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Abstract

Frontal polymerization (FP) has emerged as a promising alternative to traditional bulk curing methods
in recent years for manufacturing high-performance fibre-reinforced polymer (FRP) composites. The
energy utilized in this self-propagating curing strategy is solely derived from the exothermic enthalpy
of polymerization, making it potentially more efficient than traditional curing methods, which are ex-
tremely energy-intensive and therefore unsustainable. Research in the field of FP has been primarily
focused on studying the effectiveness of the FP formulations, particularly the relationship between the
monomer types and initiator concentrations on front properties. However, the research on the use of
FP for manufacturing FRPs has been limited to flat rectangular plates. Therefore, this research aims
to investigate the behaviour of the propagating fronts in composites with varying fibre volume fractions
(Vf ) within the sample and varying geometries to assess the feasibility of using FP in structures that
more closely resemble real-life applications. Several test setups were explored to determine the best
method for maintaining the heat balance required to sustain a propagating front. Through these trials,
a stainless steel-based closed mould test setup with Teflon sheets was conceptualized and manufac-
tured, consistently allowing for the manufacturing of composite samples with a Vf below 36%. The
influence of changing Vfs on the behaviour of the front was studied, and the results were quantified
using temperature data captured via thermocouples placed at strategic locations. Through a series of
experiments, a critical length was established that allowed the propagation of the front from the low Vf

region to the high Vf region. When the length of the low Vf region with respect to the high Vf region
was smaller than the critical length, the front was seen to quench at the interface. This phenomenon
was attributed to the physical reduction in the volume of the resin, which implied a reduction in the
generated heat through polymerization. This led to fronts with lower peak temperatures, which upon
reaching the interface would quickly fall below the threshold temperature required to sustain the front
due to the higher rate of heat loss resulting from the higher fibre content. This study was followed by the
manufacturing of L-shaped composite samples with uniform Vf , which showed the propagation of the
front in complex geometry. Finally, the Vf was varied within the L-shaped samples, and the behaviour
of the front showed similarities to the rectangular samples with varied Vf , leading to the conclusion of
the presence of a critical length irrespective of geometry. These findings effectively contribute to the
knowledge base necessary for implementing FP as a curing strategy for FRPs. The results obtained
from this study can inform the design of manufacturing processes and setups tailored for the use of FP,
potentially leading to more efficient and sustainable manufacturing practices.
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1
Introduction

1.1. Background and Motivation
The aviation industry’s rapid growth, along with rising fuel costs and its significant environmental im-
pact, has placed tremendous pressure on aircraft manufacturers to deliver low-cost, fuel-efficient and
lighter aircraft [1]. This requirement has led to rapid innovation in the key technology fields, including
the increasing use of high-performance structural materials for building load-carrying components of an
aircraft. One such high-performance material being used today is the fibre-reinforced polymer (FRP)
composites [2].

FRPs are heterogeneous mixtures of two separate phases at the micro-scale: the reinforcement,
in the form of a fibrous structure, and the matrix (binder), which holds these fibres together. The rein-
forcement and the matrix phase have a distinct interface between them, allowing each of the individual
constituents to retain their physical and chemical characteristics. The reinforcement phase, which natu-
rally possesses high strengths and stiffness, generally acts as the primary load-carrying member, while
they are held in the desired location and orientation by the matrix phase. In addition to protecting the
fibres from environmental damage, the matrix also acts as the medium for load transfer between the
fibres [3] [4].

The manufacturing process of composite parts involves incorporating a large number of reinforce-
ment fibres into a thin layer of matrix, to form a lamina or ply [4]. The thickness of a single lamina can
range from 0.1 to 1 mm. When several lamina layers are stacked together and consolidated to the
desired thickness, they form a laminate, which is a composite part. By varying the stacking sequence
of each lamina and, in turn, the direction of fibre orientation, the resulting physical and mechanical
properties of the FRPs can be tuned [4].

Initially developed to meet the demands of the aerospace industry, FRPs, in particular, carbon fibre-
reinforced polymers (CFRP) and glass fibre-reinforced polymers (GFRP), have now found extensive
usage in fields ranging from sports to the automotive sector. FRPs are attractive for aerospace appli-
cations because of their excellent strength and stiffness-to-density ratios [2].

The use of composites in commercial aircraft became an attractive proposition due to reduced air-
frame weights, resulting in better fuel economy and lower operational costs. The first significant use
of composites in commercial aircraft began with the Airbus A300 and A310 series, where the rudders
and the vertical tail fins were made of composites. In the latter case, only 100 parts were used in the
composite fin, as opposed to the 2000 parts used in the metal fin, resulting in a reduction in weight and
production costs. Following these successes and the subsequent development of high-performance
composites, they were increasingly used in secondary and primary load-carrying structures of aircraft.
Today’s state-of-the-art commercial aircraft, such as the Boeing 787, consists of up to 50% composite
materials by weight, offering up to 20% weight savings [2].
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Traditional manufacturing methods of fibre-reinforced polymer composites and high-performance
composites typically involve curing in large autoclaves or ovens, which requires significant initial invest-
ments. The components are subjected to complex, long cycles of temperature and pressure to prevent
non-uniform curing and the formation of residual stresses. These long cycles are energy-intensive, with
some reasonable estimates suggesting that the curing process for the carbon fibre/epoxy fuselage of
the Boeing 787 requires 350 gigajoules of energy over an eight-hour period, resulting in an estimated
80 tons of carbon dioxide emissions[5]. Given the growing concern about climate change, there is in-
creasing pressure on the industry to seek more sustainable alternatives and reduce its environmental
footprint. One such promising alternative is the use of frontal polymerization (FP) as a substituent for
autoclave-based bulk curing.

1.2. Overview of the Research Topic
FP is a polymerization technique that involves converting monomers into useful polymers through a
propagating reaction wavefront. It was first discovered by Chechilo and Enikolopyan in 1972 [6], who
studied the polymerization of methyl methacrylate in a highly pressurized system, while investigating the
effect of initiator type and concentration on the front velocity [7]. Later, Pojman et al.[7] demonstrated
that fronts can form at ambient pressures in a solution of thermal free radical initiators in different neat
monomers which polymerize and have a melting point higher than the front temperature. This led to
the realization that thermal-based FP could be an excellent substitute for bulk curing of polymers due
to the reduced external energy requirements of FP. Since then, extensive work has been carried out to
develop the theory of FP, and a significant breakthrough came with the use of FP in epoxy curing [8].

The possibility of using FP tomanufacture fibre-reinforced thermosetting polymer-matrix composites
with epoxy monomers as the matrix phase was demonstrated through the use of the radically induced
cationic frontal polymerization (RICFP) method [9]. Building on this achievement, Sangermano et al.
[10][11] used the RICFP method and successfully fabricated epoxy-based CFRP and GFRP plates.

Frontal polymerization promises to be a rapid and energy-efficient method of curing composites,
utilizing the enthalpy of polymerization alone to convert the monomers into a useful polymer. This
has allowed for an exponential increase in the curing speed compared to oven-based curing while
reducing the environmental footprint, making FP an attractive method for sustainably curing large
composite parts [12]. However, for frontal polymerization to be considered a viable alternative to the
oven/autoclave-based curing utilized today, the curing of composite parts using this technique has to
be reliable, reproducible and consistent. Unfortunately, with the current state of research, large gaps
still exist in our understanding of the behaviour of the front as it propagates through the reinforcement
phase in the FRPs.

1.3. Aim and Relevance
The aim of this research is to study and understand frontal polymerization in fibre-reinforced polymers.
The scope of this research is limited to studying the behaviour of the propagating front in composite
parts with varying fibre volume fractions (Vf ) within the sample and varying geometries. This area of re-
search has been chosen because the composite parts and products used in aerospace applications are
complex structures with varying shapes and thicknesses. Therefore, to truly utilize FP in manufacturing
aerospace-grade composite parts and to contribute to making the aviation industry more sustainable
and environmentally friendly, this study is timely and relevant.
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1.4. Overview of the Report
A summary of what to expect in the report is included in this section. This thesis report will first provide
a detailed overview of frontal polymerization. The report will start with a literature review in chapter 2,
which includes a general introduction to frontal polymerization in section 2.1 and an overview of the
chemistry of the frontal polymerization system used for the epoxy monomers in section 2.2. The work-
ing mechanism of the RICFP method will be explained in section 2.3, followed by the summary of the
current state-of-the-art in the manufacturing of epoxy-based composites using the RICFPmethod. Sec-
tion 2.4 will discuss the physical phenomena of heat transfer governing a frontal system, as well as the
factors that need to be taken into consideration in order to implement FP in the manufacturing of FRPs.

Following the literature review, chapter 3 of the report will identify the research gap and define the
scope of the research. Section 3.1 will present the reach questions formulated based on the identified
scope, while section 3.2 will present the relevant hypothesis to support the research questions. Finally,
section 3.3 will define the overall objective of the thesis and present the sub-goals followed to achieve
the objective.

Chapter 4 of the report will present the methodology followed to achieve the objective. Section 4.1
and 4.2 will present the steps followed to mix the FP formulation and cast silicone moulds, respectively.
Before studying the behaviour of the propagating front, a test setup was required that would allow the
consistent and repeatable manufacturing of composite parts. Therefore, three different mould test se-
tups were tested, and the tests involved the manufacturing of composite samples using all the setups.
The test setups and the manufacturing methods used to produce composite samples have been pre-
sented in section 4.3. To determine the quality of the samples, void content was studied by observing
the cross-section of the samples under a microscope, presented in section 4.4. Following these steps,
the influence of varying Vf s and geometries on the behaviour was studied, and the methodologies
used have been presented in section 4.5 and 4.6, respectively.

Chapter 5 of the report presents the results of the experiments performed and provides a discussion
on the observed results. Section 5.1 discusses the results of the characterization of the FP formulation
carried out through the differential scanning calorimetry (DSC) technique. The results of the composite
samples manufactured through the various test setups are presented in section 5.2. Following these,
the results of the composite samples with varied Vf cured via FP have been presented in section 5.3.
The quantification of the front propagating through the sample with varied Vf was done through the
incorporation of thermocouples across the layup, and the results of these have been presented in sec-
tion 5.4. Finally, the results from the manufacturing of L-shaped samples cured via FP have been
presented in section 5.5.

The thesis report draws various conclusions from the results obtained, which have been presented
in chapter 6. Finally, the report ends by presenting some recommendations (chapter 7) for future
researchers in this field.



2
Frontal Polymerization

This chapter will give the reader a comprehensive understanding of the state of the art in frontal poly-
merization used as a potential curing technique in manufacturing composite parts.

2.1. Introduction to Frontal Polymerization
Frontal polymerization, as shown in Figure 2.1, is a curing strategy that involves a self-propagating
reaction wavefront to convert monomers into fully cured polymers. The polymerization reaction pro-
ceeds via a localized reaction zone that propagates through a combination of thermal diffusion and the
released enthalpy of polymerisation. By using the exothermic enthalpy of polymerization alone, frontal
polymerization reduces the external energy required to convert the monomers into useful polymers.
This reduction in external energy requirements has the potential to significantly reduce the cost and
environmental impact of curing composite parts.

Robertson et al. [13] demonstrated that employing this manufacturing process can greatly improve
the efficiency of manufacturing composite parts. Their study showed that with precise control of the
polymerization kinetics at both elevated and ambient temperatures, a high degree of stable monomers
can be converted to a fully cured polymer within seconds, reducing the energy required for curing com-
pared to conventional curing methods.

Frontal polymerization in its most primitive form involves a solution of a monomer and a latent ini-
tiator. The initiator can be activated through heat, similar to a conventional curing process, for the
polymerization of the monomer [9]. The conversion of the monomers into a polymer is exothermic,
and the heat released is further used to drive the reaction to completion. This auto-activation process,
depending on the initiator concentration, allows for high degrees of monomer conversion, as reported
by Pojman et al [7]. The choice of monomer and initiator determines the speed at which the front
travels through the reactant medium and the maximum achievable temperature [14][15][16]. Frontal
polymerization has been demonstrated as a suitable method for synthesizing functionally graded poly-
mers [17][18], hydrogels [16], nanocomposites [19], fibre-reinforced polymer matrix composites [20]
and sensory materials [21][22].
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Figure 2.1: A schematic diagram representing the frontal polymerization process

2.2. Frontal Cationic Polymerization
Several different polymerization mechanisms facilitate the frontal processes. In this thesis, composite
samples were manufactured using the epoxy monomer as the matrix phase. The reaction mechanism
utilized for converting epoxy monomers into a polymer chain is called chain-growth ring-opening poly-
merization. Two types of chain growth polymerization mechanisms are commonly used in commercial
applications: (1) poly-addition reaction and (2) cationic ring-opening polymerization.

The first mechanism, referred to as polyaddition polymerization, involves a growing chain with a
cationic centre at the chain ends. Monomer chains are added through the SN1 and SN2 mechanisms,
as depicted in Figure 2.2. Industrially, Polyaddition polymerization is extensively used to manufacture
amine-cured epoxy composites.

Figure 2.2: Cationic ring opening polymerization based on polyaddition of monomers via SN1 and SN2 mechanisms of active
chain ends. [23]

The second chain propagation mechanism, known as the cationic ring-opening reaction mecha-
nism, involves an activated monomer that carries the cationic centre. The growth of the polymer chain
occurs through the electrophilic attack of the activated monomer on the chain end. A schematic for this
method has been shown in Figure 2.3.
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Figure 2.3: Cationic ring opening polymerization via an activated monomer [14]

The primary initiators used in frontal epoxy ring-opening polymerization include amine-boron triflu-
oride adducts [24][25], crosslinking polyamines [26] [27] and photoacid generators (PAGs) [9] [10] [28]
[29] [24]. While the mode of chain propagation with these initiators remains the same as the general
mechanism described in Figure 2.3, there are several differences in terms of monomer activation and
initiation.

Amine-boron trifluoride-initiated FP occurs in the presence of moisture-rich surroundings. These
initiators readily react with water to form a transient solvent-separated species ([RNH3][BF3OH]). The
catatonic amine initiates the polymerization process, while the anionic species decomposes via dispro-
portionation reactions into boric acid [14][30]. Polymerization via amine-boron trifluoride initiators is
presented in Figure 2.4.

Figure 2.4: Polymerization via amine boron trifluoride initiators [14]

Polyamine initiators such as diethylenetriamine [DETA], tris(2-aminoethyl) amine [TREN] are used
to make highly crosslinked epoxy copolymers. As depicted in Figure 2.5, monomer activation occurs
through complexation with an amine [14]. High concentrations are used in this type of polymerization,
followed by a copolymerization event that forms a reactive ring-opening nucleophile. Therefore, frontal
systems initiated via polyamines form epoxy anime copolymers [31].

Figure 2.5: Polymerization via polyamine [14]
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Finally, Figure 2.6 shows the schematic for cationic polymerization via PAGs. As summarized in the
review by Suslick et al.[14], until 2020, iodonium reagents were the only PAG initiator used for cationic
frontal polymerization. Photoexcitation of diaryliodonium salts via UV light leads to the formation of
an excited state, which relaxes either through homolytic or heterolytic Ar–I scission [32]. Radicals
generated through homolytic scission abstract hydrogen from C–H bonds, generating an acid HX. Al-
ternatively, in heterolytic scission, a single electron is transferred from the aryl radical to the monoaryl
iodonium, generating ArI and aryl cations [33]. These act as potent electrophiles that interact with C-H
bonds from HX.

Figure 2.6: Polymerization via PAG [14]

The use of just PAGs for frontal processes is limited by the depth of light penetration through a
large volume of monomers. This is because a photo gradient is formed through the material as a cer-
tain percentage of the incoming photons are diffracted or absorbed by the initiators in the formulation.
Initiator molecules on the surface receive more photons than those deeper in the material, resulting
in non-uniform initiation and propagation. As a result, the surface undergoes a higher degree of poly-
merization than the deeper layers. Crivello et al.[34] demonstrated that uniform polymerization occurs
only in thin films of 2mm or less. To overcome this challenge, PAGs are used in conjugation with a
thermal radical source, leading to cationic FP known as radically induced cationic frontal polymerization
(RICFP).

2.3. Radically Induced Cationic Frontal Polymerization
Epoxy resin is by far the most common monomer type that finds a wide range of commercial applica-
tions in industries such as sports, automotive, marine and aviation [10][9]. As alluded to in section 2.2,
there are two methods available for the curing of epoxy monomers. The first curing method is called
thermal bulk curing, which involves the polyaddition of amine or anhydrides and requires subjecting the
monomer to high temperatures cycles for extended periods. Thermal bulk curing is inherently disad-
vantaged due to its rather high energy requirements and its inability to provide equal quality in curing
all areas. Highly reactive epoxy formulations also have a short pot life, which reduces the processing
window, which means that the operator must mix the formulation right before usage [9][28].

Photo-polymerization by cationic ring-opening of the epoxy group is the alternative method avail-
able for bulk curing of the monomer. This method is a suitable energy-efficient way of curing epoxy
resin, but it has been limited to thin layers due to the low penetration depth of UV light. Additionally,
the difficulty of using UV light increases with the addition of opaque fillers, such as carbon fibres.

As described in section 2.2, cationic photo-polymerization utilizes a cationic photo-initiator known
as PAG. When excited with UV light, the PAG is cleaved, forming a carbocation that initiates poly-
merization either by itself or by abstracting protons. The PAG can be cleaved either by UV light or a
suitable radical through a redox reaction. This method of decomposing PAG through radicals is called
radical-induced cationic polymerization(RICP) [35][36][37]. While RICP on its own would only be a vi-
able method of curing thin layers, but when combined with FP it becomes a far-reaching technique that
allows for rapid bulk curing of parts with any thickness. This technique is appropriately named Radical
induced cationic frontal polymerization (RICFP) [29][9][28].
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RICFP systems rely on three active components: the PAG, the radical thermal initiator(RTI) and the
monomer that need to be cured. RICFP allows for two possible initiation routes due to the presence
of PAG and RTI. FP can be started through both thermal and UV initiation. Regardless of the initiation
method, the RICFP mechanism remains the same.

As shown in Figure 2.7, when irradiated with UV light (1), the PAG is cleaved to form a cation (2).
This cation then abstracts a proton from the monomer or the solvent, leading to the formation of a su-
peracid (3). This superacid initiates the ring-opening reaction of the monomers, which is exothermic
and generates heat (4). The heat then decomposes the RTI, producing reactive radicals (5) that cleave
the PAG to form a new superacid (2). If the same process were initiated through heat/thermal energy,
then the cycle would start from the decomposition of RTI to form reactive radicals (5-2-3-4-5), while the
rest of the cycle would remain the same.

Figure 2.7: RICFP flow diagram

The first successful demonstration of RICFP was conducted by Mariani et al. [29]. They showed the
viability of RICFP for bulk curing of thick samples of an epoxy monomer. Later, Bomze et al.[9] extended
this work and successfully demonstrated the frontal polymerization of bisphenol A diglycidylether resin
(BADGE), a commonly used epoxy monomer. RICFP was shown to be a technique that allows for the
curing of monomer formulations in hard-to-reach places, which are not easily accessible with traditional
curing methods. This research group demonstrated the initiation and sustenance of a front by using a
formulation containing a combination of carbon-centred labile compound (high-temperature radical ini-
tiators [38]) as RTI with diaryliodonium salt as PAG. In the subsequent work, Bomze et al.[28] showed
the high storage stability of the RICFP formulation (high pot life) with the ability to influence front prop-
erties, such as front speed and front temperature, through the variation of initiator concentration.
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The success of the RICFP technique in creating neat monomer samples led to its natural extension
for themanufacturing of composites, which was first attempted by Sangermano et al.[10]. This research
group demonstrated the use of RICFP for manufacturing GFRP composites with BADGE as the epoxy
monomer. Sangermano et al.[11] then investigated the preparation of epoxy-carbon fibre composite
through UV-induced RICFP. In both cases, they compared the mechanical properties of composites
cured through FP with those cured thermally and found that both carbon fibre and glass fibre compos-
ites exhibit excellent thermo-mechanical properties. Dung Tran et al.[39] further investigated the effect
of fillers on FP while simultaneously demonstrating the effectiveness of FP when combined with an
existing resin infusion technique, such as vacuum-assisted resin transfer moulding (VARTM). Lastly,
Dung Tran et al.[40] demonstrated the possibility of manufacturing Prepregs capable of undergoing FP.

As mentioned previously, RICFP systems comprise three active components, and the choice of
these components seems to fundamentally dictate the physical properties of any frontal system. Sev-
eral successful frontal formulations have been developed using iodonium [41], sulfonium[33], bismutho-
nium [42] and pyrylium [42] based PAG architecture as photoinitiators. Similarly, several different ther-
mal radical initiators, such as dibenzoyl peroxide (BPO), azobis(isobutyronitrile) (AIBN) [35], and C-C
labile compounds like benzopinacol (TPED) [35] based FP formulations, have been demonstrated.

