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Abstract

Fibre-reinforced polymers (FRP) offer enormous lightweight potential due to

their outstanding specific mechanical properties and the possibility of load path-

oriented design. Therefore, they are widely used in mobility applications. How-

ever, these applications usually demand high levels of flame resistance. Since

typical matrix systems, such as epoxy resins, are highly flammable, this also

applies to the resulting FRPs. Each polymer system reacts differently to modifi-

cation with flame retardant additives. For example, reductions in mechanical,

thermal or chemical properties are often reported, which may also have a nega-

tive impact on the composite. Furthermore, the systems used today are almost

always harmful to the environment or health. Hence, there is an urgent need

for the further development of FRPs that are both flame-retardant and envi-

ronmentally friendly. This is the overarching aim of this work, from which the

following research hypothesis is derived:

High-performance composites can be designed flame-retardant and

eco-friendly with compatible thermo-mechanical properties.

Three different approaches are developed and addressed to confirm the hypoth-

esis. The first chapter explores the approach of modifying only the outermost

layers of an FRP with flame retardants, as the surfaces are most exposed in the

event of a fire. The idea of combining partially pre-cured and flame-retardant

modified laminate layers with a common infusion process not only allows afford-

able and variable manufacturing but also saves resources and preserves mechan-

ical properties of the FRPs.

In order to achieve the objective of environmentally friendly composites, the

matrix materials commonly used in FRPs themselves offer potential to reduce

effects on the environment and health. Therefore, this work focuses extensively

on the development of environmentally friendly matrix materials by replacing

harmful chemical constituents with biomolecules. Among other findings, it has
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been demonstrated that, e.g., amino acids can achieve competitive properties as

curing agents for epoxies under appropriate conditions. This primarily involves

the targeted use of thermokinetic methods to determine suitable material compo-

sitions and their curing processes. In this context, in-situ and ex-situ curing-state

validation methods were applied. Furthermore, it has been demonstrated, that

fine dispersion of the powdered amino acids in the liquid resin systems is an

essential prerequisite for manufacturing.

By studying the thermo-mechanical behaviour of various stoichiometic varia-

tions, it has been possible to postulate likely reaction mechanisms. Finally,

aging studies in water, solvents and oil demonstrate that the examined amino-

acid cured epoxies show good long-term durability and media resistance, which

is a requirement for many applications (e.g., mobility sector). Based on the

long-term tests carried out, no reduction in performance under typical operating

conditions was observed in comparison with conventional epoxy resins. Only

when stored in water at 50 °C or above, excessive water absorption and a signif-

icant reduction in thermo-mechanical properties were determined.

Today, flame-retardancy in polymers is a much-discussed topic, as it often in-

volves the use of hazardous and environmentally harmful substances. Apart

from the ban of some halogenated flame retardants due to their negative impact

on the environment, the currently preferred phosphorus-based flame retardants

also raise some concerns. On the one hand, political dependencies must be crit-

ically examined, while on the other hand, mining of phosphate ores also poses

risks to humans and the environment. Therefore, the third chapter combines the

approaches of the other chapters and examines the use of suitable biomolecules

as flame retardants. It is shown that amino acid-cured epoxy resins also stand

out favourably in terms of their flame retardant properties. They perform better

than unmodified commercial epoxies in flame tests and simultaneously exhibit

synergies with additional flame retardants. Consequently, it is possible to reduce

the amount of flame retardants required to achieve the necessary classifications,

which in turn reduces the negative impact on thermo-mechanical properties as

well.

Therefore, this thesis presents various approaches that can be used alone or

in combination to achieve flame-retardant and environmentally friendly FRPs.

Thus, the insights can serve as a toolbox for tailored composites.



VII

Kurzfassung

Faser-Kunststoff-Verbunde (FKV) bieten aufgrund ihrer hervorragenden spezifi-

schen mechanischen Eigenschaften und der Möglichkeit einer lastpfadorientierten

Gestaltung ein enormes Leichtbaupotenzial. Daher werden sie häufig in Mobili-

tätsanwendungen eingesetzt. Diese Anwendungen erfordern jedoch in der Regel

eine hohe Flammwidrigkeit. Da typische Matrixsysteme wie Epoxidharze leicht

entflammbar sind, gilt dies auch für die daraus hergestellten FKVs. Jedes Poly-

mersystem reagiert unterschiedlich auf die Modifizierung mit flammhemmenden

Additiven. So können beispielsweise die mechanischen, thermischen oder che-

mischen Eigenschaften beeinträchtigt werden, was sich auch negativ auf den

Verbundwerkstoff auswirken kann. Darüber hinaus sind die heute verwendeten

Systeme fast immer umwelt- oder gesundheitsschädlich. Es kann demnach ein

dringender Bedarf an der Weiterentwicklung brandgeschützter und zugleich um-

weltfreundlicher FKV festgestellt werden. Dies stellt das übergeordnete Ziel der

Arbeit dar, aus dem sich die folgende Forschungshypothese ableitet:

Hochleistungsverbundwerkstoffe können flammhemmend und

umweltfreundlich gestaltet werden und gleichzeitig kompatible

thermo-mechanische Eigenschaften aufweisen.

Es werden drei verschiedene Ansätze entwickelt und bewertet, um die Forschungs-

hypothese dieser Dissertation zu überprüfen. Das erste Kapitel befasst sich mit

dem Konzept, nur die äußersten Schichten eines FKV mit Flammschutzmitteln

zu modifizieren, da diese Oberflächen im Brandfall am stärksten exponiert sind.

Die Idee, teilweise vorgehärtete und flammschutzmodifizierte Laminatschichten

mit einem gemeinsamen Infusionsverfahren zu kombinieren, ermöglicht nicht nur

eine kostengünstige und variable Fertigung, sondern spart auch Ressourcen und

erhält die mechanischen Eigenschaften der FKV.

Um das Ziel umweltfreundlicher Verbundwerkstoffe zu erreichen, bieten die übli-

cherweise in FRPs verwendeten Matrixmaterialien selbst ein großes Potenzial zur
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Verringerung der Auswirkungen auf Umwelt und Gesundheit. Daher konzentriert

sich diese Arbeit intensiv auf die Entwicklung umweltfreundlicher Matrixmate-

rialien, indem risikobehaftete chemische Bestandteile durch Biomoleküle ersetzt

werden. Unter anderem wurde nachgewiesen, dass beispielsweise Aminosäuren

unter geeigneten Bedingungen als Härter für Epoxide wettbewerbsfähige Eigen-

schaften erzielen können. Dabei geht es in erster Linie um den gezielten Einsatz

thermokinetischer Methoden zur Bestimmung geeigneter Materialzusammenset-

zungen und deren Aushärtungsprozesse. In diesem Zusammenhang wurden so-

wohl In-situ- als auch Ex-situ-Verfahren zur Validierung des Aushärtungszu-

stands angewendet. Darüber hinaus wurde gezeigt, dass eine feine Dispersion

der pulverförmigen Aminosäuren in den flüssigen Harzsystemen eine wesentliche

Voraussetzung für die Fertigung ist.

Durch die Untersuchung des thermo-mechanischen Verhaltens verschiedener stö-

chiometrischer Variationen konnten wahrscheinliche Reaktionsmechanismen po-

stuliert werden. Schließlich zeigen Alterungsstudien in Wasser, Lösungsmitteln

und Öl, dass die untersuchten aminohärtenden Epoxide eine gute Langzeitbe-

ständigkeit und Medienbeständigkeit aufweisen, wodurch sie für die meisten Mo-

bilitätsanwendungen geeignet sind. Auf der Grundlage der durchgeführten Lang-

zeittests wurde im Vergleich zu herkömmlichen Epoxidharzen keine Leistungs-

minderung unter typischen Betriebsbedingungen festgestellt. Nur bei Lagerung

in Wasser bei 50 °C oder darüber wurden eine übermäßige Wasseraufnahme und

eine signifikante Verringerung der thermo-mechanischen Eigenschaften beobach-

tet.

Heutzutage ist der Flammschutz von Polymeren ein viel diskutiertes Thema, da

dabei oft gefährliche und umweltschädliche Substanzen zum Einsatz kommen.

Abgesehen vom Verbot einiger halogenierter Flammschutzmittel aufgrund ih-

rer negativen Auswirkungen auf die Umwelt birgen auch die derzeit bevorzugten

Flammschutzmittel auf Basis von Phosphor Risiken. Einerseits müssen politische

Abhängigkeiten kritisch hinterfragt werden, andererseits birgt der Abbau von

Phosphaterzen ebenfalls Gefährdungspotential für Mensch und Umwelt. Daher

kombiniert das dritte Kapitel die Ansätze der anderen Kapitel und untersucht

die Verwendung geeigneter Biomoleküle als Flammschutzmittel. Es wird gezeigt,

dass auch mit Aminosäuren gehärtete Epoxidharze hinsichtlich ihrer flammhem-

menden Eigenschaften positiv hervorstechen. Sie schneiden in Flammtests besser

ab als unmodifizierte handelsübliche Epoxide und zeigen gleichzeitig Synergi-

en mit zusätzlichen Flammschutzmitteln. Folglich ist es möglich, die Menge an
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Flammschutzmitteln zu reduzieren, die zur Erreichung der erforderlichen Klas-

sifizierungen erforderlich ist, was wiederum die negativen Auswirkungen auf die

thermo-mechanischen Eigenschaften verringert.

Die vorliegende Arbeit präsentiert demnach verschiedene Ansätze, die alleinig

oder in Kombination zur Erzielung umweltfreundlicher und flammgeschützter

Faserkunstoffverbunde dienen. Die gewonnenen Erkenntnisse können als Werk-

zeugkasten für maßgeschneiderte Systeme dienen.
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1. Introduction

Fibre-reinforced polymers (FRPs) consist predominantly of a matrix polymer

and fibres. The matrix in FRPs serves to protect and embed the fibres in the

desired direction and evenly distribute loads across the fibre-matrix interphases.

The fibres provide an orientation-dependent reinforcement effect. In the direc-

tion of the fibres, the mechanical properties of the fibres exceed those of the

matrix many times, but in the transverse direction, the fibres have limited re-

inforcing effect. The loads occurring in each application determine the layer

structure, so that the directional dependence of the properties can be used effi-

ciently [1]. According to Puck [2], certain conditions must be met for a reinforce-

ment effect to be achieved. The fibres must have higher stiffness and strength

than the matrix, but the matrix should exhibit a higher elongation at break,

ensuring that it does not break before the fibres.

Glass fibres are most commonly used for reinforcement due to their good cost-

benefit ratio. Carbon fibres offer even better specific mechanical properties with

most available manufacturing methods [3], but due to their cost, they are usually

only used when enormous cost savings through lightweight design are possible

(e.g., aviation). Natural fibres and fibres of other material classes (e.g., aramid,

basalt) can also be used in FRPs [4].

In the case of thermosetting matrix systems, such as epoxy resins, the reac-

tion between the resin and the curing agent forms a three-dimensional network.

Compared to non-crosslinked polymers (thermoplastics), this generally results

in higher temperature resistance as well as higher stiffness and strength. How-

ever, specific properties are highly dependent on the selected constituents and

the curing conditions.

In addition to the advantages of great design freedom, easy-to-implement func-

tional integrations, and corrosion resistance, FRPs are used in a wide range of

applications primarily because of their high specific stiffness and strength. The
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resulting potential for lightweight design helps to save fuel in mobility appli-

cations or, specifically in the case of rail transport, to reduce damage to the

rails and extend the service life of components such as brakes. This is beneficial

not only from an ecological point of view, but also from an economic perspec-

tive [5].

Looking at the application in railways as an example, GFRP is used as top layers

of sandwich components. A structure with a foam or honeycomb core is not only

an excellent way to improve the potential for lightweight design, but also helps to

meet a wide range of other requirements. In addition to safety-related criteria,

such as crash behaviour, acoustic and thermal insulation demands must also be

taken into account, which can be met by using suitable core materials [6, 7].

Particularly in mobility applications, the protection of humans must also be pri-

oritised, which is why the issue of flame retardancy is also of central importance.

By selecting suitable materials, sufficient evacuation time can be ensured in the

event of a fire by maintaining structural integrity and preventing dripping of the

polymers used. Furthermore, the smoke produced should be as low in toxicity

as possible, so that short-term exposure does not cause long-term damage to

health. There are a number of ways to achieve this, for example, through the

additional use of flame retardants in matrix polymers [8].

1.1. Aims and Scope

Although research into flame retardants for polymers and FRPs has been con-

ducted for decades, new areas of research are constantly emerging. For example,

halogen-based flame retardants have been investigated for a long time because

they have been shown to be very effective. However, halogens raise significant

environmental concerns that are currently in contrast to the growing interest

in sustainable solutions. Reasons for this trend include increased regulatory

adjustments due to rising awareness of environmental and health risks, as well

as growing awareness of the scarcity of resources and the resulting geopolitical

dependencies [9, 10].

Therefore, this dissertation, entitled ‘Environmentally Friendly Flame-Retardant

Composites’, deals with approaches to save resources through the efficient use

of flame retardants. In addition, it also examines the substitution of synthetic
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chemicals with natural raw materials to reduce environmental and health haz-

ards. It should be emphasised that biomolecules can generally be obtained from

biomass at low cost using large-scale industrial processes. Direct competition

with the food industry can often be avoided by using waste streams. Thereby,

cost-effective availability is particularly relevant, as sustainable solutions must

be applied industrially to have a real impact on the environment, and ecologi-

cal advantages are often neglected in the industrial context if they conflict with

economic goals [11].

The focus on bio-based resources for use in polymers raises many questions, even

without the addition of flame retardants. As is customary in the development of

polymers, the curing conditions must initially be determined. For this purpose,

thermokinetic methods with appropriate experimental validation are used. In

addition, for example, the long-term properties of the bio-based materials ex-

amined in this thesis have not yet been sufficiently investigated, although an

equivalent service life is of central importance for the sustainability of parts. At

the same time, the feasibility of traditional FRP manufacturing processes and

compatibility with commercial sizings requires investigation for deployment in

industrial applications. With regard to the use of additional flame retardants

and their dependence on the degradation processes of the polymer, it must also

be clarified whether these flame retardants can be effective without disadvan-

tages or even offer advantages. In addition, reports have generally indicated a

reduction in thermo-mechanical properties due to the use of flame retardants [12,

13], which is why these effects must also be taken into account.

The following section provides an overview of the outline of this thesis, which

thoroughly examines the overarching hypothesis:

High-performance composites can be designed flame-retardant and

eco-friendly with compatible thermo-mechanical properties.

1.2. Thesis Outline

Firstly, the materials and methods commonly used in the investigations are

listed in Chapter 2. A brief overview of fundamental knowledge is provided in

the respective chapter.

Chapter 3 examines concepts for the efficient use of the flame retardant addi-

tive red phosphorus in a commercially available epoxy resin system. It contains,
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e.g., a proof of concept for the pre-curing of modified plies based on thermoki-

netic methods using heterogeneously modified hand laminates. Furthermore, this

chapter includes the development of tailored and qualitatively comparable flame

tests, as well as a transfer to industrial methods using a combined prepreg and

infusion process with residual strength testing after customised flame tests.

The first part of Chapter 4 deals with the development of biomolecule cured

thermosets. In detail, amino acids are used as curing agents for epoxy resins

and substitute classical petro-chemicals. Alongside kinetic analysis to determine

curing conditions, thermo-mechanical properties for several stoichiometric reac-

tions, as well as under different environmental influences, are under investigation.

Furthermore, the feasibility of composite manufacturing and their mechanical

performance are evaluated. The second part addresses fully biobased systems

based on vegetable oils.

The third approach deals with the use of biomolecules to achieve flame-retar-

dancy. In Chapter 5, the amino acid-cured epoxies investigated in Chapter 4,

as well as selected biomolecules are tested regarding their flame retardant ef-

fects and their influences on mechanical properties. In addition, it is examined

whether results of thermogravimetric analysis can predict flame-retardancy with-

out time- and material consuming flame tests.

Finally, a summary and outlook (Chapter 6) follows, describing the findings as a

toolbox for tailored systems. Parts of this thesis have been previously published

[14–18]. If permitted by the publisher, CRediT author statements are provided

in the publications describing the contributions of individual authors.
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2. Materials and Methods

2.1. Materials

2.1.1. Matrix Materials

This work focuses mainly on epoxy resins as matrix materials for use in fibre-

reinforced polymers. Epoxy resins consist of at least two components. The

A-component includes epoxy-groups, the curing agent, e.g., amine or anhydride

functionalities.

The following A-components are used:

• DGEBA resin 827 (Epikote™ 827, Westlake, Houston, USA)

• DGEBA-based resin 135 (Epikote™ MGS™ RIMR 135, Westlake, Hous-

ton, USA), includes 10 - 20 % 1,6-hexanediol diglycidyl ether (HDDGE)

as reactive diluent

• Partially biobased epoxy resin SR810 (SR Infugreen 810, Sicomin, Chateau-

neuf les Martigues, France, 38 wt % bio-C), containing DGEBA, diglycidyl

ether of bisphenol F (DGEBF) and 1,4-butanediol diglycidyl ether (BD-

DGE) as reactive diluent

• Fully biobased A-component ELO (epoxidised linseed oil, Merginat ELO,

HOBUM Oleochemicals GmbH, Hamburg, Germany)

The petrobased amine curing agent 137H (EPIKURE™ MGS™ RIMH 137,

Westlake, Houston, USA) contains 50 - 75 % polyoxypropylenediamine (POPA)

and 25 - 50 % isophorone diamine (IPDA). If not otherwise specified, curing

with this hardener takes place for 8 h at 50 °C followed by post-curing for 16 h

at 80 °C.

Furthermore, in Chapter 4, the following biomolecules are used as curing agents.

The generated curing profiles are discussed later on.
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(EEW) and amine hydrogen equivalent weights (AHEWs), which are summarised

together with the bio-C fractions in Table 2.1. The AHEWs of the amino acids

are theoretically calculated. Therefore, the molecular weight is divided by the

amount of active hydrogen atoms in the molecular structure. The stoichiometric

ratio was calculated under consideration of the respective EEW. The EEW of

827 was taken from the data sheet, while the EEW of SR810 and ELO was

titrated according to standard DIN EN ISO 3001 [19].

Exemplarily, Equation 2.1 displays this calculation for the system 827/L-Arg,

where the molecular weight of L-Arg (MW = 174 g/mol) is divided by seven, the

amount of active hydrogen atoms in the molecular structure. The stoichiometric

mass ratio (1) was calculated considering the epoxy equivalent weight (EEW) of

827 (EEW = 182 g/mol) with mi as the respective component mass:

m827

mL−Arg
=

100 g

100 g · AHEW
EEW

=
100 g

100 g · 25 g/mol

182 g/mol

=
100 g

13.74 g
(2.1)

Table 2.1.: Mixing ratios and biobased fractions of all used epoxy systems.

System Resin Hardener Accelerator Biobased fraction
(wt. %) (wt. %) (wt. %) (wt. %)

135/137H 76.90 23.10 0 0
827/137H 77.78 22.22 0 0
827/L-Arg 87.92 12.08 0 12.08
827/L-Arg/UR500 87.05 11.96 0.99 11.96
827/L-Trp/UR500 77.34 21.67 0.99 21.67
827/L-Phe/UR500 76.03 22.98 0.99 22.98
SR810/137H 76.25 23.75 0 28.98
SR810/L-Arg 86.98 13.02 0 46.07
ELO/CA 78.67 21.33 0 100
ELO/IAH 75.96 24.04 0 100

2.1.2. Flame Retardants

Red phosphorus (RP, Exolit RP 607, Clariant, Muttenz, Suisse) and ammo-

nium polyphosphate (APP, FLACAVON 114, Schill+Seilacher GmbH, Böblin-

gen, Germany) are added as commercially available flame retardants. As biobased

flame retardants, chitosan (CS, DAC 90%, Food Grade, MarkNature, Fullerton,
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of composites is tested with unidirectional non-crimp fabrics HP-U400E (HP-

Textiles, Schapen, Germany) with 440 gsm areal weight and epoxy sizing. For

quasi-isotropic (QI) laminates, X-E-610 fabrics are used.

2.1.4. Supplementary Materials

As release agent, Mikon® W64+ (Münch Chemie International GmbH, Wein-

heim, Germany) was used. Demineralised water, isopropanol (Ing. G. Linker

GmbH, Sprockhövel, Germany), acetone (Lohmann Laborservice GmbH, Marxen,

Germany) and hydraulic oil (Mobil Nuto H 46, Exxon Mobil Corporation, Irving,

Texas, USA) serve as immersion media in Chapter 4.2.7.

2.2. Methods

In this section, test methods and machines that are used in several investigations

are listed. Specific methods, used only once, are described in the respective

chapter. The same applies to specific parameters.

2.2.1. Manufacturing

Mixing and Degassing

Mixing and degassing are performed with a Thinky Mixer ARE-250 (THINKY

U.S.A., INC., Laguna Hills, USA) and a vacuum stirrer at 200 min−1. Flame

retardants are mixed into the epoxy system prior to degassing.

For an appropriate dispersion of solid curing agents, a three-roll mill 120E (EX-

AKT Advanced Technologies GmbH, Norderstedt, Germany) is used. The pro-

cess parameters are determined according to [20] (see Table A.2.1, Appendix).

For comparison (see Section 4.2), dispersions of solid curing agents in epoxy

are prepared 2 x 3 min with a planetary centrifugal mixer ARE-250 (THINKY

U.S.A., INC., Laguna Hills, USA) and 2 x 10 min with an ultrasonic bath

SONOREX RK 510S (BANDELIN electronic GmbH & Co. KG, Berlin, Ger-

many). Furthermore, the ultrasonic homogeniser SONOPULS 2200.2 (BAN-

DELIN electronic GmbH & Co. KG, Berlin, Germany) with the sonotrode KE

76 in the rosette RZ 3 are compared (10 x 1.5 min intervals, ice bath).
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Casting Process

If not described otherwise, resin plates of the size 200 x 250 mm2, respectively

100 x 150 mm2 are manufactured in aluminium moulds (see Figure A.2.1, Ap-

pendix). Different thicknesses are achieved with frames.

