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palavras-chave

resumo

poliamida 6, polimerizagdo anionica, in situ, T-RTM, materiais a base de
grafeno, industria automaovel.

Hoje, a redugcdo de emissdes poluentes provenientes, nomeadamente
aquelas provenientes do setor automovel, é crucial. Uma solugdo eficaz para
diminuir o consumo de combustivel e, consequentemente, reduzir as emissdes
de diéxido de carbono (COz) é a redugéo de peso dos veiculos. Nesse sentido,
a industria automovel tem procurado solugdes envolvendo compdsitos,
nomeadamente de matriz polimérica, como parte da estratégia para criar
solugdes inovadoras e ambientalmente mais sustentaveis.

As matrizes de natureza termoplastica sdo frequentemente utilizadas no
desenvolvimento de compésitos envolvendo a incorporagéo de particulas e/ou
de fibras curtas. A combinacdo de matrizes termoplasticas reforcadas com
fibras longas exigiu novas tecnologias de moldacdo, nomeadamente aquelas
que envolvem a moldagdo liquida. Esta tese focou-se no estudo e
desenvolvimento de uma matriz termoplastica para processamento por
moldacdo liquida de material termoplastico (T-RTM). Adicionalmente, foi
estudado o efeito da adigdo de nanoplaquetas de grafeno (GNP) a esta matriz e
0 seu impacto nas propriedades fisico-quimicas dos nanocompodsitos
desenvolvidos. Com o objetivo de validagao das formulagdes transformadas por
T-RTM, foi ainda desenvolvido um protétipo de um componente automaével.

Face a importancia que a poliamida 6 (PA6) tem na tecnologia T-RTM,
estudou-se a preparagao e caracterizagdo da PA6 por meio da polimerizagao
anionica por abertura de anel (AROP) do mondmero e-caprolactama (CL), com
a adicdo do catalisador e ativador. Destacou-se a importancia da escolha das
matérias-primas, da formulacdo e da temperatura e tempo de polimerizagéo, e
como esses fatores afetam as propriedades finais da PAG.

O efeito da adicdo de nanoplaquetas de grafeno (GNP), de diferentes
tamanhos, nas propriedades finais do compdsito foi também estudado. As
nanoparticulas tendem a aglomerar, pelo que a sele¢cdo do método de
homogeneizagdo € uma das etapas criticas no desenvolvimento de
nanocompdsitos. Neste trabalho, o método selecionado envolveu o recurso a
ultrassons e os resultados indiciam que as GNP podem atuar como agentes
nucleantes na matriz PA6. Para baixas concentragdbes de GNP, os
nanocompdésitos obtidos apresentaram melhorias nas propriedades térmicas e
mecanicas. No ultimo capitulo é apresentado um estudo de caso baseado no
desenvolvimento de um componente automoével, de geometria tridimensional,
com recurso aos parametros de processamento por T-RTM, anteriormente
otimizados. As pegas obtidas apresentaram boa qualidade embora se
reconhega que é necessario melhorar o equipamento protétipo, de forma a
permitir a aplicacdo de pressdes mais elevadas que proporcionem produtos
mais compactados.

Este trabalho contribuiu para incrementar o conhecimento sobre a tecnologia
T-RTM, no sentido da sua consolidagao como tecnologia alternativa para o
processamento de materiais compdsitos para a industria, e em particular para o
setor automovel.
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Today, the reduction of pollutant emissions, especially those from the
automotive sector, is crucial. An effective solution to decrease fuel consumption
and, consequently, reduce carbon dioxide (COz) emissions is the reduction of
vehicle weight. In this regard, the automotive industry has been seeking
solutions involving composites, particularly those with a polymeric matrix, as part
of the strategy to create innovative and environmentally more sustainable
solutions.

Thermoplastic matrices are often used in the development of composites
involving the incorporation of particles and/or short fibres. The combination of
thermoplastic matrices reinforced with long fibres has required new moulding
technologies, particularly those involving liquid moulding. This thesis focused on
the study and development of a thermoplastic matrix for processing through
Thermoplastic Resin Transfer Moulding (T-RTM). Additionally, the effect of
adding graphene nanoplatelets (GNP) to this matrix and their impact on the
physicochemical properties of the developed nanocomposites was studied. To
validate the formulations transformed by T-RTM, a prototype of an automotive
component was developed.

Given the importance of polyamide 6 (PA6) in T-RTM technology, the
preparation and characterization of PA6 through anionic ring-opening
polymerization (AROP) of the e-caprolactam (CL) monomer, in the presence of a
catalyst and an activator, were investigated. The importance of raw material
selection, formulation, temperature, and polymerization time and how these
factors affect the final properties of PA6 were highlighted.

The effect of adding GNP of different sizes on the final properties of the
composite was investigated. Nanoparticles tend to aggregate, so the selection of
the dispersion method is one of the critical steps in the development of
nanocomposites. In this work, the selected method involved the use of
ultrasonic, and the results indicate that GNP can act as nucleating agents in the
PA6 matrix. For low GNP concentrations, the obtained nanocomposites showed
improvements in thermal and mechanical properties.

The last part of this work presents a case study based on the development of
a three-dimensional automotive component using the previously optimized T-
RTM processing parameters. The parts obtained showed good quality, although
it is acknowledged that it is necessary to improve the prototype equipment to
allow the application of higher pressures for more compact products.

This work contributed to increasing knowledge about T-RTM technology,
intending to consolidate it as an alternative technology for processing composite
materials for the industry, particularly in the automotive sector.
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Chapter 1

Framework

This chapter is a portrait of this work, motivated by a concern to reduce weight, costs and carbon

footprint in automotive plastic parts.






Chapter 1

1.1 Introduction

On December 12" 2015, 196 countries adopted the Paris Agreement to climate protection, to
increase the global response to the climate change threat!. The goal of the agreement was to limit
global warming to below 2 degree Celsius (°C), preferably to 1.5 °C, when compared to pre-industrial
levels. In order to achieve these ambitious goals, the European Commission developed the
European Green Deal®>. The Green Deal is a set of strategies that aims to turn Europe the first
continent to become carbon neutral by 2050. To this end, several measures are needed to be
implemented in the areas of energy, industry, buildings and mobility, to reduce greenhouse gas
emissions and increase resource efficiencys.

The automotive sector is responsible of =25% for the carbon dioxide (COz) emissions in the
European Union (EU). To achieve the Green Deal target, the automotive sector should reduce CO:
emissions by 90% (compared to 1990 levels)4.

In 2019, a passenger car showed an average emission of 122 g CO2/km, 1 g CO2/km higher than
2018, and 2g CO2/km higher than 2017. However, this scenario was drop to 107 g CO2/km in 2020,

a decrease of 12% in a single year (Figure 1.1)3.
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Figure 1.1 Evolution of CO2 emissions from passenger cars per year, and emissions target for 2015 and
2021. Modified from reference 5.

The EU defined the emission limit target of 95 gCOz/km to 2024 for new vehicles and the targets
for 2025 and 2030 were also defined®. With sets stricter, EU defined a percentage reduction from
15% in 2025 on and 37.5% reduction from 2030 on’. Furthermore, each Member State is claimed
should track data for each new passenger car registered to regulate CO2 emissions, and excess
emissions penalties were imposed on car manufacturers that do not meet these specific targets.
Along with tightened regulation on emission pollutions, the automotive industry needs to increase

efficiency in the vehicles it produces.
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As a result of the regulatory constraints and an increase of the environmental awareness, the
vehicle manufacturers have been pressured to take different strategies to have cars with high fuel
efficiencies and low carbon footprint to abide by the strict vehicle emission standards.

Green car concepts have been emerging to increase fuel efficiency with the vision to achieve the
strict CO2 emission regulations. Toward producing more sustainable vehicles, automotive
manufacturers have progressively invested in research and development for alternative fuel such as
biodiesel, natural gas, hydrogen, and liquefied petroleum gas. New advanced powertrain
technologies — fuel cell vehicle, hybrid electric vehicle, and plug-in hybrid electric vehicles — are also
gaining prominence?.

Electric vehicles have attracted widespread interest because of their ability to reduce energy
consumption and emissions. When it comes to fully electric vehicle drive technology, the weight of
the car is one crucial parameter to be considered for increasing the mileage of the battery. This can
be achieved through usage of more lightweight plastics and compact space-saving structures made
out of plastics and their composites®.

According to a European Environment Agency (EEA) report, electric cars are clearly preferable
to petrol or diesel cars, once emit less greenhouse gases and air pollutants over their entire life
cycle®®. The emissions are usually higher in the electric cars production phase, but these are more
than offset over their lifetime. However, there seems to be a lot of doubts if this cars produce less
CO:2 emissions that internal combustion engine vehicles, considering that the actual manufacturing
as well as the disposing of battery electric vehicle, is less environmentally friendly than that of an
internal combustion engine. Battery electric vehicles are not 100% clean, and probably, no vehicle
never will be, but they are clearly a better choice for the environment, as no produce tailpipe
emissions of air pollutants like nitrogen oxides and particles that affect the air quality!!. For a battery
electric vehicle to be truthfully accounted as producing zero emissions after manufacturing, is
necessary to understand at where the energy that charges the vehicle comes from. Is the vehicle
being charged with fossil fuel energy or renewable energy, it almost defeats the entire purpose of
these new environmentally friendly vehicles'.

Despite the emergence of these alternatives, higher production costs and the slow shift to new
energy resources have hindered widespread adoption in the industry!3. For this reason,
manufacturers have focused on reducing the overall vehicle weight. Previous studies have shown
the great potential of reducing fuel consumption through vehicle mass reduction, that lead to a
reducing in their gaseous emissions4-16,

Due to their lightness and rigidity, plastic composites have emerged in automotive industry as an
alternative strategy, capable of maintaining the same mechanical properties of traditional
composites, and at the same time, demonstrating environmental advantages and improvements on
energy efficiency’18,

In this context, the present PhD thesis deals with the manufacturing of a thermoplastic material
obtained from its precursor, as a preliminary approach towards lighter, cheaper, and more

environmentally friendly automotive interior parts.
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1.2 Plastics in automotive industry

The use of plastics in automotive sector is increasing rapidly and is estimated that automotive
industry is the third largest consumer of the plastics globally?®. Its use in a car body represents a
weight reduction up to 35% lighter than aluminium and 60% lighter than steel, and an overall vehicle
weight reduction of up to 10%2°. The high absorption properties of plastics also allow the vehicle to
meet stricter safety standards, while the use of engineering plastics allows for minimization of the
mass of parts used in vehicles as they offer more design freedom compared to metals?!. Plastic
materials also offer the possibility to be formed in almost any shape, size, or colour.

The composition of a car has changed considerably in past decades, and consequently, car’s
weight has also been changing slightly. Until 1980s, the use of plastics in cars was less than 10%.
Nowadays, the contribution of plastics materials is around 12-15% in a vehicle (representing 150-
200 kg considering a total vehicle weight of ~ 1300kg)?2. In 2018, the automotive industry, was the
third biggest plastic consumer in Europe?3.

A car is made of a huge variety of materials, ranging from glass and metals to plastic composites
(Figure 1.2). Metals make a significant part of the vehicle weight; therefore, research efforts are
underway to develop new advanced high-strength steels and aluminium to decrease parts’ thickness
and consequently, their weight. However, the use of such alternatives, possess disadvantages like

the environmental impact, high costs and mechanical performance?°-24,
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Figure 1.2 Materials distribution in a vehicle from 1970 to 2020. Adapted from reference 22.

Automotive producers are continuously focused on producing cost-effective lightweight vehicles
by changing vehicle design and by using more advanced lightweight materials to replace
conventional steels.

The gradual replacement of metal parts by plastic parts is always driven by the needs for reducing
vehicle weight, increasing safety during an accident compared to an all-steel frame and are high
performance materials (design freedom, flexibility in integrating components, comfort, and potential

recyclability and composability)2*. Initially, plastics were mainly used for interior finishing. Nowadays,
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they are also used for exterior car parts, traditionally applied for steel and metal, such as fenders,
bonnets, doors and even bumpers?>.

The application of different plastics in automobiles varies significantly due to the performance and
the properties of the polymers. The contribution of different plastic materials used in automotive
industry is shown in Figure 1.3.

Among different plastics used, polypropylene (PP) is by far the most employed polymer in
automotive industry, followed by polyurethane (PU), polyamide (PA) and acrylonitrile-butadiene-
styrene (ABS)25. As PP has a relatively good specific mechanical properties and low cost, is suitable
for a wide range of applications, such as bumpers, wheel housings or defrost air channels. PU
presents higher flexibility and is mainly used as flexible and rigid foams for seat cushions or impact
energy absorbers. PA is an engineering polymer that combines excellent mechanical and thermal
properties, and chemical resistance. It is mainly applied to replace metals in engine covers and
electrical components. ABS is applied for aesthetic purposes due to the possibility to be painted and
chromed. It is widely applied in interior panels and trims due to its reasonable dimensional stability,
thermal and impact resistance?!. Based on its final application and part performance requirements,
the plastics are used in different ways: unfilled, glass fibre (GF), carbon fibre (CF), natural, coloured

and so on.
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Figure 1.3 Percentages by weight of plastic materials used in cars per polymer type. Modified from 26.

Regarding to vehicle parts, plastic materials are predominantly employed in interior body of
automobile, due to main aspects like, styling, surface quality, passenger comfort and safety, which
are aspects that can be easily fulfilled by polymers. PP with talk particles or glass fibres are present
in structural parts, while ABS or blended with polycarbonate (PC/ABS) are employed in parts with
aesthetics functions. Typical exterior parts made of plastics are door handles (PC, polybutylene-
terephthalate (PBT), or mirror housings (ABS, PC/ABS). Once car exterior is subjected to higher
mechanical loads and environmental conditions, their production with thermoplastics is less common.
Engineering plastics like PA or PBT are used surrounding the engine instead of metals, due to higher
temperature stability, resistance to corrosive fluids and durability maintaining the surface

properties1621,
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Automotive plastics parts can be manufactured using different technologies, such as extrusion,
injection moulding, thermoforming, rotational moulding, casting, compression moulding and resin
transfer moulding (RTM)?".

Innovative manufacturing technologies are needed to implement new materials strategies and to
enable the production of lightweight parts. In that respect, Thermoplastic Resin Transfer Moulding
(T-RTM) is an emergent liquid composite moulding technology and an evolution of the traditional
low-pressure RTM. When compared with RTM technology, materials obtained through T-RTM
technology can be produced in shorter cycle times. Due to the fast-chemical anionic polymerization
reaction that characterize it, this technology can be employed for mass production of lighter
composites. Due to the ease of production of lightweight composites and the fact that the final
composite can be cheaper and recyclable, T-RTM is considered a promising technology.

The continuous development of plastic materials and technologies will further lead to lighter,
higher performance, and more sustainable solutions. However, the increasing use of plastics shifts
the environmental problem from the use phase of an automotive to the end of life vehicle stage
(materials disposal). Whether light solutions lead in an overall reduction in environmental impact, the
lightweight solutions would break even with negative end of life environmental impact. Even with the
greenhouse emissions reduction, it is important to address and understand the end of life scenario
and how the use of plastics in automotive sector can be truly?829,

One solution is to gradually increase the use of recycled plastics, although the recovery processes
need to be improved to be more efficient and obtain high-quality end products at a cost that can
compete with primary raw material prices. A major challenge concern the separation of different
components of parts. The plastics parts used in automotive industry such as dashboards, bumpers
and casings are mostly injection moulded. The recycling challenge here is that parts containing fillers
such as glass or carbon fibres or plastic blend as well as two- or multi-component injection moulded
parts are used, and thus is difficult to liberate for recycling®°.

Awareness of the automotive sector and commitment to technological innovation is moving
towards sustainability in their products by introducing more sustainable approaches like recycled and
natural materials in automotive parts to achieve their worn sustainability goals and target set by EU
circular economy strategy?*3l. Cars manufactures are actively seeking solutions that make
automotive plastics economically recyclable. In the last couple of decades, the transition to
bioplastics have begun. In light of dwindling fossil resources, the unpredictability of oil prices, and
the need for more cost and fuel effective vehicles, bioplastics are hailed as also one of the best
replacement materials for plastics3?33.

Bioplastics can provide countless advantages in industry, including better recyclability, so the
end-of-life process for vehicles made from bioplastic materials can yield other product and reduction
in cost of manufacturing34. For instance, Lexus aims to make 95% of its cars recoverable and is
exploring a range of new materials, including those produced from renewable plant sources, such as
sweet potato, maize and sugarcane®®. Jaguar Land Rover is exploring the opportunities to upcycle

domestic waste plastic otherwise destinated for landfill or incinerators through chemical recycling.
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This process can allow to transform end-of-life plastics into oil that can be used instead of virgin
material to create a plastic product of comparable quality3.

Overall, it is possible to note that the transformations in automotive industry will keep moving
forwards to conserve the environment via a lowered carbon footprint. By 2030, it is expected plastics

to be the preferred materials for automotive applications®’.

1.3 Simoldes overview

The automotive sector in Portugal is composed by 32.200 companies that produces automobiles
and components. This sector accounts for 11% of total exports from Portugal and is a key performer
in Portuguese economy, with national importance for employment and exports32.

The automotive components industry in Portugal has grown 200% over the past 15 years and
currently, is supplying carmakers with batteries, glass, plastic moulds, interiors, tires, metal works,
cables and harnesses, car seats and electronics.

Portuguese moulds industry has been growing and consolidating its reputation in the
international markets, driven by external demand, integrated competences and capabilities, as
innovative solutions, which offers to its clients.

Simoldes Group was founded in 1959. This company comprises more than 20 companies, in 15
different countries, whose business is based into two distinct divisions — the production of moulds for
plastic injection (Simoldes Tool division) and the production of plastic injection parts (Simoldes
Plastic division). Currently, the turnover is in the order of 805 million euros, with over 6000 employees
worldwide. Furthermore, Simoldes is among the world’s leading manufacturers of moulds,
particularly in the area of injection moulds for plastics (8" worldwide, 3™ in Europe)3°.

Simoldes Plastic division is responsible for the injection of the plastic into the mould, producing
the final components that are sent to assemblers. With more than 30 years of experience, the
company is able to develop products that make the mould making process easier, and the
mainstream of revenues comes from this division3°.

Simoldes Plastics is one of the few companies in Europe able to support and produce for the
automotive industry, being the main Original Equipment Manufacturer (OEM): Stellantis - former
PSA, (Citroen, Peugeot, DS Automobiles, Opel), Renault Nissan Mitsubishi, VW Group (Volkswagen,
Audi, Porsche, Seat, Skoda), BMW, Toyota, Scania, and Mercedes-Benz.

The company produces a wide variety of products for interior and exterior parts. Examples for
interior parts are door panels, trunk, roof and seat components, trims, floor consoles, speed levers
and dashboard components. For exterior parts the company produce flaps, side protector, door sash,
bumper components, under covers, rood bar support and many others®.

Research and development activities are a fundamental pillar for Simoldes (with 2.25% of
turnover in R&D investment), which has allowed it to present innovative solutions in the market where
it operates, resulting in sustained growth and market conquest, as well as in the broadening the
knowledge and skills. As an international reference manufacturer of components for the automotive

industry, it is faced with new challenges and opportunities arising from compliance with various
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European directives and other more developed geographies related to the environmental
sustainability of processes and products.

Thus, the technological objective from Simoldes refer to assert itself on the international scene
as a leader in a process of innovation and development in new materials and processing technologies
for the automotive industry. Besides it, Simoldes Plastics intends to acquire knowledge in new
materials and technologies that allow the development of structural components. The company is
committed to developing new products as well as ensuring their quality to continue to grow and
respond to market challenges.