Several studies have noted the effect of initiator concentration on the front properties. For ex-
ample, Mariani et al.[29] demonstrated frontal formulations with stable fronts. This study showed
UV-triggered polymerization of CE (3,4-epoxy cyclohexylmethyl- 3’,4’-epoxycyclohexanecarboxylate)
in the presence of HOPH-SbF6 ([4-(2-hydroxytetradecyl)oxy]-phenyl iodonium-SbF6) or IOC-8 SbF6

([(4-(octyloxy)phenyl] phenyl iodonium-SbF6) as PAG salts with BPO as the thermal initiator. The con-
centration of PAG and RTI was observed to affect the front velocity and temperature. At low PAG
concentration ( 1 to 3mol % iodonium), sustainable fronts were observed. At these concentrations,
the front exhibited a front velocity of 3.2 cmmin−1 and a maximum temperature of 250 ◦C. However,
at high PAG concentrations, the front velocity increased ( ≈ 5cmmin−1) and the maximum front tem-
perature decreased to 232 ◦C. In contrast, front velocity and maximum temperature were observed
to increase linearly with RTI concentrations. Bomze et al.[28] also performed similar studies with the
epoxy resin bisphenol-A diglycidyl ether (BADGE) in combination with IOC-8 SbF6 and TPED as the
RTI. The results of this study are best summarized in the bar graph shown in Figure 2.8. Front velocities
show an increasing trend with an increase in the concentration of each initiator, with a steeper increase
observed at higher PAG concentrations.

Figure 2.8: Comparison of front velocities with the variation in concentration of RTI and PAG [28]



2.3. Radically Induced Cationic Frontal Polymerization 10

Similarly, Figure 2.9 summarizes the dependence of maximum front temperature on the concentra-
tion of RTI and PAG. The maximum temperature is observed for 1 mol % RTI, and as the concentration
of RTI increases, the maximum temperature is observed to decrease. A similar decreasing trend is
observed for PAG concentrations [28]. In conclusion, these results suggest that within a certain range,
higher initiator concentrations allow for faster and hotter fronts.

Figure 2.9: Comparison of maximum front temperatures with the variation in concentration of RTI and PAG [28]

According to Suslick et al.[14], frontal formulations developed so far involve cyclic ethers, some
of which are depicted in Figure 2.10. Additionally, Bomez et al.[9] conducted a comparative study to
investigate the impact of the monomer type on front properties. The study involved frontal formulations
created using a neat mixture of bis(epoxy) monomers with TPED and IOC-8 SbF6. The observed front
properties are summarized in Table 2.1.

Figure 2.10: Commonly used monomers in RICFP formulations [14]
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Table 2.1: Frontal properties of bis(epoxy) monomers under UV-ignited conditions

Monomer MW(gmol−1) Tmax(
◦C) Vf (cmmin−1) tignite(s)

CE 252 176 26.2 31
BADGE 340 173 2.7 38
NPDGE 216 169 19.9 10
HDGE 230 181 28.6 12
CHDGE 256 140 37.9 23

The formulations exhibited stable fronts after UV irradiation for a fixed duration. It was observed
that while there was some variation in ignition time, the formulations could be repeatedly ignited within
the same time frame. The study showed no apparent relationship between the ignition time and front
velocity. For instance, CE had more than twice the ignition time of HDGE, yet it had a faster front.
Similarly, there was no clear correlation between the maximum front temperature and the front veloc-
ity. Among all the monomers tested, CHDGE and HDGE provide the fastest fronts, despite having a
temperature difference (∆Tmax) of 41◦C. The study also noted bubble formation in all of the monomers
except BADGE. These bubbles resulted from the evaporation or boiling of small molecules caused by
the decomposition of monomers or initiators. Consequently, most RICFP formulations employ BADGE
monomer as it supports stable and robust fronts[9].

As previously mentioned, Sangermano et al.[10] demonstrated the manufacturing of GFRP through
the RICFP process. The composite samples were manufactured using a RICFP formulation that con-
tained BADGE epoxy monomer paired with TPED (1,1,2,2-tetraphenyl-1,2-ethanediol) as the RTI and
IOC-8 SbF6 cationic photoinitiator ((p-octyloxyphenyl) phenyl iodonium hexafluoroantimonate ) as the
PAG. The GFRP composites consisted of two fabric layers, each weighing 0.9g, deposited into a sili-
cone mould with orientations of 0◦ and 90◦, with a sample dimension of 4.0 × 5,5 cm, and 20g of the
epoxy formulation was added. The cross-linking was UV initiated, and 10s of irradiation was required
to initiate a moving front. For comparison, GFRP samples containing two fabric layers with 0◦ and 90◦
orientation were thermally cured in the presence of an amine hardener at 80◦C for 5hours. Both these
samples were then characterized by dynamic mechanical thermal analysis (DMTA) and tensile tests.
The summary of the observed properties is presented in Table 2.2.

Table 2.2: Properties of the glass fibres reinforced epoxy composites obtained by UV or thermal curing [10]

Sample Tg(◦ C) Tensile strength(MPa)2 Tensile Modulus E(GPa)3

UV cured 105 367±14 23.5 ±1.3
Thermally cured 95 345±23 21.8 ± 2.8

The samples cured using the RICFP method showed a higher glass transition temperature (Tg),
which was attributed to the difference in the polymer networks. The use of amine hardeners reduced
the flexibility of the epoxy network, while the network in a RICFP sample is purely formed of repeating
epoxy units. Moreover, the RICFP method allows for higher curing temperatures, which can lead to a
higher degree of epoxy conversion. The tensile tests showed that composites cured using the RICFP
method exhibited slightly higher mechanical performance, likely due to their higher Tg[10].

Sangermano et al. [11] conducted a similar study to demonstrate the feasibility of manufacturing
CFRP composites cured via UV-initiated RICFP. This composite used carbon fabric T300 200 gsm twill
2 × 2 and BADGE epoxy monomer containing 1.5 Wt% of IOC-8 SbF6 (PAG) and 1.5 Wt% of TPED
(RTI). Four fabric layers, each weighing 0.15 g, were laid into a silicone mould with a sample dimension
of 12 × 60 mm and a thickness of 3mm. The front was initiated through UV irradiation via an optical
fibre for a duration of 10 s.

Similar to the previous samples, a separate sample is thermally bulk cured at 80◦ C for 3 hours
for comparison. These two samples are then characterized with the DMTA and the tensile tests. The
results of these tests are summarized in Table 2.3. As in the case of the GFRP composite, this study
also noted that the Tg of the RICFP-cured composites is higher than that of thermally cured compos-
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ites. This difference is explained as a consequence of the formation of different polymer networks. The
mechanical analysis showed that composites obtained via the two methods have the same rigidity, but
the tensile strength is compromised in the case of the RICFP composite.

Table 2.3: Mechanical properties of crosslinked epoxy–carbon fibre composites obtained via thermal curing and RICFP[11]

Sample Tensile strength(MPa)2 Tensile Modulus E(GPa)3

Thermally cured composite 715±54 61±5
Frontally cured composite 447±81 61±4

Finally, Dung Tran et al.[39] utilized VARTM to manufacture CFRP composites containing 8 fabric
layers of woven carbon fibres. The epoxy formulation used consisted of BADGEmonomer with 4mol%
TPED as the RTI and 0.2 mol% I-Al (bis (4-tert-butylphenyl) iodonium tetrakis(perfluoro-tert-butyloxy)
aluminate) as the PAG. Additionally, 40 mol% of the solution contained HDDGE (1,6-hexanediol digly-
cidylether) and EOM (3-ethyloxetan-3-yl) methanol) as reactive diluents.

For a successful FP, the monomers must possess the required energy density and reactivity. How-
ever, not all monomers meet these basic requirements. To overcome this issue, reactive diluents can
be added to the FP formulation. In this formulation, HDDGE has a viscosity-reducing effect, and EOM
provides increased reactivity. The fibre volume fraction (Vf ) of the final layup with the formulation was
35%. For comparison, a sample containing a similar amount of carbon fibre Vf was produced via ther-
mal bulk curing.

Both these samples were characterized through differential scanning calorimetry (DSC) and fourier
transform infrared (FTIR) analyses. Conventionally, monomer conversions are usually measured via
the FTIR method. However, conventionally cured samples can have an overlap of epoxy and anhydride
signals. As a result, DSC analysis was also used for comparison. The data from the comparison study
is summarized in Table 2.4.

Table 2.4: Conversion and fibre content of woven carbon fibre reinforced epoxy composites cured by RICFP and thermal bulk
curing [39]

Sample Conversion by Fibre contentDSC FT-IR
Thermal cured 93.1±2.5 97.1±1.1 34.2±1.2
RICFP Cured 97.7±0.6 98.3±1.6 35.2±1.0
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2.4. Heat Transfer Considerations
A successful FP requires a fine balance between the reaction rates, the exothermic heat released and
the heat transfer into the unpolymerized monomer medium [14], as well as the surroundings. As previ-
ously discussed, the reaction rates and the exothermicity of the FP formulation are indeed dependent
on the choice of the monomer and concentration of RTI and the PAG. However, in addition to these,
to manufacture FRPs cured via FP, it is also important to understand the governing physics of heat
transfer.

To understand heat transport in a frontal system, a brief introduction to the various modes of heat
transfer is warranted. There are primarily four modes of heat transfer: conduction, convection, advec-
tion, and radiation [14].

Conduction occurs due to the direct contact between two bodies. Vibrating atoms and molecules
directly transfer kinetic energy to their immediate neighbours through collision. Conduction is the pre-
dominant mode of heat transfer in solids, but it also occurs in liquids and gases to a lesser extent [14].

Heat transfer through a bulk fluid flow is referred to as convection. Convection couples both mass
and energy diffusion within a fluid. Convection is caused due to external forces such as gravity driving
a density-driven fluid motion. As hotter objects are less dense than colder ones, mass diffusion of hot
and cold bodies within a fluid system provides the opportunity for the associated molecules to transfer
kinetic energy [14].

On the other hand, advection is similar to, but not the same as convection. Advection occurs due
to the non-diffusive movement of the fluid. A flowing fluid moves molecules with high kinetic energy
through space, leading to the transfer of energy between molecules [14].

The final form of heat transfer, radiation, is based on photon energy changes. In this process, high-
energy molecules undergo photo-relaxation and as a result, release a wave-like photon. Radiation,
unlike the other methods of heat transfer, can occur in a vacuum as well and hence does not need any
contact between the source and the sink [14].

In the context of FP, heat transfer plays a role in two phases. The first phase involves the transport
of the heat generated by polymerization via thermal diffusion (convection) through the monomer and
polymer phases. The second phase of heat transfer involves heat loss to the surrounding primarily via
convection and conduction, and to a lesser extent, advection and radiation [14]. Convection causes
heat loss to the unreacted monomer, while heat is lost to the reinforcement (carbon fibres) through
conduction.

with an understanding of the basics of heat transfer in FP, it is necessary to take a few factors into
consideration in order to successfully implement FP in the manufacturing of FRPs:

• Heat Generation vs Heat Loss: The FP formulation should exhibit very low reaction rates at the
room temperature (initial temperature), as well as a high reaction rate between the room temper-
ature and the adiabatic reaction temperature (temperature the formulation would reach without
heat loss). This is crucial for an FP formulation because the basic requirement for a successful
formulation is that the reaction is exothermic in nature. Such a formulation allows for a situation
in which the rate of heat production exceeds the rate of heat loss. This is essential for sustaining
the thermal front, as there must be sufficient energy available to cleave the initiators [9][43].

• Temperature and Front properties: Front properties, such as front velocity, are often temper-
ature dependent. For instance, front temperature and front velocity have a linear relationship
between them. Fast-moving fronts have higher front temperatures than slow-moving ones [44].
In a frontal system, the temperature is studied as a function of space and time. In an FP experi-
ment, thermocouples at fixed junctions or infrared thermographs are used to record temperatures.
Both these methods show three distinct regimes [14], as illustrated in Figure 2.11: (1) monomer
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preheating, which results from heat transfer from the ignition source or from the polymerization
enthalpy and is represented as a smooth curve in both space and time; (2) reaction front, resulting
from the concurrent heat released from the rapid conversion of monomer to polymer, represented
as a sharp gradient in both space and time; and (3) polymer cooling after polymerization due to
heat loss to the surroundings.

Figure 2.11: The three temperature regimes in frontal polymerization [14]

Moreover, Goli et al. [45] demonstrated that convective heat losses to the surroundings often
result in a front temperature lower than the trigger temperature (the temperature that triggered
a travelling front). Furthermore, Birkner et al.[46] reported that RICFP leads to a high degree of
monomer conversion as compared to traditional curing and they argue that this is due to high
polymerization front temperature which results in high conversion in a short period. It has also
been shown that excessively high front temperatures can cause the initiator to completely decom-
pose before all the monomer has reacted. This condition is termed initiator burnout and is said
to decrease conversion and front velocity [43].

• Effect of Fillers: Fillers are often added to monomer formulation to incorporate or improve spe-
cific properties. When fillers are added to FP formulations, they can significantly affect the initi-
ation and propagation of a front. For example, Bomze et al.[28] studied the effect of mica fillers
and found that UV-initiated FP becomes difficult due to the scattering of light on the filler particles.
Additionally, the heat uptake by filler material can have a significant effect on FP as it can reduce
the energy available for the decomposition of the thermal initiator.

Dung Tran et al.[39] tested a variety of fillers, both insulating and conductive, and concluded that
filler contents reduce the front velocity and frontal temperature. They explained this observation
as a result of the decrease in monomer concentration and the heat uptake of the fillers. The study
also showed that the use of conductive fillers could have an impact on FP, which is of particular
importance in the manufacturing of composites as the thermal conductivity of the reinforcements
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has an impact on the propagation of the front. The presence of a continuous conductive element
like carbon fibre alters the thermal transport of the front.

Goli et al.[47] showed that conductive elements allow the heat from the polymerization reaction
to travel ahead into the unreacted monomer, thereby increasing the reaction rate and frontal ve-
locity. Different fibre materials facilitate FP dynamics in different ways with the spacing between
the fibres limiting or facilitating the travel of the Front. They also observed that the presence of
a conductive element changes the shape of the front, likely due to the monomer being subjected
to higher preheating near the fibres with no preheating away from it.

Finally, Klikovits et al.[48] showed that the addition of insulating fillers like SiO2 to the formulation
has a positive effect on FP. The heat-retaining ability of these insulating fillers helps create a
locally heated zone at the initiation point, helping create a self-sustaining front.

• Effect of Boundary Layer Heat Loss: Frontal polymerization works on the principle of thermal
equilibrium between the heat generated by the exothermic reaction of the resin system and the
heat diffused by the propagating front. However, this equilibrium may be affected by the heat
loss from the system to the surrounding. Goli et al.[49] tested the effects of boundary layer heat
losses on FP. They mainly investigated the effects of two types of boundary layer heat losses.
The first one was the convective heat loss from the resin channel, which is the boundary of the
reaction, and the second one was the contact heat loss due to the interaction between the resin
channel and the tool plate. Both these boundary conditions led to a decrease in frontal velocity,
with substantial heat loss leading to frontal quenching. They also observed that convective heat
loss affected the maximum degree of cure in the channel, particularly in the region of the channel
boundary. Additionally, they also demonstrate that convective heat losses, when combined with
narrow channels, often lead to frontal quenching [50].



3
Research Scope

As described in chapter 2, a significant portion of the work carried out in the field of frontal polymeriza-
tion has focused on studying the effectiveness of new FP formulations. These studies have examined
the use of different monomer, PAG and RTI architectures for the successful propagation of the front.
Additionally, the relationship between the type of monomer and the initiator concentrations and the
properties of the front, such as front velocity and the front temperature have been explored. Success-
ful demonstrations of the use of FP to cure GFRP and CFRP composites have been conducted, and
the qualities of the resulting samples have been compared against similar FRP samples cured via tra-
ditional methods.

While the research so far has established the necessary foundation for the implementation of FP as
a viable alternative to bulk curing methods, a significant knowledge gap still exists in our understanding
of the behaviour of the front when in relation to FRPs. Moreover, the FRPs cured via FP until now
have been flat rectangular samples with uniform Vf . Although these samples are a good starting point
to demonstrate the feasibility of FP in composite manufacturing, they are hardly a representation of
the composites that finds structural applications. Therefore, the goal of this research would be to
demonstrate the feasibility of manufacturing FRP samples with varying Vfs within the sample and
varying geometric shapes.

3.1. Research Questions
Based on the introduction of this chapter, different research questions have been developed and the
main research question is as follows:

” Can we control the heat losses in frontal polymerization to maintain the heat generation-diffusion
equilibrium under geometrically complex conditions? ”

In order to answer this main question, the research question has been further divided into sub-
questions:

1. What is the influence of the variation of the Vfs within the sample on the propagation of the front
through the sample?

2. Does the geometrical complexity of a composite part have an influence on FP?

3. What characteristics are desired in a test setup to cure composite samples via FP?

Answering these research questions will aid the extensive characterization of FP in the manufac-
turing of FRPs. The developed mould test setup will be used to investigate the influence of varying
Vfs within the sample on the propagation of the front and demonstrate the feasibility of manufacturing
composite samples with different geometries cured via FP. The results from these sub-questions will
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help determine whether the heat balance required for the sustenance of the front can be achieved,
hence affirming FP’s viability as an alternative to traditional bulk curing methods currently used in the
manufacturing of composite parts.

3.2. Research Hypothesis
In this section, the hypotheses based on the questions presented in the previous section will be dis-
cussed. As described in chapter 2, the thermal front can only propagate when a heat balance is main-
tained between exothermic heat generated and the heat diffused through the unreacted monomers
and fibres, as well as the loss of heat to the surrounding. Therefore, before studying the effects of
the changing Vfs and geometry on the behaviour of the front, an effective and predictable system is
required to manufacture composite laminates cured via FP. The question regarding the appropriate
mould test setup is thus posed, with the hypothesis that a mould test setup comprising insulating ele-
ments will be able to maintain the required heat balance for the propagation of the front [51].

In parallel with the development of a mould test setup, an optimization of the manufacturing process
required to achieve samples of repeatable quality would be necessary. This optimization process will
involve testing for the most optimal method for initiating the front, as well as determining the optimal
quantity of resin required to achieve saturation of the fabric layers. Optical analysis will be performed
to assess if there is an improvement in the quality of samples. Additionally, samples with increasing
Vfs will also be manufactured. It is assumed that a system beyond a certain value of Vf will not be able
to sustain a front due to disruption of the heat balance, based on the conclusions of previous studies
reported in the previous sections.

Once the highest achievable Vf is determined, experiments will be performed to study the influence
of changing Vfs within the sample on the propagation of the front through it. Composite samples with
changing Vfs will be manufactured, and the sample surface area will be divided into two regions with
different Vf values. One of the regions will have a lower Vf as compared to the other, and the front on
initiation will propagate through the lower Vf region before reaching the higher Vf region. The hypoth-
esis here is that if the Vf in both regions is below the highest achievable Vf , the front should propagate
smoothly from one region to another. However, if the Vf in the higher Vf region exceeds the highest
achievable Vf of the test setup, the front will either quench at the interface or at a short distance from
it. The propagation of the front from one region to another will be quantified through the collection of
temperature data. This data will then be used to speculate the thermal behaviour of the front at different
points during its propagation.

Finally, the possibility of curing composites with different geometries via FP will be examined. A flat,
in-plane ”L” shaped geometry will be selected, and the front will be started from one of the arms. The
assumption here is that the front should traverse through any flat, in-plane geometry as long as the
heat balance within the system is favourable to FP. The highest Vf achievable for these L-shaped sam-
ples is expected to be the same as those achieved in sub-question one. If the L-shaped samples with
uniform Vf are successful, the complexity of the sample will be increased by introducing changing Vfs
within the sample. The samples are expected to cure in the same way as the flat rectangular samples
manufactured in the second sub-question, and this is based on the assumption that propagation of the
front will not depend on the shape of the sample but rather on the ability to maintain the complimentary
heat balance.
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3.3. Research Objectives
The research objective for this master thesis is:

” To study the influence of varying Vfs within the sample on the propagation of the front and
to demonstrate the feasibility of manufacturing samples with varying geometry by designing an
appropriate test setup that would allow effective control of the heat generation-diffusion equilib-
rium.”

To achieve this objective, different sub-goals are set. First, a mould test-up that allows for the
repeatable manufacturing of composite samples will be built through trial and error. Second, the highest
achievable Vf that can be consistently achieved with the test setup will be determined. Once the
mould test setup is in place, the influence of changing Vfs within the sample on the propagation of
the front will be studied. Third, composite samples with varying Vfs will be manufactured, followed
by the fourth sub-goal, which will involve incorporating thermocouples to study the propagation of the
front from one Vf region to another. This will then be followed by the fifth sub-goal, which entails the
manufacturing of composite samples with a different geometrical shape while keeping the Vf uniform.
This will determine whether the same highest achievable Vf as in the second sub-goal is repeatable.
Based on these results, the final sub-goal is to vary the Vf within the sample of this new shape to
validate if the observations in sub-goals three and four also apply to the behaviour of the front when
the shape of the sample is changed.



4
Manufacturing by FP

To answer the research question posed it is imperative that the right kind of experiments were designed
to perform the required tests. This chapter provides the details of the evolution of manufacturing com-
posite samples cured via FP.

4.1. FP Formulation & Characterization
The manufacturing of composite samples began with the preparation of the frontal polymerization so-
lution mixture. This solution mixture contained components that enabled frontal curing based on the
RICFP mechanism, as discussed in chapter 2. The RICFP curing mechanism involved three active
components: (1) epoxy monomer, (2) RTI, and (3) PAG. Additionally, a photosensitizer was added to
shift the initiation wavelength spectrum. The list of chemicals used for to prepare the solution mixture
can be found in Table 4.1. Two different sources of epoxy monomer were used to manufacture the
composite samples. The first set of samples used IGM Omnilane OC1005, procured from IGM Resins,
while the latter set of experiments used UViCure S105, procured from Arkema.