Wet Lay-up / Handlaminates

Vacuum-assisted hand lamination is a simple process to manufacture compo-

sites. Moltoprene Rollers (R&G Faserverbundwerkstoffe GmbH, Waldenbuch,

Germany) are used to prepare wet lay-ups. The vaccuum bag set-up contains

peel plies, perforated films, and absorbent fleeces. Curing takes place in a con-

vection oven (UF 450plus, Memmert GmbH & Co. KG, Büchenbach, Germany)

or using a silikon heating mat (msquare GmbH, Stuttgart, Germany).

Resin Transfer Moulding

Resin transfer moulding (RTM) is conducted in a closed aluminium mould with

dimensions of 600 mm x 300 mm x 4 mm (see Figure A.2.1, Appendix) using

a heat press. Infusion takes place at a vacuum of 0.01 bar. After infusion, a

pressure of 2 bar is applied. Post-curing takes place in a convection oven (UF

450plus, Memmert GmbH & Co. KG, Büchenbach, Germany).

DirectPreg / Autoclave Process

Prepreg manufacturing is conducted partially through handlaminates or with a

prototype impregnation roll mill (IRM, EXAKT Advanced Technologies GmbH,

Norderstedt, Germany) using an overfilled gap to ensure uniform resin distribu-

tion (see Figure A.2.1, Appendix). The two rollers rotate in opposing directions

at 30 rpm. Fibre-volume ratios can be adjusted with a changing gap.

The prepregs are laminated and packed in a vacuum bag set-up between two

metal plates for good surface qualities, as shown in Figure A.2.1 (Appendix).

Curing takes place in an autoclave (Maschinenbau Scholz GmbH & Co. KG,

Coesfeld, Germany), operating under 7 bar pressure using nitrogen.
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2.2.2. Specimen Preparation

A F45 circular saw (Altendorf GmbH & Co. KG Maschinenbau, Minden, Ger-

many) with diamond saw blade is used for edging the manufactured plates. A

CNC-saw Brillant 265 (ATM Qness GmbH, Mammelzen, Germany) with a dia-

mond saw blade and water cooling is utilised to cut the test specimens according

to the respective standards. For SENB specimens, a CNC-saw of type Brillant

220 (ATM Qness GmbH, Mammelzen, Germany) is used. Dogbone specimens

are milled with an EUROMOD®-MP (Isel Germany AG, Eichenzell, Germany).

To ensure representativity and reproducibility, test specimens were extracted

from at least two different plates at defined locations.

2.2.3. Characterisation

Rheological Characterisation

Uncured resins are tested rheologically with an ARES rheometer (TA Instru-

ments Inc., New Castle, USA) in plate-plate mode according to DIN EN ISO

3219 [21] (20-50 °C, 2 K/min, plate diameter: 40 mm, gap: 0.5 mm, frequency:

5 Hz, shear strain: 10 %).

Fourier Transform Infrared Spectroscopy

FTIR measurements in the MIR range (4000 to 500 cm−1) are performed on a

Tensor II (Bruker Corporation, Billerica, USA) in Attenuated Total Reflectance

(ATR) using a MIRacle™ Single Reflection Horizonal ATR Accessory from PIKE

Technologies (Fitchburg, Wisconsin, USA). The resolution is set to 2 cm−1,

for background and sample spectra, the mean values of 40 measurements are

used. Validation of the predicted curing profiles is performed in transmission

mode in the NIR range (7500 cm−1 to 2500 cm−1) with a resolution of 2 cm−1.

The background spectrum is generated via the mean value of 40 measurements,

while for the sample spectra eight measurements are performed. Processing of

raw data includes a baseline correction and normalisation of the spectra on the

constant aromatic peak (1605 cm−1, C=C stretching). Gaussian fitting is used

to determine the positions of the peaks.
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Thermogravimetric Analyses

Thermogravimetric analyses (TGA) are performed according to DIN EN ISO

11358 [22] on a TGA Q500 (TA Instruments Inc., New Castle, USA) or on

a TGA/DSC 1 Star system (Mettler-Toledo, Columbus, Ohio, USA) from 20

to 800 °C resp. 1000 °C with 10 K/min for three samples per configuration

under nitrogen as well as synthetic air atmosphere. The decomposition temper-

atures (Tds) are determined by the maximum in the differentiated mass loss-

temperature curves.

Glass-Transition Temperatures and Cross-Linking Densities

Glass transition temperatures (Tgs) are determined by DSC 204 F1 Phoenix

(Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) according to

DIN EN ISO 11357-2 [23] by midpoint analysis. Therefore, samples are heated

twice from 5 °C to 300 °C with a heating rate of 10 K/min. Furthermore, Tgs

are determined by dynamic mechanical thermal analysis (DMA) on a GABOE-

PLEXOR®500N (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany)

in accordance with DIN EN ISO 6721-1 [24] via onset analysis (1 Hz, 2 K/min,

e.g., -130 °C to 230 °C). These measurements can simultaneously be used to

calculate the cross-linking density νC using Equation (2.2), with the universal

gas constant R = 8.3145 J/(mol · K) [25].

νC =
E′

Tg+40K

3 · R · (Tg + 40K)
(2.2)

Quasi-Static and Dynamic Tensile Tests

Mechanical testing was performed according to DIN EN ISO 527-2 [26] on diffe-

rent specimen geometries, listed together with the crosshead speeds in the re-

spective chapter. For testing matrix properties, dogbone specimens are either

tested on a Z010 (Zwick Roell GmbH und Co. KG, Ulm, Germany) or on a

GABOEPLEXOR®500N (Erich NETZSCH GmbH & Co. Holding KG, Selb,

Germany). Composites are tested with reference to DIN EN ISO 527-4 [27]

standard using rectangular specimens of 250 mm length and 15 mm width for

longitudinal tests resp. 25 mm width for transverse tests with 1 mm GFRP taps

on a Z100 (Zwick Roell GmbH und Co. KG, Ulm, Germany) equipped with
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hydraulic clamps. Transverse tensile strengths are determined as the strength

at the knee point of the stress-strain diagram.

Fatigue tests were performed on fibre-reinforced polymers according to the DIN

EN ISO 527-5 [28] standard with sinusoidal cyclic loading on a universal hy-

draulic testing machine (100 kN load cell, Instron GmbH, Darmstadt, Germany)

in tension-tension mode with a load ratio R = σmin/σmax of 0.1 and 20 %, 30 %

as well as 40 % of the ultimate tensile strength.

Three-Point Bending Tests

Three-point bending (3PB) tests are performed according to DIN EN ISO 14125

[29] on a universal testing machine Z010 (Zwick Roell, Ulm, Germany) with

3 mm/min. The 3PB samples investigated have a geometry of 120 mm x 15 mm

and a test length of 80 mm, while the supports have a diameter of 10 mm.

Compression Tests

Compression tests are conducted according to DIN EN ISO 14126 [30] on Z400

(Zwick Roell, Ulm, Germany). The composite specimens have geometries of

140 mm x 10 mm x 4 mm. According to the fourth Euler buckling case, the

free test length is calculated to 10 mm. GFRP tabs (± 45°) are applied with

UHU PLUS Endfest 300 (Uhu Holding GmbH, Bühl,Germany) at 60 ◦C. Ten

specimens are tested per configuration.

Fracture Toughness

For neat epoxy, fracture toughness in Mode I is determined using single-edge

notch bending (SENB) tests according to ASTM D5045 [31]. A razor blade is

utilised to insert a sharp crack immediately before testing. The critical-stress-

intensity factor at fracture initiation KI,c is calculated as displayed in (2.3),

where F is the fracture load, b the width and w the height of the specimens.

f(a/w) is a correction factor based on the geometry and crack length of the

sample. The energy per unit area of crack surface at fracture initiation GI,c is

calculated according to Equation (2.4).

KI,c =
F

b ·
√

w
· f(a/w) (2.3)
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GI,c =
(1 − ν2) · K2

I,c

E
(2.4)

The interlaminar fracture toughness of unidirectional fibre-reinforced polymers

is determined using double cantilever beam (DCB) tests (Mode I, GI) and end-

notch flexure (ENF) tests (Mode II, GII) in accordance with ASTM D5528 and

ASTM D7905. A thin polytetrafluoroethylene (PTFE) film (38 µm) is inserted

in the neutral plane as intrinsic crack start. The compliance calibration method

is used to evaluate energy release rates.

SENB, DCB, and ENF tests are performed on a Z010 (Zwick Roell, Ulm, Ger-

many) with hinged load introduction, respectively, 3PB setup.

Optical Analysis

A digital microscope of type VHX-6000 (Keyence Corporation, Osaka, Japan) is

used for optical examination. For quality control of manufacturing, parts of the

plates for several configurations were embedded in KEM 15 plus (ATM Qness

GmbH, Mammelzen, Germany) and polished with a polishing machine of type

Saphir 550 (ATM Qness GmbH, Mammelzen, Germany) prior to microscopy.

Microscopic fracture analysis after mechanical testing is conducted without em-

bedding. Particle sizes and diffusion lines are investigated with transmitted

light.

Furthermore, fracture surfaces are analysed via scanning electron microscopy

(SEM). The images were acquired with a SUPRA 55VP (Zeiss, Germany) using

secondary electron (SE) detection with an accelerating voltage of 3 kV. All sam-

ples were provided with silver conductive paint at the edge of the sample carrier

and vaporised with gold for 30 s at 40 mA with a BALTEC SCD 050 SPUTTER

(BALTIC Präparation e.K., Germany), creating an electrically conductive layer

of a few nanometre thickness on the surface.

Flame Tests

All flame tests are conducted in an HVFAA Horizontal Vertical Flame Cham-

ber (Atlas Material Testing Technology, Mount Prospect, Illinois, USA). The

Limited Oxygen Index (LOI) is determined according to ISO 4589-2 [32] using

an Oxygen Index Analyzer LOI 901 (NETZSCH TAURUS Instruments GmbH,
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Weimar, Germany). In addition, vertical UL 94 tests [33] are performed. Fur-

thermore, tailored flame tests were developed that are specified in Chapter 3.

2.2.4. Quality Control

Density Determination

Densities are measured with a precision scale AT261 DeltaRange equipped with

a density determination kit (Mettler Toledo, Columbus, Ohio, USA), following

Archimedes’ principle for eight samples per configuration. Firstly, the mass of

the specimen is weighed in air, followed by a measurement in ethanol. The

difference between the two values corresponds to the buoyancy. Formula (2.5)

is used to determine the density of the composite ρc, with A: weight in air, B:

weight in ethanol, and ρ0: density of ethanol (at 21 ◦C: 0.78849 g/cm3).

ρc =
A

A − B
· ρ0 (2.5)

Fibre Volume Ratio

Fibre volume ratios Vf are analysed at 600 ◦C in a muffle furnance (Heraeus

Deutschland GmbH & Co. KG, Hanau, Germany). Vf is calculated as shown in

(2.6), where Vf is the volume of the fibres and vc the volume of the composite.

According to data sheet information, the fibre density is ρf = 2.62 g/cm3. The

mass of the fibres (mf) corresponds to the mass of the residuum after calcination

and mc/ρc is taken from density measurements for at least four specimens.

Vf =
vf

vc
=

mf

ρf

mc
ρc

(2.6)

2.2.5. Thermokinetic Methods

Theoretical Background

In the development of new reactiv matrix materials, an understanding of the

respective curing kinetics is crucial to exploit the full potential of the investigated

polymers.
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Curing can be achieved with many different temperature profiles composed of the

parameters temperature, time and heating as well as cooling rates. In each case,

the conversion rate differs. To determine a suitable temperature profile, there are

analytical methods of varying complexity that describe the reaction kinetics by

solving the kinetic equation (2.7) [34], where α is the degree of conversion, t the

time, T the temperature, k(T) the reaction rate constant, and f(α) the conversion

function. Equation (2.7) includes the Arrhenius equation [35] to determine k(T).

A is the pre-exponential factor, EA the activation energy, and R the universal

gas constant.

dα

dt
= Φ(T, α) = k(T ) · f(α) = A · exp

(−EA

RT

)

· f(α) (2.7)

Different methods can be used to determine the parameters A, f(α), and EA.

Fundamentally, a distinction is made between isoconversional and isokinetic

methods. The first mentioned requires knowledge of the temperatures at which

an equivalent reaction stage occurs for different heating rates, while the second

depends on the reaction model [36, 37]. In this study, isoconversional methods

are used because they are considered comparatively superior for the accurate

determination of kinetic parameters [37]. They can again be differentiated into

differential (e.g., Friedman (FM)) and integral methods (e.g., Kissinger-Akahira-

Sunose (KAS) and Ozawa-Flynn-Wall (OFW)). Necessary data can be generated

by different experimental methods such as Differential Scanning Calorimetry

(DSC), Dielectric Analysis (DEA), Thermogravimetric Analysis (TGA), or rhe-

ological measurements.

In the FM method [38], the main kinetic equation is logarithmised (Equation

(2.8) and the so-called FM plot is applied. For this purpose, measurement data

are transformed into a coordinate system with ln(dα/dt) over 1,000/T. Points

with the same degree of conversion are then connected linearly (see, e.g., Fi-

gure A.4.6, Appendix) and evaluated as a linear function as shown in Equa-

tion (2.9).

ln
(

dα

dt

)

= ln((A · f(α)) − EA

RT
(2.8)

y = b + a · x (2.9)
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Considering Equation 2.8, the parameters can be determined with y = ln(dα/dt);

x = −1/T; a = EA/R and b = ln(A · f(α)) using multiple linear regression analy-

sis. For the KAS method [39], the kinetic equation (1) is converted to Equation

(2.10), where β is the linear heating rate. This equation is then integrated

(Equation (2.11)) and logarithmised, resulting in Equation (2.12) [39].

dα

dT
=

1

β
· Φ(T, α) =

1

β
· k(T ) · f(α) =

A

β
· exp

(−EA

RT

)

· f(α) (2.10)

β ·
∫ a

0

dα

f(α)
= A ·

∫ T

T0

exp
(−EA

RT

)

dT (2.11)

ln
(

β

T 2

)

= ln

(

A

F (α)

)

− EA

RT
− ln

(

EA

R

)

(2.12)

Measurement data for different heating rates are transferred into a so-called KAS

plot, with a coordinate system with ln(β/T2) over 1,000/T. As with the FM

method, the points with the same α are connected and the relevant parameters

are evaluated by Equation (2.9) with y = ln(β/T2); x = −1/T; a = EA/R and

b = ln(A/F(α)) − ln(EA/R) (see Equation (2.12). The Doyle approximation [40]

is used within the OFW method [41], resulting in Equation (2.13).

ln (β) = 5.3305 + ln

(

A

F (α)

)

− 1.052 · EA

RT
(2.13)

Using the OFW plot with the ordinate ln(β) over 1,000/T, the required para-

meters can also be determined by isoconversional linear functions with y = ln(β);

x = −1/T; a = 1.052 · EA/R and b = 5.3305 · ln(A/F(α)) (see Equation (2.13)).

The described methods can represent multiple-step reactions without parallel

reaction steps although there is no detailed knowledge about the reactions [42,

43]. If parallel and independent reactions occur, only the mean values of EA are

considered. The FM method can be applied to isothermal and dynamic mea-

surements, while the KAS and OFW methods require dynamic measurement

data [44]. Despite simplifying assumptions, the presented isoconventional meth-

ods can represent epoxy reactions well in many cases [36, 37, 43]. Especially,

the FM method is often particularly suitable [45–47]. Over time, further meth-

ods were developed. For example, the Kamal-Sourour method [48] considers

non-catalytic and autocatalytic reactions with two constants, but assumes that
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primary and secondary amines have the same reactivity and no etherification

reaction occurs [49]. In addition to the methods mentioned, there are also sim-

pler approaches, e.g., Kissinger (ASTM E2890) [50–52] or Ozawa (ASTM E698)

[53, 54], which determine only one value of EA and A without dependence on

α. However, these cannot adequately represent epoxy reactions, which are often

autocatalytic [55].

Implementation and Experimental Validation

For the determination of curing profiles for new epoxy systems via thermokinetic

methods as described in Section 2.2.5, DSC measurements at 1, 2, 5, 10, 20 and

40 K/min from 5 ◦C to 300 ◦C provide the basis. In this work, the analysis

was performed software-based with Kinetics Neo (Erich NETZSCH GmbH &

Co. Holding KG, Selb, Germany). The approaches that show the best correla-

tion with the experimental results are chosen from the introduced thermokinetic

methods to predict a temperature profile for curing. When generating curing

profiles, a constant and slow conversion rate avoids excessive exothermic heat

development [56], thus preventing thermal degradation [57]. Therefore, the fol-

lowing boundary conditions were set:

• Constant conversion rate of 0.25 %/min, which is in the range of commonly

used curing profiles [58, 59].

• Max. heating rate: 5 K/min

• Max. temperature: 180 ◦C

The profiles are linearised for subsequent curing in convection ovens. Ex-situ

FTIR and DSC measurements are used to validate the predictions. For this

purpose, the FTIR device introduced in Section 2.2.3 is used. Measurements are

performed between two glass slides (Menzel Gläser, Braunschweig, Germany),

which are glued together with double-sided adhesive tape (Tesa GmbH, Norder-

stedt, Germany) forming a measuring cell with a gap of 185 µm. The decrease

in the area of the epoxy peak between 4560 and 4497 cm−1 is evaluated at

various times of the temperature profile. Processing of raw data includes a base-

line correction and normalisation of the spectra on the constant aromatic peak

(4681 cm−1). DSC measurements (25 – 300 ◦C, 10 K/min) are performed on

several prepared crucibles, which are successively removed from the oven dur-

ing the run of the material-specific temperature profile. α is determined from
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3. Efficient Use of Flame Retardants

In recent decades, composites have become a key factor to realise lightweight

design, e.g. to safe energy in mobility applications. As FRPs are usually com-

bustible, flame retardants (FRs) are necessary to fulfil critical requirements.

In addition to the challenges with filtration effects, described in Section 3.1.2,

particles in the micrometre range often influence thermo-mechanical properties.

Although toughness can be improved due to their implementation, most other

properties, such as glass-transition temperature or strength, often decrease [12,

13, 60, 61]. This is because particles of this size can act as defects [62, 63],

‘disturb‘ the structure of the polymer network and also worsen the fibre-matrix

bonding in FRPs [64]. Therefore, minimal use is desirable in order to minimise

the impact on thermo-mechanical properties.

In order to minimise the proportion of flame retardants required in composites,

current studies often focus on combining different flame retardants [65–68] to

exploit synergistic effects (see Section 3.1.2), e.g., via microencapsulations [69,

70] to make flame retardants more efficient. Especially when using carbon and

natural fibres, surface modifications for fibres [71, 72] or interlayer nanofibre

methods [73] are also under investigation.

In the case of FR-particles, implementation in fire-exposed sections, e.g., on

component surfaces, is most effective. The use of gel-coats or coatings is one

way to achieve surface flame retardancy in industrial practice [74]. However, the

use of additional material can limit the potential for lightweight design [75] and

is sometimes not possible due to restricted mounting circumstances [76] or cause

adhesion challenges [77]. Consequently, the working hypothesis is:

An efficient use of flame retardants in appropriate locations can save material,

contribute to lightweight design and minimise the impact on mechanical

properties at the same time.
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In the condensed phase, a solid, carbon-rich residue (char) forms via dehydration,

cross-linking, and aromatisation processes during thermal or flame treatment.

Possible reactions depend heavily on the specific composition of the polymer. In

neat epoxy resins, it is reported that char formation is initiated at temperatures

of approximately 300 °C by homolytic cleavage of thermally unstable bonds, such

as ether bonds (C-O-C), which produce radicals (e.g., phenoxy radicals). Molec-

ular rearrangements and dehydration or dehydrogenation reactions increase the

carbon content, and conjugated double bond systems can form. Radical re-

combination, disproportionation, and cyclisation reactions further create new

C-C bonds. This is described as secondary cross-linking. The resulting poly-

cyclic aromatic structures are more thermally stable than the original polymer

network. If temperatures continue to rise, further condensation reactions can

take place, causing the carbon content to increase and resulting in graphite-like

domains [81–84].

According to Schartel et al. [81], the reactions that occur not only differ bet-

ween different classes of polymers but also depend on the specific choice of the

constituents. Thus, diglycidyl ether of bisphenol A (DGEBA) cured with 2,20-

dimethyl-4,40-methylene-bis-(cyclohexylamine) (DMC) forms a graphitic residue

containing mainly aromatic–allylic or cyclic ethers and strongly unsaturated

hydrocarbons, while the decomposition of methylene-bis-(2,6-diethylaniline)/

methylenebis-(2,6-diisopropylaniline)-cured tetraglycidyl methylene-dianiline re-

sults in a polyaromatic residue with included amino groups. Consequently, dif-

ferences in the formed char influence the flame-retardant effect.

In these condensed phase processes, short-chain pyrolysis gases are produced,

which serve as fuel for the combustion process. The volatile components form

a highly flammable air-gas mixture with atmospheric oxygen. Heat is released

in the process and is partially fed back into the polymer material. The process

produces highly reactive OH· and H· radicals, which again generate new radicals

(chain reaction). By reaching the auto-ignition temperature, the polymer ig-

nites itself, which results in new heat, and the process progresses. This thermal

feedback is shown in Figure 3.1 (right).

Consequently, a fire involves simultaneous pyrolysis (thermal decomposition with-

out oxygen) in the condensed phase and combustion reactions in the gas phase

(oxidation with flame) [85]. Over time, the pyrolysis zone continuously moves

through the polymer material. Thereby, aromatic structures in polymers sim-
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plify the charring reactions because the aromatic rings can act as precursers in

the building of the cycloaromatic structure, resulting in a higher char yield. This

char is a physical barrier for heat and mass transfer. If there is a lack of fuel or

oxygen, or if heat is removed from the system, one of the necessary factors is no

longer present and the fire extinguishes itself.

