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Abstract

Liquid composite moulding methods are widely applied for manufacturing of fibre reinforced

polymer (FRP) composites and consist of two main stages: impregnation of fibrous rein-

forcements by a liquid monomer resin and curing of this resin. This thesis work proposes

strategies towards the optimisation of both process stages. First, an UV-flow freezing method

for the microstructural characterisation of dynamic infiltrating flows was optimised by fine-

tuning of the resin formulation and experimental procedure. The method allowed for in-situ

photopolymerisation of flow patterns characteristic of viscous-dominated, equilibrated and

capillary-dominated regimes. X-ray micro-computed tomography analysis enabled high reso-

lution volumetric imaging and quantification of the saturation levels of the characteristic flow

patterns.

Frontal polymerisation offers unmatched reductions in energy demand and time for curing

of FRPs. Current resin systems are incapable of overcoming the excessive heat uptake by

fibrous reinforcements and are hence limited to fibre volume fractions (V f s) well-below the

desired minimum of 55%. Optimisation of the resin composition and mould configuration

allowed for control of the governing heat balance while a defined processing window related

this balance to the possibility of forming a self-sustaining polymerisation front. The maximum

V f s however remained limited by the heat loss to the fibres. Bridging of the V f gap was

achieved via a novel self-catalysed frontal polymerisation approach where a sacrificial resin

channel in thermal contact with the FRP ensures enough pre-heating and catalyses the frontal

polymerisation process. FRPs were produced with V f s up to 62.2%, increasing the current

maxima by 15-20%, at an energy demand reduced by over 99.5% compared to conventional

oven-curing. Mechanical properties of the FRPs were comparable to those of traditional

carbon FRPs while its glass transition temperature of 177.6±9.3°C was 18.5°C higher. To further

evaluate process windows and the role of the mould, reinforcement and resin parameters,

finite difference models were developed by the derivation of descriptive reaction-kinetics

models that were calibrated and validated to experimental temperature recordings. The latter

procedure allowed for accurate approximations of front velocities and temperature profiles

and slightly overestimated peak temperatures. Application of the model to a series of case

studies allowed for complementary insights on the role of the processing conditions and

the occurrence of thermal instabilities. The combined strategies proposed in this work are

believed to pave the way towards the energy-efficient production of FRPs by means of liquid

composite moulding with an improved understanding on ongoing phenomena during resin

infiltration.
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Résumé

Les méthodes de moulage des composites par voie liquide sont largement appliquées pour la

fabrication de composites en polymère renforcés par des fibres (FRP). Elles consistent en deux

étapes principales : l’imprégnation des renforts fibreux par une résine monomère liquide et

le durcissement de cette résine. Ce travail de thèse propose des stratégies pour optimiser les

deux étapes du processus. Tout d’abord, une méthode de figeage par UV de la résine en cours

d’écoulement, pour la caractérisation microstructurale des flux d’infiltration dynamiques,

a été optimisée en affinant la formulation de la résine et la procédure expérimentale. La

méthode a permis la photopolymérisation in-situ de types d’écoulement caractéristiques en

régime dominé par les forces visqueuses, ou capillaires, ou en équilibre. L’analyse par microto-

mographie aux rayons X a permis d’obtenir une imagerie volumétrique à haute résolution et

de quantifier la distribution de saturation lors des schémas d’écoulement caractéristiques.

La polymérisation frontale offre des réductions inégalées de la demande en énergie et du

temps de polymérisation des FRPs. Les systèmes de résine actuels sont incapables de surmon-

ter l’absorption excessive de chaleur par les renforts fibreux et sont donc limités à des teneurs

en fibres (V f s) bien inférieures aux 55%, voire plus, souhaités. L’optimisation de la composition

de la résine et de la configuration du moule a permis de contrôler l’équilibre thermique, tandis

qu’une fenêtre de mise-en oeuvre a permis de relier cet équilibre à la possibilité de former

un front de polymérisation auto-entretenu. Malgré cela, les teneurs maximales en fibres sont

restées limitées par la perte de chaleur au niveau des fibres. L’écart V f a été comblé grâce à

une nouvelle approche de polymérisation frontale auto-catalysée dans laquelle un canal de

résine sacrificiel en contact thermique avec le FRP assure un préchauffage suffisant et catalyse

le processus de polymérisation frontale. Des FRP ont été produits avec des V f s allant jusqu’à

62,2%, augmentant les maxima actuels de 15-20%, avec une demande d’énergie réduite de

>99,5% par rapport à la polymérisation conventionnelle au four. Les propriétés mécaniques

des FRPs étaient comparables à celles des FRPs traditionnels en carbone, tandis que leur tem-

pérature de transition vitreuse de 177,6±9,3°C était 18,5°C plus élevée que lors d’une cuisson

thermique. Pour mieux évaluer les fenêtres de mise en oeuvre et le rôle des caractéristiques

du moule, du renfort et de la résine, des modèles de différences finies ont été développés,

incluant des modèles de cinétiques de réaction et données thermiques. Ils ont été calibrés et

validés à l’aide de mesures expérimentales. Cette dernière procédure a permis d’obtenir des

estimations précises des vitesses du front et des profils de température, tout en surestimant

légèrement les températures maximales. L’application du modèle à une série d’études de cas

a permis d’obtenir des informations complémentaires sur le rôle des conditions de mise en
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Résumé

oeuvre et l’apparition d’instabilités thermiques. Les stratégies combinées proposées dans ce

travail ouvrent des perspectives vers la production optimisée de FRPs en moulage par voie

liquide grâce à une meilleure compréhension des phénomènes en cours pendant l’infiltration

de la résine, et à la proposition d’un système de réticulation peu consommateur d’énergie.

Mots-clés : Polymères renforcés de fibres, mise en oeuvre des composites, moulage des com-

posites par voie liquide, écoulement des résines, photopolymérisation UV, traitement hors

autoclave, polymérisation frontale, polymère époxyde, modélisation de la cinétique de réac-

tion.
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1 Introduction

1.1 Motivation

Reinforcing a polymer material with a structural fibrous reinforcement results in a synergetic

material that combines strong points of both components, while compensating the main

limitations of the other material. Fibre reinforced polymer (FRP) composites are thus often

selected for their excellent specific properties, e.g. stiffness-to-weight or strength-to-weight

ratios, combined with good fatigue and corrosion resistances over their alternatives and have

therefore benefited from a strong research focus over the last decades. Their use in industry

for structural applications continuously increases since the 1970s [1, 2]. For example, modern

aeroplanes now consist of up to 80% by volume of carbon FRPs [3] while composites are

also applied in a wide range of other structural applications in the transport [4] and energy

sectors [5], making up an estimated annual market volume of 12 megatons [1].

The quality of structural thermoset FRP parts and their resulting mechanical properties

strongly depend on the ratio of relative content between the polymer and fibrous reinforce-

ment, and on the quality of the manufacturing in terms of fibre/matrix adhesion, fibre align-

ment, and good impregnation, with optimum part qualities being attained when the FRP is free

from any residual air pockets, commonly referred to as voids or pores [6], since the presence of

voids is detrimental for the mechanical performance of the FRP, in particular in the direction

transverse to the fibres [7, 8]. Processing of FRP, i.e. combining the polymer and fibrous

reinforcement, exerts a major influence on the formation of voids and hence the resulting part

quality [6]. Conventional manufacturing techniques employed by the composites industry

can be divided into two main categories, namely 1. the consolidation of pre-impregnated

fibrous preforms under high pressures and temperatures, e.g. in an autoclave, and 2. the

impregnation of dry fibrous preforms by a monomer resin (or a low viscosity thermoplastic)

followed by thermal curing or solidification.

Liquid composite moulding (LCM) is a class of FRP processing methods belonging to the

second category that is known to yield structural FRPs with good part quality at an increased

rate and cost-efficiency as compared to e.g. autoclave moulding. Infiltration by a monomer
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resin under an applied pressure gradient imposes the need for sufficient rigidity of the dry

fibrous preforms so as to avoid undesired distortions in the fibre alignment. This is achieved

by the use of dual-scale fabric architectures where thousands of individual fibres are bundled

into yarns, which are assembled in a, e.g. woven, braided or knitted, macrostructure. While

these dual-scale fabric architectures bring the required stability for shape retention during

processing, and are therefore without exception used in the context of LCM processing,

their heterogeneous structure also introduces additional complexity in the flow behaviour

of infiltrating resins [9] that narrows the window of processing conditions for production of

void-free FRPs with optimum part quality [8–10].

The relationship between the processing conditions, the resulting flow behaviour and the final

part quality in dual-scale fibrous architectures has been the topic of numerous studies over

the last decades [9, 11]. Analysis of dynamic infiltrating flows is often based on macroscopic

observations since accurate capture of the rapid ongoing phenomena imposes the need for

characterisation methods possessing high time resolutions. Although these studies have

improved the understanding on resin flow in LCM processing, the phenomena taking place

on a microscopic scale, i.e. on the order of several µm, remain largely unexplored due to

the absence of characterisation methods possessing the required spatial and time resolution

at the same time. A system that would be able to polymerise very fast so as to freeze the

flow at a desired time during the impregnation process followed by characterisation using

high resolution methods would thus open the door to a better understanding of the flow

phenomena and its development is therefore one of the objectives of the present work.

In addition, the thermal curing of infiltrated fibrous preforms is required to form the monomer

resin into a polymer matrix and typically requires lengthy autoclave or oven-curing procedures,

taking hours to days, at elevated temperatures and pressures, simultaneously requiring a

significant energy demand and subsequent environmental cost to the process [12, 13]. For

example, the production of a fuselage section of a Boeing 787 aeroplane is estimated to have

an energy demand of 58 GJ [14], which is equivalent to the yearly energy consumption of three

residents of Switzerland [15] or driving about 125,000 km in an electric car [16]. Extrapolated

to its global volume, the thermal curing procedures bring a significant environmental impact

to the FRP industry. Incentivised by the need to reduce this environmental impact, and hence

to search for more efficient and sustainable FRP production methods, a variety of novel curing

methods have been proposed that could each reduce the processing time or the required

energy input [12, 13].

Frontal polymerisation has emerged as a particularly promising approach as it can allocate

both these reductions, allowing for the productions of FRP parts in minutes with little external

energy input [17, 18]. Governed by the released polymerisation enthalpy, frontal polymeri-

sation systems can form an autocatalytically-induced front between hot (>200°C), formed

polymer and cold monomer resin, after the local application of an initial external stimulus

(e.g. heat or UV-irradiation). The front propagates autonomously through the impregnated

fibrous preform until it is fully cured, as long as a threshold for activation of the autocatalytic
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mechanism is exceeded [19]. An example of autonomous front propagation can be found

by clicking Video 1. The requirement for overcoming a threshold activation energy imposes

the need for precise control of the local heat balance between the resin reaction enthalpy,

thermal diffusion and heat losses to the environment and fibrous reinforcements in order to

successfully produce FRPs by means of frontal polymerisation. With the latter term becoming

increasingly significant with increasing fibre volume content (V f ), a system-dependent maxi-

mum defines the V f where the available activation energy falls below the threshold, resulting

in premature quenching of the front [17, 19]. These maxima currently range, depending on

the resin system, between 35-51% [20–22] which is below the V f s typically applied in the

FRP industry. Overcoming these limitations would pave the way for the adaptation of frontal

polymerisation as a FRP manufacturing technique, offering fast and energy-efficient process-

ing resulting in a minimal environment impact [20] and tooling costs [18] since no complex

heating systems would be required. This has been a second objective of the present work.

1.2 Thesis outline

This thesis work aims to explore and validate strategies that can contribute to the development

and optimisation of LCM processing methods. Two main research contributions are pursued

that aim at 1. proposing strategies for improved analysis of dynamic flow behaviour during

LCM impregnation and 2. developing methods to enable the frontal polymerisation-assisted

processing of high-V f FRPs. This leads to the following research questions that are addressed

in the manuscript:

• Can dynamic flow behaviour in dual-scale fibrous architectures be assessed on a mi-

crostructural level, thanks to fast-curing UV initiated resin systems that would allow

to freeze the flow patterns without any major disturbances to the local microstruc-

ture?

• Which strategies can be employed to enable the production of high-V f FRPs by means

of impregnation and frontal polymerisation?

With the related questions:

– What is the role of the governing heat balance during frontal polymerisation pro-

cessing of FRPs?

– Can an improved manufacturing route be proposed that increases the heat flux

without the need for additional external heat?

– Can these complex reaction kinetics and transient heat exchange mechanisms be

modelled to propose processing windows?

3
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To answer these questions appropriately, this thesis has been structured into the following

chapters:

• Chapter 2: State-of-the-Art

Comprises a review of the available literature in the context of LCM, analysis of dynamic

flow behaviour and experimental and numerical studies on frontal polymerisation.

• Chapter 3: Experimental

A description of the experimental methods employed throughout this thesis work in

order to answer the research questions.

• Chapter 4: Microstructural evaluation by in-situ UV-flow freezing

An optimised methodology for UV-flow freezing of flowing resin is presented and em-

ployed for a volumetric assessment of the characteristic flow patterns related to dynamic

flow behaviour at different processing conditions.

• Chapter 5: Frontal polymerisation-assisted processing of fibre reinforced polymers

An exploratory study on the role of the governing heat balance during the frontal poly-

merisation processing of FRP is presented. Methods to control the heat balance were

identified and used to define the current limitations of the process, by acting on the

mould material and resin composition.

• Chapter 6: Self-catalysed frontal polymerisation processing

Based on the findings in Chapter 5, a novel method for the production of high-V f FRPs

is presented that allows to overcome the current limitations and reach the range of V f s

sought for by the FRP industry without requiring additional energy input.

• Chapter 7: Modelling of Radical Induced Cationic Frontal Polymerisation

A numerical model describing the frontal polymerisation process used for experimental

investigations is proposed and employed to gave a further insight in the observed

phenomena.

• Chapter 8: Conclusion & Outlook

Finally, the findings presented in this work are summarised and a perspective is placed

on their potential for continued investigation.
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2 State-of-the-Art

2.1 Liquid Composite Moulding

Liquid Composite Moulding is a class of FRP processing methods that are based on the impreg-

nation of a liquid monomer resin into a dry fibrous preform, followed by a curing procedure

to form a polymer matrix. Characterised by an advantageous trade-off between relatively fast

processing and low tooling costs, e.g. compared to autoclave processing, with good resulting

part qualities, LCM-based processing methods are widely applied in the thermoset composite

industry. The family of LCM methods is typically differentiated by the mould types and/or the

type of pressure application [23] with resin transfer moulding (RTM) and vacuum-assisted

resin infusion (VARI) being the two most frequently employed methods [9]. RTM makes use

of two solid mould halves during the infiltration of a pressurised resin system while the top

mould of VARI is generally flexible with resin being infused by the application of a vacuum

from an outlet. A typical process flow for RTM methods is shown in Figure 2.1. Fibrous rein-

forcements are first cut to the desired shapes, layed-up and aligned to achieve the desired fibre

orientations. The stack of dried fabrics is then often compacted and preformed at elevated

temperature to increase its shape retention for the subsequent processing steps. The preforms

are placed in the RTM mould configuration followed by the infiltration of the liquid monomer

resin under an applied pressure gradient. Once completely saturated, the mould is heated

to cure the resin and an additional post-curing procedure is in some cases applied to ensure

the maximum curing degree is reached as well as to anneal the part, after which the part can

optionally be subjected to post-processing procedures, e.g. to enhance its surface quality.

The fabrics used in LCM processing are almost uniquely built-up of a dual-scale structure

where bundles of fibres, having diameters in the order of 7-20 µm are assembled into a

macroscopic, e.g. woven, knitted, braided or non-crimp, textile structure. While the use of

these structures arises from the need for shape retention during the manipulation of dry

fibrous preforms, the preforms used in LCM processes exhibit highly anisotropic, in general

dual scale pore, networks that span from micron-scale pores within yarns, i.e. intra-yarn, up

to millimetre-scale pores between yarns, i.e. inter-yarn [25].
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Figure 2.1: Schematic representation of resin transfer moulding (Adapted from: [24]).

2.2 Dual-scale flow behaviour

Flow through a dual-scale fibrous reinforcement can be considered as a flow through two

superimposed porous media [6], each being governed by the dominance of different physical

principles. The presence of closely spaced fibres make intra-tow channels particularly suscep-

tible for capillary effects while their presence is less apparent in the inter-yarn channels where

fibres are more sparsely spaced. The inverse on the other hand is true for the hydrodynamic

forces imposed by the applied pressure on the monomer resin for its infiltration. The sus-

ceptibility differences for capillary and hydrodynamic pressures result in local permeability

differences between intra- and inter-yarn channels [6, 8, 26], which can typically be observed

by a bimodal distribution of flow velocities and preferential channel infiltration, i.e. dual-scale

flow behaviour, if one of the forces is relatively dominant [6, 9, 27–30]. This is illustrated in Fig-

ure 2.2 where a flow regime dominated by capillary forces has a faster progression within yarns

while flow propagates faster in the inter-yarn spaces when hydrodynamic forces are dominant,

i.e. a viscous-dominated regime. It should be noted however that the differences in flow

velocities result from the relative dominance of one of the governing forces as capillary and

hydrodynamic pressures generally range between 1-100 kPa and 100-1000 kPa, respectively [9].
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2.2 Dual-scale flow behaviour

2.2.1 Void formation

The resulting ’fingering’ in Figure 2.2 due to the relative differences in flow behaviour results

in the formation of an unsaturated region where the preferential flow path, e.g. intra-tow for a

capillary-dominated flow, is largely saturated while the remaining section, e.g. inter-tow for the

exemplary capillary-dominated flow, remains largely unsaturated. In this situation, transverse

liquid transfer from the preferential flow path into the delayed channel is reported [10, 31]

to be dominant over longitudinal channel impregnation. This however generally also causes

mechanical air entrapment in the channel, which is regarded as the main origin of void

formation [7, 8, 28, 32]. The location and morphology of voids formed by mechanical air

entrapment are directly dependent on the flow regime. Capillary-dominated flows typically

result in the formation of voids in the inter-yarn regions, as demonstrated in Figure 2.2. The

unconstrained nature of these voids makes their morphology generally spherical as this is

energetically favourable due to the minimisation of surface tension [6, 8, 33]. It should be

noted however that the equilibrium shape may not always be reached, resulting in voids with

more irregular morphologies [6]. Viscous-dominated regimes on the other hand result in

the formation of intra-yarn voids with elliptical shapes and higher aspect ratios due to the

constraints imposed by the presence of surrounding fibres [6, 8, 33, 34]. The location of intra-

yarn voids and the consequent adhesion to fibres due to surface tension [35] or geometrical

constraints [10, 36] also limits the potential of void transport-induced removal [37]. Inter-yarn

voids can typically migrate more easily through the fibrous preform and hence be removed [6].

Dual-scale flow behaviour can thus exert a significant influence on the void content and

thereby the part quality of FRPs produced via LCM processing. In theory, mechanical air

entrapment can be avoided when intra- and inter-yarn flows propagate at the same velocity,

forming a so-called equilibrated flow front morphology [6]. In this favourable situation, voids

would thus only be formed due to alternative mechanisms such as e.g. gas formation from

curing reactions [32], curing shrinkage [38, 39] or nucleation of dissolved gasses in the resin

when cooling down [7, 8, 40], resulting in a minimisation of the void content.

2.2.2 Capillary number

Quantitative descriptions of dual-scale flow behaviour are frequently made using the capillary

number (Ca), which originates from soil science and describes the ratio of hydrodynamic and

viscous forces as:

C a = vη

σl v
(2.1)

where v denotes the fluid flow velocity, η the resin viscosity and σl v the liquid-vapour surface

tension. Numerous reports [7, 28, 34, 35, 41, 42] have related the formation of an equilibrated

front morphology or the minimisation of void content in a resulting composite to an optimum

capillary number (Caopt ). As demonstrated in Figure 2.2, capillary numbers lower than the
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Figure 2.2: Demonstration of the influence of the capillary number on the void formation and
final part properties during infiltration based on the fluid paths in a glass twill fabric under
capillary- and viscous-dominated flow regimes.

optimum generally show capillary-dominated flow regimes with consequent inter-yarn void

formation while viscous-dominated flow regimes and intra-yarn void formation are observed

at higher values of the capillary number [43, 44]. Flow experiments are claimed to be the most

suitable to study the impregnation of fibrous preforms and its relation to the capillary number

since all governing parameters act simultaneously [42] while Caopt related to a minimisation

of the resulting void content has also been characterised numerically [45]. In general, studies

investigating the flow behaviour vary the infiltration velocity with the liquid viscosity and

surface tension are kept constant [7, 27, 34, 44] while the role of these latter two parameters

have only been investigated recently [46]. Despite extensive efforts, it has not been possible

to-date to establish quantitative relations between the optimum capillary number and the

processing conditions with the range of Caopt being known to differ for different resin-fibre

systems. As reported by Michaud [9] and Park & Lee [35], typical values of Caopt range in the

order of 10−3, i.e. Caglar et al. [47] reported a value of 1.4·10−3, Lebel et al. [48] a Caopt of

1.5·10−3 and Lystrup et al. [49] 0.6·10−3.

Several authors [27, 50, 51] reported similar observations using a non-dimensional modified

capillary number, which is frequently used in the field of soil science, that includes the resin-

fibre contact contact angle (θ):

C a = vη

σl v cos(θ)
(2.2)
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2.2 Dual-scale flow behaviour

Use of the modified capillary number brings the advantage that matrix-fibre interactions

are accounted for, although partially as it considers a static contact angle while dynamic

contact angles in the presence of flowing liquids are known to significantly deviate from

their static equilibrium [52–54]. This could explain the generally preferred use of Ca for the

description of flow experiments. However, it should be noted that Caopt is merely an intrinsic

property of the resin-fibre system and does not consider transient phenomena taking place,

e.g. the spatiotemporal variation of pressure and the formation and transport of voids [38].

While several attempts have been made to account for these phenomena in a descriptive

dimensionless number, e.g. the use of the so-called capillary ratio between capillary and

injection pressures [55], the definition of a critical Ca for void mobilisation [48] or an analytical

expression to predict void formation in woven fabrics by decoupling the flow in different

domains [37], their use in studies on flow processing remains limited to-date and Ca has

remained the main descriptor.

2.2.3 Description of unsaturated flow

Quantitative descriptions of the unsaturated region in a dual-scale flow are usually made via

the local degree of saturation defining the fraction of the available pore space that is filled with

resin and is defined as:

S = Vl

1−V f
(2.3)

where S is the saturation level, respectively, Vl the liquid volume fraction and V f the fibre

volume fraction in a representative volume element. The magnitude of the saturation level

varies between 0 for an dry section and 1 when all the available pore space is impregnated. The

evolution of the saturation level over the unsaturated flow region is used to both quantify the

dual-scale flow behaviour, e.g. as reported by Nordlund & Michaud [29] for a range of viscous-

dominated flow conditions, as well as to model them. The localised saturation is typically

used in relation to the localised resin pressure and/or the permeability difference between

saturated and unsaturated regions. An example of this relation was reported by Park & Lee [35]

who demonstrated that, for a capillary-dominated flow regime, an incline of the resin pressure

compared to the linear pressure drop over the fabric length would appear when the saturation

drops below one, which corresponds to a decreased resin permeability due to reduced flow

passages as the resin does not occupy the available pore space volume [35]. This gradual

decrease continues up to an inflexion point where capillary pressures are more dominant

and tow saturation is more prominent. Descriptions of saturation curves by semi-empirical

models such as those proposed in soil-science by Van Genuchten [56] or Brooks & Corey [57]

have been employed towards a further understanding on the role of capillary effects [11]

as well as for quantification of e.g. local pressures and local permeabilities. The reader is

referred to the recent thesis work of H.Teixidó [46] for a more in-depth discussion on models

describing unsaturated flow. Accurate characterisation of saturation levels at a microscopic
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Figure 2.3: Relation between the localised resin pressure and saturation levels in a capillary-
dominated flow regime (Source: [35]).

level is therefore required to derive improved descriptions and models for microstructural

flow behaviour.

2.3 Microstructural evaluation methods

This section is an extract of the article ’Capillary Effects in Fiber Reinforced Polymer Composite

Processing: A Review’ by H. Teixidó‡, J. Staal‡, B. Caglar and V. Michaud published in ’Frontiers

in Materials’ 9, 1-24 (2022).

Based the aforementioned importance of understanding and controlling the dual-scale flow

in LCM processing, a number of evaluation methods have been applied to analyse the on-

going phenomena, ranging over a wide range of scales. Characterisation of dual-scale flow

behaviour at a microstructural level is complicated by the rapid dynamic phenomena acting

at a small scale combined with a potential opaque nature of many commercial available fibres

in polymer composites, e.g. carbon or flax. A multitude of methods have been proposed to

accurately image dual-scale flow, ranging from methods already widely established in other

fields, e.g. Magnetic Resonance Imaging (MRI), to more exploratory techniques such as in-

frared thermography. With no universal agreement on the technique to visualise dual-scale

flow behaviour, each specific method brings its own advantages and trade-offs between spatial

resolution, recording speed and ease of implementation.

2.3.1 Post-mortem analysis

Post-mortem analysis on produced composite parts was one of the first and a facile methods

to observe and quantify the role of capillary effects in FRP processing. These post-mortem

methods almost uniquely quantify capillary effects via the void content present after final

consolidation of the composite, while varying process parameters [28, 32, 34, 38, 58, 59] such
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as the flow rate or the injection pressure and thereby the impregnation velocity. It should

however be noted that in the latter case the velocity of the flow front, and hence the Ca,

decreases with the impregnation length. The presence of an optimum Ca [28,34,58,59], where

minimum void content is present within the composite as illustrated in Figure 2.2, has been

frequently reported using post-mortem analysis while Leclerc & Ruiz [34] observed similar

trends when measuring the resulting tensile modulus and tensile strength. While bringing

the advantage of being an easy method with relatively low equipment costs, post-mortem

analysis of capillary effects could potentially lead to significant inaccuracies. These arise

partially from the methods used for void content analysis such as, in order of increasing

accuracy [60], Archimedes’ principle [61], optical microscopy [32, 38, 61] and X-ray micro

computed tomography (µCT) [62, 63], while the void content in a FRP part is also affected by

phenomena occurring after passing of the flow front, e.g. void transport and dissolution into

the resin [6, 35]. In spite of the strong assumption that the latter did not have a significant

effect on the resulting void content in a chosen location, post-mortem analyses has been a

useful tool for early assessments on the role of capillary effects in composite processing.

2.3.2 Optical characterisation

In-situ measurements of front progression and morphologies are an a priori more accurate

to method to assess dual-scale flow behaviour, allowing for more direct observations of the

ongoing phenomena compared to e.g. post-mortem analysis. Optical methods can record

impregnating resins in fibrous preforms in a non-intrusive manner and at a high spatial

and time resolution with simple equipment, making it an effective and low-cost method for

flow characterisation [48]. Optical imaging is generally limited to translucent fabrics and

relies on the matching of refractive indices to distinct phases [29, 48, 64], i.e. the refractive

indices of epoxy/fibreglass can be very different from that of the air/fibreglass interface. The

distinction between two interfaces can be further enhanced by colourants compatible with

the test fluid [65, 66]. Recording a linear flow with a conventional camera and subsequent

image analysis allowed Nordlund & Michaud [29] and Facciotto et al. [55] to estimate the

width of the unsaturated region, which was subsequently modelled with finite difference [29]

and finite element models [55]. Continuous imaging of these regions showed the progressive

saturation of the preform, which was quantified from the pixel intensity in the successive

pictures. Standard camera imaging however only captures the flow at the, generally glass,

surfaces of the mould, which are known to be vulnerable to wall-effects, i.e. race-tracking

between the preform and the mould halves, while effects of e.g. nesting are also not well

captured [67, 68].

Visible Light Transmission VLT, illustrated in Figure 2.4a, has been proposed as an elegant

method to overcome this limitation [64]. Placement of a diffuse light source below the trans-

parent mould halves and of a camera above it makes the recorded light intensity an average

over the preform thickness. Moreover, the signal is also significantly intensified. Lebel et

al. [48, 51] employed VLT to characterise the relationship between processing conditions, i.e.
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Figure 2.4: Demonstrations of optical methods for flow characterisation at different scales:
a) Visible Light Transmission on centimetre-scale (Source: [51]) and b) optical microscopy
imaging on micrometre-scale (Source: [69]).

via the Ca∗, and the saturation of a glass fibrous preform. The increased light intensity allowed

them to accurately estimate the local void content after calibration with burnt-off composites

after consolidation. Distinction of voids allowed them to estimate the optimum Ca∗ as well as

the onset of pressure-induced void mobility. Further contrast enhancement could be achieved

by the addition of fluorophores into the probe liquid. This resulted in strong enhancement of

the contrast, e.g. for the visualisation of intratow flow [42, 70], even enabling the use of optical

methods for the characterisation of opaque carbon fibrous preforms [49]. The addition of dyes

will however induce changes in resin properties, e.g. its wettability, and thereby may affect

the apparent Ca or Ca∗, making the resulting observations not directly representative of pure

resin systems.

Increases in spatial resolution on tow-scale could be achieved with the use of optical mi-

croscopy imaging. This increased resolution, however, comes at the cost of the overall field

of view, making the method better suited for local detection of voids or microstructural dual-

scale flow behaviour. Yoshihara et al. [69] investigated the role of capillary pressure, varied

by the application of different fluorine coatings on the fibre surface, on the dual-scale flow

behaviour in an optical microscopy setup. This allowed them to observe infusion of a woven

fabric on a micron-scale, shown in Figure 2.4, which were coupled to numerical simulations.

Zhao et al. [71] and Matsuzaki et al. [72] followed a similar approach in their studies on void

formation and were able to accurately record capillary fingering and void formation upon the

impregnation of a woven preform at a range of velocities falling the in the capillary-dominated

regime. This allowed them to accurately capture the void formation and evaluation with the

use of in-situ optical microscopy. However, flow analysis by means of optical microscopy can

typically only be applied to single ply fibrous reinforcements if based on light diffusion and

suffers from wall-effects in reflectance mode, while the upper limit of allowed infusion rates is

defined by the maximum imaging rate of the microscope.
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2.3.3 In-situ flow freezing

In-situ flow freezing was proposed as a novel method for the characterisation of dynamic flow

behaviour in translucent fibrous reinforcements. Initially proposed by Caglar et al. [47], the

method is based on the UV-photopolymerisation of infiltrating resins, transforming a dynamic

situation into a static one and thereby overcoming any potential time constraints imposed by

characterisation techniques. Caglar et al. [47] used a transparent poly(methyl methacrylate)

(PMMA) mould configuration to in-situ polymerise infiltrating epoxide resins. Resin pressures

were varied to produce capillary-dominated, equilibrated and viscous-dominated flow front

morphologies in single-layer glass fibrous reinforcements, as shown in Figure 2.5. Optical

imaging of the consolidated flow fronts in pristine fabrics and fabrics after application of

an oxidative surface treatment allowed them to relate the processing conditions, i.e. Ca, to

the apparent flow front morphology. Neitzel & Puch [73] followed up on this and used a

similar methodology to assess void formation mechanisms in LCM processing. Using a semi-

transparant glass mould and an acrylate-based UV-responsive system, they controlled the flow

regimes in single-layer glass fibrous preforms by variation of the inlet pressure. Subsequent

optical microscopy imaging on cross-sections of the cured flow front allowed them to assess

the length of the unsaturated zone as a function of Ca∗.

These reports have partially demonstrated the potential of in-situ UV-flow freezing as a method

for characterisation of dual-scale flow behaviour on a microstructural level. However, the use

of a single fabric layer, potentially inducing the aforementioned wall-effects, in combination

with a spatially-averaged [47] or discrete analysis strategy [73] may limit the observations

that could be made. While the use in-situ flow freezing is partially hampered by the need for

specially designed resin systems and rather thin (e.g. few layers) and transparent samples to

avoid inhibiting the cure reaction that is highly dependent on UV-light, further optimisation

of the methodology based on the work of Refs. [47, 73] could result in a promising strategy for

the microanalysis of dynamic flow behaviour.

