinylbenzene (gel). The data processing were
performed by ChromNAV® software.

The signal as a function of retention time results obtained from the GPC tests as well as the
molecular weight distribution curves of the prepolymers developed herein are presented
next.
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A.3.1 Prepolymers developed in Chapter 4

Figure A.3 shows the signal as a function of retention time results of the DFA-based
unsaturated polyester prepolymers.
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Figure A.3: GPC overlapping formulation curves of the DFA-based unsaturated polyester prepoly-
mers.

Figure A.4 shows the molecular weight distribution curves of the DFA-based unsaturated
polyester prepolymers.
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Figure A.4: Molecular weight distribution curves of the DFA-based unsaturated polyester prepoly-
mers from the GPC analysis.
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A.3.2 Prepolymers developed in Chapter 5

Figure A.5 shows the signal as a function of retention time results of the FDCA-based
unsaturated polyester prepolymers.
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Figure A.5: GPC overlapping formulation curves of the FDCA-based unsaturated polyester pre-
polymers.

Figure A.6 shows the molecular weight distribution curves of the FDCA-based unsaturated
polyester prepolymers.
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Figure A.6: Molecular weight distribution curves of the FDCA-based unsaturated polyester pre-
polymers from the GPC analysis.
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A.4 Bio-based content

Tables A.6, A.7, and A.8 list the carbon content of the raw materials used in the synthesis
of the polyester prepolymers.

Table A.6: Carbon content of raw materials used for the synthesis of bio-based polyester prepoly-
mers developed in Chapter 3.

My, Cuw Cu/M,

Monomer Formula
(Da) (Da) (%)

PA CgH4sO3 148 96 64.9
FA C4H4sO4 116 48 41.4
PDO C3HgO> 76 36 47.4
ISO CeH1oO4 146 72 49.3
EG CoHeO2 62 24 38.7

Table A.7: Carbon content of raw materials used for the synthesis of DFA-based polyester pre-
polymers.

My, Cuw Cu/My

Monomer Formula
(Da) (Da) (%)

PA CgHsO3 148 96 64.9
DFA CaeHssOs 564 72 12.8
FA C4H4O4 116 48 41.4
PDO C3HsOo 76 36 47.4
ISO CeH100s 146 72 49.3

Table A.8: Carbon content of raw materials used for the synthesis of FDCA-based polyester
prepolymers.

My Cu» Cu/My

Monomer Formula
(Da) (Da) (%)

PA CgH4sO3 148 96 64.9
FDCA CeHsO5 156 72 46.2
FA C4H4sO4 116 48 41.4
PDO C3HgO> 76 36 47.4
ISO CeH1pOs4 146 72 49.3
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Tables A.9 and A.10 indicate the biobased carbon and mass content of the polyester
prepolymers regarding to groups (1) and (I) formulations developed in Chapter 3.

Table A.9: Bio-based carbon and mass content of the group (I) formulations developed in Chapter

3.
UP-A UP-B UP-C

Monomer XB mg XB mg XB mg

(%) (%) (%) (%) (%) (%)
Phthalic anhydride 0 0 0 0 0 0
Fumaric acid 28.4 3342 33.11 38.02 39.38 40.83
1,3-propanediol 11.76 12.09 12.19 1222 13,59 12.31
Isosorbide 23.51 23.22 2437 23.48 27.17 23.64
Ethylene glycol 0 0 0 0 0 0
Total 63.68 68.72 69.67 73.73 80.13 76.78

Table A.10: Bio-based carbon and mass content of the group (I1) formulations developed in Chapter

3.
UP-D UP-E

Monomer XB mg XB mg

(%) (%) (%) (%)
Phthalic anhydride 0 0 0 0
Fumaric acid 31.82 37.18 34.67 39.93
1,3-propanediol 23.42 2391 23.92 24.07
Isosorbide 2342 2296 23.92 23.11
Ethylene glycol 0 0 0 0
Total 78.66 84.05 8251 87.11
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Table A.11: Bio-based carbon and mass content of the DFA-based unsaturated polyester prepolymers.