Nevertheless, neat epoxy is reported to be combustible. The resulting char has

only a low degree of graphitisation [86] and therefore low protective properties,

insufficient for an effective heat barrier. Consequently, additional flame retar-

dants are used to interrupt the combustion process by suppressing at least one

of the necessary parameters displayed in the fire tetrahedron (Figure 3.1, left).

3.1.2. Flame Retardants

In the past, flame retardancy was mainly achieved using halogenated substances

because they are highly efficient. However, due to the release of toxic gases during

thermal degradation and the associated risk to organisms and the environment,

the use of some of these flame retardants has already been banned by law [9,

10]. For this reason, compounds containing phosphorus, nitrogen and silicon or

inorganic substances such as metal hydrides or zinc borates are being increasingly

used [87]. Nevertheless, the use of these substances can also pose potential risks.

For example, zinc borates are highly toxic to aquatic organisms.

Flame retardants (FRs) can be categorised into solid and liquid substances or

in reactive and non-reactive additives [88]. Furthermore, FRs can be classified

according to their mode of action. The mechanisms of FR are based on chemical

and/or physical processes that occur in the gas and/or solid phase [74, 89]. The

oxidising agent (oxygen) can be limited by the release of non-combustible gases

in the gas phase. In the condensed phase, flame retardants can limit the fuel

source and the release of combustible gases by charring with an acid and a carbon

source. In addition to shielding the fuel source from the oxidising agent, this

protective layer also impairs heat transfer (limiting the heat source), which is

considered another important flame-retardant mechanism [9]. Intumescent flame

retardants (IFRs) additionally consist of a blowing agent which foams the char,

resulting in an effective insulation layer, particularly protecting the underlying

layers from the spread of flames [87].
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Phosphorus-containing FRs can act in the condensed phase and/or the gas phase.

The mode of action depends on the composition of the system, as several interac-

tions with other components are conceivable within the combustion process [10,

89]. During thermal decomposition, most of the phosphorus in the system is oxi-

dised to phosphorus pentoxide (P2O5), which removes water from the pyrolysing

substrate, producing polyphosphoric acid (HxPyOz). In the solid phase, the

phosphoric acid and the polymer substrate esterify, resulting in a dense char [88,

90, 91]. In the gas phase, phosphorus-containing radicals (P O·, HP O·) act

as radical scavengers by intercepting combustible radicals (H·, OH·) and thus

interrupting the chain reaction of combustion [92].

In particular, red phosphorus (RP), which is used in the Chapters 3 and 5, forms

a particularly dense and stable carbon layer by acting as a strong acid source,

allowing efficient catalysis of carbonisation. RP can therefore also be used as

an acid source in intumescent systems [93]. Ammonium polyphosphate (APP)

(Chapter 5) can even act as an acid source and blowing agent simultaneously in

intumescent systems and forms a multicellular char [94].

Synergistic Effects

Synergistic effects are exploited to enable more efficient flame-retardancy. Here,

several additives work together to improve the overall effect of flame-retardancy,

thus reducing the total amount of additives required [65–68]. This can be

achieved, for example, by simultaneously using APP with aluminium hydroxide

[95] or with montmorillonite [96]. According to Yang et al. [97], boron-containing

APP enhances not only flame resistance but also smoke release.

Besides, intumescence systems containing different components as acid source

and blowing agent, microencapsulations [69, 70, 91, 98] are also used to realise

synergetic effects efficiently, since the synergistic components are locally present

together. Bi et al. [98] dilutes flammable gases by releasing non-combustible

gases such as NH3 through surface modification of APP with Schiff base covalent

organic frameworks, while Cheng et al. [91] improve the compatibility between

RP and epoxy through polydopamine/melamine microencapsulated RP.
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3.1.3. Flame Tests

Various tests can be performed to assess fire behaviour. However, the real fire

behaviour of materials depends on many other factors, such as ventilation, heat

transport, the component itself, or storage conditions. However, realistic room

fire tests are very time-consuming and expensive. The fire behaviour of small

test specimens can be tested on lab scale under ideal conditions. The influencing

parameters of specimen geometry, ignition source, oxygen supply, and heat yield

can be controlled to allow meaningful comparisons between materials. UL 94

flame tests [33] are frequently used, in which samples are flamed twice for ten

seconds with a defined bunsen burner flame, e.g., in a vertical flame test. After

each flame treatment, the after-flame time is noted and the dripping of the

material is analysed, allowing different classifications of the material as a result,

where V0 is the classification with the best flame resistance. The determination

of the Limited Oxygen Index (LOI) is another standardised test procedure [32,

111]. The share of oxygen in the test atmosphere is adjustable by using varying

ratios of nitrogen and oxygen. The LOI describes the minimum concentration

of oxygen that will support the combustion of the material.

For composites, cone calorimetry [112] is a frequently used flame test, where a

sample is exposed horizontally to a constant heat flow for the duration of the

test. In addition, a spark igniter is used, which ignites the material as soon

as an ignitable mixture is created in the gas phase. The aim is to determine

the heat release rate through oxygen consumption. Besides, the time-to-ignition

(tti) and mass loss of the sample, as well as the total amount of heat released

and the maximum heat release rate, are determined. In contrast to the UL 94

test, in which flammability and burning behaviour are examined, the fire process

is investigated energetically. In general, specific tests must be passed to certify

materials for various applications. For instance, in aircraft construction, test

specimens are tested for their flame resistance following the "Aircraft Materials

Fire Test Handbook" [113]. For example, samples are clamped horizontally over

a Bunsen burner and flamed for 15 seconds. The burn rate is determined. A

metal mould with specified internal dimensions is used as a holder, which itself

is non-combustible and corrosion-resistant. When positioning the mould, the

side that is exposed to the flames in the real application must be placed towards

the flame. Other standards, such as DIN EN 60695-11-10 [114], also provide

methods for the analysis of composite specimens, in which different fire lengths

are examined.
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3.2. Materials

In the following, the epoxy system 827/137H is used. RP is added as a flame

retardant (see Chapter 2), as RP is visually distinguishable due to its red colour.

Given percentages of RP refer to the relative mass of RP related to the total

mass of the resin and curing agent. In Section 3.4.1, composites are manufac-

tured using the introduced UD600 glass fibre fabrics to manufacture unidirec-

tional lay-ups, while in Section 3.4.2, X-E-610 glass fibre fabrics are utilised for

quasiisotropic laminates. The NW was partly added to the surfaces.

3.3. Methods

3.3.1. Manufacturing

Handlaminates

The handlaminated, 4 mm thick and unidirectional wet lay-ups which are in-

vestigated in the first part of this chapter, are cured vacuum-assisted with a

heating mat and post-cured in a convection oven. Table 3.1 gives an overview

of the manufactured plates and their nomenclature.

As can be seen in Figure 3.3 (left), one typical problem while curing plies with

and without flame retardants is the convey of particles into unmodified layers.

As a result, the desired particle content on the surface is lower than intended.

By pre-curing the modified plies, it is possible to ensure that the RP remains

in the desired layers so that the filler content could be kept as low as necessary

(Figure 3.3, right). In order to investigate any potential influence of pre-curing

independent of additional particle loading, an unmodified plate was also pre-

impregnated and pre-cured with neat resin.

Commercial prepregs are pre-cured to ≈ 25 – 35 % which is described in the

literature as B-stage [115, 116]. Various temperatures can be selected to realise

the desired degree of curing. In this work, pre-curing is carried out at 50 °C,

analogous to the complete curing, introduced before. Thermokinetic methods

were conducted and validated via FTIR and DSC as described in Section 2.2.5

to determine the required time for pre-curing. After an initial study, 90 min

at 50 °C (≈ 40 % pre-curing) is necessary to achieve a prepreg that is easy to

process.



3. Efficient Use of Flame Retardants 29

Table 3.1.: Manufactured Configurations with their amount of RP per plate
(250 mm x 250 mm). NW: Non-woven fabric, *: pre-cured, x %: mass-related
amount of RP.

Configuration Scheme Absolut RP Global RP
content in g fraction in wt %

[0]8 0 0

[NW, 08, NW] 0 0

[NW∗, 0∗, 07, NW] 0 0

[NW, 08, NW]3%RP 4 3

[NW, 08, NW]12%RP 16 12

[NW12%∗, 012%∗, 07, NW] 2.8 2.1

Figure 3.3.: GFRPs containing partially modified layers without pre-curing
(left) and pre-cured (right). NW: Non-woven fabric, UD: Unidirectional glass-
fibre fabric; RP: Red Phosphorus.
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Originally, the CPI-method is used for highly stressed components that are large

and have complex geometries. In this context, prepregs are used for geometrically

simple areas exposed to high mechanical loads, while complex structures such as

stringers or frames are manufactured using infusion processes (e.g., RTM). Both

parts are combined in the same curing cycle, increasing integration and cost

efficiency. Thus, the advantages of both processes can be achieved. However,

the quality of the interface between prepreg and the infusion part is relevant for

the mechanical performance of the component [117–119].

Two plates are manufactured for each configuration to ensure reproducibility.

For tracability and comparability, test specimens are uniformly extracted and

labelled. Figure 3.6 shows a schematic overview of the uniform division of plates

into test specimens and their labelling for traceability.

Figure 3.6.: Uniform plate division into test specimens and labelling for trace-
ability. XX: Configuration; YY: Platenumber (01/02); FT: Flame test; 3PB:
Three-point bending; CT: Compression Test; FVF/ρ: Fibre-volume fraction
and density analysis, M: Microscopy.

3.3.2. Tailored Flame Tests

The flame tests conducted are tailored to the flame-retardant surface modifica-

tions of the laminates considering methodical approaches of conventional test

methods (see Chapter 3.1.3).

The 40 mm flame of a bunsen burner (0,7 kW, methane gas, technical grade)

is applied centrally to the respective test specimens. To prevent the flame from
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spreading over the edges, a horizontally aligned steel frame is utilised. In ad-

dition, three temperature sensors (type K, TC Mess- und Regeltechnik GmbH,

Mönchengladbach, Germany, see Figure 3.7, left, 1-3) are installed to measure

the temperature development during flame treatment on the top (centrally) and

bottom (edge area) of the test specimen and on the frame every five seconds.

Videos are recorded during the tests. Herewith, the time-to-ignition and after-

flame time is analysed. Furthermore, mass loss is tracked.

Figure 3.7.: Set-up of the flame test.

For handlaminated specimens, the flame is applied at a distance of 25 mm to

the surface of 100 mm x 100 mm specimens. Test A used ten flame applications

of 60 s. A 180 s flame treatment was added afterwards. As a second test (Test

B), a single flame treatment was performed over 180 s.

Taking into account thereby generated results, the burner distance is enlarged

to 35 mm for the second part of this chapter (Section 3.4.2) and the flame treat-

ments are set to 180 s and 300 s. Furthermore, the specimens were enlarged

to 100 mm x 150 mm specimens to allow the determination of residual com-

pressive strengths after flame treatments. Four specimens are flamed for each

configuration and length of flame treatment.

3.3.3. Mechanical Characterisation

Three-point bending (3PB) tests are performed with the pre-cured part on the

tensile side as well as on the compression side. For each configuration, ten

specimens are tested in both orientations.
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To evaluate the residual strength after different types of damage, the mechani-

cal properties of damaged specimens are compared with the initial undamaged

state. In the following, a compression after impact (CAI) setup (ASTM D7137)

is used to investigate the residual strength of flamed specimens with a Z400

(Zwick Roell, Ulm, Germany) at 1.25 mm/min. For each flame test and con-

figuration, three specimens are analysed. To exclude the influence of particle

modification on mechanical properties, the residual strength was standardised

to the compressive strength of unflamed specimens of the respective configura-

tion (see Section 2.2.3).

3.3.4. Quality Control and Microscopic Examination

Densities and fibre volume fractions for four (handlaminates) or eight (RTM /

CPI) samples per configuration, as well as digital microscopy and SEM images

of the various configurations, are analysed for the purpose of quality control.

Furthermore, samples are partially cut in the centre after flame treatment in

order to examine their cross-sections. ImageJ was used to process and analyse

these images.

3.4. Results and Discussion

3.4.1. Partially Modified Handlaminates

Figure 3.8 (left) shows the results of the eleven flame treatments of Test A, while

Figure 3.8 (right) displays the single 180 s flame treatment of Test B. The dots

demonstrate the time-to-ignition (tti) within the flaming time (60 s or 180 s,

grey column). On top of this column, the after-flame time is shown.

Firstly, the influence of the NW is analysed by comparing the configurations [08]

and [NW, 08, NW]. In addition to the positive influence on the surface quality,

the non-woven fabric is beneficial for the GFRPs behaviour against fire, because

it prevents the after-flame time after A3, while without NW, six flame treatments

lead to an after-flame time.



34 3. Efficient Use of Flame Retardants

F
ig

u
re

3
.8

.:
A

fter-flam
e

tim
es

and
tti

in
T

est
A

w
ith

several
flam

e
treatm

ents
(left)

and
T

est
B

(right).



3. Efficient Use of Flame Retardants 35

Considering the images of the flame-treated surface of the specimens (Table 3.2),

it is noticeable that the fibres without the NW are already exposed after the first

flame treatment.

Table 3.2.: Flamed surfaces after first, fifth, and last flame treatment of Test
A and after Test B.

Configuration A1 A5 A11 B

Consequently, the matrix of the lower layers is more freely accessible, while the

NW forms a closed layer above the load-bearing fibre layers. The matrix content

is comparatively high in the NW, so more carbon is present, which can carbonise

and form a char. If the number of flame treatments increases, the NW cannot

withstand any more, which is also noticeable in an after-flame time of 13 s after

A11. It is also noticeable that the ttis with NW are significantly lower than those

without NW. However, this does not have a negative influence on the after-flame

times.
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When using RP, no after-flame times can be observed for any of the configu-

rations analysed from the third flame treatment onwards. The configurations

only differ in the three-minute flame treatments. While no after-flame times

can be determined for the 12 % modified configuration in Test A11 and B, the

configuration modified with 3 % RP throughout burns for eight seconds (A11)

respectively four seconds in Test B. The only locally modified configuration is

in a comparable range in terms of after-flame times. However, Table 3.2 shows

that fewer fibres are exposed after A11 than with [NW, 08, NW]3%. On the

other hand, Test B leads to comparable surfaces. Table 3.2 also shows that

the modified configurations have a different char structure than the unmodified

configurations due to the reaction of the RP described in the introduction. In

general, Test B leads to a different visual impression. The load-bearing fibres are

less exposed without prior flame treatment for all configurations with NW.

Figure 3.9 shows the temperature development over three minutes (A11 and B)

exemplary for the configuration [NW, 08, NW]. However, in qualitative terms,

the curve can be observed in the same way for all configurations. The temper-

ature on the upper side initially rises more slowly, but the maximum measured

value then exceeds that of test B as the flame exposure time increases.

Figure 3.9.: Temperatures on the flamed surface (bottom) and the top of the
specimen [NW, 08, NW]. 180 s flame treatment after 10 x 60 s (Test A11) and
Test B.

As described in Chapter 3.1, the shielding caused by the formation of a char

by the individual flame treatments leads to a change in heat conduction. As

the duration of the flame treatment increases, the heat conduction across the

cross-section appears to increase proportionately more. The reason for this may

be the ‘failure’ of the NW and, thus, the loss of the char built up on it. On the
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bottom side, the temperature is measured at the edge as described. In contrast

to Test B, in Test A11 a plateau is formed at a comparatively lower temperature

level. In this case, the temperature also increases to a higher maximum value

with further flame treatment.

3.4.2. Combined Prepreg and Infusion Technique

Quality Control of Manufacturing

By using the introduced CPI-method, filtration effects are avoided. As Fi-

gure 3.10 shows, RP particles remain in the desired plies, which can be detected

by the red colour of the entire layers. Individual RP particles are visible in Fi-

gure 3.10 in white, as the particles scatter the light of the microscope. According

to the specifications of the manufacturer, the median particle size distribution is

D50 ≈ 24 µm. Larger particles are present mainly between the fibre layers and

infiltrate the fibre bundles less frequently (see Figure A.3.1, Appendix). Due to

the production of the prepregs via wet lay-up by hand, some pores are present

in the prepreg layers. Porosity increased by a factor of ≈ 2.4, determined by

analysing digital microscopy images [15] (see Appendix, Figure A.3.2).

Figure 3.10.: Exemplary microscopic evaluation of CPI-process.

The densities and fibre-volume ratios are displayed in Table A.3.1 (Appendix).

Due to the closed RTM-mould with a predetermined thickness of 4 mm, the fibre-

volume ratios are ≈ 45 % for all lay-ups. The densities remain unchanged at

≈ 1.82 g/cm3. The standard deviations within each configuration are very low,

indicating good reproducibility. Hence, the manufacturing quality is adequate

for the following investigations. For comparison, the handlaminates discussed in

the previous section (Chapter 3.4.1) achieved fibre-volume ratios of ≈ 40 %.
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Table 3.3.: Time-to-ignition and after-flame times after 180 s resp. 300 s flame
treatment for n = 4 specimens of different configurations.

Configuration Time-to-ignition After-flame time After-flame time
in s in s (180 s flame) in s (300 s flame)

without NW

14.6 ± 1.2 55.0 ± 17.1 27.5 ± 4.0

with NW

16.0 ± 2.8 50.0 ± 16.1 30.3 ± 2.9

1⁄8 6% RP

20.4 ± 2.4 32.5 ± 2.5 18.0 ± 5.4

1⁄8 12% RP

24.6 ± 10.1 23.0 ± 6.8 22.3 ± 4.9

1⁄4 12% RP

37.3 ± 2.5 20.3 ± 2.9 18.7 ± 0.5

modified lay-ups each show similar afterburning times in the range of 20 s. Fi-

gure 3.13 visualises the 180 s flame test, showing the significant improvement of

the partially modified compared to the unmodified configuration.

The discussed trends are predominantly beyond the standard deviations of the

investigated parameters (see Table 3.3). While the standard deviations of the

unmodified configurations show higher deviations, e.g., in their after-flame times

after 180 s flame treatment, the configuration with the highest degree of modifi-

cation (1⁄4 12% RP) shows very repeatable results in their time-to-ignition and

after-flame times. Despite the simplicity of the tests and the complexity of fire

development processes, the tailored flame tests can be classified as representative

and reproducible.

In Figure 3.14, cross-sections after flame treatment are shown which confirm,

that the whole cross-section is affected for the unmodified and 6 wt. % configu-

rations. The higher mass loss for unmodified specimens (Figure 3.12) is due to

a broader affected area without RP.
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Figure 3.14.: Left: Cross-sections of relevant configurations after flame tests.
Influenced plies are marked. Right: Flamed and opposite surfaces of specimens
after 180 s flame treatment. Bottom left: Blank NW without RP modification.
Bottom right: NW with char of condensed phosphoric acid.

Figure 3.14 (right) shows the affected areas of test specimens from the flamed and

non-flamed side. The modification leads to a typical reaction of RP with O2 and

H2O from the air on the flamed side to condensed phosphoric acid at ≈ 300 ◦C,

forming a protective layer (see Figure 3.14, bottom right). The unflamed side

is already damaged for unmodified specimens after 180 s of exposure to flame,

while the modified configuration under consideration shows brown discolouration

in a limited area due to heat exposure. The fibres are still intact as visible in

the cross-sections in Figure 3.14 (left).

In Figure 3.15, the temperature progression over time is displayed for the flamed

surface aside from the flame. It can be seen that the measured temperature

decreases with an increase in the amount of RP. As described, the char built

with RP slows the heat transfer, resulting in lower temperatures at the edge of

the specimen. Consequently, the area with critical high temperatures for matrix

degradation decreases with the use of RP.
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The residual strength of the specimens modified with 6 wt. % RP is at the same

low level as that for the unmodified specimen. This observation is in line with

the affected plies shown in Figure 3.14, where for both lay-ups similar levels of

damage are visible. Modification of 1⁄8 of load-bearing plies with 12 wt.% RP

significantly improves the residual strength after 180 s of flame treatment, while

after 300 s of fire load, the compressive strength drops to the low values of the

configurations first discussed.

The residual compressive strength of the composites containing 12 wt. % RP is

up to 54 % higher after 180 s flame tests compared to the non- and low-modified

composites, while the highest modification grade (1⁄4 12 %) also increased the

residual strength after flame treatment of 300 s by approximately 40 %. These

results highlight the significant improvement due to the local modification. The

differences in the residual compressive strengths of the different configurations

fall outside the standard deviations and are therefore reproducible for several

specimens (n=3). As compressive strength retention is highly influenced by

sample destruction by the flame treatment (see cross-sections in Figure 3.14),

the standard deviation for compressive strength retention is slightly higher for

specimens, where the standard deviations in Table 3.3, e.g., after-flame times,

were also higher.

As the pictures in Figure 3.14 show, the char which is built during flame test

with RP-modification cracks under compressive load and unembedded fibres be-

come visible below, where load transfer is limited resulting in lower compressive

strengths. A micrograph of a char crack is shown in Figure A.3.3 (Appendix),

showing that cracks occur in the condensed phosphoric acid char in the NW

(also see Figure 3.14). Accordingly, this char layer initially bears minimal loads

compared to the blank NW without RP modification, where no cracks occur.

However, compared to fibres with intact matrix, this is expected to be only a

very small proportion.

Consequently, the proportion of plies with degraded matrix is decisive for the

residual strength. Of course, ≈ 30 % residual compressive strength is generally

not sufficient for further operation. However, in contrast to, e.g., impact da-

mages [120], fires are easily noticeable and components are replaced after the

fire. Nevertheless, an improved residual strength increases the probability of

being able to evacuate in the event of a fire.
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The test setup for determining the residual strength is suitable for qualitative

comparisons between the examined configurations for uniform flame treatments.

It reveals significant improvements with only small global amounts of RP when

concentrated at the fire loaded surface. However, the number of modified plies

must be adjusted for specific applications to fulfil all requirements to pass de-

manded large-scale tests.