2.3.4 Integration of sensors

One of the proposed methods to track resin flow progression, and thereby progressive sat-

uration and void formation, in LCM processing that is not limited to translucent fabrics is

the inclusion in or in-between stacked preforms [74]. Methods using conductive sensors

typically require a non-conductive fibrous preform to be placed in-between tow conductive

parallel plates. Labat et al. [75] and later Gueroult et al. [26] infused a glass fibre preform with a

conductive liquid and simultaneously recorded the voltage over the preform, which increased

with increasing saturation levels. The first strong increase of the voltage was attributed to the

passing of the unsaturated flow front followed by a period of void removal, while the final

voltage was directly linked to the saturation and hence the void content in the part. The

recorded void contents moreover followed the expected ’V-shaped’ curve as a function of

Ca∗. Carlone et al. [76, 77] employed a similar experimental methodology while recording the
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Figure 2.5: Optical imaging of front morphologies in capillary-dominated, equilibrated and
viscous-dominated flow regimes after UV-photopolymerisation using pristine fabrics and
fabrics subjected to an oxidative surface treatment (Source: [47]).

capacitance over the fabric preforms and correlated the observations to numerical models.

This methodology also allowed for impregnation with less conductive resins. Similar satura-

tion curves were obtained and verified in comparison with the void content in post-mortem

optical microscopy images. They moreover compared the accuracy of progressive saturation

tracking by dielectric with that recorded by pressure sensors, e.g. as proposed by Refs. [78, 79]

and was found to be significantly higher. The requirement for a non-conductive fibrous

preform limits the use of the methods developed by Refs. [26, 75–77]. Developments have

been made to overcome this issue, e.g. by insulating the censor with a dielectric material and

optimisation of the sensor characteristics [80, 81]. However, these types of sensors have not

yet been employed to study unsaturated flow phenomena to-date. Alternatively, Villière et

al. [82] proposed a method based on the saturation-dependence of the thermal behaviour of a

resin-fibre system. Recording of heat fluxes induced by an electric heater was found to give

an accurate representation of the local saturation, which were coupled with mathematical

models to fit progressive saturation curves. Implementation of optical micro-flow sensors

within tows on the other hand gives the possibility to record capillary pressures and intra-tow
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saturation, as was demonstrated by He et al. [83] in their study on resin flow in prepreg process-

ing. Although these sensors bring the potential for microstructural evaluation of dual-scale

flow behaviour, their presence will inherently alter the resin flow, making it uncertain that a

representative image could be obtained. The discrete nature of integrated sensors moreover

limit the observations that can be made in a single impregnation. In combination with, in

most configurations, a limited spatial resolution, the use of integrated sensors is generally

regarded unfavourable for the analysis of dynamic flow behaviour.

2.3.5 Ultrasound imaging

Ultrasound imaging techniques on the other hand do not suffer form a discrete nature and are

known for their high acquisition rates. Ultrasound techniques have therefore been used to

track resin flow in fibrous preforms [84], in particular for through-thickness resin infusion [85–

87]. Thomas et al. [86] tracked through-thickness resin flow via acoustic C-scan measurements

giving a planar view of the sample. Ultrasound imaging moreover allowed for the successful

characterisation of unsaturated permeability, given a microstructure-dependent minimum

fibre content is present within the preform [87]. While this method gives an indication of the

through-thickness saturation of the preform, its limited spatial resolution does not allow for

the distinction of capillary effects such as dual-scale flow behaviour, localised saturation and

void formation on a microstructural level.

2.3.6 Magnetic resonance imaging

Several works have utilised MRI as a tool to observe flow in porous media. While suffering

from drawbacks such as large tooling costs and spatial resolutions that are limited to around

0.1 mm due to signal relaxation effects [88], MRI brings the advantage of an excellent material

contrast between FRP constituents, i.e. fibres, polymer and voids, which could be further

enhanced by the addition of contrasting agents or by specified measurement sequences [89].

MRI has therefore been applied for the characterisation of flow in porous media [90–92] with

several studies specifically focusing on the visualisation of dual-scale flow behaviour. Leisen &

Beckham [93] proposed a method of nuclear MRI and subsequent image analysis to quantify

inter-yarn voids and their morphologies in saturated woven nylon fabrics, while Neacsu et

al. [89] applied MRI to characterise capillary effects in glass fibre bundles. In the latter case they

found fast MRI imaging able to track progressive transversal impregnation within bundles at

different volume fractions and were able to use this data to backcalculate the driving capillary

pressures. Endruweit et al. [88] carried out an extensive investigation regarding the use of

MRI to in-situ image the impregnation of dual-scale textiles. Reconstructed 3D images had

resolutions of 0.5 mm, visualising the mesostructure of fibrous preforms. An intermittent

injection strategy was used to overcome time resolution limitations, which allowed for imaging

of various flow regimes. Resulting images clearly visualised the progressing flow front and

the formation of inter-yarn voids, while progressive progressive saturation was tracked by a

gradual increase of the relative signal intensities. Observation of intra-tow flow and capillary
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effects on a micron-scale are however beyond the physical capabilities of MRI techniques.

2.3.7 X-ray analysis

Intrinsic differences in X-ray absorption coefficients of composite constituents gave rise to

a multitude of X-ray-based techniques that were applied to in-situ study the dynamic flow

behaviour in LCM processing. Bréard et al. [94] continuously tracked through-thickness

impregnation of a random mat stack using X-ray radiography. While the image resolution

was insufficient to capture the fibrous preform, the fast imaging rates of X-ray radiography

allowed for accurate tracking of the infiltrating fluids. Teixidó et al. [95] used an X-ray phase

contrast method in-operando to assess the saturation of several types of fibrous preforms.

Based on the material-sensitive phase modulation due to interference formed after passing

X-rays through a grating, the material contrast, which can be a limiting factor for composites,

is significantly enhanced [96]. Employing this method allowed for imaging of progressive

saturation of 15×5 cm non-transparent fabrics over a range of capillary numbers and they

were able to extract the thickness-averaged saturation curves from these images, with a time

step below 10 seconds [97].

The use of µCT has allowed for the observation of dual-scale flow at an unprecedented reso-

lution. Based on the reconstruction of three-dimensional images from a set of radial X-ray

radiographs, X-rayµCT provides the ability to reconstruct through-thickness images of opaque

materials [98]. Features down to sub-µm level can be reached, e.g. allowing for accurate imag-

ing of carbon or glass FRPs, while image resolutions typically come at a cost of the volume that

can be analysed and the measurement speed. 4D µCT (three-dimensional in space and time),

e.g. to study the dual-scale flow behaviour, is moreover typically complicated by the possible

occurrence of blurring effects, reducing the image resolution due to movement of the flow

front [99]. To avoid this, the acquisition time should be short enough to limit the movement to

less than one voxel per scan [99]. While some studies have thus aimed at indirect observations

of dual-scale flow behaviour, e.g. by assessing thickness changes [100] or image-based compu-

tational fluid dynamics simulations [101], several investigations aimed at in-situ imaging of

dual-scale flow behaviour through a fibrous preform. Vilà et al. [10] were the first to employ

µCT to study the intra-tow infiltration of a glass fibre bundle in a µCT synchrotron beamline.

Infusion was carried out under a capillary-dominated regime and was halted to image the flow

front. Images were reconstructed from 900 radiographs taken over a period of 120 minutes

with a voxel size of 2.5 µm2. At a slightly reduced resolution, Larson et al. [102, 103] were able

to drastically reduce the imaging time, i.e. to ∼1.5 minutes, which allowed them to in-situ

record the impregnation of an enclosed fibre bundle with capillary numbers up to 10−3. Vilà et

al. [10] and Larson et al. [102, 103] were both able to observe progressive saturation of the fibre

bundle and were able to relate this to local capillary pressures and permeabilities, while the

more homogeneous fibre distributions used by Larson et al. [102, 103] translated to more ho-

mogeneous distributions and magnitudes of capillary pressures. They were moreover able to

gain an insight in the apparent dynamic contact angles and to relate this to fibre displacement.
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Figure 2.6: Progressive saturation recorded by synchrotron radiation radiation computed
laminomography of a) equilibrated and b) capillary-dominated flow regimes. (Source: [99]).

Static contact angles after capillary wicking of a fibre bundle was studied in more detail by

Castro et al. [104], who employed synchrotron-µCT to produce high-resolution images. Image

analysis then allowed for an assessment of axial and transverse contact angles.

The resolution requirement to obtain an accurate representation of FRPs with a conventional

µCT setup limits the sample size significantly. Castro et al. [99] overcame this limitation by

making use of so-called synchrotron radiation computed laminography, where significant

gains in field of view can be achieved by imaging planar samples at an angle ( [105–107]. In

combination with a fast acquisition rate, i.e. 1.8 minutes per tomogram, they were the first

to in-situ image dual-scale flow behaviour in woven textiles with micron-scale resolution.

Equilibrated flow regimes (Figure 2.6a) were imaged and, although slightly affected by blurring

due to the movement of the flow front, the images clearly showed the microstructural evolution

upon impregnation and the absence of void formation. Slower infusion rates in capillary-

dominated regimes (Figure 2.6b) minimised the blurring effect, giving a highly detailed insight

on progressive saturation and void formation upon impregnation. Moreover, they were able

to segment and analyse both inter- and intra-yarn void distributions as well as gaining novel

insights in the void formation mechanisms during LCM.

The spatial resolution of µCT for imaging of dual-scale flow behaviour on a microstructural

level is thus unmatched compared to its alternatives. Overcoming its relatively low time

resolution, which is regarded as the main limitation of µCT imaging, would make the preferred

method for studying dynamic flow behaviour. By removing limitations on the time resolution

or the range of flow regimes that can be assessed, UV-flow freezing, described in Section 2.3.3,

has the potential to fill up this gap and complement µCT analysis.

17



State-of-the-Art

2.4 Frontal polymerisation

2.4.1 The origins of frontal polymerisation

With the increasing incentive towards more sustainable processing of composites, frontal

polymerisation has emerged as a promising out-of-autoclave method that delivers large

reductions in environmental impact and processing time compared to traditional (thermal)

consolidation methods [20], while often resulting in comparable or better polymer properties

due to increased monomer conversions and/or cross-linking densities [20, 108, 109]. Frontal

polymerisation is a self-sustaining reaction based on the localised reaction zone around a

distinctly separated polymer-monomer resin interface [18]. Although other variants exist, e.g.

isothermal frontal polymerisation that is governed by gradients in monomer concentration

[19], thermal frontal polymerisation, driven by large thermal gradients present near the

reaction zone, makes up the majority of the applications of frontal polymerisation as it offers

significant advantages in polymerisation time, control and applicability [19]. It is therefore

interchangeably referred to as frontal polymerisation and thermal frontal polymerisation in

the continuation of this work. The existence of thermal frontal polymerisation in polymer

systems was first reported in the early 1970s in the USSR, where Chechilo & Enikolopyan

[110, 111] observed spontaneous polymerisation waves that formed in highly pressurised

(>3500 atm) methyl methacrylate systems. Followed by two decades with limited progress,

the research interest spiked in the late 1990s and early 2000s as the fundamental chemistry

was developed for systems to undergo frontal polymerisation at ambient conditions while

recent developments largely focus on its applications and engineering [18,19]. A more detailed

review on the historical origin of thermal frontal polymerisation is reported by Pojman [19].

2.4.2 The governing heat balance

The mechanism behind frontal polymerisation is governed by the heat released upon auto-

catalytic polymerisation of a monomer system, hence forming a self-sustaining front that

can propagate through the monomer resin (Video 1), if the exothermicity of the system is

sufficient to overcome its own activation energy [17, 19]. The capability of a system to induce

frontal polymerisation could therefore be directly linked to the local heat balance near the

reaction zone. Assuming a situation where an enclosed domain is filled with a monomer

resin formulation capable of undergoing frontal polymerisation and fibrous reinforcements,

the local heat balance around a propagating front, schematically illustrated in Figure 2.7, is

composed of four main terms:

1. Polymerisation enthalpy: Heat is solely generated by the exothermic polymerisation

reaction and, by the use of highly reactive and exothermic resin systems, typically

results in a localised temperature peak, often of >200°C, when rapidly transforming the

monomer resin into a polymer.

2. Thermal diffusion: A significant heat flux imposed by the local thermal gradient be-
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tween the hot, formed polymer and the cold monomer resin induces rapid heating of

the neighbouring resin layer.

3. Heat uptake by the mould: Heat losses, e.g. to the mould environment, occur concur-

rent with the thermal diffusion. The importance of controlling the boundary conditions

is discussed in Section 2.4.5.

4. Heat losses to fibres: The heat uptake by fibrous reinforcements increases with the filler

content and therefore poses a significant complication for the production of high-V f

composite materials. The role of fillers is explained in more detailed in Section 2.4.6.

Initiation of a polymerisation front requires the local input of external energy, i.e. by UV-

irradiation or the application of a heat source [19, 112], to activate the autocatalytic reaction

mechanism. Propagating fronts are generally self-sustaining, and hence independent of the

initial energy source, if the sufficient thermal energy is available to overcome the activation

energy threshold for enabling the autocatalytic mechanism [17,19]. However, fronts are known

to quench if this condition is not met [18]. In reference to the local heat balance of Figure 2.7,

it could thus be hypothesised that successful frontal polymerisation thus a minimum heat

flux, dependent on the thermal gradient and thermal diffusivity around the front region, to

rapidly induce autocatalytic polymerisation in an unpolymerised resin layer while concurrent

heat losses would complicate the process.

Assuming an situation with a constant thickness, mould type and filler contents, a propagating

front theoretically approaches a steady-state temperature that is directly related to the local

heat balance. With the imposed heat flux, and hence the time required to provide sufficient

energy to overcome the activation threshold, being directly dependent on the temperature

gradient over the polymer-monomer resin interface, a correlation exists between the front

temperature and propagation velocity [113]. The front temperature and velocity are therefore

typically used to characterise propagating fronts [18]. Moreover, these direct relationships

emphasise that control of the local heat balance is key in frontal polymerisation.

2.4.3 Frontal ring opening metathesis polymerisation

Frontal polymerisation has predominantly been reported in relation to free-radical poly-

merisation as it offers beneficial high reactivities and relatively moderate exothermicities, i.e.

∼350 J/g [18, 114]. Frontal polymerisation in free-radical systems is driven by the Arrhenius-

dependence of the reaction rates and requires a system to exhibit very high reaction rates

at elevated temperatures and little or no reactivity at room temperature so as to allow for

rapid heat release upon arrival of the front to overcome heat losses [19]. Although a multi-

tude of free-radical-based systems capable of undergoing frontal polymerisation have been

proposed [18, 19] since its discovery in the 1970s, Mariani et al. [115] were the first to re-

port so-called frontal ring opening metathesis polymerisation (FROMP) that was later shown

to be a well-performing and versatile system for the the production of polymer as well as
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Figure 2.7: Schematic representation of local heat balance in frontal polymerisation being
composed of 1. Generated enthalpy of polymerisation, 2. Thermal diffusion to boundary layer,
3. Heat uptake by the mould material and 4. Fibrous reinforcements.

FRPs [20,21,116]. FROMP systems are almost uniquely based on a (second generation) Grubbs’

catalyst and dicyclopentadiene is mainly used as the primary monomer. Based on Ring Open-

ing Metathesis Polymerisation [117, 118], FROMP requires the application of a thermal energy

source while the exothermic heat originates from the opening of the dicyclopentadiene ring,

forming a poly(dicyclopentadiene) (pDCPD) monomer.

The Arrhenius-dependence of FROMP, and other systems undergoing frontal free-radical

polymerisation, brings complications in its processability since curing already proceeds at

room temperature. Although taking place at a relatively low rate compared to the high-

temperature frontal polymerisation, this precuring results in short pot lives that span in the

order of minutes. The addition of phosphite inhibitors was shown by Robertson et al. [119]

to significantly enhance the pot life, i.e. up to 30 hours, but comes at the cost of the frontal

polymerisation performance since the frontal velocity was recorded to decrease with the

inhibitor concentration. Further extension of the FROMP system to enable UV-initiation of

fronts was proposed by the addition light-absorbing fillers [120] or dedicated photoactive

compounds [121, 122] while the tuning of the mechanical properties was demonstrated by

co-polymerisation [114, 123–125]. Moreover, recent reports [116, 124] have demonstrated the

possibility to facilitate easy deconstruction, i.e. recycling, of polymers produced by FROMP.

Although highly system-dependent, FROMP systems are reported to propagate at velocities of

∼0.5-1.4 mm/s with temperatures generally in order of 150°C [20, 114] and in some cases up to

215°C [18]. Robertson et al. [20] showed that tensile properties of FROMP-produced pDCPD

polymer were comparable to those produced by an oven-curing procedure. Young’s modulus

of pDCPD is reported to be ∼2 GPa for both processing strategies while the tensile strength was

slightly lower when produced by FROMP. The same was true for the fracture toughness of ∼3
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MPa·m1/2, which was found to be significantly higher than that of an oven-cured commercial

epoxide-based resin system. Combined with an elevated glass transition temperature (Tg ) of

up to 172°C, the beneficial use of FROMP systems can be foreseen in wide range of applications

as has been already demonstrated for e.g. additive manufacturing [126–128] or the production

of functional materials [129–131]. Its applicability for the industrial production of FRPs could

be limited by the inherent short pot lives.

2.4.4 Frontal polymerisation of epoxide systems

Epoxide systems have been widely applied for the production of thermoset FRPs due to their

good mechanical properties over other thermoset polymers while the advantages of under-

going a cationic reaction pathway, not being inhibited by the presence of oxygen and able to

undergo dark-curing [132] in contrast to free-radical polymerisations, have simultaneously led

to intensive investigations on cationic UV-photopolymerisation. Epoxide systems moreover

offer the advantage of a low curing shrinkage [133, 134], which is reported to be in the order of

2-6% and can be further reduced by optimisation of the monomer composition [135], that

can limit the formation of residual stresses [136] and enhance the retention of the polymer

geometry or morphology.

To overcome the inherent thickness limitations of the cationic UV-photopolymerisation due to

the attenuation of UV-light [137, 138], investigations of inducing frontal polymerisation in sys-

tems undergoing cationic photopolymerisation commenced in the early 2000s with a specific

focus on its initiation by UV-light. Crivello et al. [139] first observed frontal polymerisation in

a cationic system composed of oxetane and oxirane monomers and reported reaction fronts

with temperatures up to 169-232°C in the presence of a diaryliodonium salt cationic initiator

after UV-irradiation of the sample surface, followed by thermal initiation by a heating wire.

In subsequent reports [140, 141] they were moreover able to relate the front characteristics

to the reactivity of the used monomer. Investigations were however limited to low molecular

weight monomers possessing high mobilities and reactivities while systems only depending

on onium salts were assumed to be incapable of inducing frontal polymerisation in the more

bulky monomer systems that are typically used in the thermoset FRP industry.

2.4.4.1 Radical induced cationic frontal polymerisation

To overcome this limitation, Mariani et al. [142] were the first to demonstrate so-called radical

induced cationic frontal polymerisation (RICFP). This reaction pathway was inspired by

radical induced cationic polymerisation (RICP) [143] where the presence of a free-radical

(photo-)initiating compound in combination with a cationic initiator can strongly enhance the

reaction kinetics during cationic photopolymerisation. This mechanism can be transformed

into an autocatalytic reaction, i.e. RICFP, in the presence of a free-radical initiator that can

be thermally activated at temperatures below that of the cationic initiator and given that the

system reactivity and heat release are sufficient to maintain the local temperature above the
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Figure 2.8: Schematic overview of the autocatalytic RICFP process. The key steps in this
process are: 1. Thermal activation of the thermal initiator, 2. Formation of a carbocation by
interaction between the thermal initiator-derivative and the photoinitiator, 3. Initiation of
epoxide polymerisation by a superacid resulting from the formed carbocation and 4. Exother-
mic polymerisation of epoxide monomer.

dissociation temperature [142]. Figure 2.8 shows a schematic yet simplified representation

of the autocatalytic RICFP following the pathways reported by Refs. [142, 144–146]. High

local temperature would first induce the thermal dissociation of the free-radical initiator; the

dissociated derivatives, containing a radical active centre, can subsequently be oxidised to

a carbocation by interaction with a cationic initiator. The formed carbocation then forms

a superacid [146] by extracting a proton from the monomer or solvent that can commence

the polymerisation of epoxide monomers. The consequent highly exothermic ring opening

polymerisation provides thermal energy to the system, allowing for further dissociation if the

aforementioned activation energy is overcome, hence making it autocatalytic.

The RICFP mechanism brings several advantages compared to FROMP, which are largely due

to its dual-initiator configuration. First of all, the system is responsive to both thermal and

UV-triggers with equal efficiency for initiation of the autocatalytic mechanism [108]. The

application of a thermal source would allow for direct dissociation of the free-radical initiator,

which is therefore referred to as thermal initiator in the continuation of this work. Cationic

initiators used for RICFP are generally also photoresponsive [147] and could hence initiate

polymerisation upon UV-irradiation, as will be further elaborated upon in Section 2.4.4.2.

RICFP systems are moreover typically independent of Arrhenius kinetics as their initiation

threshold is solely dependent on the thermal dissociation of the thermal initiator, resulting in

excellent pot lives of over one month while being kept at 50°C [108].
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Figure 2.9: Chemical structure of a diaryliodonium salt cationic photoinitiator.

2.4.4.2 Tuning of the UV-response

With its origin in the field of UV-photopolymerisation, reports on RICFP have to-date mainly

focused on UV-irradiation to initiate frontal polymerisation. Onium salts [148, 149] make up

the majority of cationic initiators in both fields [147] and are made up of an organic cation and

an inorganic anion, which each govern specific properties of the initiator [134,150]. The cation

determines the light absorbance characteristics such as the photosensitivity and quantum

yield while also partially determining the thermal stability of the compound [147]. The anion

on the other hand predominantly determines the polymerisation rate and degree [148, 150]

as it mainly influences the reactivity and the strength of the formed superacid and reactivity

of the onium salt. Pioneered by Crivello et al. [151], diaryliodonium salts have been a widely

used class of photoinitiators for UV-photopolymerisation because of their good thermal

stability, tuneable reactivity and optical transparency of the resulting polymer [147]. The

general chemical structure of diaryliodonium salts is shown in Figure 2.9 with the R-group

representing long alkyl chains that can reduce the toxicity and increase the solubility of the

photoinitiator [152]. Commonly used anions are, in order of increasing reactivity, BF−
4 <

PF−
6 < AsF−

6 < SbF−
6 , which are all capable of forming superacids. Tetrakis(perfluoro-tert-

butyloxy)aluminate (I-Al) has moreover been identified by Klikovits et al. [153] as a promising

anion with resulting reactivities that outperform photoinitiators based on the common anions

while Taschner et al. [154] identified several other potentially promising anions that further

increase the photoinitiator reactivity.

As illustrated by the reaction pathway in Figure 2.10, absorbance of UV-light by the diaryliodo-

nium salt results in the excitation and subsequent cleavage of the cation to finally form a

strong acid that promotes the cationic polymerisation of an epoxide monomer resin [144].

Efficient UV-initiation requires the absorbance spectrum of the photoinitiator to match that

of the incoming UV-light. Typical absorbance spectra of diaryliodonium salts are in the

range of 220-350 nm [134], depending on the chemical structure of the cation. Photosen-

sitisation is regarded as an efficient strategy to expand the absorbance spectrum of an UV-

photopolymerisable resin formulation, in specific cases even up to the visible spectrum [147].

Photosensitisers exist in a wide range, undergoing different sensitisation mechanisms and

with varying compatibilities with onium salt types, as extensively reviewed by Malik et al. [147].
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Figure 2.10: Chemical pathway for UV-initiation of epoxide polymerisation by a diaryliodo-
nium salt (Source: [144]).

Isopropylthioxanthone (ITX) was identified as a compatible photosensitiser for indirect pho-

tolysis of diaryliodonium salts via electron transfer from the triplet state of ITX to the iodonium

salt [155]. Caglar et al. [47] employed ITX to expand the wavelength spectrum to above 400

nm to allow UV-photopolymerisation through PMMA while Klikovits et al. [153] reported

that a small amount of ITX was sufficient to induce UV-photopolymerisation in a system

consisting of their novel I-Al photoinitiator and bisphenol A diglycidyl ether (BADGE). Bomze

et al. [108] studied the use of ITX to tune the UV-response of a BADGE-based RICFP system

and reported that concentrations below 0.2% allowed for improved UV-initiation capabilities

while increased concentrations were found to induce shielding. The presence of ITX at these

concentrations was found to not affect the front characteristics during RICFP propagation.

2.4.4.3 Tuning of the autocatalytic front propagation

Once the activation threshold is overcome, the autocatalytic RICFP mechanism (Figure 2.8)

is enabled, resulting in a self-sustaining polymerisation front that is maintained providing

that sufficient energy is available to overcome the activation energy threshold [17, 19]. As

previously explained in Section 2.4.4.1, the autocatalytic phase is an interplay between a

cationic photoinitiator, a free-radical thermal initiator and an epoxide monomer and hence

each of these components has a specific influence on the resulting front characteristics.

In addition to its largely determining role on the UV-response of a RICFP resin, an increased

reactivity, i.e. strength of the formed superacid, of the photoinitiating compound is reported

to enhance the reaction rate during the frontal propagation phase while the redox potential

should be sufficient to induce the formation of a carbocation out of the free-radical thermal

initiator [147]. Diaryliodonium hexafluoroantimonate photoinitiators, and in particular p-

(octyloxyphenyl)phenyl iodononium hexafluorostibate (IOC-8 SbF6) [108, 144, 146, 156–158]

are reported to be sufficiently reactive and possess the required redox potential to induce

self-sustaining frontal polymerisation. Increasingly reactive photoinitiator compounds were

found beneficial for the front characteristics during RICFP processing. Knaack et al. [145]

compared the front velocity and temperatures of resin systems containing IOC-8 SbF6 or I-Al

as photoinitiators. At a concentration of 1 mol%, the system containing I-Al exhibited front

velocities that were increased by 250% compared to those of IOC-8 SbF6-containing systems

while the minimum layer thickness that could be successfully cured reduced by a factor four.
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Gachet et al. [159] studied a range of novel sulfonium-based initiators capable of undergo-

ing RICFP and reported front velocities and temperatures up to 2.2 mm/s and 270°C, which

exceeded those reported by Knaack et al. [145]. Taschner et al. [154, 160] identified promis-

ing photoinitiators for RICFP ranging from a wide range of initiator classes. The developed

bismuthonium-based initiator showed strong improvements in storage capability compared

to IOC-8 SbF6, although this came with a reduction in front characteristics. Iodonium borate

initiators showed comparable front characteristics and resulting curing degrees as systems

containing I-Al while tuning of the anion had a direct influence on the colour and transparency

of the formed polymer. Despite promising results, novel photoinitiators with increased reac-

tivities are to-date still finding their way into the field due to limited commercial availability

with IOC-8 SbF6 remaining the more conventional choice of cationic photoinitiator.

The thermal initiating compound plays a crucial role in RICFP since its reactivity affects

both the reaction rates of a given RICFP resin system as well as the onset temperature for

activation of the autocatalytic mechanism [145]. Peroxides are known to be efficient free-

radical generators, e.g. for initiation of free-radical polymerisation, and dibenzoyl peroxide

was therefore first proposed as thermal initiator for RICFP [142] while Groce et al. [158] used

an 1,1-iso(tert-butylperoxy)-3,3,5-trimethylcyclohexane peroxide initiator, more commonly

known under its commercial name Luperox 231, to induce RICFP in vinyl ether resins. Bomze

et al. [146] investigated the structure-property relations of various thermal initiator types.

They explored a range of peroxide initiators and found that the majority was insufficiently

reactive to induce RICFP in a BADGE resin while others showed bubble formation that was

partially attributed to decarboxylation of the formed radical species. Carbon-carbon (C-C)

labile compounds were found highly beneficial for RICFP due to their high reactivity combined

with an excellent stability, which was hypothesised to be due to the possibility for formed

radicals to recombine if not reacted [146, 161], and the absence of gaseous byproducts. The

reactivity of the thermally induced radicals was found dependent on the sidegroups of the C-C

labile compounds and the presence of an oxygen atom was needed to produce sufficiently

reactive radicals to sustain RICFP. 1,1,2,2-Tetraphenyl-1,2-ethanediol (benzopinacol) was

identified as the most promising free-radical thermal initiator and was used in the majority of

following studies on RICFP systems [108, 144, 145, 156, 157, 162].

Alternatively, the use of boron trifluoride amine complex thermal initiators has been proposed

by Scognamillo et al. [163, 164] and Zhou et al. [165], as it could successfully induce a frontal

polymerisation wave while front propagation properties were controlled by its concentration.

The presence of an amine initiator, a Brønsted base, inhibits its compatibility with onium

salts as it would directly scavenge formed protons and hence this is incompatible with RICFP

and unable to initiate frontal polymerisation by UV-irradiation. Zhou et al. [165] overcame

this latter limitation by using two separate solutions. Initiation by UV-light would first take

place in the photoactive solution containing a iodonium salt after which the front propagates

to the second resin solution containing the amine complex thermal initiator. Although this

novel approach of combining two separate systems for frontal polymerisation could offer

benefits for localised tuning of the front characteristics, it would introduce complications
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in the context of FRP processing and alternative (thermal) initiator configurations are thus

preferred.

In an addition to being a largely determining factor for the resulting polymer properties, the

monomer composition has been used to control the front propagation of a RICFP system.

Most reports on RICFP have based their resin formulations on BADGE [22, 108, 145, 146, 156]

or 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ECC) [142, 159, 165, 166]

since these monomers are frequently applied in industrial applications due to their good

mechanical properties while few reports [144, 157] were able to successfully induce RICFP

in commercial epoxide resins. The increased reactivity and exothermicity, reported up to

650 J/g [159], of ECC monomer allows for front formation with less reactive initiators [146].

Demonstrations of RICFP in ECC-based resins have resulted in front velocities ranging from

0.3-4.4 mm/s combined with exceptionally high front temperatures of up to 300°C [142,

146, 159]. Insufficient control of these front temperatures was however found to result in

undesired foaming [146, 166] that degrades the resulting polymer quality [167]. The lower

reactivity of BADGE systems reduces its front characteristics. Bomze et al. [146] reported a

ten-fold decrease of the front velocity compared to an ECC based formulation with similar

initiator concentrations. Increased velocities of up to ∼0.7-1.7 mm/s were reported when

using the more reactive I-Al cationic initiator at different concentrations [22, 145, 156]. Front

temperatures remained below 210°C [145].

The addition of diluents has been envisaged to alter the reaction rates and thereby the front

characteristics of the system. Dung Tran et al. [22] and Knaack et al. [145] assessed the

influence of adding 20 mol% of various diluents on the front characteristics of a BADGE resin

system. They observed that lower molecular weight additives simultaneously reduced the resin

viscosity and also accelerated the polymerisation kinetics, resulting in a strong increase of the

cure characteristics, e.g. the front velocity, minimum layer thickness and the polymerisation

enthalpy, although coming at the cost of a reduced Tg . (3-Ethyloxetan-3-yl)methanol was

proposed as the preferred diluent leading to a strong increase in cure characteristics and a

nearly complete curing degree, while limiting the Tg decrease by ∼10-15°C. Malik et al. [162]

reported on the use of ECC as a diluent for two types of BADGE-based resin formulations

and observed that the improved processability due to decreased viscosity came at the cost of

the resulting monomer conversion and Tg . Liu et al. [167] reported severe degradation of the

formed polymer when using ethylene glycol diglycidyl ether as an additive for the RICFP of

BADGE, which emphasises the need for thermal control when increasing the reactivity of the

system.

The concentration of reactive species has been a proven way to control the frontal polymerisa-

tion behaviour of RICFP systems, i.e. by adjusting the heat generation of the local heat balance.

Mariani et al. [142] and Knaack et al. [145] observed that a minimum initiator concentration

is required to successfully induce frontal polymerisation. Front velocities are reported to

increase with both increasing photo- [142, 145, 158] and thermal initiator contents [108, 142].

Significant differences exist however between the observed trends. For example, Mariani et
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al. [142] observed that an increased diaryliodonium salt concentration first increased the

front velocity of an ECC resin followed by the formation of a plateau while Groce et al. [158]

reported continuous increases for both the front velocities and temperatures of a vinyl ether

system undergoing RICFP. Knaack et al. [145] on the other hand observed a minor inflexion

in the front velocity exhibited by their system composed of BADGE, I-Al and benzopinacol

with front temperatures reaching a plateau. Although a better agreement was found for the

role of the thermal initiating compound [108, 158], the compared behaviour suggests that the

relationship between the initiator concentration and the resulting front characteristics are

highly dependent on the resin system that is used.