UP-A UP-B UP-B
Monomer Wi Ci Xgi Xg Mg Mg Wi Ci Xsi Xg Mg Mg Wi Ci Xsi Xs Mg Mg
(9) @ (%) () (%) (%) (9) @ (%) (%) (%) (%) (9) @ () (%) (%) (%)
PA 2356 1528 0 0 0 0 229.6 1489 0 0 0 0 203.1 131.7 - - - -
DFA - - - - - - 973 124 100 1.8 100 6.5 86.1 11 100 1.6 100 5.7
FA 557.7 230.8 100 31.8 100 37.2 503.3 208.3 100 30 100 33.6 5341 221 100 32 100 35.6
PDO 358.6 169.9 100 234 100 23.9 339.8 161 100 23.2 100 22.7 3434 162.7 100 235 100 22.9
ISO 3444 169.8 100 234 100 23 326.3 1609 100 232 100 21.8 329.8 1626 100 235 100 22
Total 1500 725.3 78.1 84.1 1500 693.5 78.2 84.5 1500 691 99.7 86.2
Table A.12: Bio-based carbon and mass content of the FDCA-based unsaturated polyester prepolymers.
UPO UP50 UP100
Monomer W, Ci Xsi X Mg Mg W, Ci Xgi X Mg Mg W, Ci Xgi X M Mg
(9 @ (%) (%) (%) (%) (9) @ (%) (%) (%) (%) (9) @ (%) (%) (%) (%)
PA 2351 1528 0 0 0 0 117.3 761 0 0 0 0 - - - - - -
FDCA - - - - - - 1236 571 100 8.1 100 8.2 246.2 113.6 100 16.7 100 16.4
FA 557.7 230.8 100 31.8 100 37.2 5554 229.8 100 32.7 100 37 553.1 228.8 100 33.6 100 36.9
PDO 358.6 169.9 100 234 100 23.9 357.1 169.2 100 24.1 100 23.8 355.6 168.5 100 24.7 100 23.7
ISO 3444 169.8 100 234 100 23 343 1691 100 24 100 229 3415 168.4 100 24.7 100 22.8
Total 1500 725.3 78.1 84.1 1500 703.2 88.9 91.9 1500 681.3 99.7 99.8
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A.5 'H NMR study

"H NMR spectra of the unsaturated (linear) polyester dissolved in acetone-dgs were ob-
tained using a Bruker Avance Ill a 500 MHz spectrometer equipped with a 5mm BBO
resonance detection probe (see Figure A.7). The spectra were referenced using the
solvent signals. The polyester prepolymers showed "H NMR peaks in agreement with the
expected chemical shifts for individual constituents of the unsaturated polyesters.

Dissolution NMR tube Tube support NMR spectrometer Data processing
~ < [ -
Polyester . m
sample i ‘

[ _‘.i.M\m.__\.....U.u.\‘ JI .‘.m_‘lqu
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Figure A.7: NMR test procedures.

Figure A.8 presents '"H NMR spectra of the DFA-based polyester prepolymers with the

integration values.
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Figure A.8: "H NMR spectra of the DFA-based polyester prepolymers: a. UP-A; b. UP-B; and c.
UP-C.
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Figure A.9 presents '"H NMR spectra of the FDCA-based polyester prepolymers with the
integration values.
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Figure A.9: "H NMR spectra of the FDCA-based polyester prepolymers: a. UP0; b. UP50; and c.
UP100.

Tables A.13 and A.14 show the main resonances highlighting the regions, assignments,
and the relative proportions of the constituents of the DFA- AND FDCA-based polyester
prepolymers.
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Table A.13: Main resonances from the "H NMR spectra of the DFA-based polyester prepolymers.