According to Cheng et al. [91], epoxy resins achieve UL94 ratings starting at 7 %

RP. Own results (Table 5.1) show that UL94 V-0 rating is achieved with 10 % RP

in the specific epoxy system 827/137H. A minimum amount of flame retardants

is therefore necessary for effective operation. Even though it was not possible to

test this conclusively due to the filtration effects that occur, for example with

regard to the residual strengths after flame treatment, it can be assumed that,

for example, modifying 1/8 of the layers with 12 % RP leads to better results

than distributing the same amount of RP over the entire cross-section (1.5 %

RP), as the proportion is considered locally too low to be effective.

3.5. Conclusions

In summary, this chapter provided a methodology for tailored modification of

composites. It was possible to show that pre-curing ensures that the modification

remains in the desired plies so that the FR content can be kept as low as neces-

sary. In addition, the mechanical properties did not change beyond the standard

deviation. The test scenarios developed from various existing flame tests provide

a screening method for making qualitative comparisons between different flame

retardants or flame retardant proportions and their distribution in the laminate.

A modification of individual layers with a small amount of FR already shows sig-

nificant improvements in fire behaviour compared to unmodified configurations.

In a direct comparison of the partially modified, handlaminated configuration

[NW12%∗, 012%∗, 07, NW] with the configuration [NW, 08, NW]3%, approximately

one third of FR can already be saved and similar results can be achieved with

respect to the after-flame times. According to optical analyses, the tailored mod-

ified specimen is even less affected. 82.5 wt. % RP can be saved compared to the

configuration modified with 12 % RP throughout. Differences are recognisable

only with increasing fire load (180 s flame exposure). In addition, the use of a

NW is useful not only for uniform surface qualities but also for fire protection

applications, as the high matrix content leads to a more pronounced char.
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The combination of RTM and prepregs with FR particles enables an industrially

feasible production method with a low total FR content (≈ 1.5 - 3 % RP)

and improves flame retardancy and residual strength. The presented approach

provides clear results for evaluating the flame retardancy and residual strength

using minimal equipment. The developed screening method allows qualitative

comparisons to be made between different laminates and acts as a complement to

the more complex, standardised test methods. In industrial use, flame-retardant

modified prepregs can be positioned in RTM moulds in an automated manner,

allowing the manufacturing of large parts, e.g., train walls, in infusion processes.

For certification in industrial applications, the number of modified plies must be

adjusted to meet the respective standards.

However, the hypothesis below can be fully confirmed:

An efficient use of flame retardants in appropriate locations can save material,

contribute to lightweight design and minimise the impact on mechanical

properties at the same time.
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4. Sustainable Matrix Materials

Using biomolecules instead of synthetic matrix components can significantly re-

duce the risks to health and the environment in composite manufacturing. As

the properties of bio-based alternatives are currently still mostly below the re-

quirements for their typical use in mobility applications or, e.g., in rotor blades of

wind turbines for energy generation [121], the working hypothesis of this chapter

is:

Matrix polymers derived from bio-based feedstocks can achieve competitive

properties while minimising environmental and health risks during processing.

Numerous approaches are under investigation to enable the use of bio-based

resources for matrix polymers (see Section 4.1). Among these broad possibilities,

the main part of the following chapter deals with amino acid-cured epoxy resins

(Section 4.2), in which the curing agent as the most harmful component of

classic epoxies is replaced by biomolecules. In Section 4.3, fully biobased matrix

materials based on epoxidised linseed oil are examined.

4.1. State of the Art

Current economic and social challenges such as climate change, as well as the

dependencies and resulting scarcity of resources, lead to a variety of scientific

tasks. In the field of polymers and composites, there is a growing demand for

sustainable and environmentally friendly alternatives to petrochemical systems

that are also safe for human health.

Due to their outstanding properties, epoxy resins are often used as matrix ma-

terial in FRPs [122]. They consist of at least one resin component with epoxy

groups and a minimum of one curing agent. The use of platform chemicals,

i.e., basic chemicals produced from renewable raw materials that are suitable

as precursors for numerous other chemicals, is the easiest way to achieve more
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sustainable matrix materials. For instance, commercially available, partially

biobased epoxy resins use epichlorohydrin from renewable feedstocks, which, for

example, reacts with bisphenol A via condensation to DGEBA.

Nevertheless, bisphenol A is known to be an endocrine disruptor and has a

harmful impact on human health [123]. For this reason, research is increas-

ingly focusing on alternatives based on vegetable oils [124–127], lignin [128–132],

vanillin [133, 134], rosin [135–138], tannin [139], sugar [140, 141], cardanol [142–

144], eugenol [145, 146], itaconic acid [147, 148], resveratol [149, 150] and other

bio-based resources for the A-component. Since this thesis will focus on vegetable

oils as resource in Section 4.3, the following state of the art (Section 4.1.1) will

also focus on this feedstock.

In their non-cured state, epoxy resins pose critical environmental and health

risks. Epoxy allergies are quite common among workers [151–154]. In particular,

conventional curing agents, mostly derived from petrochemical raw materials,

pose high risks [122], some of them are classified as toxic or even carcinogenic.

Therefore, recent developments in sustainable alternatives for curing agents are

highlighted in Section 4.1.2.

In addition to their low environmental impact and easy access, biomolecules

are often available at low-cost and have therefore potential to be used in indus-

trial applications where, besides performance requirements, the economic effi-

ciency is a major factor for choosing materials. Nevertheless, the sustainability

of biobased resources must always be assessed individually. Cultivated land is

also limited and competes with food supply. Therefore, the use of by-products,

residues and waste streams from food production should be pursued [155]. In

addition, efforts should be made to ensure that resources are extracted without

negative side effects on global biodiversity [155]. Some biobased resources are

also harmful to human health. One example is furfuryl alcohol, which is used in

the production of furan resin and may also pose serious health risks [156, 157].

4.1.1. Epoxidised Vegetable Oils

The availability of large amounts of vegetable oils (VO) at a low cost, com-

bined with their advantage of being renewable and low in toxicity, makes these

biological raw materials attractive environmentally friendly substitutes for petro-

chemical platforms for polymerisation [158–161]. Vegetable oils consist of three
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long-chain fatty acids chemically bound to a glycerol backbone. This forms a

typical triglyceride structure [159]. According to Radojcic et al. [162], triglyc-

erides are the only readily available biomass-based raw material with a carbon-

hydrogen ratio similar to that of petroleum. Depending on the type of plant,

the season, the growing conditions, and other factors that affect the crop itself,

the composition of fatty acid chains can vary significantly [163, 164].

VOs such as linseed or soybean oil consist mainly of linolenic acid and linoleic

acid [163, 164]. The unsaturated chains of linolenic acid (see Figure 4.1 (i)) have

three double bonds between two carbon atoms. Linoleic acid contains two of

these double bonds (Figure 4.1 (ii)), but oleic acids with a single double bond

or stearic, respectively, palmitic acids without double bonds can also be found

in VOs [158, 165].

Figure 4.1.: Chemical structures of linolenic acid (according to [163]), linoleic
acid and ELO (according to [162, 166]).

Table 4.1.: Composition of linseed and soybean oil in %. x is the number of
carbon atoms, y the number of double bonds [167].

Fatty Acid Stearic Palmitic Oleic Linoleic Linolenic
(x:y) (18:0) (14:0) (18:1) (18:2) (18:3)

Soybean oil 4 11 23 53 8
Linseed oil 4 5 19 15 57

The unsaturation enables functionalisation with oxirane groups, with a conver-

sion of more than 90 % usually being achieved [168]. Therefore, functionalised

oil provides an excellent platform for a series of chemical reactions that can

lead to polymeric materials [159, 162]. Epoxidation of these triglycerides can be

achieved in a relatively simple and straightforward process by reaction with, for

example, molecular oxygen or hydrogen peroxide [158, 163]. Table 4.1 compares

the composition of linseed oil with soybean oil. Both vegetable oils differ in

the proportion of linoleic and linolenic acid. Due to the larger number of double

bonds, a higher functionalisation can be achieved with linseed oil. Figure 4.1 (iii)
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shows an example structure of epoxidised linseed oil (ELO). Due to the influence

of batch production, the number of oxirane groups can vary [162, 169, 170].

Conventional petrochemical epoxides have terminal epoxy groups. In contrast,

epoxidised VOs have internal groups. This has a significant impact on the curing

mechanisms and complicates thermal curing with amines, as is often used with

fossil epoxides [171]. The literature reports successful curing with anhydride-

based hardeners [172], with dicarboxylic acids [173], and with catalysts under

radiation [159, 162]. However, even complete cross-linking of these monomers

results in a flexible network with low cross-linking density due to long aliphatic

chains, which is a challenge in the development of a composite material for

structural applications with adequate mechanical properties [161, 174, 175].

In addition to linseed and soybean oil described in detail, canola [176], castor

[177], karanja [178, 179], hemp [180], cottonseed [181], rapeseed [182, 183], and

palm oil [184] have also been investigated as sustainable alternatives for epoxy

resins.

4.1.2. Biobased Epoxy Curing Agents

For the production of bio-based curing agents, the literature often refers to bio-

based feedstock for the synthesis of known, originally petroleum-based curing

agents. For example, similar to the epoxy A component, curing agents can also

be produced using cardanol. Cardanol is obtained from cashew nut shell liq-

uid and enables the synthesis of phenalkamine via cardanol butyl ether using,

among other substances, 1-chlorobutane and potassium carbonate [185]. Rosin-

based [186, 187] or furan-based curing agents [188] have also been reported.

However, bio-based feedstocks are very versatile and publications have also ap-

peared on polyamine grape seed oil [189], gallic acid- [190] or isosorbide-based

[191] curing agents.

Because these curing agents pose the same risks during synthesis and in their

final state as the same chemicals from petrochemical sources, it may also be

appropriate to use biomolecules as curing agents without additional synthesis if

reactive functional groups are present.

For example, there are reports on the use of citric acid [192, 193] and itaconic

acid [194] for the curing of epoxidised vegetable oils or the use of amino acids

with accelerators [195, 196] for the curing of DGEBA.
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4.2. Amino Acid-Cured Epoxy Resins

Amino acids are extracted and isolated from protein fermentation [197] or from

protein hydrolysates through crystallisation and ion exchange chromatography.

Gelatin, hair or feathers can be possible feedstocks. Amino acids are available

at a low cost, permitted as food supplements, and are therefore harmless to

the environment and health. In the literature, it has already been shown that

amino acids are capable of curing epoxy resins using accelerators such as 2-Ethyl-

4-methyl imidazole [195] or 1,1’-(4-methyl-1,3-phenylene)bis(3,3-dimethylurea)

[196]. Nevertheless, there are open questions, for example in terms of their

reaction mechanisms and curing kinetics with and without accelerators. Fur-

thermore, the effects of variations in mixing ratios on the thermo-mechanical

properties, their lifetime properties and durability, e.g., their stability towards

environmental influences, or their use as matrix materials in FRPs have not yet

been addressed.

Based on the functional groups they contain and preliminary tests, the amino

acids L-arginine (L-Arg), L-tryptophan (L-Trp) and L-phenylalanine (L-Phe)

were selected and tested as part of this dissertation. L-Arg is especially prevalent

in seeds and nuts (e.g., pumpkin seeds and peanuts), as well as in meat, fish,

and legumes. Relatively large amounts of L-Trp are found in grains (e.g., bran),

while L-Phe is contained in eggs and dairy products (e.g., cheese) [198–200].

4.2.1. Methods

Where necessary, additional specifications are given to carry out the tests in this

chapter, expanding on those already presented in Chapter 2.

Uncured Systems

In order to investigate not only the temperature-dependent viscosity of the

resin/hardener dispersions, but also their shelf life under different storage con-

ditions, rheological measurements were repeated after 1, 4, 8, 12, 16, 20 and

24 weeks with cooled storage (11.5 ± 0.6 °C) and storage at room temperature.

The viscosity at 35 °C is evaluated. For selected systems, namely 827/L-Arg and

827/L-Arg/UR500, DSC measurements after 34 weeks of room temperature and

cooled storage were conducted with 10 K/min and compared to the initial state.

Thermokinetic methods were used as described (see Section 2.2.5) to determine
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individual curing profiles for each system. For example, the system 827/L-Arg

is cured in two steps, including 60 min at 167 °C followed by 70 min at 180 °C.

Defined heating and cooling rates as well as all other curing profiles are listed in

Table A.4.1 in the Appendix.

Cured Thermosets

To screen the mechanical properties of different resin/amino acid combinations,

dogbone specimens of type 1BA according to DIN ISO 527 [26] are used in Sec-

tion 4.2.3 (1 mm/min for the determination of Young’s modulus, 5 mm/min

afterward). For selected systems, the tensile strength was validated with spe-

cimens of type 1B. As specimens were partially tested using a modified setup

(lower stiffness of the machine due to extended rods), the respective elongations

at break were corrected according to Hook’s law.

Since a qualitative comparison is made in Section 4.2.4 for varying mixing ratios

and in Section 4.2.7 to analyse the impact of environmental and chemical influ-

ences on the mechanical properties, the geometry according to [201] was chosen

due to their known accurate and reproducible performance in tensile testing.

Furthermore, this geometry allows resource-saving manufacturing and the use of

similar specimen design also for thermo-mechanical analysis (DMA-Tg measure-

ments). Dogbone-shaped samples are milled and conditioned for 24 h at 40 ◦C

under vacuum and tested on the introduced DMA-device in static tensile tests

1 mm/min (5 % strain/min) until failure. Dynamic tests were performed with

1 Hz, 2 K/min, 20 ◦C to 150 ◦C). Additionally, Tgs are determined by DSC by

midpoint analysis. A heating rate of 10 K/min was defined for two heating runs

(maximum temperatures: 1. 180 ◦C; 2. 200 ◦C).

Stoichiometric Variations

Section 4.2.4 investigates the effects of changes in the mixing ratio of the system

827/L-Arg. This serves, among other purposes, as a basis for establishing mix-

ing tolerances in potential industrial applications. The theoretically calculated

stoichiometric mixture (see Section 2.1 is referred to as R = 1.0). In this study,

the amount of L-Arg is changed between 50 % and 150 % of the theoretically

stoichiometric amount. Table 4.2 shows their weight-related mixing ratios.
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Table 4.2.: Mixing ratios of all manufactured configurations.

Stoichiometric Ratio R 827 in g : L-Arg in g

0.5 100 : 6.87
0.6 100 : 8.24
0.7 100 : 9.62
0.8 100 : 10.99
0.9 100 : 12.36
1.0 100 : 13.74
1.1 100 : 15.11
1.2 100 : 16.49
1.3 100 : 17.86
1.4 100 : 19.24
1.5 100 : 20.61

Immersions

Immersions in demineralised water take place at 8 °C, 22 °C, 50 °C and 70 °C,

while in isopropanol, acetone, and hydraulic oil, the immersion temperature is

set to 22 °C. For faster saturation, small dogbone specimens as published by

Gibhardt et al. [201] are used. In order to compensate for slight changes in

the thickness of the specimen due to their different manufacturing methods,

the immersion time is subsequently standardised to 1 mm. This standardisa-

tion was verified using specimens of different thicknesses. Closed vessels ensure

that test specimens are exposed to the respective medium from all sides. Be-

fore immersion, specimens are dried in a vacuum chamber at 40 °C, unless mass

consistency. Changes in mass and geometry are tracked with a precision scale

(AT261DeltaRange®, Mettler Toledo, Columbus, Ohio, USA), an outside mi-

crometre and a caliper gauge during immersions using at least three specimens.

The immersed specimens were re-dried and weighted in a vacuum oven at 40 °C

until mass consistency, followed by re-drying at 100 °C under vacuum to obtain

additional information on degradation.

FTIR measurements in the MIR range are performed for dry and immersed

specimens and for 48 h at 40 °C under vacuum re-dried specimens in ATR

mode. Furthermore, FTIR analyses of the immersion media after immersions

of specimens are conducted and compared to references stored in similar vessels

without specimens.
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Composites

The composites examined in Section 4.2.8, were manufactured using the Direct-

Preg process. Before autoclave curing, impregnated fibres are used directly or

stored for three months at –19 °C respectively 20 °C to investigate the feasi-

bility of energy efficient prepreg storage. Mechanical testing was performed as

described in Chapter 2.

4.2.2. Mixture and Shelf Life of Dispersions

Representative for all configurations, Figure 4.2 shows microscopy images of L-

Arg as received (a) and the different dispersion methods in 827 (b-e). Of the

methods described in Section 2.2.1, the three-roll mill (b) is the most suitable to

break up agglomerates and is therefore used for this study. Due to the minimal

gap of 5 µm, the particles are reduced in size and well dispersed. Although the

other tested methods (c-e) lead to a reduction in particle size compared to the

initial state (a), particles > 100 µm are still present in each case, causing sedi-

mentation and also leaving less surface of the particles available for interaction

with the epoxy resin.

Figure 4.2.: Micoscopy images of L-Arg. a) Initial state as well as dispersed into
827 via b) three-roll mill, c) Thinky-Mixer, d) ultrasonic bath and e) ultrasonic
homogeniser.

Rheological tests are conducted to determine the flow behaviour of the mixtures

of resins and curing agents. In the case of the utilised plate-plate rotational

rheometer, torsional shear is applied, and the correlation between shear stress

and shear rate is determined. The viscosity of the thermosets increases with the

degree of curing. Repeated measurements over a longer period can be used to
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determine whether the material shows significant increases in viscosity over time

due to curing reactions and is therefore not storable under the tested conditions.

Figure 4.3 (left) displays that SR810/L-Arg has a viscosity lower than that of

827/L-Arg. 827 consists solely of DGEBA, while SR810 also consists partially of

DGEBF and 1,4-Butanediol diglycidyl ether, which are less viscous components

compared to DGEBA [202].

Figure 4.3.: Left: Viscosity at 35 ◦C within 24 weeks for cooled (≈ 11.5 °C) and
room temperature storage. Right: Thermograms of 827/L-Arg/UR500, initial
and after 34 weeks of cooled storage at ≈ 11.5 °C.

Evidently, the viscosities of all resin-hardener dispersions do not increase con-

siderably within 24 weeks of cooled storage (≈ 11.5 °C). For 827/L-Arg and

SR810/L-Arg, it also does not increase significantly under room temperature

conditions. In contrast, the classical amine-curing agent 137H cures both epoxy

resins within one day under both storage conditions.

DSC measurements conducted after 34 weeks confirm, that cooling generally

extends the shelf-life, whereas the accelerator causes a decrease in latency. While

for 827/L-Arg the enthalpy of reaction in cooled (406.2 J/g) and non-cooled

storage (411.7 J/g) does not show any deviations beyond the measuring accuracy

compared to the initial state (411.4 J/g), the same curing agent with accelerator

shows a different behaviour (see Figure 4.3, right). The initial reaction enthalpy

of 414.1 J/g reduces to 43.8 J/g (equivalent to 89.4 % curing) for cooled storage,

although the viscosity shows no significant changes, at least for the first 24 weeks.

For non-cooled storage, measurements are not feasible after 34 weeks due to its

high viscosity.

Both the rheological measurements and the DSC results indicate possible ap-

plications as prepreg resin systems for dispersions without accelerator, whereby
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energy can be saved by storing prepregs at room temperature or slightly cooled at

approximately 11.5 °C compared to the common storage temperature of prepregs

(- 18 °C). Besides energy savings, simplified production planning and lower in-

vestment costs are further advantages in this case.

4.2.3. Characterisation

Thermal Properties

The glass transition temperatures obtained from DSC and DMA are summarised

in Table 4.3. The plates were manufactured with the same cooling rate so that

the influence of the thermal history on Tg is minimised in the first heating run.

The second heating run shows only small changes within tolerances, which, in

addition to the absence of exothermic post-curing peaks in the first heating run,

indicates complete curing for all configurations. The curing with L-Arg leads

to a Tg-onset (DMA) of almost 130 °C and exceeds that of 827/137H by more

than 10 K. 827/L-Trp/UR500 also shows a higher Tg than the reference system.

The dependence of Tg on the resin component can also be shown, SR810 leads

to lower Tgs. As mentioned in Section 3.1, SR810 consists in part of DGEBF

and 1,4-Butanediol diglycidyl ether as a reactive diluent. In addition to lower

viscosities [202], both also generally result in lower Tgs due to less dense network

structures [203, 204].

Table 4.3.: Glass-transition temperatures of all configurations obtained from
DSC and DMA.

Tg (°C) Tg (°C)
DSC: Mid-point DMA: Onset

827/137H 114.13 ± 0.69 118.66 ± 0.81
827/L-Arg 121.23 ± 0.90 129.05 ± 0.38
827/L-Arg/UR500 99.77 ± 1.13 106.74 ± 0.33
827/L-Phe/UR500 92.87 ± 1.19 97.95 ± 1.65
827/L-Trp/UR500 113.83 ± 1.84 122.86 ± 0.46
SR810/137H 90.37 ± 0.45 94.56 ± 0.77
SR810/L-Arg 84.93 ± 3.02 94.55 ± 0.33

TGA can be used to investigate the temperatures at which decomposition pro-

cesses occur. The decomposition is expressed as a loss of mass. The mass loss

curves obtained from the TGA under nitrogen as well as under synthetic air
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Section 5.3.3), because larger particles may initiate failure [209, 210]. Therefore,

a lower proportion of particles can be expected to have a less negative effect on

the mechanical properties as the probability of non-reacted and agglomerated

curing agents decreases. This is investigated in detail in Section 4.2.4. The neg-

ative influence of the accelerator on the mechanical properties is less than on the

thermal properties but also significant. With the partially biobased resin SR810,

slightly higher tensile moduli and lower strengths are achieved when cured with

137H, for which the existing DGEBF content can be mentioned as an expla-

nation [203]. Cured with L-Arg, SR810 provides comparable tensile strengths,

since the failure is defect-driven (see Section 4.2.4).