Table 4.1: Componensts of frontal polymerization solution mixture

FP component Chemical CAS Number

Epoxy resin 3,4-Epoxycyclohexylmethyl-
3’,4’-epoxycyclohexane carboxylate CAS 2386-87-0

Radical Thermal Initiator Benzopinacol CAS 464-72-2

Photo acid Generator (4-(Octyloxy)phenyl)(phenyl)
iodonium hexafluorostibate CAS 121239-75-6

Photosensitizer Isopropylthioxanthone (ITX) CAS 5495-84-1

The preparation of the solution mixture began with the removal of volatiles from the resin. The re-
quired amount of resin was measured and placed in a beaker, which was then put in a vacuum oven.
The resin was subjected to a vacuum at a temperature below its boiling point for a specific duration.
The vacuum created an inert environment that prevented the resin from absorbing any moisture from
the surrounding air. Care had to be taken to ensure that the resin did not boil in the oven and evap-
orate, as a liquid under vacuum (reduced pressure) has a lower boiling point. Therefore, the vacuum
was only pulled enough to remove the volatiles before any boiling was observed. Once the resin had
been heated, the oven was turned off, and the resin was cooled under a vacuum. After the resin had
completely cooled down, it was removed from the oven.

The resin required for the FP formulation was measured by weight percentage and transferred to a
separate mixing beaker. Then, the necessary amounts of benzopinacol and ITX Photosensitizer were
measured based on weight percentages and added to the beaker. To prevent exposure to UV light, the
entire beaker was covered with aluminium foil. The components were mixed at high shear rates using
a magnetic stirrer. Once the benzopinacol and the ITX had completely dissolved, the required amount
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of photoinitiator IOC-8 SbF6 was weighed and dissolved at high shear rates. The resulting solution
mixture was stored in a storage bottle with its mouth covered by Parafilm, and the entire bottle was
wrapped in aluminium foil before being kept in the refrigerator until use.

The percentage of the various components depended on whether the solution mixture was being
used to make polymer samples or fabricate composite samples. These values were obtained from the
literature [51]. The weight percentages of the different components based on their use have been pre-
sented in Table 4.2. The concentration of initiators used to manufacture composite samples cured via
FP was larger than a regular polymer sample. The FP formulation utilized in composite manufacturing
comprised 2.13 wt% and 0.75 wt% of benzopinacol and IOC-8 SbF6, respectively.

Table 4.2: The weight percentages of the various FP components

FP Components Composite Samples (wt%) Polymer Samples (wt%)
Benzo pinacol 2.13 1
IOC -8 SbF6 0.75 0.4

ITX 0.05 0.05

In chapter 2, Frontal polymerization was described as a process that depends solely on the exother-
mic enthalpy of polymerization to convert the monomers into a polymer. To determine if the solution
mixture prepared had the required enthalpy to successfully carry out frontal polymerization, it was char-
acterized using the calorimetric technique known as Differential scanning calorimetry (DSC). The DSC
(dynamic DSC) involves measuring the difference in the heat flow rates between the sample and a
reference while they are being subjected to a controlled temperature program. It is important to note
that DSC measures the change in property, namely the difference in the heat flow rate, which is a con-
sequence of the variation of sample temperature. This means that no heat flow measurements can be
made when there is no alteration in the sample temperature. Hence, a distinct ”temperature program”
is necessary for a DSC measurement [52].

The DSC furnace temperatures were equilibrated at -20◦C for 1min to ensure a constant scan rate
and reliable temperature readout. The crucibles were then heated to a temperature of 250◦C at a
heat ramp of 55◦C/min. The obtained DSC data was further processed to determine the enthalpy of
polymerization and the polymerization onset temperature for each batch of FP formulation. The results
from the DSC analysis have been presented in chapter 5.

Before manufacturing the composite samples, each batch of the FP formulation underwent charac-
terization via the DSC technique. A solution with an enthalpy of polymerization ranging between 400
J/g to 600 J/g is required for successful front propagation through the composite layup [39]. The initial
batches of FP formulation mixed were small, consisting of 20g each, and all used the IGM Omnilane
OC1005 epoxy monomer. As the need for the resin in the experiments increased, larger quantities
ranging from 40g to 80g were mixed using IGM Omnilane OC1005 as the epoxy resin. However, these
batches of the formulation showed inconsistencies in the enthalpy values due to the variations in the
mixing apparatus and shear rates employed. To address these inconsistencies and improve the con-
sistency of the mixture, standardisation was carried out.

The latter part of the experimental trials involved batches of FP formulations that utilized UViCure
S105 as the epoxy resin. To ensure consistency, a standardized mixing approach was adopted, and
the mixing beaker and magnetic stirrer were kept constant throughout. All batches had a weight of 80g
and were mixed at a shear rate of 440rpm. The mixing time for all components was also standard-
ized. Firstly, the resin was mixed with benzopinacol and ITX photosensitizer for a duration of 17 hours
(overnight), followed by the mixing of IOC-8 SbF6 for 7 hours.
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4.2. Casting Silicone Moulds
To manufacture composite samples cured via frontal polymerization, it was important to choose the
right test setup [51]. As mentioned in the previous chapters, for the successful propagation of the front
it is necessary to maintain a balance between heat generation and diffusion. Therefore a material that
could help maintain the required thermal heat balance while preserving its structural integrity at the ele-
vated front temperatures was needed. To achieve this, Room Temperature Vulcanizing (RTV) silicone
rubber was chosen as the appropriate material. The casting process started with the preparation of
the box cavity with the pattern to be cast and the silicone mix. As shown in Figure 4.1, to ensure that
the pattern cast was dimensionally precise, the core/pattern had to be made of rigid solid material like
wood, metal, PLA, etc.

Figure 4.1: Preparation of mould setup for casting.

The next step was to mix the silicone base and catalyst using the recommended mixing ratio of
10:1 (base to curing agent). A clean container was used, and the required amount of base and catalyst
were poured in proportion. The two components were mixed manually until the catalyst was completely
dispersed in the base (see Figure 4.2 A). The mixture was then degassed for a minimum of 12 min in a
vacuum chamber (see Figure 4.2 B). The mixture would take 16 hours to cure completely at room tem-
perature. If the ambient temperature was any lower, it would take longer to cure. Conversely, heating
accelerates the curing process, but could cause significant shrinkages due to the difference in cooling
between the siliconemixture and themould original. The siliconemoulds made from SILASTICTM RTV-
4136-M have high temperatures resistance, making them perfect for manufacturing samples cured via
frontal polymerization. However, the silicone joint would loss its elastic properties upon repeated ex-
posure to a temperature above 200◦ C [53]. Additional details on the preparation of the SILASTICTM

RTV- 4136-M silicone mixture and the mould cavity have been presented in section B.1.

Figure 4.2: Silicone components mixing and degassing. A: Mixed SILASTICTM RTV- 4136-M base and curing agent. B:
Vacuum chamber utilized to degas the liquid silicone mixture.
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4.3. Manufacturing Composite Samples
A series of experiments were conducted to demonstrate the manufacturing of composites cured via
frontal polymerization. These experiments were of increasing complexity, each subsequent trial built
upon the failures and the know-how gained from the preceding set of experiments. These experiments
helped determine the setup required for a sustaining front and the highest possible Vf achievable by
combining the hand layup processing with FP-based curing. The experiments performed can be broadly
classified into three separate categories based on the addition of elements to the mould setup, which
allowed for better consistency and control over the sample manufacturing process.

The first set of experiments was performed in open silicone moulds cast to the required dimensions.
In this experimental set, the samples were made in an open silicone mould with a cavity of dimensions
120×60×5mm. The samples manufactured used only 1 or 2 fabric layers to determine the feasibility of
a silicone-based mould for FP curing. A 2/2 twill weave carbon fabric was chosen as the reinforcement
phase. As the corresponding technical data sheet was unavailable, the required parameters were ei-
ther calculated or based on the standard values obtained from the literature.

To carry out the hand layup, a brush was used to spread a layer of resin on the cavity surface,
followed by layup of the fabric layer pre-cut to a dimension of 11×5.5 cm via a guillotine shear (see
Figure 4.3 A & B). The fabric layer was pressed into place with a wooden stick, followed by an additional
layer of resin completely wetting the fabric layer (see Figure 4.3 C). After the layup was completed, a
soldering iron was used to initiate the front. If the initiated front did not travel all the way to the end,
curing the entire sample area, then a front was initiated again just in the vicinity of the uncured region
(see Figure 4.3 E).

Figure 4.3: Manufacturing composite samples in an open silicone mould A: Guillotine shear. B: A brush was used to wet the
mould cavity. C Compaction with a wooden stick. D: Soldering iron. E: Re-initiation of front.

The second set of experiments incorporated three new features based on observations from the
previous stage. As shown in Figure 4.4, a 3mm Teflon plate was used to cover the cavity to prevent
any loss of heat to the environment. A 7mm hole was drilled through the plate for FP initiation via the
soldering iron (see Figure 4.4 D), and weights were kept on top of the Teflon plate to achieve uniform
thickness (see Figure 4.4 D). Furthermore, samples were made of a size such that there was enough
surface area for the provision of a resin pool (see Figure 4.4 C). This resin pool was now initiated di-
rectly, forcing the front to cure the pool first before moving on to cure the layup. This ensured that the
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fabric did not stick to the hot iron when in contact. The silicone mould had a cavity with the dimensions
of 60×50×5 mm.

Figure 4.4: Manufacturing composites samples with a Teflon cover silicone mould. A: Gerber cutting machine. B: Pouring and
spreading of resin C: Handlayup D: Placing a 3mm thick Teflon cover and the weights and initiating of the front using a

soldering iron. E: Cured sample.

The hand layup process began by pouring and spreading some resin on top of the cavity surface
(see Figure 4.4 B), followed by laying the first fabric layer cut to the appropriate dimensions via the
Gerber cutting machine (see Figure 4.4 A). The fabric layer was then laid on the resin film, and a
wooden stick was used to thoroughly wet the layer. This was repeated for the next resin and fabric layers
until the required number of layers was in place. The number of layers and hence the corresponding
theoretical fibre volume fraction was calculated via a formula derived based on the standard composite
volume fraction formula-

Vf =
n×Atextile

ρfabric × d
(4.1)

Where Vf is the fibre volume fraction, n is the number of fabric layers, Atextile is the areal weight of
2/2 twill weave used as the reinforcement, ρfabric is the density of the fibre used in the 2/2 twill weave
fabric and d is the intended/measured thickness of CFRP part.

The areal weight of the fabric was calculated by weighing a fabric with a surface area of 100cm2

(10×10cm) and then calculating the areal weight of 1cm2. The calculated areal weight of the fabric was
276 g/m2. The value of fibre density (ρfabric) was assumed to be 1.77g/cm3, based on the range of
density values summarized in literature[54].

Once the predetermined number of layers were laid up, the resin pool was created in the remaining
unused surface area (1cm×5cm). Subsequently, the Teflon plate was placed above the cavity with the
initiation hole right above the resin pool. The weights were then placed on the Teflon plate and the
front was initiated via the soldering iron (see Figure 4.4 D). Multiple samples with different Vfs were
manufactured until the highest Vf with this test setup was reached.
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The last set of experiments was conducted using a specially designed closed mould setup, which
was intended to achieve uniform thickness across the sample. The design of this mould was based
on the observations of the behaviour of the front in the first two sets of experiments. The various com-
ponents and the assembly of the closed mould setup are depicted in Figure 4.5. The mould setup
was comprised of four separate elements: a frame, two Teflon plates, two steel plates and a silicone
joint with a cutout pattern (see Figure 4.5 A ). The frame and the silicone joint, each 5mm thick, were
sandwiched between two Teflon plates, which were in turn sandwiched between two steel plates. The
entire setup was held together by eight M6 nuts and bolts.

Figure 4.5: Assembly of the closed mould setup. A: Components of the closed mould test setup. B: Isometric view of the
mould assembly. C: Cross-sectional view of the closed mould test setup

Tomanufacture the composite samples, the bottom Teflon and steel plates were aligned by inserting
all eight bolts. The frame was then inserted to create a cavity for the silicone joint. To prevent leakage
of resin through the interface between the Teflon plate and the silicone joint, a grease lubricant was
applied along the cutout on the silicone surface in contact with the Teflon.

As illustrated in Figure 4.6, the silicone joint was put in place, and then the fabric layers were laid up
in the cutout. Unlike the previous two sets of experiments where the resin was applied layer by layer,
a large chunk of resin was now poured into the cavity, creating a pool where the fabric layers were
subsequently placed into the cavity step by step (see Figure 4.6 A).

The layup process involved laying the fabric into the cavity and allowing the resin to wet the layer
completely by capillary action before compressing the layer into the cavity with a wooden stick. This
process was repeated until all the fabric layers were in place. During the layup, if the amount of resin
appeared to be insufficient, additional resin was added to ensure that the cavity remained resin-rich.

Similar to the second set of experiments, the dimension of the cavity were 60×50×5 mm, and the
fabric layers used were cut to the dimension of 5×4.5 cm. The remaining area in the cavity was used
to create a resin pool used to initiate FP. Once the last layer was in place, the entire lower half of the
mould, along with the completed layup, was placed in the degassing chamber (see Figure 4.6 C). This
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Figure 4.6: Manufacturing of a composite sample with the closed mould setup. A: Pouring the resin into the cavity. B: Layup
of the fabric layers. C: Manual degassing in a vacuum chamber. D: Checking for heating of the steel plate over the sample to

check the progression of the front.

was a simple manual degassing method used to remove the air entrapped in the FP formulation and
between the fabric layers.

After degassing, the lower mould half was taken out of the vacuum chamber, and a final dose of
resin was used to cover the fabric and fill the initiation pool. The mould was then closed with upper
Teflon and steel plates. M6 nuts were tightened against the bolts, with the centre bolts being tightened
first, followed by the corner bolts. To initiate FP, a hole large enough (7mm) for a soldering iron was
provided through the upper steel and Teflon plate.

The front was initiated by touching the resin in the pool with a soldering iron. To check the progress
of the front, the steel plates were checked for any release of heat. If the steel plates became hot directly
over the cavity, then it was an indication of curing (see Figure 4.6 D). After 2 or 3 min, the mould was
demoulded to remove the fully cured composite part.

Prior to manufacturing the stainless steel components, it was necessary to create a prototype first
to test the feasibility of the setup. The prototype mould consisted of an aluminium plate for the outer
covers and a 3D-printed frame made of polytetrafluoroethylene (PTFE). The Teflon covers and silicone
seal, which were used to contain the heat within the system, were manufactured once and later reused
with the stainless steel mould test setup. The success of the prototype mould led to the manufacturing
of the actual stainless steel mould test setup.

The composite sample manufactured via the closed mould test setup exhibited observable variation
in thickness, which led to variation in Vf across the length of the sample (further discussed in chapter 5).
This variation was attributed to the thickness variation across the cavity in the silicone joint. To correct
this issue, the source of the thickness variation across the silicone joint was investigated. For this pur-
pose, a new silicone joint was manufactured using the exact same steps as mentioned in section 4.2.
Furthermore, to check for possible thickness variation across the length of a composite laminate, a
representative resin block was cured in the new cavity.

To perform this exercise the lower half of the mould, which included the lower Teflon plate, lower
stainless steel cover, and stainless steel frame, was pre-cleaned and assembled. The newly cast
silicone joint was then assembled to create a new cavity. For this exercise, EPIKOTETM resin and
EPIKURETM curing agent (code number: 04908) from HEXION were used. This two-part mixture had
a mixing ratio of 10:3 (resin to curing agent), and had a curing time of 4 to 6 hours at a temperature
of 80◦C. The mixture was degassed before use to remove any air bubbles formed during the mixing
process. The mixture was then poured into the cavity before closing the mould. The mixture was
allowed to cure overnight at room temperature, after which the cured resin block was demoulded, and
its thickness variation was measured.
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4.4. Void Fraction Study
The quality of the samples manufactured through the different mould test setups was assessed by
observing them under a laser confocal microscope to check for void content. The preparation for the
microscopy began with identifying the surface of the laminate to be observed under amicroscope. Once
the surface had been identified, a permanent marker was used to label the samples and indicate the
surface to be cut (see Figure 4.7 B). The selection and labelling of the samples were followed by the
cutting/sectioning process using an abrasive cutting saw lubricated with a coolant to prevent damage
to the samples due to the heat generated during the cutting operation.

Figure 4.7: Labelling and cutting of samples.A: cutting machine.B: Labelling the samples.

As the objective of this study was to understand the reductions in void distribution among the dif-
ferent samples, it was more appropriate to study the void distribution along the entire length of front
propagation. This need was also complemented by the small dimensions of the sample (60×50mm).
The samples were then cut through the exact centre along the entire length of the samples and fur-
ther cut into two small sections of 30×25mm to fits into the embedding mould. The cut samples were
then cleaned in an ultrasonic bath to remove any particulate matter that might be left on the cut sam-
ples post-curing. The cleaned cut samples were then removed from the bath and dried using an air gun.

To observe any surface under a microscope, they were first embedded in a sample holding mould.
To increase efficiency, many samples were embedded in one single holding mould, reducing the time
spent in the remaining preparation steps namely, the grinding and polishing. To embed the samples, a
plastic mould coated with a release agent was used (See Figure 4.8 A).

Figure 4.8: Embedded samples. A: Plastic mould used for embedding. B: Holding mould.

The pre-cleaned and dried samples were joined together with double-sided tape and lowered into
the cavity. Epofix, a cold-setting resin based on two-fluid epoxy components, was used for embedding
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the samples. With a mixing ratio of 25 parts resin to 3 parts hardener by weight, the required amount
of resin was mixed. The mixture was then carefully poured into the plastic cavity to prevent air bubbles
from getting caught. The mixture was then allowed to cure for about 8 hours before demolding to get
the holding mould (See Figure 4.8 B).

Before the samples could be observed under a microscope, they had to be ground and polished
to obtain a smooth and plain surface (see Figure 4.9). An automatic grinding and polishing machine
was used for this purpose. The samples were first ground with silicone carbide paper. To increase the
rate of material removal, increasing grades of the grinding papers were used, starting from grade 180,
followed by 320,1000,2000 and grade 4000. After each grinding step, the sample (holding mould) was
immediately cleaned via an ultrasonic bath and dried with an air gun to ensure that no particulate mat-
ter was carried onto the next grinding paper, which could have caused scratches on the sample surface.

To polish the samples, the grinding paper was replaced with a polishing cloth coated with a diamond
abrasive paste. Different grades of diamond abrasive pastes were used, starting from 6µm to 3µm and
1µm. Care was taken to ensure that the appropriate polishing cloth was used with the corresponding
grade of polishing paste.

Figure 4.9: Ground and polished samples.

After the polishing step, the samples were ready to be observed under the microscope. Keyence
laser scanning confocal microscope was utilized for the observations and the samples were observed
at 10× magnification.

The entire surface area of the sample was split into many sub-surfaces, each of which was observed
and captured at 10× magnification. The final image of the entire surface was obtained by stitching all
the individual images of the sub-areas. All these steps were automatically performed by the inbuilt
control software of the KEYENCE microscope. The stitched images of the entire surface area of the
sample were then post-processed with an image processing software known as ImageJ.
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4.5. Influence of Fiber Volume Fraction
To consider frontal polymerization an effective technique for curing thermoset-based composites, it was
necessary to test its versatility in manufacturing composites that find everyday applications. Primary
and secondary load-carrying structures made of composites are not flat, rectangular plates; they are
complex structures with varying shapes and thicknesses. The thickness of composite samples can be
varied by stacking a different number of fabric layers. However, no studies have yet demonstrated the
feasibility of using frontal polymerization to manufacture composite samples with variations in the fibre
volume fraction (Vf ) within a single homogeneous structure.

Building on the know-how gained from various experimental trials using the closed mould test setup,
a new set of experiments was designed to manufacture composite samples with varying Vfs within the
sample.

In order to manufacture composite samples with varying Vfs, the surface area of the flat rectangular
plate samples was divided into two separate regions of higher and lower Vf . Prior to manufacturing a
composite sample, a silicone seal with dimensions of 90× 50mm was cast. With its large surface area,
the cavity allowed for significant variations in the dimensions of the higher and lower Vf region. This
flexibility in the dimensions of the different Vf regions enabled themanufacturing of a variety of samples.

Furthermore, the thickness of this cavity (4.91 ± 0.04 mm) was similar to the cavity utilized to man-
ufacture flat rectangular laminates. As a result, the highest Vf achievable was consistent with that
of the flat rectangular samples (up to 12 layers, theoretical Vf of 38%). The manufacturing process
began with the same steps described in section 4.3. The initial steps involved the preparation and the
assembly of the bottom mould half with the silicone seal to create the cavity for the layup of the fabric
layers, and this step remains unchanged.

As illustrated in the schematic diagram in Figure 4.10, the surface area of the sample was divided
into two separate regions of lower and higher Vf . The lower Vf region was adjacent to the resin pool
and similarly, the higher Vf region was adjacent to the lower Vf region. The exact surface area of the
lower and the higher Vf regions varied from sample to sample and the figure shows the case where
the lower and higher Vf regions are equally split.

Figure 4.10: Schematic diagram showing the different regions of fibre volume fraction.
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To achieve these two separate regions, a unique fabric layer stacking method, referred to as the
”blended hand layup method” was used. To understand this stacking method, Let us take the example
of a sample where the lower and the higher Vf regions were made of 11 and 13 fabric layers, respec-
tively. To achieve the required layup, 11 continuous fabric layers with a dimension of 80 × 49 mm and
2 shorter fabric layers with a dimension of 40 × 49 mm were cut out.

To cut the fabric layers, the Gerber cutting machine was initially used. However, later on, manual
cutting methods were utilized, where a large piece of fabric was sandwiched between two plastic films.
The entire setup was then stuck to a cutting table using masking tape (as shown in Figure 4.11 A). The
tape was pulled in tension and stuck to the table to ensure that no wrinkles were formed on the fabric.
To cut out the fabric layer, a roll cutter was traced along the edges of a 3D printed template, printed to
the dimensions of the fabric layer (as shown in Figure 4.11 B).