Integration/nr of protons/relative proportion

Region Assighnment
UP-A UP-B UP-C
7.84-7.65 C-H (phthalate) 4.00/4H/1 4.00/4H/1 4.00/4H/1
6.86-6.74 C-H (fumaric acid) 4.25/2H/2.12 3.90/2H/1.95 5.03/2H/2.52
1.64-0.79 C-H> and C-Hjs (dimer) - 0.703/6H/0.12 0.986/6H/0.16
5.47-3.31 CH+CH: (1SO) and O-CH, (PDO) + CH=CH (DFA) 27.81/2.05 for ISO 26.56/1.93 for ISO  30.84/2.08 for ISO
2.35-2.08 and 1.97-1.82 -OCH>CH>CH-0- from PDO 5.68/2H/2.84 5.43/2H/2.72 6.94/2H/3.47
Table A.14: Main resonances from the "H NMR spectra of the FDCA-based polyester prepolymers.
Integration/nr of protons/relative proportion
Region Assignment UPO UP50 UP100

7.84-7.65 C-H (phthalate) 4.00/4H/1 4.64/4H/1.16 -

7.36-7.29 C-H (furan) - 2.00/2H/1 2.00/2H/1

6.86-6.74 C-H (fumaric acid) 4.25/2H/2.12 10.12/2H/5.06 5.50/2H/2.75

5.48-3.36 CH+CH: (ISO) and O-CH», (PDO) 27.81/2.05for ISO 75.85/6.32 for ISO  31.58/2.31 for ISO

2.28-2.07 and 1.97-1.82 -OCH>CH>CHH:- from PDO 5.68/2H/2.84 12.56/2H/6.31 6.53/2H/3.26
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A.6 Viscosity

Viscosity tests were performed on a Cone & Plate Viscometer Instrument from REL
(Research Equipment London Ltd.), according to ISO 2884 [2] part 2, see Figure A.10.
The viscosity of the polyester prepolymers was measured at 125°C taking the average
value of 3 measurements.

Measurement Cone-plate viscosimeter

During reaction After incorporation

I |14

Resin CONE & PLATE VISCOSIMETER

Polycondensation | Thermoset
I “ SPINDLE SPEED

PUSH TO READ *

Figure A.10: Viscosity tests performed on a Cone & Plate Viscometer Instrument from REL
(Research Equipment London Ltd.), by placing only two drops of resin on a surface
that is then approached by a rotating cone (constant speed).
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Appendix B

Resin characterisation

B.1 Mechanical properties

B.1.1 Barcol hardness test

Barcol hardness tests were performed using the Barber Colman Barcol impresser, following
ASTM D2583-13 [1]. The testing was conducted within 3 mm of the edge of the specimen.
In order to produce an even distribution of force, plate specimens were continuously
supported on a stiff, hard, and supportive surface to minimise false data due to bending in
the material. Twenty-five tests were conducted on each sample plate. After the test, the
average from results was calculated and taken as the Barcol hardness.

B.1.2 Tensile tests

Tensile test specimens were prepared according to part 2 of ISO 527 [2] with dumb-bell-
shaped. The specimens were manufactured according to type 1A. The specimens have a
prismatic form with reinforcement at the ends to avoid grip failure. The transition is made
with a constant radius of 24+1 mm.

Tests were carried out in an Instron 8800D universal testing machine with 250 kN of load
capacity and integrated load cell, under displacement control, at a speed of 2 mm/min.
The specimens were gripped using a specific pressure, defined in order to minimise
slipping of the specimens at the grips while avoiding the local crushing of the specimens.
The displacements of six dots/targets (previously marked on the test specimens) were
measured along 3 alignments (1—2, 3—4 and 5-6), through the video-extensometry
technique, in which a high definition Sony™ video camera (model XCG 5005E, Fujinon —
Fujifilm HF50SA-1 lens), and a LabView® computer software were used. Furthermore,
the 3 alignments allowed to analyse the specimen thickness contraction used for the
calculation of transverse strain and determination of the Poisson’s ratio.

The specimens were tested under laboratory conditions with room temperature of 23+2 °C
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and 5543 % relative humidity. For all specimens, width and thickness were measured
with a digital micrometre at three points along the span to check tolerances and minimum
area for axial stress calculation. From the test results, the average values of the tensile
properties were obtained, namely, tensile strength, modulus of elasticity, and strain at
break. Figure B.1 shows the tensile test setup.

Instrumentation

Universal testing machine

Data aquisition Information
and processing

W LERM
TECNICO

Videocamera

Load

Displacement

Sample
1S0O 527

Stress

Strain

Position of camera Specimen after failure

LABORAT!
EDERESI

Figure B.1: Setup for tensile tests.