For the configuration 827/L-Arg/UR500, specimens of type 1BA (see Table 4.4)

achieve tensile strengths of 73.66 ± 0.96 MPa, while 74.68 ± 1.18 are evaluated

for specimens with geometry type B. Therefore, the differences between test

geometries are not significant in terms of tensile strength. When tested on DMA

(small dogbone geometry [201]), the Young’s modulus does not show significant

differences, which confirm comparable machine stiffnesses / results. Exemplary

for the configuration 827/L-Arg, values of 2.90 ± 0.11 GPa are determined for

the small dogbone geometry (vs. 2.91 ± 0.08 GPa for type 1BA as displayed

in Table 4.4). Nevertheless, comparisons will only be made between identical

geometries and machine configurations in the following chapters. In order to

investigate the temperature dependency of the mechanical properties, tensile

tests were also performed at various test temperatures for 827/L-Arg. The results

can be found in Section 4.2.7.

Table 4.4.: Mechanical properties of the materials under investigation (speci-
men type: 1BA; test temperature: 22 °C).

Tensile Elongation Young’s
strength at break Modulus
in MPa in % in GPa

827/137H 76.61 ± 0.60 9.14 ± 0.73 2.63 ± 0.74
827/L-Arg 85.22 ± 0.40 4.57 ± 0.14 2.91 ± 0.08
827/L-Arg/UR500 73.66 ± 0.96 3.51 ± 0.07 3.13 ± 0.14
827/L-Trp/UR500 50.70 ± 2.51 2.15 ± 0.13 3.11 ± 0.08
SR810/137H 71.64 ± 0.29 7.76 ± 0.35 2.60 ± 0.07
SR810/L-Arg 86.31 ± 4.04 3.40 ± 0.28 3.29 ± 0.07

The results of the SENB tests conducted that analyse the fracture toughness of

several investigated systems are listed in Table 4.5.
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Table 4.5.: Critical-stress-intensity factor (KI,C) and the energy per unit area
of crack surface (GI,C) at fracture initiation obtained from SENB tests of several
configurations. Test temperature: 22 °C.

KI,C GI,C

in MP a ·
√

m in kJ/m2

827/137H 0.824 ± 0.272 0.260 ± 0.180
827/L-Arg 0.723 ± 0.052 0.164 ± 0.024
827/L-Arg/UR500 1.191 ± 0.197 0.424 ± 0.146
827/L-Trp/UR500 1.574 ± 0.078 0.726 ± 0.073
SR810/L-Arg 0.838 ± 0.108 0.196 ± 0.056

The critical-stress-intensity factor at fracture initiation (KI,C) of 827/L-Arg is

comparable to what was calculated for 827/137H, but 827/137H is more ductile

and more energy is dissipated at fracture initiation (increasing GI,C). SR810/L-

Arg and 827/L-Arg are in a comparable range with an overlapped standard

deviation. The DGEBF content leads to a minimal increase in fracture tough-

ness, as it results in slightly more flexible network structures. However, the

calculated values are in the range of literature values for epoxies [211].

Figure 4.5 displays differences in the fracture surface, also providing information

on crack propagation. Stable crack propagation can be seen for 827/137H, where

clear concentric curved lines emanate from the crack tip, as bending results in

non-uniform stresses across the thickness. In contrast, 827/L-Arg exhibits a frac-

ture pattern that is much rougher in appearance. The 3D profile of the fracture

surface in Figure 4.5 (right) shows significant height differences. This may be

the case because the crack propagates in an energetically favourable manner and

can evade possible agglomerates, which may act as crack suppressors.

UR500 as additional implemented particles significantly increases KI,C and GI,C

of arginine-cured epoxies. This might be due not only to the added particles

as additional crack suppressors but also to differences in the occuring curing

reactions and the resulting network structures. Figure 4.5 displays significant

differences and shows the occurrence of cristal structures on the fracture sur-

faces for 827/L-Arg/UR500 and 827/L-Trp/UR500. 827/L-Trp/UR500 showed

the highest fracture toughness of the investigated configurations, most likely

because of the highest particle loading. Figure 4.5 shows the occurrence of ag-

glomerates/cristals throughout the cross-section. The rough appearance of the

fracture surface is also conceivable developing, because the crack reaches the
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In addition, plate production was successfully carried out without an accelerator.

This simplifies the investigation of the reaction mechanism (Section 4.2.5), which

is expected to provide insight into the efficient use of catalysts/accelerators. De-

spite the high potential, limitations and special requirements have to be ex-

plored. For the reasons mentioned above, this is done in the following sections

using 827/L-Arg as an example.

4.2.4. Stoichiometric Variations

So far, the stoichiometric mixing ratio was calculated via the number of active

hydrogen atoms per amino acid molecule. This assumes that all reactive groups

react. Since it is not yet clear whether, which and when specific reactions take

place, it is important to conduct more in-depth experimental investigations in

this regard. With respect to the desired application as matrix resin in FRPs, the

analysis of different mixing ratios offers the possibility to find a performance-

optimised mixing ratio allowing to exploit the full potential and the limits of

amino acid-cured epoxy resin. From this, it may be possible to determine how

deviations in the mixing ratio affect the reactions that take place, influencing

the resulting network structures and consequently the thermo-mechanical prop-

erties. Because of its highest potential, this analysis is conducted with the system

827/L-Arg.

According to previous reports, the stoichiometric ratio of epoxy A components

and their curing agents has a significant effect on the chemical and physical

properties of epoxy resins [212–214]. While anhydrides are normally used with

stoichiometric ratios of 0.5 to 0.85 [215] due to significant epoxy homopoly-

merisation, amine curing agents are used in near stoichiometric ratios to obtain

performance-optimised polymers [215]. The use of excess amine will result in

unreacted amine-terminated dangling chain ends and reduced cross-linking, re-

sulting in tougher but less moisture- and chemical-resistant polymers. Morsch

et al. [213] reported that systems with a volume of over-stoichiometric curing

agents resulted in an increase in tensile strengths and moduli and a decrease

in the thermal expansion coefficient. Furthermore, Li et al. [216] found that

over-stoichiometric mixtures can improve cryogenic properties. While amine-

rich mixtures showed a greater deformation capacity, D’Almeida et al. [217] and

Tavares et al. [218] reported the formation of tight macromolecular structures in

epoxy-rich mixtures that result in brittle behaviour. Besides, the stoichiomet-
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still yellow-transparent, for 90 % and 100 % becoming increasingly brownish. In

over-stoichiometric mixtures, the background is no longer recognisable. Within

the over-stoichiometric mixtures, no significant differences with further increases

in arginine quantity are observable.

Rheological Characterisation

Temperature-dependent viscosities for selected mixing ratios are shown in Fi-

gure A.4.1 in the Appendix. Because of the higher amount of the solid compo-

nent, an increase of the stoichiometric ratio results in higher viscosities at room

temperature, whereas the differences decrease with higher temperatures. In de-

tail, the complex viscosities are between 9 Pas (R = 0.5) and 16 Pas (R = 1.5)

at 25 ◦C and approximately 1 Pas for all configurations at 50 ◦C onwards.

Fourier Transform Infrared Spectroscopy

The thermograms of the DSC measurements carried out for all mixing ratios

do not show any exothermic peaks after curing. This indicates that in each

case all possible exothermic reactions occured during the defined curing process.

However, this neither means that the occuring reactions must be similar, nor

that no unreacted resin or curing agent is left. If one component is missing,

the other cannot react completely and is present partially reacted or unreacted.

FTIR measurements are performed to gain deeper knowledge of the reactions

that occur in the different configurations.

Figure 4.8 (left) displays the absorbance data of the cured systems in the range of

the epoxy peak (≈ 910 – 915 cm−1) [222, 223]. The severely sub-stoichiometric

ratios with 50 % and 60 % of the theoretically stoichiometric amount of L-Arg

show a significant epoxy peak. For the other sub-stoichiometric ratios, the left-

over epoxy is still visible in the form of a shoulder in this wavenumber range. All

other configurations do not show specific epoxy peaks. The shape and heights of

the peak correspond to expectations: For R = 0.5 the peak is larger as the epoxy

groups remain. This observation is in line with the outstandingly different results

of the thermo-mechanical characterisations for R = 0.5 and R = 0.6 compared

to the other theoretically sub-stoichiometric ratios discussed later.

Figure 4.8 (right) shows the spectra between 1720 cm−1 and 1600 cm−1. In this

range there are various vibrations of C=N groups, which can be present in argi-
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Figure 4.8.: Normalized FTIR Spectra of all stoichiometric ratios between 950
– 850 cm−1 (left) and 1720 – 1600 cm−1(right).

nine acyclic (1690 – 1640 cm−1), conjugated (1660 – 1630 cm−1) and as imines

(1640 – 1633 cm−1). The vibrations of primary amides (1650 – 1620 cm−1) are

also present. These can be formed during the reaction of two arginine molecules

through the formation of peptide bonds. According to Li et al. [221], a peak at

1665 cm−1 corresponds to asymmetric deformations in NH3
+. Primary and sec-

ondary amines (1650 – 1590 cm−1) are also reported in this wavenumber range.

These cannot be detected for the configurations R = 0.5 and R = 0.6, which is

consistent with the still present epoxy groups discussed above. From R = 0.7 on-

wards, an increase in the spectrum in this wavenumber range is recognisable as a

superposition of the oscillations mentioned. This increase rises with an increase

in the arginine content, whereby a disproportionately high enhancement is vis-

ible for over-stoichiometric mixtures (R ≥ 1.1). This supports the forthcoming

discussion that a significant drop in many of the thermo-mechanical properties

analysed is observed from R = 1.1 upwards.

A significant change for over-stoichiometric configurations is also visible in the

peak position between 3600 and 3100 cm−1 (Figure 4.9). Both a clear peak

shift and a change in peak height with an increase in the arginine content are

recognisable. In this range, the peaks of several oscillations overlap, the exact

naming and position of which sometimes shows slight deviations in the literature.

According to Mora et al. [224], there are peaks in this region that can be assigned

to different types of hydrogen bonds. The wavenumber of hydrogen bonds, e.g. (-

OH — HO-) or (-OH — HN-),would shift to lower wavenumbers in molecules and

prepolymers than in networks, which matches the peak shift shown in Figure 4.9,
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as more molecules are present unreacted when more arginine is present in the

system.

Figure 4.9.: Peak shift between 3600 cm−1 and 3100 cm−1 with stoichiometric
variation.

Furthermore, according to Kolev [225], a peak at 3288 cm−1 is characteristic of

amides. As described above, these are likely to form more when more L-Arg is

present in the system. This may be another reason for the shift of the superim-

posed peak to lower wavenumbers for over-stoichiometric configurations. Li et

al. [221] reported a broad peak between 3200 cm−1 and 2700 cm−1 corresponding

to NH3
+.

The peak shift is shown in Figure 4.9 (right) over the stoichiometric ratio R.

The theoretical stoichiometric ratio R = 1.0 represents a turning point in this

curve. The position of the peaks is determined using Gaussian fitting as shown in

Figure A.4.2. It is noticeable that the peaks for low L-Arg ratios are symmetric,

so that the Gaussian fit fits over a wide range of the peak. This is no longer

the case for higher stoichiometric ratios; a strong asymmetry can be observed,

which can be explained by a significant increase in an additional peak at lower

wavenumbers (e.g., remaining NH3
+, amide formation, intermolecular hydrogen

bonds). For this reason, the limits were adjusted for the comparison of the

peak maximum so that the maximum of the peak could be visualised with the

Gaussian fit.

An increase in peak height has also been reported to be an indicator of an

increase in the number of hydrogen bonds [226]. A quantification evaluation is

omitted, as the signal strength of the ATR measurements should be treated with

caution. However, qualitatively, the peak height is the lowest for R = 0.5 and
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From the results obtained, it is evident that the investigated stoichiometry range

can be divided into three areas (i-iii). The highest mechanical properties in the

combination can be observed very consistently for a large range of R = 0.7 – 1.0.

(ii). If the proportion of the particulate curing agent is further increased (iii),

the stiffness remains, while the elongation at break drops dramatically. This also

leads to a significant reduction in tensile strength, as the specimens break before

reaching a yield plateau. Taking into account the propensity for agglomeration

of the arginine particles, it can be assumed that an increasingly defect-driven

failure occurs for over-stoichiometric mixtures. Here, the non-reacted L-Arg par-

ticles serve as imperfections in the network and favour crack initiation. In the

investigated range of over-stoichiometric mixing ratios, the L-Arg content only

differs by approximately 5 g per 100 g of DGEBA (see Table 4.2). For occurring

failure-initiation, it seems that conceivable differences in agglomerate size or dis-

tribution have no measurable influence in these relatively small quantities, which

might be one reason why no significant decrease in properties is recognisable.

For the considerably sub-stoichiometric configurations R = 0.5 and R = 0.6

(i), the failure behaviour also tends to be more brittle. Although stiffness and

strength are increasingly high and the highest in comparison with all investi-

gated ratios, the elongation at break is progressively decreasing. From a purely

mechanical point of view, the configurations with the greatest epoxy excess (i)

would even be favoured. An explanation for this unintuitive behaviour can be

found by taking into account the thermo-mechanical response as shown in Fi-

gure 4.11.

Here, an analogy to incompletely but stoichiometric cured thermosets can be

drawn. In detail, mechanical properties at room temperature have been re-

ported regularly as not simply following a monotonous trend with an increasing

conversion rate. Even though one would expect a higher cross-linking in a stoi-

chiometrically cured thermoset should lead to higher mechanical properties, most

properties such as stiffness, strength, fracture toughness, creep resistance, etc.,

show their maximum values at conversion rates of ≈ 75 - 90 % [227, 228]. Fur-

ther and closer cross-linking then merely raises the glass-transition temperature

and the properties at higher temperatures, while the mechanical properties at

room temperature are significantly lowered. The reason for these effects are the

differences in the free volume of the corresponding networks at room tempera-

ture. In fact, a thermoset with a high cross-linking density has a more restricted

molecular mobility on cooling and is therefore less able to densely pack in the
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Figure 4.11.: Temperature-dependent complex modulus of the mixing ratios
investigated. For better visibility, not all configurations are plotted.

amorphous glassy state [229, 230]. This also means that a matrix with a higher

degree of cross-linking will have a larger free volume and consequently lower

mechanical properties [229, 230]. In other words, a favourable minimum of the

reachable free volume will be passed during the conversion process. Besides, a

contribution of the ‘rigid filler’ effect is conceivable. In addition to improving

the stiffness and general mechanical properties of a material according to the

rule of mixture through the use of rigid additives, this effect can reduce the free

volume [231, 232]. The extent depends on the size of the embedded fillers, their

properties, and the interphase interactions with the matrix [233].

Applied to the present situation of different mixing ratios, conclusions can also be

drawn here about the resulting network structure and the free volume. Starting

with region (i), it can be assumed that a wider network will form if a relatively

large amount of epoxy is present during the reaction. Accordingly, the fewer avai-

lable arginine molecules lead to longitudinal and lateral cross-linking. Further-

more, relatively mobile unreacted or only partially reacted DGEBA molecules

are present. These can act as plasticisers on the one hand and increase the mo-

bility of the network on the other, so that a very dense packing with minimal

free volume can form during cooling. For the second region (ii), the cross-linking

density increases as the ratio approaches the stoichiometric ratio. Consistently

with the increase in steric hindrance during cooling and the resulting higher

free volume, the mechanical properties decrease, while the Tg increases signifi-

cantly, as shown later in Figure 4.14. The third region (iii) then shows the most
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remains , as shown in the previous section of the FTIR analysis. A slightly

reduced Tg is also evident for R = 0.7, where the epoxy band is already signi-

ficantly reduced but still observable. All over-stoichiometric configurations (iii)

show constant Tgs of about 118 ◦C (DMA onset). No decreasing or increasing

trend appears with more L-Arg content. Therefore, it can be assumed that the

network structure remains basically similar but is hindered by agglomerates of

the particulate curing agent added in excess. The formation of agglomerates or

peptides is detectable with the results of the FTIR analyses carried out and the

optical impressions of the fracture images. Because of the different reactivity of

the functional groups, it can be assumed that the network density is reduced, as

with an increasing amount of hardener, predominantly the most reactive groups

of the L-Arg molecules react.

4.2.5. Postulation of Occuring Reactions

The chemical structure of L-Arg indicates that the mechanism of occurrence of

reactions is more complex than that for curing agents with fewer functionalites,

such as diamines. The results of the simple thermokinetic method show slight

deviations with the experimental validation for 827/L-Arg (see Figure 4.15), as

restrictions might not adequately capture concurrent reactions.

Nevertheless, both validation methods show complete conversion of the de-

tectable reactions at the end of the curing cycle. A comparison of the two

validation methods shows that the oxirane groups initially react faster than the

reaction enthalpy decreases. This is a first indication that different reactions

with different activation energies take place at elevated temperatures. The dif-

ferences in stoichiometric variation between the investigated stoichiometric vari-

ations are additionally used in the following to derive insights into the occurring

reactions.

Based on FTIR-measurements, Li et al. [221] postulated a reaction mechanism

for epoxies cured with L-Tryptophan containing an imidazole as catalyst. The

findings discussed in the previous sections enable a transfer and postulation of

a conceivable extension to the reactions taking place in L-Arg-cured epoxies

without catalysts. As described in Section 4.2.2, rheological measurements and

determination of the reaction enthalpy were used to show that the system 827/L-

Arg can be stored for a relatively long time at room temperature. Since L-Arg is

in the solid state at room temperature and is therefore predominantly / almost







4. Sustainable Matrix Materials 75

As proposed in [221], the formation of primary amines may significantly increase

the reactivity of COO- leading to esterification, resulting in the extraction of

more hydrogen atoms from the NH3
+ groups. The postulated deprotonation is

supported by own preliminary studies showing that amino acids stabilised with

counter-ions, e.g., from hydrochloride (HCl) [239] do not cure epoxides, as the

deprotonation of the α-NH3
+ is significantly more difficult here.

However, Section 4.2.4 demonstrates that the stoichiometric ratio calculated by

the number of active hydrogen atoms does not lead to performance-optimised

polymers. Instead, this is the case for slightly sub-stoichiometric mixtures. Tak-

ing into account the common epoxy-amine reactions shown in Figure 4.16b,

primary amino groups might react first, as this is energetically favourable in (i),

before forming secondary amino groups and hydroxyl groups. The secondary

amino groups then react further to form the tertiary (ii) and generate additional

-OH groups at the opening of the ring, which can etherify (iii) by opening other

oxirane groups [240]. In principle, therefore, an active hydrogen atom can open

up more than one oxirane group.

Since the guanidium group is considered very stable in almost all environ-

ments [237] due to its mesomeric stabilisation, deprotonation is less likely com-

pared to the α-NH3
+ group. This is comparable to the suggestions of Li et

al. [221], because L-Trp includes a nitrogen atom in its indole group delocalised

in an aromatic system and was postulated to have a lower reactivity. Therefore,

the number of active hydrogens is drastically reduced with a limited number of

epoxide groups, which theoretically would lead to a higher necessary proportion

of L-Arg. However, because the results of the thermo-mechanical characterisa-

tion tend to indicate a reduced amount of the amino acid as positive, cross-linking

via etherification is likely, if sufficient epoxy groups are present. Because of the

high temperatures in the curing process, there tends to be enough energy avai-

lable for these reactions to take place. For the same reason, homopolymerisation

of epoxy groups (c) and amide/peptide formation (d) are also conceivable but

not preferred in terms of energy.

The mechanism of possible homopolymerisation is conceivable and is catalysed

by tertiary amines without an additional catalyst due to the high curing tem-

peratures [241]. However, a cationic mechanism of homopolymerisation is also

plausible due to proton shifts (e.g., due to the proton released by deprotonation

of the α-NH3
+ group of L-Arg). In this case, the epoxide oxygen is protonated
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and becomes more susceptible to nucleophilic attack as a more electrophilic ring.

In principle, the propagation of cationic curing, shown in Figure 4.16c, can take

place via the (i) active chain end (ACE) or (ii) activated monomer (AM) mecha-

nism. [242, 243]. Compared to amino curing, cationic curing typically produces

more linear epoxy chains. Alternatively, the opening of an anionic ring by car-

boxylate groups (COO-) is also theoretically possible. Additional investigations

are required to clarify the details.

There are some indications of the formation of the amide / peptide mentioned

(d) in the FTIR results presented. Amide formation releases water, which in turn

enables the water-induced reactions with epoxides shown in (e) or may accept

the protons of the deprotonations.

As no significant epoxy peak is visible above R = 0.7 using FTIR, the epoxy

resin still reacts almost completely above this curing agent content, which speaks

in favour of the postulated reaction diversity. The non-conclusive list of possi-

ble reactions described above explains why the calculation of the stoichiometric

ratio is only a guide to find a suitable mixing ratio. However, as mentioned for

anhydride-cured epoxies, for some standard systems, a sub-stoichiometric mix-

ture is also recommended for optimised performance, e.g., due to occuring epoxy

homopolymersiation [215].

The postulated mechanisms are also conceivable for other amino acids in solid

form. The respective side chains may be relevant for:

• The temperatures at which α-NH3
+ is deprotonated: Compared to other

amino acids, L-Arg probably requires more energy to deprotonate α-NH3
+

due to the effects of the stable guanidium ion.

• The density of the network, for example, due to steric hinderance.

• Secondary / valence forces: It is conceivable that, e.g., the ionic bonds of

the guaninium ions in L-Arg may improve thermo-mechanical properties.

• Additional reactions of the side chains.

Nevertheless, it can be assumed that accelerators or catalysts may change the

mechanisms and network structures differently than just lowering the needed

energy for deprotonation. Furthermore, other phenomena, such as crystal for-

mation, can occur as reported in [220], which may change mechanisms and the

resulting properties.
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4.2.6. Postulation of Network Structures

These considerations support the origin of different network structures with diffe-

rent mixing ratios, which change the properties examined in Section 4.2.4. Fi-

gure 4.17 shows schematic visualisations of postulated network structures for

three groups of mixing ratios, explaining the measured thermo-mechanical dif-

ferences. The configuration R = 0.7 represents a transitional case between (a)

and (b) and is therefore not listed below.