Figure 4.11: Cutting of fabric layers manually via a roller cutter and a template. A: fabric cutout sandwiched between two
plastic films and stuck to a cutting table with masking tapes. B: Cutting fabric layers with a role cutter.

Similar to the steps described in section 4.3, the layup process began by pouring some resin into
the cavity creating a pool. The first of the long fabric layers was laid into the cavity, this layer was then
allowed to be wetted via the capillary action. Then the layer was compacted using a wooden stick (See
Figure 4.12 A). The remaining fabric layers were laid up in an exactly similar way. To build up the regions
of the higher Vf the two small fabric layers were stacked in between appropriate layers of the longer
fabric layers. This way the region of higher Vf was made of 11 continuous fabric layers and 2 shorter
fabric layers while the region of lower Vf had only 11 layers. The shorter fabric layers were stacked
appropriately between 3rd & 4th layers and 6th & 7th (See Figure 4.12). This unique method of stacking
allowed for the formation of a continuous homogeneous sample without any physical demarcations
between the two regions. The layup was then placed into the degassing chamber to remove the air
entrapped between the layers. Following this, the remaining steps of mould closure and front initiation
remained the same as in section 4.3.
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Figure 4.12: Manufacturing composite samples with the variation of Vfs within the sample.

4.5.1. Manufacturing Process Optimization
The initial composite samples, which were manufactured with two separate Vf regions, exhibited in-
consistency and non-repeatability. These samples are presented in section 5.3. In order to identify
the source of inconsistency, a study was conducted by manufacturing samples with equal regions of
higher and lower Vf . The manufacturing steps used were documented and later examined to identify
possible sources of inconsistency. The samples were manufactured following the exact steps outlined
in section 4.5. The Gerber cutting machine was used to cut the fabrics to the required dimensions.

As a result of this exercise, four main sources of inconsistency were identified: (1) fraying of carbon
fibre filaments from the fabric layers before and after layup, (2) an inadequate amount of resin during
the layup process, (3) a small initiation pool size, and (4) movement of the layup and loss of resin during
degassing. The following steps were taken to tackle these issues:

In all of the manufactured samples, two main sources of fraying have been identified: (1) fraying
of filaments during cutting and subsequent storage and handling of the fabric layers, and (2) fraying of
filaments during compaction with a wooden stick.

The fabric layers that were cut using the Gerber cutting machine exhibited filament fraying due to
poor handling during transport from the cutting table and inadequate storage before use. To ensure
fabric stability and reduce filament fraying during handling, an optimized cutting method was necessary.
To achieve this objective, three separate approaches were devised and tested: (1) tow stabilization with
an air tack spray, (2) pre-wetting and cutting technique, and (3) dry table cutting and placement.

The first method of tow stabilization, involving an air tack spray, consisted of applying a fine mist of
adhesive that would create a temporary bond to hold the filaments at the edge of the fabric layer intact.
As shown in Figure 4.13, a 3D-printed mask was placed on top of the fabric layer, and the air tack spray
was gently applied to the exposed edges to stabilize it.
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Figure 4.13: Using air tack spray to arrest the tows at the edges of the fabric layers.

The second method of tow stabilization involved prewetting and cutting fabric layers. In this method,
the fabric layers were cut from a pre-wetted fabric sheet, which reduced or eliminated the separation
of tows during the cutting process. To create a wetted fabric, a large piece of fabric was sandwiched
between two plastic sheets, and resin was introduced between the plastic films and into the fabric lay-
ers to wet them (see Figure 4.14). The fabric layers were then cut from this sandwich using a roll cutter
and a 3D-printed template.

Figure 4.14: Pre-Wetting of the fabric layers sandwiched between two plastic films.

Both of these methods have some disadvantages, as discussed in subsection 5.3.1, which limit their
usability. Following these two methods, the dry-cutting method was devised. After conducting various
trials, the manual dry cutting method described in section 4.5 was selected as a replacement for the
fabric cutting process that previously utilized the Gerber cutting machine.

The second source of fraying, which occurred during the compaction of the fabric layers, was more
challenging to address. It was observed that even fabric layers of pristine quality experienced tow sep-
arations as a result of the outward flow of resin during the compaction process. To address this issue,
minimum compaction was chosen with greater emphasis given to natural settling assisted by gravity
and capillary action. However, if the tows did separate, they were not removed after degassing but
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rather left untouched.

Two main causes of low levels of resin saturation were identified: (1) inadequate resin added during
layup, and (2) resin escape during compaction. To overcome both of these problems, oversaturation
of resin was considered to be the key solution. To achieve oversaturation of resin, the process of
adding resin was standardized. This involved adding a predetermined quantity of resin during the
layup process, with the number of layers at which the resin would be added also predetermined. The
quantities of the resin used and the point of resin addition, determined through trial and error, have been
presented in Table 4.3. To supplement the resin that escapes the cavity during degassing, 10g of resin
was added. Prior to use, this resin was degassed to prevent any new sources of voids. Additionally,
the resin was used to fill the pool up to the brim and create a thin layer of resin film over the layup. This
ensured that despite the resin being squeezed out during compaction, sufficient resin was still available
within the system to initiate the propagation of the front.

Table 4.3: The quantities and the point at which the resin is added during the handlayup porcess.

Layers at which the resin is added Weight in g
The initial resin pool created for the layup (base) 16±0.5

Resin added after the layup of the 8th layer 6±0.5
Resin added after the layup of the 10th layer 5±0.5

Resin added after degassing and before mould closure 10±0.5

Another source of inconsistency that was identified was related to the size of the resin pool. The
samples produced indicated that changing the initiation pool size had an impact, as shown in subsec-
tion 5.3.1. To address this issue, two separate steps were taken. First, the frayed tows were manually
removed to ensure a pristine resin pool. Second, the physical size of the resin pool was increased from
10mm to 15mm. These measures were taken based on the results of the trials.

Finally, disorientation of the stacked fabric layers during degassing was observed. The sudden rush
of air into or out of the degassing chamber affected the orientation of the layup, causing it to rotate out of
the cavity. This movement was also accompanied by an excessive loss of resin from the cavity, which
affected the propagation of the front through the fabric layers. To tackle this challenge, a 3D-printed
frame was used to stabilize the plies in the cavity. This frame surrounded the cavity, holding the layup
and resin in the exact same orientation as before degassing.

Figure 4.15: Movement of the stacked fabric layers while degassing. A: Disorientated fabric layers. B: 3D printed frame used
to arrest the fabric layers in place during degassing.
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4.5.2. Temperature Monitoring
To better understand the effects of varying Vfs on the propagation of the thermal front through a com-
posite sample, a quantification system is required. This system should enable the measurement of the
propagating front. One simple and effective quantification method for this purpose is the capture of
temperature data at key locations on the sample surface.

The temperature data across the sample surface was captured by incorporating thermocouples into
the layup. Type K thermocouples with a diameter of 0.5mm were used to capture temperature data.
These thermocouples were manufactured in-house by stripping the thermocouple wire, which consists
of two wires. The outer insulation and the shielding covering the metal wire were stripped, leaving the
bare wires. These bare wires were then twisted together to maintain contact. The contact was made
permanent by soldering the two wires together using an L60+ thermocouple & fine wire welder from
LABFACILITY. The other end of the thermocouple was attached to a plug or connector, which was then
connected to a device which measures temperature. For these experiments, a Keithley 2701 Ethernet-
Based digital multi-meter was used for the acquisition of temperature data. The final data collection
test setup utilized for temperature monitoring is illustrated in Figure 4.16.

Figure 4.16: Data collection setup based on the Keithley 2701 digital multi-meter.

To ‘better understand the placement of the thermocouples, let’s Continue the example from sec-
tion 4.5. The thermocouples were placed in key positions immediately after the last smaller fabric layer
was laid to build the higher Vf region, between the 6th & 7th layers.

Figure 4.17 illustrates the placement of thermocouples during the hand layup process. Five ther-
mocouples were used, with one placed on each of the lower and higher Vf regions (labelled as thermo-
couples 1 and 4). Two thermocouples were placed at the interface of the two Vf regions (labelled as
thermocouples 2 and 3). Additionally, one thermocouple was placed at the edge of the sample on the
higher Vf region (labelled as thermocouple 5). Thermocouples 1 and 4 were positioned approximately
10 mm away from the interface, while thermocouple 5 was positioned approximately 10 mm from the
end of the sample (opposite end to the initiation point).



4.5. Influence of Fiber Volume Fraction 34

Figure 4.17: Schematic diagram showing Placement of thermocouples during layup of the laminae layer.

After the thermocouple was placed in the layup, their wires were attached to the silicone seal with
masking tape. The remaining wires were then threaded through specially made grooves in the stainless
steel mould (see Figure 4.18 A). The end plugs of all the thermocouples were connected to the data
acquisition machine. The manufacturing process continued with the layup of the remaining layers,
followed by degassing of the layup in the degassing chamber. Great Care was taken while moving
the mould setup into the degassing chamber to avoid damaging the thermocouples, which could result
in inaccurate temperature data readings(see Figure 4.18 B). Regular checks were carried out on the
responsiveness of the thermocouples during the various steps of the manufacturing process to ensure
they functioned correctly.

Figure 4.18: Incorporation of thermocouples into the layup. A: Addition of thermocouples. B: Sticking the end plugs to the
mould before lowering the mould into the degassing chamber.
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4.6. Geometrical Influences
In order to demonstrate the feasibility of manufacturing composite samples with irregular geometries
cured via FP, a simple yet effective shape needed to be selected. The shape of the composite sample
had to be the one that could be manufactured using the closed mould test setup used to manufacture
simple flat rectangular samples, as demonstrated in section 4.3. This basic criterion narrowed down
the pool of available geometries to simple in-plane shapes. Hence, the in-plane ”L” shape was chosen
for these experiments as it offered the possibility of FP-based curing (front initiation and propagation).

This ”L” shape allowed for a natural progression from the straight rectangular samples and was a
more reasonable choice in terms of the increase in manufacturing complexity compared to some of the
other possible shapes, such as the in-plane ”T” or ”S” shaped geometries. Additionally, the L-shaped
fabric layers with sharp 90◦ bends would be easier to cut via the Gerber cutting machine. Moreover, the
hand-layup process would remain exactly the same as the one followed to manufacture flat rectangular
samples.

The manufacturing of the ”L” shaped composite samples began with casting a silicone seal to create
the required cavity. A symmetric ”L” shape with both arms of equal length was chosen, as shown in
Figure 4.19. The length of the longer arm and the shorter arms was 80mm and 40mm, respectively,
with both arms having a width of 40mm each.

The manufacturing process started by cutting the L-shaped fabric layers to the required dimensions
via a Gerber cutting machine. The longer end of the arms of ”L” shaped fabrics had a length of 65 and
75 mm, respectively, while the shorter end of the arms had a length of 30 and 40 mm, respectively.
The width of both arms was 35mm each. The arms towards the initiation point were shorter than the
arm away from the initiation point, which provided a resin pool for initiation. These dimensions were
chosen to ensure the best fit of the individual fabric layers in the silicone cavity while preventing the
warping of the fabric layers on the closure of the mould.

Figure 4.19: Schematic diagram showing the dimensions of the L-shaped cavity and the L-shaped fabric layers
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The manufacturing process for the L-shaped composite samples with uniform Vf was exactly similar
to that of the regular rectangular samples discussed in section 4.3. The final layup of the L-shaped fabric
layers has been shown in Figure 4.20.

Figure 4.20: Hand layup of L-shaped fabric layup in an L-shaped cavity
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4.6.1. Variation of Vf within the Sample
To demonstrate the effectiveness of using FP as a viable curing technique in the manufacturing of
composite structures that find everyday applications, samples with varying geometries and varying Vfs
within the sample were manufactured. The manufacturing methodology was based on the understand-
ing gained from the previous set of experiments.

After successfully manufacturing an ”L” shaped sample with uniform Vf , the decision was made to
use this geometry for further trials. The ”L” shaped cavity, shown schematically in Figure 4.19, provided
a sufficiently large surface area that allowed for flexibility in adjusting the dimensions of the higher and
lower Vf region. The manufacturing of the ”L” shaped composite samples with varying Vfs followed the
same steps as those used for the production of flat rectangular samples with varying Vfs. The blended
hand layup method described in section 4.5 was utilized for the creation of the regions with higher and
lower Vf .

As shown in Figure 4.21, to increase the Vf of a region and create a higher Vf region of, an addi-
tional fabric layer with the necessary dimensions was laid in between the continuous ”L” shaped fabric
layers. This method offers consistency and flexibility, which allowed for the manufacturing of samples
with various dimensions of the lower Vf region. As a result of this flexibility many different samples
were manufactured, the results of which have been summarised in chapter 5.

Figure 4.21: Blended hand layup of the fabric layers to create the different Vf regions in an ”L” shaped sample. A: Layup of the
first fabric. B & C: Layup of the rectangular fabric between the appropriate continuous ”L” layers to create a region of higher Vf .
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Results & Discussion

The results and observations from the various trials and experiments have been presented in this
chapter. An attempt has also been made to explain the various observations by either providing an
appropriate hypothesis for the physical observations or by analysis of the collected data.

5.1. FP Formulation Characterization
An example curve obtained from the DSC 250 machine on the characterization of a sample crucible
containing 3.1 mg of the FP formulation from a total mixture of 20g has been depicted in Figure 5.1.

Figure 5.1: Example of a DSC curve obtained through the characterization of a batch of FP formulation

This DSC curve is an appropriate representation of a thermoset resin, with its large peaks indicating
the exothermic energy released during the conversion of the monomer into a polymer. The area under
the curve is a measure of the enthalpy of polymerization for the solution mixture. The area under the
curve, measured between a temperature range of 80 to 200 ◦ C, was taken as the enthalpy of the
solution mixture. This span represents the temperature range where the cross-linking reaction occurs
and is evident due to the release of exothermic heat, which can be used for FP. Additionally, another
parameter of importance is the onset temperature, which is the temperature at which the cross-linking
reaction starts. The onset temperature experimentally describes the minimum temperature required
to cleave a sufficient amount of RTI and initiate the RICFP process [39]. This implies that the RICFP

38
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process can be initiated by external heat when it is above the onset temperature of polymerization
(≫100◦C). In practice, this corresponds to the temperature of the soldering iron used to provide the
initial heat input to initiate the front.

The DSC curves of the earliest batch of FP formulations, which were mixed in small quantities of
20 g each, are depicted in Figure 5.2. These DSC measurements showed significant variations in the
values of enthalpy of polymerization.

Figure 5.2: Magnified view of DSC curves of the various 20g FP formulation

Table 5.1 presents the corresponding values of the enthalpy of polymerization and onset temper-
atures for the five separate mixtures. The 20 g mixtures have a mean enthalpy of polymerization of
598.2 ± 20.5 J/g. At this stage of the experimental trials, the DSC measurements suggested that the
mixing procedure was independent of the accessories associated with mixing the formulation, such as
the beaker used and the individual time allotted to mix both the benzopinacol and ITX Photosensitizer
combination and the photoinitiator IOC-8 SbF6.

Table 5.1: The enthalpy of polymerization and the onset temperatures for the five 20g FP formulations.

Batch Name Enthalpy(J/g) Onset Temperature (◦ C)
Mixture A 607.22 101.68
Mixture B 575.38 102,15
Mixture C 626.16 104.83
Mixture D 573.55 101.73
Mixture E 608.69 102.59

As the need for resin in the experiments increased, larger quantities of resin ranging from 40g to 80g
were subsequently mixed. A scatter plot was created to compare the enthalpy values of all the separate
batches of 20g, 40g, 60g, and 80g (see Figure 5.3). The weight of the formulations is assumed as the
independent variable (x-axis) and the enthalpy of polymerization as the dependent variable (y-axis).
The random scatter of the data suggests that there is no evident correlation between the two variables.
The large scatter of data is attributed to errors in the mixing process, including inconsistencies caused
by the choice of the beaker and the stirring magnet. Inappropriate combinations of the beaker and
mixing magnet resulted in the incoherent mixing of the components with the resin.

These observations have also highlighted the influence of shear rates on the quality of the mixtures.
Batches that were mixed at shear rates lower than 300 rpm, coupled with inconsistencies in the ap-
paratus, yielded low enthalpy values. Conversely, batches that were mixed at shear rates higher than
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Figure 5.3: Variation of enthalpy of different batches of FP formulation

400 rpm, with some consistency in apparatus, showed high values of enthalpy. This observation was
strongly supported by the 20g and a few 40g mixtures, with all these batches having an enthalpy value
greater than 550 J/g. As a result of these observations, standardization of the mixing process as de-
scribed in section 4.1 was carried out.

The DSC plots in Figure 5.4 show the results of the first five batches of 80g FP formulation mixed
with the standardized approach. These steps have significantly improved the mix quality, resulting in a
mean enthalpy value of 621.46 ± 13.72 J/g. The higher enthalpy values observed were attributed to
the use of UViCure S105 as the epoxy resin. The lower deviation in enthalpy values indicates improved
accuracy in the mixing process after standardization. However, the remaining deviation observed was
attributed to differences in monomer conversion percentages among the different batches of mixtures.

Figure 5.4: Comparison of the first five 80g batches made with standardized mixing process.
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Table 5.2: The enthalpy of polymerization and the onset temperatures for the first five 80g FP formulations, mixed after
standardization.

Batch Name Enthalpy (J/g) Onset Temperature (◦ C)
Mixture 1 609.04 100.22
Mixture 2 622.01 99.98
Mixture 3 610.48 100.44
Mixture 4 647.12 101.52
Mixture 5 618.65 100.74

5.2. Composite Samples
As described in section 4.3, the demonstration of the feasibility of manufacturing composite samples
was performed under three separate categories of trials, with each category based on the type of mould
setup utilized. The progressive results of each of these trial categories are as follows:

5.2.1. Open Mould Test Setup
The samples manufactured in an open mould test setup demonstrated the feasibility of manufacturing
composites cured via FP. In the earliest stages of this set of experiments, samples were manufactured
to gain an intuitive cognizance of the resin saturation levels, required to achieve samples of reasonable
quality.

(a) Sample 1 shows the degradation and unevenness of
the top surface.

(b) Sample 2 shows the unevenness of
the top surface.

Figure 5.5: Samples manufactured in an open mould test setup

The samples presented in Figure 5.5 exhibited several observations. Firstly, it was noted that upon
initiation, the front did not propagate throughout the entire surface area of the sample. Multiple initiations
were required across the surface area of the sample to completely cure the composite. Additionally,
the soldering iron had to be held constantly over the surface of the fabric to continuously supply heat
energy to sustain the front. Two separate causes were identified for these observations: incomplete
saturation of resin in the fabric layers and disruption of the thermal equilibrium due to heat loss to the
surroundings. The two causes were observed to be complementary, implying that in an open mould
test setup, incomplete resin saturation of the layup would lead to a system with insufficient resin. This
insufficiency of the resin in the layupwould then lead to a level of heat generation which could not sustain
the front. As the disruption of the heat balance required to maintain the front would occur due to the loss
of heat to the surroundings and the uptake of heat by the carbon fiber. The samples produced during
this stage had poor quality, with the surface of all the samples being uneven and apparent degradation
of the top surface due to the fabric layer sticking to the soldering iron as a result of the curing of the FP
formulation in the vicinity. Therefore, an auxiliary initiation resin pool was introduced to one end of the
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sample in the later set of experiments.

(a) Sample with initiation pool along the width (Top surface) (b) Sample with initiation pool along the width (bottom surface)

Figure 5.6: Samples manufactured in an open mould test setup

As shown in Figure 5.6a, the initiation resin pool was introduced along the width of the fabric by
cutting it shorter than the cavity dimensions by a length of 0.5 cm. On initiation, the front would first
travel along the pool before propagating over to the layup. It was observed that if the adjacent layup
was adequately saturated, the front would propagate a certain distance before quenching. Conversely,
if the saturation was inadequate, the front would only propagate along the pool without running over
into the fabric layup. Similar to the earlier set of samples, the remaining sample area was cured via
multiple re-initiations. Additionally, dry spots were visually observed on the bottom surface of the sam-
ple, indicating incomplete saturation. The outcome of manufacturing these samples was that a setup
with the ability to maintain thermal heat equilibrium is necessary to manufacture samples cured via FP.
If such a system can be complemented by (1) a layup with sufficient resin saturation and (2) a resin
pool for the initiation of the front, it may be possible to manufacture samples of repeatable quality.
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5.2.2. Teflon Covered Silicone Mould
The second set of experiments was designed and performed as a follow-up to the results of the previ-
ous experiments. This set of experiments had four notable changes: Firstly, a 3mm Teflon plate was
used instead of the silicone mould to limit the loss of heat to the surroundings due to its low thermal
conductivity of 0.3W/mk [55]. Secondly, weights were used to ensure uniform thickness of the lami-
nate. Thirdly, an initiation resin pool was created to facilitate ease of manufacturing. Lastly, substantial
resin was used to ensure high levels of saturation. Additionally, attempts were made to achieve the
highest possible volume fraction (Vf ) of the samples, with values ranging from 20% to 40% being tested.

The first phase of this experimental set saw themanufacturing of samples with Vfs greater than 30%.
The number of layers and the corresponding Vfs were calculated using Equation 4.1. The summary of
a few samples manufactured has been presented in Table 5.3.

Table 5.3: Samples with Vf greater than 30%.