1.4 Thesis scope and outline

The initial work started in 2016 within the SIM T-RTM project. This project has been conducted
with the collaboration between ESAN — University of Aveiro and Simoldes Plasticos SA, whose main
aim was the development of new thermoplastic matrix composites and their transformation by the T-
RTM process, to respond to the demands of the automobile market and, above all, to the world
directives regarding sustainability, recyclability, and energy efficiency.

The aim of this thesis is to contribute towards the development of affordable high rate
manufacturing processes with thermoplastic materials and their manufacturing technologies, through
T-RTM technology. In this sense, the specific objectives of this work are:

1. Materials innovation — to develop polyamide (PA6) thermoplastic material from anionic
polymerization of PAG6 precursor (g-caprolactam) as matrix, and graphene nanoplatelets as
reinforcement using T-RTM technology. To the best of our knowledge, reactive processing of PA6
with graphene nanoplatelets through T-RTM, has never worked and represents the main motivation
of this work;

2. Innovation in the T-RTM manufacturing process — technology and processing parameters
optimization for future industrial production of structural components of the automobile;

3. Product innovation — to manufacture a prototype of an automotive bodywork component by
T-RTM process, with a class A finish perspective, lighter, and equal mechanical performance when

compared to the reference (composed by metal);

This thesis also has the objective of the economic strategy valorisation of the results and their
impact for Simoldes Plastics. The company, as an international reference manufacturer of
components for the automotive industry, is faced with new challenges arising from EU guidelines to
respond to principal OEM. Thus, the outcomes that could be accomplish through this research work
will be:

1. Increase company portfolio — This work will be a starting point for an expansion of
thermoplastic components that Simoldes Plastics already supplies for automotive industry. The new
materials will have the potential to replace body components previously produced in steel or

aluminium;
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2. Potentially competing solutions - Currently, the bodywork components remain mostly in steel
and aluminium. However, there is a broad agreement in the scientific community that the potential
gain in terms of density (and therefore weight reduction) will be much higher with composite materials
produced by T-RTM technology;

3. New application sector — In addition to the automotive sector, Simoldes Plastics also
identifies the aeronautical industry as a relevant future application sector;

4. New Markets — The geographic markets will be, essentially, those that are currently explored
by Simoldes Plastics, following the geography of implantation of the industrial units of the main OEM
customers of the company. Most relevant geographic markets: Spain, Portugal, Germany, Czech
Republic, France, Poland, and United Kingdom. Most relevant clients: Stellantis Group, VW Group,
Renault and Nissan;

5. Forefront R&D — With this work, the company will be at the forefront of T-RTM technology
and producing components in advanced composite materials. Thus, Simoldes Plastics will aim to
position itself in the market of thermoplastic components with a position of world technological
leadership in terms of components in advanced composite materials processed by T-RTM, in terms
of weight reduction and increased recyclability;

6. Brand new business — Based on current knowledge and given the expectation regarding the
evolution of T-RTM technology, Simoldes Plastics admit that within 5 years will be able to create a

new Business Unit, to produce and commercialize components obtained through T-RTM technology.

Combining both scientific and technological purposes, and to fulfil the objectives of this research
work, the chapters of the dissertation are organized as follows (Figure 1.4):

e Chapter 1 describes the context and motivation of this dissertation;

e In Chapter 2, a literature review on reactive processing thermoplastic materials highlighting
the advantages of reactive processing over more traditional methods is explained. The
working principles required for suitable liquid composite moulding technologies are also
included. Based on this review, strategies and objectives are also defined,;

o Chapter 3 deals with the manufacturing parameters of the selected material, PAG6, using a
laboratorial T-RTM equipment. Different processing parameters on polymeric matrix are
discussed,;

e Chapter 4 focuses on testing procedures to manufacture PA6 with graphene-based
materials recurring to T-RTM technology. The effect of graphene-based materials on the
polymerization of PA6 is analyzed;

o Chapter 5 investigates the performance of the developed materials through the production
of an automotive prototype;

e In Chapter 6, the main findings of the study are summarized, and future recommendations

are provided.
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Figure 1.4 PhD roadmap with chapters.
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Literature review

This chapter depicts the current state-of-the-art in reactive processing thermoplastic materials,

namely relevant polymers features, materials selection, and available reactive manufacturing
techniques.
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2.1 Plastic composites

An adequate material selection involves a complex comparison of chemical, mechanical, and
physical properties based on the requirements of each individual application!. Nowadays, there has
been an effort in materials science to develop new materials, and the polymeric materials are one of
the most used, driven by its proper combination of high strength and low weigh?.

Polymers are macromolecules composed by chemical bonding of large numbers of smaller
molecular, or repeating units, called monomer%%. By combining a polymer with another material, it is
often possible to obtain a polymer composite, with unique properties. The polymer usually acts as
the continuous phase (matrix), and the nanofiller as the discontinuous phase’. Typically, composite
materials are recognised for their specific mechanical properties and their potential for lightweight
applications®.

Of particular interest to automotive industry are fibre-reinforced polymers (FRP), that could be
dispersed fibres with a specific aspect ratio or come in the form of woven fabric (typically carbon,
glass, or a mixture of carbon/glass) that are embedded within a polymer matrix®. Commonly, FRP
can contain randomly oriented fibres, oriented fibres, and continuous fibres, and can provide
excellent performance while maintaining low weight and good processability of the resultant parts?°.

Generally, FRP are often divided into two types, based on their polymer matrix, which are
thermoset composites and thermoplastic composites. The distinguishing principle is whether the
chain of polymer is linear or not. There are mainly three different types of skeletal structure of a
polymer molecule, which are linear, branched and network structures!?. Thermoplastic polymer are
both linear and brunched, because of their linear molecular chain, while thermoset polymer is formed
by crosslinked of random molecular chains. Thermosetting polymer matrices are preferred for the
manufacture of high performance FRP, once can confer especially high levels of strength and
stiffness’?. For instance, carbon fibre composites present a relative stiffness five times higher than
steel’3. Thus, many applications are ascribed for epoxy and polyester composites, such as car body
components. The key advantage is that thermosets get a broader application in industry due to its
easy-processing and cheap raw material®.

However, thermoplastics offer certain advantages compared to thermosets, such as recyclability
and could be re-processed into new less-demanding products’®. Also, have a higher toughness and
do not turn brittle at lower temperatures and have higher impact properties®. This features are
particularly interesting for the automotive industry in colder temperatures. The processing time for
melt processed thermoplastic parts is low compared to their thermosetting counterparts?®.

The use of thermoplastic composite materials is a growing trend for structural parts in the
automotive, aeronautics, naval or wind power sectors'é. Nevertheless, their development remains to
this day hampered by their implementation, which is conditioned by the high melting temperature
and the high viscosity of the thermoplastic matrices'’. In the molten state, their viscosity is 100 to
1,000 times higher than that of thermosets, depending on the resin grade and the melt temperature,

as shown in Figure 2.1.
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Figure 2.1 Melt viscosities and processing temperatures of various materials?®.

Due to this high melt viscosity, the introduction of a reinforcement phase in thermoplastics could
be a current limitation, comparing to thermosets. To overcome the viscosity problem of the
thermoplastic melt processing, the reactive processing of monomer and oligomer thermoplastic

precursors represent a promising alternative for composites manufacturing.

2.2 Reactive thermoplastic resins systems

Traditionally, molten thermoplastic polymers have higher viscosities during processing, between
102-10%, which requires higher temperatures and pressures®. The reactive thermoplastic resin
systems are a solution available, whose processing is carried out in the liquid state (water like
viscosity)?®.

Instead of injecting the high viscosity thermoplastic melt, the precursor materials from which the
polymer is made from can be injected. The monomer and reactants are the precursors, that have
much lower melt temperature and melt viscosity than the polymer which will produce?°. Through
reactive processing of thermoplastics, a better impregnation of fibres could be achieved and is a
process that requires less energy (work and heat)?*.

To be compatible with liquid-based processes, the viscosity of the resin should not exceed 1 Pa-s
during impregnation, due to the risk of hindering impregnation and favouring the appearance of
porosities?2. The resin must have minimal shrinkage to limit residual stresses in the final part and it
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must solidify chemically (cross linking, polymerization) or physically (solidification, crystallization) in
a reasonably short time23-25,

Currently, there are several reactive thermoplastic precursor systems that follow these criteria.
The most studied are polymethylmethacrylate (PMMA), polybutylene terephthalate (PBT), polyamide
6 (PA6) and polyamide 12 (PA12). Polyethylene terephthalate (PET), polycarbonate (PC),
thermoplastic  polyurethanes (TPU) and high performance thermoplastics such as,
polyetheretherketone (PEEK), polyetherketone (PEK), polyethersulfone (PES), polyphenylene
sulfide (PPS), polyethylene naphthalate (PEN) and polybuthylene naphhtalate (PBN) also follow the

reguirements, however, are less abundant in the literature826,

2.3 Selection of reactive thermoplastic resin system

As observed, there are several thermoplastic resin systems which can be processed reactively.
However, not all of them are able to fulfil the needs of a high-volume production of high-performance
materials. The major properties of the reactive thermoplastic resins are summarized in Table 2.1,
and are of great importance when it comes to the determination whether the thermoplastic material
system is suitable for application in automotive parts. However, there are several criteria to consider
when selecting the appropriate thermoplastic resin for automotive parts. These criteria ensure that
the chosen material meets the necessary requirements for performance, durability, and safety in
automotive applications. Some of these key criteria include:

- Viscosity: monomer viscosity should be <1000 mPa-s, to enable the reactive process and
to further facilitates the impregnation of a reinforcement phase. Low melt viscosity allows to produce
large thermoplastic parts in short times. Thereby, the low viscosity is a key material property when it
comes to the determination of the process cycle time. The reactive processing of TPU and PMMA
commonly involves a pre-polymerization step, during which the viscosity becomes too high for
reactive process;

- Processing temperature: the processing temperature must be <200 °C to minimize the
costs of consumables and the thermal degradation of the reinforcement phase. In addition, high
processing temperatures will also increase the costs of tooling and energy. It is clear that PA12, PBT,
PC, TPU and PET present high processing temperatures. These factor exclude these polymers from
further consideration in the current work. PA6 and PMMA processing temperatures are relatively low,
which should lead to reduce the energy of the process;

- Fast polymerization: polymerization should occur as fast as possible, in order to reduce
the process cycle time to a minimum. PMMA presented the higher polymerization time, which makes
it unfeasible for process application;

- Availability and price: from a research and development industrial perspective, the
development of a manufacturing process and detailed characterization requires a relatively large
quantity of materials. The polymeric materials should be available in relevant quantities and not just
in lab scale quantities. The materials price is of great importance when it comes to applications in

automotive industry. Forming the main ingredient of the resin systems, the monomer largely

17



Literature review

Table 2.1 Overview of properties of reactive thermoplastic polymers.

Tm Tm Processing Monomer Density o Tensile Tensile
. Monomer/ . . Polymerization
Material Oligomer monomer polymer temperature viscosity polymer time (min) strength modulus
9 (°C) (°C) (°C) (mPa-s) (g/cm?) (MPa) (GPa)
PMMA Methylmethacr
(Elium®)2728 ylate <40 130-140 20-100 <100 1.20 > 16hours 66 3.17
PA629-33 Caprolactam 69 219-230 130-180 <5 1.15 3-60 85 2.0-3.8
PA1229:34.35 Laurolactam 180 175 180-240 23 1.04 1-10 50-60 14
PET?9.36-38 Cyclic dimer 255 265 250-325 250-325 1.40 3-15 69 3
g Cyclic butylene
pPBT39-41 147 225 180-260 20-150 1.30 30 85 1.8-2.7
terephthalate
TPU242 Low weight 270 140 300 ~1000 1.20 - 40 0.2-2.3
fraction TPU
M li
pC243 acrocyele 200-210 300 250-300 250-300 1.20 25 60 2.2
Bisphenol-A

18



Chapter 2

determines the resin costs. And, for a higher matrix value, more expensive the car will be, which
makes the costs of the polymer an important economic factor. PA6, PMMA, PBT and PC
monomer are available for marketed in industrial scale, however the cost of PMMA monomer is
higher. PA12 is industrially available but is produced in much lower quantities.

Considering the discussion above and the mentioned requirements, a range of criteria to
adequate selection of monomer for in situ polymerization must be taken into account. Based on

the previous requirements, it is possible to identify the most suitable reactive thermoplastic:

Table 2.2 Qualitative assessment of reactive materials.

Availability
. Precursor Processing and price of .
Material . . Pass/Fail
Viscosity temperature precursor on
market
TPU XX XX No info X
available
PMMA X v X X
PA6 VW W W \
PA12 \ X \ \
PET \ XX \ X
PBT \ X \ \
PC XX XX \ X

v - advantage

X - disadvantage

Through materials qualitive assessment presented in Table 2.2, only the precursors of
polyamides (PAs) and PBT prove to be suitable for all the above-mentioned requirements. PBT
is not preferred, because these reactive systems are marketed by only one supplier (Cyclics
Corporation, under the trend name Cyclics®)#4, and owing to paten exclusivity, can increase their

prices. For this work, PA6 has been selected over PA12, for the following reasons:

(@) PAG6 has higher performance/cost ratio than PA12. The LL monomer is more expensive
than the e-caprolactam (CL) monomer?;

(b) High temperatures are associated with additional energy costs and tooling. As PA6 has a
lower processing temperature, the additional costs can remain as little as possible;

(c) Lower viscosity of CL monomer, that will facilitate the impregnation of a reinforcement
phase;

(d) Short cycle times and no generation of by-products. Shorter cycle times are essential in

the production of high volumes parts for industrial applications.
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2.4 Polyamide 6 (PA6) obtained from reactive system

PAs, commonly known as nylons, are widely used engineering polymers, with a large range
of applications*6. These polymers are able to cover a wide range of engineering polymers market,
once they exhibit remarkable properties such high temperature resistance?’, toughness,
hardness*”48, high strength, resistance to warping and abrasion’4® and can also be dyed*°. Due
to their properties, the automotive industry is the major application*>4”. PAs can be used in seat
belts, tires and in car-bonnet application such as switch housing#’, air-intake manifold, and oil
pans®.

Polyamide 6 (PA6) or nylon 6 were invented by Wallace Hume Carothers in 193546, At that
time, Carothers was working for Du Pont, a chemical industry®®. In the late 30’s, the development
of nylon was driven by the Japanese silk monopoly, from which a legend about the Nylon’s
acronym etymology was born “Now You're Lost, Old Nippon”.

PAG6 (melting temperature (Tm) between 210-220 °C) is a semi-crystalline polymer, which is
composed by an amorphous phase and an ordered crystalline phase. PA6 has in its structure two
crystalline forms (polymorphism): the a form and the y form>2. The a form is monocyclic, while the
y form is considered to be pseudo-hexagonal®354, The two crystalline forms of PA6 have different
properties due to their structural differences. The a form is characterized by a more rigid
crystalline form due to antiparallel polymeric chains, while the y-form presents a more rigid

behaviour, due to the presence of parallel polymer chains®®.

2.4.1 PAG6 polymerization from CL monomer

The monomer ¢-caprolactam (CL) belongs to the lactam family. At room temperature, CL is a
solid and present a low melting point of 69 °C56. Polymerization of CL can occur through several
types of polymerization, which differ fundamentally in the initiation of the polymerization reaction.
Basically, water produces hydrolytic polymerization, acids results in cationic polymerization and
initiation leads in anionic polymerization57-58, All three mechanisms involve ring-opening of the
monomer and assembly of a polymer chain. Thus, a ring-chain equilibrium exists, which can be
shifted by the temperature or the addition of additives and also offers the possibility of recycling
the PA6 through depolymerization590,

The structural formulas of CL and PA6 are shown in Figure 2.2, where n indicates the degree

of polymerization, i.e., the number of repeating units in PAG6.
O
NH

TI=

n

(@) (b)

Figure 2.2 Structural formulas: (a) CL monomer and (b) PA6.
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Hydrolytic polymerization

Hydrolytic polymerization is one of the most common methods to obtain PA6 from CL
monomer. Hydrolytic is generally conducted together with a small amount of water at higher
temperatures (240 — 300 °C) for 12-24 hours®”.

This route is the most important industrial approach for the PA6 production, however, the high
reaction temperature and the long reaction time exclude this route from the compatibility criteria
cited in subsection 2.3 for the large volume production of composites. Indeed, the generation of
volatile products is not benefit, because it would cause porosity and voids in final parts. In addition,
the very long reaction times and the additional purification step would significantly limit the

possible rate of manufacture of final parts.

Cationic polymerization

Cationic polymerization is based on a polymerization initiated by acids®l. In practice, this
polymerization have very limited applications and is considered industrially uninteresting among
the various polymerization processes. Low conversion rate and low molecular weight (Mw)62.63
end products are generated through this polymerization, making its application unfeasible in 2.3

criteria.
Anionic polymerization

The anionic polymerization of CL, combined with a catalyst and an activator in PAG, is among
one of the most developed forms of reactive processing of thermoplastics by anionic ring-opening
polymerization (AROP)%364. The anionic polymerization reaction is performed at temperatures
between 130-170 °C, and final conversions between 96% and 99% are possible to obtain, which
means that the residual monomer content is low3365-67, Moreover, polymerization and
crystallization mechanisms can occur simultaneously resulting in a highly crystalline product®8.69

Due to the sensitive to moisture (water could inhibit polymerization), the polymerization should
be conducted under inert atmosphere (nitrogen is the inert gas preferred). The reaction
mechanism for the anionic polymerization of PA6 is shown schematically on Figure 2.3.

The steps involved are as follows: catalyst dissociation at higher temperatures, to generate
the anionic lactam. Strong bases such as alkaline metals or metal hydride, are used as catalyst6.
Sodium caprolactamate is used as example, which was that used throughout this work (1). Ring-
opening of the lactam, followed by the formation of an anionic N-acyllactam chain with the
activator (2). Initiation is followed by rapid proton exchange between the caprolactam molecule
and N-acyllactam group. Caprolactam deprotonation results in regeneration of the anion. Thus,
the repeated acylation of the anion occurs during the reaction, resulting in subsequent chain

growth to produce PAG6 (3).
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Figure 2.3 Steps of anionic polymerization of PAG.

The catalysts are predominantly salts (sodium) of lactams. The sodium caprolactamate
(NaCL) is one of the most commonly used catalysts. Another commercial catalyst is caprolactam
magnesium bromide (MgBrCL) which is being increasingly used because of its stability and
functionality°.

Currently, NaCL is commercialized under the trade names Addonyl® CR CATALYZE and
Addonyl® KAT NL from Lanxess, Germany and, Bruggolen® C10, Nyrim® C1 and e-caprolactam
magnesium bromide (CLMgBr), from L. Briiggemann KG, Germany.

The activators, such as N-acetyl lactams and N-carbamoyl lactams are mainly used for CL
polymerization’®%71, Examples such N-acetyl-caprolactam (monofunctional) and hexamethylene-
1,6-dicarbamoyl-caprolactam (bifunctional), are preferred with NaCL or CLMgBr catalyst’2.

Nowadays, the most common activators industrially available are Bruggolen® C20, that
contains hexamethylene-1,6-dicarbamoylcaprolactam as active species in CL, Bruggolen® C235
with N-Ethyl-Pyrrolidon-free, both from L. Briiggemann KG, Germany, and Addonyl® ACTIVATE
with CL-blocked isocyanate as active substance, Addonyl® 8101 and Addonyl® TT with N-

carbamoyllactam precursor polyisocyanates from Lanxess, Germany. Polycarbodiimide-based
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activators have also been commercialized under the trade name Addonyl® P, however, are less
used.