Figure 4.17.: Schematic visualisation of postulated network structures. (a)
Severely sub-stoichiometric configurations, (b) over-stoichiometric configurations
and (c) slightly sub-stoichiometric to stoichiometric configurations (with desig-
nation of the theoretical stoichiometric ratio).

Severely Sub-Stoichiometric Configurations

In severely sub-stoichiometric mixtures (R = 0.5 and R = 0.6), a sufficient num-

ber of epoxy rings are available to allow all reactions presented in Figure 4.16b,

including cross-linking through ether bonds (iii), to take place [244]. The signif-

icant excess of epoxy probably even deprotonates guanidium ions, since no more

peaks are recognisable in the FTIR in the 1600 – 1720 cm−1 range. This leads

to further cross-linking points. In contrast, homopolymerisation is also possible

because of the availability of many epoxy rings, which leads to chain extension

between the cross-linking points. There is also the probability that not both

epoxy rings of the DGEBA molecules react because of the lack of curing agent

molecules. Consequently, the cross-linking density is reduced at these points.

The reaction of L-Arg molecules with each other is unlikely to be favoured due

to a lack of availability. Despite all possible reactions, unreacted epoxy groups

(detected by FTIR) are still present, which are deposited between crosslinked

polymer chains and increase their distance and for this reason have a plasticis-

ing effect and, for example, reduce the Tg. For the cross-linking density of the

configuration R = 0.5, a comparatively low value of νC = 0.59 · 10−3 mol/cm−3

was determined, which supports the postulated network structure. To further
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support the assumption that energetically non-preferred reactions also occur,

Figure A.4.3 shows the DSC thermogram during curing. For the configuration

R = 0.5, the exothermic peak is significantly shifted to higher temperatures

compared to mixtures with more L-Arg. Additionally, the evaluated reaction

enthalpy is 205.3 J/g, which is approximately half of the enthalpy of the stoi-

chiometric ratio (411.4 J/g).

Over-Stoichiometric Configurations

In over-stoichiometric mixtures (R > 1.0), more linear polymer chains are ex-

pected, since reaction Figure 4.16b (i) is energetically the most favourable and

the reactions from Figure 4.16b (ii) and (iii) and other reactions that require

epoxy rings are unlikely due to the lack of epoxy groups, so fewer cross-links

occur. This is in line with the shift of the exothermic peak to lower tempera-

tures in Figure A.4.3. Moreover, L-Arg-terminated dangling chain ends can be

expected [215].

The surplus of L-Arg molecules may tend to agglomerate (FTIR, microscopy),

i.e., because of its ionisation. These agglomerates accumulate between chains and

cause defect-driven failure and a less dense network (decreasing Tg). The cross-

linking density for R = 1.5 (νC ≈ 1.54 · 10−3 mol/cm−3) is approximately three

times higher than for R = 0.5, which speaks in favour of the discussed structure.

Additionally, the evaluated reaction enthalpy (348.5 J/g) is significantly higher.

It could not be conclusively clarified whether the additional L-Arg molecules

react with each other and form peptide bonds with water cleavage.

Slightly Sub-Stoichiometric to Stoichiometric Configurations

The DGEBA:L-Arg ratios between R = 0.8 and R = 1.0 tend to lead to a

complete reaction of the deprotonated amino acid (including cross-linking but

without reaction of the guanidium groups) without unreacted molecules reducing

the network density. Accordingly, the thermo-mechanical properties are highest

in this range. The highest reaction enthalpy (411.4 J/g) and the estimated

cross-linking density for R = 0.9 (νC ≈ 3.0 · 10−3 mol/cm−3) underline this

outcome.
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4.2.7. Aging in Various Environments

The adequate initial property profile overcomes the first barrier to more sus-

tainable matrix materials for composites. However, sustainability should not be

compromised by a quicker need to replace components if the long-term properties

would be impaired by the use of biomolecules.

When in use, composites are exposed to many environmental influences that

cause the material to age with time. In composites, this is, of course, a multi-scale

problem influenced by fibres, matrix, and the interphase [245]. Nevertheless, this

section focuses on the long-term thermo-mechanical properties of L-Arg-cured

epoxy compared to standard epoxides.

Thermal Aging

Starting with the short-term behaviour at elevated temperatures, specimens were

tested at different temperatures. As is common for thermoset materials, the ten-

sile strength decreases linearly until about 30 Kelvin below Tg (see Figure 4.18,

left). The slope of the linear fit is compared to several other thermoset materials

[246] in Figure 4.18, right). Because the slope is above the linear fit of the other

materials, the tensile strength of the amino-acid cured epoxy is less sensitive

to temperature changes than other thermosets. This behaviour is positive for

applications under elevated temperatures.

Figure 4.18.: Temperature-dependent tensile strength of 827/L-Arg and eval-
uation of linear fit before disproportional decrease below Tg (left). Comparison
of slope related to respective Tg with other thermosets *[246].

Standardised to the glass-transition temperature, the amino acid-cured epoxy

also shows comparatively high strengths (see Figure 4.19). Therefore, the short-
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result of the rejuvenation process, this peak disappears completely (Figure 4.21,

right).

Hygrothermal Aging

The durability of epoxies in the presence of water absorption has already been

investigated in numerous studies in the past [250, 251]. Most of them use ac-

celerated aging processes at elevated temperatures to predict the evolution of

properties due to slow diffusion rates at moderate ambient temperatures [252–

254]. Therefore, we know that absorbed water can cause significant changes in

thermomechanical properties through simultaneous plasticisation and relaxation

(physical aging) [248, 255]. Because the plasticising effect of water is understood

as a reduction in intramolecular forces by increasing chain spacing, it is often

compared to an increase in ambient temperature. In contrast, Gibhardt et al.

[201] revealed significant differences between aging conditions, e.g., that physical

aging could be easily overseen or misinterpreted by accelerated aging alone.

In general, tensile strength and glass transition temperature were shown to be

the properties most affected by water absorption. They can be reduced by a

factor of two or even more [256, 257]. The amount of water absorbed at equilib-

rium in polymers or epoxies in this case depends mainly on the structure of the

polymer [258]. In the past, a distinction was often made between ‘volumetrically’

and ‘interactively’ determined explanations. In this case, volumetric approaches

mainly consider absorption in the free volume, which can vary depending on the

degree of cure and temperature, and in space, which is a consequence of un-

wanted defects such as micropores or cracks [259]. According to this approach,

the interactions between water and the polar sites of the polymer network are

largely neglected. However, these interactions between water and the polymer

network are often considered dominant for water absorption [260]. It has been

shown that water molecules are attracted to the polarity of the chemical structure

of polymers and that water is also bound to these molecular segments by hy-

drogen bonds [261, 262]. Furthermore, spectroscopy and absorption-desorption

experiments have shown that there are at least three states in which water in-

teracts with the molecular network. These are defined as free or unbound water,

weakly bound water (type I) that forms one hydrogen bond with the network,

and strongly bound water that forms two hydrogen bonds (type II) [257, 261]

found that type II water bonding increases the Tg of wet epoxy.
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Figure 4.22 displays the weight changes in 22 °C water. 827/L-Arg absorbs

higher amounts of water than 827/135H, which can be explained by the higher

polarity and the high number of possibilities for hydrogen bonds in the arginine-

cured epoxy (see Section 4.2.4). Maximum values were obtained with weight

change ≈ 4.8 wt. % for 827/L-Arg vs. ≈ 2.8 wt. % for 827/137H. Both values

are in the range of values reported in the literature of 1.0 to 5.0 wt.% [201, 251,

263, 264].

Figure 4.22.: Weight change over time for investigated epoxy resins during
immersion in water (22 °C). Data for 135/137H obtained from [245].

As reported in [245], deviations from Fickian absorption can be found in the

transition from linear to asymptotic range. A continuous increase of weight

changes, typical for two-stage or non-Fickian sorption behaviour, is observed

in both cases. Such deviations from Fickian sorption are typically related to

water-induced relaxation phenomena in epoxy [265–268].

As observed in the literature, the absorption of water initially shows a reduction

in strength due to plastification for both epoxies (Figure 4.23, left). The strength

decreases linearly with an increase in the amount of water absorbed (Figure 4.23,

right). In relative terms, a decrease of ≈ 10 % per wt.-% absorbed water can

be observed for both systems. Due to slightly increased water absorption, the

strength decreases to approximately 60 % of the initial value for 827/L-Arg, but

due to the higher initial strength, this corresponds to the absolute value of the

minimum observed in the reference system. Subsequently, there is an increase

in strength as a result of physical aging without further water absorption. Com-

pared to standard epoxy resin, DGEBA cured with arginine shows no significant

changes in long-term behaviour when immersed in water at 22 °C. Nevertheless,

the increase in strength caused by physical ageing appears to be slightly lower







86 4. Sustainable Matrix Materials

how parts of the polymer have dissolved or degraded, creating space for water

clusters.

However, the tensile strength decreases by much less than 10 % per wt % ab-

sorbed water as analysed for water immersions at 22 °C. After ≈ 25
√

h/mm in

70 °C water, still 52.19 ± 1.66 MPa (vs. 54.49 ± 1.16 MPa in 22 °C water) are

measured. Thus, it can be suggested that either the physical aging at this point

in time at 70 °C already counteracts degradation processes, or that these areas

are not significantly load-bearing if they are initially present.

This raises the question whether accelerated aging in fact demonstrates that

degradation occurs over time even at low water temperatures. As the occurring

differences in weight gain are that significant and the weight yields saturation for

lower temperatures, it is conceivable that degradation in the 827/L-Arg system

only occurs at higher temperatures as a third aging process, e.g., by exceeding

the necessary activation energy. Specimens immersed in 22 °C water exhibit

even higher tensile strengths after 85
√

h/mm, than after ≈ 25
√

h/mm caused

by physical aging (58.25 ± 0.79 MPa), and fractography does not show any

degraded parts after this time. In addition, test specimens were re-dried under

vacuum at 100 °C after 3000 h of water exposure at various water temperatures.

For water temperatures of 8, 22 and 50 °C, mass losses of approximately –0.25 %

were determined compared to the initial mass, which had only been vacuum dried

at 40 °C. The decrease can be explained by the additional mass loss assigned

to bound water between the two drying temperatures. Since a greater mass

loss of –0.77 % compared to the initial mass was determined for 70 °C warm

water, this comparison underlines the assessment that degradation/dissolution

processes only take place at severly elevated water temperature. To ensure that

this represents the real scenario, measurements should be repeated after even

longer immersion times.

In conclusion and as expected, these results emphasise that accelerated aging at

elevated temperatures cannot necessarily be used to make predictions at ambient

temperatures, especially if processes do not occur in all temperature ranges. For

the 827/L-Arg system, it is recommended to avoid hot-wet applications to avoid

a negative impact on service life.
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Aging in Chemical Environments

Components made of continuous fibre-reinforced polymers are occasionally ex-

posed to specific media over long periods of time during use. Oil-conveying

pipes are one example. However, contamination with media can also occur in

other applications, for example, in hydraulic oil in wind power plants. It is also

relevant to know which solvents can be used, e.g., for surface cleaning without

causing lasting damage to the polymer even after brief exposure.

Because particle modifications are often performed using solvents, many studies

deal with the addition of solvents in the uncured state and the influence of their

incomplete evaporation on the curing process [269–271]. With regard to the

durability of epoxies against chemicals, there is considerably less literature on

cured epoxy resins.

Kaplan et al. [272] immersed different epoxy resins in several chemicals at diffe-

rent temperatures to investigate solvent uptake and diffusion. The authors mea-

sured the sorption kinetics finding diffusion into the epoxy network, with the

rate and extent of diffusion depending on both the epoxy formulation and the

solvent properties. The diffusion process generally followed Fickian or anoma-

lous diffusion behaviour, and the diffusion coefficients for solvents were in the

range of 10−9 to 10−11 cm2/s.

However, more studies are conducted in industrial research and are occasionally

published [273]. According to Zheng et al. (Evonik Corporation) and Aziz et

al. [274], the curing agent and the formed network have significant influences on

the chemical resistance of epoxy resins. The denser the network (high network

density), the better the resistance to swelling and diffusion [273]. According

to the authors, a chemical attack of a thermoset can be divided into three pro-

cesses: swelling of the polymer network, chemical diffusion into the network, and

chemical reaction and degradation of the network. Standard epoxies show good

chemical resistance to alcohols (e.g., isopropanol) and paraffinic or naphthic hy-

drocarbons (e.g., hydraulic oil). However, resistance to ketones such as acetone

is poor and can lead to swelling and irreversible damage due to micro-cracking

or network destruction.

Figure 4.26 (left) displays that immersion in hydraulic oil did not show a weight

change, while the specimens immersed in isopropanol first lose small amounts of

mass. This phenomenon is in line with the investigations of Kaplan et al. [272]



88 4. Sustainable Matrix Materials

and is explained by the removal of soluble components and the relatively high

viscosity of isopropanol (1.77 cP at 30°C, compared, e.g., to methanol with

0.51 cP).

Figure 4.26.: Weight change over time for investigated epoxy resins during
immersion in acetone, isopropanol and hydraulic oil (top left). Swelling of
827/L-Arg and 827/137H with elapsed immersion time in acetone (top right)
and transmitted light microscopy images of an 827/137H specimen after immer-
sion in acetone with formation of a diffusion front and stress cracks (bottom).

The highest increase in mass is observed for immersion in acetone with a mass

increase of almost 30 % for the petrochemical reference system 827/137H. For

this system, the progression of acetone diffusion could be tracked by digital

microscopy with transmitted light, shown in Figure 4.26 (bottom). The time

of complete saturation (143 h/mm ≈ 12
√

h/mm) corresponds to the maximum

increase in mass. This is followed by a decrease in mass, indicating degradation,

which is further analysed later on. An overshoot was also reported by Kaplan

et. al [272].

A diffusion coefficient of D = 5.29 · 10−8 cm/s can be calculated from microscopy

images using the progression of the diffusion lines. This value is slightly lower

than the diffusion coefficients reported by Kaplan et al. [272]. Due to the two-

dimensional evaluation of a three-dimensional process, a more detailed evaluation

is omitted in this study. Stress cracking was observed for 827/137H specimens

already after short times (≈ 100 h/mm). After the formation of stress cracks,
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the characteristic mechanical properties cannot be determined. It is remarkable

that 827/L-Arg specimens show the first stress cracks after ≈ 1800 h/mm. Stress

cracks occur when approximately the same weight gain of ≈ 15 wt. % is observed.

Due to the non-transparent appearance, no diffusion lines can be traced. The

change in geometry is shown in Figure 4.26 (right) for acetone through the change

in cross-section of the free test length of the dogbones and is analogous to the

change in mass (left). Consequently, swelling of almost 25 % can be observed

for the petrochemical reference system. Swelling of this magnitude explains the

formation of the stress cracks and the time delay in their formation in the test

specimens cured with L-Arg.

A comparison of both resin systems shows that 827/137H has approximately

twice the cross-link density of 827/L-Arg. Contrary to the literature, which

states that a higher network density leads to better chemical resistance, the re-

sults of this study show that 827/L-Arg has better resistance, e.g., to acetone

uptake. This may be due to the higher polarity of arginine as well as ionic com-

ponents in the arginine molecule. Because ketones, such as acetone, can form

hydrogen bonds, it is conceivable that diffusion is initially inhibited, and thus de-

layed by the formation of hydrogen bonds. The change in crosslink density with

the absorption of different media is not analysed in this study but is interesting

as an explanation for this deviation.

Analogue as discussed in section 4.2.7 for water absorption, the immersion in the

tested chemicals (Figure 4.27) also shows a linear behaviour of the decrease in

strength with the amount absorbed and thus the delayed decrease for the amino

acid-cured epoxy.

Figure 4.27.: Changes in relative tensile strength with immersion time (left)
and absorbed mass (right) in acetone, isopropanol and hydraulic oil.
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Due to the stress cracks that occur in acetone, no subsequent increase in strength

can be observed. A small part of the loss in strength can be explained by the

swelling and the increase in the effective cross-section of the test specimens. With

isopropanol, increased strength can be observed due to reductions in the effective

cross-section. Hydraulic oil does not have a significant absorption behaviour and

therefore does not lead to any changes in strength.

Absorption of the same amount of acetone has less influence on the glass transi-

tion temperature (Figure 4.28) than the absorption of water (see Section 4.2.7).

It is conceivable that acetone is predominantly present in the free volume and

less between the molecular chains of the polymers due to the larger molecules

compared to water. Therefore, inter- and intramolecular forces are less influ-

enced. For hydraulic oil and isopropanol, neglectable decreases of the Tg are

measured.

Figure 4.28.: Changes in relative glass transition temperature with immersion
time (left) and absorbed mass (right) in acetone, isopropanol and hydraulic oil.

The thermo-mechanical properties indicate that arginine-cured epoxy resin has

no disadvantages compared to standard epoxy regarding long-term exposure in

the tested media. The delayed acetone absorption is even favourable.

Figure 4.29 shows SEM images of fracture surfaces of dry and acetone-immersed

827/L-Arg specimens after 100 h/mm and 450 h/mm immersion. After 100

h/mm the specimen absorbed less than 1 wt.% resulting in no significant in-

fluences in the tensile strength and fracture surfaces compared to not-immersed

specimens. In contrast, the specimen after 450 h/mm immersion with ≈ 7 wt %

absorbed acetone and ≈ 60 % of the initial tensile strength indicating plastifi-

cation.
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Figure 4.29.: SEM pictures of fracture surfaces after tensile test of 827/L-Arg
specimens (a) dry and after immersion in acetone (b) after 100 h/mm immersion
(0.88 wt. % mass increase) and (c) after 450 h/mm immersion (6.9 wt. % mass
increase).

To analyse, if immersion in the investigated media leads to chemical degrada-

tion, FTIR-measurements have been conducted. Figure A.4.4 (Appendix) dis-

plays, that there are no detectable (IR-active) changes in the recorded spectra

for isopropanol, indicating no chemical degradation within the analysed time.

Furthermore, the re-dried specimens show no mass loss compared to the ini-

tial dry condition. Re-drying of 3700 h isopropanol immersed specimens at 40

°C under vacuum shows a reduction of 0.02 ± 0.02 wt. % for 827/L-Arg resp.

0.16 ± 0.02 wt. % for 827/137H of the initial mass, which supports the position

that isopropanol removes soluble components.

In contrast, 8.01 ± 0.22 wt. % of ≈ 26 wt. % absorbed acetone for 827/L-Arg

and 8.18 ± 0.12 wt. % of ≈ 29 wt. % for 827/137H remain after drying at 40 °C

(vacuum). This also supports the formation of hydrogen bonds, which, analo-

gous to type 2 bonded water, require more energy to be broken. The swelling

decreased on a similar scale. Subsequent drying at 100 °C under vacuum showed

a further reduction in mass. However, a weight gain of 2.67 ± 0.29 wt. % for

827/L-Arg resp. 3.04 ± 0.23 wt. % for 827/137H remains compared to the

initial mass. Therefore, no reliable statements can be made about actual degra-

dation processes from re-dried weights.

Figure 4.30 displays the FTIR-spectra related to acetone immersion. The addi-

tional FTIR-peak at ≈ 1738 cm−1 in the acetone spectra after immersion (left)

and the resp. specimens after immersion and re-drying (right) may be assigned

to phenyl formate, which is likely to form via beta scissioning [275]. Krauklis

et al. [276] obtained spectra for hygrothermal aged epoxy indicating that there

was no significant difference observed in the chemical structure of the initial

and dried samples, except for the peak at 1736 cm−1, corresponding to carbonyl
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the plate quality (see Figure 4.31, right). For both configurations, the selected

process results in insufficient infiltration of the matrix into the fibre bundles,

which hinders load transfer over the fibre-matrix interphase. One possible reason

for this is the comparatively high viscosity of the resin-hardener mixture. When

the prepregs were stored at 20 °C, adequate infiltration into the fibre bundles was

achieved over time, resulting in higher tensile and transverse tensile strengths.

Under deep-frozen conditions, this cannot be achieved to the same extent, so that

storage at room temperature is not only more energy-efficient but also results in

improved manufacturing quality.

The range of the analysed transverse tensile strengths is in line with the val-

ues from Gibhardt et al. [280]. In the aforementioned study, transverse tensile

strengths were evaluated for laminates manufactured with three different uni-

directional glass fibre fabrics and 135/137H, using the same evaluation method as

in this thesis but manufacturing via RTM. In Figure 4.31, it becomes apparent,

that 827/L-Arg shows significant higher transverse tensile strengths regardless

of the prepreg-storage conditions. However, in all cases, the transverse strength

is far below the matrix strength, and therefore the 11 % higher matrix strength

of 827/L-Arg compared to 827/137H is not the reason for the measured differ-

ences. The significant discrepancies between 827/L-Arg and 827/137H cannot

be explained solely by the DirectPreg process, as 827/137H achieved a compa-

rable level of manufacturing quality and fibre infiltration to that achieved with

827/L-Arg composites stored at 20 °C. A corresponding microscopy image can

be found in Figure A.4.5 (Appendix). As the transverse strength is known to

depend on the compatibility of sizing and matrix [280], the results indicate dif-

ferences between the utilised curing agents regarding the fibre-matrix interphase

or the fracture behaviour.

To ensure comparable high manufacturing quality for the subsequent tests, the

prepregs were not cured immediately after impregnation, but after at least three

days of storage at room temperature. Cross-ply (CP) and QI-laminates were

investigated regarding their fatigue properties (R = 0.1). The Wöhler curves

are shown in Figure 4.32. During the manufacture of CP-laminates, the backing

fibres of the fabric were removed by hand for half of the laminates. These

laminates achieve better fatigue properties than those with backing fibres, as

the backing fibres (90° to the load direction) can additionally initiate transverse

cracks and also may cause fibre misalignments due to ondulations.
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laminates are higher than the determined quasi-static strength (σQI ≈ 350 MPa;

σCP ≈ 500 MPa). This can be explained by the occurring damages. In UD-

laminates, fibre breakage dominates in both quasi-static and cyclic tests due to

higher load levels, while for QI and CP laminates, matrix cracking dominates at

the beginning (especially in layers that are oriented off-axis, such as 90° layers).