Sample
number

Sample
dimensions
(mm)(l×b)

Average height
of the cavity (mm)

Number
of layers(n)

Theoretical
Vf (%)(Vft )

Average thickness
of the cured
sample (mm)

1 50 × 47 4.85±0.39 12 38.59 5.99±0.81
2 40 × 45 4.85±0.39 10 32.16 6.08±0.40
3 50 × 45 4.66±0.24 10 33.50 5.37±0.64
4 50 × 45 4.66±0.24 9 30.15 5.35±0.42

In the earliest stages of these experiments, it was observed that when the theoretical volume fraction
(Vft ) of the layup was greater than 30%, the front would propagate through the resin pool but not into
the layup. To continue the propagation of the front, the weights and Teflon sheet were removed, and
the hot soldering iron was pressed into the fabric layup. The front was then noted to travel throughout
the sample area. The inability of the front to propagate through the layup on the first initiation could be
due to the disruption of the heat balance caused by excessive heat uptake at these high Vf values. Ad-
ditionally, front propagation was accompanied by bubble formation. In this context, the high exothermic
heat released during FP leads to the decomposition of either the monomer or the initiators, generat-
ing low vapour pressure byproducts. The evaporation or boiling of these small molecules physically
manifests as bubbles in the reacted formulation. As the front progresses through the laminate area, it
carries the formed bubbles along with it. Upon reaching the edge of the sample, the natural outlet for
these bubbles in the absence of a compaction system (Teflon sheet pressed down by weights) is to
escape beyond the perimeter of the samples/cavity. Upon observing Figure 5.7a, it is evident that the
top surface of the samples was uneven. Similar to the first set of experiments, these surface irregular-
ities were caused by the contact between the soldering iron and the fabric. The act of pressing the hot
soldering iron on the layup caused localized upward movement of the front towards the soldering iron.
This resulted in uneven distribution of resin which, upon curing, led to the formation of irregularities on
the surface. Furthermore, during the examination of the same samples (as shown in Figure 5.7b), dry
spots were visually observed. This was attributed to incomplete resin saturation of the fabric layup.

Throughout the subset of these experiments, both the test apparatus and themanufacturing process
were also modified. Table 5.3 illustrates samples that were manufactured using silicone joints of varying
average thicknesses. Sample 1 and 2 (from Table 5.3) were made using a silicone joint that had
patterned surface undulations. These irregularities caused the Teflon sheet to not be in perfect contact
with the layup, resulting in inconsistencies in the repeatability of the manufacturing steps and sample
quality. In contrast, sample 3 and 4 (from Table 5.3) were manufactured in a new silicone mould that
was cast in such a way that the Teflon sheet, along with the placement of weights, led to improved
surface compaction. Furthermore, modifications were made to the sample dimensions. The sample
width was varied to ensure that the fabric on the sides fit snugly into the cavity without curling upwards
against the mould walls. As a result, the sample width was reduced from 47mm, used for manufacturing
sample 1, to 45mm for the remaining samples.
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(a) Sample showing the unevenness of the surface caused due to
multiple re-initiations (top side) (b) Sample showing a visually observable dry spot (bottom side)

Figure 5.7: Samples manufactured in an open mould with a Teflon cover

The length of the initiation resin pool was also modified to determine the required dimensions for
the successful initiation of the front. It was determined that an initiation pool with a length of 1cm was
sufficient for successful propagation of the front.

Table 5.4: Samples with Vf less than 30%.

Sample
number

Sample
dimensions
(mm)(l×b)

Average height
of the cavity (mm)

Number
of layers(n)

Theoretical
Vf (%)(Vft )

Average
thickness
of the cured
sample (mm)

1 50 × 45 4.66±0.24 7 23.51±1.21 4.49±0.36
2 50 × 45 4.66±0.24 8 26.87±1.39 4.23±0.11
3 50 × 45 3.17±0.08 6 29.53±0.78 3.90±0.11

Table 5.4 presents a few manufactured samples with Vfts less than 30%. Unlike the previous
samples, these samples cured completely with just the initiation of the resin pool. This meant that
when the front was initiated at the resin pool, it would seamlessly propagate across the layup.

(a) Sample with a smooth surface (b) Sample showing surface unevenness.

Figure 5.8: Samples manufactured in an open mould with a Teflon cover

The quality of the samples varied significantly, with some having smooth, uniform surfaces and oth-
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ers riddled with undulated surfaces. Figure 5.8b serve as the best examples of the observed surface
irregularities. These irregularities were attributed to the unequal distribution of weight across the sur-
face area of the sample, which led to an uneven distribution of resin on the top surface. When the resin
cured, it resulted in these surface irregularities. Despite being subjected to a Teflon plate pressed down
by weights, some bubbles were able to escape beyond the perimeter of the sample, suggesting that
the compaction provided by the Teflon plate setup was insufficient to physically collapse all the bubbles.
Dry spots were visually observed in a few samples due to incomplete saturation, which was resolved
by ensuring that adequate resin was used at every layer. In addition, a new silicone mould was utilized
to manufacture samples at the later end of the experimental regime, like sample 3 in Table 5.4. This
silicone mould was manufactured to remove the inconsistency in the manufacturing process arising
from the undulations found on the walls of the cavity. The removal of undulations on both the top and
interior cavity surfaces of the silicone mould allowed for a higher degree of repeatability in the sample
manufacturing process.

The inability to cure composite samples with Vft larger than 30%was largely attributed to two factors:
(1) the imbalance in the thermal equilibrium (heat generation - diffusion equilibrium) and (2) inconsis-
tencies in the manufacturing test apparatus. At these high Vf values, not enough FP formulation was
present in the system to ensure that the thermal equilibrium was in favour of FP. This was despite the
large negation of the effects of heat loss to the surroundings due to the presence of the Teflon cover
and high levels of resin saturation across the layup. Moreover, the poor quality of the test setup surely
contributed to uncertainties in the manufacturing process, thereby reducing the highest achievable Vf .

5.2.3. Closed Mould Test Setup
The design of the closed mould test setup used to manufacture composites cured via FP was based
on the outcomes of the previous set of experiments. The objective of the closed mould test setup
was twofold: (1) to achieve high levels of repeatability in the manufacturing process by reducing the
inconsistencies arising from the poor quality of the test setup, and (2) to improve the overall quality of
the samples. To achieve these objectives, a closed mould test setup comprising components with good
dimensional tolerances was conceptualized. The final manufactured closed mould was presented in
section 4.3.

Table 5.5: Samples manufactured with the prototype mould setup

Sample
number

Sample
dimensions
(l × b) (mm)

Average
height
of the
silicone

cavity (mm)

Number
Of

Layers (n)

Theoretical
Vf (%)

Average
thickness
of the
cured

sample (mm)

Actual
Vf (%)

1 50 × 45 5.86±0.17 8 21.30±0.63 6.27±0.39 19.99±1.28
2 50 × 45 5.86±0.17 10 26.62±0.79 6.24±0.30 25.08±1.25
3 50 × 45 5.86±0.17 12 31.95±0.95 6.01±0.24 31.22±1.31
4 50 × 45 5.86±0.17 14 37.25±1.13 6.18±0.20 35.43±1.24
5 50 × 45 5.86±0.17 15 39.94±1.19 6.04±0.31 38.84±2.03

The summary of a few cured samples, manufactured with the prototype mould, has been presented
in Table 5.5. This prototype test setup allowed for a high degree of repeatability, with samples ranging
from a Vft of 21 to 39 % successfully manufactured. However, the repeatability was much higher for
samples with 12 fabric layers or less, while curing samples with 13 fabric layers or more was rare. Addi-
tionally, the average percentage error between the actual and theoretical Vfs from all the manufactured
samples was estimated to be around 4.5%. This variation in Vf was directly correlated with the higher
average thickness values of the cured samples, indicating insufficient compaction of the layup. This
lack of compaction was attributed to two reasons: (1) the low stiffness provided by the aluminium cover
plates and the 3D printed frame, and (2) the variation of thickness across the silicone cavity. At this
stage of the experimental trials, the reasons for the variation in the thickness of the cavity in the silicone
joint had yet to be identified.



5.2. Composite Samples 46

(a) sample 1,n:8,Vft :21.28%,Vfa :19.92% (b) sample 4 ,n:14,Vft :37.25%,Vfa :35.39%

Figure 5.9: Samples manufactured in a prototype closed mould test setup

As shown in Figure 5.9a, samples with Vf values below 30% exhibited visibly improved surface
quality after curing. This improvement in surface quality was attributed to changes in the hand layup
method, which involved filling the cavity with a large amount of resin followed by laying up the fabric
layers assisted by capillary wetting. The test setup provided sufficient compaction, preventing the prop-
agation of bubbles through the front and allowing the cured resin to remain within the cavity boundaries.
In contrast, samples with Vft greater than 35% showed low repeatability, with only a few samples curing
successfully. Moreover, even the samples that did cure exhibited poor surface finish, despite consistent
manufacturing steps (see Figure 5.9b). This poor surface quality was likely caused by the easy escape
of resin during compaction, particularly from the top surface of the laminate, due to the non-wettability
of the Teflon covers. This resin escape, along with the imbalance of thermal equilibrium resulting from
the higher rate of heat loss, was speculated to be among the causes of low manufacturing repeatability.

At high Vfs, the heat generated during curing is often drawn away by the fibres, leaving insufficient
heat for the reaction of the monomers and resulting in the quenching of the curing front. The heat drawn
away from the front can be dissipated through two channels: (1) preheating of the monomers further
away from the front or (2) transfer of heat to the mould components. If the rate of heat generation
is much larger than the rate of heat diffusion, then the heat drawn away for preheating could aid the
movement of the front. However, when the difference in these rates is minuscule or in equilibrium, the
transfer of heat will lead to frontal quenching. Similarly, the rate of heat loss to the mould components
must also be in favour of equilibrium to avoid frontal quenching.

Furthermore, these samples exhibited the formation of ”race tracking fronts”, which resulted from
the narrower widths of the fabric layers chosen to ensure the best fit within the cavity (See Figure 5.10a).
These narrower fabric layers led to the formation of small channels filled with resin along the edges
of the laminate. Upon initiation, the front moved directly from the pool through these channels before
continuing to propagate into the layup. Additionally, lateral movement of the front upon mould closure
was observed (See Figure 5.10b). When the mould was closed, the fabric layup was pushed laterally
into the initiation pool. This phenomenon is evident in the cured resin region visible on the other end
of the sample, which was caused by the displacement of the resin into the empty space created.
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(a) Race tracking front
(b) Cured resin region caused by the lateral movement of the fabric

layup.

Figure 5.10: Race tracking fronts and lateral movement of fabric layup.

As a result of the findings from these trials, a new mould was fabricated with stainless steel cover
plates and frame. The components were made of stainless steel grade 304, which has a maximum
service temperature of 924◦C and a tensile strength of 620 MPa. Several samples successfully man-
ufactured with the new mould have been presented in Table 5.6.

Table 5.6: Samples manufactured with the stainless steel mould setup

Sample
number

Sample
dimensions
(l × b) (mm)

Average
height
of the
silicone

cavity (mm)

Number
Of

Layers (n)

Theoretical
Vf (%)

Average
thickness
of the
cured

sample (mm)

Actual
Vf (%)

6 50 × 45 5.86±0.17 10 26.62±0.79 5.70±0.23 27.09±0.98
7 50 × 45 5.86±0.17 12 31.95±0.95 5.79±0.19 32.37±1.11
8 50 × 45 5.86±0.17 12 31.95±0.95 5.71±0.22 32.82±1.31
9 50 × 45 5.86±0.17 12 31.95±0.95 5.76±0.18 32.54±1.02
10 50 × 45 5.86±0.17 12 31.95±0.95 5.82±0.19 32.09±1.11

Figure 5.11: Samples manufactured in stainless steel closed mould test setup

As shown in Figure 5.11, the samplesmanufactured using the stainless steel test setup exhibited bet-
ter surface quality. The high-stiffness stainless steel mould improved the compaction of the laminates,
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resulting in improved manufacturing accuracy. This is evident from the comparison of the thickness
of the cavity with that of the manufactured samples. The improved accuracy is also supported by the
fact that the average percentage error between the actual and theoretical Vfs from all the manufac-
tured samples was only 1.9%. However, curing was not possible for samples with 13 or more fabric
layers due to the disruption of the thermal balance caused by the larger uptake of heat at these Vfs. In
contrast, samples with 12 or fewer fabric layers cured successfully, indicating that the required heat bal-
ance was maintained to drive the front to complete the curing process. The formation of race-tracking
fronts and lateral movement of the layup was also commonly observed.

5.2.4. Role of Silicone Joint
As previously mentioned, one of the factors that affected the uniform compaction of the laminates was
the variation in thickness across the silicone joint. The schematic diagram of the silicone joint used
in manufacturing the samples, as presented in Table 5.5 and Table 5.6, is shown in Figure 5.12. This
silicone joint had an average thickness difference of 0.456 mm from one end to the other. In practical
terms, this variation in thickness also resulted in variation in thickness across the sample surface. Ta-
ble 5.7 presents the variation in thickness across the cured samples, which were manufactured in both
the prototype mould and the stainless steel mould..

From Equation 4.1, we know that Vf is inversely dependent on the thickness of the sample. Hence,
a large variation in thickness across the laminate will also translate to a proportional variation of Vf

across the length of the sample (see Table 5.7). Such variation in Vf is uncontrolled and not ideal for
any practical application. Therefore, a subsequent exercise was conducted to achieve uniformity in
thickness across the sample surface.

Figure 5.12: The variation of the thickness across the cavity in the silicone mould used to manufacture the samples presented
in Table 5.5 and Table 5.6
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Table 5.7: The variation of thickness and Vf between the two ends of the cured sample.

Sample
number

Mould
utilized for

manufacturing

Number
of layers(n)

Average difference
in thickness
between the

two ends of the
cured sample (mm)

Average difference
in the Vfs

across the two
ends of the

cured sample (%)
1 Prototype 8 0.99 3.2
2 Prototype 12 0.61 3.4
3 Prototype 14 0.51 2.9
4 Prototype 15 0.76 4.8
5 Stainless steel 10 0.66 3.2
6 Stainless steel 12 0.50 2.9

As thickness variations in the laminates are caused by the silicone joint, it was necessary to examine
the manufacturing of these joints. As mentioned in section 4.3, a new silicone joint was manufactured.
Despite careful considerations in the manufacturing process, an average thickness difference of 0.33
mm was still observed between the two ends, as seen in Figure 5.13a. Furthermore, the variation of
thickness across the length of the representative resin block cast in this new cavity has been shown
in Figure 5.13b. It was observed that the variation of thickness across the resin block was unlike the
thickness distribution of the silicone joint itself, but the difference between the average thickness of
the two ends remained almost the same (0.32mm). This difference in thickness could be due to the
compaction of the silicone joint on mould closure, leading to variations in sample dimensions.

(a) Silicone joint manufactured without additional clamps
(b) The representative resin blocks cast with the silicone joint shown in

Figure 5.13a.

Figure 5.13: The variation of thickness across the silicone joints cast without additional clamps and the corresponding
representative room temperature curing epoxy resin block.

On further deliberation, it was assumed that the most probable cause of the thickness variations
across the silicone cavity was the buckling effect experienced by the mould plates during the closure
of the mould via the tightening of the nuts and bolts. This buckling effect, combined with the fact that
the cast cavity was not in the centre of the mould but rather at an offset, could have led to variations
in thickness across the length of the cavity. The placement of the cavity was based on the position
of the initiation hole, which was at the extreme edge of the mould and was a design choice made to
accommodate a variety of experiments.
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In order to verify this assumption, a new silicone joint was cast. However, in this instance, additional
clamping was introduced to counteract the outward rise of the mould plates. The additional external
clamping provided can be seen in Figure 5.14.

Figure 5.14: The use of external clamps in the manufacturing of silicone joints.

As illustrated in Figure Figure 5.15a, the thickness variation across the silicone mould cavity, which
was cast with additional clamps, is displayed. The introduction of external clamps had a notable impact
on the thickness distribution, leading to a decrease in the average difference between the two ends to
0.19mm. This reduced variability in thickness was also observed in the resin block, which was cast
using room-temperature epoxy resin. The average thickness difference between the two ends of the
resin block was 0.12mm. As a result of the diminished thickness difference, the new mould has the
potential to facilitate the production of samples with increased dimensional accuracy.

(a) Silicone joint manufactured with additional clamps
(b) The representative resin blocks cast with the silicone joint shown in

Figure 5.15a.

Figure 5.15: The variation of thickness across the silicone joints cast with additional clamps and the corresponding
representative room temperature curing epoxy resin block.
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Finally, based on these results, a new set of samples were manufactured with the optimized silicone
joint. The summary of these samples has been presented in Table 5.8.

Table 5.8: Samples manufactured with the optimized silicone joint

Sample
number

Sample
dimensions
(l × b) (mm)

Average
thickness
of the
silicone

cavity (mm)

Number
Of

Layers (n)

Theoretical
Vf (%)

Average
thickness
of the
cured

sample (mm)

Actual
Vf (%)

1 50 × 45 4.78±0.09 9 29.38 ±0.56 4.76±0.04 29.5±0.26
2 50 × 45 4.78±0.09 10 32.65±0.62 4.81±0.06 32.45±0.46
3 50 × 45 4.78±0.09 11 35.92±0.69 4.75±0.03 36.12±0.25

The difference in the average thickness values and in turn the corresponding Vfs between the two
ends of the samples is presented in Table 5.9. The use of an optimized silicone joint in the manu-
facturing process has resulted in improved accuracy of the samples. This is evident from the reduced
difference in average thickness values between the two ends, indicating that the manufacturing process
has become more consistent and precise. Moreover, the average percentage error between actual and
theoretical Vf values from all the manufactured samples had decreased to 0.5%, further indicating that
the samples more closely matched the intended specifications.

Table 5.9: The variation of thickness and Vfs between the two ends of the samples manufactured using the optimized silicone
joint.

Sample
number

Number
of layers(n)

Average difference
in thickness between
the two ends of the
cured sample (mm)

Average
difference in the
Vf across the
two ends of the
cured sample (%)

1 9 0.10 0.8
2 10 0.15 1.3
3 11 0.04 0.3
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5.2.5. Void Fraction
To evaluate the quality of the samples produced using different mould setups, cross-sections of a few
representative samples were observed under a confocal microscope. One representative sample was
chosen for each of the different mould test setups, excluding the samples manufactured via the open
mould test setup, which were of extremely poor quality. The chosen representative samples had good
surface finishes and were among the best samples manufactured from their respective mould test se-
tups.

The cross-sectional images of the various representative samples, captured under the microscope,
have been presented in Figure 5.16. Subsequently, these cross-sectional images of the representative
samples were analyzed to determine their void contents and fibre volume fractions, using an image
segmentation process known as the thresholding process.

(a) Sample manufactured with a Teflon cover on top.

(b) Sample manufactured with the prototype mould

(c) Sample manufactured with a stainless steel mould

Figure 5.16: Representative samples observed under a laser confocal microscope at 10x magnification .

In thresholding, images are converted from grayscale or colour to binary images, which are simply
black andwhite images. Thismethod is used to select the features of interest while disregarding the rest.
An example of the conversion of a grayscale image to a binary image has been shown in Figure 5.17.
The highlighted features, in this case, the voids, can then be used to calculate their total area fraction
with respect to the remaining space in the selected area.
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(a) Grayscale image of the sample obtained from the microscope (b) Selected area of intrest

(c) Thresholding (d) Binary Image

Figure 5.17: Conversion of a grayscale image to a binary image via the thresholding process.

Three distinct samples were analyzed for their void volume fraction (Vv). The first sample was manu-
factured in an open mould that was covered with a Teflon cover, as shown in Figure 5.16a. The second
sample was manufactured with a prototype mould setup that utilized aluminium cover plates and a 3D
printed frame, as shown in Figure 5.16b. The third sample was manufactured with a closed mould
test setup that was based on stainless steel, as shown in Figure 5.16c. When the void content of the
samples with the same number of fabric layers was compared, a significant difference was observed in
the void content between the prototype mould and the stainless steel mould. This difference was due
to the increased compaction provided by the stainless steel setup, resulting in a reduction of 18.5% in
void content for sample 3, as compared to sample 2, which was manufactured in the prototype mould
with lower stiffness.

Additionally, the Vf values calculated via the thresholding process was compared to the measured
theoretical Vf (Vft ) and actual Vf (Vfa ) values. It was observed that the thresholding Vf values were
fairly accurate in comparison. However, it is important to consider the thresholding measurements with
caution, as they represent only a 2D cross-section of the sample rather than the entire 3D volume.

Table 5.10: The void fraction and the fiber volume fraction measured through the process of thresholding.

Sample
number

Number
Of

Layers (n)

Theoretical
Vf (%)

Actual
Vf (%)

Vf obtained
form

thresholding
(%)

Void fraction
Obtained
form

thresholding
( Vv) (%)

1 8 26.87±1.39 29.55±0.78 26.44 24.09
2 10 26.62±0.79 25.08±1.25 23.77 34.43
3 10 26.62±0.79 27.09±0.98 28.89 28.04

Based on these observations, a simple but effective method was devised to achieve samples with
reduced void content. This method assumes that there are two separate sources of void formation in
an FP sample: (1) the formation of voids due to the exothermic heat released during the reaction of the
FP formulation, and (2) the formation of voids due to manually trapped air in the layup and resin mixture.
To effectively control the exothermic heat release, the FP formulation itself would have to be optimized
by varying the concentrations of initiators, making it reactive enough for front propagation yet with
reduced frothing. However, as varying the initiator concentration to find the optimal values was a time-
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consuming process, this method has been omitted from the scope of this thesis. On the other hand, a
simple method of manual degassing was utilized to remove the air entrapped in the FP formulation and
between the fabric layers. This method of manual degassing has already been described in section 4.3.