B.1.3 Compression tests

Compressive tests were carried out using a combined loading compression (CLC) test fix-
ture performed to characterise the compression behaviour of the cured resins (thermosets).
CLC comprises the transmission of loads to the specimen’s central zone (gauge length) by
applying a direct compression on the tops of the specimen and transferring load along the
lateral face by a friction mechanism. The shape and dimensions of the specimens tested
were established based on the ASTM D6641 [3], with 140 + 3 x 12 x 5mm (length, width
and thickness). The universal testing machine and the camera and acquisition equipment
described in the subsection B.1.2 were also used for the compressive tests. The tests
were performed at a speed of 1 mm/ min. Figure B.2 shows the compresive test setup.
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|
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=]

64
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Figure B.2: Setup for compressive tests.

B.1.4 In-plane shear tests

The in-plane shear tests were performed according to ASTM D5379/D5379M, part 5 [4]
(losipescu or V-notched beam method) - the axial loading of the two independent modules
(which apply in-plane shear stresses) was applied under displacement control, at a rate of
2mm/ min. Figure B.3 shows the in-plane shear test setup.
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Instrumentation
Testing machine Loading scheme

P

|

‘ g

. W

Specimen

Starting »  Failure

Figure B.3: Setup for in-plane shear tests.

B.2 Dynamic mechanical analysis

To measure the temperature-dependent viscoelastic properties, namely, the storage
modulus (E’), loss modulus (E”), tan§ and the glass transition temperature (Ty) of the
unsaturated polyester resins, a DMA experiments were performed using a DMA Q800
(TA Instruments), according Figure B.4. Specimens with dimensions 60 mm x 10 mm
x 4mm were fabricated according to ASTM E1640-09 [5], and tested in a 35 mm dual
cantilever clamp configuration, where a specimen is clamped at both ends and flexed
in the middle. The specimens were subjected to a constant strain amplitude of 15um
at a constant oscillation frequency of 1 Hz while submitted to a temperature sweep at a

constant heating rate of 2 °C/min, starting at -30 °C and ending at 150 °C.
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Dynamic mechanical analyser Dual cantilever configuration Information and parameters

TA Instruments Q800

Movable

Stacionary

clamp o
£
)

Time

Stacionary
clamp

Specimen
(60 x 10 x 4 mm)
Force/displacement

Y
—— Strain (output) N

; 3 - — - Stress (input)
Step 1: Equipment display preparation Step 2: Set-up assembly
Opening Q800 analyser Liquid nitrogen conection Specimen placement Pre-fixing Span measurement

Step 3: Clamp specimen fixing Step 4: Inspection and completion preparation

Specimen fixing Torquemeter (8 N.m) Epoxy clamped sample Polyester clamped sample Closing furnace

Figure B.4: DMA test setup in a TA Instruments Q800 equipment [6]. Test procedures are also
illustrated in four main steps: (1) equipment display preparation, (2) set-up assembly,
(3) clamp specimen fixing, and (4) inspection and completion preparation.

B.3 Characterisation of the commercial UPR

Crystic U 904 LVK from Scott Bader, a commercial orthophthalic UPR, was tested as
reference resin for comparison with the bio-based UPR developed herein. The commercial
UPR received equal cure and post-curing cycles to their bio-based counterparts; namely,
MEKP was used as an initiator for free-radical polymerisation for the resin curing and, after
exposure during 24 hours at room temperature, the specimens were post-cured during 4
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hours at 100 °C. The commercial UPR specimens were prepared followed standardised
dimensions such as those from the bio-based UPRs. In addition, the mechanical and
thermomechanical tests were carried out under the same conditions and procedures as
the bio-based UPRs. Table B.1 shows the results obtained from the tensile, compressive,
and shear tests of the commercial Crystic U 904 LVK resin, listing also its T, (based on
the value of the E’ decay).

Table B.1: Mechanical and thermomechanical properties of the commercial UPR.

Ot,max EI €t,max Oc¢,max Ec €c¢,max Tmax G Ymax Tg
(MPa) (GPa) (%) (MPa) (GPa) (%) (MPa) (GPa) (%) (°C)
Crystic  60.7 3.0 1.9 131.5 4.5 5.2 58.4 1.4 52 75.3

Resin

Ty measured from the onset storage modulus decay
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