The use of RICFP is reported to be beneficial for the resulting polymer properties, compared

to e.g. oven-curing. Bomze et al. [108] compared BADGE polymer produced by RICFP with

anhydride-cured BADGE noted that both the tensile properties, i.e. Young’s modulus, tensile

strength and failure strain, and the Tg was increased from 154°C to 168°C. This difference is

likely explained by the absence of a cross-linking agent that is incorporated into the network,

e.g. inducing similar changes as the aforementioned low molecular weight cross-linking agents.

A microstructural study carried out by Švajdlenková et al. [168] moreover revealed that the bulk

density of RICFP-produced polymer was slightly higher than that produced with a curing agent.

The combination of beneficial resulting properties and an excellent storage stability combined

with fast propagation rates and a tunable resin reactivity thus underlines the potential of

RICFP as a promising strategy for the production of epoxide polymer and composites, further

discussed in Section 2.4.6.1, although increased control of the heat generation is required to

avoid potential degradation of the resulting polymer.

2.4.5 Boundary conditions in frontal polymerisation

Controlling the boundary conditions, and hence the term accounting for heat losses to the

environment in Figure 2.7, to shift the heat balance in frontal polymerisation has been merely

investigated to-date. Knaack et al. [145] were able to define a minimum layer thickness of

a RICFP resin where frontal polymerisation could be successfully sustained and observed

that this limit could be reduced by increasing the resin reactivity, i.e. heat output rates. The

existence of a minimum layer thickness could be understood as a direct relation between

the boundary heat losses to the surface-to-volume ratio of a resin system. Datta et al. [169]

observed a similar relationship and observed that a decreasing thickness results in reduced

front characteristics. Tiani et al. [170] and Gao et al. [171] observed a thickness limitation

in their numerical studies on free-radical frontal polymerisation and were able to relate the

capability of a system to sustain a front and the formation of oscillating instabilities, as is

further discussed in Section 2.4.7.

The importance of the surface-to-volume ratio of a propagating front could be explained by

the heat losses mainly acting at the sample-mould boundary, as was confirmed investigation

of Goli et al. [172]. They moreover suggested that the use of an insulating mould configuration
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is beneficial for the front characteristics, which was in line with the observations of Gao et

al. [171]. Naseri & Yourdkhani. [173] compared three increasingly insulating mould types for

the production of pDCPD-based carbon FRPs and recorded increased front temperatures at

the interface of highly insulating foam and insulating glass mould configurations that exceeded

those recorded in a thermally conductive aluminium mould by ∼50-100°C. Moreover, the

degree of cure was found to follow the same trend although differences were in the order of the

statistical uncertainty. Centellas et al. [21] however reported front velocities in a pDCPD-based

carbon FRPs with two converging fronts to be higher when conductive boundary conditions

(i.e. a preheated aluminium plate placed in thermal contact with a vacuum bag in a VARI

setup) were imposed. Increased front temperatures were recorded when insulating boundary

conditions (i.e. replacing the aluminium plate by an insulating tool) were used, resulting

in a reduced energy consumption. The increased front temperatures however also resulted

in limited thickness control at the location where fronts merged, that was subsequently

prone to fracture. While these studies indicate a crucial role of boundary effects in frontal

polymerisation-assisted FRP, the exact role of boundary heat losses during front propagation

remains poorly understood and no optimised systems have been proposed to-date.

2.4.6 Frontal polymerisation of composites

2.4.6.1 Self-sustaining frontal polymerisation

The addition of fillers to a frontal polymerisation system could induce complications due to

the significant heat uptake by reinforcements, i.e. acting as an additional heat loss term in

the local heat balance, combined with a reduced resin volume and hence a reduced overall

heat output. The limitations introduced by fillers are particularly apparent when fronts are

initiated by UV-irradiation since the often opaque nature of conventional reinforcements

leads to extensive attenuation, therefore strongly reducing the light penetration depth, in

some cases only allowing for thermal initiation of frontal polymerisation [108]. Translucent

fillers, e.g. glass, are slightly less affected by this phenomenon since light is scattered from the

filler particle surface [146] and, despite a strong increase of the required initiation time [156],

UV-activated RICFP was demonstrated in the presence of SiO2 [156] and ZrO2 particles [145].

The nature of the filler material strongly influences frontal polymerisation. The high ther-

mal conductivity of conductive fillers made out of e.g. carbon [175, 176] or metal [177, 178] is

generally beneficial for front progression by transporting heat from the front towards the neigh-

bouring monomer region [175]. Numerical work presented in Refs. [174, 176, 177] suggested

however that this was only true for low V f s, e.g. below 20% for carbon FRPs, as illustrated

in Figure 2.11, after which the heat uptake by the fillers becomes dominant, slowing down

front propagation. Insulating fillers are reported [108, 145, 156] to generally reduce the front

velocity, which was also observed numerically for glass FRPs. Dung Tran et al. [22] carried out

an experimental study on the role of a wide range of fillers in a BADGE/I-Al/benzopinacol

system capable of RICFP. In contrast to the other studies, they did not observe the expected
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Figure 2.11: Numerical estimations of front velocities and temperatures in carbon and glass
FRPs as a function of the V f (Source: [174]).

Figure 2.12: Front characteristics with of an RICFP resin with different fillers added at a range
of concentrations: a) front velocity and b) front temperature (Source: [22]).

trends since front velocities in Figure 2.12a decreased with increasing V f independent of the

thermal nature of the filler while the front temperature in Figure 2.12b showed an initial slight

increase up to ∼15% V f for the conductive fillers followed by the expected gradual decrease. A

significant difference of ∼20% in the maximum V f that could be successfully polymerised was

observed between systems filled with glass microparticles and those filled with conductive

fillers, which was attributed to its beneficial insulating nature combined with differences in

particle morphology.

The maximum V f that could successfully sustain a front is a central consideration in the

reports on frontal polymerisation-assisted FRP processing, which has received a significant

research interest over the last years. Robertson et al. [179] were the first to demonstrate the

possibility of producing FRPs using a FROMP resin system and reported a maximum V f of 51%

while tensile properties were comparable to those produced by oven-curing of the FROMP

resin and a commercial resin system with a >99% reduction in energy consumption and

29



State-of-the-Art

environmental input. Centellas et al. [21] were able to slightly increase the maximum V f to

52.0% and simultaneously reported increased curing degrees, i.e. 88.2% compared to 80.5% by

Robertson et al. [180].

While the first studies mainly assessed the compatibility of RICFP systems with different fibre

types [144, 157, 181], later developments have shown the potential of RICFP as a technique

to produce FRPs. Using the aforementioned resin system, Dung Tran et al. [22] were able

to produce woven carbon FRPs with V f s of about 35% and recorded tensile properties to

be similar to those produced by with anhydride-cured BADGE resin while also resulting in

increased curing degrees. Gachet et al. [159] used their novel sulfonium-based initiator system

and an ECC monomer resin and were able to induce fronts in carbon FRPs with V f s of around

40% with exceptionally high front velocities of over 2.15 mm/s although being recorded in

through-thickness direction.

2.4.6.2 Frontal polymerisation driven by external heat input

Although showing promising initial results, the maximum V f of FRPs that could be produced

by self-sustaining polymerisation fronts remains below the industrially relevant range of V f s,

i.e. >55%. Shifting the heat balance by the addition of an external energy input has been

employed in several studies towards further increasing the V f limit. Resistive heater mats

placed in thermal contact with the uncured carbon FRP [20] were shown to be beneficial

to induce frontal polymerisation in through-thickness direction with front temperatures

increased by ∼20-30°C. This method was later employed by Lloyd et al. [116] and Parikh et

al. [182] to increase the maximum V f that could be successfully polymerised by a FROMP

system to 64.8%. Fronts were reported to initiate autonomously at a preheating temperature of

70°C which resulted in a temperature increase of ∼50°C combined with a curing degree of 80%

at an energy input of 9 kJ for a 12×10 cm FRP [182]. Increased curing degrees, i.e. 89%, and

Tg s, by ∼65°C, were reported when the part was heated to 200°C after ignition of the front, i.e.

simulating a post-curing procedure, while increasing the required energy input to 48 kJ [182].

The latter strategy is similar to the method proposed by Malik et al. [183] who prepared 55%

V f carbon FRPs using a RICFP resin system by heating the mould configuration to 150°C for 30

minutes. Although no reports on the energy consumption were made, the applied curing time

was over five times that reported by Parikh et al. [182] and the proposed process was therefore

likely more energy consuming.

Naseri & Yourdkhani proposed an elegant way to shift the local heat balance in a pDCPD resin

system by the integration of a nanostructured heater, i.e. a layer of bucky paper, at the top

surface of a carbon FRP. As illustrated in Figure 2.13, the application of an electrical current

and subsequent resistive heating by the integrated heater increased the local temperature

until a front was initiated in through-thickness direction. Although the V f of the resulting FRPs

has not been reported, this strategy appeared to be beneficial as nearly complete monomer

conversion was achieved for the 10×10 cm carbon FRPs after curing for one minute and at

a total energy demand of 4.49 kJ. Moreover, the heating temperature of the nanostructured
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Figure 2.13: Schematic representation of through-thickness frontal polymerisation of FRPs
induced by integrated nanoheaters (Source: [173]).

heaters could be tuned via the applied voltage while their presence was suggested to have

a further use for e.g. de-icing during the use-phase of the FRP. Their implementation in

carbon FRPs however requires an adjacent insulating, e.g. glass fabric, layer which hence

significantly limits the design freedom for the resulting composites. Although having shown a

promising potential to overcome the current limitations of frontal polymerisation-assisted

FRP processing, all the described solutions require a continuous heat input that could be

expected to scale with the part size, thus reducing the advantage of frontal polymerisation as a

versatile, low-energy FRP processing method.

2.4.7 Instabilities in frontal polymerisation

Travelling frontal polymerisation waves are prone to a variety of instabilities, e.g. hot spots,

spin-modes or fingering [168, 184–187], that induce deviations from the steady-state front

characteristics [19]. The occurrence of a certain type of instability is highly related to the geo-

metrical configuration of a frontal polymerisation system as well as its propagation direction.

For example, ascending fronts in a vertically aligned domain are reported to be vulnerable

for buoyancy-driven convection, where heated monomer resin from near the front region

rises and is replaced by colder monomer resin, resulting in a continuous circular resin flow as

the front propagates [188]. On the contrary, descending fronts in the same vertical domain,

i.e. coincident with gravity, could show convective instabilities if the resulting polymer is in a

liquid state, making the more dense, formed polymer sink ahead of the front due to so-called

Rayleigh-Taylor effects [18, 189].

Fronts propagating in-plane are reported to show periodically oscillating front temperatures,

illustrated in Figure 2.14, as a result of thermal instabilities induced by the boundary condi-

tions of a frontal polymerisation system [170, 177, 190, 191]. Goli et al. [191], Gao et al. [171]

and Tiani et al. [170] observed this behaviour in thin resin layers in an enclosed mould con-

figuration while Lloyd et al. [190] and Kumar et al. [192] employed it to produce patterned

polymer samples. The appearance of these oscillations was related to a situation where the

exothermic heat release rate is comparable to the thermal dissipation rate [171, 190]. Gao

et al. [171] hypothesised that this cyclic behaviour was a result of rapid dissipation of the
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Figure 2.14: Exemplary temperature fields demonstrating oscillatory thermal instabilities
generated with different initial temperatures (Source: [171]).

reaction heat to the mould environment that is insufficient for stable continuation of the front.

The resulting drop in front temperature would then suppress both the chemical reaction and

thermal transport, after which the system slowly recovered after the delayed enabling of the

autocatalytic mechanism. Repeating of this cycle would then result in the observed oscilla-

tions. This was in line with the reasoning of Tiani et al. [170] who related the formation of

spatial oscillations to the temporal variation of thermal diffusion at the boundary resin-mould

interface and observed the period behaviour occurring at a specified range of Biot numbers.

The Zeldovich number (βz ), initially proposed to describe the bifurcation behaviour of flame

propagation in gas-phase reactions [18], has been used to describe the occurrence of thermal

instabilities in frontal polymerisation as [19, 191]:

βz = Tm −T0

Tm

Ee f f

RTm
(2.4)

where T m and T0 denote the front and initial temperatures, respectively, and Ee f f the effective

activation energy of the autocatalytic mechanism. A critical Zeldovich number (βz ,c ) exists

above which periodic oscillations of the front temperature are observed [184, 193]. Masere et

al. [194] reported a βz ,c of 8.4 for a methyl methacrylic acid system while Goli et al. [191] found

a βz ,c of 11.37 for their FROMP-pDCPD system. It could thus be expected from Equation

2.4 that the onset of thermal instabilities could be delayed by either decreasing the initial

temperature, increasing the front temperature or increasing the activation energy.

Lloyd et al. [190] however reported the incompatibility of the Zeldovich number for more

complex reaction pathways and instead found a good descriptor in the ratio of reaction (P R )

and diffusion (P D ) defined as [171]:
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2.4 Frontal polymerisation

ϕ= PR

PD
with PR = ρr Hr A exp

(
− Ea

RT

)
,PD = κr

T

L2
θ

(2.5)

with ρr the resin density, Hr the polymerisation enthalpy, A the Arrhenius frequency factor, Ea

the activation energy and T ) = 0.5(T0+T f ) the average between initial and front temperatures.

Following this descriptor, stable fronts would be characterised by a ϕ≫1 while fronts would

attenuate if ϕ≪1. Intermediate ϕ of ∼1 were found to produce the described oscillating

thermal behaviour [171, 190]. The exact range on which this behaviour could be observed is

likely dependent on the resin system since Lloyd et al. [190] observed undulations at ϕ values

as low as 0.4-0.5.
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2.5 Frontal polymerisation modelling

The highly complex and fast reaction kinetics of frontal polymerisation complicate the experi-

mental observations that can be made. For that reason, the development of complementary

numerical models has both been found beneficial for understanding the ongoing phenomena

and will be essential for the effective process design during the industrial implementation of

frontal polymerisation-assisted FRP processing.

2.5.1 Reaction-kinetics modelling

Models describing polymerisation kinetics can be roughly divided into two main classes,

namely mechanistic and phenomenological models. While mechanistic models bring the

advantage of capturing all the individual reaction steps, they often bring complications for the

derivation and application of the models [195], especially for fast and rapid reaction mecha-

nisms such as RICFP. Phenomenological models on the other hand allow for a description

of the ongoing kinetics by a single equation and are therefore more practical for engineering

purposes [196] but require experimental characterisation at each variation of the resin system

while in some situation [197], e.g. diffusion-controlled effects after vitrification [195], they are

unable to accurately capture ongoing phenomena [197]. Phenomenological models are there-

fore often applied to describe complex polymerisation kinetics so as to overcome potential

complications in the derivation and application of mechanistic models [195]. Coupled with

the heat equation with an additional heat generation term, thermal-kinetic models for systems

without fillers have their general form as the following set of partial differential equations:


κ∇T +ρHr

∂α

∂t
= ρCp

∂T

∂t
(2.6a)

∂α

∂t
= k(T ) f (α) (2.6b)

where Equation 2.6a is the modified heat equation with κ denoting the thermal conductivity,

T the temperature, ρ the density, Hr the polymerisation enthalpy, ∂α∂t the conversion rate and

Cp the heat capacity. Equation 2.6b describes the reaction-kinetics model with k(T ) denoting

the temperature-dependent rate constant and f (α) the kinetics model. The rate constant in

Equation 2.6b is mostly assumed to follow Arrhenius behaviour and is hence defined as:

k(T ) = A exp

(−Ea

RT

)
(2.7)

with A referring to the Arrhenius frequency factor, Ea the activation energy, R the gas constant

and T the temperature. The phenomenological nature of the kinetics model results in a variety

of descriptions that could be applied. Table 2.1 lists a number of models frequently applied in
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Table 2.1: Overview of kinetics models used in relation to epoxide or frontal polymerisation.

Type f(α)

nth order [175, 208, 209] (1−α)n

Prout-Tompkins (1−α)nαm

nth order-Prout-Tompkins [210, 211] (1−α)n(1+kcatα)
Prout-Tompkins with diffusion term [20, 212] (1−α)nαm 1

1+exp[cd (α−αc )]

relation to modelling of the curing kinetics of epoxide polymerisation or frontal polymerisation.

Model parameters are typically derived using differential scanning calorimetry (DSC) and a

number of model-free kinetic methods are well-established for estimation of the parameters

of Equation 2.7, e.g. the Flynn-Wall-Ozawa method [198] described in ASTM standard E698.

Derivation of the remaining parameters related to the kinetics model is traditionally done using

isothermal DSC analysis, e.g. via the Kissinger method [199, 200]. This is however complicated

for fast curing resin systems where the reaction time is in the order of the inherent time lag for

heating the sample at the start of the measurement, potentially omitting a significant part of

the ongoing cure reaction [201–203]. Alternatively, several studies have fitted kinetic models

on dynamic DSC measurements, i.e. where a constant heating rate is imposed [201, 203–206],

resulting in accurate model predictions although complications occur when vitrification is

observed [201, 205, 207].

More accurate descriptions for resin systems that show vitrification were demonstrated by

Bernath et al. [201], who compared the Kamal-Malkin model [213] with the Grindling model

[214] for the description of fast curing epoxide resins. The Kamal-Malkin model is defined as:

dα

d t
= (

k1 +k2α
m)

(1−α)n (2.8)

with k1 and k2 referring to Arrhenius reaction rate coefficients, m and n the reaction orders.

The Grindling model accounts for the occurrence of vitrification by proposed a method based

on a combination of a nth order model with a Prout-Tompkins model, while the effects of

vitrification are included by the introduction of a kinetics-controlled reaction rate coefficient

ke f f :

dα

d t
= k1(1−α)n1 +ke f f α

m(1−α)n2 with
1

ke f f
= 1

k2
+ 1

k2,di f f
(2.9)

where k is the reaction rate coefficient and n and m the reaction orders. Equation 2.9 could

thus be understood as a combination between two independent reaction mechanisms, i.e.

denoted with subscripts 1 and 2, with the effective reaction rate constant allowing for the

kinetic model to switch between a chemical-controlled and diffusion controlled state by

defining different analytical expressions for k2,di f f as a temperature-dependent function
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related to the Tg and the imposed shift (∆Tg ) by overcoming the Tg , i.e. the Tg when full

conversion is reached, i.e.:

K2,di f f =



K
T=Tg

2,di f f exp

(
T 2

g
c1

c2

(
1

T
− 1

Tg

))
T < Tg (2.10a)

K
T=Tg

2,di f f exp

(
c1

(
T −Tg

)
c2 +T −Tg

)
Tg ≤ T ≤ (Tg +∆Tg ) (2.10b)

K
T=Tg+∆Tg

2,di f f exp

(
c1c2

(
Tg +∆Tg

)2(
c2 +∆Tg

)2

(
1

T
− 1

Tg +∆Tg

))
T > (Tg +∆Tg ) (2.10c)

The definitions for the diffusion-controlled rate-constant in Equations 2.10a-2.10c thus de-

scribe the different stages, i.e. becoming increasingly dominant as the temperature approaches

the Tg (Equation 2.10a), a transition stage (Equation 2.10b) and a fully diffusion controlled

stage (Equation 2.10c). The inclusion of diffusion-controlled kinetics and differentiation

between the different stages was found highly beneficial for the model accuracy describing the

curing behaviour of an epoxide system, resulting in better fitting over the complete range of

curing degrees while the more conventional Kamal-Malkin reaction-kinetics model (Equation

2.8) overestimated the curing reaction, especially at higher conversions [201]. The use of the

Grindling model however significantly increases the number of parameters that should be

fitted on experimental data, i.e. 11 instead of e.g. 6 for a Kamal-Malkin model, imposing the

need for complex optimisation algorithms.

Bailleul models [215] make up a second class of phenomenological models that are frequently

applied for the modelling of cure-kinetics in epoxide systems. Contrary to the imposed

kinetics models listed in Table 2.1, Bailleul models describe the kinetics part of Equation 2.7

by a polynomial function (G(α)) while defining the rate constant coefficient in relation to a

randomly chosen reference temperature (T r e f ), as:

dα

d t
= k(T )G(α) with k(T ) = A exp

(
−Ea

(
Tr e f

T
−1

))
, G(α) =

m∑
i=0

Giα
i (2.11)

where Gi refers to the polynomial coefficients. The principal Bailleul model does not include

for the effect of vitrification on the curing rates. Ruiz & Trochu [216] proposed an extension of

the model to include these effects by the addition of the term:

K (T,α) = (αmax (T )−α)n(T ) (2.12)

with αmax denoting the maximum curing degree for isothermal curing and n a temperature-

dependent power exponent. Using the additional term, Ruiz et al. [216] observed that the
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Bailleul model showed a significantly improved model accuracy compared to e.g. a Prout-

Tompkins model (Table 2.1). Keller et al. [203] moreover demonstrated a good model accuracy

when describing a fast curing epoxide resins, using a fourth-order polynomial divided by a

second-order polynomial for G(α) and a linear dependence for n(T ).

2.5.2 Modelling of frontal polymerisation

2.5.2.1 Early mathematical descriptions

First attempts on modelling frontal polymerisation took place in the late 1990s on systems

undergoing free-radical polymerisation. Goldfeder et al. [185] was the first to model frontal

polymerisation in a steady-state situation by proposing a mechanistic model describing the

individual reaction rates, i.e. initiation, propagation and extinction of free-radical polymeri-

sation, while a similar approach was later used in e.g. Refs. [217, 218]. They proposed an

analytical expression for the front temperature of a system without fillers by adiabatic self-

heating, i.e. all the polymerisation enthalpy is used for heating the resin system, which was

redefined by Ref. [19] as:

Tp = T0 + Hr

ρCp
(1−α0) (2.13)

where Tp denotes the front temperature, T0 the initial temperature, Hr , ρ and Cp the resin

enthalpy, density and heat capacity respectively, while α0 refers to the initial curing degree.

The competition between the released heat and thermal diffusion introduced increased

complexities in the development of models describing the front velocity of propagating fronts,

resulting in the following model describing the front velocity (v):

v2 = κRTp

2Ea,d (Tp −T0)
k0

d e − Ea,d

RTp
(2.14)

where κ denotes the thermal conductivity of the resin, Ea ,d the activation energy for the disso-

ciation constant, k0
d the reaction rate constant for initiator decomposition and e the Euler’s

constant. This model gave good approximations of the experimentally recorded front velocity

of steadily propagating fronts when used in its analytical form while typically resulting in an

overestimation of ∼20% when solved numerically. Volpert and coworkers moreover developed

a multitude of alternative mathematical expressions for capturing the highly non-linear be-

haviour of propagating fronts during both thermal and isothermal frontal polymerisation [219].

Tiani et al. [170] recently proposed a similar mechanistic model. Although they were able to

describe frontal polymerisation in one- and two-dimensions, there model is yet to be vali-

dated experimentally. The derivation of mechanistic models is however reported [219] to be

only possible for systems undergoing free-radical polymerisation to-date due to the relatively

limited complexity in polymerisation kinetics of these systems, i.e. as opposed FROMP or
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RICFP.

2.5.2.2 Finite element modelling of frontal ring opening metathesis polymerisation

Models describing FROMP developed by the researchers at the University of Illinois make

up the vast majority of recent modelling efforts. The very fast and complex polymerisation

kinetics of FROMP systems impose the need for phenomenological reaction-kinetics models

to describe their curing behaviour. Goli et al. [211] were the first to model FROMP-curing

of pDCPD using a nth order Prout-Tompkins model. Subsequent reports however, starting

from the work of Robertson et al. [20], uniquely used a Prout-Tompkins kinetics model with a

diffusion term [212] (listed in Table 2.1).

Finite element methods were used by both Goli et al. [211] and Robertson et al. [20], as well as

in all subsequent reports [21, 131, 171, 172, 176–178, 191, 220], to solve the partial differential

equations of Equation 2.6a. This allowed for modelling of both transient, e.g. the formation of

a front upon initiation, and steady-state front behaviour. Domains were limited to one- and

two-dimensions since the large thermal gradients over the front region, i.e. of ∼100-200°C

following Section 2.4, impose the need for highly refined meshes. Mesh sizes typically ranged

in the order of 10−6-10−5 metres [172, 178, 220] combined with an average time step of 0.01

seconds [172,176,178]. The use of adaptive meshing algorithms, integrated in the Multiphysics

Object-Oriented Simulation Environment (MOOSE) [221], was found to strongly reduce the

computational cost and hence the computation time. Wang [220] simulated FROMP with a

conventional finite element method package, i.e. ABAQUS, by developing custom subroutines

and was able to simulate domains of 2.6×2.6 mm, using a mesh size of 0.02 mm, in 1.5

hours. Domains used for FROMP simulations in MOOSE were significantly larger, reaching

up to centimetre scale [211]. To further reduce the computational cost, Refs. [174, 222, 223]

proposed analytical expressions describing the front characteristics, although these are limited

to steady-state approximations in an adiabatic domain.

Front initiation was in all cases simulated by thermal initiation, i.e. increasing the temperature

at one of the domain boundaries, for a set time. Trigger temperatures were generally in the

order of ∼200°C [176] and trigger times ranged from 1-7 seconds [20, 176]. A number of works

reported on the simulation of FROMP to produce FRPs [20, 21, 176]. To do this, the parameters

of Equation 2.6a, i.e. Hr , ρ, Cp and κ, were adapted by a homogenisation between resin and

fibrous reinforcements using the rule of mixtures:

Hr = (1−V f )Hr (2.15)

ρ =V f ρ f + (1−V f )ρr (2.16)
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Cp =V f Cp, f + (1−V f )Cp,r (2.17)

κ=V f κ f + (1−V f )κr (2.18)

with subscripts f and r referring to the fibre and resin phases. The majority of studies did

not make a distinction between thermal conductivity in in-plane and through-thickness

directions [20, 21, 177], which are inherent to FRPs due to the non-isotropic fibre orientations

[224]. Goli et al. [176] are the only ones to use separate expressions for the directionality of

the thermal conductivity of a FRP system for simulating frontal polymerisation at a yarn-

scale by employing the extended Rayleigh model [225]. Substituting Equations 2.15-2.18 into

Equation 2.6a yields a generalised thermal-kinetic model for FRPs under the assumption of

homogenisation of the domain:


κ∇T +ρHr

∂α

∂t
= ρCp

∂T

∂t
∂α

∂t
= k(T ) f (α)

(2.19)

Gao et al. [177] assessed the validity of the homogenisation assumption on a FROMP system

with metal strips placed at varying spacings. The recorded front velocities at a spacing of

0.2 mm were found identical to those calculated for a homogenised domain while increased

spacings gradually deviated from the homogenised predictions. Given that fibre diameters are

typically well-below 0.2 mm, the validity of a homogenised approach for simulating FRPs could

be hypothesised. It should however be noted that inter-yarn spacings could approach 0.2 mm

that, with no reports on the role of the fibre properties on the validity of the homogenisation

approach, an influence of the fibre microstructure may be present that would be ignored when

homogenising the domain.

Numerical estimations are often validated experimentally by comparing the front character-

istics, i.e. maximum front temperature and front velocity. Robertson et al. [20] reported a

minor overestimation of front temperature (7°C, 3.2%) and an underestimation of the front

velocity (0.4 cm/min, 6.3%). Goli et al. [176] made a similar observation with numerical

predictions on the front temperature and velocity closely corresponding to the experimental

data over at V f s ranging between 0-50%. One-dimensional simulations, considering adiabatic

conditions, on the other hand were reported to strongly overestimate the front temperature,

i.e. by ∼20°C, while giving comparable front velocities. Several authors [20, 131, 175, 177, 178]

moreover validated the numerical models by comparison of the simulated morphologies of

propagating fronts by those recorded optically. For example, Robertson et al. [20] compared

the morphologies in a pure pDCPD system, shown in Figure 2.15a, and in the presence of a

carbon fibre yarn guiding the front (Figure 2.15b) and concluded both cases to be sufficiently
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Figure 2.15: Validation of numerical models by comparing experimental and numerical front
morphologies of a) pure pDCPD system and b) a pDCPD in the presence of a carbon fibre yarn
(Source: [20]).

similar to validate the numerical work. Comparisons of the temperature profiles near the

front regions are however yet to be made and would further increase the confidence in the

developed models.

2.5.2.3 Modelling of epoxide frontal polymerisation

Frulloni et al. [226] are to-date the only ones to model the frontal polymerisation of epoxide

systems. Based on a resin system composed of BADGE and a diethylenetriamine thermal

initiator, i.e. incapable of undergoing RICFP, they used a modified Kamal-Malkin model to

describe the ongoing reaction kinetics:

dα

d t
= (

k1 +k2α
m)

(αmax −α)n (2.20)

with k1 and k2 referring to Arrhenius reaction rate coefficients, m and n the reaction orders

and αmax the maximum attainable conversion at different isothermal DSC temperatures.

Parameters were fitted on isothermal DSC measurements, which was possible due to the

relatively low reaction rates of the system, i.e. compared to FROMP or RICFP systems, and

hence avoiding the inaccuracies due to thermal lagging described in Section 2.5.1.

Implementation of Equation 2.20, substituted into Equation 2.6a, into an cylindrical finite

difference domain allowed for estimation of the front behaviour. Although the front temper-

atures were overestimated by ∼20°C in an adiabatic one-dimensional domain, solving the
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model in a two-dimensional domain showed the expected approximation of a steady-state

temperature as well as the influence of the boundary effects on the front characteristics. The

work by Frulloni et al. [226] therefore paves a way towards the numerical implementation of

RICFP, although the strongly increased reaction rates are expected to introduce additional

model complexities, i.e. similar to the numerical work on FROMP.
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3 Experimental

3.1 Resin preparation

Resins were based on 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ECC)

monomer with a molecular weight of 252.31 g/mol that was acquired from commercial

providers IGM (OC1005, the Netherlands), Daicel (Celloxide 2021P, Japan) and Lambson

(UViscure S105, United Kingdom) over the course of this thesis work. No significant differ-

ences in the photopolymerisation behaviour or resulting polymer properties were observed

between the commercial resin formulations. p-(octyloxyphenyl)phenyliodonium hexaflu-

oroantimonate (IOC-8 SbF6, ABCR, Germany), isopropylthioxanthone (ITX, Genocure ITX,

Rahn, Switzerland) and benzopinacol (Thermo Fisher Scientific, Belgium) were respectively

used as cationic photoinitiator, photosensitiser and free-radical thermal initiating compound.

An overview of the molecular structures of the monomer and initiating compounds is shown

in Table 3.1. Properties of UV-flow freezing resins were varied by the addition of a diluent

based on trimethylolpropane diallyl ether (TMPDE, TMPDE90, Perstorp, Sweden) and a hex-

adecyltrimethoxysilane surfactant (HDMSi, Sigma Aldrich, Germany).

Resin preparation commenced with the drying of commercial ECC resins under vacuum

to remove possible humidity as well as low-boiling-point additives. The thermal initiator

and photosensitiser were dissolved by overnight stirring at high shear rate, after which the

photoinitiator and possible additives were added and left to dissolve for a minimum of 3-4

hours at high shear rate. Resins were degassed under vacuum for a minimum of 30 minutes

prior to the start of the experiment.
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3.2 UV-flow freezing

Figure 3.1: UV-Vis transmittance spectra of commercial and in-house produced PMMA com-
pared to the emission spectra of the used UV-source.

3.2 UV-flow freezing

3.2.1 Experimental procedure

Moulds for UV-flow freezing experiments were composed of in-house produced PMMA plates.

This was done as to improve its transmittance of UV-light since commercial PMMA, used by

Caglar et al. [47], was found to have a lower transmittance limit of about 370 nm, as shown in

Figure 3.1, and hence absorbed a significant part of the spectrum emitted by the UV-source.