To investigate the impact of manual degassing on the reduction of voids, two separate samples
were manufactured: one with manual degassing of the layup, and another without degassing. The
cross-sections of the samples were observed under a microscope at 10x magnification. Upon analyz-
ing the micrographs for void content using a thresholding process, a significant reduction in void content
was observed in the sample manufactured with degassing compared to the one without. The results
of the thresholding process are presented in Table 5.11. The void content was found to be reduced
by 72.99% in the sample manufactured with degassing. The measured volume fractions (Vf ) of both
samples were in the vicinity of their respective Vft and Vfa values. However, the accuracy of these
values may be limited by the nature of the thresholding measurement process.

Table 5.11: Comparison of the void fraction in samples manufactured before and after degassing

Sample
number

Number
Of

Layers (n)

Theoretical
Vf (%)

Actual
Vf (%)

Vf obtained
form

thresholding
(%)

Void fraction
Obtained
form

thresholding
( Vv) (%)

1 12 31.95±0.95 32.09±1.11 34.86 14.33
2 12 31.95±0.95 32.54±1.02 31.41 3.87

(a) Non degassed sample (sample 1 from Table 5.11)

(b) Degassed sample(sample 2 from Table 5.11)

Figure 5.18: Microscope images of samples manufactured with and without degassing.
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5.3. Samples with Varied Fiber Volume Fraction
To investigate the influence of varying Vf within the sample on the movement of the front through the
sample, a systematic case study was conducted. As described in section 4.5, the entire surface area of
the sample was divided into two separate regions with higher and lower Vf . The number of fabric layers
in each region was chosen based on prior experience gained through the manufacturing of composite
samples with constant Vf . The rationale for this choice was based on the assumption that the front
would initiate from the resin pool and propagate to the lower Vf region. Once the front reached the
higher Vf region, its temperature should still be sufficiently high to maintain the thermal heat balance
necessary to sustain the front.

To test this conjecture, two sets of three samples each were manufactured. The first set of samples
had equal lengths of the higher and lower Vf regions. The test results have been summarized in Ta-
ble 5.12. To avoid the formation of race-tracking channels, which were discussed in subsection 5.2.3,
the width of the fabric layers was chosen to be 49mm.

Table 5.12: Samples manufactured as a part of a case study to understand the influence of varying Vfs on the propagation of
the front.

Sample
number

Dimensions of the
11 layer fabric
(l×b)(mm)

Dimensions of the
13 layer fabric
(l×b)(mm)

Average front
propagation

distance in the
lower Vf

region
(mm)

Average front
propagation

distance in the
higher Vf

region
(mm)

1 40×49 40×49 40 16
2 40×49 40×49 0 0
3 40×49 40×49 30 0
4 50×49 30×49 0 0
5 50×49 30×49 50 30
6 50×49 30×49 50 30

As shown in Figure 5.19, the samples manufactured with equal lengths of lower and higher Vf

region showed rather inconsistent results. For instance, in the case of sample 1, the front reached the
interface between the two regions and then propagated a certain distance into the higher Vf region
before quenching. On the other hand, in sample 3 the front only moved a distance of 30 mm along the
layup without reaching the interface between the two regions. The third sample (i.e., sample 2 from
Table 5.12) in this set failed, with only the initiation pool completely curing.

(a) Sample 1 from Table 5.12 (b) Sample 3 from Table 5.12

Figure 5.19: Samples with a lower Vf region of 40mm × 49mm
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After observing that the front failed to propagate throughout the sample, the length of the lower Vf

region was increased by 10 mm. As a result, it was observed that two out of the three samples were
successfully cured, as depicted in Figure 5.20.

(a) Sample 5 from Table 5.12 (b) Sample 6 from Table 5.12

Figure 5.20: Samples with a lower Vf region of 50mm × 49mm

Curing the samples with a larger lower Vf region suggests that the length, and consequently the
surface area, of the lower Vf region may determine the successful propagation of the front from one
region to another. Based on this hypothesis, it can be inferred that for the given geometry, beyond a
critical length of the lower Vf region, the front will always propagate into the higher Vf region, curing
the entire sample. However, below this critical length, the front may simply quench at the interface of
the two regions, or a few millimeters above or below it.

This assumption was based on the fact that the three regions: the initiation pool, the lower Vf region,
and the higher Vf region would have different thermal equilibrium levels required to sustain the front.
This difference in equilibrium levels is due to the variation in the rate of heat loss, caused by changes
in fibre content, and the volume of FP formulation. Upon initiation, the front at the pool would have the
highest temperature, which should be larger than the threshold temperature required to maintain the
heat balance necessary to sustain the front. As a result, the front should smoothly propagate through
the interface between the pool and the lower Vf region.

The front would then continue to propagate through the 11-layer region (lower Vf ). The tempera-
ture of the front propagating through the lower Vf region should be sufficiently higher than the threshold
temperature, despite the increased rate of heat loss due to the uptake by the fibres and the change in
heat generation due to the change in the volume of available resin. As the front continues to propa-
gate through the lower Vf region, its temperature would gradually reduce to the new equilibrium level.
However, since this is not an immediate process, it means that the front temperature was initially high
enough to sustain it through the region.

The aforementioned pattern is expected to continue as the front progresses through the 13-layer
region, which has a higher Vf . However, when the front reaches the interface with the higher Vf region,
the increased fiber content will abruptly divert more heat away from the front. This diversion will cause
the heat to diffuse over a larger area, resulting in insufficient heating of the resin in the immediate vicin-
ity of the front. This phenomenon, coupled with the reduction in resin volume (resulting in reduced heat
generation) in the higher Vf region, will lead to a slowdown of the front and a much faster decrease in
its temperature.

If the front temperature at the interface remains above the threshold temperature, it will propagate
into the higher Vf region without interruption. However, if the temperature falls below the threshold,
the front will quench at the interface. As the front progresses into the higher Vf region, the continued
effect of heat loss will gradually reduce the front temperature, causing it to quench before traveling the
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entire length of the region. If the length of the higher Vf region is short enough, the front will travel until
the end. In the case of the manufactured samples, the short length of the higher Vf region translates
to an increase in the length of the lower Vf region.

For samples 1 and 3, the shorter length of the lower Vf region may have caused the front to quench
near the interface. The increased fiber content in the higher Vf region and reduced resin content led
to a more significant effect of heat loss at the interface, resulting in frontal quenching.

In sample 2, the quenching of the front at the resin pool could be attributed to a reduction in heat
generation caused by a decrease in the volume of resin in the pool. This reduction in volume was
due to the separation of tows into the resin pool. The reduced heat generation likely caused the front
temperature to fall below the threshold, resulting in the observed frontal quenching.

For samples 5 and 6, which had a longer lower Vf length, a lower rate of heat loss may have oc-
curred at the interface of the higher Vf region. This lower heat loss to the fibers could have helped
sustain the front as it propagated through the higher Vf region.

However, it’s challenging to draw a strong conclusion about the behavior of the front based on the
current set of samples manufactured. The inconsistent results and low repeatability of the experiments
make it difficult to determine the physical phenomena of the front propagation or the influence of the
change in the length of the lower Vf region. To address this issue, efforts were made to optimize the
manufacturing process and achieve good-quality repeatable samples. The methods utilized to tackle
the source of these inconsistencies have already been presented in Section 4.5.1.
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5.3.1. Process Optimized Samples
The initial set of composite samples manufactured as part of the study conducted to identify the source
of inconsistencies in the manufacturing process (described in subsection 4.5.1) utilized fabric layers cut
with the Gerber cutting machine. However, during the cutting process, filament fraying was observed
at the edges of the fabric layers. This was likely due to the small filaments at the cut edges sticking
to the vacuum pores on the cutting table, leading to fraying as the fabric was removed. Furthermore,
poor handling of the fabric layers during layup further aggravated the loss of filaments.

To address the issue of filament fraying, tow stabilization was tested using an adhesive air tack
spray. Although the air tack spray was effective in stabilizing fabric layers, it had several drawbacks
that made its use impractical. Firstly, the air tack sprays could only stabilize the fabric layers after
they were cut and were unable to prevent the separation of the tows during the initial cutting process.
Secondly, the time required for the adhesive spray to dry increased the preparation time necessary
before the layup could commence. Thirdly, it was difficult to accurately control the amount of adhesive
sprayed, as excess adhesive could cause the masking template and fabric layer to stick together. Any
attempt to forcibly separate the two would result in the destruction of the layer’s integrity. Lastly, the
use of air tack spray on the fabric layer could potentially contaminate the layup and resin, thus affecting
the propagation of the front through the layup.

To address some of these challenges, a wet layup approach was considered. Prewetting the fabric
layers before cutting showed an observable reduction in filament fraying. However, this advantage
was accompanied by some consequential disadvantages: (1) it increased the preparation time before
layup without providing any leeway for possible buffer layers, which may be needed to replace imper-
fect layers due to mismatched cutting or handling, and (2) the resin levels in the layup could not be
accurately controlled using this process, as the resin used for pre-wetting the fabric was insufficient to
compensate for the amount of resin squeezed out during compaction.

Hence, to overcome these challenges, the dry-cutting method discussed in section 4.5 was imple-
mented. This method had several advantages over the other two methods: (1) Reduced fraying with
improved transport and handling of the layers, (2) No introduction of contaminants, (3) reduced prepa-
ration time. Finally, with the fabric layer stabilized the resin quantity was standardized to compensate
for the loss of resin from the cavity on compaction. This standardization method has already been
described in subsection 4.5.1.

In the study, repeated failure of the front to propagate beyond the pool into the region of lower Vf

was observed mainly in samples with small resin pools (see Figure 5.21) . This phenomenon was at-
tributed to the lower levels of heat generation due to the smaller volume of FP formulation, resulting
in a front temperature that was closer to the threshold temperature required to maintain the heat bal-
ance. As the front came in contact with the fibres in the lower Vf region, the front temperature could
have rapidly fallen below the threshold temperature required to maintain the front in the lower Vf region.

Figure 5.21: Sample manufactured with a small pool size.
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Additionally, it was observed that the size of the resin pool decreased in size during the layup due
to the tows fraying. The separated tows would accumulate in the pool, reducing the amount of resin
while introducing fibre content into the pool. The presence of fibres in the pool could then result in a
much lower front temperature, which would lead to immediate quenching upon reaching the lower Vf

region, as the temperature falls below its threshold.

Based on the above discussion and the methods presented in subsection 4.5.1, a new batch of
samples was produced. These samples were manufactured with the implementation of the proposed
solutions simultaneously. This was necessary because during the optimization process, most inconsis-
tencies were tackled in isolation, and hence the solutions developed were targeted to specific issues.
These trials aimed to demonstrate the improvements gained in terms of sample repeatability and con-
sistency.

As part of the trials, three samples were manufactured using the optimized manufacturing process.
The summary of these samples is presented in Table 5.13. The fabric layers were dry-cut on the cutting
table just before laying them into the cavity. The longer fabric layers used had dimensions of 75×49
mm, while the shorter ones used to build up to 13 layers had dimensions of 37.5×49mm. The reduced
dimensions of the samples automatically resulted in an increased length of the initiation pool, which
was now 15mm.

Table 5.13: Samples manufactured measured with the optimized manufacturing steps.

Sample
number

Dimensions of the
11 layer plies
(l×b)(mm)

Dimensions of the
13 layer plies
(l×b)(mm)

Average front
propagation

distance in the
lower Vf

region
(mm)

Average front
propagation

distance in the
higher Vf

region
(mm)

1 37.5×49 37.5×49 36 0
2 37.5×49 37.5×49 37 0
3 37.5×49 37.5×49 37.5 5.5

As shown in Figure 5.22, the front has successfully traversed the lower Vf region upon initiation.
The samples showed a noticeable improvement in repeatability, with all three demonstrating consistent
results. Additionally, the fraying of tows was almost negligible, with the observed fraying in the uncured
region mainly occurring during the demolding process. Furthermore, distinct cured resin channels were
also observed on the periphery of all samples, as depicted in Figures 5.22a and 5.22b.

(a) Sample 1 from Table 5.13 (b) Sample 3 from Table 5.13

Figure 5.22: Samples manufactured with the optimized manufacturing process.
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To conduct a more thorough investigation into the cause of the visible cured tracks, additional trials
were carried out. The conclusion reached was that the cured resin tracks were a consequence of un-
dulation created due to the imperfect fitting of the fabric layers into the cavity (as shown in Figure 5.23).
These surface undulations of the fabrics were attributed to two identified causes: (1) the excessive
width of the fabric layers and (2) the loss of elastic properties in the silicone joint, resulting in greater
compression deformation.

Figure 5.23: Warping of the fabric creating peaks and troughs in the fabric layup.

The excessive width of the layers caused the fabric layers to rise up against the walls of the silicone
cavity during the layup process. As a result of this imperfect fitting, the fabric layer folded, resulting
in regions of peaks and troughs. When the mould was closed, these shallow regions were filled with
resin, creating a separate channel for the propagation of the front (as shown in Figure 5.24a). This
phenomenon could potentially result in non-uniform movement of the front, as it may travel faster in
the shallow regions compared to the peak regions. Furthermore, the larger width was exacerbated by
the loss of elastic properties of the silicone joint due to prolonged usage. This loss of property led to
greater deformation of the joint upon mould closure (as depicted in Figure 5.24b).

(a)Warping of the larger fabrics against the walls of the cavity. (b) Deformation of the silicone joint on compression.

Figure 5.24: The causes leading to the formation of the resin channels.

To address this issue, two separate solutions were implemented. The first solution was to reduce
the width of the fabric layers to ensure a better fit, and the second was to cast a new silicone joint. Ta-
ble 5.14 presents the samples that were manufactured with the implemented changes. The reduction
of the fabric width, coupled with a newly cast silicone joint, visibly improved the quality of the samples.
As shown in Figure 5.25, these samples were devoid of resin channels, indicating the effectiveness of
these simple solutions.
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Table 5.14: Samples manufactured with a new silicone joint.

Sample
number

Dimensions of the
11 layer fabric

layers
(l×b)(mm)

Dimensions of the
13 layer fabric

layers
(l×b)(mm)

Average front
propagation
distance in
the lower
Vf region
(mm)

Average front
propagation
distance in
the higher
Vf region
(mm)

1 42.5×47.5 32.5×47.5 41 0
2 47.5×47.5 27.5×47.5 47.5 27.5

(a) Sample 1 from Table 5.14 (b) Sample 2 from Table 5.14

Figure 5.25: Samples manufactured with reduced width and a new silicone joint.

To investigate the impact of width optimization and the use of a new silicone, two separate repre-
sentative samples with similar dimensions were observed under a microscope at 10x magnification.
The first sample was manufactured before optimization and showed the formation of resin channels,
whereas the second sample, manufactured after optimization, was devoid of any visible resin channels.

The cross-sectional microscopic images along the length of the samples were used to estimate the
void fraction. The estimated void fractions in different Vf regions of the samples have been summarized
in Table 5.15. Sample 1, which was manufactured before optimization, has a higher void content than
the sample manufactured after optimization (sample 2). The void fraction decreased by 13.4% in the
lower Vf regions and by 57.5% in the higher Vf regions.

Table 5.15: Comparison of the void fraction in samples manufactured before and after width optimization

Sample
number

Dimensions of the
lower Vf region

(l×b)(mm)

Void fraction
of the lower
Vf region

estimated via
thresholding(%)

Dimensions of the
higher Vf region

(l×b)(mm)

Void fraction
of the higher
Vf region

estimated via
thresholding(%)

1 47.5×49 7.79 27.5×49 6.65
2 47.5×47.5 6.74 27.5×47.5 2.82
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To visually confirm the elimination of resin channels, horizontal cross-sections of the same samples
were observed at 10x magnification. Figure 5.26a shows fabric warping and the consequent formation
of the resin channel. On the other hand, Figure 5.26b shows the absence of resin channels in a width-
optimized sample.

(a) Sample with a resin channel (sample 1 from Table 5.15)

(b)Width optimized sample without resin channel (sample 2 from Table 5.15)

Figure 5.26: Microscope images depicting samples with and without resin channels.



5.4. Temperature Monitoring 63

5.4. Temperature Monitoring
As shown in section 5.3, it appears that changing the fiber volume fraction has a clear influence on the
propagation of the front. Moreover, these experiments also revealed that the influence of varying Vfs
is dependent on the relative surface areas of the two regions. To modify the surface areas of the two
regions, the length of the lower Vf region was varied. It was observed that decreasing the length of
the lower Vf region below a certain critical value acted as an inflection point in the front’s behaviour.
This phenomenon was explained by comparing the front temperature with the hypothetical threshold
temperature of a particular region.

Furthermore, the samples shown in subsection 5.3.1 exhibited the formation of resin channels due
to the warping of the fabrics against the cavity walls. The formation of these channels indicated the pos-
sibility of non-homogeneous movement of the front. To eliminate the formation of these resin channels,
samples were manufactured with fabric layers of smaller width and a newly cast silicone joint. These
corrections eliminated the formation of resin channels and suggested the formation of homogeneous
fronts. However, further quantification was deemed necessary to validate these observations. As de-
scribed in subsection 4.5.2, this quantification involved collecting temperature data across the sample’s
surface area.

To quantify the propagation of the front through the two regions with different Vfs and to determine
the critical length of the lower Vf region, a study was conducted. In this study, a series of samples
were manufactured by increasing the length of the lower Vf region, which was determined through trial
and error. The different lengths of the lower Vf region used in the study are presented in Figure 5.27.
Given the practical difficulties of introducing thermocouples into the layup, only two thermocouples
were used initially as a precautionary measure, with one placed in each of the two Vf regions. Once
some familiarity was gained with introducing the thermocouples between the fabric layers, an additional
thermocouple was introduced at the interface in the samples manufactured towards the end of the
study. It is worth noting that this study was conducted before the width correction was carried out, and
therefore, resin channels are visible in all the samples.

Figure 5.27: The different lengths of the lower Vf region used to manufacture samples.
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The study began by manufacturing samples with a lower Vf region that had a length of 18.75 mm,
which was exactly one-fourth of the total length of the layup (75 mm). As shown in Figure 5.28b,
the front propagation stopped at the interface between the two regions. The temperature progression
through the two regions was captured in Figure 5.28a.

Following these observations, two samples with a lower Vf region length of 27.5 mm and 37.5 mm
were manufactured. These samples exhibited similar behaviour, with a sharp rise in temperatures ob-
served in the thermocouple placed in the lower Vf region, while the thermocouple placed in the higher
Vf region showed an almost flat curve, indicating that the front had not propagated through the higher
Vf region.

On the other hand, samples with lower Vf regions with a length of 42.5 mm and 47.5 mm saw
the complete progression of the front. The temperature progression for these lengths through the two
regions is presented in Figure 5.28c and Figure 5.28e, respectively. A clear sharp rise in temperature
across (T1 & T4) the two regions was observed, indicating the seamless propagation of the front from
one region to another. The onset rise in temperature was in order with the movement of the front
through the sample, with a clear distinction observed between the onset times of temperature rise in
the two regions.

(a) Temperature readings (18.75mm) (b) Sample when the length of the lower Vf region is 18.75mm

(c) Temperature readings (42.5mm) (d) Sample when the length of the lower Vf region is 42.5mm

(e) Temperature readings (47.5mm) (f) Sample when the length of the lower Vf region is 47.5mm

Figure 5.28: Temperature vs. time plot representing the progression of the front in samples with different lengths of lower Vf

region.
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The scatter plot shown in Figure 5.29 provides clear evidence supporting the proposed hypothesis
of a critical length (indicated by a vertical blue line). Specifically, the plot demonstrates that samples
with lower Vf region lengths below 42.5 mm repeatedly experience frontal quenching at the interface.

Figure 5.29: Comparison of the peak temperatures in the different regions.

The scatter plot also provides evidence supporting the necessary requirement to sustain the fronts
through the different regions. Specifically, the peak temperatures of the front in the cured region were
found to be above 200◦C, indicating that the front had to be above this threshold to be sustained.
In samples where the front quenched at the interface, the recorded peak temperature did not reach
this threshold value. Furthermore, in all the samples that were manufactured, the peak temperature
recorded in the lower Vf region was greater than those recorded at the interface and in the higher
Vf region. This observation suggests that the front temperature gradually decreases as it propagates
through the different regions. In samples with a length above the critical value, the front temperatures
were sustained above the threshold, whereas in samples with a length below the critical value, the
opposite was true.

Following these observations, a study was conducted to quantify the formation of a non-homogeneous
front caused by the warping of the fabric layers. Subsequently, the formation of homogeneous fronts
in samples manufactured after width optimization was also investigated. The warping of the fabric re-
sulted in the creation of regions of peaks and troughs. This caused more resin to accumulate in the
shallow regions, resulting in faster fronts in these areas as compared to the centre of the sample. Cap-
turing temperature data at these specific locations would help quantify this assumption.

To address this requirement, two additional thermocouples were introduced: one placed at the inter-
face (thermocouple 3), and the other placed at the edge of the sample (thermocouple 5). To confirm the
non-homogeneous movement of the front, the onset point of temperature rise between thermocouples
2 and 3, and thermocouples 4 and 5 were compared. If the front moved non-homogeneously, then
thermocouples at the interface (thermocouples 2 and 3) would not trigger simultaneously. The ther-
mocouple in the shallow regions (thermocouple 3) would trigger first compared to the thermocouple in
the centre (thermocouple 2). Similarly, if the front is non-homogeneous, then thermocouples 4 and 5
would also record this phenomenon.