Anionic polymerization route is the advantageous method for producing of PA6 matrix
composites, owing to the commercial availability of the raw materials, low viscosity of the
reactants and reaction rate at reasonably low temperatures. Thus, this route is compatible with
the criteria defined in subsection 2.3 and is high interest for industrial processes to produce

lightweight composite materials.

2.4.2 Processing parameters and its influence on PAG properties

For industrial relevance and high-volume production, it is desirable to minimize the cycle time.
One way to overcome this, is by using a fast catalyst and activator combination to reduce the
polymerization time?3. The addition of a catalyst and an activator accelerates the reaction rate of
anionic polymerization of CL into PA6 and the combination of both components is fundamental
because a catalyst alone promotes a slow reaction rate, and an activator alone cannot start the
reaction. The type and concentration affect the polymerization in terms of molecular weight
distribution, the presence of irregularities or branches within the polymer chain, the crystal
structure and the morphology®7.71.74.75,

Catalyst and activator concentrations and their ratio also have a direct influence on the
polymerization reaction®747677  |ncreasing the catalyst concentration leads to higher
polymerization rates since more CL anions are formed. On the other hand, the addition of more
catalyst can favour unwanted side reactions such as branching®”.7478, One reason is that for each
catalyst molecule added, a cation is introduced that should be compensated by an CL anion.
Thus, 100% conversion of the monomer is not achievable. Another reason for decreasing final
conversion by adding more catalyst is due to the exothermic nature of polymerization reaction.
As the reaction rate increases by adding more catalyst, the temperature increases, and the ring-
chain equilibrium shifts to the monomer side®’. Increasing the activator concentrations, increase
the amount of growth centres, which increases the polymerization rate’°. However, the length of
the formed polymer chains decreases as more polymer chains start to grow simultaneously due
to the higher amount of initiation points70.78-80,

The polymerization temperature is another parameter that has a strong influence on PA6
properties such as crystallinity degree, conversion degree, average molecular weight, mechanical
properties, and density of final polymer®?,

The influence of polymerization temperature on the polymer properties was extensively
studied by Rijswijk et al.33. Increasing mould polymerization temperature, a higher reaction rate
was achieved®®8 and at temperatures above 160 °C, the polymerization occurs in only few
minutes. In addition, increasing polymerization temperature, a sharply increase on average
molecular weight was observed?3, leading to more branching reactions and thus, a broader
molecular weight distribution. In reactions activated with N-carbamoy! lactam, the activators can
decompose or deblock above 160 °C. This leads to the formation of an isocyanate group that can

react with the amide of a growing chain and form a branch. This can occur with mono or

23



Literature review

bifunctional N-carbamoyl lactams. In the latter case, the chain ends remain active and continue
to polymerize or branch®3. Calculated conversion degree reached a maximum at temperatures
between 150 °C and 155 °C and decreased again with increasing polymerization temperatures33.7°,
This can be due to ring-chain equilibrium of anionic polymerization that at high temperatures shifts
towards to the monomer side. In addition, the branching reactions that occur at high temperatures
can further reduce conversion, since the number of reactive chain ends is reduced by one with
each branching point. For lower temperatures, such as about 140 °C, the conversion also
decreases since the crystallization rate is higher here. Rapid crystallization can lead to the
inclusion of CL in the crystals. This would decrease the concentration of the reactive species,
reducing the final conversion82 and a white coloration on the surface of PA6 can be observed?3.

The crystallization degree decreases as the polymerization mould temperature increases. This
is due to lower crystallinity degree in equilibrium at higher polymerization temperatures, caused
by the higher thermal movement of the polymer chains. Similarly, the tendency to crystallize is
lower at higher temperatures, once need more time to reach this equilibrium. As the
polymerization temperature increases, the polymer branches increase, which disrupts crystal
formation and reduces the degree of crystallization8384. Polymerization at around 145 °C to 150
°C gives the highest degree of crystallization of about 50%°%7. The denser packing in the crystalline
phase leads to a higher density of PA6, which is a vantage for the mechanical properties™.

As observed, there are a variety of parameters which influence the final properties of PA6, and
several attempts are needed to be investigated to fill the lack for non-industrialization of the final
parts. Thus, is important to evaluate the effect of different processing parameters and processing

strategies on the properties of PAG.
2.4.3 Manufacturing technologies for reactive processing of PA6

Various reactive processes have been developed for the production of non-reinforced and
reinforced PA6 materials. The selection of the manufacturing technology depends on the
performance, economic and application requirements of the final component. The advantage of
PA6 monomer low viscosity is the possibility of its application in a wide range of reactive
processing technologies, therefore, new applications where thermosets were traditionally applied.
But for successfully development of these materials, it is necessary to find the suitable
manufacturing technology process that guarantees a good quality of the final product.

There are several manufacturing technologies for development of PA6 with and without
reinforcement phase, such, polymerization casting®-87, centrifugal”*-8® and rotational®® moulding,
reaction injection moulding®-% (RIM), reaction injection pultrusion®2-%4 (RIP) and liquid composite
moulding (LCM)8%.73,

However, not all of them are adequate for large-scale industrialization in automotive industry.
For instance, polymer casting and rotational moulding are labour intensive, because each final
part needs a postprocessing, increasing the final cost per part, and restricting its efficacy for
higher volume applications®%. These problems, coupled with a lack of research in this area, have

been sufficient to limit their application for PA6 processing.
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Regarding RIP, in the past, pultrusion has been applied only with PA12, however, in recent
years, there has been an interest of develop pultrusion technology using PA6. One of the first
industrial success applications was a cooperation between Hyundai (Korea), CQFD Composite
(France) and Arkema (France). This project developed pultruded front bumper crash beam for
Hyundai Motors (European Technical Centre), that contained unidirectional GF and PA6. This
constructions helped to reduce 43% of the products weight®’. At the best of our knowledge, no
more information is available about this prototype, and probably, do not achieved industrial
breakthrough in this field.

In recent years, the development of reactive processing has provided a means of enabling
liquid composite moulding (LCM) of thermoplastics?398.%. LCM technologies shows a clear
analogy to the traditional resin transfer moulding (RTM), widely applied to produce thermoset
composites. Due to monomer/oligomer low viscosity used, that allow for an increase in
mechanical properties of final polymer, these materials have enormous potential in industry
applications®. The LCM principle is in which a low viscosity resin is injected under pressure into
a closed mould and preheated mould (that could contain predisposed reinforcements), and where

the polymerization takes place to form a polymeric matrix®°.

Table 2.3 Qualitative assessment of reactive processing methods for PA6.

Production Using of a
. Large scale .
Technology of complex reinforcement . Pass/Fail
production
shaped parts phase
Polymer.|zat|on J X N X
casting
Rotanqnal J X X X
moulding

RIM V x/ X X
RIP V \/ \ V
LCM V \/ \ V

As previous described and summarised in Table 2.3, among various processing technologies
available for reactive processing of PA6, only RIP and LCM met the defined criteria and are
capable of producing parts for automotive industry. However, RIP do not have the necessary
features to bring the cycle time to the required level to fulfil the tough market requirements.

Through LCM processes, a production of large parts of composites could be assessed, as well
as the production of complex shaped parts. Vacuum infusion/assisted RTM (VARTM) and
thermoplastic RTM (T-RTM) have more or less similar process working, with some equipment

differences that will be announced in the under subsections.
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Vacuum infusion or vacuum assisted RTM (VARTM)

Similar to RTM, the first step of VARTM involves placing a dry fibre preform on the mould
surface (in case of use a reinforcement phase). The second step consists of covering the mould
with a flexible medium, i.e., a vacuum bag. After, the resin system is introduced by inlet valve,
and then the resin is forced to flow toward the outlet port connected to the vacuum pump. Once
the mould is completely fully, the inlet port is closed, and the part is left to polymerize before
demoulding from the mould31.

Vacuum infusion of thermoplastic composites, has not yet been used on an industrial scale,
however, different systems were investigated over the past decade in the field of wind turbine
blades810, By far, the most amount of detailed information available on this technology was
carried out by Van Rijswijk from TU Delft using GF as reinforcement33:67,101-103,

This work aimed the developing of a vacuum infusion process to manufacture thermoplastic
wind turbine blades, using a reasonably low equipment investment. These studies centred mainly
on the effects of processing temperature and different types and concentrations of catalysts and
activator on the crystallinity, conversion degree and mechanical properties. As the final part as a
large size, an appropriate selection of the catalyst and activator is necessary. Nyrim® C1 catalyst
(less reactive) was used with Bruggolen® C20 activator to enable shorter cycle times®’. The
optimal processing parameters selected were 110 °C melt temperature and 160 °C polymerization
mould temperature.

The authors concluded that the most important processing parameter was temperature, once
it has impact on conversion and crystallinity33. Different fibre sizing’s were studied to comparing
interfacial properties of composites. The maximum conversion degree with GF achieved was
96%, with a crystallinity degree of 41%. It was proven that moisture, dirt and siloxyl groups on
fibres have an inhibition effect on polymerization. Although the potential of results obtained by
Van Rijswijk, which uncovered many of the unknows about AROP of CL into PAG, at the best of
our knowledge, this reactive manufacturing process still not accomplish the industrial
breakthrough. A plausible reason could be due to the sensitivity of the reactive systems and the
climatic conditions that blades are exposed®*. However, it is worth mentioned the composite wind
blade (with 9 meters) developed by Arkema with Elium® acrylic resin1,

The work from Yan et al.1% also revealed the influence of manufacturing parameters, such,
temperature, time, and raw materials concentrations on final properties of PA6 and continuous
GF reinforced PA6 composites. Catalyst content and polymerization temperature have significant
effects on both molecular weight and crystallinity degree of PA6 and PA6/GF composites that
lead to a high mechanical properties of composites. Relevant developments related to post-heat
treatments were further investigated. The authors revealed the influence of different post-heat
treatments such quenching and annealing on mechanical properties. The results demonstrated a
significantly reduction after quenching treatment, but an improvement after annealing.

As observed, there is some information in literature using vacuum infusion of PA6, however
this technology is not suitable for high volume manufacturing. As previous mentioned, the resins

used during process are almost water-like viscosity, making them sensitive to pressure changes
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and difficulties to control using vacuum as the driving force. If vacuum pressure is low,
polymerization may occur before reaches the outlet of the mould, and if vacuum is too high, the
flow rate can be too fast that making infiltration of fibres poor. In particular, if the pressure goes
bellow to atmospheric pressure, can induce the sublimation or evaporation of the monomer and
creating voids106.107 Another disadvantage is related to vacuum bags and other consumables
used, that are not reusable, and the process is considered less sustainable.

Due to the aforementioned reasons, VARTM is not suitable for high volume manufacturing,
however, the results and know-how that came from previous works, can be applied in future

research.

Thermoplastic resin transfer moulding (T-RTM)

More recently, T-RTM technology, that uses many features of VARTM, have emerged as a
more controlled method for PA6 processing in terms of flow rate.

The processing is like a standard RTM process. A typical T-RTM equipment consist of a dosing
machine, a mixing head, and a mould (Figure 2.4). The function of melting unit is to melt,
pressurize, transport, and mix the reactive components. The melting unit has two tanks for melting
the reactants: catalyst and activator each dissolved in the corresponding lactam (masterbatch)®°.
The use of several tanks is to separate the reactants, once in specific cases the polymerization
reaction is too fast, leading to an increase in the mixture viscosity and avoid the injection step.
The tanks are flushed with nitrogen to prevent the influence of moisture on the polymerization.
Both mixtures can therefore be used over a longer period of time and can be circulated by a pump
system in heated hoses1%8,

The mixing head is placed between the tanks and mould, and the function is to improve the
homogeneity of the system. After melted and mixed the raw materials in tanks, they flow through
separate heated piped and are mixture through impingement on each other at very high speeds
in a mixing head. Then, the reactive mixture is injected under pressure into the mould. When the
reactive mixture enters the mould, the in situ chemical reaction occurl®%110, After injection, the
resin viscosity increases, and the polymerization occurs. The time between beginning of
polymerization reaction to the complete solidification of the reactive mixture is denominated
polymerization time®?,

The mould gives the product its final shape and is closed and heated to initiate the AROP
reaction. The mould design is another parameters to considerer. A reduction in voids can be
observed if a correct mould design is employed, as well as the strict control of parameters, such

as injection pressure and curing time10,
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Figure 2.4 Schematic representation of T-RTM technology'?.

There are several parameters to considered: tank temperature and pressure, and stirring time
have an influence on reactive mixture viscosity (Table 2.4). Polymerization kinetics, as well as the
viscosity, is influenced by stirring time and speed. The tank pressure can also have an effect on
viscosity. The higher temperatures on tanks, promote a resin more fluid, thus, the temperature is
considered a major parameter108.112,

The influence of temperature and the injection pressure can have a significant effect on the
chemical reaction, and consequently in cycle time. The cycle time is one of the main
characteristics to commercial feasibility of T-RTM process and should be as short as
possible108.113,

The effects of mould parameters, such mould temperature and residence time were
investigated by Semperger et al.1%8114, The relationships between crystallinity, mould temperature
and residence time were detailed. The authors found out that crystallinity degree decreased as
the temperature increases, and directly influences mechanical properties of material. It was
reported that a high crystalline phase improved the mechanical properties. In contrast to literature
data, the authors found out that residence time did not have a significant effect during T-RTM.

According to a study by Lee et al.t'5, the curing temperature above the crystallization
temperature (~170 °C) is not suitable for T-RTM process. The authors studied the curing process
from 120 to 200 °C, with an interdigital dielectric sensor, and confirmed that at 160 °C,
polymerization and crystallization occurs simultaneously6. At 180 °C, crystallization takes place
after polymerization, and at 200 °C, polymerization occurs very fast that crystallization do not
have time to occur.

In another study, Choi and co-workers!'? studied the optimal polymerization conditions for PA6
and PAG6/CF manufacturing. The authors used the response surface method (RSM) to optimize
the experimental conditions of the process, using injection speed, catalyst, and activator
concentrations as design variables. By optimizing the design variables with RSM, the authors

identified the conditions to maximize the tensile strength and polymer conversion rate.
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. . Flexural
Tensile properties ;
properties
Catalyst/ . Production o DOC Omax Emax Omax Emax
Monomer Activator Reinforcement  Technology parameters Xe (%) (%) (MPa) (GPa) (MPa) (GPa)
Trect = 120 °C
CL® C10/C20P GF Casting Tmould = 160 °C 47 99 78 2.7 - -
Annealed for 30min
EtMgBr/ N-
benzoyl e-capro- T = 90°C
CcL"1 Lactam and N,N’- - Centrifugal ¢ m- 20 min 36-47 66-98 - - - 2.3-3.1
isophthaloyl- polym =
bis-caprolactam
Sodium bis[(2- oo
methoxyethoxy) 'ImA=_1%% °%
CLs8 caprolactam/4,4 - GF Centrifugal T 23140 _ 190 °C 23-47 91-98 - - - 1.3-1.4
diphenylmethane m°‘é'd — 30 min
diisocyanate polym =
33 Tm=110°C
CL C1/c20 GF VARTM Troud = 140 — 160 °C 33-42 97 64-78 2.7-3.8 - -
moula — -
Sodium Tm=110°C
117 0 - - - - - -
CL metal/HMDI CF VARTM 120tSTmou_Id55r§S]0 C 98-99 60-90 1-2
polym =
Addonyl CR/ Tm > 69 °C
118 -
CL Addonyl 8120 CF T-RTM Troud = 150 °C 26 98 268 19.5 218 1.1
sodium aluminum T = 125 °C
CL109 lactate/mixture of CF and GF T-RTM - — 165 °C 43 97 48 0.8 - -
isocianates mould =
Tm=98°C
CL119.120 C10/C20P - T-RTM Tmould = 150 °C 44-50 ~99 75-84 3.2-3.7 112-138 3.2-4.1

tpolym = 5 min
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CL2i121122 C10/C20P

CL108.114 Cc10/C20P

Addonyl CR activator
Addonyl CR catalyst!1®

GF

CF

T-RTM

T-RTM

T-RTM

Tm =100 °C
Tmould = 130 °C 42 94-95
tpoym = 15 min
Tm=110°C
Tmix. head =110 °C
Tmould = 150 — 175 °C
tpolym = 3-5 min
Tm=120°C
Tmould = 120 — 200 °C
tpolym = 10 min

21-42 95-97

35-45 -

83.2

48-57

2.8

1.1-15

102.7

35-62

3.2

1.3-2.4

*DOC — Degree of Conversion
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Minimizing the voids is another crucial achievement for obtaining good mechanical properties.
Voids can act as stress concentrators and can cause an early rupture. An investigation on the void
content was performed to minimizing voids to achieve sufficient quality and hence materials
properties through tomography scan?!, The presence of this voids was related to the air trapped,
and the authors proposed a solution to reduce the voids, through using vacuum to reduce the quantity
of air available. While this can easily be accomplished, however it is limited by caprolactam boiling
at lower pressures, and reaction temperature is also a key factor.

An innovative work done by Osvath at al.123, investigated the effect of post-polymerization heat
on the monomer conversion and resulting molecular mass of PA6. Samples prepared without
quenching revealed higher monomer conversion and molecular weights than for quenches samples,
using the same reaction times. These findings can be used to improve the properties of PA6
produced using T-RTM technology.

In general, T-RTM demonstrates some advantages compared to other reactive thermoplastic
manufacturing technologies, due to the possibility of obtaining high performance thermoplastics and
thermoplastic composites with complex shapes, using different reinforcements, such as fibres or
nanoparticles. However, this technology involves expensive equipment, but as is suitable for high
volume production, and the equipment cost can be justified.

Regarding T-RTM equipment’s availability, from mid-2010 some improvements from resin
suppliers and injection system manufacturers have been achieved to develop an industrial-scale
equipment’s for processing reactive thermoplastic resins, notably with PA6 matrix51.73.108-110,114,124-
126 There are only two known T-RTM equipment’s available on trad, from Krauss Maffei?” and from
Engel26.128 however based on the available literature both equipment’s still have difficulties in the
process domain, given by the complexity of the technology and the countless variables that affect
the reaction.

Industrial partnerships have also demonstrated some improvements in this field. Automotive parts
such as B-pillar'?5, a hybrid roadster roof cover frame’?4 and a mechanical subframes'?° have shown
the success using highly sophisticated manufacturing process. A shovel was also fabricated, opened
a new opportunity for the production of thermoplastics reinforced with fibres using T-RTM not only
for automotive industry26.130,

The obtained results, although promising, show the complexity of the T-RTM technology. It was
found that we are not yet in the presence of a robust technology, verifying that there is no repeatability
of the process that allows to produce parts from an industrial point of view. The large number of
variables and the requirements that are necessary to control during the in situ reaction, reveal that it
is still a challenge to obtain final products with quality.

As previous mentioned, the main motivation of the present thesis is to overcome the actual
problems detected in industrial scale, giving the possibility of identifying the biggest challenges and
obstacle in the industrialization of this technology, as well as potential strategies to overcome them.
The potential of this technology has been strongly underestimated, however interesting

developments in this field still may be expected.
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PAG by T-RTM

This chapter focuses on the preparation and characterization of PAG by anionic ring-openin
p prep y g-op g
polymerization. The focus is on how the choice of materials and polymerization conditions

affect the final properties of PAG. A detailed analysis and description of these effects are
presented throughout this chapter.



PAG6 by T-RTM

3.1 Overview

The main objective of this chapter is to review the AROP process of CL into PA6 and
comprehensively examine its processing parameters.