In-house produced PMMA on the other hand the has a lower usable limit of ∼270 nm that

captures nearly the complete emission spectrum. The difference between commercial and

in-house produced PMMA is mainly attributed to the absence of UV-absorbing additives in the

latter one. The absence of these additives increased the brittleness of the PMMA while a lower

surface quality resulted in a slight decrease of the transmittance of in-house produced PMMA

compared to that of commercial PMMA. These disadvantages were however outweighed by

the beneficial enhanced transmittance in the UV-spectrum and flow freezing moulds were

composed of in-house produced PMMA mould halves. To produce the PMMA mould halves,

PMMA pellets (Plexiglas, Evonik, Germany) were dried under vacuum at 60°C for 24 hours after

which they were poured in a ∼12×280×280 mm steel mould cavity. 1.5 mm thick aluminium

plates were placed above and below the pellets to enhance the surface quality of the resulting

PMMA plates. The steel mould was, after closure, placed in a laboratory press (PEI 150P)

where it was subjected to a cycle consisting of 1. a temperature ramp from room temperature

to 180°C at a rate of 20°C/min with an applied pressure of 0.13 bar, 2. an isothermal period at

180°C and 0.13 bar for 30 minutes, 3. compression at 3.2 bar and 180°C for 30 minutes and

finally 4. a cooling ramp of 0.1°C/min while maintaining the compaction pressure. Plates

were subsequently cut to 200x100 mm mould halves and manually polished to improve their

surface quality.

The transparent mould was, as schematically illustrated in Figure 3.2a assembled by two
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Figure 3.2: Experimental configuration for UV-flow freezing experiments: a) schematic
representation of the PMMA mould and b) experimental setup for impregnation and UV-
photopolymerisation.

metallic frames surrounding the PMMA plates while the mould cavity was defined by a 1 mm

thick aluminium spacer and an in-house produced silicone rubber, made of Neukasil RTV17

and Neukasil Crosslinker C5 (both Altropol, Germany). UV-flow freezing analysis was carried

out on 2x2 twill weave glass fibrous preforms (Suter Kunststoffe, Switzerland) with an areal

weight of 390 g/m2, an ends/picks count of 6/6.7 cm−1 and a linear density of 340 and 272

tex in warp and weft, respectively. The fabric was manually cut to strips of 100x50 mm and

three layers were stacked in the mould cavity, corresponding to an estimated V f of 45%, before

assembling and closing the mould. Inlet and outlet tubes were located at both ends of the

mould cavity.

The experimental configuration for infiltration and UV-flow freezing is shown in Figure 3.2b.

Sample production commenced with the manual resin infusion of the empty section of the

cavity near the inlet, followed by resin impregnation at varying constant flow rates using a

Razel Scientific Instruments R-100e syringe pump. The inlet pressure and resin temperature

were recorded by a pressure sensor (Keller Series 35XHTT) place in-series between the syringe

pump and the inlet. Impregnation was recorded by a camera (Canon EOS 700D) placed

perpendicular to the mould surface and resin infusion was stopped when flow fronts reached

about two-thirds of the fabric length after which the inlet tube was disconnected to release

the resin pressure. UV-irradiation was started directly after the disconnection of the inlet

tube. Two EXFO Omnicure high-pressure mercury UV-sources, i.e. one mounted with a S2000

standard light and one with a S2001 surface light source, were placed at opposing sides of

the mould. The intensity of the UV-sources, recorded over a spectrum of 250-410 nm using

a Control-cure Silverline UV radiometer, was adapted by the intensity setting and distance

to the PMMA surface, i.e. as shown in Figure 3.3. It was aimed to maximise the UV-intensity,

covering the full fabric width, while avoiding thermal fracture of the PMMA mould halves.

UV-irradiation was maintained for 240 seconds after which the UV-sources were relocated

to polymerise the remaining sections of the impregnated fabric stack. Fabrics were removed
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Figure 3.3: UV-intensity of a) EXFO Omnicure S2000 standard light source and b) EXFO
Omnicure S2001 surface light source as a function of the set intensity level and the distance
from the mould surface.

from the mould and placed in an oven at 120°C a minimum of one hour to ensure complete

curing of the sample.

3.2.2 Rheological analysis

The rheological behaviour of resins used for UV-flow freezing experiments was characterised

using a TA instruments AR2000ex rheometer. Flow conditions during impregnation were

simulated in a Peltier couette setup in continuous shear mode. Temperature ramps ranged

between 15-30°C at a rate of 0.1°C/min while shear rates were kept constant at 10 s−1. The

viscosity-temperature behaviour was fitted with an Arrhenius law [66, 227]:

η(T ) = A ·exp

(
Ea

RT

)
(3.1)

where η is the dynamic resin viscosity, A the pre-exponential factor, Ea the activation energy, R

the molar gas constant and T the resin temperature. Only the data recorded between 20-30°C

was considered for the fitting procedure to avoid an influence of thermal lagging, i.e. the

delayed overcoming of thermal inertia of the measurement setup, as shown in Figure 3.4.

Resulting fits showed good correlation with the experimental data and were used to estimate

the resin viscosity in UV-flow freezing experiments based on the recorded resin temperature.

The photocuring behaviour of the developed resins was assessed using a photorheology

configuration consisting of an in-house produced PMMA transparent bottom plate with a

diameter of 20 mm connected to an UV-source and a 20 mm diameter metallic top plate.

UV-intensities were recorded by placing a radiometer at the PMMA surface and were verified

before every measurement. Measurements were carried out in oscillation mode with an

oscillation frequency of 1 Hz, a gap of 200 µm and an oscillation strain of 1%. An calibration
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Figure 3.4: Exemplary temperature-dependent viscosity characterisation fitted with an Arrhe-
nius relation (Equation 3.1).

Figure 3.5: Exemplary photorheology data recorded for an ECC-based resin using an UV-
intensity of 150 mW/cm2. Induction and gelation times were used as main descriptors for
photorheological analysis.

procedure was prepared to confirm that the measurement was carried out in the the linear

viscoelastic regime (LVR), where samples were irradiated for 30 seconds at low (∼25 mW/cm2)

UV-intensity followed by a variation of the oscillation sweep from 0.001-100%. This cycle was

repeated for eight times to characterise the LVR over a large range of viscosities and hence to

support the confidence in the experimental findings.

Photorheology procedures were carried out over a period of 1000 seconds. UV-irradiation

was started after 20 seconds of measurement time and was maintained during the complete

measurement procedure. The recorded data was corrected for the delay of irradiation and

was, as demonstrated in Figure 3.5, assessed by two main descriptors: the induction and

gelation time. The induction time was defined as the time between the start of irradiation and

the onset of the viscosity increase, defined as the time it overcomes the variability (i.e. the

average complex viscosity before irradiation plus its standard deviation) before irradiation. A
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spline interpolation of the experimentally recorded viscosity data was used to for improve the

accuracy of the induction time estimation. The gelation time was defined as the time where

the phase angle between the viscous and elastic moduli, i.e. tan(δ), equalled one.

3.2.3 Surface tension

The surface tension of resin formulations were characterised via the pendant drop method at

ambient temperatures using a Krüss DSA30 drop shape analyser. This method can determine

the surface tension based on the shape and volume of a droplet when it is in equilibrium with

gravity. Resulting surface tension values were averaged over a minimum of three recordings

and were assumed to be constant over the considered temperature ranges for in-situ flow

freezing experiments.

3.2.4 Post-curing analysis

Post-curing strategies were developed by means of differential scanning calorimetry (DSC)

using a TA Instruments DSC Q100. Aluminium hermetic pans were filled with ∼2-3 mg of

resin and an empty pan was used as reference. Dynamic heat flow measurements consisted

of a temperature ramp from -20-270°C at a rate of 5°C/min. Polymerisation enthalpies were

determined by integration of the heat flow signal after baseline correction. Quasi-isothermal

procedures consisted of an initial temperature ramp from -20-120°C at 5°C/min after which

the sample was kept at 120°C for one hour to simulate post-curing in an oven.

3.2.5 UV-vis spectrophotometry

UV-absorbance/transmittance of different constituents was characterised by UV-vis spec-

trophotometry (Varian Cary 50 Bio) recording over a spectrum of 250-800 nm at an inter-

val of 1 nm. The transmittance of PMMA mould halves was assessed on ∼12×50×50 mm

pieces after polishing of its surfaces. The absorbance of the resin constituents, dissolved in

dichloromethane at a concentration of 0.05 mM, was recorded using a 10 mm quartz cuvette

over a similar wavelength spectrum.

3.2.6 Flow front analysis

Frozen flow front morphologies were characterised by µCT using a RX Solutions Ultratom at

the EPFL PIXE platform. Post-cured samples were manually cut to strips of ∼15 mm in width

after which a contrasting agent was deposited near the front region to enhance the contrast

at the interface between polymer and air and hence allow for identification of the flow front.

This contrasting agent was, following Sket et al. [228], composed of 60 g of zinc iodide (ZnI2),

10 mL of ethanol, 10 mL of water and 10 mL of surfactant (Kodak Photo-flo 200, USA). The

contrasting agent was pipetted onto the sample strips and was left to partially dry overnight,
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followed by a second deposition before placing the sample into the µCT setup. Acquisitions

were made with a voltage of 60 kV and an X-ray current of 85 µA. The voxel size was fixed to 3.5

µm3 while the sample volume was adapted based on the length of the unsaturated flow front

region. The saturated and unsaturated regions µCT images were manually segmented using

Avizo software (Thermo Fisher Scientific). The segmented volume was subsequently voxelised

and analysed by an in-house developed Python script. Saturation curves were calculated for

each slice in front direction as:

S = 1− nv xl

nv xl ,tot
(3.2)

where S denotes the saturation level, nv xl the number of voxels in a slice identified as unsatu-

rated and nv xl ,tot the total number of voxels in a slice. Saturation levels for individual fabric

layers were calculated by dividing the sample thickness into three horizontal sections.

50
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3.3 Frontal polymerisation-assisted production of fibre reinforced

polymers

3.3.1 Experimental configurations for frontal polymerisation processing

3.3.1.1 Varying resin composition

Variations of the heat generation term of the local heat balance were introduced by changing

the initiator concentrations of the resins. Photo- and thermal initiator concentrations were

varied over a range of 0.5-1.5 w% and 0.22-4.25 w%, respectively, while the concentration

of photosensitiser ITX was varied between 0-0.32 w%. The resins with varying initiator and

photosensitiser contents were characterised in composite systems containing about 12% V f

extracted carbon fibre tows. The low V f ensured frontal polymerisation to take place in all

studied resin mixtures while simultaneously capturing the influence of the highly conductive

carbon fibres. Experiments were carried out in an in-house produced silicone elastomer

mould with a 45×12×7 mm cavity volume that was filled with resin and carbon fibre yarns

and was subsequently closed with a second mould half. A schematic representation of the

experimental setup can be found in Figure 3.6. Fronts were initiated by the insertion of a

soldering pin, preheated at 250°C, at one extreme of the mould while temperatures were

recorded by three integrated K-type thermocouples placed at respectively 20, 30 and 40 mm

from the initiation point.

3.3.1.2 Mould variation

The role of the mould design was investigated on neat resin systems to avoid the interfer-

ence of thermal transport induced by the presence of (carbon) fibre reinforcements, while

initiator concentrations were reduced to avoid degradation of the formed polymer. For this

investigation, the thermal initiator and photosensitiser concentrations were kept constant at 1

and 0.05% by weight, respectively, while the photoinitiator concentration was varied between

0.15-0.75 w%. An interchangeable mould with a 90×35×5 mm mould cavity, defined by a

silicone elastomer joint and steel spacer, was filled with resin and enclosed by mould

Figure 3.6: Overview of the experimental configuration for characterisation of the role of the
heat flow by variation of the resin composition.
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Table 3.2: Thermal properties of used mould materials.

Material Thermal conductivity Specific heat Density Thermal effusivity
[W/m/K] [kJ/kg/K] [kg/m3] [kJ/m2/K/s0.5]

Mould steel 32.0* 0.46* 7850* 339.9
Silicone elastomer 0.27* 0.50* 1450 14.0

PVC foam core 0.029 1.39* 60 1.56
Polymer 0.17 1.20* 1165 15.4

*Material properties were not provided by the supplier and are approximated from general material databases.

Figure 3.7: Schematic representation (longitudinal cut) of the mould configuration used for
the production of neat polymer.

halves made of either conductive mould steel, insulating silicon elastomer or highly-insulating

Teflon-covered PVC-foam. A schematic representation of the experimental setup can be found

in Figure 3.7 while an overview of the thermal properties of the considered mould materials is

presented in Table 3.2.

Fronts were initiated by UV-irradiation through a 10 mm opening in the upper mould half until

front formation was observed. UV-intensities were kept low, i.e. in the order of 125 mW/cm2,

to avoid an initial overshoot of the front temperature. Thermocouples were integrated at 5, 25,

50 and 75 mm from the initiation point.

3.3.1.3 Vacuum-assisted hand layup

A vacuum-assisted hand layup methodology was used to study the role of thermal manage-

ment on the frontal polymerisation processing of carbon FRPs. This processing strategy was

expected to be beneficial for frontal polymerisation due to the increased insulating properties

of an air interface over e.g. a RTM configuration composed of two solid mould halves. 2×2 twill

weave carbon fibrous preforms (Suter Kunststoffe, Switzerland) with an areal weight of 285

g/m2, an ends/picks count of 3.5/3.5 cm−1 and 6K fibres per yarn was manually cut in strips

of ∼80×60 mm. Photo- and thermal initiator contents of the resin were varied while keeping

a ratio by weight of about 3:4 to limit the degrees of freedom in the assessment while the

photoinitiator concentration was generally kept low, i.e. <1%, as was the case in Section 3.3.1.2.

A mould configuration for vacuum-assisted hand layup consisted, as schematically shown

in Figure 3.8, of a Teflon-covered PVC foam core bottom plate and a silicone elastomer joint
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Figure 3.8: Schematic representation of the mould configuration used for vacuum-assisted
hand layup processing.

to define a 5 mm cavity. Resin impregnated fibrous preform layers were alternately placed

in the cavity, followed by manual compaction of the fabric stack. The completed layup was

subsequently enveloped with a high-temperature vacuum bag (Diatex Polyimide HM 25 µm,

France) and the internal pressure was regulated to 500 mbar for a period of 30 minutes or

until a uniform thickness was reached. Fronts were initiated by high intensity (>500 mW/cm2)

UV-irradiation in one of the resin-rich corners of the mould and the front was left to propagate

autonomously. Stalled or quenched fronts were attempted to be re-initiated by UV-irradiation

near the front region inside the impregnated fabric stack. The number of fabric layers was

varied between 12 and 14 and the final V f was determined using the following relation:

V f =
N Aw

ρh
(3.3)

where N is the number of fabric layers, Aw the fabric areal weight, ρ the density of carbon

fibres, taken as 1.8 g/cm3, and h the sample thickness. Thicknesses were averaged over five

positions for cured samples while assumed to equal the cavity height if no front was formed.

3.3.1.4 Self-catalysed frontal polymerisation

FRP production by the newly proposed self-catalysed frontal polymerisation methodology

was carried out in a Teflon-covered Rohacell IG-F 110 polymethacrylimide (PMI) foam core

(Evonik, Germany) mould. Mould cavities were defined by in-house produced frames of

various heights and a silicon joint was placed inside the cavity to avoid leakage of resin.

Carbon and glass twill fibrous preforms, as described in Sections 3.3.1.3 and 3.2.1 respectively,

were cut to strips of 100×50 mm were cut and stacked in the mould cavity. A gore-tex flap was

placed over the last 20 mm as a resin barrier while the remaining section of the fabric stack

was covered with an aluminium foil layer upon which a 0.5 mm thick perforated carbon FRP

separator was placed. 1.5 mm thick aluminium strips were placed at the edges of the carbon

FRP separator to define a resin channel with a controlled height. This resin channel was filled

with strips of 150 g/m2 polyester breather fabric (Suter Kunststoffe, Switzerland) or left empty.

A schematics representation of the mould configuration is shown in Figure 3.9

The fabric stack and resin channel were simultaneously impregnated under a constant flow
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Figure 3.9: Schematic representation of the mould configuration for self-catalysed frontal
polymerisation with a longitudinal and planar section on the top and bottom, respectively.

rate of 30 mL/hr using a Razel Scientific Instruments R-100e syringe pump. Frontal polymeri-

sation was initiated by high intensity (>850 mW/cm2) UV-irradiation by an EXFO Omnicure

S2000 standard UV-source through an opening in the mould half covered with a layer of

high-temperature 25 µm Diatex Polyimide HM vacuum bag. Produced composites were left to

cool for a minimum of 10-15 minutes after completion of the frontal polymerisation process

while remaining enclosed in the mould cavity. Fibre volume fractions were determined via

the sample thickness and Equation 3.3, assuming a bulk density of 2.6 g/cm3 for glass FRPs.

Investigations on FRP production in the absence of a resin channel were produced in a similar

mould configuration and with an identical procedure for impregnation and initiation.

3.3.2 Heat flow analysis

The heat output of resins presented in Section 3.3.1.1 was determined using quasi-isothermal

DSC measurements. Samples of 2-3 mg freshly mixed resin were weighed in aluminium

hermetic pans and measurement procedures consisted of an initial heating phase from -20-

105°C at a rate of 5°/min, followed by an isothermal phase of 30 minutes. Maximum heat

outputs corresponded to the recorded peak maxima after baseline correction, as illustrated in

Figure 3.10.
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Figure 3.10: Exemplary quasi-isothermal DSC curve after baseline correction for the character-
isation of the heat output of RICFP resins. The encircled point corresponds to the maximum
heat output.

Spearman’s rank correlation coefficients of the resulting distributions were determined using

the following relation:

r = 1−6
∑ d 2

n
(
n2 −1

) (3.4)

where r is the Spearman’s rank correlation coefficient, ds the difference in statistical rank of

corresponding variables and n the number of variables.

3.3.3 Thermal analysis of frontal polymerisation

Thermal analysis of propagating polymerisation fronts was applied in several instances in

this thesis work. Recordings were made by in-house produced 0.1 mm diameter K-type

thermocouples connected to a National Instruments DAQ device that was coupled to an

in-house developed LabView procedure. Data was acquired at an acquisition rate of 100 Hz to

accurately capture the large temperature gradients experienced in frontal polymerisation.

3.3.3.1 Derivation of front velocities

Front velocities were derived for neat-polymer samples, using a configuration as presented in

Section 3.3.1.2, and composite samples as presented in Section 3.3.1.1. Integrated thermocou-

ples in the mould allowed for the recording of temperature profiles upon frontal polymerisa-

tion, as demonstrated in Figure 3.11a. Front velocities were subsequently derived by linear
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Figure 3.11: Exemplary overview of the experimental procedure for characterisation of the
front velocity. a) recorded temperature profiles for a 12% V f composite system, and b) linear
regression of peak instants, corresponding to the maxima of the thermocouple recordings in
a), to derive the front velocity.

regression of the peak times of the corresponding temperature profiles, i.e. Figure 3.11b.

3.3.3.2 Temperature profiles in self-catalysed frontal polymerisation

Preheating and front temperatures in self-catalysed frontal polymerisation processing were

characterised for both carbon and glass preforms of about 50-53% V f , in 5.3- and 9-mm mould

cavities. Temperature profiles were recorded by four thermocouples that were embedded at

the bottom, centre and top of the fabric stack, as well as on top of the breather fabric filling

of the resin channel, at about 65 mm of the fabric length in front direction. Recordings were

started simultaneously with the start of UV-irradiation. Peak temperatures were defined as the

maximum recorded temperature while preheat temperatures were taken as the temperature

10 seconds before the appearance of the peak.

3.3.3.3 Resin channel fillers in self-catalysed frontal polymerisation

The influence of fillers in the resin channel of a self catalysed frontal polymerisation was

assessed using FRPs composed of 18 layers of carbon twill weave fabric and a mould cavity

height of 7.3 mm, corresponding a V f of ∼56%. Resin channels were either filled with a strip

of breather fabric or left empty. In the latter case, 2×2×1.5 mm alumina cubes were placed at

the front and end of the resin channel to avoid buckling of the separator. Two series of three

thermocouples were placed at the top, centre and bottom of the fabric stack, i.e. above layers

17, 9 and 1, respectively. The separation distance was measured optically when placing the

thermocouples and equalled ∼0.8 cm. Preheating and front temperatures were recorded as

described in Section 3.3.3.2. Delay times were defined as the time between the initial increase

of the thermocouple, corresponding to the passing of the front in the resin channel, and the
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recorded peak temperature at that thermocouple position.

3.3.4 Interface temperatures

Interface temperatures between the polymer and mould in a configuration described in

Section 3.3.1.2 were, under the assumption of perfect thermal contact, calculated as the

weighted mean based on the relative thermal effusivities between the polymer and mould

material:

T ∗ = ep Tp +emTm

ep em
(3.5)

where T ∗ represents the interface temperature, e the thermal diffusivity and subscripts p and

m denote the polymer and mould sections, respectively. Temperatures in the bulk polymer

(Tp ) were taken as the peak temperatures of the thermocouple recordings in the bulk material

while the temperature in the bulk of the mould (Tm) was assumed to be 25°C. The thermal

effusivity of a given material was calculated from the square root of its thermal conductivity

by its volumetric heat capacity and are listed in Table 3.2.

3.3.5 Monomer conversion

The curing degree of formed polymer was assessed by Fourier-transform infrared spectroscopy

(FTIR). Strips of about 4 mm were cut transversely to the front direction and subsequently

ground to a powder. FTIR signals were recorded over a range of 650-4000 cm−1 at an interval

of 4 cm−1 and spectra were averaged over 64 scans. Conversions were calculated from the

deconvoluted 789 cm−1 oxirane absorbance peak height relative to the 1724 cm−1 -C=O peak

after baseline correction, with uncured resin used as reference material, i.e.:

A0 = 1−
(

A0,789/A0,1724
)

P(
A0,789/A0,1724

)
R

(3.6)

where A0 represents the absorbance and subscripts P and R refer to the formed polymer and

uncured resin, respectively. FTIR analysis was limited to pure polymer samples since the

presence of fibres was expected to result in significant attenuation of the FTIR signal while

also bringing complications in the sample preparation.

3.3.6 Localised initiator deposition

Solutions for localised initiator deposition were prepared by the dissolution of IOC-8 SbF6

photoinitiator in acetone. Fibrous preforms were cut to layers of 80×60 mm and sizings were

burnt-off at 450°C in a Nabertherm B400 furnace for 2.5 hours. The initiator solution was
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sprayed onto fabrics, which were placed onto a metallic grid after cooling down, and were

subsequently dried in a 85°C oven for two hours ensure complete evaporation of the solvent.

Composites were produced following the procedure described in Section 3.3.1.3.

The photoinitiator efficacy after the deposition process was validated by the dissolution of 300

mg IOC-8 SbF6 in 10 mL of acetone. The solution was heated at 85°C until the acetone was

completely evaporated. A resin containing 0.75 w% photoinitiator, 0.05 w% photosensitiser

and 1% thermal initiator was then prepared following the procedure described in Section 3.1

and analysed by dynamic DSC, described in Section 3.3.2. The resin was moreover used to

produce carbon FRPs and compared to FRPs produced with pristine IOC-8 SbF6.

Calibration of the spraying method, i.e. the amount and concentration of photoinitiator

required to deposit a set content onto the fibre surface, was done by assessing the deposited

photoinitiator content as a function of the sprayed quantity and the photoinitiator concen-

tration in the spray. Fabrics were weighed after spraying to determine the deposited spray

quantity. The deposited photoinitiator was extracted after evaporation of the solvent using

a Soxhlet extraction. Five fabrics with an expected deposited photoinitator quantity of 4.3

mg were placed in a cellulose Soxhlet thimble that was placed in a 100 mL Soxhlet extractor

connected to a 500 mL round-bottomed flask filled with 200 mL acetone and a Friedrichs

condenser. The flask was placed in a silicon oil bath set to 95°C to created 4-6 refluxes per hour

for approximately 24 hours. 30 grams of the resulting solution was heated to 85°C until reduced

to 3 grams as to concentrate the solution by 10 times. The photoinitiator concentration was

estimated by UV-Vis spectroscopy, following a procedure described in Section 3.2.5, and the

Beer-Lambert law:

A0 = ε× c ×ℓ (3.7)

where A0 denotes the absorbance, ε the molar attenuation coefficient, c the photoinitiator

concentration and ℓ the optical path length. The molar attenuation coefficient of IOC-8 SbF6

was determined using a calibration series of five solutions with concentrations ranging from

2.30-7.35 w%.

Fibre morphologies and surface compositions were analysed by a combination of scanning

electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX, Zeiss GeminiSEM

300). Measurements were made on a pristrine fabric and fabrics with 14.5 mg and 4.3 mg of

photoinitiator deposited per 80×60 patch. Single yarns were removed from each fabric, cut to

a length of ∼1 cm and fixed on a sample holder with carbon tape. EDX measurements were

carried out at a working distance of 8.5 mm and an acceleration voltage of 8.5 kV.
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3.3.7 Analysis of chemical and mechanical properties of composites

A comparative assessment on the mechanical and chemical properties was made for FRPs

produced by self-catalysed frontal polymerisation and oven-cured FRPs. Self-catalysed frontal

polymerisation FRPs were produced following the procedure described in Section 3.3.1.4,

using a 7.3 mm mould cavity and 18 layers of carbon twill fabric, corresponding to a V f of

55-60% depending on the sample thickness. The energy consumption during UV-irradiation

was recorded by a Voltcraft SEM6000 device placed in series with the UV-source.

Oven-cured reference samples were produced with three different resins, i.e. the RICFP resin

system described in Section 3.1, Sicomin SR8100 & Sicomin 8822 hardener (Sicomin, France)

and Araldite LY 8615US & Aradur 8615 hardener (Huntsman, Switzerland). Reference samples

were prepared similar to Section 3.3.1.4 in the absence of a resin channel, using 18 layers

of carbon twill fabric in a mould composed of steel mould halves with a cavity height of 5.3

mm. Impregnation of the fabrics was carried out at a rate of 30 mL/hr. Oven-cured RICFP

samples were placed in an oven preheated to 150°C after the impregnation was completed

while the temperature at the centre of the stack was recorded via an integrated thermocouple.

The mould was removed after 25 minutes and left to cool at room temperature. Sicomin and

Araldite samples were cured following their respective prescribed procedures, i.e. Sicomin

samples were post-cured for 8 hours at 80°C after an initial 24 hours at room temperature

while Araldite samples were cured for 24, 2 and 3 hours at respectively 40, 120 and 180°C. The

energy demand of the oven-curing procedures was recorded by placement of the Voltcraft

SEM6000 device in series with the oven.

Tg s were characterised by Dynamic Mechanical Analysis (DMA, TA Instruments DMA Q800)

in three point bending mode with an oscillation strain and frequency set to 0.1% and 1 Hz,

respectively. Samples were cut in strips of 55×10×5.3 mm parallel to the front direction and a

minimum of three measurements were made per sample type. Measurements consisted of

two subsequent heating cycles from 15-250°C and 15-300°C at a rate of 3°C/min. The Tg of

Figure 3.12: Exemplary dynamic mechanical analysis curves to determine the Tg of a carbon
FRP produced by self-catalysed frontal polymerisation.
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each cycle was determined from the maximum of the tan(δ) curve, representing the phase

angle between storage and loss moduli as is illustrated in Figure 3.12.

Interlaminar shear strength of composite samples was characterised following ASTM standard

D2344 using a universal tensile machine (UTM) Series LFM-125 kN (Walter & Bai, Switzerland)

with a 10 kN load cell. Samples of 32×10.5×5.3 mm were placed on a three-point bending

setup with 3 mm diameter supports and a 6 mm diameter loading nose. The span was set

to 20 mm and a testing speed of 1 mm/min was used. The interlaminar shear strength was

calculated from the maximum applied force (Fm) via the relation:

I LSS = 0.75
Fm

w ·h
(3.8)

where w and h represent the sample width and thicknesses, respectively. A minimum of four

tests were carried out per sample and all samples failed in shear.

Young’s moduli of the produced FRP samples were evaluated by measuring the ultrasonic

resonance frequency by a Grindosonic Mk5 (Lemmens NV, Belgium) device. Rectangular

samples with dimensions similar to those used in DMA measurements were used and Young’s

modulus was calculated following ASTM standard E1876.
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3.4 Modelling of RICFP

3.4.1 Kinetic model fitting

Kinetic models of resin systems, prepared as described in Section 3.1, were derived for two

resin systems. A resin composition for composite production, similar to the one used in

Section 6, was composed of 0.75 w% IOC-8 SbF6 photoinitiator, 0.05 w% ITX photosensitiser

and 2.13 w% benzopinacol thermal initiator and is referred to as composite RICFP resin. The

production of pure polymer on the other hand was simulated with concentrations of 0.3 w%,

0.05 w% and 0.8 w% of photoinitiator, photosensitiser and thermal initiator, respectively. This

resin formulation is referred to as reduced RICFP resin in the continuation of this work. The

enthalpy and conversion rates were determined by dynamic DSC analysis with measurement

procedures similar to those described for dynamic analysis in Section 3.2.4 with heating

rates (β) varied between 5-25°C/min following ASTM standard E698. A minimum of two

repeats were made per heating rate. Resulting heat flows were corrected by a fitted third

order polynomial baseline to elucidate the heat output by the resin from the heat losses to

heat the sample, as well as to correct for potential artefacts due to weight difference between

aluminium hermetic pans. The effective conversion of the sample was calculated from the

cumulative heat output and the overall integrated resin enthalpy under the assumption that

the maximum attainable conversion was achieved at the end of the measurement:

α= qt (T )

Hr
(3.9)

whereα denotes the effective conversion, qt the cumulative heat flow at temperature T and Hr

the polymerisation enthalpy calculated as the integrated heat flow over the complete measure-

ment range. A demonstration of the derived conversion from a dynamic DSC measurement is

shown in Figure 3.13.

Figure 3.13: Exemplary dynamic DSC measurement and derivation of the effective conversion.
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DSC analysis of RICFP resins consistently showed two peaks in the heat output and were

therefore deconvoluted by a model similar to the Grindling model (Equation 2.9), assuming a

two-stage process with two distinct terms in the reaction-kinetics model:

dα

d t
= k1(T ) f1(α)+k2(T ) f2(α) (3.10)

where subscripts 1 and 2 denote the first and second apparent heat flow peaks as indicated

in Figure 3.13. The reaction rate constants of Equation 2.6b were described by an Arrhenius

function, i.e. Equation 2.7. The activation energy was derived using the Flynn-Wall-Ozawa

method as described in ASTM standard E698. Following this method, the activation energy

was calculated from the slope of the linear regression between the inverted peak temperatures

(Tp ), i.e. the temperature corresponding to the respective maximum heat outputs, recorded in

DSC analysis, and the logarithmic heating rate (log(β)).

The kinetics parts of Equation 3.10 was modelled by a model-free kinetics approach. After an

initial assessment, a combination of an autocatalytic model with diffusion term for the initial

autocatalytic curing, i.e. following Robertson et al. [20], and a nth order model for the second

exothermic peak were considered to describe the autocatalytic RICFP process. Both models

are listed in Table 2.1. The inclusion of a detailed model accounting for diffusion-controlled

polymerisation into Equation 3.10 was considered out of scope for the current exploratory

work. The combination of the diffusion term in the Prout-Tompkins model found to be a good

representation for the averaged vitrification effects. This yields the following expression that

was used to describe the cure kinetics of the RICFP system:

∂α

∂t
= A1 exp

(
−Ea,1

RT

)
(1−α)n1αm 1

1+exp[cd (α−αc )]
+ A2 exp

(
−Ea,2

RT

)
(1−α)n2 (3.11)

where A denotes the Arrhenius frequency factor, Ea the activation energy, n and m reaction

orders and cd and αc diffusion constants.

The remaining seven parameters of Equation 3.11, i.e. A1, n1, m1, cd , αc , A2 and n2, were

simultaneously fitted to the complete set of dynamic DSC recordings. A Covariance Matrix

Adaptation Evolution Strategy (CMA-ES), following the work of Bernath et al. [201], was em-

ployed for this complex fitting procedure. CMA-ES is a stochastic method for the optimisation

of highly non-linear functions [230] as demonstrated in Figure 3.14. The cost-function was

defined as the mean sum of squares (MSS) between the fitted conversion rates and their

corresponding experimental values derived by DSC analysis:

MSS = 1

n

n∑
i=1

[
dαi

d t

∣∣∣∣
exp

− dαi

d t

∣∣∣∣
pr ed

]2

(3.12)
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Figure 3.14: Schematic representation of the CMA-ES optimisation procedure (Source: [229]).

Table 3.3: Overview of densities and temperature-dependent heat capacities for RICFP resin,
carbon & glass fibre and PMI foam derived by DSC analysis.