To investigate the observed phenomena, samples were manufactured with a lower Vf region length
of 42.5 mm. A summary of the peak temperatures recorded by the five thermocouples is presented in
Table 5.16.
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Table 5.16: Sample manufactured to study non-homogeneous fronts

Sample
number

Dimensions
lower
Vf

region
(l×b)
(mm)

T1
(◦C)

T4
(◦C)

T2
(◦C)

T3
(◦C)

T5
(◦C)

Distance
moved

by the front
in the

lower Vf

region (mm)

Distance
moved

by the front
in the

higher Vf

region (mm)
1 42.5×47.5 203.97 202.04 23.93 208.29 61.83 42.5 32.5
2 42.5×47.5 225.46 220.37 214.81 155.21 200.40 42.5 32.5

Similar to the previous study, it was observed that the peak temperature in the lower Vf region (T1)
was higher than the peak temperature in the higher Vf region (T4) and at the interface temperatures (T2
and T3). However, in sample 1, slight variations were noticed in this trend where the peak temperature
at the interface (T3) as recorded by thermocouple 3 was actually higher than the peak temperature in
the lower Vf region (T1). This variation could be attributed to the non-homogeneous propagation of
the front. The warping of the fabric in this sample resulted in the formation of resin channels (as shown
in Figure 5.30b). Thermocouple 3, which was placed from the side, might have measured the front
temperature of the resin channels formed in the shallow region, whereas Thermocouple 1, placed from
the centre, could have measured the front temperature through the fabric. On the other hand, sample
2 did not have any visible resin channels, but the effects of warping were still evident in the form of
uncured regions at the edges of the samples on both ends (see Figure 5.30d).

(a) Temperature readings of sample 1 from Table 5.16 (b) Sample 1 from Table 5.16

(c) Temperature readings of sample 2 from Table 5.16 (d) Sample 2 from Table 5.16

Figure 5.30: Temperature vs. time plot capturing non-homogeneous fronts.

Additional evidence of the formation of non-homogeneous fronts in these samples can be obtained
by comparing the temperature curves. As shown in Figure 5.30c, there is a clear difference in trigger
times between thermocouples 2 and 3, with thermocouple 3 triggering 6.3 seconds before thermo-
couple 2. Furthermore, thermocouples 4 and 5 triggered simultaneously, indicating that the front had
reached both thermocouples at almost the exact same time. This would not be the case if the front
had traveled in a homogeneous manner. If the front had been homogeneous, a concurrent triggering
of thermocouples 2 and 3 would have been observed, with a delay in the onset of thermocouples 4 and
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5, with the former capturing the front before the latter.

The behavior of the front for the samples manufactured after optimizing the fabric layer width and
using a new silicone joint to eliminate warping of the fabric was investigated, and the peak temperatures
captured by all the thermocouples are presented in Table 5.17. These samples had a lower length of
Vf region of 46.5mm, and the width of the fabric layers was reduced to 47.5mm.

Table 5.17: Peak temperatures in samples manufactured with fabric width optimization and a new silicone joint.

Sample
number

Dimensions
lower
Vf

region
(l×b)
(mm)

T1
(◦C)

T4
(◦C)

T2
(◦C)

T3
(◦C)

T5
(◦C)

Distance
moved

by the front
in the

lower Vf

region (mm)

Distance
moved

by the front
in the

higher Vf

region (mm)
1 46.5×47.5 223.83 189.38 199.64 209.01 - 46.5 28.5
2 46.5×47.5 231.58 214.20 227.24 212.86 214.20 46.5 28.5
3 46.5×47.5 239.83 209.44 216.91 224.32 222.36 46.5 28.5
4 - 279.16 55.20 217.82 - - 0 0

For the samples with a lower Vf region length of 46.5mm, the front propagation was observed until
the end, indicating that this length is above the critical value. Across all samples, the peak temperature
in the lower Vf region (T1) was found to be higher than the peak temperatures in the higher Vf region
(T4) and the interface (T2 & T3).

(a) Temperature readings of sample 2 from Table 5.17 (b) Sample 2 from Table 5.17

(c) Temperature readings of sample 3 from Table 5.17 (d) Sample 3 from Table 5.17

Figure 5.31: Temperature vs. time plot capturing the progression of the front in samples manufactured with optimized width
and silicone joints.

The analysis of the curves indicated that the propagation of the front through the sample’s surface
area appeared to be quite homogeneous. This is evident from Figure 5.31a and Figure 5.31c, where
the onset rise in temperatures recorded by the thermocouples at the interface (thermocouples 2 & 3)
occurred almost simultaneously. Additionally, the onset rise in temperature observed in thermocouples
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4 was earlier than in thermocouple 5. These observations suggested that the propagation of the front
was likely to be homogeneous.

Figure 5.32 depicts the three common features found in these curves: non-monotonic temperature
increase, single peaks, andmultiple peaks. These characteristics arise due to the micro-structure of the
fabrics. The non-monotonic increase observed in many of the curves may indicate non-homogeneous
fronts at the microscopic level. Each tow could have fronts moving at different speeds, causing the
thermocouple to capture fronts moving in its vicinity before capturing the front propagating over it.

Furthermore, all the presented plots have shown two types of peak behaviours, namely (1) a single
peak or (2) multiple peaks. The formation of these peaks may be related to the positioning of the
thermocouples in relation to the micro-structure of the fabrics. If the tip of the thermocouple is placed in
the resin pools between the tows, the temperature reading would show a single sharp peak. Conversely,
if the tip of the thermocouple is placed on the tows, the reading would exhibit multiple peaks. The resin-
filled region between the tows has a lower Vf , which means it polymerizes faster than the tows with a
higher Vf . A thermocouple placed in this region would only detect the front moving through the pool,
while the thermocouple placed on the tow would first register the front moving adjacent to it (the resin
pool between tows). Subsequently, it would register the front that moves through the tow.

Figure 5.32: Curves showing Single peaks, multiple peaks and non-monotonic increases.

Finally, to provide a sense of closure to the experimental study conducted thus far, the length of the
lower Vf region was reduced to 0 mm, while the length of the higher Vf region was increased to 75
mm (as shown in sample 4 in Table 5.17). As depicted in Figure 5.33b, the front has quenched pre-
cisely at the interface between the pool and the layup, which is a result consistent with those observed
for samples with uniform Vf . In Figure 5.33a, the progression of temperature from the resin pool to
the fabric layup is shown. As expected, the highest recorded temperature was observed in the resin
pool (thermocouple 1). Moreover, the transfer of heat from the pool to the fabric is evident from the
temperature rise recorded by the resin (thermocouple 3).

(a) Temperature readings of sample 4 from Table 5.17 (b) Sample 4 from Table 5.17

Figure 5.33: Temperature vs. time plot representing the progression of the front in samples with 13 layers
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5.5. Non Rectangular Samples
The samples manufactured and the studies carried out in section 5.3 and section 5.4, respectively,
made the first attempts at utilizing FP in curing laminates that mimic real-life applications. This exer-
cise is the first step in making FP viable for different geometries. Continuing in this spirit, the next
logical step was to test the feasibility of manufacturing composites with different geometrical shapes.
As already discussed in section 4.6, composite laminates with in-plane ”L” shaped samples were manu-
factured. Before varying the Vf within the L-shaped sample, the basic capability of the front to traverse
the entirety of the sample was tested. To do this, a series of ”L” shaped samples with uniform Vf were
chosen based on the already exhibited results of rectangular flat plate samples. A summary of these
samples has been provided in Table 5.18.

Table 5.18: L-shaped samples with uniform Vf across the surface area of the sample.

Sample
number

Number
Of

Layers (n)

Average
height
of the
silicone

cavity (mm)

Theoretical
Vf (%)

Average
thickness of
the cured

sample (mm)

Actual
Vf (%)

1 10 5.10±0.03 30.56±0.20 5.06±0.07 30.81±0.46
2 11 5.10±0.03 33.64±0.22 4.99±0.06 34.39±0.44
3 12 5.10±0.03 36.67±0.24 5.08±0.04 36.85±0.35

As illustrated in Figure 5.34, the L-shaped samples exhibited comparable surface quality to the
rectangular samples with a uniform Vf , which were produced using the same stainless steel test setup.
This surface quality indicated good resin saturation. The samples also showed reasonable accuracy,
with an average percentage error between the actual and theoretical Vfs of 1.17%. The low error
margin was an indication of the uniformity in the height of L shaped cavity of the silicone joint and the
high compaction provided by the stainless steel setup.

Figure 5.34: L-shaped sample with uniform Vf across the surface area of the sample.

The L-shaped samples with uniform Vf were manufactured immediately after the rectangular uni-
form Vf samples presented in subsection 5.2.3. At this stage, width optimization was not yet carried
out and hence the L-shaped fabric layers were cut to dimensions that allowed for an easy fit into the
cavity. These reduced dimensions resulted in two commonly observed features: the lateral movement
of the layup on compaction evident from the cured resin regions at the edge opposite the resin pool
and race-tracking fronts along the edges of the sample.
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The sample with 13 fabric layers (with a corresponding Vft of 39.73±0.26 ) or more failed to cure.
In these samples, the front was seen to quench at the interface between the resin pool and the fabric
layup. The quenching of the front was attributed to the high fibre content and a small resin pool (10
mm). The small size of the pool may have resulted in lower heat generation, and subsequently, a lower
front temperature. As the front reached the higher Vf region, the high fibre content may have directed
a large amount of heat away, resulting in the slowing down of the front with a reduction in the front
temperature. As a consequence, the front temperature may have fallen below the threshold tempera-
ture required to sustain the front through the fabric layup, leading to the observed curing failure in the
samples with 13 or more layers.

The trials conducted in section 5.3 aimed to investigate the influence of varying Vf within the sample
on the propagation of the front through the rectangular sample. These trials revealed that, in a rectan-
gular sample of the tested dimensions (90 × 50 mm), the successful propagation of the front from a
region of lower Vf to a region of higher Vf is dependent on the relative lengths of the two regions within
the given sample dimensions. Specifically, the propagation of the front from one region to another
occurred only when the length of the lower Vf region was greater than a critical value. Following the
results of these trials, a study was conducted to investigate whether this critical length could also be
observed in an L-shaped geometry.

In this study, a series of L-shaped samples with varied Vfs were manufactured. Similar to the
rectangular samples with varied Vfs, the lower Vf region comprised of 11 layers while the higher Vf

region comprised of 13 layers. The length of the lower Vf region was increased relative to the length
of the higher Vf region. These lengths were determined through a trial and error process. Figure 5.35
illustrates the different lengths of the lower Vf region that were utilized in the study.

Figure 5.35: The different lengths of the lower Vf region used to study the existence of a critical length in an ”L” shaped
sample.
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The results of these trials are summarized in Table 5.19. Notably, a critical point in the front’s
behaviour was observed at a lower Vf region length of 32.5mm. As shown in Figure 5.36, samples 1
and 2, which had Vf region lengths of 30mm and 32.5mm, respectively, showed quenching of the front
at the interface. In contrast, samples with a longer length of the lower Vf region (greater than 32.5mm)
exhibited complete front propagation during the curing process. Figure 5.36c illustrates the curing of a
sample with a lower Vf region length of 35mm.

Sample
number

Length
of the lower
Vf region
(l)(mm)

Dimensions
of the higher
Vf region
(l×b)(mm)

Average front
propagation

distance in the
lower Vf

region (mm)

Average front
propagation

distance in the
higher Vf

region (mm)
1 30 35×75 30 0
2 32.5 32.5×75 32.5 0
3 35 30×75 35 30
4 40 25×75 40 25
5 45 20×75 45 20

Table 5.19: L shaped samples with varied vf manufactured to study the presence of a critical length.

(a) L shaped sample with a lower Vf region length of of 30mm (b) L shaped sample with a lower Vf region length of of 32.5mm

(c) L-shaped samples with the lower Vf region length of 35mm.

Figure 5.36: L-shaped samples with different lengths of lower Vf region.
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These results were a clear indication that, as discussed for rectangular samples in section 5.3, the
successful propagation of the front in an L-shaped sample is also dependent on the length of the lower
Vf region. The successful propagation of the front in the sample with a lower Vf region length larger
than 32.5mm provides clear evidence for the existence of a critical length.

The mechanism of front propagation in an L-shaped sample is similar to that of rectangular samples,
with the only difference being the direction of propagation due to the variation in geometry. Initially, the
front in the L-shaped sample would start propagating through one of its arms. Upon reaching the end
of this arm, the front would then diverge into the next arm. The evidence supporting the diversion of
the front can be found in the sample with a lower Vf region length of 32.5mm (Figure 5.36b). In this
sample, the front has quenched at the interface, but the lower Vf region in both arms has fully cured.

The quenching of the front observed at the interface for samples with a lower Vf region below the
critical length follows a similar mechanism to that of rectangular samples. Upon reaching the interface
with the higher Vf region, the increased fibre content abruptly diverts more heat away from the front,
which then diffused over a larger area, resulting in insufficient heating of the resin in the immediate
neighbourhood of the front. This heat loss, coupled with the reduced volume of resin and thus reduced
heat generation, eventually leads to a decrease in the temperature of the front and its slowing down.

Conversely, increasing the length of the lower Vf region would lead to a reduction in heat loss due
to reduced fibre content in the higher Vf region. In these samples, if the front temperature remains
above the threshold, it will continue to propagate some distance before it quenches due to the gradual
effects of heat loss. The reduction of the front temperature below the threshold temperature would be a
gradual process. If the length of the higher Vf region is small enough, the front should have adequate
time to fully cure the region. However, if the length of the higher Vf region were longer, the front might
not reach the end of the sample but instead, quench after travelling a certain distance.

As previously discussed, upon increasing the geometrical complexity from a flat rectangular sam-
ple to an L-shaped sample, the critical length phenomenon still held true. Additionally, the study of the
critical length also highlighted the change in the direction of the propagating front due to the geome-
try of the L-shaped sample. To explore the effects of this directional change on the front’s movement
between different regions, two samples were manufactured with variations in the arrangement of the
higher and lower Vf regions.

Figure 5.37 illustrates the schematic of the two samples manufactured. In the first sample (see Fig-
ure 5.37a), the length of the lower Vf region was smaller than the critical length. However, the smaller
width of the higher Vf region allowed for the diverted front’s progression into the lower Vf region in the
other arm of the L-shaped sample. In the second sample (see Figure 5.37c), the length of the lower Vf

region was increased to 65mm in one arm, while the other arm consisted of the higher Vf region. This
arrangement of the Vf regions allowed for the investigation into the effects of the changing direction of
the front on its ability to cure the samples.

In Sample 1 (see Figure 5.37b), the front propagated into the higher Vf region, curing the entire re-
gion. Since the length of the lower Vf region was smaller than the critical length, the propagating front
should have quenched at the interface. However, due to the chosen width, the front may have diverted
towards the lower Vf region in the other arm, potentially leading to the front approaching the higher
Vf region from two directions. Additionally, the front approaching directly from the lower Vf region at
the bottom (adjacent to the resin pool) could have preheated the fibres in the higher Vf region. This
would mean that when the diverted front eventually reaches the higher Vf region, the fibres there would
already be sufficiently heated, enabling the front to propagate seamlessly into the higher Vf region.

Furthermore, due to the smaller size of the higher Vf region (30×35), the heat loss due to the high
fibre content should be much lower compared to the previous study conducted to study the critical
length. Despite the larger size of the higher Vf region in this study (75×30), the front still propagated
unimpeded. This low heat loss, combined with a two-sided front could mean that the front temperature
in at least one of the arms should still be higher than the threshold temperature required to sustain
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(a) Sample 1 (b) Manufactured sample 1

(c) Sample 2 (d) Manufactured sample 2

Figure 5.37: The samples manufactured to observe the effects of change in the direction of the propagation of the front in an
L-shaped sample with varied geometry.

the front in the higher Vf region. Additionally, the dimension of the higher Vf region should be small
enough to allow the front to propagate through it entirely before the front temperature falls below the
threshold due to continued heat loss.

In sample 2 (see Figure 5.37d), the front propagated entirely through the lower Vf region in one
arm of the sample while it quenched at the interface. The diverted front, upon reaching the interface,
should experience a rapid slowing down and reduction in the front temperature due to the increased
fibre content and reduced resin volume. Furthermore, the dimensions of the higher Vf region, and
hence the fibre content, were large enough for the front temperature to rapidly fall below the threshold
temperature, hence quenching at the interface.

These observations suggest that, for the L-shaped geometry with the selected dimensions, the
behaviour of the front may not be influenced by the diversion resulting from the change in geometry.
Instead, the propagation of the front seems to be impacted by the high fibre content and reduced
resin volume, leading to a decrease in heat generation and consequently in front temperature. The
experiments indicate that the propagation of the front relies on maintaining the necessary heat balance
to sustain the front. If the diversion of the front were to have an effect on the heat balance, no definite
conclusion about its influence can currently be drawn. Further experimentation and quantification are
necessary to establish a relationship between the behaviour of the front and the change in its direction.



6
Conclusion

6.1. Conclusions
The objective of the current research was to examine frontal polymerization (FP) as a curing strategy for
fibre-reinforced polymers (FRPs). The primary focus of this study was to investigate the behaviour of
the propagating front in composite samples with varying fibre volume fractions (Vfs) within the sample
and varying geometries. To achieve this, two primary sub-questions were initially posed, as outlined in
chapter 3. These sub-questions have been adequately addressed, and the conclusions drawn based
on the observations and interpretations made throughout the courses of this thesis are now presented.

To investigate the behaviour of the front in composites with varying Vfs and geometries, it was
necessary to develop a mould test setup that would allow for the manufacturing of composite sam-
ples cured via FP. Therefore, several experimental trials were conducted to manufacture composite
samples cured via FP, while also determining the optimal processing steps that would allow for easy
and efficient initiation of the front, as well as its sustenance. To achieve this, several solutions were
implemented, including the introduction of the initiation pool and optimization of the width of the fabric
layers used in the layup. These trials helped to determine the most effective processing parameters
and allowed for the development of a closed mould test setup, which was tested for viability using a
prototype. The closed mould test setup utilized components made of materials with low thermal con-
ductivity, such as silicone and PTFE, which provided the necessary insulation to maintain the thermal
balance required to sustain a front in a composite sample.

Although composite samples were successfully manufactured using the prototype, the poor com-
paction provided by the mould resulted in an average percentage error of 4.5% between the actual and
the theoretical Vf values in the manufactured samples. To improve accuracy, stainless steel-based
components were incorporated. The improved compaction reduced the average percentage error be-
tween the Vfs to 1.9%. Further enhancement was achieved by optimizing the silicone joint, which
improved dimensional precision and reduced the average percentage error to 0.5%. However, it was
found that composite samples with Vf values greater than 36% could not sustain the front, likely due to
the disruption of the heat balance resulting from the higher rates of heat loss and the reduction in the
content of FP formulation in the fabric layup.

Based on these results, experiments were designed to investigate the influence of varying Vfs and
geometries on the propagation of the front through the sample. As a result of these trials, the answer
to the sub-questions is as follows:

1. What is the influence of the variation of the Vfs within the sample on the propagation of the front
through the sample?
Composite samples were manufactured with distinct regions of higher and lower Vfs. It was ob-
served that, for the rectangular geometry considered, the length of the lower Vf region (interface
position) relative to the higher Vf region had an impact on the propagation of the front. When
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the length of the lower Vf region was below a critical value, the front would not propagate into
the higher Vf region but would instead quench either at the interface or a few millimetres before
or after it. Conversely, in samples with lower Vf region lengths above the critical value, the front
would propagate unhindered to the higher Vf region, curing the entire sample. To quantify these
observations, temperature data was captured by placing thermocouples at strategic locations
throughout the sample.

The temperature data indicates that the peak temperature recorded in the lower Vf region was
higher than that at the interface and the higher Vf region. This finding suggests that for the front
to successfully propagate through a Vf region, the front temperature must be above the threshold
temperature required to sustain the front. However, reducing the length of the lower Vf region
below a critical value relative to the higher Vf , would increase the total number of fibres in the
higher Vf region, which would divert more heat away from the front. This, combined with the
reduction of resin quantity in the higher Vf region, could lead to insufficient heating of the resin
near the front and result in a rapid decrease in the front temperature. If the front temperature falls
below the threshold, it would quench the front at the interface.

If the front temperature remains above the threshold, the front may continue to propagate through
the higher Vf region. However, the temperature of the front as it propagates through the higher
Vf region would continue to decrease. If the distance the front has to travel through this region is
short and if it happens before the temperature falls below the threshold, the front could cure the
entire sample.

The study captured the non-homogeneous movement of the front, which was caused by the warp-
ing of the fabric against the walls of the silicone joint. This warping resulted in the formation of
peaks and troughs, with the shallow regions containing more resin compared to the peaks. Upon
initiation, the front would propagate through the shallow regions first before catching up with the
front in the fabric region. Evidence for this behaviour was obtained by comparing the thermocou-
ples placed at the interface. The difference in the trigger times of rise in temperatures measured
by these thermocouples suggested that the front moved in this fashion. To achieve a more homo-
geneous front, the width of the fabric layer and silicone joint were optimized. This optimization
yielded a seemingly homogeneous front, as evidenced by the comparison of the thermocouples
at the interface. Additionally, the temperature curves obtained from the experiments showed the
effects of the microstructure of the carbon fabric, which appeared in the form of single or multiple
peaks and a non-monotonic increase in temperature.