As stated in the previous chapters, numerous parameters have a significant influence on the
polymerization process. The nature of reactants used their concentrations, and the temperature are
an example of key factors.

In order to define the most suitable processing conditions for producing PA6 using T-RTM
technology, the chapter 3 has been thoughtfully divided into two distinct subsections, each

addressing critical aspects of the investigation:

e Formulations: To achieve optimal PA6 formulations is required a careful balance
between the types and concentrations of catalyst and activator. Section 3.2 reports the
influence of different catalyst and activator concentrations on the properties of PA6
samples.

e T-RTM technology: The study and control of T-RTM manufacturing parameters are
mandatory to produce PAG parts. Section 3.3 reports the effects of mould temperature and
polymerization time on the final properties of the produced parts. This study aims to define

the optimal cycle time.

Each section focuses on a critical aspect, contributing to a deeper understanding of the synthesis,
processing, and characterization of PAG, in order to evaluate its potential as a high-performance
thermoplastic matrix. The in-depth study of these elements will provide a deeper insight into the
interplay between polymerization, processing, and material properties, paving the way for advances

in the field of composites.
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Abstract

Thermoplastic resin transfer moulding technology has attracted much attention due to the possibility
of manufacturing recyclable structural thermoplastic-based composites. Polyamide 6 obtained from
anionic ring-opening polymerization (AROP) of e-caprolactam (CL) has been prepared using T-RTM
technology. When suitable catalyst and activator are used, the transformation occurs at a significantly
faster reaction rate. Four different formulations were prepared. The influence of catalyst and activator
amount on chemical, thermal and mechanical properties were analysed. Higher monomer
conversions and molecular weight were obtained for samples with lower catalyst and activator
content, indicating a pronounced effect of concentrations on final samples properties. Mechanical
analyses also corroborated this behaviour. Optimizing PA6 formulations is necessary, to achieve
reproducible materials with desirable properties.
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Polyamide 6; e-caprolactam; in situ polymerization; anionic ring-opening polymerization;
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1. Introduction

In order to answer to many of tomorrow’s challenges related to the development of sustainable
transportation solutions, innovative high performance lightweight materials are being developed?.
Initially, the requirements for road transportation market were focused mostly on stiffness, strength,
and low cycle time production. Nowadays, environmentally friendly material solutions and
recyclability became a “must issue” that led to an important emphasis on thermoplastic resin
solutions.

Thermoplastic is a class of polymers that can be softened and melted by heat application?. In
addition to the recyclability advantage, some thermoplastics have higher impact strength and ductility
than thermoset currently used3. However, the viscosity of a thermoplastic resin is typically higher
than the viscosity of a thermoset and can hinder the impregnation process*. To overcome this
shortcoming, the polymerization of low-viscosity monomers or oligomers through reactive processing
technigues was investigated. Among suitable polymerization types, the ring-opening polymerization
(ROP) is the most common and it involves cationic or anionic reaction mechanisms®®. Anionic
polymerization proceed through an activated monomer mechanism and is mainly used to
manufacture polyamides (PA6, PA10, PA12) from the corresponding lactams?:8. This mechanism is
commonly designated by anionic ROP (AROP). Cationic initiation is also possible but not so effective
due to the low molecular weight and conversion rate of the resulting polyamides®.

The anionic reactive polymerization of e-caprolactam (CL), combined with a catalyst and an
activator in polyamide 6 (PA6), is among one of the most developed forms of reactive processing of
thermoplastics by AROP®0. The CL polymerization into PA6 (Figure 3.2.1) is performed at
temperatures between 130-180 °C in short cycle times, thus increasing the energy efficiency of the
process. This reactive processing method is also characterized by the occurrence of polymerization
and crystallization simultaneously, once processing occurs below the melting and crystallization

temperature of the polymer311.12,
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Figure 3.2.1. Anionic polymerization of CL into PA6, using C10 as catalyst and C20P as activator.
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Regarding the processing technologies for AROP there are several approaches. Rijswijk et al.
studied the vacuum infusion process using PA6 as matrix and glass fibre as reinforcement for wind
turbines manufacturing!®12. The influence of polymerization conditions as well as the choice of
catalyst and activator to produce PA6 matrix has been undertaken313. Gong et al.'* managed to
successfully produce reinforced composites with PA6 fibre and PA6 matrix via anionic polymerization
of CL using an adapted resin transfer moulding (RTM) processing procedure. The influence of
moulding temperature on thermal and mechanical properties was investigated. The authors achieved
a high conversion degree and a low void fraction of samples. A strong interaction between PA6 matrix
and fibre was also obtained.

Thermoplastic resin transfer moulding (T-RTM) is a promising technology with potential for the
production of lightweight thermoplastic composites for automotive applications#15-18,

This technology is based in the injection of a reactive mixture (a low viscosity monomer with a
suitable catalyst and activator) to a preheated mould, in which occurs a in situ polymerization?8.
Moreover, it allows the production of thermoplastic composites with relatively short mould cycle
times. However, to achieve reproducible results there are a significant number of factors that could
influence the final properties of a material obtained by T-RTM technology*16-20,

Semperger et al.* demonstrated the importance of investigate the effect of different parameters
such as, polymerization time and mould temperature on morphological and mechanical properties of
the final product. The obtained results demonstrated that monomer residual fraction and crystallinity
degree were affected by increasing mould temperature. Mechanical performances and hardness
were also influenced by tool temperature. The authors highlighted that mould temperature influenced
the crystallinity, conversion degree and mechanical properties of the material and residence time
had no significant effect during measurements.

Wilhelm et al.?%-22 evaluated the influence of moisture content on the AROP reaction. The authors
introduced water into CL system, and the results revealed that polymerization was affected, slowing
the reaction by deactivating the reactive components. During T-RTM, it is necessary to control the
moisture content to achieve a good polymerization.

Other T-RTM studies demonstrated the potential of the technology to manufacture PAG reinforced
with carbon and glass fibres, and appropriate conditions are required#5:20-24,

Despite the research dedicated to thermoplastic-based composites, very few papers on the
optimization of PA6 formulation from AROP of CL monomer have been performed. In AROP, the
type and the amount of catalyst and activator chemically influence the polymer chains development.
It is therefore necessary to find a balance between these factors to achieve the desirable properties.

This work focuses on the production of PA6 using a developed laboratory equipment designed
for T-RTM technology. The aim is to investigate the effect of different concentrations of catalyst and

activator on the properties of the produced PA6 samples.
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2. Methodology
2.1. Materials

The PA6 samples were obtained from AROP of AP-Nylon® caprolactam monomer (melting point
69 °C and density 0.6-0.7 g-cm3®). Bruggolen® C10 (C10), that contains 17-19% sodium
caprolactamate in caprolactam, was used as catalyst, and Bruggolen® C20P (C20P), a blocked
diisocyanate in caprolactam with a cyanate (NCO) with approximately 17% of content, was used as
activator. All chemical components employed in this work were purchased from L. Briiggemann
GmbH and Co. KG, Germany. These components were stored and kept under vacuum overnight at

40 °C to avoid moisture problems.

2.2. PAG6 preparation through T-RTM

The AROP of CL into PA6 was performed in a semiautomatic T-RTM laboratory equipment. The
scheme of T-RTM process is shown in Figure 3.2.2(a) as well as a scheme of the tensile test
samples, Figure 3.2.2(b).

The laboratory T-RTM setup consists of a dosing unit with two tanks, a mixing head, a mould
heating system, a pressure, and vacuum control system. The CL monomer was divided into two
equal parts and placed into the two tanks. Catalyst (C10) was added to the one of the tanks and the
activator (C20P) was added to the other tank. The melt temperature in each tank was set to 90 °C

under stirring.

Melting Unit
()
S —
A\ %

Mixing head
AN a4
7 Y

— I

_-\LL ” f — Samples

ou

Figure 3.2.2. Schematic representation of T-RTM process (a) and mould shape (b) with tensile specimens

employed.

After melting the components, the CL/C10 and CL/C20P flow through the different inlets into the
mixing head (110 °C) under controlled pressure and vacuum. Through impingement, the reactive
mixture is injected into a preheated mould (160 °C). The polymerization reaction occurs inside the
mould. Following polymerization time (=5 minutes), the plate (280mm x 150mm x 2mm) was
demoulded, and samples prepared for further characterized.

Table 3.2.1 shows the compositions of the PA6 samples prepared by T-RTM.
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Table 3.2.1. Chemical composition of the developed PA6 samples.

Samples  C10 (wt%)  C20P (Wt.%)  oo-(%)  CL (Wt.%) S (%)
F1 6 4 15 90 111
F2 45 3 15 925 8.1
F3 3 2 15 95 5.3
F4 2.2 15 1.47 96.3 3.8

*wt. — percentage by weight

2.3. Differential scanning calorimetry (DSC) analyses

To determine the melting point (T;,,) and crystallinity degree (X.) of developed PA6 samples, a
DSC equipment (Shimadzu DSC-60) was employed. During testing, two runs were carried out for
each sample, and the second run was the one considered to determine the thermal properties. In
the first run samples were heating from -25 °C to 250 °C at a scan rate of 10 °C'min-! and held for 2
min at this temperature to eliminate the thermal history and for self-seeding prevent of PA625. After
that, the samples were cooled again up to -25 °C. In the second run, the cycle was repeated, and
the data collected.

The X, was determined according to equation 1:

Xc (% Ay, 100 1
= X

c (%) AHD 1)

in which AH,, is the experimental heat of fusion, and AHY, corresponds to the value for 100% of fully

crystalline material (PA6 = 190 J-g'1)6.

2.4.Viscosity average molecular weight

The viscosity average molecular weight (M,)) was measured according to DIN 51562-1 using a
Ubbelohde viscosimeter, with a capillary diameter of 0.53 mm. The measurements were performed
at 25 °C, dissolving the samples in 85% formic acid with a concentration of 0.005 g'mL-1. From the
flow times (average of 5 measurements), the inherent viscosity (n;,,) was calculated according to

equation 2:

Yo )

Njph =

where t and to are the flow time of the polymer solution and pure solvent respectively, through a
capillary tube, and c is the concentration of the polymeric solution. For M,, calculation, it is assumed
that the inherent viscosity is equal to the intrinsic viscosity (n;,n = Nine)- Based on the results from

Nne @nd using the Mark-Houwink equation (Equation 3), M,, can be calculated:

Mind] = K X M7 ()
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in which, K and a are the Mark-Houwink constants which depend on the specific combination of

polymer-solvent used. In this polymer-solvent combination K = 22.6 x 10 cm3-g! and a = 0.82%'.
2.5. Thermal analyses

Thermogravimetric analysis (TGA) was performed on a Hitachi STA300 equipment. A heating
rate of 10 °C'mint was used from room temperature to 600 °C, under N2 atmosphere (flow rate of
100 mL'min1). TGA data and their corresponding first derivative (DTG) were collected to determine
the thermal parameter’s reaction. Conversion degree (DC) of CL through loss of mass, was

calculated by following equation:

W,
DC (%) = — x 100% 4)
Wy
where Wa is the weight measured at 240 °C (inflexion point between monomer evaporation and

polymer degradation), and Wh is the initial weight of the sample.
2.6. Mechanical analyses

The tensile tests were performed at room temperature on a universal testing machine Shimadzu
AG-IS with a 10 kN load cell. Standard specimens of PA6 were cut out from the central part of plates
according to ISO 527-2 standard (Type 1BA). A constant crosshead speed of 1 mm-min-! was used.
The tensile strength (omax) and elongation at break (emax) were taken from the maximum values from
the stress-strain curve. The elongation of each specimen was measured using a video extensometer
(DVE-101/201).

3. Results and Discussion

The influence of different amount of catalyst of activator was studied based on chemical, thermal
and mechanical properties.

The DSC curves of the second run, in Figure 3.2.3, showed that the melting point has been

influenced by the amount of catalyst and activator used in samples.
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Figure 3.2.3. DSC curves of PA6 samples.

For higher concentrations of catalyst and activator, a lower melting point was achieved. This
phenomenon has been explained by branching reactions that can occur during AROP28.29, Rijswijk
et al.3 reported that using difunctional and high concentration of activator, the monomer concentration
depletes rapidly due to fast polymerization kinetics, characteristic of AROP reactions. Thus, the
active amide anions on the polymer chain, attack the neighbouring polymer chains, causing
branching. A transition in PA6 crystal structure can be also caused by branching, which may result
in a decreasing of melting points. During synthesis of PA6 two types of crystals can appear: a-
structure, which presents a T,, = 220 °C, and y-structure, with a T,, = 214 °C%. If an excessive
branching occurs, the y-structure content can increase, thus reducing the melting point. Another
explanation for the reducing of melting points is the residual CL monomer content that can remain in
polymer after the polymerization process33t,

In Figure 3.2.3, it is also presented the crystallinity degree of the samples calculated according to
equation 1. It can be observed that crystallinity degree also depends on the amount of catalyst of
activator once it decreases gradually from 35.7% to 29.9% by increasing the amount of catalyst and
activator. This behaviour is also due to the effect of branching, that changes the polymer chain and
consequently, the formation of crystals is disturbed, affecting the crystallization processs3.

The decrease in crystallinity degree was attributed to the increase in molecular weight, which
indicates that crystallization of PA6 was difficulted by the branching structures resulted from
difunctional activator®2. Table 3.2.2 showed the viscosity average molecular weights for PA6
samples. Higher amounts of catalyst and activator also influenced the molecular weight. The
increasing of catalyst and activator concentrations, lead to a decreasing in molecular weight. As
previously mentioned, using a difunctional activator, branching is more apparent. The
macromolecular chains are not able to reorganize into perfect crystalline structures, thus reducing
the molecular weight of the polymer20:28:32_ This reduction is also accompanied by crystallinity and

melting point reduction, as observed in Figure 3.2.3.
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Table 3.2.2. Viscosity average molecular weight values of PA6 samples.

Sample My (kg/mol)
F1 117327
F2 160.3+2.2
F3 197915
F4 210.0x 2.0

In order to characterize the final conversion degree of the polymer, TGA was used to measure
the evaporating residual amount of CL contained in samples. TGA thermograms and the

corresponding first DTG graphs are presented in Figure 3.2.4.
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Figure 3.2.4. TGA (a) and DTG (b) curves of PA6 samples.
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Two different ranges are observed on TGA curve. The first range between 100 and 240 °C
corresponds to residues of unconverted CL monomer evaporation3:. As endothermic peak between
200 and 240 °C revealed, the monomer evaporation occurs at the same time that PA6 melting. The
second range started at around 260 °C with a continuous weight loss, which refers to PA6
degradation. The thermal pattern showed that all samples were completely burnt under N:
atmosphere before 400 °C.

To analyse the thermal stability of PA6 materials to resist the action of heat, weight loss
temperatures were monitored. Tse, T10% and Tsow that corresponds to 5%, 10% and 50% weight loss
occur, respectively, and Tmax (temperature of maximum mass change) were noted from TGA
thermograms (Table 3.2.3)%4. The decomposition temperatures of samples increased with the
decrease of catalyst and activator concentrations (from F1 to F4). This tendency revealed an
improvement of thermal stability in samples with lower catalyst and activator levels. The derivate
plots also corroborated this behaviour. The maximum weight loss rate was higher for samples with
lower catalyst and activator content. Such an observation promotes the PA6 degradation in an early

stage, as previous observed in TGA thermogram.

Table 3.2.3. Thermal data obtained from TGA and DTG curves of PA6 samples.

Sample DC (%) Tsu (°C) T10% (°C) Tso% (°C) Tmax (°C)
F1 96.5+0.2 266.4£0.4 284.1+£0.5 316.4 £ 0.9 322.8x15
F2 96.9+0.1 271.3+0.4 285.7+0.4 318.3+1.2 323.7+0.9
F3 97.3x0.1 273.6 +0.3 294.2+0.4 324.2 £ 0.7 324.1+1.0
F4 95.8+04 275.8+0.1 300.9+0.2 333.1+1.3 328.3+1.2

DC values, calculated using equation 4, revealed a high conversion rate (between 96-97 wt.%),
which mean that the polymerization was almost complete, and a low residual monomer content was
achieved. This range is in good agreement with the literature2°33,

The effect of different concentrations of catalyst and activator on the mechanical behaviour was
investigated. The stress-strain curves of samples are presented in Figure 3.2.5. The tensile
properties of the developed materials and its standard deviations, namely tensile strength (Omax),

strain at break (emax) and Young Modulus (E) are presented in Table 3.2.4.
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Table 3.2.4.Tensile properties of PA6 samples.

Sample Omax (MPa) E€max (%0) E (GPa)
F1 50.3+3.1 59+0.9 24+0.1
F2 63.1+25 76+23 24+£0.2
F3 635+21 143+ 3.5 2.6+0.3
F4 659+ 1.7 20.1+29 2.7+0.2

It can be seen from Figure 3.2.5, that tensile strength (omax) slightly increases with the decreasing
of catalyst and activator concentrations. F4 sample shows the highest tensile strength (65.9 MPa).
As observed, the tensile strength is weakened due to the loading of more amount of catalyst and

activator concentrations.
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Figure 3.2.5. Tensile stress-strain curves of PA6 samples.

Samples F3 and F4 revealed an elastomeric behaviour given by a higher strain at break and a
lower Young modulus. It can be also observed through Figure 3.2.5, that the elongation at break
increases when the concentrations are lower. A slightly increase is also observed in Young modulus
from 2.4 GPato 2.7 GPa. As expected, higher crystallinity degree promotes a higher elastic modulus
and tensile strength.

Comparing the obtained results with a commercial injection PAB, it can be concluded that the
achieved results are higher. This behaviour is explained by high crystallinity degree and high

molecular weight, characteristic of an anionic polymerized PA63.
4. Conclusions

The objective of this work was to develop an experimental investigation of several PA6

formulations obtained from in situ using a laboratorial equipment. AROP of CL was conducted by
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using a C10 catalyst in combination with a C20P activator. Chemical, thermal, and mechanical data
were investigated using a wide range of characterization techniques.

The results showed that the PA6 properties were affected by using different concentrations of
catalyst and activator. The addition of higher concentrations of catalyst and activator resulted in a
decrease in crystallinity degree of PA6 materials. Molecular weight measurements also clarified the
influence of concentrations on molecular weight of the final PA6 polymer. As expected, the molecular
weight increased with decreasing the amount of activator and catalyst. TGA revealed that higher
thermal stability was achieved for samples with lower concentrations. However, a high conversion
degree of 96-97% was reached for all samples, resulting in an almost complete polymerization and
a low residual monomer content. Mechanical properties were predominantly influenced by
crystallinity degree and conversion degree. The tensile properties revealed a more viscoelastic
behaviour for lower catalyst and activator samples.