Material Density Thermal conductivity
[g/cm3] [W/m/K]

RICFP system 1.05 0.17
Carbon fibre 1.8 10.45

Glass fibre 2.6 1.3
PMI foam 0.11 0.029

where n is the sample size and subscripts exp and pr ed refer to the experimental and fitted

conversion rates, respectively.

3.4.1.1 Derivation of model parameters

Solving Equation 2.6a required the derivation of the heat capacity, density and thermal con-

ductivity of the components making up the experimental configuration. Heat capacities of

ECC monomer resin and polymer, carbon fibrous reinforcement and PMI foam were deter-

mined by modulated DSC over a range of 15-250°C at a rate of 5°C/min and a modulation

rate of 1°C/min. Formed polymer, carbon fibre and PMI foam were ground to a powder be-

fore placement in aluminium hermetic capsules. Sample weights were ∼7-8 mg while the

temperature-dependence of the resulting heat capacities was described by linear regression.

The temperature-dependent heat capacity of glass fibre was derived from generic material

databases.

Densities of all components were provided by the supplier. The thermal conductivity of the
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RICFP system was taken as 0.17 W/m/K [231], under the assumption of similar thermal conduc-

tivities between the monomer resin and the formed polymer, while the thermal conductivity

of PMI foam was estimated to be 0.029 W/m/K. The anisotropic thermal conductivity of woven

preforms was taken as the mean of the in-plane (κi p ) and through-thickness component (κt t ):

κc = 0.5 · (κi p +κt t
)

(3.13)

In-plane thermal conductivity was calculated by a rule of mixtures, i.e. Equation 2.18 while

the thermal conductivity in through-thickness direction was calculated by the semi-empirical

Clayton model [232] at the same V f :

kc,t t = km

4

√(
1−V f

)2
(

k f ,t

km
−1

)2

+ 4k f ,t

km
− (

1−V f
)(k f ,t

km
−1

)2

(3.14)

where κ denotes the thermal conductivity with subscripts c , f and m referring to the compos-

ite, fibre and matrix. Subscripts t t and t refer to the respective through-thickness and trans-

verse directions and V f to the fibre volume fraction. The axial thermal conductivities of carbon

and glass fibre were assumed, based on generic material databases and Refs. [20, 176, 220],

to be 10.45 and 1.3 W/m/K, respectively, and an orthotropic ratio of 5 was assumed for the

transverse direction. Using the described relations, in-plane and through-thickness conduc-

tivities of carbon FRPs were estimated to be 1.54 and 0.38 W/m/K respectively at a V f of

40%. Predicted thermal conductivities of 2.54 and 0.68 W/m/K at 60% V f were in line with

experimentally reported values [224]. In a similar way, the thermal conductivity of glass FRP

systems was determined to be 0.42 W/m/K in in-plane and 0.20 in through-thickness direction,

also assuming a V f of 40 %. Equation 3.13 then yields an estimated thermal conductivity of

carbon and glass FRPs of 1.61 and 0.31, respectively, at a V f of 40%.

3.4.2 Numerical implementation

The RICFP process was modelled using a finite difference method that was implemented

in Python. Simulations were generally carried out in a two-dimensional domain while one-

dimensional simulations were, because of their computational efficiency, used for initial

approximations or fitting procedures. The heat equation, i.e. Equation 2.6a, was discretised

using an explicit Euler forward difference method in time and a central difference space in

space, i.e.:

f ′(x) = f (x +h)− f (x)

h
and f "(x) = f (x −h)−2 f (x)+ f (x +h)

h2 (3.15)

which, considering element dimensions ∆x & ∆y and timestep ∆t for an element i , j at time
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t , allows for discretisation of the temperature gradients in x- and y-direction as well as the

transient temperature change as:

∂2T

∂x2 =
T t

i−1, j −2T t
i , j +T t

i+1, j

(∆x)2 ,
∂2T

∂y2 =
T t

i , j−1 −2T t
i , j +T t

i , j+1

(∆y)2 ,
∂T

∂t
=

T t+1
i , j −T t

i , j

∆t
(3.16)

Substitution of these terms into Equation 2.6a and subsequent rearrangement then allows

for an explicit description for calculation of the temperature evolution in a two-dimensional

domain that was solved at time t :

T t+1
i , j = T t

i , j +
∆t

ρCp

[
κc

(∆x)2

(
T t

i−1, j −2T t
i , j +T t

i+1, j

)
+ κc

(∆y)2

(
T t

i , j−1 −2T t
i , j +T t

i , j+1

)]
+ (1−V f )Hr∆t

Cp

∂α

∂t

(3.17)

where T t
i , j denotes the temperature of element at location i , j at time t and ∆x and ∆y the

element height and width, respectively. The discretisation is moreover schematically illus-

trated in Figure 3.15. The material constants were adapted to the corresponding domain, i.e.

for the composite domain ρ and Cp were taken as the respective density and heat capacity

of the RICFP system, determined from Table 3.3 and a rule of mixtures as function of the V f

(Equations 2.16 & 2.17) while κc denotes the thermal conductivity (Equation 3.13) of the same

system and Hr the resin enthalpy corrected for the V f (Equation 2.15). The mould domain was

simulated using the corresponding material parameters listed in Table 3.3 with an assumed

isotropic thermal conductivity while the heat generation term was omitted due to the absence

of exothermic components. One-dimensional models were discretised considering the de-

scribed composite domain with j set uniformly to one while omitting the term dependent on

∆y .

The curing degree of the resin system of Equation 3.11 was also discretised using an explicit

forward Euler scheme in time, yielding:

αt+1
i , j =αt

i , j + A1 exp

(
−Ea,1

RT

)
(1−αt

i , j )n1

(
αt

i , j

)m 1

1+exp
[

cd

(
αt

i , j −αc

)]
+A2 exp

(
−Ea,2

RT

)
(1−αt

i , j )n2

(3.18)
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Figure 3.15: Schematic illustration of two-dimensional discretisation for solving the Equation
3.17.

3.4.3 Domain & boundary conditions

Two-dimensional simulations were performed on a domain, schematically presented in Figure

3.16, that was composed of a horizontal 25×5.3 mm region comprising the RICFP composite

system that was vertically enclosed by domains representing the mould material with a length

of 25 mm and a height generally taken as 15 mm. Perfect thermal contact was assumed

between the composite system and the mould and a symmetry condition was applied over

the centreline of the domain to reduce computational cost. A convective boundary condition

was set at the extremes of the domain as:

κ
∂T

∂x

∣∣∣∣
bc

= hT ( T |bc −T∞) and κ
∂T

∂y

∣∣∣∣
bc

= hT ( T |bc −T∞) (3.19)

where κ denotes the thermal conductivity of the material at the domain boundary, T |bc

the temperature at the boundary, T ∞ the temperature of the environment away from the

boundary, set to 25°C and hT the heat transfer coefficient, which was fixed to 15 W/m2/K

based on Refs. [172, 233]. In a discretised form, i.e. after substitution of Equation 3.15, the

temperatures of boundary elements were computed at each timestep, for example for an

element at the horizontal boundary, as:

T t
x, j =

T t
x−1, j + T∞hT∆x

κ

1+ hT∆x
κ

(3.20)
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Figure 3.16: Schematic illustration of the two-dimensional modelling domain. Acronym ’BC’
denotes the boundary condition.

3.4.4 Meshing & Numerical stability

Domains were meshed with square elements of which the element size was varied between

cases so as to optimise the concurrent resulting model accuracy and computational cost.

Mesh sizes and timesteps were varied to identify the numerical stability regions. These were

related to the Von Neumann stability criterion, which defines a stable window when applied

to linear partial differential equations [234]. When applied to the classical heat equation, i.e

Equation 2.6a without the heat generation term, the Von Neumann stability criterion yields:

κ

ρCp

∆t

(∆x)2 ≤ 1

2
→ ∆t ≤ (∆x)2

2

ρCp

κ
(3.21)

which defines an upper bound for the timestep ∆t that is quadratically related to the element

size ∆x.
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Figure 3.17: Schematic illustration of the solving procedure used for finite difference modelling
of RICFP.

3.4.5 Solving procedure

The finite difference models were solved as schematically illustrated in Figure 3.17. Calcula-

tions commenced with the initialisation of the sample and mould domains and assignment of

the respective material properties and initial conditions, i.e. initial temperature and curing

degree. The model was then iteratively solved for each timestep in the set simulation time.

Each iteration started by updating the curing degree of the sample domain using Equation

3.18. The updated conversions were subsequently used to determine the temperature fields

of the sample domain via Equation 3.17, followed by calculation of temperature fields of the

mould domains and updating of the boundary temperatures.

3.4.6 Experimental validation & fitting

Numerical results were validated using an experimental configuration as described in Section

3.3.1.4 with a mould cavity height of 5.3 mm and in the absence of a resin channel. Experiments

were carried out using the resin systems described in Section 3.4.1, i.e. a pure polymer, using

the reduced RICFP resin system, and carbon and glass FRPs composite systems. The V f of

FRPs were varied based on the number of resin layers and were kept around 35-40%. Four

thermocouples were integrated in the centre of the mould cavity at different positions along
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the front direction. Spacings were kept around ∼20 mm and exact locations were determined

by optical analysis of an image taken after placing the thermocouples. Temperature profiles

were recorded and used to determined the front temperatures and front velocities as described

in Section 3.3.3.

Numerical models were fitted to the experimental data to improve their accuracy. Averaged

temperature profiles were used to reduce the influence of the experimental variability inherent

to RICFP, in particular in the presence of fibrous reinforcements. The fitting procedure was

carried out as a grid search using a one-dimensional domain to reduce the computational

cost. Numerical optimisation focused on the fitting of the thermal conductivity and resin

enthalpy for both the reduced and composite RICFP resin systems since these parameters were

prone to the largest experimental uncertainty. Optimum parameters were initially selected to

approximate the front temperature and velocity with a set accuracy, as is further discussed

in Section 7.4. A final selection was then made based on the similarity of the temperature

profile with the averaged experimental temperature profiles. This comparison was made

considering the temperature profiles up to 150°C to elucidate the phase largely dependent on

thermal diffusion from the phase of rapid autocatalytic heat release since the latter is already

considered as it strongly influences the peak temperature. The fitting accuracy was quantified

by the mean squared error (MSE) of the experimental and numerical temperature profiles:

MSE = 1

n

n∑
i=1

[
Ti |exp − Ti |pr ed

]2 (3.22)

with subscripts exp and pr ed denoting the experimental data and numerical predictions.

The accuracy of the optimised parametric combinations was subsequently confirmed by their

implementation on a two-dimensional domain.
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4 Microstructural evaluation by in-situ
UV-flow freezing

In-situ UV-photopolymerisation is, as highlighted in Section 2.3, considered a promising strat-

egy for microstructural evaluation of infiltrating resin flows in LCM as it has the potential to

overcome the time constraints of high spatial resolution characterisation methods. Based on

the methodology proposed by Caglar et al. [47], this chapter presents the further development

of the in-situ UV-flow freezing methodology to ensure the accuracy of the captured microstruc-

tural representations of dynamic flows in fibrous preforms. The undertaken steps consist of

1. the development of a fast-curing resin formulation, 2. optimisation of the methodology

and 3. assessment of microstructures by µCT. This chapter focuses on the use of epoxide

systems as these were believed to be the most accurate representation of commercially used

resin systems while variations of the resin composition are proposed for facile variation of the

capillary number.

4.1 Resin development

4.1.1 Photocuring epoxide resin

Adaptation of the resin composition and its resulting UV-photopolymerisation characteristics

can be regarded as the basis for the in-situ flow freezing methodology. To generate accurate

representations, resins were optimised to display rapid conversions from a liquid state, i.e.

with viscosities in the order of conventional commercial resin systems, to a set polymer that

retains its position and morphology despite potential backpressure exerted by the uncured

resin in the fabric stack. The flow freezing behaviour of resins was simulated by photorheology

measurements as described in detail in Section 3.2.2. Experiments aimed to be carried out in

the linear viscoelastic region (LVR) to minimise potential experimental errors induced by the

set measurement parameters and hence to increase the confidence in the observed trends.

However, since the LVR behaviour is typically in competition with the measurement accuracy

due to torque levels that approach the machine limit, which, combined with the large range of

viscosities encountered during photocuring, limit the operation window that can be chosen.

Figure 4.1 shows that measurements at low viscosity require a minimum oscillation strain
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Figure 4.1: Definition of a processing window in the linear viscoelastic region for rheological
assessment of an epoxide resin at different curing degrees as a function of a) the oscillation
stress and b) the complex viscosity.

to overcome the torque limit and thereby avoid scattering of the recorded oscillation stress

(Figure 4.1a) being translated to e.g. the complex viscosity (Figure 4.1b). Too high oscillation

strains on the other hand resulted, predominantly at high curing degrees, in an inflexion of

the oscillation stress and a sudden drop of the complex viscosity. An oscillation strain of 1%

presented a good compromise, allowing for stable recordings at low viscosity while recordings

remained in the LVR up to complex viscosities of ∼105 Pa·s.

Fast UV-photopolymerisation requires the rapid generation of active centres upon the ab-

sorbance of UV-light, which is directly dependent on the reactivity of the photoactive com-

pound in a resin system. IOC-8 SbF6 was selected as photoinitiator, e.g. over 4-isobutylphenyl-

4’-methylphenyliodonium hexafluorophosphate used by Caglar et al. [47], since the rate of

polymerisation in epoxide systems is reported [147, 149] to scale with the photoinitiator re-

activity. Increasing photoinitiator concentrations were found to result in slight increases of

the induction time, i.e. the time between the start of irradiation and the onset of the initial

viscosity increase, as shown in Figure 4.2a. Concentrations of 2 & 4 w% moreover showed

increased scattering. While the absolute differences remain close to the measurement, the

trend observed in Figure 4.2a was attributed to increased shielding by the photoactive com-

pound [149], and hence delayed transmission rates of UV-light. The gelation time in Figure

4.2b on the other hand was found to decrease with increasing photoinitiator concentrations

which is likely explained by the increased number of active centres that could be simultane-

ously formed with an increased photoinitiator content, resulting in higher polymerisation

rates and hence reduced gelation times. A photoinitiator concentration of 1 w% was found to

be the optimum as it allowed for both low induction and low gelation times.

Further enhancement of the UV-absorbance characteristics was achieved the use of a pho-

tosensitising compound. While the selected compound is identical to the one proposed by

Caglar et al. [47], its molar ratio compared to the photoinitiating compound was found to
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Figure 4.2: Photorheological assessment on the a) induction and b) gelation times with varying
photoinitiator content.

Figure 4.3: Photorheological assessment on the a) induction and b) gelation times with varying
molar ratios of photoinitiating and photosensitising compounds.

be of significant influence on the photo-curing kinetics. Figure 4.3 shows that the addition

of an ITX photosensitiser resulted in a strong decrease of both the induction and gelation

times (Figure 4.3a and Figure 4.3b, respectively) due to the improved overlap between the

resin absorbance spectrum and the emission of the used UV-sources, which is confirmed by

UV-vis spectroscopy in Figure 4.4. Molar ratios between 0.2-0.3 were found the optimum and

resulted in reductions in induction and gelation time of up to 56.0 and 55.0%, respectively.

Increased molar ratios resulted in scattering of the gelation times, which was attributed to the

aforementioned shielding effects.

Photopolymerisation in the case of composite materials is typically complicated by the exten-

sive attenuation and scattering of the filler material. The in-situ flow freezing methodology

was expected to suffer from similar limitations and it was found unlikely that the maximum

attainable conversion would be achieved in the presence of (glass) fibrous reinforcement with
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Figure 4.4: Absorbance of the different components of the developed UV-photopolymerisation
resin. Resin constituents were recorded after dissolution in dichloromethane at a concentra-
tion of 0.05 mM.

elevated (e.g. >35%) V f s. A postcuring procedure was therefore established to ensure com-

plete solidification of the flow front, allowing for post-processing and µCT analysis without

introducing distortions in the front morphology. DSC analysis in Figure 4.5a showed that a

resin consisting of ECC monomer, a photoinitiator and photosensitiser underwent thermal

curing at temperatures above ∼135°C and maximum heat outputs were recorded at 143°C.

The addition of benzopinacol as a free-radical (thermal) initiator, i.e. inducing RICP [143],

significantly lowered the temperature required for thermal curing. A benzopinacol concentra-

tion of 0.5 w% was found the optimum as allowed for formation of polymer with high curing

degrees, based on the total enthalpy of 552.7 J/g, at limited temperatures of 100-120°C while

being sufficiently low to avoid the onset of frontal polymerisation. Simulation of the fore-

seen oven curing procedure at 120°C by a quasi-isothermal DSC procedure shown in Figure

4.5 confirms the benefit of the introduced RICP mechanism for postcuring, showing a large

heat output when reaching the isothermal temperature while being significantly lower when

no free-radical thermal initiating compound was added. An assessment of the absorbance

spectra in Figure 4.4 moreover showed that the absorbance spectra of benzopinacol only

slightly overlapped with the emission spectrum of the UV-source and hence is believed to

be of negligible influence on the UV-photopolymerisation behaviour of the developed resin

composition.

An optimised resin composition was therefore concluded to be composed of 1 w% IOC-8

SbF6 photoinitiator, 0.1 w% ITX photosensitiser and 0.5 w% benzopinacol thermal initiator.

This fast-curing resin system has the potential to achieve gelation within 13 seconds at UV-

intensities >200 mW/cm2 while viscosities of 10 Pa·s were typically attained within 10 seconds.

Figure 4.6 shows that the photocuring behaviour of the developed resin is highly dependent on

the incoming light intensity and a significant decrease was observed at low UV-intensities, i.e.

<100 mW/cm2. The latter might be significant due to the attenuation and scattering induced

by the presence of glass fibres in UV-flow freezing experiments, especially within the yarns
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Figure 4.5: Analysis of postcuring of resins with and without thermal initiating compound:
a) dynamic heat flow measurements and b) simulation of oven curing by a quasi-isothermal
measurement at 120°C.

Figure 4.6: Photorheological behaviour of the standard resin with varying UV-irradiation
intensities.

where the density of fibres is the highest, and it supports the need of a dedicated postcuring

process. While curing rates and their dependence on the UV-intensity could likely be improved

by e.g. the use of more reactive acrylate systems, at the cost of increased dissimilarity with

commercial (epoxide) resin formulations, the curing rates of the current system were expected

to be sufficient to obtain an accurate representation of the flow front morphology at yarn-scale.

Further expansion of the methodology to allow for the assessment of intra-yarn morphologies

and e.g. contact angles, are believed to require both increased curing rates as well as an

assessment of the shrinkage upon polymerisation.

4.1.2 Additives for variations of the capillary number

As discussed in Section 2.2.2, the capillary number (Ca) is known to play an important role in

determining the flow behaviour in LCM processing. A complete and predictive understanding
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Figure 4.7: Photorheological behaviour of epoxide resins with different TMPDE contents.

of the optimum Ca, corresponding to a balanced flow morphology with minimum porosity [11],

has however not been achieved to-date. While contributing to the understanding of the

relation between Ca and the flow morphology for a given resin-system and set processing

conditions is considered out of scope for the current thesis work, suitable additives were

identified that allow for straightforward variation of the Ca using the in-situ UV-flow freezing

methodology.

Trimethylolpropane diallyl ether (TMPDE) was identified as a suitable diluent for the resin

system described in Section 4.1.1, i.e. to induce variations in the resin viscosity. Due to the

absence of epoxide functional groups, TMPDE was mainly believed to act as a charge transfer

agent, contributing to the rate of polymerisation without being incorporated in the polymer

network. The latter however decreases the maximum attainable viscosity upon polymerisation

with an increasing TMPDE content, as was confirmed by photorheological analysis presented

in Figure 4.7. TMPDE contents up to ∼25 w% were found to both enhance the rate of viscosity

increase as well as the final viscosity. Further increase of the TMPDE concentration on the

other hand were found to increasingly impede the formation of a solid polymer, with resulting

viscosities remaining well-below 1 Pa·s at an ECC/TMPDE ratio of 20/80% by weight. The

TMPDE content was therefore kept below 20 w% to ensure that the resulting polymer be

sufficiently solidified to avoid any undesired distortions of the flow front morphology during

its post-processing and analysis.

Variations of the liquid-vapour surface tension were induced by the addition of small quantities

of hexadecyltrimethoxysilane (HDMSi). The addition of 5% HDMSi was sufficient to reduce

the surface tension of the ECC resin described in Section 4.1.1 by over 10 mN/m. As illustrated

in Figure 4.8, variations of the surface tension in a combined system are largely governed by

HDMSi content while the TMPDE concentration is most influential for the resin viscosity.

The resin viscosity is known to be highly temperature-dependent, as illustrated Figure 4.9,

resulting in a decrease in viscosity up to ∼30-40% when increasing the temperature from 20 to
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Figure 4.8: Influence of additives TMPDE and HDMSi on a) the surface tension and b) the
viscosity of an epoxide resin system.

Figure 4.9: Viscosity-temperature relation of the considered resin formulations.

30°C. Not accounting for the temperature dependence of the resin viscosity would, following

Equation 2.1, result in a similar error in the capillary number. Accurate definitions of the

capillary number could be made based on the fitting of the viscosity curves of Figure 4.9 by

Equation 3.1. The resulting Arrhenius parameters are listed in 4.1. The combination of Figure

4.8 and 4.1 can be regarded as an instrument for fine tuning of the resin properties which

could be further employed to induce variations in the Ca.

4.2 Method optimisation

In addition to the curing characteristics of the resin, optimisation of the overall methodology

for in-situ flow freezing was required to ensure that accurate representations of the dynamic

flow front morphologies were obtained. Several adaptations in the methodology were made

compared to the one proposed by Caglar et al. [47]. The number of fabric layers was increased

to reduce the relative influence of the wall-effects discussed in Section 2.3.2. Infiltration under
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Table 4.1: Fitted Arrhenius parameters to describe the temperature dependence of resins with
additives.

Concentration
ECC TMPDE HDMSi Frequency factor Activation energy
[w%] [w%] [w%] [s−1] [kJ/mol]

100 0.0 0.0 3.05·10−10 -51.34
99.0 0.0 1.0 1.12·10−10 -55.01
97.0 0.0 3.0 2.81·10−10 -52.24
95.0 0.0 5.0 4.84·10−10 -50.46
89.0 10.0 1.0 9.53·10−10 -47.80
87.0 10.0 3.0 1.57·10−9 -46.19
85.0 10.0 5.0 1.74·10−9 -45.66
79.0 20.0 1.0 3.23·10−9 -43.35
77.0 20.0 3.0 4.44·10−9 -42.28
75.0 20.0 5.0 6.33·10−9 -41.19

a constant imposed flow rate was believed to be beneficial over the impregnation under a

constant applied pressure since the latter would result in a decrease of the flow velocity, and

hence Ca, with the infiltration length. The observed flow front morphology may in this case

not directly correspond to the given Ca due to difficulties at estimating the flow velocity at

the instant of UV-flow freezing. Moreover, a delay might be present for the front to adapt to

its desired morphology and hence the captured morphology might not directly represent the

steady-state situation at a certain Ca. These phenomena would be avoided if resins propagate

through the preform at a constant velocity, which is was achieved by the application of a

constant flow rate.

Maintaining a constant infusion rate requires the inlet resin pressure, imposed by the syringe

pump, to be gradually increased with increasing impregnation length. Consequently, resins

were subjected to a significant pressure gradient when reaching the desired ∼two-thirds of the

fabric length where flow freezing takes place. Figure 4.10a shows that the resin pressure at the

inlet was in the order of 0.3-0.7 bar for a typical range of infusion rates. Inlet pressure only

slowly recovered after switching off the syringe pump. An investigation on the influence of

these retaining hydrodynamic pressures using a non-curing resin showed that the pressurised

resins induced significant movements of the flow front of up to 7.6 and 18.3 mm in two

minutes for flow rates of 30 and 110 mL/hr, respectively, as illustrated in Figure 4.10c. The front

progression moreover induced changes in the flow front morphology, partially equilibrating

the typical dual-scale morphology.

The undesired flow front progression was minimised by removal of the inlet tube, which

allowed for backwards flow of the resin in the inlet system and resin pool and thereby for

rapid relaxation of the resin pressures as shown in Figure 4.10b. Removal of the hydrodynamic

forces acting on the resin made that fronts only propagated by capillary forces (Figure 4.10c),
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limiting the propagation to a few millimetres. The capillary-driven flow nevertheless induced

changes of the flow front morphology, which, amplified by the woven architecture of the

fibrous preform, resulted in a more blurred appearance of the front. The limited movement of

the flow front was believed to be sufficiently reduced to obtain a representative image of the

dynamic flow front after UV-flow freezing and were in the same order as front movement rec-

Figure 4.10: Influence of the resin pressure on the front movement after the stopping im-
pregnation: pressure profiles when inlet tubes are a) maintained or b) released and c) optical
analysis of front movement and flow front morphology.
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Table 4.2: Overview of the experimental conditions used for UV-flow freezing experiments at
different flow regimes.

Flow regime Viscous-dominated Equilibrated Capillary-dominated

IOC-8 SbF6 [w%] 0.99 0.99 0.99
ITX [w%] 0.05 0.05 0.05

Benzopinacol [w%] 0.50 0.50 0.50
Temperature [°C] 19.40 21.36 19.29

Viscosity [Pa·s] 0.448 0.366 0.451
Surface tension [mN/m] 48.24 48.24 48.24

Flow rate [mL/hr] 42.85 11.65 3.69
Flow velocity [mm/s] 0.534 0.145 0.460
Capillary number [-] 0.00496 0.00117 0.00043

orded by Caglar et al. [47] after UV-flow freezing. The observed transient changes of the flow

front morphology emphasises the need for fast UV-photopolymerisation and hence the efforts

for tuning of the resin system presented in Section 4.1 and the optimisation of the mould

configuration.

4.3 Assessment of saturation at microstructural scale

The optimised methodology was subsequently applied to produce flow front morphologies

at varying flow conditions as reported by Caglar et al. [47], i.e. viscous-dominated flow

regime at Ca ≈ 0.00496, an equilibrated regime of Ca ≈ 0.00117 and a capillary-dominated

flow at Ca ≈ 0.00043. The experimental conditions corresponding to these flow regimes are

listed in Table 4.2. Optical assessment of the flow front morphologies in Figure 4.11 did

not show any apparent differences between the dynamic infiltrating fronts and those after

UV-photopolymerisation, suggesting that the curing degree was sufficient to largely avoid

undesired distortions of the flow front as previously discussed in Section 4.2. The same held

for the post-curing procedure which showed a similar front morphology despite having been

subjected to elevated temperatures. Further validation on a microstructural level is however

desired, i.e. to confirm the hypothesised negligible influence of thermal effects, due to heating

during UV-photopolymerisation, and curing shrinkage.

The various flow front morphologies,illustrated in Figure 4.11 showed several differences with

those observed at similar values of the capillary number by Caglar et al. [47] in Figure 2.5. These

differences are most apparent for the viscous flow regime, where the unsaturated flow length

reported by Caglar et al. [47] appeared to be longer, i.e. ∼2 yarn widths, than that in Figure

4.11, only spanning ∼1 yarn width. The origin of these difference is attributed to the difference

in resin infiltration conditions, as discussed in Section 4.2. Apparent differences in the optical

recordings may have also resulted from the optical scattering by the increased number of

fabric layers that was used in this work, reducing the visibility of the front morphology during
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through-thickness optical imaging.

A volumetric assessment of the flow front morphologies by µCT enabled the visualisation and

identification of the unsaturated flow behaviour at micron-scale for all of the considered flow

regimes, presented in Figure 4.12. The three-dimensional representations already indicate

differences between the different flow regimes, where the unsaturated region recorded in

an equilibrated flow regime (Figure 4.12b) appeared to more smoothened compared to the

viscous- and capillary-dominated regimes that showed more sharp features resulting from

preceding flow.

Figure 4.11: Optical imaging of flow front morphologies related to varying capillary numbers.
Front morphologies were recorded during resin infiltration, after UV-flow freezing and after
post-curing.

A representative image from this volume in Figure 4.13 shows that the used resolution of 3.5

µm in combination with the used contrasting agent resulted in a clear separation between

saturated and unsaturated regions. Inter-yarn voids could be observed within the saturated

region if sufficiently large in size while the resolution and contrast between the polymer and

air phases was insufficient to identify intra-yarn voids. The use of automated segmentation

methods was complicated by the presence of a number of artefacts. Residual air pockets in

the unsaturated region, i.e. not filled with contrasting agent, appeared as voids in this region

while identification of the front was in some cases complicated by the limited contrast of the

front in regions with a high fibre density, e.g. within transverse yarns as illustrated in Figure

4.13. Finally, blurring effects of fibres spanning several voxels complicated their distinction
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Figure 4.12: Three-dimensional representation of UV-frozen flow fronts recorded at different
flow regimes: a) viscous-dominated with a Ca ≈ 0.00496, b) equilibrated with a Ca ≈ 0.00117
and c) capillary-dominated with a Ca ≈ 0.00043.

from regions near the flow front with reduced concentrations of contrasting agent. While

overcoming these artefacts by e.g. optimisation of the µCT procedure, the application of the

contrasting agent and the use of advanced segmentation techniques unlock the potential of an

improved and unbiased characterisation of UV-frozen flow front morphologies, the employed

manual segmentation strategy enabled the characterisation of unsaturated flow behaviour at

a microstructural level.

The saturation curves derived from the recorded µCT volumes in Figure 4.14 indicated ex-

pected differences between the different flow regimes. The saturation curves were largely

similar between fabric layers for all of the assessed flow regimes. The centre layer showed in

some cases slightly delayed saturation, which was attributed to a combination of the differ-

ent flow behaviour due to the aforementioned wall-effects in combination with a reduced

capillary-induced flow by delayed UV-photopolymerisation at lower UV-intensities. This shift

was however believed to be of negligible influence since the recorded saturation curves were

similar to those as the outer fabric layers.
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4.3 Assessment of saturation at microstructural scale

Figure 4.13: Representative slice of a µCT image indicating the recorded artefacts: blue)
an inter-yarn void, orange) air pocket in a region with deposited contrasting agent, green)
polymer-air interface in a transverse yarn and olive) blurring effects.

The viscous-dominated flow regime of Figure 4.14a, was found to have a linearly decreasing

saturation level over the flow front region that corresponded to preceding inter-yarn flow. Flow

front morphologies corresponding to a Ca of 0.00117 shown in Figure 4.14b showed some

nonlinearities over the recorded saturation curves, which was believed to be a result of the

woven fabric architecture, e.g. the presence of transverse yarns that locally acted as a barrier

for the infiltrating resin. The increased appearance of nonlinearities in a (semi-)equilibrated

flow regime compared to viscous- and capillary-dominated (Figure 4.14c) flow regimes would

be explained by the absence of a preferential flow path where the flow would theoretically alter

locally between an inter-yarn region to an intra-yarn region. The appearance of a barrier such

as the presence of a transverse yarn would require the flow to make an additional alteration,

potentially leading to a delay in the flow path.

Although not visible on the optical images presented in Figure 4.11, a flow regime highly

dominated by capillary forces was identified at a capillary number of 0.00043. The saturation

curve for this flow regime in Figure 4.14c showed a bisegmented trend where the initial steep

decrease was believed to correspond to the inter-yarn flow while the following gradual decrease

was attributed to extensive capillary wicking. It should be noticed that the relative ratio of

these two phenomena is affected by the incapability to distinguish fibres from the intra-yarn

flow at the current µCT resolution and the inflexion point should in reality be present at a

lower saturation level. The combined use of the developed UV-flow freezing methodology

and µCT was thus found able to visualise capillary wicking in LCM processing that can only

be matched by the use of synchrotron-µCT as demonstrated by e.g. Castro et al. [99]. The

flow rates used for producing the flow fronts shown in Figure 4.14 however all exceed the limit

observed by Castro et al. [99] above which blurring of the µCT recordings would occur, which

further confirms the benefit of the presented methodology.
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Figure 4.14: Saturation curves derived by µCT analysis of flow front morphologies at a) viscous-
dominated, b) equilibrated and c) capillary dominated flow regimes. Bottom row: repre-
sentative slices of µCT images with the unsaturated region marked in red and a vertical line
indicating the start of this region, corresponding to a position of 0 mm.

4.4 Conclusion

A combination of UV-flow freezing and µCT was foreseen as a promising strategy to enable

the microstructural evaluation at a wide range of dynamic flow conditions in LCM processing.