In contrast to quasi-static tests, delamination and fibre debonding follow after

crack saturation during cyclic loading.

Therefore, A for QI and CP laminates is in a similar range, although QI has a

lower quasi-static strength due to the lower 0° fibre content, but the 0° fibres are

not ‘decisive’ at low load levels. With similar slopes, high values of A indicate

that the component has a better fatigue life. k represents the inverse slope of

the curve, with a higher k value indicating that the number of cycles to failure

increases rapidly with a decrease in the maximum cycle stress.

Based on a comparison with literature values [281, 282], it can be concluded that

the fatigue life properties of AS-cured epoxies do not present any disadvantages

compared to standard epoxies. The literature values are shown as unfilled dots

in Figure 4.32. It is even likely that the micrometre-sized particles can stop

cracks, thereby achieving better fatigue properties than with standard epoxy

resins. The first indicator of this is the comparatively high A value.

For this reason, the influence of L-Arg particles on the fracture toughness was

also investigated using DCB and ENF tests. These tests are highly dependent

on several factors as investigated in [283, 284]. Among other facts, the distance

between the layers is crucial, especially in the layer with the crack. Figure 4.33

therefore compares the systems 827/137H and 827/L-Arg with the same GF-

fabric (HP-U600E) and comparable Vf ≈ 40 % as well as matrix layer thickness

in the crack initiation.

While GI,C is very similar for both systems, as the notch was implemented in

the same way, the propagation value with L-Arg is significantly higher (+73 %).

In contrast to the SENB test, where the crack can find the most energy-efficient

path. In the composite, however, the crack must pass through the particles due

to the confinement by the fibres, and the particles can positively influence the

fracture toughness [120].
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paratively positive with 827/L-Arg. Thereby, the high temperature difference

during curing of 827/L-Arg may positively influence the fibre-matrix bonding

through shrinkage and thus much higher compressive stresses of the matrix on

the fibres. The fracture toughness in mode II (ENF test) has also increased by

+25 % compared to the reference.

Concluding, the transfer to fibre-reinforced, amino acid-cured epoxies has been

successful. Composites manufactured via DirectPreg/autoclave process achieve

high thermo-mechanical properties, comparative to standard prepreg systems.

Simultaneously, the feasibility of energy-efficient prepreg storage has been demon-

strated as positive impact on the energy balance.

4.3. Fully Biobased Matrix Materials

As introduced in Section 4.1, epoxidised vegetable oils (VO) have the potential to

be used as an epoxy A-component and further increase sustainability of matrix

materials. In the literature, VOs are used, e.g., as reactive diluents to increase

the fracture toughness of epoxies [175]. However, Park et al. [285] and Chen

et al. [286] report the deterioration of other properties. Epoxidised soybean oil

(ESBO) is generally used to increase toughness, as a reduction in network density

is helpful for this purpose. However, ELO is used in the following section because

of its higher linolenic acid share for superior functionalisability to completely

replace the A-component.

So far, reported thermal and mechanical properties are not adequate for load-

bearing applications in the field of composites using a full replacement of the

epoxy A component through ELO [175, 287]. The following sections will there-

fore focus on the investigation of different curing conditions and explore op-

timisation potentials in terms of thermal and mechanical properties. Besides

recent studies of UV-curable systems [288], carboxylic acids and anhydrides are

reported to cure VOs [175, 287, 289], which is why biomolecules with these

functionalities are chosen to investigate fully biobased epoxy alternatives.

4.3.1. Methods

For the investigation of different temperature profiles for curing with citric

acid (ELO/CA), the maximum temperatures serving as boundary conditions for

utilised thermokinetic methods are changed compared to the previous systems
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Figure 4.37.: Mechanical properties of ELO/CA cured with different temper-
ature profiles (specimen type: 1BA; test temperature: 22 °C).

Figure 4.38.: Glass-transition temperatures of ELO/CA cured with different
temperature profiles determined using various methods.

caused higher Tgs than those reported in the introduced literature, this explains

the higher strength values.

Since the thermal and mechanical properties of all ELO/CA polymers at room

temperature are not sufficient for load-bearing composite applications, this sys-

tem will not be further investigated in this thesis.
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Figure 4.40.: Modelled temperature profiles and predicted curing profiles for
ELO/IAH before and after on month of storage of ELO (top). Isothermal vali-
dation at 110 °C via DSC (bottom).

A plate manufactured using model 1 already behaves rubber-like at room tem-

perature (Tg = -25 ± 2 °C (DMA onset) resp. 27 ± 2 °C (DMA tan δ), meaning

that its use as a matrix material in FRPs is not meaningful for most applica-

tions. For this reason, no further investigations (e.g., stoichiometric variations)

were carried out, even though Todorovic et al. [289] found for the conversion

of ELO with methyltetrahydrophthalic anhydride that the epoxide groups near
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the triglyceride centre remained unreacted and understoichiometric ratios lead

to optimised conversion.

Figure 4.41.: Rubber-like behaviour of ELO/ITA.

In preliminary tests, succinic anhydride (Merck KGaA, Darmstadt, Germany)

was tested, but the thermokinetic methods based on DSC measurements did not

lead to any meaningful curing conditions in a meaningful temperature range.

The method of using thermokinetic methods as described is therefore useful

for performing an initial screening of different material combinations with little

material input, selecting catalysts and accelerators, and subsequently selecting

suitable systems.

4.4. Conclusions

The findings presented in this chapter demonstrate that the use of biomolecules

in epoxy systems can lead to successfully cured polymers. By generating suitable

curing profiles, amino acid-cured epoxies proved competitive property profiles

compared to commercial, petrobased epoxy systems. Simultaneously, they offer

major advantages in terms of environmental and health risks due to their food

approval, and their ease of availability. Therefore, the hypothesis

Matrix polymers derived from bio-based feedstocks can achieve competitive

properties while minimising environmental and health risks during processing.

can be entirely confirmed. The investigation of effects of environmental and

chemical influences on the partially bio-based system 827/L-Arg also showed no



4. Sustainable Matrix Materials 105

significant deterioration in long-term properties, which would reduce sustainabil-

ity. However, hot-wet properties still need to be investigated over a longer period

of time. The reaction mechanism for 827/L-Arg was identified through investi-

gations of stoichiometric variations and shelf life. The use of amino acid-cured

epoxies as matrix in composites has also been shown. Based on these findings,

these systems will be examined in the next chapter for their flame retardant

properties.

The fully bio-based systems based on epoxidised vegetable oils that were inves-

tigated are not suitable for fibre-reinforced use in load-bearing applications at

room temperature and elevated temperatures due to their low Tgs. Nevertheless,

high thermo-mechanical properties were achieved in comparison to the literature.

The curing predictions of the thermokinetic methods correspond very well with

the experiment. In preliminary tests, this made it possible to exclude systems

that did not show curing in useful temperature ranges, thus saving material and

time.

Thermokinetic methods are therefore a simple and efficient way of determining

curing conditions. Due to their introduced limitations, suitable experimental

validation is relevant. The selected methods using DSC and FTIR have proven

to be suitable for this purpose. Fine dispersing using a three-roll mill appears to

be a very important but also time-consuming step for all examined systems with

solid curing agents, reducing inhomogenities and defect driven failures. In the

framework of this thesis, the investigation of alternative solvent-based processes

was omitted, as this, contrary to the motivation for this work, generally entails

risks for humans and the environment.
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5. Flame-Retardancy of Biomolecules

In addition to the increasingly restrictive regulatory requirements for flame retar-

dants, the environmental and health aspects of the resources used and their sus-

tainable and independent availability motivate the investigation of biomolecules

as flame retardants. Nature offers a variety of biomolecules with chemical

structures similar to those of industrially used flame retardants. For example,

phosphorus-containing molecules occur naturally. Consequently, the working

hypothesis of this chapter is:

Biomolecules can improve flame retardancy in an environmentally friendly

manner.

After demonstrating that biomolecules can be successfully used to produce envi-

ronmentally friendly and health-friendly polymers, the question arises whether

these biomolecules can also be successfully used as flame retardant modifications.

Therefore, the flame behaviour of amino acid-cured epoxies is examined in the

first section (Chapter 5.2), while the second section (Chapter 5.3) investigates

the fire behaviour of additivated biomolecules.

5.1. Methods

In addition to UL94 V and LOI tests, TGA measurements were performed on the

TGA/DSC 1 device under nitrogen and synthetic air atmosphere between 30 and

850 °C (10 K/min). As suggested by van Krevelen [295], the char residue (CR)

from TGA measurements in a nitrogen atmosphere was evaluated at 850 °C to

calculate the oxygen index (OI) using Equation (5.1). For better distinguisha-

bility, the abbreviation LOI is used for the values determined in the flame tests

and OI for the values calculated according to Equation (5.1).

OI · 100 = 17.5 + 0.4 · CR (5.1)
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Mechanical testing is conducted on DMA using the same specimen geometry and

parameters as in Section 4.2.7.

5.2. Flame Retardancy of Amino Acid-Cured Epoxies

In this section, the promising amino acid-cured epoxies 827/L-Arg and 827/L-

Trp/UR500 are analysed regarding their flame retardancy and compared with

the reference system 827/137H. Furthermore, the phosphorous-containing flame

retardants RP and APP are added in different amounts to investigate if syn-

ergistic effects become apparent when they are used together with the amino

acids.

5.2.1. Flame Tests

Figure 5.1 shows the results of the LOI tests conducted, while the respective

values are listed in Table 5.1. Starting with the comparison of the neat polymers

without additional flame retardants, it becomes apparent that 827/L-Trp/UR500

exhibits an exorbitant higher LOI compared to the reference. This is most likely

due to the aromatic groups contained, which can act as precursors for char

building [296–298].

Figure 5.1.: LOI results for 827/137H, 827/L-Arg, and 827/L-Trp/UR500 spe-
cimens with and without APP and RP modifications in various compositions.
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For L-Arg-cured epoxy, an increased LOI is also measurable, but without the

presence of aromatic groups and the relatively lower added proportion of L-

Arg compared to L-Trp, the LOI value is much closer to the reference system

827/137H. Nevertheless, it is reported, that imine groups show “blowing-out”

effects in burning processes [296], positively influencing the flame retardancy.

However, the measured value for 827/137H is in the range of literature values

[299–301].

When APP and RP are added, improved LOI values can be seen for all systems.

RP offers significantly increased LOI values even when added in small propor-

tions, but compared to APP, the increase is smaller as the proportion increases.

This trend is consistent with the commonly used proportions of RP and APP in

polymers to achieve, for example, UL94 V0 classifications, which are generally

lower for RP due to its higher phosphorus content.

The extent of the increase in LOI varies with each resin. The improvement is

smallest with 827/137H, providing initial indications of a synergistic effect with

amino acid-cured epoxies. It is conceivable that the relatively higher nitrogen

content in the amino acids can serve to dilute combustible gases in the gas

phase and as a blowing agent in the solid phase. In this context, synergistic

effects of imine bonds and phosphorus-containing compounds are also stated

by Zhou et al. [296]. However, based on the limited data available, it is not

possible to make a clear prediction of the required flame retardant content in

similar systems or for higher flame retardant contents, especially since stagnating

LOI values are to be expected above a certain additive content. For the RP-

modified resins, a saturation value is already apparent in the additive content

range investigated, with the lowest value for the 827/137H system and the highest

for 827/L-Trp. Further measurements with higher additive contents may confirm

this observation that supports the indications of a occuring synergistic effect.

In general, the standard deviations determined in the LOI tests are low, so

the influence of any heterogeneous FR distribution across the plate, such as

that which can occur due to sedimentation when particles are added, can be

considered insignificant.

Figure 5.2 displays specimens modified with 7 % APP as well as 7 % RP after

LOI tests. Regardless of the curing agents used, the burnt specimens demon-

strate differences between both flame retardants. For APP the condensed phase

mechanism leads to itumescent char building. The visual comparison supports
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5.2.2. Thermogravimetric Analysis

Because flame tests are costly to perform, it is meaningful to figure out whether

less time- and material-consuming test methods can also provide insight into

the flame retardant properties of polymers. As suggested by van Krevelen [295],

TGA measurements were performed in a nitrogen atmosphere. The correspon-

ding mass loss curves are shown in Figure 5.5 and Figure 5.6. The OI values

calculated using Equation (5.1) are listed in Table 5.1 together with the results of

the LOI and UL 94 flame tests. The respective rates of mass change from deriva-

tive thermogravimetry (DTG) are displayed in the Appendix (Figure A.5.1).

It is noticeable that the amino acid-cured epoxies without additional FR (Fi-

gure 5.5, left) show a higher residue than 827/137H. According to van Krevelen,

Figure 5.5.: Temperature-dependent mass loss of neat polymers (left) and mod-
ified with 5 wt % APP (right), determined via TGA under nitrogen atmosphere.

Figure 5.6.: Temperature-dependent mass loss of 827/L-Arg with and without
APP and RP modifications (left) and 827/L-Trp/UR500 with and without RP
modifications (right), determined via TGA under nitrogen atmosphere.
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Table 5.1.: Results of LOI and UL 94 flame tests of all investigated config-
urations, as well as TGA residuum at 850 °C under nitrogen atmosphere and
thereof calculated OI value according to van Krevelen [295].

LOI UL94 TGA (N2) OI [295]
in % residue in %

827/137H 21.08 ± 0.19 None 7.53 20.54

+5 % APP 23.89 ± 0.37 None 11.09 21.94
+7 % APP 25.95 ± 0.15 V-0
+10 % APP 30.21 ± 0.24 V-0

+5 % RP 25.29 ± 0.37 None
+7 % RP 24.31 ± 0.11 None
+10 % RP 26.00 ± 0.24 V-0

827/L-Arg 21.81 ± 0.16 None 11.57 22.13

+5 % APP 26.37 ± 0.26 V-1 18.88 25.05
+7 % APP 28.75 ± 0.27 V-0 20.26 25.60
+10 % APP 35.21 ± 0.15 V-0 20.75 25.80

+2.5 % RP 26.45 ± 0.27 None 15.30 23.62
+5 % RP 28.29 ± 0.37 V-0 15.93 23.87
+7 % RP 29.09 ± 0.33 V-0 16.88 24.25
+10 % RP 30.79 ± 0.24 V-0 17.78 24.61

827/L-Trp 24.11 ± 0.11 None 12.37 22.45

+5 % APP 26.12 ± 0.20 None 27.27 28.39
+7 % APP 27.37 ± 0.15 None 28.77 29.01
+10 % APP 36.06 ± 0.21 V-0 28.53 28.91

+2.5 % RP 28.59 ± 0.15 V-1 15.38 23.65
+5 % RP 32.41 ± 0.16 V-0 18.39 24.86
+7 % RP 32.65 ± 0.15 V-0 18.52 24.91
+10 % RP 34.28 ± 0.32 V-0 19.64 25.35

this is a sign of an enhanced flame resistance of the polymer, which is consistent

with the LOI flame tests. Although 827/L-Trp leads to the highest residue and

thus the highest calculated OI value, this is significantly lower than the LOI

value determined in the flame test. However, for the other two neat epoxies,

the OI values correspond well with the LOI values. Analysis of the rate of mass

change (see Appendix, Figure A.5.1), supports these findings, as the decomposi-

tion peak is significant broader and lower for amino acid-cured epoxies compared

to 827/137H. In the literature, this trend is positively reported for the respective

flame resistance, as slower degradation can improve char building [302].
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In contrast, when 5 % APP is added to all three epoxies, a significantly higher

residue is measurable with L-Trp compared to L-Arg, although the LOI values

do not differ considerably from each other. As suspected by the LOI flame tests,

the lowest residue is measurable here with 137H. The reason for the deviations

may be the small amount of material (≈ 15 mg) in the TGA, which can lead to

a reduction in representativeness in the event of inhomogeneities. In addition,

a slight decrease in mass at elevated temperatures can be seen in the mass loss

curves. The complete hermeticity of the device cannot be guaranteed as the

mass loss is most likely due to oxidation processes, but these deviations do not

exceed differences of different configurations.

Investigating various modified amino acid-cured epoxies in Figure 5.6 clearly

shows a gradual increase in residue with FR content. Contrary to the results

of the LOI flame tests, in which RP leads to greater improvements than APP,

higher residues can be determined for APP in Figure 5.6 (left). The related

DTG plot (see Appendix, Figure A.5.1) displays a shift of the respective peak

temperatures to lower temperatures with higher amounts of FR. This trend is

also in line with reports in the literature [303], as, for example, phosphorus-

containing FRs have a catalytic effect on ongoing reactions. In the event of a

fire, char building at lower temperatures is beneficial for an early barrier effect

against heat and mass transfer.

The reason for this behaviour stems from differences in the mechanisms that oc-

cur. For APP, all mechanisms take place even without oxygen. The (poly)phos-

phoric acids are formed, for example, by intramolecular dehydration, and car-

bonisation does not require oxygen. The formation of diluting NH3 from NH+
4

also takes place without oxygen, but cannot be explicitly investigated using

TGA. In the event of fire, oxygen only acts to solidify the char through surface

oxidation. In contrast, the mechanism involving RP requires oxygen because

the phosphoric acids used for char formation are achieved by phosphorus ox-

ides (e.g., P2O5). Radical scavenging is another mechanism for the effect of

RP. Although this takes place without oxygen, it cannot be investigated using

TGA [304, 305]. Consequently, the occurring mechanisms need to be considered

before transferring data of non-flame test data (e.g., TGA) to estimate flame

behaviour. Nevertheless, additional tests conducted alongside flame tests can

provide valuable information.
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Figure 5.7 (left) shows the TGA curves of 827/L-Arg with and without modifi-

cation of 10 % APP in nitrogen and synthetic air, while on the right-hand side,

the modification with and without 10 % RP for both atmospheres is shown using

the example of 827/L-Trp/UR500.

Figure 5.7.: Temperature-dependent mass loss of 827/L-Arg with and without
10 % APP (left) and 827/L-Trp/UR500 with and without 10 % RP (left) (right),
determined via TGA under nitrogen and synthetic air atmosphere.

With oxygen in the atmosphere, the components of neat epoxies oxidise com-

pletely (oxidation/formation of CO2, H2O, N2), while with flame retardants, a

residue remains (phosphorus-containing char). Here, it is striking that RP shows

an increase in mass between ≈ 440 °C and 600 °C, while the mass of APP-

modified epoxy in synthetic air falls monotonically. This is closely related to

the fact that self-sustaining gas phase combustion of RP is possible at 416 °C

[305]. The exothermic reaction accelerates the oxidation to P2O5 in this range,

thus intensifying char formation. This results in a temperature window where

oxygen uptake and char building outpaces matrix degradation and volatilisation

of RP.

In short, amino acid-cured epoxies show favourable flame behaviour. Without

additional FRs, 827/L-Trp/UR500 already demonstrates a 3 % higher LOI than

827/137H , and both L-Arg and L-Trp can significantly enhance the effect of

phosphorus-containing FRs through synergistic effects, enabling classification

with much less FR use. Beyond the aforementioned results, the influence of FRs

on the glass transition temperature (DSC, midpoint) for 827/L-Trp/UR500 was

analysed. With 10 % APP, a reduction of 6 % to 106.9 ◦C was observed. Mo-

dification with 10 % RP even reduces Tg by 7.5 % to 105.2 ◦C, which underlines

the positive influence of a lower required additive content. Nevertheless, there
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are differences in the mode of action, so that, in the case of 7 % APP-modified

L-Trp, a high LOI is achieved, but it is still not classified according to UL 94.

Consequently, the necessary tests must be carried out to meet the respective re-

quirements, depending on the application. However, TGA measurements cannot

fully replace flame tests, as they only analyse small parts of the complex mecha-

nisms of flame retardancy, but they can help to understand ongoing processes.

5.3. Biobased Flame Retardants

Attempting increasingly sustainable flame retardants and avoiding the poten-

tially critical working conditions associated with the extraction of raw materials

such as phosphate ore [306, 307], industry and academic institutions are cur-

rently working on the development of new bio-based flame retardants based on

renewable resources [87].

In the literature, lignin, a by-product of the pulp and paper industry, is often

used because of its highly aromatic, ring-rich structure, which facilitates char

formation. In addition, lignin contains many phenolic groups that slow the

propagation of flames by forming phenoxyl radicals, which scavenge combustion

radicals (H•, OH•) [308, 309].

Besides, the use of chitosan (CS) is reported in this context. Thereby, CS is a

natural polysaccharide obtained by alkaline deacetylation of chitin, which is

extracted from the exoskeletons of arthropods and shellfish. CS consists of

amino-containing 2-deoxyglucan units and is well known for its non-toxicity,

biodegradability, and biocompatibility. Due to its low cost and wide availability,

CS has been used in various industrial and environmental applications, includ-

ing biotechnology and wastewater treatment [310]. It has potential as a flame

retardant because it contains nitrogen, which dilutes combustible gases, e.g.,

through the formation of ammonia. The linked glucosamines (see Chapter 2, Fi-

gure 2.2) form an efficient char, as their thermal decomposition produces a large

amount of aromatic carbon. Furthermore, synergies with phosphorus-containing

systems (e.g., APP, DOPO) are reported in the literature [311, 312], as N-P-C

combinations are typical for flame retardant systems.

Phytic acid (inositol hexakisphosphate, IP6) is found, for example, in corn bran

(e.g., rice, corn or wheat bran) and legumes. After aqueous extraction, the

minerals are precipitated and filtered in an acidic environment. Alternatively,
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phytic acid is extracted from food industry waste using phytase enzymes [313].