Based in the obtained results, PA6 samples demonstrated well-defined properties, determined by
the concentrations of catalyst and activator. These findings also demonstrated the potential of the T-

RTM to produce thermoplastic materials for industrial applications.
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Abstract

Thermoplastic resin transfer moulding (T-RTM) technology is gaining prominence in the automotive
industry for high-volume production of high-performance components. Therefore, there is a growing
need for lightweight thermoplastic and easily recyclable. In this work, polyamide 6 (PA6) was
produced from the low-viscosity monomer by anionic ring-opening polymerization using T-RTM
technology. During the manufacturing process, there are parameters that need to be controlled to
ensure a high process efficiency. The influence of mould temperatures, ranging from 130 °C to 170
°C and the polymerization times, ranging from 2 to 10 min, were evaluated. The results showed that
crystallinity degree and molecular weight were predominantly influenced by the higher mould
temperatures (between 150 °C and 160 °C). In addition, tensile and flexural properties were
predominantly affected by crystallinity degree values. Furthermore, the polymerization time used did
not have significantly influence on final results. From the conducted experimental work, it was defined

160 °C as optimal mould temperature and 2 min for polymerization time.
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1. Introduction

Thermoplastics have caught the interest of industry in the last decades. This is mainly due to their
unique properties, recyclable nature, manufacturing time and easily mouldable!2. These features
contribute to the use of thermoplastic materials in a wide range of applications, including aircraft,
packaging, electronics, medical devices, automotive parts, and others3-5,

The automotive industry is one of the major consumer sectors of thermoplastic materials®”.
Among different polymers used, polypropylene is by far the most employed polymer in vehicle
production, followed by polyurethane and polyamide (PA). Thermoplastics are predominantly used
for the production of interior components, owing to the ability to style to the surface quality, and to
the easiness of being moulded®. In addition, thermoplastic usage in auto parts has shown steady
growth due to the possibility of reducing vehicles’ weight, which contributes to fuel saving and CO:
emissions reduction, without impairing vehicles’ comfort and safety®.

Polyamide 6 (PA6) is an engineering thermoplastic used in the production of structural
components for autoparts, exhibiting high mechanical performance together with thermal and
chemical resistance properties'®-12, Commercial PA6 is mainly synthesized by hydrolytic
polymerization, due to its industrial viability, controllability, and polymerization stability for large-scale
operation. However, this polymerization involves various stepsi®13, On the other way, an anionic
polymerization involves an activated monomer mechanism, where PA6 is obtained from the
corresponding lactams!415, The lactam polymerization can be an anionic reaction mechanism
(initiated by a base) or a cationic reaction mechanism (initiated by an acid). However, cationic
mechanisms are limited due to low conversions and low molar masses of the final products516,

The anionic ring-opening polymerization (AROP) of e-caprolactam (CL) into PA6 is among one
of the most developed forms of reactive processing of thermoplastics. It is based on a polymerization
mechanism in which the ring-shaped (cyclic) molecules are opened, giving rise to linear monomers
or oligomers!>16, AROP is the fastest process for PA production, once it is characterized by short
polymerization times, resulting in a faster cycle time and, consequently, a more efficient production
(compared to thermosets). In addition to the monomer, a catalyst and an activator are needed to
initiate and maintain the reaction'’. This type of polymerization has emerged as a clean alternative
to polymerization routes once it does not require hazardous solvents?318,

The short polymerization time of CL enables the production of PA6 via Thermoplastic Resin
Transfer Moulding (T-RTM) technology®-21. T-RTM is an adapted version of resin transfer moulding
(RTM), commonly used for thermoset composites. This technology involves the reaction of a
monomer with low viscosity and the polymerization takes place directly inside the mould (in situ)?223,
T-RTM is considered a promising technology with the potential to be used for large-scale production
by automotive and aerospace industries due to (1) the easiness of the production of lightweight
composites; (2) lower production costs and (3) the ability to recycle!®2324, However, to achieve

reproducible results there are a significant number of factors that could influence the final properties
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of a material obtained by T-RTM technology, namely, the mould temperature and polymerization
time13.25,

The polymerization mould temperature significantly and directly affects the crystallinity degree,
conversion rate, and molecular weight, and in an indirect way also affects the thermomechanical
properties?526. This is due to the simultaneously occurrence of polymerization and crystallization of
PA6 during AROP. An advantage of using a polymerization temperature (>120 °C) bellow the melting
temperature of PA6 (between 210 and 225 °C) is the potential for shorter cycle times and increased
energy efficiency in the process?’. This leads to higher crystallinity degree (40-50%) and conversion
rates (96-99%) of the materiall113,

Rijswijk et al.?5, investigated the influence of varying the mould temperatures on the properties of
PAG6. The authors reported that increasing the mould temperature a higher polymerization rate and
branching degree, is achieved. Nevertheless, a lower crystallinity degree is also attained. It is
important to note that a higher branching degree is linked to reduced final conversion and lower
melting point. The relationship between mechanical properties and temperature was also assessed.
At low polymerization temperatures, the crystallization rate increased, which causes the mechanical
properties and the overall conversion to be reduced.

Maazouz et al.2® developed an isothermal time-temperature-transformation (TTT) diagram
through experiments with different mould temperatures below the melting temperature, namely 180,
190 and 200 °C and, also, above the melting temperature, 230 and 240 °C. The authors determined
the effect of temperature on the induction time, i.e., polymerization time, and viscosity profile. The
results highlight that increasing the temperature reduced the polymerization time. As a result of a low
polymerization temperature (190 °C), a slow increase in viscosity was observed, whereas the higher
the temperature, the faster the reaction. The temperature range employed was bellow Tc¢ (which is
around 180 °C), and within this range, the lower the temperature, the faster was the crystallization.

More recently, Semperger and Suplicz?6, examined the relationship between crystallinity, mould
temperature and polymerization time, also known as residence time. Three mould temperatures
(150, 165 and 170 °C) and three polymerization times (120, 180 and 240s) were employed. At 150
°C for 120s, a crystallinity degree of 43% was achieved. However, for the same polymerization time
and a mould temperature of 175 °C, the crystallinity degree dropped by 20%. The crystallinity degree
decreased as temperature increased, and directly impacting material's mechanical properties.
Interestingly, unlike what is found in the literature, the authors determined that polymerization time
did not significantly affect the T-RTM process.

In the case of PA6 produced using T-RTM technology, comprehending how temperature and
polymerization time influence AROP is crucial. This study examines the impact of polymerization
temperatures, ranging from 130 °C to 170 °C, and the polymerization times from 2 to 10 min, with 2
min interval. The analysis of the crystallinity degree, monomer conversion, density, molecular weight,

tensile and flexural properties were conducted to define the optimal polymerization conditions.
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2. Methodology
2.1. Materials

PA6 samples were produced using a monomer, g-caprolactam (CL) — AP-Nylon®, which has low
melt viscosity (3—5 mPa-s), a catalyst, a sodium caprolactamate in caprolactam (C10) — Bruggolen®
C10 and an activator, a blocked diisocyanate in caprolactam (C20P) — Bruggolen® C20P. All these
raw materials were obtained from L. Briggemann GmbH and Co. KG, Germany. Before use, these
materials were kept dried (Carbolite AX 60) at 35 °C to avoid moisture. It is known that these

components are sensitive to moisture and suffer significant changes in the presence of moisture?°,

2.2. PAG preparation

A specially designed prototype of T-RTM was used to conduct the experimental work, as
described on a previous work3°, The concentrations used in this study were 95% of CL, 3% of C10
and 2% of C20P based on the aforementioned optimization3°.The polymerization occurred through
the mixing of two distinct tanks. One containing the CL monomer and C20P (Figure 3.3.1a — tank A),
and the second one filled with CL monomer and C10 (Figure 3.3.1a — tank B). Both tanks were at 90
°C. A nitrogen (N2) line was connected to each tank for purging the moisture from tanks and the
injection lines. Also, the Nz line was used to flush the system after injection to prevent the occurrence
of polymerization within the heated parts. After mixing the precursors, the resulting liquid mixture was
injected into a preheated mould (Figure 3.3.1b) with a plate geometry of 280 x 150 x 2 mm3.

Subsequently, the plates were removed from the mould at room temperature.

(a) Nl I_I/ Stirrer motor \I_I sz‘ (b)
TANK| A TANK B
3
]
LD_I T Mixing head

l Vaccum outlet
Mould
o

Figure 3.3.1. (a) Schematic diagram of prototype T-RTM equipment and (b) CAD image of the mould.
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2.3. Processing parameters analysis

During PA6 polymerization, the temperature is a crucial factor that demands careful
consideration. Such variations not only influence the polymerization rate, but also impact the
properties of the resulting polymer. The literature indicates that the most suitable temperature range
is 130-170 °C and the polymerization time can range from 2 to 10 minutes2531,

The experiments were conducted using two independent variables: mould temperature and
polymerization time. Mould temperature pertains to the temperature of the tool during the
polymerization of samples. Polymerization time initiates at the injection of materials into the mould
until the removal of the final parts. Throughout the polymerization process, both mould temperature
and polymerization time play a significant role in shaping the morphological structure of the resulting
material. This encompasses factors such as molecular weight and crystalline structure, which in turn
influence the material's chemical, thermal, and mechanical properties.

The initial phase of the experiments involved the variation of the mould temperature, from 130 to
170 °C, while maintaining the polymerization time constant at 6 min. Subsequently, for the selected

mould temperature, the polymerization time varied from 2 to 10 min, with 2 min interval.
2.4, Thermal analyses

Differential scanning calorimetry (DSC) studies were performed using a Shimadzu DSC-60
equipment. A heating/cooling rate of 10 °C-min-! was set. Sample weight was maintained constant
(8-10 mg). Two consecutive heat-cool cycles were conducted ranging from -25 °C to 250 °C. The
first scan was performed to eliminate any prior thermal history of samples. The crystallinity degree

(Xc) of the samples was calculated using the equation 1:

AH
Xc (%) = AH;" x 100 (1)
m

, where AH,, is the melting enthalpy of the samples and AHY, is the melting enthalpy for 100%
crystalline PA6 (AHS, = 190 ].g™1)32,

Thermogravimetric analysis (TGA) was performed using a Hitachi STA-300 thermal analyzer.
Samples weighing between 5-7mg were heated up to 600 °C, using a heating rate of 10 °C:min-t in
an inert atmosphere of nitrogen (flow rate of 100 mL-min-t). TGA curves provided insight into the
residual monomer content within the samples, representing the unreacted monomer resulting from
the polymerization process. Degree of Conversion (DC) of CL through loss of mass, was calculated

according to equation 2:

W,
DC (%) = WZ x 100% 2)

where Wa is the weight measured at 240 °C (inflexion point between monomer evaporation and

polymer degradation), and W is the initial weight of the sample.

55



PA6 by T-RTM

2.5. Viscosity measurements

The viscosity average molecular weight (Mv) was determined using a Ubbelohde viscosimeter
with a capillary diameter of 0.53 mm. The My values were obtained through samples dissolved in
formic acid at 85% for the preparation of solutions with concentrations of 0.005 g-mL1. The My was

calculated using Mark-Houwink equation:

[n] = K x My ()

, Where constants K and a are equal to 22.6 x 103 and 0.8, respectively®3,and [n] is the intrinsic

viscosity in dL-g. An average of 5 measurements were performed for each sample at 25 + 0.1 °C.

2.6. Mechanical analyses

Samples for mechanical analyses underwent a cutting process utilizing a computer numerical
control (CNC) machine. The CNC machine (Deckel Maho, DMU 50) operated at a speed of 2500
RPM and a feed rate of 230 mm/min under end milling conditions. It is important to note that all
specimens were subjected to precise and accurate cutting, after which they were stored in a
desiccator until the testing phase.

The specimens were cut in accordance with 1ISO 527 type 1BA and ISO 178 for tensile and 3-
point bending tests, respectively (Figure 3.3.2). Then, mechanical analyses were performed using a
Shimadzu AG-IS universal testing machine equipped with a load cell of 10 kN.

Tensile tests were performed on the samples employing a constant crosshead speed of 1
mm-min-t. To determine the Young's modulus (E), the extension of the specimens during the tensile
test was monitored through a video extensometer (Shimadzu DVE 101/201). The tensile strength
(omax) and elongation at break (emax) were recorded from the maximum values of the stress-strain
curve. For the 3-point bending tests, samples were tested with a span length of 32 mm. A constant
crosshead speed of 1 mm-min-t was applied to all specimens.

Each sample underwent testing at room temperature, and an average of at least five specimens

for each sample type were tested.
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(b)

(d)

Figure 3.3.2. (a) PAG6 plate; (b) CNC machining; (c)Tensile and (d) 3-point bending specimens.
2.7. Dimensional accuracy and density

The analysis of sample thickness and density distribution along the plate was conducted to
demonstrate the effects of shrinkage and flow during polymerization. Machining conditions used were
the same as for the mechanical tests. Thickness measurements were made from 25 different
locations (Figure 3.3.3) ensuring even distribution across each produced plate. These
measurements were acquired using an Insize digital calliper with a precision of 0.02mm. Density
measurements were carried out at 8 distinct locations (Figure 3.3.3) in accordance with ISO 1183-1.:
2019 Method A. The determination of density for each sample was executed using an analytical
balance (Ohaus Explorer Pro-210), equipped with a density apparatus.
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Figure 3.3.3. Layout of density and thickness samples.

3. Results and Discussion

3.1. Influence of polymerization temperature

The impact of mould temperature on the Xc can be seen in Figure 3.3.4. The Xc values decrease
from 40.8% to 28.8% as the mould temperature increased. This trend can potentially be attributed to
the fact that as the mould temperature is higher, the thermal motion of polymer chains intensifies,
rendering it more challenging for the polymeric structure's hydrogen bridge bonds to form31:34,
Another contributing factor could be the higher temperatures used, that facilitate an increase in
branching reactions. Consequently, the number of irregular polymer chains also increases, impeding
the crystallization process?:35.

Furthermore, a noteworthy observation pertains to the higher X. for the first heating in comparison
to the second heating cycle. Crystallization occurs in two different phases — nucleation of the crystal
nuclei and the ensuing crystal growth. It is known that higher temperatures hinder the formation of
crystal nuclei®®. The X reached its maximum at 130 °C, where the crystallization during the
polymerization process unfolds at an accelerated pace, primarily due to the presence of smaller-
sized nuclei. As the mould temperature increases, the Xc values diminish, as the smaller-sized crystal
nuclei do not exhibit substantial growth3”. The explanation for X values after the second heating can
be attributed to the fact that the samples were already polymerized, and their crystal growth rate had
already tapered, rendering them nearly identical across various mould temperatures. This

observation underscores the implication for the recyclability of the final material.
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Figure 3.3.4. Effects of polymerization temperature on the Xc of samples.

The influence of mould temperature on the DC and the My was also investigated. It is evident that
as the mould temperature increases, the My of the samples rises from 97000 g/mol to 120000 g/mol
(Figure 3.3.5). This phenomenon can be attributed to the elevated polymerization temperature, which
accelerates the polymerization rate and, consequently, leads to an increase in the My. This behaviour
is in alignment with previous observations2®.

100
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Figure 3.3.5. Effect of mould temperature on My and DC of samples.

The residual monomer content remaining in samples after polymerization and the evaluation of
thermal stability was assessed by TGA. The presence of residual monomer is indicative of unreacted
monomers from the polymerization process, which could subsequently decrease the final conversion
rate. Excessive monomer content, exceeding 4-5%, can exert a plasticizing effect that influences the
final mechanical properties®!38. Therefore, the removal of such content from the polymer becomes
necessary?. Figure 3.3.6 presents a typical PA6 TGA curve for all studied samples. A previous work

has indicated that the unconverted CL monomer tends to evaporate within the temperature range of
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100 to 240 °C20. At approximately 250 °C, a discernible shift occurs, marking the onset of material
degradation, culminating in complete degradation around 400 °C.

From the TGA results it was possible to determine the thermal stability of the samples with respect
to heat resistance, associated at 5% (Ts%), 10% (T10%) and 50% (Tso%) weight loss3®. The DC was
also determined, and the results are summarized in Table 3.3.1. When comparing the different mould
temperatures used, it was noticeable that when higher mould temperatures were used, the
decomposition temperatures of the samples increased, indicating an improvement in thermal
stability.

For 130 °C, samples exhibited lower Tio%, indicating that initial degradation started for lower
temperatures. This can be attributed to the lower polymerization temperature, which reduces the
development of crystals. Consequently, not only does thermal stability decrease, but the measured
DC also drops to 94%, with decreasing mould temperatures#?. Samples exhibiting a high conversion
rate of approximately 97-98%, despite variations in mould temperature within the range of 140 to 160
°C, demonstrated low residual monomer content. This range is consistent with previously reported

results30.31.41,
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Figure 3.3.6. TGA curves of samples for different mould temperatures of samples.
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Table 3.3.1. Thermal data obtained from TGA curves of PA6 samples.

Sample DC (%) Ts% (°C) T1o% (°C) Tso% (°C)

130 °C 94.3+1.9 2424 +£1.2 267.6+14 305.4+1.7
140 °C 97.2+0.5 260.7 £ 0.7 286.5+0.8 318.3+1.0
150 °C 98.0+x04 269.0 £ 0.5 288.8 £ 0.6 318.0+£ 0.9
160 °C 98.1+0.3 279.0£0.2 297.3£04 325.6 £0.5
170 °C 95.8+0.8 270.9+£1.3 287.4+£1.3 318.0+1.2

The impact of polymerization temperature on the tensile properties of PA6 was also evaluated
and it can be observed in Figure 3.3.7. The tensile strength exhibited an increase from 46.5 MPa
(130 °C) to 77.3 MPa (160 °C). At 170 °C there is a slight decrease compared to the tensile properties
obtained at 160 °C. A similar trend was observed for tensile modulus, which undergoes minimal
variation in response to changes in polymerization temperature. Curiously, the Xc does not show the
expected trend for tensile strength and Young's modulus. It is likely that the high X observed at 130
°C, leads to the entrapment of CL in crystals. Thus, resulting in the formation of a brittle polymer, as
can be supported by the results in Table 3.3.2. In general, a higher Xc in a polymer is associated with
increased tensile strength, but sometimes the opposite behaviour can occur. Several factors can
contribute to this counterintuitive relationship, namely defects and imperfection in the crystal,
molecular weight, or processing conditions*243. Imperfections act as stress concentration points and
can weaken the overall structure, reducing tensile strength. The molecular weight of the polymer
chains can also influence both crystallinity and tensile strength. In this case, very high molecular
weight PA6 may not pack efficiently into a crystalline structure, affecting both crystallinity and
strength*>. At very least, the processing conditions under which PA6 is processed, such as

temperature and pressure, can also influence the crystalline structure“s.
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Figure 3.3.7.Tensile properties of samples for different mould temperatures.
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Flexural properties are given in Figure 3.3.8 and Table 3.3.2. It was observed the same tendency
of those observed for the tensile properties. For the temperature range of 130 - 160 °C, an increase
in flexural strength was obtained from 101 MPa (130 °C) to 124 MPa (160 °C). An analogous increase
in the flexural modulus was also achieved, from 1.9 (130 °C) to 2.7 GPa (160 °C). A reduction in the
flexural properties was also observed for the highest mould temperature. These findings could be
explained by considering the influence of unreacted monomer content within the matrix on

mechanical properties. Similar to many semi-crystalline polymers, the mechanical properties are

predominantly governed by the DC rather than M, or branching degree2547,

Table 3.3.2. Mechanical properties of samples as function as mould temperature.

Tensile Properties Flexural Properties Hardness
Mould
. Omax (MPa) €max (%0) E (GPa) Omax (MPa) E (GPa) Shore D
emp.
130°C 46.5+13.3 76+3.9 21+05 101.1+ 3.7 19+02 755+0.1
140°C 56.0+6.3 17.1+125 22+0.1 104.1+ 3.0 22+05 78309
150°C 65.5+8.7 228+43 26+0.1 121.0+5.1 23+0.8 78.1+0.8
160°C 77.3+3.1 25.1+38 2805 124.3+5.6 27+02 781+0.6
170°C 71174 25.0+154 2.7+0.3 99.9+29 25+05 774+04
200 4
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PAG6 samples processed at mould temperatures from 140 °C and 160 °C revealed the highest
hardness values (79 Shore D). However, at 130 °C and 170 °C, a more pronounced reduction in

hardness was observed. These findings are consistent with DC results. As previously discussed, the

Mould temperature (°C)

Figure 3.3.8. Flexural properties of samples at different mould temperatures.
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higher unreacted monomer content in these samples contributes not only to diminished thermal
stability but also to a decline in mechanical properties.