Based on the methodology presented by Caglar et al. [47], an optimised resin formulation

was proposed. The induction time of viscosity increase, corresponding to the onset of curing,

and gelation time of UV-photopolymerisable resins were strongly decreased by tuning of the

photoinitiator and photosensitiser concentrations while the addition of a free-radical thermal

initiator was found beneficial for thermal post-curing of the UV-frozen flow fronts. Additives

were identified to allow for facile variation of the viscosity and surface tension and hence the

governing parameters of the capillary number. Optimisation of the experimental configuration

by the use of in-house produced PMMA mould halves, to maximise the UV-transmittance,

impregnation under a constant flow rate and the rapid relaxation of the resin pressure upon

the start of UV-flow freezing, to minimise undesired distortions of the flow front morphology,

contributed to accuracy of the resulting representation of dynamic flow behaviour. µCT
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analysis of flow front morphologies produced at viscous-dominated, equilibrated and capillary-

dominated flow regimes allowed for a volumetric assessment and the derivation of saturation

curves. Strong capillary wicking could be observed at low values of the capillary number while

the variability in the evolution of saturation correlated to features in the fabric architecture.

These observations confirmed the potential of UV-flow freezing as a tool for microstructural

evaluation of dynamic flow behaviour bringing additional benefits such as a low cost and its

ease of implementation, e.g. compared to synchrotron-µCT.

Further assessment on the obtained representations of dynamic flow behaviour, e.g. by making

a direct comparison between UV-flow freezing and dynamic (slow-)flow experiments, would

validate the accuracy of the developed methodology and define the range of spatial resolutions

that could be reached. Development of the methodology to observed intra-yarn flow, e.g. to

characterise dynamic contact angles, would further require estimations of the curing shrinkage.

The UV-flow freezing methodology is envisioned to contribute to the understanding on the role

of the capillary number, with use of the aforementioned additives, in LCM as well as to study

the role of the fibrous preform by variation of the fabric architecture and types. Extension

of the methodology to allow for characterisation of opaque fabric architectures was initially

foreseen by the use of frontal polymerisation for flow freezing. This was however hampered

by the limited UV-initiation efficiency, impeding the initiation of frontal polymerisation in

the presence of high V f s, and the large thermal expansion upon front propagation, distorting

the flow front morphologies, of current resin formulations. Overcoming these limitations by

the development of novel, dedicated resin formulations is foreseen to further increase the

potential of the UV-flow freezing methodology.
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5 Frontal polymerisation-assisted pro-
cessing of fibre reinforced polymers

This chapter is an extract from the article ’Thermal management in radical induced cationic

frontal polymerisation for optimised processing of composites’ by J. Staal, E. Smit, B. Caglar and

V. Michaud, published in ’Composites Science & Technology’ 237, 110009 (2023).

Following Section 2.4, Radical Induced Cationic Frontal Polymerisation (RICFP) is considered

a promising low energy method for processing of fibre reinforced polymers (FRPs). Efforts

to-date are however limited by the heat uptake of fibre contents, impeding the production

of FRPs with fibre volume fractions (V f s) typically sought for in industry. In this chapter we

explore various strategies to optimise the local heat balance in order to overcome the current

limitations and pave the way for its adaptation to an industrial processing method for high-V f

structural FRPs. The heat generation term is varied by tuning of the initiator concentrations

while the role of boundary heat losses is assessed by varying the mould material. The role

of the local heat balance is moreover elucidated by the definition of a processing window

as function of the heat generation, i.e. initiator concentration, and the heat losses, i.e. V f .

Finally, a proof-of-concept of local initiator deposition for further fine tuning of the thermal

management is proposed.

5.1 Controlling the heat output via the resin composition

Optimised RICFP resins for FRP production were expected to mainly benefit from high heat

release rates over large polymerisation enthalpies since the influence of concurrent thermal

diffusion would be expected to increase with decreasing heating rates, potentially limiting

the front temperatures and complicating local activation of the autocatalytic RICFP mecha-

nism. Figures 5.1a-c show that increases in the photo- and thermal initiator concentrations

directly correlated with increased heat outputs, resulting from the increased number of si-

multaneously growing polymer chains present upon initiation. The increased reactivity of

the system moreover resulted in increased front velocities, i.e. Figures 5.1d-f, which is in line

with observations made by Refs. [108, 142, 158]. Spearman’s rank correlation coefficients listed

in Table 5.1 confirmed that all these trends were significant. Variation of the photosensitiser
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Figure 5.1: Heat output of neat RICFP resin recorded in quasi-isothermal DSC measurements
with varying concentrations of a) photoinitiator, b) both initiators and c) thermal initiator.
Front velocities, recorded by integrated thermocouples, with varying concentrations of d)
photoinitiator, e) both initiators and f) thermal initiator.

concentration on the other hand, shown in Figure 5.2, did not impose an apparent trend for

both the maximum heat output and the resulting front velocity, despite the Spearman’s rank

correlation coefficient being significant for the former. This significance was attributed to

a limitation of the considered experimental set while the distributions in Figure 5.2a clearly

show the resulting heat outputs to be scattering around a centreline.

The similarity between the trends observed in Figures 5.1a-c and 5.1d-f confirms the hy-

pothesised relationship between the two characterised parameters, i.e. an increased resin

exothermicity can enhance the propagation speed of a travelling front as it allows for faster

overcoming of the required activation energy for localised activation of the autocatalytic reac-

tion mechanism. The thermal initiator concentration appeared to have the largest influence

on the maximum heat output, as is supported by the Spearman’s rank correlation coefficients

listed in Table 5.1, showing a strong initial increase and subsequently levelled of above 3 w%.

The front velocity in Figure 5.1d-f however showed more linear trends as a function of the

initiator concentration. The difference in trends observed for the maximum heat outputs

and front velocities can be largely explained by the thermal degradation and foaming due to

excessive heat generation [146, 167] at higher initiator concentrations. This foaming acts as

an intrinsic cooling mechanism, lowering the front temperature and hence the front velocity.

Since this phenomenon increases with the resin exothermicity, i.e. initiator content, its signifi-
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Figure 5.2: Photosensitiser concentration dependence of: a) heat output recorded in DSC
measurements and b) front velocities recorded by integrated thermocouples.

Table 5.1: Spearman’s rank correlation coefficients on the composition dependence of heat
outputs and front velocities.

Resin component Heat flow [W/g] Front velocity [mm/s]
Coeff. p < 0.05 Coeff. p < 0.05

Photoinitiator 0.529 4.6·10−4 0.643 0.018
Thermal initiator 0.759 1.4·10−8 0.846 2.7·10−4

Photosensitiser -0.418 7.3·10−3 -0.258 0.394

cance is more visible at the highest concentrations, hence inducing a flattening of the curves

in Figure 5.1d-f compared to those in Figure 5.1a-c. While the onset of thermal degradation at

higher initiator contents could be avoided by increasing the V f , i.e. increasing the heat loss

term, the results in Figure 5.1d-f show the limitation of assessing the role of resin components

by its resulting front characteristics. The proposed DSC procedure does not suffer from this

behaviour and is therefore considered as the preferred method to characterise the heat output

of RICFP resin. The trends observed in Figure 6 are different compared from those reported

for an ECC resin by Mariani et al. [142]. This difference is believed to result from the use of

different initiator types exhibiting different reactivities. The relationship between the heat

output of RICFP resins and its initiator concentrations is thus expected to be highly dependent

on the resin composition.

5.2 Estimation of heat losses to the mould

Variation of the mould material and thereby the magnitude of heat losses to the environment

was found to have only a limited influence on the front characteristics of a neat RICFP system.

The recorded front temperatures, shown in Figure 5.3a and Table 5.2, showed a ranking

between the conductive steel, insulating silicone elastomer and highly insulating Teflon-
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Figure 5.3: Comparative overview of front characteristics in neat resin systems with varying
resin compositions using different mould types: a) Front temperatures, b) Front velocities, c)
Predicted interface temperatures.

covered PVC foam core mould configurations, which was however not significant. The absence

of statistical difference between the mould configurations was attributed to the location of

the temperature measurement within the sample, while heat loss effects to the mould are

reported [172] to mainly act at the sample boundary. This is confirmed by the calculated

interface temperatures in Figure 5.3b and Table 5.2, predicting significant differences of

over 80°C between the Teflon-covered PVC foam and silicone elastomer configurations. The

predicted temperature of ∼33-35°C for metal moulds was insufficient to polymerise the resin

close to the interface and a layer of ∼0.5 mm typically remained uncured.

The combined results of Figures 5.3a & 5.3b thus suggest that the choice of mould material

and its consequent extensive thermal losses can potentially induce strong thermal gradients

over the mould cavity. This prevented the formation of a front at a photoinitiator content of

0.15 w% in a conductive steel mould configuration. Front temperatures at a concentration of

0.75 w% deviated from the apparent linear trends due to the onset of polymer degradation,

with foaming of the polymer acting as an intrinsic cooling mechanism. Although this allows

for an indication of the maximum front temperatures that could be reached with the current
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Table 5.2: Comparative overview of front characteristics and resulting monomer conversion of
neat polymer samples. Acronyms PI and FWHM denote the photoinitiator and full with at half
maximum, respectively.

PI content Front temp. Interface temp. Front velocity FWHM Conversion
[w%] [°C] [°C] [mm/s] [s] [-]

Mould steel

0.15 - - - - -
0.25 221.5±8.5 33.5±0.4 0.56±0.00 38.9±2.1 0.54±0.08
0.50 252.9±9.6 34.9±0.4 1.00±0.01 35.2±1.4 0.77±0.00
0.75 265.5±13.0 35.4±0.6 1.50±0.00 34.7±2.2 0.96±0.03

Silicone elastomer

0.15 206.8±9.3 120.4±4.9 0.39±0.02 113.4±12.3 0.61±0.01
0.25 224.9±5.4 129.8±2.8 0.60±0.07 75.4±7.9 0.67±0.04
0.50 253.8±14.6 144.9±7.6 0.99±0.03 83.4±5.6 0.77±0.01
0.75 265.2±10.2 150.9±5.3 1.55±0.00 81.3±12.8 0.93±0.00

Teflon-covered PVC foam core

0.15 212.6±5.3 195.4±5.3 0.49±0.00 470.0±13.1 0.65±0.05
0.25 232.5±7.7 213.5±7.7 0.65±0.01 294.5±15.5 0.68±0.02
0.50 259.0±7.0 237.6±7.0 1.21±0.03 289.7±22.6 0.85±0.02
0.75 250.2±11.1 229.6±10.0 1.72±0.04 172.4±14.9 0.80±0.08

system without degradation of the polymer taking place, the extensive heat uptake by high

contents of fibrous reinforcement typically prevents these temperatures to be reached.

The front velocities in Figure 5.3c and Table 5.2 showed similar trends between the conductive

steel and insulating silicone elastomer mould, while they were significantly higher in the

Teflon-covered PVC foam core configuration. These trends slightly deviate from those shown

in Figure 5.3a and give rise to the suggestion that the front velocity depends on the average

temperature over (most of) the sample cross-section, i.e. partially capturing the influence of

the acting thermal gradients. A relation between the ranking of front velocities in Figure 5.3c

and the thermal properties of the mould material could moreover be hypothesised. Table 3.2

shows that the thermal effusivity, representing the ability of a material to exchange thermal

energy with its surroundings, of steel is about 20-25 times that of both ECC polymer and

silicone elastomer, while the estimated thermal effusivity of a Teflon-covered PVC foam core

is about a factor ten lower than that of the latter two materials. The results in Figure 5.3c

suggest that increased front velocities could be achieved when the thermal effusivity of the

mould material is significantly lower than that of the RICFP polymer while front velocities are

relatively constant when the thermal effusivity of the mould is comparable or higher.

Assessment of the resulting monomer conversion in Figure 5.4a and Table 5.2 showed a

similar general trend where, for photoinitiator concentrations up to 0.5 w%, neat-polymer
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Figure 5.4: Resulting distributions of a) curing degree and b) rate of temperature decrease
defined by the full-width at half maximum of neat polymer systems with varying initiator
contents in different mould configurations.

samples produced in a Teflon-covered PVC foam configuration had higher conversions than

those produced in a silicon elastomer mould. Sample conversions of polymer produced in

a steel mould configuration were significantly lower at a concentration of 0.25 w% while

being comparable to those produced in a silicone elastomer mould at 0.5 w%. It should be

noted however that, since only the solid fraction of the sample could be measured (i.e. after

removal of the previously discussed uncured sections at the sample top and bottom), the

actual conversion over the sample cross-section is expected to be well-below the reported

values. The inversed trend between the considered mould configurations at a photoinitiator

concentration of 0.75 w% is explained by the severe degradation of the polymer, in particular

when produced in the insulating mould configurations, causing interference in the FTIR

spectra.

The monomer conversion of RICFP-produced in Figure 5.4a ranged on average between 0.6-

0.85. This is lower than reported for BADGE systems by e.g. Dung Tran et al. [22], which is

mainly attributed to the highly cross-linked network and limited monomer mobility of ECC

polymer. Significant improvements are foreseen by the addition of low molecular weight

monomers, e.g. 1,6-hexanediol diglycidyl ether [22], that possess higher mobilities. The curing

degree nevertheless showed larger differences between mould configurations as would initially

be expected from the front characteristics, i.e. Figure 5.3. While this is partially explained by

the strong temperature gradients present over the sample cross-section, as concluded from

the differences in interface temperatures shown in Figure 5.3b, the mould configuration was

found of significant influence on the cooling phase. As illustrated in Figure 5.5, the insulating

nature of a silicon elastomer mould and a Teflon-covered PVC foam core mould resulted in

the polymer samples being subjected to elevated temperatures after passing of the front for a

significantly longer period of time as compared to a conductive steel mould configuration.

The full width at half maximum (FWHM), i.e. the total time a sample remains above half the

peak temperature as illustrated in Figure 5.5, in Figure 5.3 and Table 5.2 demonstrate that
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Figure 5.5: Influence of the mould configuration on the cooling rate after frontal polymerisa-
tion demonstrated by temperature profiles recorded by single thermocouples of a RICFP resin
with 0.25% photoinitiator in different mould types.

the cooling stage in a Teflon-covered PVC foam core is significantly longer compared to the

other mould configurations. This extended period is believed to act as a post-curing period,

increasing the monomer conversion after passing of the front.

5.3 RICFP-assisted processing of fibre reinforced polymers

The use of a highly insulating Teflon-covered PVC foam core setup was concluded beneficial

to the RICFP process and was subsequently used for the production of carbon FRPs. Given

a system consisting of a resin with a set initiator concentration and a set carbon fibre V f ,

three different scenarios could unfold upon initiation: 1. A self-sustaining front formed and

propagated through the fabric stack, 2. The front had to be supported by UV-irradiation or 3.

No front could be formed. Figure 5.6 shows that these scenarios took place in distinct zones

and hence could be used as a process window. A few outliers can be detected in Figure 5.6,

which are likely a result of difficulties in the thickness control in the vacuum-assisted hand

layup setup, inducing local variations in V f that potentially result in locally increased heat

losses and quenching of the propagating front. Further optimisation of the experimental

methodology is expected to overcome this. Using the improved mould design in combination

with a tuned resin composition, it was possible to induce self-sustaining fronts with V f s

up to 45.8%, exceeding previously published maxima for systems cured by RICFP [22, 159].

Supported fronts could moreover successfully cure FRPs with V f s up to ∼50%.

The importance of controlling the local heat balance can moreover be understood from the

defined process window. For example, a horizontal movement, where the V f increases with

a constant initiator content, would be expected to gradually reduce the available activation

energy for enabling of the autocatalytic mechanism until it falls below its threshold [17, 19],

which inhibits autonomous front propagation. Introduction of extra energy by means of
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Figure 5.6: Relationship between the possibility to form a self-sustaining or supported front
as a function of the fibre volume fraction and photoinitiator content in a PVC foam mould.
Photo- to thermal initiator ratios generally equalled 3:4 by weight.

UV-irradiation would induce an upwards shift in the local heat balance and hence overcome

the activation energy threshold, allowing for the presence of slightly higher V f s until it falls

below the threshold again. This latter V f defines the maximum V f that could be achieved with

a certain experimental configuration. The limiting V f s for the formation of self-sustaining

and supported fronts could moreover be adapted with the initiator content, e.g. an increased

initiator concentration and hence heat release rate could compensate the heat losses as a

result of increased V f s. While the process will be dependent on the combination of specific

resin systems and experimental configurations, its definition could be further employed to

optimise RICFP-processing of FRPs, contributing to the application of frontal polymerisation

to an industrial composite processing technique.

5.4 Tuning of the local heat balance by initiator deposition

This section is based on the supervised master thesis work of E. Smit.

The results described in Section 5.3 emphasise the need for control of the local heat balance as

a function of the fibre content. While this could be achieved via the resin composition in simple

geometries with a constant V f , a method for localised adjustment of the heat balance was

foreseen to be beneficial for optimised processing of more complex configurations containing

variations of the V f over the part volume. Localised initiator deposition was identified as a

potential strategy for tuning of the local heat balance, where the additional initiator deposited

onto the fibre surface in high-V f regions can increase the heat generation rate in that region,

allowing for self-sustaining frontal polymerisation to be maintained. The methodology was

initially developed for the deposition of IOC-8 SbF6 photoinitiator since its high atomic weight

constituents allowed for easier characterisation of fibre surfaces after deposition, e.g. by EDX.
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Figure 5.7: Comparison of the heat output, recorded by dynamic DSC, between resins contain-
ing pristine and recovered photoinitiator.

Dissolution of IOC-8 SbF6 was possible in acetone and ethanol while complete dissolution

was not achieved in water or isopropanol. Acetone was therefore chosen as the preferred

solvent to avoid potential negative effects induced by the presence of trace ethanol [235].

Its increased volatility is moreover reported [236] to have a less pronounced effect on the

resulting mechanical properties of the polymer as compared to ethanol. Evaporation of the

spraying solution resulted in the initial formation of a gel-like substance that only returned

to a powder-like state after being kept under vacuum at 85°C for 2-3 days. The heat output

of resins prepared with the recovered photoinitiator was similar to that of resins containing

pristine photoinitiator as shown in Figure 5.7, indicating that the dissolution, and hence the

spraying process, did not degrade the photoactive compound. Dissolution and evaporation in

acetone did however make the recovered photoinitiator significantly more difficult to dissolve

in epoxide resin, taking over 40 hours while pristine photoinitiator was typically dissolved in

2-4 hours. Although the origin of this difference is not completely understood, it might be a

result of the more complicated evaporation of solvated acetone molecules.

Spraying of an acetone-based solution onto fibrous preforms was found to modify the fibre

sizing, resulting in a significant stiffening of the fabrics that prevented nesting and compaction

that is necessary to reach the desired V f s > 30%. Fabrics were therefore desized to assess the

potential of the proposed methodology. The absence of a dedicated sizing would however

come at the cost of reduced fibre-matrix interfacial properties that would also be expected to

reduce the overall mechanical properties of the FRP [237] and a compatible sizing should thus

be developed for future application of the method. About 0.023 g/cm2 of spraying solution

was found necessary to saturate a desized fabric layer and its photoinitiator concentration was

calculated from the total fabric surface present in the mould cavity, i.e. the surface area and

the total number of layers, and was typically in the range of ∼4-15 mg/layer. This corresponds

to an photoinitiator concentrations in the spray solution of 3.6-13.6 mg/g acetone while actual

concentrations at the moment of deposition were typically higher due to the evaporation

of acetone. The latter was confirmed by UV-vis spectroscopy of the solution obtained after
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Figure 5.8: Estimation of the photoinitiator concentration in the Soxhlet extract: a) compar-
ison of UV-Vis absorbance spectrum with calibration series and b) linear regression of the
absorbance maxima to determine the photoinitiator concentration.

Soxhlet extraction shown in Figure 5.8. Linear regression of the absorbance maxima shown

in Figure 5.8b indicated that the concentration of the Soxhlet solution was approximately 3.4

mg/g acetone, corresponding to an initial spray solution of 10.9 mg/g, which was significantly

higher than the aimed concentration of 4.3 mg/g. Figure 5.8b moreover allowed for estimation

of the molar attenuation coefficient of IOC-8 SbF6, which equalled 0.181 (mg/g)−1 or 2799

L/mol/cm.

SEM-EDX analysis of the deposited fibre surfaces in Figure 5.9 showed a fluorine signal that

was distributed homogeneously over the sample surface. The absence of this signal for pristine

fabrics, as listed for the elemental analysis in Table 5.3, confirmed that the fluorine signal

corresponds to the presence of the photoinitiator, from which it thus can be concluded that

the deposition procedure allows for a homogeneously distributed initiator content. Although

the low contents, and hence low signal intensities, did not allow for quantitative estimations

of the photoinitiator concentration on the fibre surface, the results in Table 5.3 suggest that

the deposited concentration can be increased by increasing the concentration in the spray

solution.

Validation of the developed local deposition methodology was done via the production of FRPs.

The maximum V f s that can be produced with a set initiator composition has been illustrated

in Figure 5.6 and the effectiveness of the methodology would be confirmed if increased V f s,

e.g. in the regions requiring a supported front, could be polymerised autonomously after

initiator deposition. Initial trials were made for resin systems containing 0.47 w% and 0.6

w% photoinitiator and 0.13 w% and 0.2 w% were deposited, respectively. The V f s were tuned

to, according to Figure 5.6, allow for successful front formation at the combined initiator

concentration while the initiator concentration of the resin only would be insufficient. The ad-

ditional deposited initiator content was however insufficient to induce frontal polymerisation

in the presence of the increased V f s, not even when the deposited initiator concentration was
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Figure 5.9: Combined SEM-EDX analysis of fibre surfaces after deposition of a) 14.5 mg/layer
and b) magnified image after deposition of 4.3 mg/layer.

strongly increased, i.e. from 0.2 w% to 0.6 w%. Several explanations could be hypothesised

for the absence of an improvement after deposition of the initiator. First of all, the recovered

initiator was described to take significantly longer to disperse in the resin formulation and

the layup time may thus be insufficient for the resin to incorporate the initiator near the fibre

surface. Insufficient adhesion onto the fibre surface on the other hand might have displaced

the initiator during the sample production, e.g. to the more resin-rich sections, and hence

undoing the foreseen benefit of localised initiator deposition. Finally, assuming a good dis-

persion of the deposited initiator, the diffusion length of the initiator might be insufficient to

contribute to the bulk polymerisation. Although the latter would hamper the use of localised

initiator deposition for controlling the governing heat balance, the method may bring addi-

tional benefits for intra-tow curing, i.e. where fibres are closely spaced, which is to be assessed

in future work. While the results presented in this section provide a robust strategy for the

deposition of reactive compounds onto the fabric surface, further investigations are required

to both validate and optimise the hypothesised methodology.

5.5 Conclusion

This chapter aimed to derive an improved understanding of the governing thermal phenomena

during RICFP and to employ them for optimised processing of FRPs. Variation of the initiator
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Table 5.3: Elemental analysis by EDX of deposited and pristine fibre surfaces.

Element Reference 14.5 mg/layer deposited 4.3 mg/layer deposited
[w%] [w%] [w%]

C 89.5±0.7 85.5±0.7 90.1
O 8.0±2.0 6.3±0.2 4.4
N 2.1±1.4 4.1±0.5 3.5
Si 0.3±0.1 0.4±0.1 0.1
I - 2.0±0.5 0.8

Sb - 1.5±0.4 0.9
F - 0.3±0.1 0.2

concentration was confirmed as an effective strategy to control the heat generation term while

variation of both the photo- and thermal content played a significant role. A newly proposed

quasi-isothermal DSC characterisation method was found to beneficial over the conventional

characterisation strategy e.g. via the front characteristics. The mould configuration had a

strong influence on the both the front characteristics and the resulting curing degrees due to

the formation of large temperature gradients over the sample thickness. Reduced heat losses by

the use of highly insulating mould constituents was found to enhance the front polymerisation

performance of a neat-polymer system, which could be translated to an upwards shift of

the heat balance in FRP systems. Using the improved mould configuration and tuned resin

composition, it was possible to produce FRPs with V f s of 45.8%, exceeding previously reported

maxima for RICFP systems, and reaching meaningful values of fibre content for structural

composites, although still with a margin for improvement. A process window was moreover

defined that related the possibility to form a self-sustaining or supported front in the proposed

experimental procedure as a function of the V f and initiator content. An initiator deposition

method was proposed to locally tune the heat balance although validation of the proof-of-

concept is desired in future work. The combined presented results emphasise the need

and promise of controlling the local heat balance in frontal polymerisation-assisted FRP

processing.
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6 Self-catalysed frontal polymerisation
processing

Although a careful control of the heat balance enables to reach the maximum potential of a

frontal polymerisation resin system, the maximum attainable V f with this system remains

below the desired range of >55% with no additional heat input. Alternative strategies are

therefore requested to bridge this gap and, as outlined in Section 2.4.6, several researchers

proposed to use external heaters such as a heated plate or resistive heaters, which inherently

increases the energy demand. From another perspective, knowledge of composite manufactur-

ing methods may provide an alternative approach: resin channels are frequently introduced

in conventional LCM processing methods to improve the impregnation kinetics of fibrous

preforms. While these high-permeability channels could be created inside fabric stacks [238],

flow kinetics are typically controlled by spacers [239] or by grooved or porous layers that are

placed on top of the fabric stacks. Optimised placement of these structures [240–242] strongly

reduces the impregnation time while they can be removed after the curing process and hence

do not affect the resulting FRP properties. Inspired by this practice, a novel self-catalysed

frontal polymerisation processing method is presented in this chapter that exploits the high

exothermicity of RICFP resins in sacrificial resin channels for providing the additional energy

needed to reduce the activation energy threshold for self-sustaining frontal polymerisation,

i.e. avoiding the need of a (dis)continuous external energy input. A detailed description of

the self-catalysed frontal polymerisation method is presented followed by its experimental

validation. Geometrical and compositional variations are explored, followed by a comparison

of the resulting FRP properties with conventional oven-cured FRPs.

6.1 Process configuration optimisation

Using an optimised ECC monomer-based resin formulation in combination with a vacuum-

assisted hand layup methodology, it was concluded in Section 5 that the maximum allowed

V f present in the FRP that can be successfully polymerised equalled 45.8%. This maximum

V f was found to slightly decrease, i.e. to 41.8%, when produced in a RTM configuration

consisting of two Teflon-covered foam core mould halves. This minor decrease is attributed to

the increased heat uptake by the rigid mould halve compared to the more insulting vacuum
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Figure 6.1: Comparative overview of maximum fibre volume contents reported for frontal
polymerisation processing of FRPs without continuous energy input.

bag/air interface. Figure 6.1 nevertheless shows that this maximum V f remains higher than

other reported maxima for RICFP systems while being significantly lower than those reported

for FROMP systems, both of which are nevertheless below the industrially relevant range

for structural applications (>55% V f ). To improve on this, a novel self-catalysed frontal

polymerisation process was developed where a sacrificial resin channel is placed on top of the

fabric stack and separated by a separator. This process configuration, schematically shown in

Figure 6.2, can strongly enhance the front characteristics of a given resin-fibre system without

the need for any (dis)continuous energy input.

Similar to most conventional FRP manufacturing processes, the self-catalysed frontal poly-

merisation processing method comprises an impregnation and a curing phase. Impregnation

of the fabric stack and the sacrificial resin channel is carried out simultaneously. The large

permeability difference between these sections requires the integration of a resin barrier in

the resin channel to avoid the resin race-tracking through this section, leaving the fabric

stack unsaturated. Once the fibres are completely saturated, a front is initiated in a resin-rich

section of the mould, i.e. as shown in Figure 6.2a, by localised UV-irradiation, i.e. similar as

was done for vacuum-assisted hand layup processing described in Section 5, followed by auto-

catalytic propagation until the fabric/channel section is reached. The absence of fillers, and

hence the increased thermal equilibrium, makes the front propagate faster through the resin

channel. Frontal polymerisation in the fabric stack on the other hand is delayed, as shown in

Figure 6.2b, since the heat uptake by the fibres is such that the activation energy threshold

can initially not be exceeded. The increased temperature upon frontal polymerisation of the

resin channel induces heat transfer, resulting in rapid preheating of the top section of the

fabric stack, i.e. to 50-100°C within several seconds. The thermal energy of this preheating

contributes to the available activation energy and hence lowers the energy that should be
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6.1 Process configuration optimisation

Figure 6.2: Schematic representation of the self-catalysed frontal polymerisation processing
method: a) initiation phase and b) propagation phase.

supplied by the propagating front. A secondary front propagates through the fabric stack once

the temperature within the fabric stack is sufficiently high to sustain frontal polymerisation,

allowing for successful frontal polymerisation of FRPs with significantly increased V f s. This

configuration moreover brings the advantage that an external energy input is only required

during the initiation stage, i.e. to form a polymerisation front. The heat transfer between the

channel and the fabric stack needs to be tuned to achieve an optimal processing strategy. This

was largely achieved via the separator, which ideally possesses a high thermal conductivity

in through-thickness direction, i.e. from the resin channel to the fabric stack, and a low con-

ductivity in the in-plane direction to avoid excessive spreading of the front. Moreover, the

separator must be sufficiently stiff to avoid bending by the compacted fabric stacks and to

maintain a constant channel geometry, resulting in maximum sample flatness. The combina-

tion of a perforated carbon FRP plate and an aluminium foil layer was chosen as the preferred

combination to fulfil these requirements over e.g. metallic or polytetrafluoroethylene (PTFE)

separators.

An optical image of a carbon FRP sample produced with this optimised configuration, after

removal of the sacrificial resin layer, is shown in Figure 6.3a. The resulting FRPs did not show

any major apparent differences compared to those produced by e.g. conventional frontal

polymerisation or oven-curing. The resin-rich regions near the initiation zone and the outlet

showed severe degradation due to the absence of fibrous reinforcements, and hence their

consequent heat losses, in these regions. The FRP sections did however not show increased

101



Self-catalysed frontal polymerisation processing

Figure 6.3: Optical imaging of a) a carbon FRP produced by self-catalysed frontal polymerisa-
tion after removal of the sacrificial resin channel and b) magnified view of its top surface.

void contents as compared to conventional curing strategies, from which the absence of

bubble formation or foaming during the frontal polymerisation process was concluded.

The stiffness of the carbon FRP plate used as separator between the fabric stack and the sacri-

ficial resin channel allowed for a uniform sample thickness over the sample length although

the inherent variation in compaction and nesting of the fabric stack in some cases induced

minor bending or deformation of the separator that are retained in the FRP part. Wrinkling

of the aluminium foil layer upon mould closure occasionally resulted in the formation of a

pattern onto the FRP top surface, as illustrated in Figure 6.3b. Further optimisation of the

resin channel configuration is foreseen to minimise the formation of these process-related

artefacts.

6.2 Temperature profiles in self-catalysed frontal polymerisation

processing

Recorded temperature profiles in Figure 6.4 provide a more detailed view of the ongoing

phenomena during self-catalysed RICFP processing. With V f s of ∼50-55% and in the absence

of a resin channel, fronts could not sustain in either the thermally conductive carbon or

insulating glass fabric stacks since the available RICFP resin could not provide sufficient

energy to overcome the heat losses to the fibres and surroundings. The introduction of a

sacrificial resin channel led to the successful formation of a front, as evidenced by the recorded

temperature peaks in Figure 6.4. Upon frontal polymerisation of the resin channel, the

temperature close to the channel, i.e. top of the fabric stack, rapidly increased to ∼85°C after

which it reached a plateau after 10-15 seconds. This was followed by a gradual temperature

increase throughout the fabric stack until the overall temperature was sufficiently high to allow

for the passing of the secondary front through the fabric stack. Frontal polymerisation of the

fabric stack rapidly increased the temperature, with peaks above 200°C, at all the through-

thickness positions after which cooling took place slowly to maintain the heat and thereby

maximise the resulting curing degree of the FRP.
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6.2 Temperature profiles in self-catalysed frontal polymerisation processing

Figure 6.4: Exemplary temperature profiles recorded for a) carbon FRPs and b) glass FRPs
during RICFP processing with and without the presence of a sacrificial resin channel. Positions
are defined as the vertical distance from the resin channel/separator.