In the combustion process, PA can be used as an acid source in intumescent

flame retardant systems. Its thermal decomposition produces metaphosphoric

acid that promotes carbonisation processes. In addition, PA produces noncom-

bustible gases and free P-radicals (radical scavenger). At the same time, its large

share of phosphorus can be used as a charring agent, promoting the formation

of stable carbon residues [9]. Some studies on its effects as flame retardants are

reported, for example, using complexes with metal ions (e.g., with Zn2+ [314] or

Mg2+ [315]). The high number of reactive -OH functionalities of PA has led to

excessive pore formation by reacting with the epoxy component in preliminary

tests. In order to obtain an N-P-C system, the following investigations examine

the combination of CS and NaPh compared to the separate modification with

one of the biomolecules in the 827/137H system.

NaPh results from the neutralisation of phytic acid (e.g., with NaOH or Na2CO3).

NaPh has been reported in combination with CS as a surface-functionalisation

of microcrystalline cellulose in epoxy resin [316] but no studies have been found

in which epoxy resin is modified solely with CS and NaPh.

5.3.1. Thermogravimetric Analysis

To obtain initial indications of possible solid-phase mechanisms and the neces-

sary additive quantities to influence these, the TGA results of the biomolecule-

modified epoxy resin are presented below. However, based on the results in

Section 5.2, it is not expected that the flame retardant behaviour of the poly-

mers can be meaningfully predicted from TGA residues.

Figure 5.8 (left) displays changes in the mass loss curves of NaPh modified

827/137H under a nitrogen atmosphere. The char residuum is significantly

higher when 20 wt % NaPh is added. However, a further increase of NaPh has

no considerable influence on the residuum. CS also increases the char residuum

(Figure 5.8, right). In combined additivation, the char residuum has been further

increased. Table 5.2 lists the OI according to van Krevelen [295] calculated from

the residuum, among other experimental results. The resulting OI of 29.7 % for

the configuration containing 30 % NaPh and 10 % CS indicates a successful FR

effect, further examined in Section 5.3.2.
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Figure 5.8.: Temperature-dependent mass loss of 827/137H with and without
NaPh modifications (left) and NaPh + CS modifications (right), determined via
TGA under nitrogen atmosphere.

The first mass loss can be observed at lower temperatures. According to Dowbysz

et al. [317], removal of bound water (dehydration), deacetylation and depoly-

merisation of CS take place between 250 and 360 °C. For NaPh, the initial mass

loss is shifted to temperatures between 120 and 220 °C, mainly attributed to

dehydration and starting carbonisation, as described by Daneluti et al. [318]

for PA. The corresponding DTG plots are shown in Figure A.5.2 (Appendix).

As previously described in Section 5.2 as a positive indicator of the resulting

flame retardant effects, reduced peak heights are also observed by adding the

investigated biomolecules.

In an oxidising atmosphere (synthetic air, Figure 5.9), carbon dioxide (CO2)

and water (H2O) are the main gaseous products of combustion. In the case of

NaPh, inorganic sodium phosphate salts (e.g., sodium pyrophosphate (Na4P2O7)

and/or sodium metaphosphate (NaPO3) are formed. Consequently, approxi-

mately the same amount of residue remains with and without CS, as CS does

not contribute significantly to the residue in synthetic air atmosphere.

5.3.2. Flame Tests

LOI tests were performed to assess the flame retardant effect of different com-

binations. The results are listed in Table 5.2 together with the calculated OI

according to van Krevelen [295].

When comparing the OI values calculated according to van Krevelen [295] with

the LOI values determined by flame tests, it can be seen that there is adequate
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Figure 5.9.: Temperature-dependent mass loss of 827/137H with and without
NaPh modifications (left) and NaPh + CS modifications (right), determined via
TGA under synthetic air atmosphere.

Table 5.2.: Results of LOI flame tests of all investigated configurations, as well
as TGA residuum at 850 °C under nitrogen atmosphere and the calculated OI
value according to van Krevelen [295].

LOI TGA (N2) OI [295]
in % residue in %

827/137H 21.08 ± 0.19 7.53 20.54

+10 % CS 20.05 ± 0.95 19.00 25.10
+15 % CS 20.83 ± 0.28 13.96 23.09

+10 % NaPh 22.82 ± 0.61 11.72 22.19
+15 % NaPh 24.05 ± 0.36 16.31 24.02
+20 % NaPh 25.10 ± 0.33 21.55 26.12
+30 % NaPh 24.19 ± 0.17 24.83 27.43

+10 % NaPh + 5 % CS 21.94 ± 0.20
+15 % NaPh + 10 % CS 22.25 ± 0.84 21.08 25.93
+20 % NaPh + 10 % CS 20.91 ± 0.86 21.90 26.26
+30 % NaPh + 10 % CS 23.06 ± 0.30 30.50 29.70

agreement (formatted bold in Table 5.2) for the configurations modified only

with NaPh, except for the configuration modified the highest. With 30 % NaPh,

no improvement in flame retardancy is apparent compared to the 20 % modifi-

cation in the LOI test. Possible reasons for this are, on the one hand, that the

flame retardant effect has reached saturation and no additional active species are

formed, and, on the other hand, that the high filler content significantly hinders

network formation during the curing process. Furthermore, it is possible that

the fillers increasingly agglomerate and/or sediment. At higher FR quantities,
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Due to its hydroxy- and amine-functionalities, CS can also react with the epoxy

component, leading to an off-stoichiometric mixing ratio. As already seen in

Chapter 4.2.4, Figure 4.10, varying networks are resulting in these cases, lead-

ing to differences in mechanical properties. Outlooking, the consideration of all

reactive components in the stoichiometric ratio may offer potential for optimisa-

tion with regard to achievable mechanical properties. However, it is essential to

examine the curing behaviour of each configuration, for example using thermoki-

netic analyses, in order to obtain a performance-optimised curing cycle due to

competing curing reactions. Additionally, the high amount of particles might

impair the network density during curing.

Higher additive shares lead to higher standard deviations, which is most likely

caused by agglomerates acting as stress-concentrating defects and leading to fail-

ure at different stress levels. In this context, Selvam et al. [321] reported that

CS is thermodynamically immiscible with epoxy and has a tendency to form

moisture-rich aggregates, which create weak interfacial regions and reduce the

load-bearing capability of the matrix. They investigated 8 % CS modified epoxy

and also found an approximately 17 % decrease in strength compared to the un-

modified epoxy, when CS particles are dispersed via a sonication method. How-

ever, NaPh impairs the tensile strength more than CS, because a total amount

of 30 % additives leads to a greater decrease in strength for the 30 % NaPh con-

figuration than for the mixture of 10 % CS and 20 % NaPh. Using these large

amounts of additives, it becomes apparent that strategies for efficient flame re-

tardancy are needed, e.g., as proposed in Chapter 3.

5.4. Conclusions

Amino acids can act as curing agents and improve flame-retardancy simulta-

neously. Especially L-Trp performed well in flame-tests, most likely due to its

aromatic structure. The combination with commercially available FRs indicated

synergistic effects, leading to an efficient and therefore sustainable use of FRs

for UL 94 V0 classifications.

Biobased NaPh improves the LOI values of 827/137H, when added in large

shares, showing its potential as a fully biobased FR. Nevertheless, the mechan-

ical properties decreased significantly due to the high amounts (> 20 %) that

must be added to achieve a slight increase in LOI. However, the improvement

is still insufficient for classification according to UL 94. Synergistic effects with
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CS could not be verified via LOI flame tests. The mechanisms of the various

constituents occur within different temperature ranges and do not interact ef-

fectively. Consequently, no evidence of the desired intumescent effect could be

detected. A chemical analysis of the char and the developing gas phase might

provide interesting insights into the ongoing mechanisms, allowing further inves-

tigation of synergistic effects to enhance flame retardancy.

Therefore, the hypothesis

Biomolecules can improve flame retardancy in an environmentally friendly

manner.

cannot be fully confirmed. Nevertheless, the investigations presented demon-

strate that biomolecules have the potential to improve flame resistance.

Furthermore, TGA data indicate trends in flame retardancy, but quantified pre-

dictions of LOI values were not possible. Larger datasets may allow predictions,

but the data measured in this chapter are not sufficient for a prognosis of the LOI

through TGA measurements. This is particularly the case if the flame retardants

require oxygen to achieve their effect.
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6. Summary and Outlook

The preceding chapters have demonstrated the possibility of manufacturing en-

vironmentally friendly flame retardant composites in various ways. The overar-

ching research hypothesis

High-performance composites can be designed flame-retardant and

eco-friendly with compatible thermo-mechanical properties.

was investigated using several approaches. In summary, the hypothesis can be

confirmed by the efficient use of flame retardants, resulting in a reduction in the

amount required in FRP, and by the development of partially bio-based epoxy

resins.

Within the scope of this dissertation, a method was developed to simultaneously

avoid filtration effects in infusion processes and achieve significantly improved

flame retardancy with a very low FR content. This was accomplished through the

development of a CPI process whereby individual FR-modified plies are B-staged

and subsequently infused together with dry fibre plies using unmodified resin.

Thermokinetic methods were employed to successfully determine the process

window, with the achieved objective of adequate ply adhesion and retention of

the FR particles at the desired location.

As part of the research, it was therefore possible to produce different layups of

partially FR-modified composites that demonstrate flame retardancy with signi-

ficantly reduced amount of FRs. Since the effectiveness of individual layer modifi-

cation cannot be meaningfully tested in standard tests (such as UL 94) without

the use of special fire testing devices, new screening methods were successfully

developed and applied. The chosen type of FR modification can therefore be

considered a success in terms of environmental impact, achievable mechanical

properties and the attained flame retardancy.
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In order to develop novel bio-based matrix systems, a fast and simple procedure

was developed for selecting material combinations using DSC analyses. These

measurements can subsequently be used to create curing profiles using thermoki-

netic methods. The procedure was successfully applied to various conventional

and bio-based systems. However, it has been found that simplified assumptions

can lead to deviations for more complex reaction mechanisms, which can be

detected using FTIR and DSC. As part of this thesis, both partly and fully bio-

based systems were investigated. However, the studied fully bio-based polymers

did not show sufficient properties for composite applications, which is why the

focus was consequently placed on partly bio-based systems and, in particular,

on avoiding critical curing agents.

Thereby, amino acid-cured epoxies as curing agents have proven convincing in

many aspects. In addition to their cost-effective availability and environmental

and human safety, they not only demonstrated favourable short-term thermo-

mechanical properties, but also proved suitable for long-term use. Fatigue and

ageing tests have not revealed any adverse effects. Only hot-wet environments

with temperatures above 50 °C are leading to partial degradation. This has

been evidenced, for example, by increased water absorption. Additionally, it has

been shown that the thermo-mechanical properties of amino acid-cured epoxies

remain consistently high over a wide range of stoichiometric ratios, allowing for

certain tolerances in the mixing ratio, which is particularly relevant for industrial

applications.

The production of FRPs with these systems has been proven to be feasible using

the DirectPreg/autoclave process. A particularly appealing benefit is that the

dispersed resin-hardener mixtures are latent at room temperature because the

reaction initially requires a deprotonation step that occurs only at elevated tem-

peratures. When using prepregs, this offers the advantage of eliminating the

need for deep-freezing, enabling energy-efficient storage at room temperature

and avoiding condensation issues. The manufactured composites exhibited com-

parably high fracture toughness and good compatibility with the chosen glass

fibre sizing.

Within the scope of this dissertation, it must be emphasised that these par-

tially bio-based epoxy systems also offer favourable flame-retardant properties.

It could be demonstrated that even unmodified specimens achieve improved LOI

values. Due to identified synergistic effects with phosphorus-based FRs, very



6. Summary and Outlook 127

small amounts are sufficient to achieve an additional improvement in flame re-

tardant properties and classifications such as UL 94 V0. Like the heterogeneous

distribution of FRs (Chapter 4), this not only helps to save resources, but also

simplifies processing and reduces the impairment of thermo-mechanical proper-

ties, which is a crucial aspect of the overarching research hypothesis. However,

synergistic effects could only be proven with the use of RP- or APP-based FRs.

The use of biomelcules, such as sodium phytate and chitosan show some im-

provement of the LOI without classification but lead to drastic loss in mechanical

performance. This is because of the high amount needed for flame retardancy

(> 30 %). Therefore, their use in combination with the resins examined is not

advisable.

Based on these individual approaches, a combination of the strategies discussed

in the chapters 3, 4 and 5 is a meaningful way to produce even more environ-

mentally friendly flame-retardant composites covering various aspects. As proof

of concept, partially RP-modified GFRPs with L-Arg-cured DGEBA were suc-

cessfully manufactured.

Outlooking, the concepts presented in this dissertation can be regarded as tools

in a toolbox to develop customised sustainable thermoset systems and solutions

depending on specific applications. Going further, the toolbox can be extended

by all known tools to further individualise systems.

In this context, it has already been demonstrated, that functionalisation with

carbon nanotubes (CNTs) also works with amino acid-cured epoxies such as with

commercially available resins. This enables sensing of damage, for example as

published in [322]. In addition, it was shown that curing of the bio-based resin

component ELO (Section 4.3) with amino acids could not be carried out within

a suitable temperature range due to the lower reactivity of the non-terminal

oxirane groups. Nevertheless, incorporation of epoxidised vegetable oils as an

additional component in amino acid-cured epoxies can also increase the bio-based

content and is known to act as a toughening agent in thermosets. This ability

to adjust polymer properties could be used in the future as an additional tool

for tailoring the examined thermoset systems.

As curing with amino acids is energy-intensive and requires high process temper-

atures, it is also desirable to find and use effective catalysts in order to improve

the energy balance of curing. Since the deprotonation of −NH+
3 was postulated
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as the first essential step, accelerating this deprotonation is a reasonable ap-

proach. Non-nucleophilic bases such as 1,8-diazabicycloundec-7-ene (DBU) or

N,N-diisopropylethylamine (DIPEA, Hünig base) could be used, as these bases

do not react favourably with epoxy rings at the same time. However, although

this may save energy and time, handling the chemicals mentioned also poses

risks to humans and the environment, and the sustainability of their use must

be evaluated from various perspectives. Since this work has shown that amino

acid-cured epoxies can be considered promising for the development of prepreg

resins, the use of catalysts requires further consideration of their influence on

latency and the associated energy-saving storage of respective prepregs.

It is also conceivable that a suitable selection of dispersing agents could facili-

tate the production of the resin/biomolecule dispersions and thus improve the

manufacturing quality. In order to also be able to use infusion processes for the

production of respective FRPs, the development of dissolved biomolecule curing

agents appears necessary in the future. Following the demonstration that amino

acid-cured epoxies enable competitive property profiles, the toolbox presented in

this dissertation can also be used in the future to achieve recyclability, which ben-

efits environmental friendliness and sustainability. A suitable approach would

be to use a vitrimeric epoxy component. There is also great potential in the re-

search of effective, bio-based flame retardants, which could meaningfully expand

the toolbox.
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Table A.3.2.: Compressive strengths of relevant configurations.

Configuration Compressive strength
in MPa

*pre-cured 390.09 ± 11.95

1⁄8 6% RP 379.84 ± 13.22

1⁄8 12% RP 400.94 ± 22.93

1⁄4 12% RP 422.96 ± 15.52
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A.4. Sustainable Matrix Materials

Table A.4.1.: Linearised temperature profiles and used thermokinetic methods
with correlation to the experimental data.

System Temperature profile Thermokin. Correlation
in °C method

827/137H 20 to 45 (3 K/min); FM 0.99
45 (140 min);

45 to 110 (0.5 K/min);
110 (85 min);

110 to 20 (- 0.5 K/min)

827/L-Arg 20 to 167 (4 K/min); KAS 1.02
167 (60 min);

167 to 180 (0.05 K/min);
180 (70 min);

180 to 20 (- 0.5 K/min)

827/L-Arg/UR500 20 to 160 (1 K/min); FM 0.91
160 to 180 (0.2 K/min);

180 (90 min);
180 to 20 (- 0.5 K/min)

827/L-Phe/UR500 20 to 96 (1 K/min); FM 0.97
96 (105 min);

96 to 180 (0.9 K/min);
180 to 20 (- 0.5 K/min)

827/L-Trp/UR500 20 to 102 (4.8 K/min); FM 0.98
102 (123 min);

102 to 150 (0.5 K/min);
150 (200 min);

150 to 20 (- 0.5 K/min)

SR810/137H 20 to 37 (0.9 K/min); FM 1.00
37 to 50 (0.1 K/min);
50 to 68 (0.2 K/min);
68 to 95 (0.5 K/min);
95 to 180 (1.9 K/min);

180 (100 min);
180 to 20 (- 0.5 K/min)

SR810/L-Arg 20 to 160.5 (5 K/min); FM 0.96
160.5 (392 min);

160.5 to 20 (- 0.5 K/min)
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Figure A.4.2.: Determination of peak-positions via gaussian fitting to evaluate
the occurring peak shift. Exemplary for R = 0.5 and R = 1.5: Top: Complete
peak range as boundary. Bottom: Final Boundaries for best-fit of asymmetric
peaks.

Figure A.4.3.: DSC thermograms of curing with heating rates of 10 K/min.
Comparison of the configurations R = 0.5, R = 1.0 and R = 1.5.
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Table A.4.4.: Mechanical properties of all configurations.

Stoichiometric Tensile Elongation Young’s Complex
Ratio R Strength at Break Modulus Modulus

in MPa in % in GPa in GPa

0.5 95.81 ± 4.05 4.44 ± 0.54 3.42 ± 0.11 3,61 ± 0,09
0.6 92.04 ± 3.81 5.95 ± 0.72 3.09 ± 0.12 3,25 ± 0,00
0.7 88.99 ± 3.05 7.05 ± 0.76 2.79 ± 0.09 2,99 ± 0,07
0.8 90.17 ± 1.27 7.16 ± 0.34 2.81 ± 0.15 2,90 ± 0,02
0.9 87.87 ± 3.78 6.17 ± 0.51 2.80 ± 0.13 2,93 ± 0,01
1.0 87.31 ± 1.40 5.97 ± 0.75 2.90 ± 0.11 2,97 ± 0,01
1.1 72.24 ± 2.02 3.30 ± 0.23 2.92 ± 0.08 3,09 ± 0,00
1.2 74.82 ± 1.89 3.55 ± 0.19 3.01 ± 0.10 3,05 ± 0,03
1.3 74.69 ± 4.53 3.45 ± 0.30 3.07 ± 0.08 3,16 ± 0,00
1.4 73.86 ± 2.42 3.54 ± 0.25 2.98 ± 0.05 3,12 ± 0,05
1.5 73.25 ± 2.83 3.11 ± 0.09 3.27 ± 0.10 3,19 ± 0,00

Table A.4.5.: Glass-transition temperatures of all configurations.

Stoichiometric Tg DSC Midpoint Tg DMA Onset
Ratio R in °C in °C

0.5 082.35 ± 0.75 083.11 ± 0.29
0.6 106.10 ± 0.30 108,95 ± 0.76
0.7 120.30 ± 1.00 122.09 ± 0.72
0.8 123.70 ± 1.00 128.13 ± 1.10
0.9 122.05 ± 0.05 127.65 ± 0.41
1.0 121.35 ± 0.35 127.09 ± 1.97
1.1 114.15 ± 0.05 116.96 ± 1.03
1.2 114.85 ± 0.25 118.05 ± 0.85
1.3 115.15 ± 0.15 119.38 ± 0.78
1.4 114.55 ± 0.15 117.34 ± 1.17
1.5 115.80 ± 1.50 117.81 ± 1.22





A. Appendix 177

Table A.4.6.: Linearised temperature profiles. Thermokinetic method: FM.

System Temperature profile
in °C

ELO/CA 20 to 65 (5 K/min); 65 to 90 (1.3 K/min);
(max. 100°C) 90 to 100 (0.3 K/min); 100 (380 min);

100 to 20 (-0.5 K/min)

ELO/CA 20 to 65 (5 K/min); 65 to 84.7 (1.4 K/min);
(max. 120°C) 84.7 to 96.2 (0.6 K/min); 96.2 to 98.6 (0.05 K/min);

98.6 to 112.5 (1 K/min); 112.5 to 120 (2 K/min);
120 (99 min); 120 to 20 (-0.5 K/min)

ELO/CA 20 to 65 (5 K/min); 65 to 79.9 (1.5 K/min);
(max. 140°C) 79.9 to 95.9 (0.8 K/min); 95.9 to 98.3 (0.1 K/min);

98.3 to 112.5 (1 K/min); 112.5 to 140 (2.2 K/min);
140 (11 min); 140 to 20 (-0.5 K/min)

ELO/CA 20 to 65 (5 K/min); 65 to 84.7 (1.4 K/min);
(max. 160°C) 84.7 to 97.4 (0.6 K/min); 97.4 (29 min);

97.4 to 120.4 (1.2 K/min); 120.4 to 160 (3.2 K/min);
160 to 20 (-0.5 K/min)

ELO/CA 20 to 65 (5 K/min); 65 to 88.3 (1.3 K/min);
(max. 180°C) 88.3 to 97 (0.5 K/min); 97 to 98.8 (0.05 K/min);

98.8 to 120.9 (1.3 K/min); 120.9 to 180 (3.5 K/min);
180 to 20 (-0.5 K/min)

ELO/ITA 70 to 110 (5 K/min); 110 (52 min);
Model 1 110 to 118 (0.8 K/min); 118 to 140 (3 K/min);

140 (42.7 min); 140 to 20 (-0.5 K/min)

ELO/ITA 70 to 105 (5 K/min); 105 (43 min);
Model 2 105 to 115 (0.4 K/min); 115 to 140 (1.5 K/min)

140 (28.4 min); 140 to 20 (-0.5 K/min)
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A.5. Flame-Retardancy of Biomolecules

Figure A.5.1.: Temperature-dependent derivative mass loss of neat epoxies
(left) and modified 827/L-Arg (bottom), nitrogen atmosphere.
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Figure A.5.2.: Derivative mass loss (DTG) for NaPh-modified 827/137H (left)
and NaPh and/or CS modified 827/137H in nitrogen atmosphere.
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