3.2, Influence of polymerization time

The influence of polymerization time was analysed while maintaining the mould temperature at
160 °C. The selection of this temperature was based on an optimal balance between the X,
monomer conversion and mechanical properties.

The polymerization time was systematically increased from 2 to 10 min using 2-min increments.
The impacts of this variation on the My and X. of PA6 are depicted in Figure 3.3.9. It is notable that
the My exhibited marginal changes in response to polymerization time. Similarly, the Xc remained
also unaffected by variations in polymerization time. After a duration of 6 minutes, the My of PA6
samples appear to stabilize and remain consistent.
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Figure 3.3.9. Effects of polymerization time on the viscosity average Mv and Xc of PA6 samples.

The effects of polymerization time on the mechanical properties are presented in Table 3.3.3. The
tensile properties exhibited a relatively consistent behaviour across varying polymerization times.
This trend is mirrored in the flexural properties, with values remaining unchanged despite the
increase in the polymerization time. A similar behaviour was also reported by Zaldua et al.?6.
Additionally, the Shore D analysis also indicated that polymerization time does not influence the
hardness results.
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Table 3.3.3. Mechanical properties of samples as function as polymerization time.

Tensile Properties Flexural Properties Hardness

Polym.
fime Omax (MPa) Emax (%0) E (GPa) Omax (MPa) E (GPa) Shore D
2 min 80.1+3.2 33.8+x45 2.7+0.2 117.8+6.1 26+07 77701
4 min 71.1+74 25.0+154 2.7+0.3 120.5+ 6.6 2706 78105
6 min 81.0+£85 23.8+5.3 29+0.3 125.1+£6.2 2705 77905
8 min 76.4+3.8 204+73 29+0.2 129.6 £ 6.7 2706 78.0x0.6
10 min 77.3+£3.1 25.1+3.8 28+05 124.3+£5.6 2702 78106

Based on the previous results, it can be concluded that viable PA6 parts can be produced by T-
RTM using a mould temperature at 160 °C and a polymerization time of 2 min. The acquired findings

also demonstrated that at this specific temperature, a short cycle reaction time can be achieved.
3.3. Thickness and density distribution

A particular emphasis was placed on quality control and improving the accuracy and consistency
of the process. Based on the above optimization (mould temperature set at 160 °C and
polymerization time of 2 min), the distribution and density of the material produced by T-RTM were
determined. The calculated average density value was 1.14 + 0.01 g/cm3.

Figure 3.3.10(a) visually illustrates that there is no significant variability in the density values
between the different locations of the measurements along the plates. In general, less densities are
observed in areas closer to the outlet, as the injected material is exposed to lower temperatures over

time.
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Figure 3.3.10. Density (a) and thickness (b) values for plate (according to Figure 3.3.3).

The thickness distribution across the plates is represented in Figure 3.3.10(b). The average
thickness was 2.03 + 0.01 mm. The deviation from the mould cavity (2 mm thickness) was small, but
a slight change in thickness was observed in the areas near the edges and towards the outlet. This
is likely due to the fact that in the edge areas the reactive mixture polymerizes first. Material closer
to the outlet is exposed to lower temperatures over time compared to the inlet, promoting slightly
thicker and less dense material (as stated before). In general, the obtained results demonstrate a
uniform heating along the mould and a homogeneous distribution of the mixture as it is injected into

the mould.

4. Conclusions

PAG6 was prepared trough in situ AROP using a T-RTM equipment. The effect of two processing
conditions were analysed, namely different mould temperatures (130 °C to 170 °C) and
polymerization times (2 to 10 minutes).

Mould temperature revealed the influence on both the Xc and My of the samples. Samples
exhibited higher monomer conversion and improved thermal stability at mould temperatures of 150

°C and 160 °C. As expected, the mechanical properties (tensile and flexural) were affected by the My
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and by the Xc. At 160 °C was attained the highest tensile and flexural strength, along with
corresponding modulus.

In the case of the polymerization time, it was shown that this processing parameter does not
impact the X¢, DC and mechanical performance. Based on the previous results, a mould temperature
of 160°C and a polymerization time of 2 min can be defined as the optimal processing conditions to
favour the reaction development. These findings highlight the potential for achieving shorter reaction
times for the T-RTM technology

Ultimately, the key conclusion drawn from the study is that mould temperature revealed to have

a pronounced influence on the final properties of PA6 samples.
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Chapter 4

PAG6/graphene-based nanocomposites

This chapter begins with an overview of the theoretical basis of graphene-based polymer
nanocomposites, focusing on the preparation of PAG with graphene nanoplatelets. Different
strategies to enhance the interaction between the polymer matrix and the nanofiller were
explored. The subsequent investigation includes the nucleation effect, the crystallization kinetics
under non-isothermal conditions and the influence of the nanofiller on the final properties of
the nanocomposite produced by the T-RTM technology.



PA6/graphene-based nanocomposites

4.1 Overview

Chapter 3 successfully demonstrated the reproducible production of PA6 parts obtained by
AROP. However, a crucial aspect remains unexplored: is it viable the production of PA6-based
nanocomposites using T-RTM technology? The novelty of the present work lies in the development
of PA6 nanocomposites reinforced with graphene nanoplatelets (GNP), whereas the main emphasis
relies on fostering a robust interfacial interaction between the polymer matrix and the nanofiller. The
overarching objective is to enhance the final properties, such as thermal stability and mechanical
properties of PA6 from the resultant nanocomposites.

In this Chapter, several studies will be conducted, namely (1) GNP characterization (size,
geometry, and particle characterization); (2) dispersion within the PA6 matrix; (3) PA6-GNP
formulations; and (4) processing conditions. At the end, the main goal is to provide a proof of concept,
demonstrating the feasibility of producing PA6 nanocomposites using the T-RTM technology. This
research opens the boundaries of materials innovation and engineering through the integration of
advanced nanofillers. In pursuit of these goals, this Chapter is divided into five distinct sub-chapters:

e Sub-chapter 4.2 — Current state-of-the-art in carbon-based materials, namely, GNP:
explores the existing carbon-based materials, with a particular focus on graphene nanoplatelets
(GNP). This section also looks at different processing methods for their incorporation into polymers,
with a focus on their application in the context of PAG;

e Sub-chapter 4.3 — Selection of GNP and Dispersion Strategy: Based on the knowledge
acquired in the previous 4.2, the sub-chapter 4.3 describes the selection of two different commercial
GNP with different particle sizes (D90 < 50 ym (defined as GN) and D90 <70 ym (defined as GP).
These selected GNP were further characterized to ensure their quality. Subsequently, a
comprehensive analysis for the dispersion strategies of GNP into PA6 monomer was outlined. The
loading levels of GNP chosen for the study cover a range of 0.1, 0.25, 0.5, 0.75 and 1 wt.%;

e Sub-chapter 4.4 — Nucleation Effect on Thermal Behaviour: It is dedicated to
understanding the effect of GNP on the thermal behaviour of PA6. The nanocomposites featuring
0.1 wt.% of GNP are selected for an in-depth investigation into the nucleation effect of GNP;

e Sub-chapter 4.5 — Crystallization Kinetics Under Non-Isothermal Conditions: Here, the
focus shifts to the evaluation of the influence of different GNP sizes on the crystallization kinetic
behaviour of PA6 under non-isothermal conditions to mimic the T-RTM process. The nanocomposite
with 0.5 wt.% GNP is subjected to a thorough analysis, using different kinetic models to understand
the crystallization behaviour of PA6 in the presence of GNP;

e Sub-chapter 4.6 — Effect of GNP on Thermal and Mechanical Properties: This sub-
chapter marks the culmination of the study, where different loadings 0.1, 0.25, 0.5, 0.75 and 1.0 wt.
%) of GNP are incorporated into the PA6 matrix. Even at low GNP loadings (0.1 and 0.25 wt.%),
significant improvements in mechanical properties were observed when compared to pure PAG6. In

addition, the impact of GNP size variations on both thermal and mechanical properties is also studied.
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4.2 Graphene-based materials

The search for novel materials has led to a remarkable transformation in the area of composite
materials over the last few decades. As a result, a new class of advanced materials known as
polymer nanocomposites, has emerged. These materials have improved physical and mechanical
properties that can be applied in a wide range of applications. In particular, the thermal and electrical
properties of polymer nanocomposites are a direct result of the skilful combination of properties
exhibited by their constituent components. Consequently, the research and development of
nanocomposites have attracted considerable interest, particularly for use in areas where lightweight
components are required.

The incorporation of a reinforcement phase into a polymeric matrix to create a composite material
results in significant improvements over unfilled polymers®2. These improvements include enhanced
mechanical properties, increased thermal stability and improved electrical properties, all of which can
be achieved with relatively low filler content®4. The discovery of nanoscale particles such as
fullerenes®, carbon nanotubes® and graphene’ has unlocked the potential for a new range of
nanocomposite materials with specific and superior properties.

PAG is a material widely used in several applications, from engineering and automotive industry8-
10, In this context, carbon based materials are emerging as a way to combine the inherent properties
of PAG6 with their unique features!-13. While carbon nanotubes (CNTSs) offer exceptional mechanical
properties and thermal conductivity, their complex and expensive production methods, often leaving
toxic metal residues, can be tricky415. As a result, graphene-based materials (GBM) are emerging
as an attractive alternative for the production of nanocomposites. GBM offer an appealing prospect
due to their exceptional properties and the abundance of their precursor, graphite. In addition, the
straightforward and cost-effective physicochemical methods employed in the production of GBM
further contribute to their viability6:17,

GBM are currently emerging as promising nanofillers for enhancing the mechanical, thermal, and
electrical properties of polymersé-20, Due to their promising properties, GBM nanocomposites have
been used in a wide range of applications, including automotive, electronics, packaging, aerospace,
military, buildings, and constructions32021, However, in order to fully exploit the remarkable potential
of GBM nanocomposites, a significant challenge must be addressed: the tendency of graphene
sheets to agglomerate within a polymer matrix?2. The inherent properties of graphene sheets,
characterized by their strong cohesiveness and large surface area (2630 m2-g1)2% cause a major
challenge when attempting to develop graphene-based polymer nanocomposites. The main
challenge here is the effective dispersion and interaction of these graphene sheets within the
polymer matrix?4. It emerges from the tendency of graphene sheets to stack on top of each other,
leading to the formation of numerous defect sites such as agglomerates or aggregates in the resulting
nanocomposites. These defects significantly reduce the reinforcing effect of GBM, causing

deformation that culminate in premature failure.
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In recent years, there has been a remarkable upsurge in the research of PA6/GBM
nanocomposites?>-2%, There is available a large amount of information, so it is important to collect,
compare and withdraw conclusions. The scientific community has extensively investigated the
synthesis, production, application, and properties of PA6 and GBM, however, there is a noticeable
gap®®-32. To date, there has not been a comprehensive investigation specifically focused on
PA6/GBM nanocomposites prepared by the innovative T-RTM technology using PA6 obtained from
AROP. This is due to the complexity of T-RTM technology, which has contributed to the lack of such
research.

The present work takes a role of a pioneer, as it represents a substantial contribution to this
dynamic field. This research introduces novelty by both addressing the PA6 synthesis via AROP and
the incorporation of GBM using the T-RTM technology. Following this fundamental exploration, the
obtained results will be compared to the current progress made in the field of PA6/GBM production
and the resulting properties will be benchmarked, ranging from chemical properties to thermal and
mechanical behaviour. The aim is to elucidate and consolidate valuable insights that can potentially

shape the trajectory of future research and applications in this field.

4.2.1 Graphene

Graphene structure emphasises a single atom thick 2D sheet of sp2 hybridized carbon atoms,
forming a hexagonal ring structure (Figure 4.2.1) through covalent bonds with a carbon-carbon bond
length of 0.142 nm (1.42 A)13, It is often addressed as "the material of the future". The versatility of
graphene is evident as it can be manipulated into different forms: compressed into zero-dimensional
(OD) fullerenes, rolled into one-dimensional (1D) nanotubes, or stacked into three-dimensional (3D)

graphite structures (Figure 4.2.2)34,

Carbon atoms Molecular bonds

~ 0.142nm
— 1

Figure 4.2.1. 2D Carbon structure of graphene3®.

From a structural point of view, graphene is classified as a macromolecule with a molecular weight
typically in the range of 10%-107 g/mol36. Theoretical calculations indicate a density of 1.822 g/cm? for
this material. Its mechanical performance includes a Young'’s tensile modulus of about 1 TPa and a
tensile strength of about 130 GPa when measured in the planar direction®’. Graphene also has a
thermal conductivity (~5000 Wm-1K-1) 14 times greater than cooper3®, and an electrical conductivity

(ranging from 80 to 100 MS/m) comparable to silver at room temperature3®4°, These properties,
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combined with its large surface area (theoretically up to 2630 m2/g), make graphene an ideal

reinforcement for lightweight and high-strength nanocomposite materials.

Fullerene

Graphene

Nanotube

Graphite

Figure 4.2.2. Graphite is a common mineral found in nature. Graphene serves as the basic building block for

other carbon materials: fullerenes and carbon nanotubes. Reprinted from reference 41.

Graphene production methods can be categorized into two main approaches: top-down and
bottom-up techniques*2. The first approach involves the gradual reduction in the size of a bulk
material (often graphite) until it reaches the nanoscale, resulting in the production of graphene. The
second approach relies on carbon atoms sourced from specific precursors, such as hydrocarbon
gases or solid carbides, to build graphene from the ground up#243. The top-down approach involves
the production or modification of graphene by the separation or cleavage of graphite or GO
derivatives. Top-down methods are particularly suitable for producing significant amounts of
graphene sheets, which is valuable for applications such as polymer nanocomposites where
significant amounts of nanofillers are required. Examples of this approach include techniques such
as micromechanical exfoliation, also known as “scotch tape”, method**, direct sonication?s,
electrochemical sonication?*®, and super-acid dissolution of graphite4’. While the bottom-up approach
is capable of producing large-area graphene sheets (>100 cm?), it is generally insufficient to produce
sufficiently abundant and cost-effective quantities for applications such as polymer
nanocomposites*3. Graphene sheets produced by these methods are primarily targeted at electronic
applications*8. Bottom-up techniques include chemical vapour deposition (CVD)“°, arc discharge®°,

epitaxial growth on silicon carbide®52, chemical conversion®3 and self-assembly of surfactants®4.

Bottom up
Top down
s

Figure 4.2.3. Schematic representation of bottom-up and top-down approaches for graphene synthesis.

Adapted from reference 55.
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The use of graphene as a nanofiller offers the advantage of improving the properties of existing
materials used in common products. The incorporation of hanomaterials into polymeric materials
results in nanocomposite materials with improved performance that is often unattainable using
traditional fillers such as carbon or glass fibres. This improvement is due not only to the unique
properties of these nanofillers, but also to the extensive interfaces formed between the nanofillers
and the host polymers2.

To fully exploit the potential of graphene as a reinforcement phase, there is a critical need for
advances in the large-scale production of high-quality graphene. In particular, the structure and
properties of graphene, including factors such as quality, and lateral size, are strongly influenced by
the chosen production method. In addition, graphene material obtained by different synthetic
approaches can differ significantly from its original form due to the presence of defects, resulting in

different behaviour and consequently different performance in the final application.

4.2.2 Graphene Nanoplatelets (GNP)

The production of single-layer graphene remains costly, making it impractical for large-scale
applications. Moreover, the use of high quality single-layer graphene in composites raises concerns
about its efficacy due to challenges such as agglomeration and bonding issues between graphene
and polymer matrix®. However, a cost-effective alternative and suitable for scalable production is
the use of graphene nanoplatelets (GNP), also known as graphite nanosheets or exfoliated or
expanded graphite®’. These nanoflake powders can be produced in quantities up to 140 tonnes per
year, providing a highly scalable material positioned between single graphene layers and bulk
graphite (Figure 4.2.4)58,

Graphite Graphene

Liquid Phase Nanoplatelets

Exfoliation

3 =" Microscopical Composition |
Monolayer Graphene

eSS Nanostructured Graphite

Figure 4.2.4. Schematic representation of GNP manufacture having graphite as the starting point®°.
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The distinction between the term’s “graphene”, “GNP” and “graphite” has become somewhat
blurred. In terms of morphological characteristics, the graphene family can be divided into single-
layer graphene, few-layer graphene (consisting of 2 to 10 layers), and graphite nano- and micro-
platelets. Commercially available GNP are composed of a mixture of single layers, few layers and
nanostructured graphite, resulting in variations of GNP from 0.34 to 100 nm within the same
production batch8961, |t is worth noting that graphite is generally considered to be 2D, when the
number of layers is less than 10%. The structural configuration of GNP is similar to that of graphene,
and their mechanical and electrical properties lie between those of graphene and graphite (Table

4.2.1). The effectiveness of graphene-like materials decreases as the number of layers in a stack

increase’?.
Table 4.2.1. Properties of carbon allotropes?:37:63.64,
) Young Tensile Electrical Thermal
Carbon Density o o
Modulus strength conductivity conductivity
allotrope (g-cm™)
(GPa) (GPa) (S'm?) (W-mK™?)
Graphite Bulk 1.6-1.7 7-17 0.006 13.79 19-20
Graphene 2.27 1000 130 108 2000-4000
GNP 2.2 - - 107 3000

GNP are typically obtained by the liquid phase exfoliation method, often without additional
centrifugation steps®®. The liquid phase exfoliation process involved the conversion of graphite or
multilayer graphene into single or few layer graphene by overcoming the van der Walls forces
between individual sheets®®. Various techniques can be employed to modify and control the diameter,
thickness, and surface area of GNP, including oxidation, intercalation, ball-milling®®, microwave
radiation shear exfoliation®s, and wet jet milling®”.

The combination of properties possessed by GNP, including their lightweight, ultra-high aspect
ratio, remarkable flexibility, excellent electrical conductivity, thermal stability, and toughness,
positions them as an ideal carbon nanofillers for enhancing the properties of polymer matrices in a
wide range of applications®. However, it is important to recognise the challenges that still needed to
be overcome when using GNP as a reinforcement phase. It is important to understand how GNP can
be effectively dispersed within a polymer matrix and how these dispersion affects the final properties

of the resulting nanocomposites.

4.2.3 Processing methods of graphene-based polymer nanocomposites

Numerous studies have been carried out to explore the potential of polymer graphene-based
nanocomposites. It is crucial to develop and understand the chosen processing method prior to their
production, in order to achieve adequate performance of the developed nanocomposites.

Such improvements can be related to the mechanical strength, thermal stability and/or electrical

conductivity. Various processing techniques have been documented for dispersing graphene and
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graphene-derived nanofillers into polymer matrices. As already referred, the chemical interactions
between the filler and the polymer matrix plays a key role in determining the final properties of the
nanocomposites. The establishment of covalent bonds between the polymer matrix and the nanofiller
is a major challenge, mainly due to the limited presence of functional groups on the surface of GBM.
This dispersion is influenced by factors such as the nature of the polymer, the functional groups
present on the filler and the interactions between filler and polymer.