Minor differences in front characteristics were induced between carbon (Figure 6.4a) and

glass (Figure 6.4b) FRPs, which are related to the differences in their intrinsic thermal prop-

erties. The lower thermal conductivity of glass fibres resulted in reduced preheating rates

throughout the fabric stack. The final preheating temperatures were nevertheless comparable

to those recorded for carbon FRPs, indicating that the delay in preheating was compensated

by a reduced velocity of the secondary front, which is typically observed in the presence of

low thermal conductivity fillers [175–177]. The system is therefore suggested to possess the

capability to self-adapt based on its constituents, as long as sufficient energy is provided to

overcome the activation energy threshold.

An evaluation on the influence of the fabric stack thickness, while maintaining the same

resin channel geometry, was carried out to further assess the potential of producing thicker

FRPs and hence widening the potential range of applications of the self-catalysed RICFP

processing method. Figure 6.5 shows the recorded preheating and front temperatures for both

considered fabric types in a 5.3 mm cavity and a 9 mm cavity, while the combined data can

be found in Table 6.1. With a constant resin channel thickness, these cavity heights resulted

in FRP thicknesses of about 3.8 and 7.3 mm for the respective 5.3 and 9 mm cavities. The

preheating temperatures near the resin channel were similar for both cavity heights since these

were mainly determined by the front temperatures inside the resin channel, having a similar

geometry in all the considered cases. Front temperatures in this section were, especially for the

glass FRPs, generally slightly lower than those recorded deeper into the fabric stack. Supported

by DSC measurements shown in Appendix A.1.1, this was attributed to initial curing of the

resin during the delay period between the frontal polymerisation of the resin channel and the

arrival of the secondary front, despite the preheating temperatures being below the estimated

onset of autocatalytic mechanism (also Appendix A.1.1). This precuring reduced the available
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Figure 6.5: Average recorded preheating and front temperatures in carbon and glass FRPs at
different positions of 5.3 mm and 9 mm mould cavities.

epoxide groups and thereby the polymerisation enthalpy that can be released upon passing

of the front, resulting in a lower front temperature. However, the extent of precuring was

maintained sufficiently low to allow successful frontal polymerisation was observed in all

configurations, while the limited decrease of the front temperature was not expected to result

in differences in the curing degree as it was followed by a lengthy cooling procedure.

The fabric stack height mainly influenced the preheating temperatures in the lower parts

of the mould cavity. Preheating temperatures were more uniform in a 5.3 mm cavity with

preheating temperatures varying ∼10°C between the top, middle and bottom thermocouple

positions for both considered fabric types. The middle position in a 9 mm cavity showed

preheating temperatures of ∼53°C that corresponded to a decrease of about 20°C compared

to those recorded at a similar distance from the resin channel, i.e. the lower thermocouple,

in a 5.3 mm cavity. This is explained by the increased heat sink and diffusion effect due to

presence of more fibres and more resin due to the increased cavity height. Since roughly

the same amount of thermal energy is provided by the resin channel, the average preheating

temperature would be expected to be lower, i.e. 40-45°C for the lowest thermocouple position

in a 9 mm cavity. However, these preheating temperatures sufficiently lowered the required

activation energy to surpass the threshold and hence promoted the formation of a front.

Further optimisation of the channel geometry, e.g. the channel height, is moreover expected

to allow for increased control of the preheating temperatures. Resulting front temperatures

were comparable for both cavity heights since preheating temperatures were low enough to

avoid extensive precuring to take place.

6.3 Control of polymerisation front morphologies by channel fillers

The presence of fillers in the resin channel was found to significantly influence the front

characteristics of the secondary front. To illustrate this dependence and its potential to control
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6.3 Control of polymerisation front morphologies by channel fillers

Table 6.1: Overview of recorded preheat and front temperatures at different vertical positions
in experimental configurations with varying fabric type and mould cavity height.

Carbon fabric Glass fabric
Height Preheat temp. Front temp. Height Preheat temp. Front temp.
[mm] [°C] [°C] [mm] [°C] [°C]

5.3 mm cavity

Channel 23.7±0.2 204.2±2.6 Channel 23.9±0.5 196.2±8.3
2.20±0.23 93.9±4.0 209.5±12.5 1.83±0.20 86.6±3.4 173.5±15.3
3.56±0.05 81.6±9.3 215.2±13.6 3.46±0.05 72.8±4.0 209.5±3.7
5.01±0.01 73.2±10.7 218.9±12.5 4.99±0.01 67.6±5.3 204.5±8.3

9 mm cavity

Channel 24.0±1.0 208.2±8.4 Channel 25.3±1.4 218.7±17.2
2.27±0.02 91.3±8.4 216.4±15.1 1.74±0.22 85.3±10.1 191.2±20.2
5.58±0.13 53.8±9.4 221.7±4.2 5.21±0.11 52.9±4.4 220.8±7.2
8.71±0.00 44.1±7.6 209.4±10.1 8.69±0.01 39.6±3.9 210.6±10.1

the self-catalysed frontal polymerisation process, carbon FRPs of ∼55% V f were produced

using either resin channels filled with breather material, i.e. a non-woven material frequently

used for guiding air flow in FRP production, or unfilled resin channels. Filling the resin channel

with a strip of breather fabric corresponded to a V f of ∼7.5% which was believed to be, in line

with the use of insulating fillers [175–177], sufficient to reduce the front velocity inside the

resin channel. Propagation of the channel and secondary fronts typically resulted in smooth

temperature profiles, e.g. similar to Figure 6.4a, when a breather strip was placed inside the

resin channel. Preheating temperatures in a 7.3 mm cavity shown in Figure 6.6a ranged from

89.9±4.2°C close to the resin channel to 64.9±4.4°C and 48.9±3.9°C in the middle and bottom

of the fabric stack, respectively. The delay between the passing of both fronts was on average

46.4±5.8 seconds, as displayed in Figure 6.4b.

The use of an unfilled resin channel was expected to increase the available energy for heat

transfer and hence increase the preheating temperatures and front characteristics of the

secondary front. The delay time in this configuration (Figure 6.6b) was with 94.7±6.6 seconds

nearly double that of when a breather strip was placed in the resin channel, which was likely

due to the expected increased difference in front velocities between the channel and secondary

fronts. Figure 6.6a however shows that this extended delay time only slightly increased the

preheating temperatures in the bottom and middle thermocouples to respectively 58.0±6.0°C

and 66.3±7.4°C while the preheating temperature closest to the resin channel was even lower,

i.e. 81.7±5.4°C as compared to when a filled resin channel was used.

Experimental configurations using an unfilled resin channel moreover showed significant

inconsistencies in the peak times and temperature profiles (see Appendix A.1.2). The peak

times, i.e. corresponding to the arrival of the front at the thermocouple position, were used
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Figure 6.6: Comparison between filled and unfilled resin channel configurations: a) preheating
temperatures at different vertical positions in fabric stack, b) mean delay times between the
fronts in the resin channel and the secondary fronts recorded at two-thirds of the fabric
length, c) peak times at different vertical positions in the fabric stack relative to the middle
thermocouple positions.

Figure 6.7: Schematic representation of the expected front morphology in self-catalysed frontal
polymerisation process with a filled resin channel. The arrow denotes the direction of front
propagation.

to obtain a further indication of the front morphology. Represented by the relative peak

time compared to the middle thermocouple position, Figure 6.6c shows that there was no

apparent trend in the peak times for a system with an unfilled resin channel, suggesting that

no consistent front morphology was present. An explanation for this could be hypothesised

from the more uniform preheat temperatures in combination with increased precuring due

to the larger delay times, resulting in the formation of a discontinuous front that propagates

when enough activation energy is present locally. Configurations where the resin channel

was filled with breather fabric on the other hand showed good correlation on the relative

peak times between samples in Figure 6.6c. The short delay between the top and middle

thermocouple positions combined with the slight lag of the lower thermocouple suggests

a hypothetical front morphology as shown in Figure 6.7. Although further investigation is

required to find an optimum solution, the observations presented in this section highlight

the potential of controlling the self-catalysed frontal polymerisation process by the addition
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6.4 Comparison between self-catalysed and oven-cured FRPs

of fillers in the resin channel. An optimum solution is expected to balance the heat flow,

inducing the formation of a consistent front morphology while also ensuring a sufficiently

high compressive strength to resist against bending induced by the compressed high-V f fabric

stacks.

6.4 Comparison between self-catalysed and oven-cured FRPs

The chemical, i.e. Tg , and mechanical properties, i.e. ILSS and Young’s modulus, of FRPs pro-

duced by the proposed self-catalysed frontal polymerisation methodology, reported in Figure

6.8 and Table 6.2, were found to be comparable to its oven-cure alternatives. The self-catalysed

frontal polymerisation processing method required only a fraction of the energy demand

for front initiation by UV-irradiation, as compared to the energy consumption recorded dur-

ing the lengthy oven-curing procedures prescribed to produce FRP parts with commercial

Sicomin and Araldite resins, requiring respective external energy inputs of 1.994±0.000 and

7.142±0.047 kWh as shown in Figure 6.8a. Replacement of these resins by a RICFP resin

allowed for the formation of a front after an initial preheating period, shown in Appendix A.1.3,

strongly reducing the required curing time and hence the energy demand, which is in line with

Ref. [183]. Integration of a sacrificial resin channel however allowed for the production of FRPs

with an average V f of 59.1±2.0%, and individual V f s reaching up to 62.2%, while bringing a

further reduction of the required energy input, solely resulting from UV-irradiation, of 99.5%.

Moreover, since energy input was only required to initiate the frontal polymerisation process,

and is hence independent of the part size, this difference is expected to increase when larger

samples are produced.

Tg s of FRPs produced by the self-catalysed frontal polymerisation process were significantly

higher than that of oven-cured RICFP FRPs, as reported in Figure 6.8b and Table 6.2. The Tg s

of oven-cured RICFP FRPs moreover increased significantly compared to the other sample

types after being subjected to a second DMA cycle. This suggests that the maximum attainable

monomer conversion was not achieved after the oven-curing cycle which is likely a result of

the fast temperature decrease in the presence of a metal mould [243] (see Appendix A.4) and

hence the absence of an intrinsic post-treatment upon passing of the front. The insulating

nature of the foam-core mould allowed self-catalysed frontal polymerisation-produced FRPs

to nearly reach their maximum attainable conversion without a postcuring treatment, i.e. only

minor increases in Tg were observed upon a second DMA cycle, which was also the case for

oven-cured FRPs produced with commercial resin formulations. Self-catalysed RICFP FRPs

however showed increased scattering in the Tg values compared to the reference samples.

This is largely believed to result from the inherent variation in compaction and nesting of

the fabric stack that ultimately induces small changes in the in the channel geometry. These

variations in channel thickness, and hence available heat transfer to the fabric stack, could

induce (localised) differences in preheating and front temperatures, resulting in different

degrees of cross-linking within the FRP part. These deformations moreover introduced small

thickness variations, e.g. the pattern formation described in Section 6.1, in the self-catalysed
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Figure 6.8: Comparative overview between self-catalysed RICFP FRPs, oven-cured RICFP FRPs
and oven-cured commercial Sicomin and Araldite FRPs: a) energy consumption, b) glass
transition temperature, c) ratio of Tg s between subsequent DMA cycles, d) interlaminar shear
strength and e) stiffness.

FRP samples, potentially inducing an experimental inaccuracy in the DMA recordings. Further

optimisation of the resin channel geometry is expected to overcome these deviations, allowing

to optimally benefit from the presence of a sacrificial resin channel in RICFP FRP processing.

Evaluation of the mechanical properties by assessment of the ILSS in Figure 6.8d and Young’s

moduli in Figure 6.8e, while also listed in Table 6.2, showed similar behaviour for self-catalysed

and oven-cured RICFP FRPs, as well as the oven-cured Araldite FRPs. While showing increased

scattering due to the aforementioned geometrical deviations in the resin channel, the resulting

properties suggest that the newly proposed self-catalysed frontal polymerisation processing

Table 6.2: Comparative overview of energy cost and resulting chemical and mechanical prop-
erties between FRPs produced with a sacrificial resin channel and oven cured FRPs. Acronym
E denotes Young’s modulus.

Sample type V f Energy cost Tg Tg ratio ILSS E
[-] [kWh] [°C] [-] [MPa] [GPa]

Self-cat. RICFP 59.1±2.0 0.002±0.001 177.6±9.3 1.02±0.02 42.3±2.6 53.1±2.2
Oven - RICFP 56.5±0.5 0.434±0.026 159.1±2.9 1.13±0.07 43.8±1.3 53.0±0.8

Oven - Sicomin 56.7±0.3 1.940±0.000 99.9±1.1 1.06±0.01 55.7±1.5 51.3±1.4
Oven - Araldite 56.2±0.1 7.142±0.047 224.9±2.5 1.01±0.01 42.4±1.8 53.4±1.4
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strategy does not compromise the mechanical behaviour of its resulting FRPs. Further im-

provement of these properties, i.e. increasing the ILSS to match that of oven-cured Sicomin

FRPs, could likely be achieved by further optimisation of the monomer composition while

maintaining control over the front characteristics via extensive process control.

6.5 Conclusion

Manufacturing of FRPs by means of frontal polymerisation has the potential to bring large re-

ductions in processing times and energy demand. The high V f s typically sought for in the FRP

industry presents a significant heat uptake, impeding current efforts to develop frontal poly-

merisation processing of FRPs. Using a model resin capable of RICFP, this chapter presents a

novel self-catalysed frontal polymerisation manufacturing strategy that overcomes these limi-

tations without requiring additional energy input. This method is based on the placement of a

sacrificial resin in thermal contact the FRP part, allowing for effective preheating of high-V f

impregnated preforms and thereby lowering the activation energy threshold and hence enable

frontal polymerisation at V f s up to 60% range that would normally see fronts being quenched.

The method was found compatible with both conductive and insulating fibre types at a wide

range of FRP thicknesses while thermal analysis suggested the process to be self-adaptive

based on the constituents and geometry. The presence of a filler material in the resin channel

was found to be of large influence on the frontal polymerisation process, affecting the front

characteristics while also inducing a consistent front morphology. A comparison with conven-

tional oven-cured FRPs showed that the novel self-catalysed frontal polymerisation processing

method gives comparable resulting mechanical properties while requiring only a fraction (a

>99.5% reduction) of the total energy cost. Analysis of the Tg s moreover showed self-catalysed

frontal polymerisation processing to be favourable over oven-curing of a frontal polymerisa-

tion resin. Future work comprises the optimisation of the process by increased control over

the heat flow in combination with the adaptation of self-catalysed frontal polymerisation

processing for implementation in other conventional FRP processing methods.
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7 Modelling of Radical Induced Cationic
Frontal Polymerisation

This chapter is based on the supervised master thesis work carried out by M. Lefort.

Modelling of frontal polymerisation is essential part to address the complex concurrent phe-

nomena and reach an effective process design. As discussed in Section 2.5, models describing

FROMP have already shown good potential to fulfil these roles while no efforts have been

made on describing RICFP systems to-date. We present here the exploratory work that was

conducted on the modelling of RICFP. A reaction-kinetics model is derived based on exper-

imental DSC analysis for pure and composite RICFP systems followed by the estimation of

temperature-dependent material parameters. The defined model is implemented in a finite

difference method and calibrated and validated with experimental recordings. Finally, the

developed model is applied to several case studies related to Sections 5 & 6 to further shine

light on the reported experimental observations.

7.1 Kinetic modelling of RICFP

Dynamic DSC analysis carried out at various heating rates β allowed for the determination

of the enthalpy of polymerisation Hr as well as the kinetic parameters of Equation 3.11. As

shown in Table 7.1, the polymerisation enthalpy was consistent for all heating rates while the

variability is attributed to inaccuracies during the weighing of the resin that were amplified

by the low sample quantities (i.e. 2-3 mg) used for DSC analysis. The overall averaged heat

output of the reduced resin equalled 568.6±18.2 J/g which was slightly lower than the enthalpy

of the composite RICFP resin of 617.7±14.1 J/g. This difference was explained by potential

differences in curing degrees following Section 5.2.

Two peaks were observed in all DSC recordings in Figure 7.1, i.e. a large initial exothermic heat

output followed by a smaller peak that was attributed to post-curing of the formed polymer

after overcoming its Tg , which directly translated to a dual-peak in conversion rates. The

first peak appeared at a temperature of ∼120°C while the second temperature peak had its

maximum at ∼170°C. Both peak temperatures increased with increasing heating rate and thus
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Figure 7.1: Exemplary heat flow curves recorded by DSC analysis at varying heating rates β,
indicating the peak temperatures Tp of the first and second apparent heat flow peak.

Table 7.1: Overview of resin enthalpies Hr and peak temperatures Tp recorded in dynamic
DSC analysis with varying heating rates β for reduced and composite RICFP resins.

β [°C/min] 5 8 10 15 20 25

Reduced RICFP resin

Hr [J/g] 546.4±9.5 571.9±6.8 583.5±20.2 574.4±32.0
Tp ,1 [°C] 121.4±0.5 122.9±1.4 129.0±1.0 135.1±5.7
Tp ,2 [°C] 173.2±0.3 176.9±1.5 181.4±0.4 185.5±0.5

Composite RICFP resin

Hr [J/g] 621.4±27.6 620.4±24.6 624.7±16.7 616.7±5.8 608.6±10.7 622.9±43.3
Tp ,1 [°C] 109.9±1.3 114.0±2.8 118.4±0.3 121.8±1.1 124.8±0.6 124.9±7.4
Tp ,2 [°C] 169.5±1.0 175.4±0.2 177.9±0.4 183.3±1.0 187.2±0.7 189.4±2.3

fulfilled the requirement for the use of the Ozawa-Flynn-Wall method. Linear regression of the

inverted peak temperature over the heating rate, shown in Figure 7.2, resulted in activation

energies of 75.56 and 119.61 kJ/mol for Tp ,1 and Tp ,2 of the reduced RICFP system, respectively.

The determined activation energies for the composite RICFP systems equalled 102.84 kJ/mol

for Tp ,1 and 124.74 kJ/mol for Tp ,2. All the fitted activation energies showed R2 values ranging

between 90-100% from which the confidence in the regression procedure was concluded.

The coefficient of determination of the regression on Tp ,1 was lower for both resin systems

compared to that on Tp ,2, which was a result of inconsistencies in the curing behaviour, e.g.

as observed at a heating rate of 15°C/min in Figure 7.1, at lower heating rates due to the fast

initial curing rates and concurrent cooling by the DSC to maintain the set heating rate.

Fitting of of the dynamic DSC curves by Equation 3.11 led to the optimum model parameters

listed in Table 7.2. Figure 7.3 shows that the model approximated the experimental curing

behaviour with reasonable accuracy at the various heating rates, which supports the foreseen
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7.1 Kinetic modelling of RICFP

Figure 7.2: Derivation of activation energies by linear regression on peak temperatures for a)
reduced and b) composite RICFP systems. The acronym C.I. denotes the confidence interval.

beneficial use of a model considering two curing reactions. The derived reaction-kinetics

model was able to capture the curing behaviour of the reduced RICFP system as a function of

temperature (Figure 7.3a) as well as its dependence on the overall conversion (Figure 7.3b). The

highest fitting accuracy was achieved for intermediate heating rates, e.g. 10-15 °C/min, while

variability in the recorded DSC signals, e.g. the appearance of a deviation for a β of 15°C/min

at ∼120°C, might have induced slight differences between the modelled and experimental

heating rates. This was more apparent when considering the conversion rate as a function

of conversion, depending largely on the shape of the DSC signal that resulted in increased

differences. A similar observation was made for fitting of the composite RICFP system (Figure

7.3c & d) where heating rates of 10-15°C/min showed the best approximation by the fitted

kinetic model while larger offsets were recorded for elevated heating rates.

The derived models for describing the reduced and composite RICFP systems were thus

believed to provide a representative description of the RICFP systems for subsequent use

in finite difference simulations. Further improvements on the model accuracy could be

foreseen by expanding the dataset used for the CMA-ES fitting procedure so as to minimise the

influence of experimental variability of the DSC recordings. Compared to the kinetics model

reported for pDCPD systems [212], i.e. capable of undergoing FROMP, the most apparent

difference can be seen in the frequency factor A1 which was reported by Robertson et al. [20]

to be in the order of 1015 s−1, i.e. 7 and 3 orders of magnitude higher as compared to the

assessed reduced and composite RICFP systems. This difference in frequency factor, largely

determining the amplitude of the model, was in agreement with the reduced conversion rates

that were about an order of magnitude lower for the RICFP systems [212].

The derived model moreover gave an insight on the relative dominance of the two peak signals.

The first exothermic peak for the reduced RICFP system was found to make up 88.2±0.8% of

the surface integral of the heat flow recorded in DSC analysis and hence the polymerisation

enthalpy Hr .
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Figure 7.3: Overview of the reaction-kinetics fitting results of the conversion rates recorded by
dynamic DSC analysis for the reduced RICFP system as a function of a) temperature and b)
conversion and the composite RICFP system as a function of c) temperature and d) conversion.
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7.2 Heat capacity modelling

Table 7.2: Model parameters derived of reduced and composite RICFP systems by DSC analysis
with varying heating rates.

A1 Ea,1 n1 m cd αc A2 Ea,2 n2

[s−1] [kJ/mol] [-] [-] [-] [-] [s−1] [kJ/mol] [-]

2.80·108 75.56 1.90 0.63 23.48 0.82 1.09·1012 119.61 1.15
2.33·1012 102.84 2.66 0.65 26.55 0.76 2.68·1013 124.74 1.88

Consequently, the second peak attributed to post-curing made up 11.8±0.8% of the heat flow.

The composite RICFP system showed similar distributions with the first and second peaks

making up 82.2±0.8 and 17.8±0.8% of the polymerisation enthalpy, respectively.

7.2 Heat capacity modelling

Experimental characterisation of the heat capacities of carbon fibre and PMI foam, shown in

Figure 7.4a, showed consistently increasing trends with increasing temperatures. The heat ca-

pacity of carbon fibre was closely followed by the fitted linear trends, despite slight deviations

at the extremities. The PMI foam on the other hand showed increased deviations, in particular

at elevated temperatures, that were attributed to melting and degradation as the foam was sub-

jected to temperatures above its service temperature of 180°C recommended by the supplier.

Both of the constituents thus showed significant increases over the expected temperatures

experienced during frontal polymerisation, i.e. 58.5% and 59.8% for carbon fibre and PMI

foam, respectively. These strong increases support the hypothesised advantage of including

temperature-dependent material properties to accurately model frontal polymerisation, in

contrast to the constant heat capacities used by e.g. Refs. [20, 174, 176, 211, 222].

Figure 7.4: Experimental characterisation and fitting of heat capacities of different components
for modelling of the RICFP process: a) carbon fibre and PMI foam and b) the RICFP systems
composed of ECC monomer and polymer.
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Table 7.3: Overview of temperature-dependent heat capacities for RICFP resin, carbon & glass
fibre and PMI foam.

Material Heat capacity
[J/kg/K] R2

RICFP system 1.11×T + 1153 0.586
Carbon fibre 1.68×T + 254.9 0.988

Glass fibre 1.24×T + 441.9 -
PMI foam 3.97×T + 350.4 0.938

The recorded heat capacity of ECC monomer resin showed a steady increase followed by a

sudden drop at ∼135°C which was attributed to decomposition of the monomer in the absence

of a curing reaction. Polymer produced with the same resin on the other hand possessed a

gradually increasing heat capacity up to 270°C that was significantly lower than that of the

monomer resin. The absence of an overlap between the two recorded curves in Figure 7.4b,

combined with the inability to monitor the curing degree during the rapid RICFP, hampered

the direct derivation of a combined description of the heat capacity of the RICFP system.

Instead, an approach was followed where a cut-off between monomer and polymer was

arbitrarily set to 130°C and fitting was carried out considering the heat capacity of monomer

resin below the cut-off temperature and the heat capacity recorded for polymer above the

cut-off. While Figure 7.4b and a coefficient of determination of 0.586 show that the linear

description is of limited accuracy, this approach was believed to be preferential as it would

avoid potential numerical errors induced by a step-change between the two phases. The

resulting descriptions of all constituents used in the continuation of this work are listed in

Table 7.3.

7.3 Numerical stability

Numerical stability of finite difference models describing frontal polymerisation is generally

complicated by the highly localised reaction zones and consequently large thermal gradi-

ents [211, 220], imposing the need for highly refined meshes and time resolutions to avoid

undesired numerical errors as described in Section 2.5.2.2. Refinement of the simulation

domain however comes at the cost of the computational efficiency and hence an optimisation

of the resolution was desired in order to accurately simulate the RICFP process at a minimum

computation time. Given a set element size ∆x and timestep ∆t , four different cases could

unfold that could be segregated in different domains as a function of ∆x and timestep ∆t .

The various domains are indicated for the reduced RICFP resin in Figure 7.5a while exem-

plary temperature profiles corresponding to each of the domains are presented in Figure 7.5b.

Simulations with relatively large timesteps combined with small mesh sizes were found to

give significant instabilities with front temperatures periodically varying over several order of

magnitude. The onset of unstable front behaviour correlated with deviations from the Neu-
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7.3 Numerical stability

Figure 7.5: a) Numerical stability domains of the reduced RICFP model and b) exemplary front
temperature profiles corresponding to the various domains.

mann condition, i.e. Equation 3.21. This correlation moreover supports the applicability of the

Neumann conditions for thermal models with additional heat generation terms for gaining a

first indication of the required timestep at a given spatial resolution, although offsets of ∼30%

were observed at some element sizes. Increasing the element size above 8·10−5 metre with a

timestep of 10−2 seconds, and hence being below the Neumann condition, largely removed

the numerical instabilities with artificial peaks of ∼30-50°C appearing irregularly at the front

location. These instabilities however prevented the model from converging at timesteps above

∼8·10−4 while the instabilities with timesteps below this threshold were significantly smaller

and did not introduce any issues for the convergence of the model.

A domain size resulting in the absence of numerical instabilities was identified at element sizes

below 5·10−5 metre and timesteps in the order of 10−3 to 10−4 seconds, resulting in smooth

temperature profiles and constant front temperatures during the complete steady-state phase

of the RICFP process. An element size of 4·10−5 metre and a timestep of 10−3 seconds were

thus chosen as the optimal trade-off between the numerical accuracy and computational costs,

while the timestep was believed to be sufficiently small to avoid the introduction of numerical

instabilities at different simulation conditions, i.e. potentially inducing minor shifts in the

domains of Figure 7.5a. Using these optimised settings, the computational time was decreased

by 37% for one-dimensional and 85% two-dimensional simulations compared to, for example,

an element size of 2·10−5 metre without compromising for the numerical accuracy. Following

the Neumann condition, the domains presented in Figure 7.5a were expected to shift due to

the change in thermal conductivity in the presence of fibrous reinforcements. This change was

limited for insulating glass reinforcement and the optimum element size and timestep was

found to remain in the stable domain. These however had to be adjusted for highly conductive

carbon fibre reinforcements, requiring a timestep of 2·10−4 seconds at an element size of
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Figure 7.6: Experimental and averaged temperature profiles recorded during a) production
of pure polymer using the reduced RICFP resin and b) glass and c) carbon FRPs using the
composite RICFP system that were used for calibration of the developed models describing
RICFP.

4·10−5 metre, increasing the computation time by a factor five.

7.4 Experimental validation

Calibration and validation of the developed model was done on a series of temperature record-

ings and derived front velocities as described in Section 3.4.6. Figure 7.6 shows that significant

differences between thermocouple recordings were observed. These were largely attributed

to experimental inaccuracies in the thermocouple positioning, e.g. away from the centreline

of the mould cavity, for a pure polymer system in Figure 7.6a. The glass and carbon FRP sys-

tems in Figures 7.6b & c, respectively, showed inconsistencies during both the initial heating

phase and the occurrence of a thermal peak. This behaviour is in line with prior experimen-

tal observations on composite systems presented in Sections 5 & 6 and is attributed to the

inhomogeneous microstructure of the fabric architectures. To overcome this experimental

variability, the model calibration was carried out on averaged front characteristics and tem-

perature profiles. Figure 7.6 shows that the averaged temperature profiles were representative

of the experimental behaviour for all of the considered systems.

The developed model for the reduced RICFP system, i.e. in the absence of fibrous reinforce-

ments, yielded front temperatures as high as 335°C in a one-dimensional domain which was

significantly higher than the experimentally recorded front temperature of 251.3°C. Similar

differences were recorded between experimental and simulated temperatures for composite

RICFP resin systems containing 40% V f carbon and glass reinforcement. For that reason,

several adaptations were made to the numerical implementation of the derived model. Two

parameters were initially chosen for adaptation as they presented an experimental uncertainty.

The thermal conductivity was fitted to account for the potential resin flow imposed by the
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rapid thermal expansion of the resin upon frontal polymerisation, as was experimentally

observed by an outgoing flow at the resin outlet, and the resulting mass transfer could in-

duce differences in the front characteristics. The derived thermal conductivity κc can thus

be understood as the sum of the intrinsic thermal conductivity (listed in Table 3.3) and the

fitted part κ f i t . Secondly, a difference may be present between the heat output of a resin,

i.e. Hr , recorded in the dynamic DSC analysis (Table 7.1) and heat released during frontal

polymerisation, e.g. due to differences in the final curing degrees. A reduction factor was

therefore introduced to define an effective polymerisation enthalpy being released during

RICFP. In addition, lowering of the amplitude for the second term in the reaction-kinetics

model (Equation 3.11) by a factor 0.1 and capping the maximum curing degree to 0.9 were

empirically found to strongly enhance the model accuracy. Although these adjustments are

not directly in relation to ongoing physical phenomena, their beneficial use was believed to

relate to slower diffusion-controlled kinetics at elevated temperatures that is generally not

well captured in phenomenological reaction-kinetics models, as discussed in Section 2.5.1.

Figure 7.7: Gridsearch response surfaces describing the mean squared error between numeri-
cal and experimental temperature profiles with different parametric combinations for a) pure
polymer, b) glass FRP and c) carbon FRP systems.

Gridsearch optimisation of the thermal conductivity and effective polymerisation enthalpy,

assessed by a combination of the similarity between temperature profiles below 150°C, the

front velocities and the peak temperatures, did not directly yield an optimum parametric

combination. The resulting grids for the MSE in Figure 7.7 moreover showed significant

variability, in particular for the composite systems, and the best fitting temperature profile,

i.e. yielding the lowest MSE, did not necessarily correspond to close approximations of the

front velocity and peak temperatures. The response surfaces for these two parameters can be

found in Appendix A.2.1. A preliminary selection was therefore introduced where parametric

combinations were first assessed on their approximation of the front characteristics after

which the combination giving the lowest MSE of this selection was believed to be the optimum.
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Pure polymer systems (Figure 7.7a) showed the largest offset between experimental and nu-

merical front characteristics and for that reason parametric combinations were selected if they

gave front velocities and temperatures within a ±20% range of those recorded experimentally.

The origin of these difference may be found in ongoing phenomena that are currently not

captured in the model, e.g. minor degradation of the polymer, which are more prominent in

the absence of high fibre contents and at high front temperatures. Further investigation is

however required to find the exact origin of these differences and to develop expressions to

account for them in the numerical model. The optimum resin thermal conductivity and heat

output for approximating the front temperature were found to be 0.4 W/m/K and 0.90×Hr ,

i.e. 511.7 J/g, as listed in Table 7.4. Using these parameters, the front temperatures decreased

to 280.7°C in a two-dimensional domain and hence reducing the offset between experimen-

tal and numerical temperatures from 33.5% to 11.7%. Figure 7.8a moreover shows that the

experimental temperature profile was overall closely approximated by the developed model.

Front velocities could only be captured with limited accuracy, resulting in underestimations

of -17.4% and -28.7% in one- and two-dimensional domains and further work is to be carried

out to elucidate the origin of these offsets.

Figure 7.8: Comparison of experimental and numerical temperature profiles for a) pure
polymer, b) glass FRP and c) carbon FRP systems in one- and two-dimensional domains.
Initial temperature profiles are derived using the initial models while the acronym ’Optim.’
denotes the optimised models after calibration with experimental data.