2. Does the geometrical complexity of a composite part have an influence on FP?

The study successfully demonstrated the feasibility of manufacturing geometrically complex shapes
by producing an in-plane L-shaped sample with uniform Vf . Tests were conducted to investigate
the influence of variation of Vfs in the L-shaped samples. These tests involved manufacturing L-
shaped samples with distinct regions of lower and higher Vf . In these tests, the length of the lower
Vf region was varied with respect to the higher Vf region. The results clearly demonstrated that,
similar to the rectangular samples, the behaviour of the front depended on the length of the lower
Vf region, with a critical length acting as the inflexion point. Additionally, tests were conducted to
study whether the change in the front’s direction as it propagates from one arm to another affects
its behaviour. Results from these tests suggest that changing the front direction did not affect its
behaviour, as the front temperature still needs to be maintained above the threshold temperature
to sustain it. However, further studies are needed to verify these claims.
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Finally, answering the main research question,

” Can we control the heat losses in frontal polymerization to maintain the heat generation-diffusion
equilibrium under geometrically complex conditions? ”

The results of all the experiments conducted in the study lead us to conclude that the propagation of
the front is highly dependent on the test setup’s ability to maintain the heat balance required to sustain it.
This study has confirmed that a well-insulated test setup is one of the primary factors in the successful
implementation of FP-based curing of FRPs. Additionally, higher fibre content coupled with a reduction
in resin volume naturally affects the heat balance, leading to a rapid reduction in the front temperature
below the threshold required for a sustained front. This governing principle seems to hold true despite
changes in the geometry and, in turn, the direction of propagation. In summary, fronts can be sustained
under geometrically complex conditions as long as the front temperature can be sustained above the
threshold temperature.

6.2. Significance of the current work
This thesis effectively contributes to the knowledge base on the topic of frontal polymerization. Through
the investigations of the behaviour of the front in composite parts with varying Vfs within the sample
and varying geometries, this study provides insights into the use of frontal polymerization as an effec-
tive curing strategy in the manufacturing of fibre-reinforced polymers.

The current work presents a glimpse into the potential of FP, which lies in its ability to offer reduced
curing times, potentially leading to increased production volumes with lower energy consumption. How-
ever, at present, its potential is limited by the lack of research that fully explores its capabilities. The
understanding gained from this study will serve as a solid foundation for the design of manufacturing
processes and setups tailored for the use of frontal polymerization.



7
Recommendation

This section introduces several recommendations for future research based on the study conducted in
this thesis. In the stainless steel-based closed mould test setup, the manufacturing of composite sam-
ples was restricted to a maximum Vf of 36%. Samples with Vf greater than 36% were unable to sustain
the propagating front, which was attributed to the disruption of the heat balance due to the excess heat
loss to the surroundings. Therefore, future research should explore different methods to maintain the
necessary heat balance to sustain the front at these higher Vfs. To achieve this, the first recommenda-
tion is to replace the Teflon plates with better-insulating materials, such as Fiberglass (foam glass) or
polyurethane foam. Another method could be to optimize the concentration of the initiators (PAG and
RTI) to achieve higher front velocity and temperature. Additionally, optimization to further reduce the
void content can be explored. This can be achieved through an infusion process based on the resin
transfer moulding process, such as VARTM, to create the fabric resin layup. A more controlled FRP
processing technique like the VARTM can help reduce the formation of macrovoids and mesovoids. An-
other interesting area of research is the manufacturing of samples with two simultaneous fronts moving
from the opposite side. This method could potentially allow for even faster manufacturing speeds. Fur-
thermore, mechanical testing of the composite samples manufactured with the processes used in this
thesis could be undertaken. These samples could be compared to complementary samples manu-
factured using traditional curing methods. The results from these tests could create a stronger case
supporting the adoption of FP as a viable curing alternative.

The study of the influence of changing Vfs within the sample demonstrated the conditions neces-
sary for the propagation of the front from one region to another. To enhance the understanding of
the behaviour of the front, future research can look at increasing the size of the composite samples.
This could involve doubling the dimensions of the samples used in this study to determine whether the
observations made in smaller samples would still hold true at increased dimensions. In these stud-
ies, thermocouples can be placed strategically to study the relationship between the critical lengths,
front temperature and the steady state of a certain Vf region. Furthermore, the propagation of the
front through an L-shaped sample can be quantified through the use of thermocouples. Such data can
perhaps provide insights into the behaviour of the front in regions with sharp bends or curves. Under-
standing the influence of these geometrical features on the propagation of the front can better help
design structures that will be cured via FP. It is important to determine whether changes in the direction
of the front have an influence on its properties (temperature, velocity,etc.) and behaviour. Studying
the influence of variation of Vf within the L-shaped sample on the propagation of the front can also
be beneficial. The RTM-based mould presented in Appendix A can provide a good starting point for
designing a test setup that can be utilized in FP research. Based on some of the proposed solutions,
it is recommended to further optimize the design to make it modular and cost-effective.
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A
RTM Concept

The RTM mould test setup, which could be used to manufacture composite samples cured via Frontal
Polymerization, was conceptualized as part of this thesis and is presented here. This setup could serve
as a reference for the future design of test setups tailored for FP.

A.1. Introduction
The composite laminates manufactured as a part of the various experimental trials throughout the du-
ration of the thesis have demonstrated the feasibility of utilizing FP as a viable curing strategy. The
experiments performed have also ventured into new domains, such as the variation of Vf and the in-
troduction of geometrical complexities. The results of these experiments have further enhanced the
understanding of the physical phenomena governing FP.

Given the results of the various experimental trials presented in chapter 5, it is evident that several
challenges were faced, particularly due to the inefficiencies in the manufacturing process. However,
through repeated optimization, the quality of the laminates and the repeatability of the process were
improved. It is quite difficult to estimate if the same acquired know-how would be applicable in dealing
with inconsistencies of similar nature that might arise as and when the scale and complexity of the
samples are increased.

Furthermore, if frontal polymerization has to become a viable alternative to the traditional methods
of curing composites, a more holistic view is needed in the research surrounding frontal processes.
This all-encompassing view would only be complete when FP is complemented by an appropriate com-
posite manufacturing technique that finds widespread industrial application. One such manufacturing
technique that is most compatible with FP is a type of liquid composite moulding (LCM) known as resin
transfer moulding (RTM). As eluded to in the literature review in chapter 2, VARTM, a variation of the
RTM, has already been used to manufacture FRCs cured via FP.
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A.2. Overview of the Literature
A.2.1. Working Principle
As represented in Figure A.1, the RTM process begins with the preparation of the moulds (See Fig-
ure A.1 1). The mould cavities are coated with a release agent to prevent the cured resin from sticking
to them. Next, the fabric layers (such as dry continuous strand mats, woven roving or fabrics) are
draped into the mould cavity to give the part its required net shape (See Figure A.1 2,3 & 4). These
mould cavities are usually shaped according to the final part to be manufactured. In the case of com-
plex mould geometries, the fabric layers are held together by a tackifier or by being stitched together
to prevent any movement during the resin injection process. Once the fabric layers have been placed
in the cavity, the molds are closed and clamped (See Figure A.1 5). The next step is the injection
of resin under pressure through one or more gates designed into the mould (See Figure A.1 6). The
resin injection points are usually at the lowest point of the mould cavity. Meanwhile, as the resin flows
through the cavity, it displaces the entrapped air through the exit vents and impregnated the fabric. The
resin injection stops once the resin is seen exiting from the vents. After this point, the resin injection is
discontinued, and the vent ports are closed. The resin is then allowed to cure through heating or the
addition of initiators to the resin. The part is removed only after it has sufficiently hardened, which is
often referred to as green strength (See Figure A.1 7 & 8) [4] [56].

Figure A.1: Schematic overview of the RTM process

A.2.2. Use of RTM in FP
The RTM tool design that has been implemented so far in RICFP applications has primarily focused
on achieving a uniform 1D flow (a linear flow) [39]. This design approach is justifiable as the samples
that are to be manufactured typically have very small thicknesses when compared to their in-plane
dimensions. While there have been many variations in the moulds, the general principles have been
found to remain the same across a wide range of literature.
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As already mentioned, Dung Tran et al.[39] successfully demonstrated the use of VARTM as a
composite manufacturing technique with FP as a complimentary curing technique. As shown in Fig-
ure A.2, they utilized a simple setup with a frame manufactured out of a polydimethylsiloxane (PDMS)
sheet sandwiched between two glass plates to form a mould. On the upper mould half, two holes were
drilled, each connecting to the formulation container and a vacuum system through a PVC pipe. The
preform was then placed in the silicon mould and closed on both sides with the glass plates. The entire
setup was held together by simple metal clamps, which helped maintain the dimensions of the setup.
The use of glass plates was an optimal choice for initiation via UV/vis.

Figure A.2: VARTM setup used for the manufacturing of composites cured via FP.[39].

Furthermore, the utilization of VARTM as a resin infusion technique coupled with FP was also
demonstrated by Centellias et al. [57] and Robertson et al. [13]. Centellias et al. used a double
bag VARTM setup to infuse resin into the fabric preforms. The fabric layers were prepared on a flat tool
plate, and a vacuum was applied to the inner bag, which infused the resin into the dry carbon fibres.
A stronger vacuum was then pulled on the outer bag to compact the laminate and produce composite
parts with a Vf of 50%. In contrast to the moulds used in the literature, a closed mould RTM test setup
with a modular design was considered more appropriate to ensure cost-effectiveness while increasing
the scope of FP research. Therefore, building on the experiences acquired through the manufacturing
of composites and the inspiration gained from literature, a conceptual RTM test mould was designed.
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A.3. RTM Mould Design
As shown in Figure A.3, the conceptual mould design consists of four major elements: a frame, upper
mould plates, lower mould plates and a press plate. The mould design is intended for a linear flow RTM
test setup, which consists of matched moulds with two rigid moulds halves (male and female moulds).
In this design, each of the upper and lower mould halves is comprised of two individual plates, which
are held together with eight M6 countersunk bolts.

Figure A.3: Exploded view of the conceptual mould

The mould was designed to be manufactured entirely with Chromium-plated tool steel, which is
commonly used in high-volume RTM manufacturing due to its high hardness and resistance to wear.
However, since the design was conducted in parallel to the experiments, it did not incorporate practical
learnings from the experiments. If this mould were to be designed again, Chromium-plated tool steel
would still be the material of choice, but the faces of the mould that come in contact with the layup
would be coated with an additional layer of insulation. Insulation films made of Teflon, fibreglass, or
any foam material with low thermal conductivity would be most appropriate.

As discussed in chapter 2, for the successful propagation of the front, the heat generated by the
exothermic reaction of the resin system must be in equilibrium with the heat consumed by the prop-
agating front. However, this thermal equilibrium is affected by the heat loss from the system to the
surrounding. The mould used to manufacture composite laminates in this thesis utilized elements such
as a silicone joint and Teflon plates to contain the heat within the system. While the presence of these
elements successfully allowed for the manufacturing of a variety of laminates, it was observed that the
front would quench at the initiation pool when the Vf was increased beyond a certain value. To tackle
this challenge, an external heating method was devised, which involved the use of heating elements
to supplement the heat loss (see Figure A.3 A). These heating elements would artificially counter the
effects of heat loss and maintain the equilibrium required for the propagation of the front.

Thin Film Polyimide Adhesive Heater was the chosen heating element for this purpose. The individ-
ual mould plates in contact with the layup ( Top plate (bottom) and base plate (top)) were provided with
a housing pit for placing these heating elements (See Figure A.4 B & D). These pits were also designed
with outlet ports for directing the wires of the heating elements outside the mould. Furthermore, the
heating elements would be held in place with thermally conductive adhesive tape that had very high
operating temperatures.



A.3. RTM Mould Design 86

Figure A.4: Upper and Lower rigid mould plates. A: Upper mould plate (top), B: Upper mould plate (bottom), C: Base mould
plate (bottom), D: Base mould plate (top).E: This film adhesive heater

This RTM mould setup is a pressure-controlled system where the resin is injected at constant pres-
sure. This method relies on over-pressure and is hence mostly used with 2 rigid moulds with proper
sealing to prevent any leakage of resin from the periphery of the mould. Simple metal-to-metal contact
is utilized for sealing the mould periphery. Additionally, further sealing is provided by a silicone joint
that surrounds the laminate and runs along the inner walls of the frame. In this method, the pressure
can be steadily increased if needed, to prevent washout or displacement of the fabrics due to the initial
rush of resin into the mould cavity.

The mould boundary conditions (inlet and outlet ports) can be based on the a simple end-to-end
placement, with the injection of the resin being carried out from the bottom of the mould (See Figure A.4
C & D). As the dimensions of the part being manufactured are small, the location of the ports ensures
that the preform is well impregnated by the resin, preventing the formation of dry spots [56].

To initiate the front, a copper heating element in the form of a countersunk was also incorporated
into the design. This eliminates the need for an initiation hole in the mould setup, which can create a
pressure imbalance. The use of a copper countersunk would create an air-tight seal while providing
a mechanism to initiate the front. Furthermore, the laminates can be compacted using a press plate,
which is an element attached to the top plate (bottom) via four countersunk screws. This modular design
is necessary to allow for a multipurpose mould. To achieve variation in the thickness of the laminate or
to vary the Vf within the samples the taper of the press plate could be changed (See Figure A.5).
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Figure A.5: Modular Press plates. A: Flat press plate. B: tapered press plate

The upper and the lower mould halves are held together using horizontal latch clamps, which can
facilitate fast and easy assembly of the mould setup. To balance the internal pressure created by the
injection of resin, 8 latch clamps were incorporated into the design. The thickness of the composite
sample could be varied by using a frame of different thicknesses, for which adjustable latch clamps
were utilized. Additionally, templates based on the required shape could be used to alter the geometry
of the samples. However, it is important to ensure that the resin is allowed to flow smoothly from the
inlet to the outlet.



B
Manufacturing

B.1. Casting Silicone Moulds
The RTV Silicone rubber used for casting moulds is a two-part liquid silicone consisting of a silicone
base and a catalyst that cures at room temperature when mixed. Mould-making liquid silicone is con-
venient for making moulds via the ”pour-on method”. The mould-making process involves mixing the
two parts together and subsequently pouring them into a box cavity that contains the pattern that has
to be cast. As the liquid silicone is soft and flexible, every detail of the pattern is captured. After curing,
silicone moulds exhibit excellent tear strength and chemical resistance. SILASTICTM RTV- 4136-M
Liquid Silicone Rubber base and catalyst were chosen to cast all the silicon moulds for the initial set of
experiments. The silicone mixture would expand to 3 to 4 times its volume under vacuum, and once
the froth collapsed, it would recede back to its original volume. After sufficient time under vacuum, the
vacuum pump was turned off, and the air was let into the chamber after 1 or 2 minutes (see Figure B.1
L). Then the mixture was poured into the cavity with the pattern as soon as possible to avoid any air
entrapment.

Figure B.1: Silicone components mixing and degassing. A & B: SILASTICTM RTV- 4136-M base and curing agent. C,D,E,F,G
& H: Mixing of base and curing agent. I,J & K: Degassing of the liquid silicone mixture. L: Degassed silicone mixture.

Before the pattern was used, Care had to be taken to ensure that it was free of any contaminants and
dirt. To do so, the pattern was thoroughly cleaned and blown over with compressed air (see Figure B.2
D,E & F). The pattern was then thoroughly fixed to the base of the box cavity to prevent it from floating

88
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when the silicone was poured into the cavity (see Figure B.2 G). Additionally, a good release agent had
to be coated over the pattern (preferably wax) to ensure easy release after curing(see Figure B.2 H & I).

Figure B.2: Preparation of mould for casting. A,B,C,D,E & F: Cleaning the mould and the pattern. G: Fixing the pattern into
the box cavity. I: Applying the release agent
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B.2. DSC Characterization
The various steps involved in the DSCmeasurement are shown in Figure B.3. The DSCmeasurements
began with the preparation of the sample and the reference crucibles. Standard aluminium pans and
lids with an operating temperature range from -180 ◦C to 600 ◦C were used for the preparation of the
crucible (see Figure B.3 A & B). These pans and lids enclosed the materials in the crimp seal mode.
First, an empty standard pan was weighed on a Mettler Toledo weighing balance (see Figure B.3 H).
Then, the scale was zeroed, and the pan was filled with the required amount of liquid sample using
a disposable syringe (see Figure B.3 G). A standard die set and T-zero press from TA instruments
were used for crimping the standard pans and lids (see Figure B.3 C, D & E). The standard pan was
then transferred into the standard die, and the lid was then placed on top, enclosing the pan (see
Figure B.3 I & J). Subsequently, the die was transferred to the die holder in the T-zero press (see
Figure B.3 K). Once the sample lid was closed, the sample was ready for use. The preparation of
the reference crucible was similar to the sample crucible, except the pan and lids were closed without
any liquid sample. The sample and the reference crucible were transferred to the DSC machine. The
DSC 250 from TA instruments was used to perform the DSC trails (see Figure B.3 F). Before use, the
DSC instrument tank was filled with nitrogen, which was necessary to provide an inert atmosphere
for the DSC trials. Once the tank was filled, a temperature program was preloaded into the operating
software. After these steps were performed, DSC data could be obtained and processed according to
the experimental requirements.

Figure B.3: Various steps in a DSC measurement.A: Standard aluminium pan. B: Standard aluminium lid. C: Tzero press. D
& E Standard die set. F: DSC 250 from TA Instruments. G, H, I, J & K: Preparation of the sample crucible. L: Sample crucible.
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B.3. Manufacturing by FP
1. Manufacturing composite samples in an open mould

Steps that were followed to manufacture composite samples using an open silicone mould have
been presented in order.

Figure B.4: Manufacturing composite samples in an open mould. A: Guillotine shear USED to cut fabric layers. B: Cut fabric
layers. C,D & E: A brush used to wet the mould cavity. F,G,H,I & J Layup of the fabric and resin spreading. K: Soldering iron

used for initiation. L: Initiation of the front. M: propagating front. N: Re-initiation of front.

2. Measuring the weight of a fabric cut out for the calculation of area weight

Figure B.5: Measuring the weight of a fabric cut out for the calculation of area weight. A:Weighing balance. B: Fabric cut out.
C:Weighing the fabric cut out.
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3. Manufacturing composites samples with a Teflon covered silicone mould

Steps that were followed to manufacture composite samples using a Teflon-covered silicone mould
have been presented in order

Figure B.6: Manufacturing composites samples with a Teflon cover. A,B & C: Gerber cutting machine. D: Cut plies. E,F,G,H&
I: Hand layup. J: 3mm thick Teflon cover with an initiation hole. K: Placing the weights and initiating the front using a soldering

iron. L: Cured samples.

4. Components and assembly of the closed mould test setup

The various components that make up the closed mould test setup and the sequence of assembly
of these components have been presented

Figure B.7: Components of the closed mould setup and their sequential assembly. A: Upper teflon plate. B: lower teflon plate.
C: Upper Stainless steel plate. D: Lower Stainless steel plate. E: Stainless steel frame. F: Silicone joint. G,H,I,J,K & L:
Assembly of the various components in sequence. M: Isometric view of the mould assembly. N: Front view of the mould

assembly.
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5. Manufacturing composites samples with a closed mould testup

Steps that were followed to manufacture composite samples with uniform Vf in a closed mould test
setup have been presented in order

Figure B.8: Manufacturing of a composite sample with the closed mould setup. A: Applying grease lubricant onto the silicone
joint. B: Bottom mould assembly. C: Pouring the resin into the cavity. D,E,F & G: Hand layup. H: Mould closure. I: Initiation of
the front via a soldering iron. J: Checking for heating of the steel plate over the sample to check the progression of the front.

6. Cutting of fabric layers manually via a roller cutter and a template.

Steps that were followed to manually cut fabric layers required to build regions of higher and lower
Vfs

Figure B.9: Cutting of fabric layers manually via a roller cutter and a template. A: Templates. B: fabric cutout sandwiched
between two plastic films and stuck to a cutting table with masking tapes. C & D: Cutting. E & F: Cut laminae layers.
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7. Manufacturing composites samples with varying Vfs within the sample

Steps that were followed to manufacture composite samples with varying Vf within the sample have
been presented

Figure B.10: Manufacturing composite sample with the variation of Vf within the sample. A: Creating a resin pool for the initial
layup. B: Layup of the first layer. C: Compaction of the layer. E,F,G& H : The layup of the smaller fabric layer creates the

region of higher Vf . I: Pouring additional resin as and when needed. J: Final layup.

8. Manufacturing of L shaped composite samples with uniform Vf

Steps that were followed to manufacture L shaped composites samples with uniform Vf have been
presented

Figure B.11: [Manufacturing of L shaped composite samples with uniform Vf . A: Pouring resin into the cavity. B,C,D,E & F:
Hand Layup. G & H: Degassing of the entire layup. I: Pouring resin to fill up the initiation pool and create a thin resin film on top

of the layup. J & K: Initiation of the front. L: Checking for the progress of the front. M & N: Cured sample



B.3. Manufacturing by FP 95

9. Manufacturing L-shaped composites samples with variation of Vfs within the sample

Steps that were followed to manufacture L-shaped composite parts with a variation of Vf within the
sample have been presented.

Figure B.12: Blended hand layup of the fabric layers to create regions of different Vf ’s. A: Pouring of resin to create an initial
pool for the layup. B: Layup of the first fabric layer. C: Compaction of the fabric layer. D & E: Layup of the 3rd continuous ”L”
shaped fabric layer. F & G: Layup of the rectangular fabric layer between the 3rd & 4th continuous ”L” layers to create a region
of higher Vf . H: Layup of the 4th continuous laminae layer. I: Adding resin between the layers as and when required. J: Fully

laid laminae stack.
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