Several common processing methods are used for polymer nanocomposites, including solution
mixing, melt mixing and in situ polymerization%%-72, Solution mixing is the most widely used technique,
offering a simple and rapid process. It consists of dispersing the GBM patrticles in a polymer solution,
followed by solvent removal through evaporation to obtain a composite polymer film. Careful attention
to solvent selection is essential to achieve optimum compatibility between the polymer and the
nanofiller’. In general, this method provides satisfactory nanofiller dispersion and is versatile due to
the ability to use different solvents for polymer dissolution and nanofiller dispersion. Notable
successes include the mixing of polymers such as polystyrene (PS)7475, polymethyl methacrylate
(PMMA)’¢ and polyurethane (PU)77 with modified GNM using the solution mixing approach. Melt
mixing is a practical and versatile technique that is widely used in industry to produce thermoplastic
nanocomposites, mainly due to its cost-effectiveness. This method involves melting the polymer at
elevated temperatures and applying shear forces to uniformly disperse GBM powder in thermoplastic
polymer matrices while in the molten state”®. High temperatures facilitates the integration of the
reinforcing phase. A drawback, however, is the shear forces required, which can potentially lead to
buckling or fracture of the GBM sheets. Notably, this process does not require the use of solvents,
making it an economical and environmentally friendly means of producing GBM thermoplastic
nanocomposites on a large scale33. A wide range of thermoplastics, including polyethylene (PE)?°,
polypropylene (PP)8%81 and PU®2, have achieved improved mechanical properties through this
process. However, it is important to note that this technique is less efficient at dispersing nanofillers
than solution mixing, particularly as the filler content increases. This is due to the increased viscosity
caused by the increasing filler concentration. Another challenge with melt blending is the low bulk
density of graphene in its dry powder state, which makes it difficult to feed into the extruder.

The in situ polymerization technigue involves the polymerization of monomers in the presence of
GBM?8, In this approach, either graphene or its derivative is allowed to swell in the liqguid monomer
along with a suitable reactive initiator. After dissociation of the initiator by heat or irradiation, the GBM
can be mixed or cross-linked with the polymer chains, promoting interactions between the nanofiller
and the polymer through covalent bonding33. This is attributed to the intercalation of monomers into
the layered structure of GBM, leading to an expansion of the interlayer spacing and subsequent

exfoliation of the graphene platelets’>73.83,
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4.2.4 PA6/graphene-based nanocomposites

GBM-filled PA6 materials hold great promise for creating a new class of high-performance
materials by facilitating the fusion of the polymer matrix with GBM. As previously discussed, the
choice of processing technique depends on ensuring uniform dispersion of the GBM, effective
exfoliation and favourable interfacial interaction between the GBM and the polymer. Given the focus
of this work on the development of PA6 via AROP, in situ polymerization emerges as the most
suitable approach for the preparation of PA6/graphene-based nanocomposites.

Numerous research publications report in situ polymerization studies of graphene-reinforced PA6
and its derivatives, however, these studies have predominantly been carried out in a laboratory scale.
Remarkably, as far as we know, there are no documented investigations involving the application of
T-RTM technology in this field. This highlights the urgent need for a comprehensive understanding
of the processing requirements and technical details associated with T-RTM technology. The main
goal is to take the knowledge gained from in situ polymerization and extend its application to the field
of T-RTM technology. By bridging the gap between in situ polymerization and T-RTM technology,
this approach has the potential to usher in ground-breaking advances. It will require a careful
adaptation of established methodologies to the unique challenges and parameters of T-RTM. This
combination of techniques is in line with the overarching objective of developing PA6/graphene-
based nanocomposites through a challenging technology-driven route.

The primary aim of reinforcing GBM in PAG is to improve the properties of composites for potential
applications in several industries, however, there are some challenges in the development of these
nanocomposites that should be considered.

The morphology of the GBM is essential to observe the state of dispersion and the structure-
property relationships for the polymer nanocomposite material®4. The uniform distribution of GBM in
the polymer is the main challenge due to the size of the nanofiller, the surface area and the
experimental conditions, which could lead to a decrease in the load carrying capacity between the
polymer matrix and the reinforcing phase®®. An efficient dispersion of GBM within the polymer is also
an important factor that influences the performance of the developed nanocomposites.

As property improvements are strongly correlated with the nanocomposite microstructure,
effective characterization of the morphology is important to establish structure-property relationships
for these materials®°.

Melting temperature (Tm), crystallization temperature (Tc) and crystalline structure play an
important role in determining the thermal behaviour of polymers. The presence of graphene-based
nanofillers has been shown to influence the melting temperature, and it is well known that these
factors together influence polymer properties®®. In the case of PAG, it has been documented that
exists three different crystal forms: the a form, which is thermodynamically more stable; the 8 form,
an unstable configuration; and the y form®. A study by Gong et al. investigated the effect of
incorporating GO into PAG6. After analysing the DSC curves of PAG, they observed a peak at around

221 °C along with a minor peak at around 215 °C, indicating the coexistence of both a and 3 forms
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of PAG688, However, in the case of PA6/GO nanocomposites, the DSC curves showed two distinct
melting peaks. As the GO content was increased, the crystallinity of the nanocomposites decreased,
indicating insufficient dispersion of GO within the PA6 matrix. Furthermore, the inclusion of GO
sheets induced an increase in Tc. This phenomenon was attributed to the influence of these 2D
nanofillers on the crystallization process of PA6. The introduction of GO facilitated heterogeneous
nucleation and thus contributed to the observed increase in Tc8°. The incorporation of graphene-
based nanofillers also revealed a nucleating activity. An increased nucleating activity can lead to
shorter industrial cycles and reduced manufacturing costs. Fu, X. et al.?8, carried out a study on the
effect of multilayer graphene on PAG6, showing that its addition acts as a nucleating agent, promoting
crystallization and accelerating the crystallization rate of PA6 nanocomposites. Similar trends were
observed by Zhang, F., and co-workers®, in their study of the in situ non-isothermal crystallization
kinetics of PA6/graphene composites. The presence of graphene introduced nucleation sites that
modified the nucleation mechanism and crystallite growth in PA6. The thermal stability is indeed a
critical property for PA6-based nanocomposites, considering their potential application as high-
performance engineering plastics®!. If the polymer matrix degrades at lower temperatures, will limit
their application in high-temperature environments. This limitation becomes particularly when
comparing polymers with materials such as metals or ceramics, which tend to withstand higher
temperatures without significant degradation®3. The degradation behaviour of polymers can be
addressed by three main parameters: the onset temperature, which is the temperature at which a
chemical begins to react; the degradation temperature, where the maximum degradation rate occurs;
and the degradation rate, which gives an indication of the total degradation time. Numerous studies
have confirmed that the incorporation of carbon nanofillers can improve the thermal stability of
polymers. This is attributed to the ability of nanofillers to act as thermal barriers, preventing the heat
transfer generated by the external environment within the polymer matrices®9. The improved
thermal stability of PA6/GBM nanocomposites is generally attributed to the high surface area,
effective dispersion, and interactions of the nanofillers with the PA6 matrix%°. In a study by Lui, Y.
et al® in which PA6/graphite oxide nanocomposites were synthesized using a
delamination/absorption technique, the addition of 5 wt.% graphite oxide resulted in a significant 53
°C improvement in the maximum decomposition temperature compared to the PA6 pure matrix.
Similarly, Fu, X., and co-workers?® investigated the thermal and mechanical properties of PA6
nanocomposites containing low levels of unmodified multilayer graphene. As expected, the
incorporation of multilayer graphene led to an improvement in the thermal stability of PA6. The
authors proposed that when nandfillers are introduced, these particles can infiltrate the intricate
polymer structure, thereby modifying it in a way that increases the thermal stability of the
nanocomposite. This modification effectively delays matrix degradation®’.

Most of the work into GBM/polymer nanocomposites has been focused on exploiting their
improved mechanical properties, as a consequence of GBM larger specific area, results, and unique
properties?*. Several studies into the mechanical properties of graphene-based polymer

nanocomposites have shown an increase in modulus with increased loading fraction?7.98-100, For
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example, Zhang, X. et al.8 found that the incorporation of 1.0 wt.% GO resulted in an 88.0% increase
in tensile strength and a 66.5% increase in Young's modulus for PA6/GO nanocomposites. This
improvement in tensile properties can be attributed to the well-dispersed GO sheets and the robust
interaction between these sheets and the PA6 matrix. However, a significant decrease in elongation
at break was observed with increasing GO content, indicating that the nanocomposites became more
brittle compared to pure PA6. This behaviour could be attributed to the molecular weight distribution
of PAG6. The obtained PA6 was prepared directly by in situ polymerization without removing the large
amount of oligomer, which may result in higher polydispersity of PA6. Therefore, the large amount
of oligomer in the products may reduce intermolecular interactions between the polymers and lead
to a reduction in the elongation at the break of PA6. Zhuang, Y. et al.2%! reported the development of
PA6/graphene nanocomposites with various graphene loadings (0.1, 0.5, 0.8, 1.0 wt.%).
Nanocomposites were prepared using a pre-dispersion method to ensure uniform distribution of
graphene within the PA6 matrix. They concluded that the use of the pre-dispersion method for
graphene in PA6 resulted in an improvement in the mechanical properties of the nanocomposites
compared to the absence of such a method. The tensile and bending strength reached the maximum
(105% and 114%) when the amount of graphene was 0.5 wt.%, and the impact strength of the
nanocomposites increased by 53% with 0.8 wt.% graphene loading. In another study, Vasiljevic, J.
et al.1%2 analyzed the feasibility of producing PA6/graphene composite fibres using commercially
available few-layer graphene nanoplatelets and incorporated them into the PA6 matrix via in situ
polymerization approach, followed by the pilot-scale melt spinning process. The GNP were pre-
dispersed in molten e-caprolactam at concentrations of 1 and 2 wt. %. The authors reported that the
incorporated did not significantly affect the Tm of PAG, but did affect the crystallization temperature,
crystallinity, and mechanical properties. Young’s modulus and tenacity decreased by 7% and 56%,
respectively for PA6/GNP 1 wt.%, and by 61% and 85%, respectively for PA6/GNP 2 wt.%, due to
clogging of the filter in the spinning pack, and, consequently, reduced tensile properties. This
reduction led the authors to suggest the need to optimize the parameters used in the process.

In general, the final properties of PA6/GBM nanocomposites are influenced by several factors
that need to be considered. These factors include the preparation method, the type of nanofiller, the
nanofillers’ content and size, and, consequently, the dispersion within the polymeric matrix. This
research aims to fill a gap in the existing literature in this area. In addition, it is important to recognise
the technical challenges that still need to be overcome in the context of T-RTM, particularly in relation

to the equipment solutions available on the market.
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Abstract

Graphene nanoplatelets (GNP) are widely used to improve the final properties of polymers. This work
focuses on the characterization of commercially available GNP with two different sizes prior to their
incorporation into polymer nanocomposites, to ensure the feasibility of the manufactured
components. Various characterization techniques, including Brunauer-Emm-Teller (BET) analysis,
dynamic light scattering (DLS) for particle size distribution, thermogravimetric analysis (TGA), Raman
spectroscopy, X-ray diffraction (XRD) and scanning electron microscopy (SEM), were used to
thoroughly investigate the structure of the GNP. The interaction performance of the different GNP
with e-caprolactam (CL) monomer was evaluated by mechanical stirring and ultrasonication. The
influence of GNP ranging from 0.1 to 1 wt.% and different time periods ranging from 5 to 60 min were
evaluated. The results demonstrated that ultrasonication was a promising method for efficiently
dispersing GNP and reducing the size of the agglomerates formed. The methodology applied
revealed that GP required more time to achieve adequate dispersion compared to GN. The results
obtained effectively address the dispersion challenges of GNP and facilitate the development of PA6

nanocomposites, ensuring the quality of the final components.
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1. Introduction

The realm of nanotechnology and materials science has attracted considerable attention with the
emergence of graphene, often hailed as the “wonder” material with high scientific and technological
potentiall. Graphene is a flat molecule derived from graphite materials, comprising a pattern of
carbon atoms arranged in hexagonal shape?. It has a high intrinsic mobility (200 000 cm?2 v-1.s ~1)34,
high Young’s modulus (~1.0 TPa)® and thermal conductivity (~5000 Wm-~1.K-1)¢, and its optical
transmittance (~97.7%)° and good electrical conductivity merit attention for a wide range of
applications, including energy storage, electronics, bio-applications, and composite materials’.

Graphene-based materials (GBM) composites have attracted significant interest as a response
to the increased growing market for lightweight and energy efficient vehicles®. According to
Elmarakbi®?, the use of GBM as a reinforcement phase for automotive components could result in
weight reductions of up to 50%. In addition to weight reduction, GBM can also improve mechanical
strength, flexibility, thermal and electrical conductivities. Even at lower GBM contents (£2.0 wt. %),
these properties often exceed those observed in other carbon-based reinforced nanocomposites?0.
Graphene nanoplatelets (GNP) have emerged as a promising GBM reinforcing strategy to enhance
mechanical and thermal properties!?12, GNP comprises multiple stacked graphene monolayers that
are more economical to produce than fully exfoliated graphene sheets!3. Although GNP are
commercially available from various manufacturers, preliminary studies are needed to ensure the
desired final properties and to elucidate the results of GNP-polymer nanocomposites. An increased
interfacial interaction between GNP and polymeric matrices facilitate an efficient stress transfer,
resulting in enhanced mechanical properties of the developed composites.

Polyamide 6 (PAG6) is a widely used thermoplastic material in the automotive industry due to its
high tensile strength, wear, and chemical resistance#-16. Anionic ring-opening polymerization
(AROP) of e-caprolactam (CL) provides a viable route for manufacturing PA6, due to its rapid
polymerization rate, making it a favourable option for industrial applications. One way to produce
structural PA6 through AROP is to use thermoplastic resin transfer moulding (T-RTM) technology,
also known as in situ polymerization. The incorporation of GNP into the PA6 matrix gives PA6-based
nanocomposites distinct performance characteristics®'’. However, several studies are being
conducted to achieve a homogeneous dispersion of GNP within the PA6 matrix'8-2°, The distribution
and dispersion of nanoscale fillers within the polymeric matrix are key features for achieving superior
properties in PA6/GNP nanocomposites. Recently, numerous techniques have been used to achieve
homogeneous dispersion of GNP, including surface modification of GNP through covalent and
noncovalent functionalization?!, mechanical stirring and ultrasonic processing??. Mechanical stirring
is considered a suitable method for GNP dispersion?3. Nevertheless, Yang et al.?* reported that
mechanical stirring of GNP could lead to reaggregation between flakes. Among the commonly used
methods for dispersing GNP, sonication holds a prominent position252%, This approach includes two
variations: sonication bath and probe sonication, with the latter demonstrating an efficient GNP

dispersion?’. In particular, probe sonication exhibits higher performance than bath sonication under
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identical conditions28. Ultrasonication generates numerous cavitation bubbles within the solution,
which rapidly collapse, generating shockwaves capable of disintegrating agglomerates and
separating stacked graphene layers from each other?®. Among the various ultrasonic techniques, the
incorporation of solvents has gained widespread acceptance as one of the simplest methods of GNP
dispersion. Solvents such as acetone®°, 1-propanol®! or dimethylformamide3? have been widely used.
However, it is important to know that such dispersion processes require an additional step for solvent
removal prior to further reactions. This introduces additional steps and increases the processing time,
while it must also be considered that residual solvent can have a detrimental effect on the final
properties of the nanocomposite material. In addition, certain solvents are both expensive and toxic,
raising concerns about environmental impact and health and safety implications. While a lot of work
is being conducted to produce high performance PA6/GNP nanocomposites, the study of GNP as
reinforcement of PA6, obtained through in situ polymerization, using the T-RTM technology remains
limited. Most studies®3-36 focus primarily on the microstructure and mechanical properties of the
resulting GNP nanocomposites, leaving the extensive effects of parameters such as ultrasonic power
and time relatively unexplored. The molten CL monomer, with its low melt viscosity (5 mPa-s) and
isothermal processability provides an improved dispersion medium for an effective dispersion of
GNP37-39, Therefore, the definition of the optimal dispersion parameters is essential to boost the
performance of the produced nanocomposites“°.

The present study focuses on the characterization of commercially available GNP with two
different particle sizes (D90 <50 uym (defined as GN) and D90 <70 um (defined as GP) prior to their
incorporation into polymer nanocomposites. Subsequently, the study investigates the addition of
GNP to molten CL monomer using two different dispersion strategies, such as mechanical stirring
and sonication, to improve the thermal and mechanical performance of PAG6/GNP based

nanocomposites obtained by T-RTM.

2. Experimental
2.1. Materials

In this work, CL monomer (AP-Nylon®) with a melting point of 69 °C and a viscosity of 5 mPa-s
from Briiggemann Chemicals was used. The selected nanofillers, namely GrapheneBlack™ 0X (GN)
and GrapheneBlack™ 3X (GP) were supplied from NanoXplore, Canada. The main characteristics
of GNP are outlined in Table 4.3.1:
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Table 4.3.1. Main characteristics of GNP according to the supplier.

Propertyw N P
Value
Primary particle size 0.5-1 um 1-2 ym
D10 <5 um D10 <10 ym
Agglomerate size D50 < 15 ym D50 < 30 ym
D90 < 50 ym D90 <70 ym
Number of layers 6-10
Bulk density 0.2-0.3 g-cm-3
Synthesis method Liquid exfoliation
Oxygen content <1wt%
Carbon content > 97 wt.% > 96 wt.%

[ obtained from NanoXplore technical data sheet .

2.2. Characterization of GNP

Several characterization techniques were employed to the selected GNP. Brunauer-Emmett-
Teller (BET) specific surface area analysis was performed by physical adsorption of nitrogen (N2)
gas using a Quantachrome Autosorb 1Q2 surface analyser. Approximately, 0.1 g of sample was
placed in the sample holder. After degassing for 20 h at 200 °C, N2 gas was injected, and the surface
area was calculated using the multipoint BET method*!. At least three measurements were made for
surface area analysis.

Particle size distribution was determined using a Horiba Scientific instrument (model LA 960-V2)
at 25 °C through the dynamic light scattering (DLS) technique. The sample was gradually added to
a tank of water until obscuration was achieved. All measurements were carried out without
ultrasonication to preserve the inherent size of the carbonaceous particles. Refraction index values
of 1.33 and 2.60 were assigned to the dispersant (deionized water) and the GNP, respectively. DLS
plots were generated based on the median particle size by volume (D50). At least three
measurements were taken for each sample.

Thermogravimetric analysis (TGA) was investigated using a Hitachi STA300 apparatus under an
inert atmosphere (N2 flow rate of 100 mL-min-1). The heating rate was set at 10 °C-min, ranging
from room temperature up to 1000 °C.

Raman spectroscopy was also performed at room temperature using a FT Raman Bruker
MultiRAM instrument. Spectra were recorded in the spectral range from 50 to 3600 cm! with a
resolution of 4 cm™ and a laser with a 1064 nm.

The crystalline structures of GNP were analysed by X-ray diffraction (XRD) using a Panalytical
XPert Pro 3 diffractometer. Cu Ka radiation (A = 1.5406 A) was employed at room temperature. XRD
measurements were directly performed on the powder samples in the 28 range of 5° to 40° with a

step time of 0.02°.
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The distance between the layers of GNP sheets calculated using Bragg’s law equation“2:
A = 2dsinf (D)

where A is the wavelength of the X-ray beam (1.5406 A), d is the interlayer spacing between the GNP
sheets or layers, and 6 is the diffraction angle.

GNP size and morphology were assessed by scanning electron microscopy (SEM). Images were
acquired using a Hitachi SU-70 electron microscope. Prior to analysis, the samples were assembled

on conducting carbon tape and examined at an acceleration voltage of 15 kV.