Application of the same fitting procedure on the composite RICFP resin gave a closer corre-

lation between the simulation results and the experimental front characteristics derived for

carbon and glass FRP systems. A selection was therefore made on parametric combinations

giving front velocities that range within 10% of the experimental data while a range of 20% was

used for the peak temperatures. The number of fitting parameters fulfilling these requirements

was significantly higher as compared to the pure polymer system, as is illustrated in Figures

7.7b & c. This was attributed to the lower resin fraction in these systems hence making po-

tential model inaccuracies less apparent. The optimised parametric combinations, giving the

lowest MSE, are listed in Table 7.4. A negative value for κ f i t was found to be the optimum for
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the carbon FRP system which, although contradicting the aforementioned reasoning for fitting

of thermal conductivity, is explained by the interdependence of the simultaneously fitted Hr

and κc parameters. The simulated temperature profiles for composite systems in Figures

7.8b & c showed increased deviations from the experimental temperature recordings. This is

attributed to the increased complexity of FRP systems for describing transient phenomena,

e.g. due to the absence of a dedicated description of the fabric microstructure, while the

FRP systems were also significantly affected by thermal instabilities as is further discussed

in Section 7.5. The steady-state front characteristics were on the other hand closely approxi-

mated resulting in limited underestimations of the front velocities of 4.6% and 8.3% for the

respective glass and carbon FRP systems in a two-dimensional domain, while temperatures

were overestimated by 9.8% and 13.4%, respectively. The accuracy of these estimations is

comparable to that achieved by models describing FROMP discussed in Section 2.5.2.2.

Table 7.4: Overview of optimised fitting parameters and resulting front characteristics.
Acronym Exp. denotes that values were recorded experimentally while the acronyms 1D
and 2D indicate the use of one- and two-dimensional simulation domains.

Type Frac. Hr κc κ f i t

[-] [W/m/K] [W/m/K]

Pure polymer 0.900 0.40 0.23

Glass FRP 0.825 0.55 0.24

Carbon FRP 0.875 1.55 -0.06

Front temperature Front velocity

Exp. 1D 2D Exp. 1D 2D

Pure polymer 251.3 287.3 280.7 0.696±0.013 0.575 0.496

Glass FRP 210.1 239.4 230.7 0.457±0.011 0.437 0.436

Carbon FRP 204.1 242.5 231.6 0.966±0.090 0.933 0.886

Optimisation of the model parameters thus allowed for an accurate description of the RICFP

process in FRPs, capturing both the overall temperature profiles as well as the frontal poly-

merisation characteristics. It should be noted that the effective polymerisation enthalpies,

i.e. the recorded enthalpy of Table 7.1 multiplied by the fitted fraction in Table 7.4, are for

all of the considered systems comparable to the enthalpy of the first term in Equation 3.11

equalling, as previously discussed in Section 7.1, 88.2±0.8% of the total enthalpy for the re-

duced RICFP system and 82.2±0.8% for the composite RICFP system. Taking this second

exothermic peak out of consideration, e.g. assuming that its reaction rate cannot follow the

rapid conversion during RICFP, did however not result in an improved approximation of the

front characteristics as it would result in a rapid spike in the released heat while the discussed

introduction of a general reduction factor decreases the heat release rate over the complete

temperature range. The latter would consequently reduce the heating rate upon frontal poly-

merisation hence increase the influence of competing thermal diffusion, resulting in reduced
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front temperatures. The optimised reduction factor was therefore used in the continuation of

this work and an overview of the model parameters and model conditions can be found in

Appendix A.2.2. Further investigation is required to develop a descriptive model that captures

all of the ongoing phenomena. Improvements of the model descriptions are foreseen by the

development of a more accurate numerical description of the experimental configuration. A

particular focus on an improved representation of the microstructure, i.e. compared to the

current homogenised model, since the largely heterogeneous distribution of V f s is believed to

have a significant influence on the front propagation, in line with Sections 5 & 6.

7.5 Case studies

Supplementary recordings are provided for improved visualisation of the results presented in

this chapter. The videos can be accessed by clicking the red fonts throughout this chapter.

7.5.1 Variation of the initial temperature

The influence of the initial resin temperature was investigated as a first case study using

the developed models. Both the pure polymer reduced RICFP system in Figure 7.9a and

the systems containing 40% V f of glass and carbon reinforcement in Figures 7.9b and 7.9c,

respectively, showed significant changes in the simulated temperature profiles with varying

initial temperature. This is supported by the temperature profiles recorded over the mould

length at specific instances that are shown in Appendix A.2.3. The numerical results suggest

that RICFP could be successfully induced in the reduced resin system at initial temperatures

as low as -5°C. Thermal instabilities were however predicted at this temperature that gradually

decreased in amplitude until they completely disappeared at an initial temperature of 20°C

initial temperature of 20°C. The dependence of the occurrence of thermal instability on the

initial temperature in line with predictions using the Zeldovich number [192, 193]. The ob-

served transition hence corresponds to a critical Zeldovich number βz ,c of 7.86 for the reduced

RICFP system. Stable fronts would thus be expected when βz ≥ βz,c = 7.86 while unstable

front propagation is predicted at βz < 7.86. The observed βz ,c value of 7.86 is comparable to

those reported by Masere et al. [194] and Goli et al. [191] which supports the validity of the

numerical findings.

The formation of thermal instabilities was predicted to be amplified in FRP systems, with

sharp temperature peaks appearing periodically near the front at initial temperatures up to

40°C for the glass FRP system in Figure 7.9b. The critical Zeldovich number was therefore

found to be significantly higher and equalled 54.4, which was believed to be a result of the

reduced resin fraction, i.e. 60% of the total volume, and hence reduced heat release.
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7.5 Case studies

Figure 7.9: Simulated temperature profiles at a the centre of the mould at 15 mm from the
initiation point of the a) reduced RICFP resin system and composite RICFP resin system with
40% V f b) glass and c) carbon reinforcements.

Thermal instabilities in glass FRPs were evidenced experimentally by the formation of periodic

patterns at the sample surface shown in Figure 7.10, where the darker sections are believed

to correspond to lower front temperatures and sections with a yellow tone to the occurrence

of thermal peaks. The critical Zeldovich number of the carbon FRPs system in Figure 7.9c

was with 57.9 comparable to that recorded for glass FRPs while the thermal instabilities

were recorded at temperatures up to 50°C. The resulting thermal peaks in unstable regimes
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Figure 7.10: Optical image of a glass FRP sample showing patterns due to thermal instabilities.

Figure 7.11: Overview of simulated front characteristics with varying initial temperatures of
the a) reduced RICFP resin and b) composite RICFP resin in the presence of 40% V f glass or
carbon reinforcements.

appeared to be less sharp which is attributed to the conductive nature of carbon fibres, rapidly

guiding the heat away from the front region.

The slopes of the temperature profiles were found to increase with increasing initial tempera-

tures for all systems in Figure 7.9, which is explained by the reduced activation energy that has

to be provided by thermal diffusion to enable the autocatalytic mechanism in a resin layer.

This trend was also followed by the averaged front velocities in Figure 7.11 while the front

temperatures increased only slowly after an initial stabilisation. The latter is explained by

insulating mould configuration that ensured all the heat released by the resin to be maintained

near the front region, resulting in similar temperature increases upon frontal polymerisation

with offsets between trials correlating to the set offset in initial temperature. The extent of

the front velocity increase depended on the resin type as well as the fibre type. Increasing the

initial temperature of the reduced RICFP resin (Figure 7.11a) by 30°C translated to an increase

of the front velocity of 66.1%. This was significantly lower than the increase recorded for the
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composite RICFP system (Figure 7.11b), increasing 90.5% and 106.5% for glass and carbon

FRPs, respectively. The numerical results thus support the hypothesis made in Section 6 that

increasing the initial temperature, e.g. by preheating in self-catalysed frontal polymerisation,

is beneficial for the RICFP process by reducing the influence of thermal instabilities and

increasing the front characteristics.

7.5.2 Role of the trigger time

The initiation phase represents the only part of the frontal polymerisation process that re-

quires external energy input. Minimisation of the initiation time to establish a self-sustaining

polymerisation front is thus desired to minimise the energy demand of the process. A second

case study was therefore carried out to numerically assess the influence of the trigger time, i.e.

the time a thermal source is applied, on the propagation behaviour of the considered RICFP

systems.

Figure 7.12: Overview of simulated front characteristics with varying trigger times: a) tem-
perature profiles recorded for the reduced RICFP system and b) front characteristics of pure
polymer and glass FRP systems.

Figure 7.12a shows that the application of a thermal source of 250°C was required for at least

2 seconds in order to successfully form a self-sustaining front. The front arrival taken at 10

mm from the initiation point was slightly delayed for a trigger time of 2 seconds, while further

increase of the trigger time resulted in identical arrival times. This was attributed to lower

temperature overshoot at the front initiation at a trigger time of 2 seconds due to the reduced

energy input, in contrast to for example a trigger time of 4 seconds. The trigger time did not

influence the steady-state front temperatures and velocities, shown in Figure 7.12b, which is

line with the reasoning in Section 2.4.2 that the front characteristics in this regime are solely

a result of the balance between the generation polymerisation enthalpy and potential heat

losses. The same observation was made with glass FRPs (Figure 7.12b) although the heat losses

induced by the presence of glass reinforcements increased the threshold trigger time for the

successful formation of a self-sustaining front to 4 seconds.
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Figure 7.13: Simulated temperature profiles of a 20% glass FRP system with different mould
materials of 5 mm thickness recorded at the a) bulk material and b) sample boundary.

7.5.3 Boundary conditions

The experimental observations presented in Section 5.2 suggested a significant influence of the

choice of mould material on the resulting frontal polymerisation behaviour. A complementary

numerical assessment was therefore made on the composite RICFP system with 20% V f glass

fibres. Mould materials were chosen to be comparable to those used in Section 5.2: PMI

foam instead of the highly insulating Teflon-covered PVC foam core, PTFE to represent the

silicone elastomer and steel. Simulations with plywood were moreover carried out as a further

reference on the role of the mould properties. The thermal properties used for simulating

plywood, PTFE and steel moulds are reported in Table 7.5.

Table 7.5: Overview of temperature-dependent heat capacities for RICFP resin, carbon & glass
fibre and PMI foam derived by DSC analysis.

Material Density Thermal conductivity Specific heat Thermal effusivity

[kg/m3] [W/m/K] [kJ/kg/K] [kJ/m2/K/s0.5]

Plywood 500 0.13 2.50 40.3

PTFE 2200 0.25 1.30 84.6

Steel 7850 32.0 0.46 339.9

The numerical predictions supported the hypothesised relationship between the thermal

effusivity and the front characteristics that was discussed in Section 5.2. The temperature

profiles in Figure 7.13 showed comparable peak temperatures between PMI and plywood

configurations both at the centre of the glass FRP domain (Figure 7.13a) as well as close to the

mould interface (Figure 7.13b). The increased heat losses to the plywood mould type resulted

in the higher cooling rates that were as expected more apparent at the sample boundary,

indicating the formation of a thermal gradient behind the propagating front. Figure 7.14 shows
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Figure 7.14: Simulated front characteristics with different mould materials and thicknesses.

that the simulated front velocities were the highest in the presence of the highly insulating

PMI foam configuration, which agrees with the observations reported in Section 5.2. No

influence of the mould thickness was observed from the current set of simulations. This

is likely explained by the relatively low heat fluxes through the insulating mould halves as

compared to the in-plane front propagation.

Despite the limited glass fibre V f of 20%, simulations for systems with mould domains com-

posed of PTFE did not show the self-sustaining frontal polymerisation and only gave minor

temperature increase up to ∼40°C due to thermal convection of the heat source. The absence

of frontal polymerisation is related to the large heat uptake by the PTFE that was found to

increase with the mould thickness, resulting in a decreased maximum temperature in Figure

7.14. Following Section 5.2, a further decrease of the temperature would be expected in the

presence of a conductive steel mould. The simulated temperature profiles in Figure 7.13

showed an initial temperature increase up to ∼80-100°C that was followed by an exothermic

peak after ∼60 seconds. This behaviour was a direct result of the small domain size where

the recordings showed that the application of a thermal source resulted in the rapid heating

of the mould domain that subsequently preheated the glass FRP domain. Frontal polymeri-

sation of the sample domain took place once it was sufficiently preheated. Although this

behaviour complicates a direct comparison with the experimental observations, the tempera-

ture profile in Figure 7.13a was highly similar to those recorded for the self-catalysed frontal

polymerisation method in Section 6 and hence confirm capability of the model to capture the

effects of transient preheating. The exothermic peak width was significantly smaller near the

mould interface, which is explained by the increased heat flux upon the temperature increase

induced by frontal polymerisation as was also observed experimentally during oven-cured

RICFP processing in Section 6.4 and Appendix A.1.3. The developed model could thus be

employed to gain further insights in the role of the boundary conditions on the RICFP process.

Although the numerical observations were related to experimental observations reported in

other sections, dedicated experimental validation is desired to increase the confidence in the

numerical findings.
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7.5.4 The influence of fibrous reinforcements

The extensive heat uptake by fibrous reinforcements has already been discussed to influence

the frontal polymerisation in several instances of this thesis work. For that reason, a final case

study was carried out to assess the capability of the model to describe the frontal polymeri-

sation processing of FRPs. Glass FRP systems showed the expected decreasing trend of both

the front temperature and velocity with increasing V f as shown in Figure 7.15. Contrary to

Refs. [174, 176, 177] and Figure 2.11, the carbon FRPs systems did not show an initial increase

at low V f . The numerical front velocities predicted for both composite systems closely approx-

imated the experimentally recorded values, confirming the previously described accuracy of

the derived model. Front temperatures were overestimated by ∼15°C, which is in the same

order as discussed in Section 7.4. It should be noted however that experimental validation

was limited to a small range of V f s due to the delicate balance between the quenching of the

system at too high V f s and degradation of the polymer, altering the front characteristics as

discussed in Section 2.4 and 5.

The numerical simulations predicted the maximum V f that could successfully be polymerised

in a PMI foam mould configuration kept at room temperature to be 55% and 42.5% for glass

and carbon FRP systems. The increased maximum V f for insulating fibre types is in agreement

with the work of Dung Tran et al. [22]. The maximum V f of carbon FRP systems is in the

same order as observed experimentally with the same resin system in Sections 5 & 6 while the

minor differences are attributed to the inhomogeneous microstructure of experimental FRPs.

Continued investigation combined with experimental validation is foreseen to elucidate the

role of preheating, i.e. as done in self-catalysed frontal polymerisation, on the maximum V f .

Figure 7.15: Simulated front characteristics with varying V f s: a) front velocities and b) front
temperatures.
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7.6 Conclusion

The development of a model for describing of RICFP is presented in this chapter. Two resin

systems were modelled: one for the production of pure polymer and one for the production

of carbon and glass FRPs. A two-term reaction-kinetics model was found to give the best

description of the curing kinetics for both resin systems while temperature-dependent heat

capacities were characterised to enhance the potential model accuracy. The derived consi-

tutive equations were subsequently implemented in a finite difference model of which the

size of the elements and time steps were optimised to avoid the introduction of numerical

errors. Calibration of the developed models was done on a series of experimentally derived

temperature profiles and front velocities and resulted in strongly improved model accuracy.

Front velocities were approximated with 4.6% and 8.3% accuracy for the glass and carbon FRP

systems, while front temperatures were generally overestimated by 9.8-13.4%. The models

were subsequently applied to a number of case studies to complement the experimental

findings reported in Sections 5 & 6. Future work comprises the continued validation and opti-

misation of the numerical models, while its extension to describe more complex geometries is

also highly desired.
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8.1 Conclusion

This thesis work aimed to develop methods for microstructural evaluation of dynamic flow

behaviour and frontal polymerisation curing in the context of liquid composite moulding

(LCM) processes for FRP processing with epoxy based matrices.

Characterisation of the dynamic flow behaviour of resins infiltrating fibrous reinforcements

at a microstructural level is complicated by the required high spatial and time resolutions.

UV-flow freezing has been proposed as a promising method to overcome these limitations by

rapid UV-photopolymerisation of the infiltrating resin, allowing for characterisation of the

characteristic flow patterns without restrictions on the time resolution. The resin composition

was optimised to ensure fast curing upon UV-irradiation while a post-curing procedure was

enabled by the addition of a free-radical thermal initiator to ensure that the maximum attain-

able conversion could be reached and hence to minimise the chance of distortions induced

during post-processing. Suitable additives were identified to facilitate the variation of the

capillary number by altering the resin viscosity and surface tension. The UV-flow freezing

methodology was optimised by the use of UV-transparent PMMA mould halves to maximise

the UV-transmittance while rapid relaxation of the resin pressure was found to minimise

the front propagation during UV-irradiation. The optimised method was subsequently ap-

plied for the analysis of flow patterns corresponding to viscous-dominated, balanced and

capillary-dominated flow regimes. µCT analysis allowed for a volumetric assessment of the

flow front morphology at a microstructural level and was used for the derivation of saturation

curves. The resolutions of the microstructural representations were in the order of those

reported using synchrotron-µCT analysis while being compatible with a far greater range

of processing conditions. The optimised UV-flow freezing methodology thus confirmed its

foreseen potential as an accurate and versatile method.

Frontal polymerisation-assisted production of FRPs has the potential to bring unmatched

reductions in curing time and energy demand. The use of frontal polymerisation for FRP

processing is compromised by the excessive heat uptake of fibrous reinforcements at the high
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V f s sought for in industry (i.e. >55%), impeding autonomous front propagation. Enhanced

thermal management of the local governing heat balance was thus investigated in order

to overcome these limitations. Control of the heat generation of a model epoxide system

capable of undergoing RICFP was possible by variation of the photo- and thermal initiating

compounds. The mould configuration was found to exert a strong influence on both the front

characteristics and the resulting curing degrees by the formation of strong thermal gradients

over the sample thickness. Highly-insulating foam core mould configurations were beneficial

for the RICFP process by reducing the heat losses to the environment and thereby inducing a

shift in the local heat balance. A processing window was defined using the improved mould

configuration that related the formation of a self-sustaining or supported front to the initiator

content and V f . It was moreover possible to produce carbon FRPs with maximum V f s of

45.8% while frontal polymerisation supported by UV-irradiation could cure FRPs with V f s up

to 50%.

Although this confirms the need for controlling the governing heat balance to successfully

produce FRPs with elevated V f s, additional efforts were required to reach the V f s of >55% that

are sought for in the FRP industry. A novel self-catalysed frontal polymerisation processing

method is therefore proposed where rapid RICFP of a sacrificial resin channel placed in ther-

mal contact with the FRP results in efficient preheating of the fabric stack. This preheating

reduces the energy needed to surpass the activation energy threshold for enabling of the auto-

catalytic RICFP mechanism and thereby allowing for self-sustaining frontal polymerisation

at V f s that would normally see fronts being quenched. The method was validated on both

conductive carbon and insulating glass FRP systems and was compatible with a wide range

of FRP thicknesses. Placing filler materials in the sacrificial resin channel was suggested to

have a strong influence on the frontal polymerisation behaviour and paves a way towards

increased process control. Carbon FRPs were produced with V f s up to 62.2%, i.e. 16.4% higher

than what was achieved by conventional frontal polymerisation processing. The novel self-

catalysed frontal polymerisation process reduced the energy demand by >99.5% compared

to oven-curing procedures while yielding higher Tg s and comparable mechanical properties,

confirming the potential of the novel method.

Finally, an exploratory numerical model is proposed to complement the experimental findings.

Separate resin systems were modelled to describe RICFP of pure polymer and of FRP systems

and a phenomenological two-term kinetic model was found give the best description for the

complex cure kinetics of RICFP. Temperature-dependent material properties were charac-

terised to improve the model accuracy. The frontal polymerisation process was simulated

using a finite difference method and the model was further calibrated based on experimental

recordings of the temperature profile, front velocity and front temperature. Both developed

models provided good approximations approximations of the front velocity while front tem-

peratures were generally overestimated by 10-20%. Application of the models in several case

studies allowed for a further insight on the role of initial conditions, mould type and fibre

contents, as well as the appearance of thermal instabilities.
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8.2 Outlook

The efforts presented in this work are believed to offer a good potential for future implementa-

tion in the field of composite processing. The broader use of the UV-flow freezing methodology

for the characterisation of dynamic flow behaviour in LCM processes would first of all require

further validation at a microstructural level, which would be foreseen at different spatial levels.

An assessment of the method accuracy, i.e. the similarity between dynamic and frozen flow

front morphologies, similar to that presented in Section 4 for a wider range of flow conditions,

i.e. values of the capillary number, would be desired to define the range of conditions on

which UV-flow freezing can be applied. In a similar manner, an investigation on the flow front

morphology at the intra-yarn scale would confirm the hypothesised applicability at scales

beyond those presented in this work, e.g. to analyse dynamic contact angles. This would

inherently require an in-situ comparison with dynamic flow behaviour at these scales and is

envisioned to be achieved by synchrotron-µCT analysis at low flow velocities. A particular

focus on the role of thermal effects and shrinkage during UV-photopolymerisation on the

flow front morphology is desired during this characterisation. Extending the UV-flow freezing

methodology to enable the analysis of flow behaviour of opaque, e.g. carbon, fibrous preforms

is desired because of the wide industrial use of these fibre types. The use of frontal polymeri-

sation was foreseen to enable this but was complicated by the observed extensive thermal

expansion, resulting in severe distortions of the flow front morphologies. The development

of frontal polymerisation-assisted UV-flow freezing thus requests the development of resin

formulations that 1. show minimal thermal expansion, 2. can undergo rapid frontal polymeri-

sation and 3. are representative commercial resin formulations. Once this has been achieved,

the application of the UV-flow freezing is foreseen to bring a significant contribution to the

understanding of dynamic flow behaviour on a microstructural level.

Future work on the use of frontal polymerisation for curing of FRPs would comprise a further

optimisation and extension of the self-catalysed frontal polymerisation processing method.

Investigations on improved channel geometries, fillers and optimised spacer materials, are

desired to both provide a further understanding of the ongoing phenomena as well as to

allow for enhanced process design. Extension of the methodology to make it compatible for

implementation in other conventional FRP manufacturing methods, e.g. VARI, and at larger

part sizes would increase its potential applicability. A more fundamental understanding on the

use of different fabric architectures is desired as it was suggested to be of influence in several

instances in this work while it has remained largely out of consideration by the field to-date.

This would ideally be achieved by a combined experimental and numerical effort. Further

investigations on the resulting FRP properties and e.g. the presence of residual stresses, would

confirm findings presented in this work and hence the potential of frontal polymerisation as a

tool for FRP production. Fine-tuning of the resin formulation considering both the resulting

properties and the frontal polymerisation behaviour is envisaged to optimise the processing

method.

The model presented in this work has shown the potential of simulating RICFP. A continued
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investigation on reaction-kinetic models is envisioned to further improve the model accuracy

while an extended experimental validation procedure, i.e. with different initial conditions

or mould materials, would increase the confidence in the numerical findings. Extension of

the model for efficient simulation of frontal polymerisation in versatile and more complex

geometries is desired and could be achieved by its integration into commercial finite element

method packages. Finally, strategies for reducing the computational cost are required to allow

for efficient predictive modelling and process design. Achievement of these experimental

and numerical improvements would pave the way for the use frontal polymerisation-assisted

processing in the FRP industry.
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A Appendix

A.1 Self-catalysed frontal polymerisation processing

A.1.1 Assessment of precuring

The proposed self-catalysed frontal polymerisation method allows for the successful polymeri-

sation of FRPs with elevated V f s by preheating the fabric stack ahead of the secondary front

that passes through the fabric stack. While preheating was found to be an effective measure

to reduce the required activation energy to surpass the threshold for the autocatalytic RICFP

mechanism, extensive precuring could induce negative effects on the front characteristics as

it reduces the available polymerisation enthalpy that can be released upon frontal polymeri-

sation. An assessment of the polymerisation enthalpy and the role of precuring was made

by dynamic DSC, following the procedure described in Section 3.2.4. Extrapolation of the

maximum heat flow rate moreover gave an estimate of the onset temperature of autocatalytic

curing mechanism that equalled 95.7°C as shown in Figure A.1.

Figure A.1: Dynamic DSC curve of the ECC RICFP resin indicating the estimated onset temper-
ature of the autocatalytic curing mechanism.
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The influence of preheating was subsequently assessed by a combination of a quasi-isothermal

procedure, described in Section 3.3.2, followed by a dynamic heat flow scan. Preheating

temperatures up to ∼60°C resulted in negligible heat flows during the isothermal procedure in

Figure A.2a, while the polymerisation enthalpies (Figure A.2b) were in the same order as that

of the pristine resin. On the contrary, preheating temperatures near the onset temperature,

e.g. 90°C, reduced the available polymerisation enthalpy by over 35%.

Figure A.2: Assessment of potential precuring by DSC simulating: a) preheating phase by a
quasi-isothermal procedure, b) front propagation phase by a dynamic heat flow scan.

The results presented in Section 6.2 and Figure 6.5 however showed that, despite the suggested

reduced enthalpy, high preheating temperatures did not inhibit frontal polymerisation to

take place while front temperatures were only slightly lower in the presence of glass fibre

reinforcements. This is partially explained by the reduced preheating times in self-catalysed

frontal polymerisation compared to the preheating times in Figure A.2a, hence limiting the

extent of enthalpy losses at high preheating temperatures, while the increased temperature

and available thermal energy for activation of the RICFP mechanism are believed to largely

compensate these losses. It can therefore be concluded that although precuring during the

preheating period is likely taking place in the current configuration, it has a negligible influence

on the overall process.

A.1.2 Temperature profiles in self-catalysed frontal polymerisation

The composition of the resin channel was found to be a part of the configuration with large

influence on the resulting front characteristics. The difference between self-catalysed frontal

polymerisation with an unfilled resin channel and with a resin channel filled with breather

fabric has been explained in Section 6.3 and the described trends can be further understood

from the temperature profiles in Figure A.3. Temperature profiles with a filled resin channel in
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Figure A.3a showed an initial strong increase of the top thermocouples followed by a gradual

temperature increase at locations further from the resin channel. Passing of the secondary

front occurred after a relatively short delay time of ∼50 seconds. As shown in Figure A.3a, the

temperature peaks occurred almost simultaneously followed by a gradual decrease.

Figure A.3: Temperature profiles recorded in a) filled and b) unfilled self-catalysed frontal
polymerisation configurations.

This is in contrast with the temperature profiles that were recorded for unfilled configurations

shown in Figure A.3b. These configurations showed longer delay times that caused the temper-

ature close to the resin channel to decrease after the expected initial spike, resulting in a more

homogeneous preheating temperature. The temperature peaks upon passing of the front in

Figure A.3b showed large variability, without an apparent sequence, between thermocouple

position and appeared to be significantly less smooth compared to when a breather fabric was

present. While this was understood as the absence of a continuously propagating secondary

front which was hypothesised to be a result of the more homogeneous preheating tempera-

tures and potentially increased precuring, the results in Figure A.3 emphasise the need for

careful control of the heat flow in both the fabric stack and resin channel.
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A.1.3 Temperature profiles for oven-cured FRP processing

A comparative assessment was made between carbon FRPs produced by the novel self-

catalysed frontal polymerisation method and by an oven-curing procedure of 25 minutes at

150°C. Using identical resin compositions, several differences in the resulting mechanical

properties were indicated in Section 6.4, which were partially attributed to the different curing

conditions of the respective FRP types. The temperature profile recorded during the oven-

curing cycle at the centre of an oven-cured RICFP FRP in Figure A.4a showed an initial gradual

preheating phase of 21 minutes followed by the initiation of frontal polymerisation, resulting

in a temperature peak that reached up to 219.9°C. The sample temperature subsequently

rapidly decreased to ∼110°C, while slowly decreasing after being removed from the oven.

Figure A.4: Representative temperature profiles recorded during the production of a) oven-
cured RICFP FRPs and b) self-catalysed frontal polymerisation FRPs. Thermocouples were
integrated at the centre of the fabric stack.

This is in contrast with self-catalysed frontal polymerisation processing, showing a sharp tem-

perature peak after the initial preheating phase, followed by a slow decrease. The cooling rate

in self-catalysed frontal polymerisation processing was significantly lower than that during

oven-cured RICFP FRP production, which is attributed to the difference in thermal properties

between the highly-insulating Rohacell foam and conductive steel moulds, respectively. To
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demonstrate the extent of these differences, Figure A.4 shows that self-catalysed frontal poly-

merisation FRPs remained over 5.5 times longer above a temperature of 120°C. In Section 5 it

was suggested the cooling phase can act as an intrinsic post-curing procedure, resulting in

increased resulting monomer conversions. The shorter cooling phase, and hence the limited

extent of intrinsic post-curing, is believed to have resulted in the inability of oven-cured RICFP

FRPs to achieve their maximum attainable curing degrees, resulting in lower Tg s as observed

in Figure 6.8b and larger scattering in resulting properties between samples as observed in Fig-

ures 6.8d & e. This hypothesis is supported by the possibility to increase the Tg in Figure 6.8c,

confirming the benefit of FRP production using the novel self-catalysed frontal polymerisation

method in combination with a highly insulating mould configuration.

A.2 RICFP modelling

A.2.1 Fitting of RICFP models

Gridsearch optimisation was used in Section 7.4 to determine the best parametric combina-

tions for describing the respective systems considered in this work. The front characteristics

of the assessed parametric combinations were used for a preliminary selection so as to ensure

that the resulting model was capable to accurately approximate the steady-state front charac-

teristics. The response surfaces for predictions of the front velocity are shown in Figure A.5 and

the estimations on the maximum front temperature in Figure A.6. Accurate approximation of

the front velocity appeared to be the bottleneck in this preliminary selection since the number

of parametric compositions fulfilling the set condition, i.e. within ±20% for the reduced

RICFP resin and ±10% for the FRP systems, was significantly lower than those fulfilling the

temperature condition. The selected parametric conditions appeared as diagonal clusters in

Figures A.5 & A.6 as a result of the interdependence of the fitted polymerisation enthalpy and

thermal conductivity.
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Figure A.5: Gridsearch response surfaces for front velocities predicted by for one-dimensional
domains for a) pure polymer, b) glass FRP and c) carbon FRP systems.

Figure A.6: Gridsearch response surfaces for maximum front temperatures predicted by for
one-dimensional domains for a) pure polymer, b) glass FRP and c) carbon FRP systems.
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A.2.2 Model parameters

The development of models describing RICFP processing of pure polymer and FRP systems

has been extensively discussed in Section 7. A summary of the parameters used for modelling

the different systems is presented in the Table A.1.

Table A.1: Summary of the model parameters used for simulating the different systems.

Type Pure polymer Glass FRP Carbon FRP

α [-] 0.05≤α≤0.9 0.01≤α≤0.9 0.01≤α≤0.9

Hr,e f f [J/g] 511.7 509.6 540.5

A1 [s−1] 2.80·108 2.33·1012 2.33·1012

Ea,1 [kJ/mol] 75.56 102.84 102.84

n1 [-] 1.90 2.66 2.66

m [-] 0.63 0.65 0.65

cd [-] 23.48 23.48 23.48

αc [-] 0.82 0.76 0.76

A2 [s−1] 1.09·1012 2.68·1013 2.68·1013

Ea,2 [kJ/mol] 119.61 124.74 124.74

n2 [-] 1.15 1.88 1.88

κ [W/m/K] 0.40 0.55 1.55

∆x [m] 5·10−5 5·10−5 5·10−5

∆t [s] 1·10−3 1·10−3 2·10−4

Simulations were, unless specified otherwise, initialised under the following conditions:

• The initial temperature T0 was set to 20°C.

• The simulation time was set to 60 seconds and the length of the simulation domain was

fixed to 25 mm.

• The thermal trigger was applied during the whole simulation time and its temperature

was set to 250°C for the reduced RICFP resin and 210°C for the composite RICFP resin.

• Mould domains had a thickness of 15 mm and were assumed to be made of PMI foam.

A heat transfer coefficient h of 15 W/m2/K was assumed at the domain boundaries to

represent air in a steady condition.

• The fibre content V f of FRP systems was fixed to 40 %.

A.2.3 Temperature profiles

Variation of the initial temperature of the developed models describing RICFP was related

to the occurrence of thermal instabilities in Section 7.5. In addition to the data presented in

Section 7.5, the spatial temperature distributions captured at a 20 seconds of simulation time

for pure polymer and glass FRP systems and 10 seconds for carbon FRP systems is shown in
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Figure A.7. These distributions support the observations in Section 7.5 while also confirming

that the thermal instabilities are only present at the moment the front arrives since no residual

oscillations over the sample length behind the front could be observed.

Figure A.7: Simulated spatial temperature distributions at a the centreline of the mould at a
fixed time of the a) reduced RICFP resin system and composite RICFP resin system with 40%
V f b) glass and c) carbon reinforcements.
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