2.3. Samples preparation

Two different dispersion methods were investigated to achieve a uniform and optimized
dispersion of GNP within CL. The first method involved mechanical stirring at a rate of 300 rpm using
a T-RTM prototype equipment (Figure 4.3.1a)*345, The second one involved sonication, using a
sonicator (Figure 4.3.1b). The sonication was performed in a 250 mL beaker with a solution volume
of 100 mL. For stirring, a Hielscher UP 200 S ultrasonic processor (200 watts, frequency 24 kHz)
and an ultrasonic horn was employed to disperse GNP.

For both methods, different times, ranging from 5 to 60 minutes, at a constant temperature of
80°C, were employed to study the effect of time on the dispersibility of CL/IGNP dispersions prepared
with GNP concentrations ranging from 0.1 to 1.0 wt.%.

@ (b)

Figure 4.3.1. (a) T-RTM tank equipment and (b) sonicator.

For the sonification process, it is illustrated in Figure 4.3.2 a schematic representation of the
sonication process used. Initially, the CL monomer is in the solid state (Figure 4.3.2a), and it is melted
at 80 °C (Figure 4.3.2b). Subsequently, a predetermined amount of GNP is introduced into the molten
monomer (Figure 4.3.2c). The mixture is subjected to sonication for a specified time (Figure 4.3.2d).
Following the sonication process, a careful analysis of the resulting mixture is conducted (Figure
4.3.2e).
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Figure 4.3.2. Schematic of the sonication dispersion process (a) solid CL monomer, (b) molten CL monomer;
(c) GNP addition; (d) ultrasonic crusher and (e) dispersed mixture.

2.4. Characterization of GNP in molten CL monomer

To evaluate the distribution of GNP within the molten CL, observations were conducted using a
reflected-light microscope (Nikon Eclipse L150) equipped with an HD Camera (Canon 100D). During
the ultrasonic treatment, droplets were extracted directly from the liquid suspension using a pipette
and deposited onto a microscope glass slide, which was positioned on a hot plate to keep the

mixtures in a molten state.

3. Results and discussion
3.1. GNP characterization

Table 4.3.2 shows the BET surface area values for GN and GP. From Table 4.3.2, it can be seen
that GN has a relatively lower specific surface area (9.0 £ 1.4 m?/g), when compared to GP, which
has a higher specific surface area of 16.8 £ 0.2 m2/g.
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Table 4.3.2. BET specific surface area parameters.

Isotherm type BET surface area
t-Plot method
(IUPAC) (m2/g)
GN Types I-IV 9.0+1.4 95+1.7
GP Types I-IV 16.8+0.2 19.0+0.2

The obtained N2 adsorption-desorption isotherms (Figure 4.3.3) clearly show different adsorption
profiles for GN and GP. The isotherm types (Types I-IV) revealed the presence of both micro- and
mesoporosity in the GNP.
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Figure 4.3.3. Nitrogen adsorption-desorption isotherms of GN and GP. Inset: pore size distribution for GNP.

A characteristic hysteresis cycle is evident during the desorption process which is indicative of
mesoporosity within the structure of GNP. As expected, there are noticeable differences in the pore
size distribution between GN and GP. The higher surface area GNP (GP) exhibit a greater number
of mesopores (ranging from 2 to 50 nm) compared to GN, leading to a larger average pore diameter
in GP. This difference can be attributed to the increased interlayer spacing present in GP.

The average particle size distributions of GN and GP were determined, using DLS, to validate
the values provided in the technical data sheet. Figure 4.3.4 displays the distribution particle sizes

as a function of percent intensity.
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Figure 4.3.4. Particle size distribution curves of GN and GP.

It was observed that the median particle sizes distribution for GN and GP were found to be 10.6
+ 0.2 ym and 20.9 + 1.6 um, respectively, as showed in Table 4.3.3. The width of the peak indicates
the range of particle sizes present in the sample and a narrower peak indicates a more uniform size
distribution*6. Both samples are characterized by a bell-shaped curve centred on a single peak.
However, GN has a narrower peak compared to GP, which means that GP had a broad size

distribution, indicating a less uniform size distribution compared to GN.

Table 4.3.3. DLS parameters.

Sample D10 + SE D50 + SE D90 + SE
GN 46+1.3 10.6+0.2 199+ 27
GP 6.8+1.2 209+16 62.1+11.8

*SE denotes standard error

The DLS values obtained are consistent with the range provided by the supplier. It is important
to note that graphene-based materials are typically not composed of spherical particles and the
diameters derived from the model do not necessarily reflect their actual size. The DLS results are
primarily intended to illustrate the size differences between the two materials.

Thermal analyses were carried out to determine the presence of impurities and stability of the
GNP. The TGA profiles up to 1000 °C are depicted in Figure 4.3.5 (a) and the corresponding first
derivative thermogravimetry (DTG) plots are provided bellow (Figure 4.3.5b).

92



Chapter 4

(@) 100 \
80 -
g
60
(%]
o
[}
G 40
=
20 1 —GN
GP
0

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

(b)

-GN
GP

T T

Derivative weight (a.u.)

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 4.3.5. (a) TGA and (b) DTG curves of GN and GP.

As observed, both GNP exhibited a mass retention close to 100% due to their non-volatile
composition*’. A total weight loss of ~14% was observed for both samples. DTG plots demonstrated
a single step mass loss during the thermal degradation for both GN and GP. As shown in the DTG
graphs, the carbon combustion temperature was distinctly market by the temperature of maximum
mass change rate (Tmax), with GP undergoing carbon combustion at an earlier stage (Tmax = 874 °C)
than GN (Tmax= 921 °C). This distinguished Tmax can be attributed to the significant amount of external
heat energy required to disrupt the robust bonding within their carbon lattice structure*’. GN has
higher Tmax and requires a greater amount of heat energy to break down the sp? hybridized carbon
atoms that are covalently bonded in a hexagonal carbon framework*. Consequently, these
differences, could also be attributed to variations in the specific surface area of the GNP. A higher
specific surface area corresponds to a greater number of edges and defects within the structure of
the material, making it less stable at elevated temperatures. As the specific surface area increases,
the decomposition temperature of GNP tends to decrease.

Raman spectroscopy was performed on the as-received GNP to investigate disorder and defects
in nanostructured carbon materials*®. The results for GN and GP are shown in Figure 4.3.6, with

summarized data given in Table 4.3.4. Raman spectra enable the identification of the characteristic
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D and G bands inherent to GNP materials®0. The appearance of the D band is attributed to the
introduction of disorder within the sp2bonded carbon structures, while the G band originates from the
in-plane vibration of sp? carbon atoms within the graphene lattice®!. For both GNP samples,
prominent D (disordered carbon) and G (graphitic carbon) bands were observed at around 1285 cm-

Land 1587 cm, respectively.
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Figure 4.3.6. Raman spectra of (a) GP and (b) GN.

In addition, the intensity ratio between the D and G band (Io/lc) serves as a parameter to assess
the extent of disorder or defects within the carbon materials®2. An increase in Ip/lc ratio indicates a
higher degree of disorder or defects within the graphene layer structure®3. For both samples, the Ip/lc
value was determined to be 0.81, indicating a moderate level of defects possibly resulting from the

exfoliation process®*.

Table 4.3.4. Summarized Raman data obtained for GN and GP.

Sample D band * SE (cm™) G band + SE (cm™) D/G Ratio + SE (cm™)
GN 1283 £ 0.5 1585+0.4 0.81+0.2
GP 1283 +£0.3 1583 £ 0.7 0.81+0.3

*SE denotes standard error

XRD analysis was also conducted to identify the structure of the crystalline units (d-spacing) within
the GNP. The XRD patterns of GN and GP are shown in Figure 4.3.7 and revealed distinct diffraction
peaks at 27°, which corresponds to the (002) graphite reflection®®. This validates the presence of
graphene within the samples and proves its crystalline. An interlayer spacing of 3.30 A was calculated
for both GNP.
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Figure 4.3.7. XRD spectra of GP and GN.

SEM analysis was employed to evaluate the morphology and distribution of the as-received GNP
flakes (Figure 4.3.8). The GNP exhibited a platelet-like structure with irregularly shaped flakes and

formed agglomerates.

(b)

100um

Figure 4.3.8. SEM images of as-received graphene nanoplatelets at (a) GN and (b) GP at 500x magnification.

Both GNP, GN and GP, exhibited layers of graphene stacked on top of each other and folded
together. There is a clear tendency for stacking, with smaller particles adhering to the surface of the
larger ones, as illustrated in Figure 4.3.8 (b).The particle size of GP is significantly larger than that of
GN, as indicated in the manufacturer's data sheet. In addition, GP has a wider range of particle sizes,
which is consistent with the DLS results (Figure 4.3.4). This could be of concern, particularly as

uniform dispersion is important for the final application.
3.2. GNP dispersion into CL monomer

As mentioned above, one of the major challenges in the manufacturing process of
nanocomposites is to ensure a homogeneous dispersion of nanopatrticles within the polymeric matrix.
It is widely recognized that only well-dispersed nanoparticles can offer unique properties to

nanocomposites, including enhanced thermal and mechanical characteristics, even at very low filler

concentrations®é,
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The quality of GNP dispersion achieved through mechanical stirring was assessed using optical
microscopy. Microphotographs of GN and GP, both at a concentration of 0.1 wt.% in molten CL, after
10 and 30 minutes of stirring are presented in Figure 4.3.9 (a), (c) and (b), (d), respectively. From
the optical images, it is evident that even after 30 minutes of stirring, bundled GNP were still present,
and the aggregates had not fully dispersed into smaller agglomerates or flakes.

() (b)

(©) (d)

Figure 4.3.9. Optical microscopic analyses of: GN (a) after 10 min, (b) after 30 min; and GP (c) after 10 min
(d) 30 min stirring.

The qualitative results indicate that the dispersion of graphene in molten CL using mechanical
stirring is not efficient for achieving a proper dispersion of GNP. As a result, it was decided not to
proceed with a design of experiments (DOE) at higher concentrations due to the ineffectiveness of
mechanical stirring.

A straightforward and time-saving approach was studied and developed using ultrasonic cell in
order to achieve effective GNP dispersion in molten CL. Microphotographs of GN and GP (0.1 wt.%
loading) dispersed with sonication are presented in Figures 4.3.10 and 4.3.11, respectively. For GN,
a non-uniform distribution is still evident after 5 minutes of sonication. However, after 10 minutes of
sonication it is evident that the GNP have exfoliated and are uniformly distributed in the molten
monomer (Figure 4.3.10c). This exfoliation behaviour can be attributed to the intense local shear
forces generated during sonication. When the sonication time was increased to 15 minutes, a uniform
exfoliation remained constant up to 60 minutes. It is noteworthy that there was no significant change
in the dispersion state during this period, suggesting that maximum exfoliation was achieved, and
the dispersion remained generally stable.
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Figure 4.3.10. Optical microscope images of GN dispersions as function of time: (a) 5 min; (b) 10 min; (c) 15
min;(d) 20 min, (e) 30 min and (f) 60 min.

For GP (Figure 4.3.11), it becomes evident that achieving dispersion takes more time when
compared to GN, primarily due to the larger particle size of GP (Figure 4.3.11). However, at 15
minutes sonication, the dispersion begins to improve and at 20 minutes a uniform distribution and
disaggregation of GP is achieved. During this process, the aggregates are transformed into smaller
agglomerates/flakes, which can be an indication of a successful dispersion and exfoliation.

| -
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Figure 4.3.11. Optical microscope images of GP dispersions as function of time: (a) 5 min; (b) 10 min; (c) 15
min;(d) 20 min, (e) 30 min and (f) 60 min.

Similar observations were attained for other dispersion times and GNP concentrations (although
not shown here). The optimal sonication time for each sample, along with their corresponding GN
and GP concentrations, are summarized in Table 4.3.5.

Table 4.3.5. Optimal ultrasonic conditions.

) Optimal ultrasonic time (min)
GNP loading (wt.%)

GN GP
0.1 15 20
0.25 20 25
0.5 20 25
0.75 25 30
1.0 25 30

The data presented in Table 4.3.5, highlights a notable trend: as the concentration of GNP
increases, achieving a uniform dispersion becomes more challenging, requiring longer sonication
times to achieve proper dispersion. This phenomenon can be attributed to the proximity between
dispersed GNP sheets at higher concentrations. The reduced interparticle distance makes it easier
for GNP sheets to experience attractive forces, leading to a higher probability of reaggregation. This
reinforces the need for longer sonication times to counteract this reaggregation behaviour and ensure
effective dispersion of GNP at higher concentrations®”.
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4, Conclusions

The evaluation of two different commercial references of GNP with different particle sizes was
conducted to achieve a comprehensive understanding of how their inherent structure influence their
dispersion with a low viscosity molten medium. As expected, the smaller particle size of GNP
exhibited a reduced specific surface area compared to their larger counterpart. Consequently, these
differences in specific surface area were manifested in the decomposition temperature of the GNP,
where lower specific surface area correlated with improved thermal stability. The Raman
spectroscopy results showed the characteristic D and G bands emblematic of the composition of
GNP, while X-ray diffraction (XRD) analysis confirmed the presence of a distinct and intense
diffraction peak, providing compelling evidence to confirm the graphene structure.

From the two analysed dispersion techniques, mechanical stirring proved to be an inefficient
technique to achieve a homogeneous distribution of GNP within the molten CL. In contrast, ultrasonic
technique proved to be a promising way of efficiently dispersing GNP and reducing the size of the
agglomerates formed. A systematic investigation involving different sonication times and
concentrations was carried out to evaluate the dispersion of GNP. The results showed that achieving
adequate dispersion required more time for GP compared to GN, which can be attributed to the larger
particle size of GP. In this work, using a loading of 0.5 wt.%, 20 minutes are required for GN to
achieve adequate dispersion, and 25 minutes are required for GP.

Furthermore, the investigation highlighted the critical importance of investigating and
understanding the dispersion characteristics of GNP in molten CL monomer. The methodological
framework outlined in this study not only served as a fundamental step, but also has the potential to

contribute significantly to the advancement of GNP reinforced PA6 for automotive applications.
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Abstract

Graphene nanoplatelets (GNP) are growing attention in automotive industry, due to potential of
development lightweight structure parts with superior mechanical performance and thermal
conductivity. Two types of GNP with a fixed number of layers and with a particle size ranging from
0.5 to 2 ym were introduced in polyamide 6 (PA6) at a loading rate of 0.1 wt.% by in situ
polymerization through thermoplastic resin transfer moulding (T-RTM) technology. T-RTM is a
promising technology for mass manufacturing of lighter automotive parts.

A non-isothermal crystallization study was performed using differential scanning calorimetry (DSC)
at four different rates (5, 10, 15, and 20 °C-min1) to understand the influence of GNP on thermal
behaviour of the prepared nanocomposites. Enhancement in melting and crystallization
temperatures was observed due to nucleation effect of GNP. Dobreva and Gutzow method was
applied to study the nucleation activity (®) of GNP in PA6 matrix. Results showed that GNP acted
as an active surface by revealing ® value lower than 1, suggesting that it acts as a nucleating agent

during non-isothermal crystallization.

Keywords

Polyamide 6; graphene-based materials; in situ polymerization; nucleation activity; differential

scanning calorimetry.

Contributions
The author had contributed to the planning and execution of the DSC analyses and modelling
calculations herein presented, as well as on the discussion interpretation and preparation of the

manuscript. Martinho Oliveira contributed to the revision and editing of the entire manuscript.

103


https://doi.org/10.3390/materproc2022008083

PA6/graphene-based nanocomposites

1. Introduction

The increasing demand for high performance materials has been driven by the proliferation of
polymer nanocomposites, which often exhibit advanced thermal, electrical and mechanical
properties due to the reinforcing influence of incorporated fillers?.

Polyamide 6 (PA6) is one of the most widely used semi-crystalline polymers with a number of
advantageous properties, including exceptional mechanical robustness and chemical resistance,
making it suitable for a wide range of applications23. In addition to conventional synthesis techniques
such as polycondensation, PA6 can also be synthesized by anionic ring opening polymerization
(AROP) of its corresponding cyclic lactam, e-caprolactam®. Nowadays, AROP of e-caprolactam has
emerged as the most industrially relevant route for the production of PA6, mainly due to its rapid
polymerization kinetics, making it suitable for industrial use®.

Thermoplastic resin transfer moulding (T-RTM) is technology in which the ring opening
polymerization of e-caprolactam is carried out in the mould to produce parts directly®7. This approach
facilitates the production of large and intricately structured components for automotive applications.
The end product is often recyclable and the production schedule is accelerated due to the speed of
chemical reaction based polymerization®°.

In an effort to enhance the properties of the base polymer, a variety of fillers have been
incorporated into the PA6 matrix, resulting in composites with improved performance
characteristics0-12,

Graphene-based materials (GBM), have emerged as an outstanding class of reinforcing
nanofillers due to their exceptional properties coupled with the advantages of large scale production
and cost effectiveness’. Graphene, composed of a single graphite monolayer, has an impressive
Young's modulus (=1100 GPa), high fracture strength (=125 GPa), remarkable electrical conductivity
and optical properties!45. However, its synthesis remains difficult and mass production remains a
challenge.

Recently, graphene nanoplatelets (GNP), have emerged as a promising alternative for reinforcing
polymer matrices!¢. GNP consist of stacked layers of graphite nanocrystals held together by van der
Waals forces!’”. These nanoflakes have a high aspect ratio, planar geometry, commendable
mechanical properties, and excellent thermal properties. The combination of these properties and
the ability to disperse well in various polymer matrices has given rise to a burgeoning category of
polymer nanocomposites.

Due to their inherent properties, GNP have attracted considerable attention in various
applications, particularly in the automotive industry. This reinforcement strategy has the potential to
simultaneously reduce vehicle weight, facilitate economical manufacturing and enable large-scale
productiont819,

The present study is part of a collaboration with a multinational company recognized as a leading
European mould manufacturer. The overall objective is to develop thermoplastic matrices for
automotive components by incorporating nanoparticles as structural reinforcements using T-RTM

technology. Thorough investigations into the thermal behaviour of PA6/GNP are essential to improve
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material processing, increase thermal resistance and enhance mechanical properties. Previous
research?°-?4) has shown that the introduction of a reinforcing phase into the PA6 matrix can
significantly influence the crystallization process, primarily by increasing nucleation activity.

In this context, the study focuses on the preparation of PA6 and PA6/GNP nanocomposites via
T-RTM technology, using in situ anionic ring opening polymerization of e-caprolactam monomer. Two
variants of GNP, characterized by a constant number of layers and particle sizes ranging from 0.5 to
2 um, were selected as reinforcing phase.

The main objective is to evaluate the thermal behaviour of PA6 and PA6/GNP nanocomposites,
and to investigate the nucleation activity of GNP within the PA6 matrix using the method Dobreva
and Gutzow method?525, For this, Differential Scanning Calorimetry (DSC) was used to investigate

the non-isothermal crystallization behaviour of the samples.

2. Materials and Methods
2.1. Materials

For the preparation of PA6 from AROP, Briggemann’s Bruggolen system was used: ¢-
caprolactam (AP-Nylon®) as monomer, Bruggolen® C10 (sodium caprolactamate) as catalyst, and
Bruggolen® C20P (N, N-hexane-1,6-diylbis (hexahydro-2-oxo-1H-azepine-1-carboxamide) as
activator. The GNP used in this study were supplied by NanoXplore Inc., with 2 different particle
sizes: GrapheneBlack 0X with a particle size of 0.5-1 ym (GN) and GrapheneBlack 3X with a particle
size: 1-2 ym (GP), were used as reinforcements of the nanocomposites. The bulk density of both
GNP fillers is reported to be 0.2-0.3 g/cm3.

2.2. Samples preparation

Semi-automatic T-RTM laboratory equipment was used to prepare PA6 and PAG6/GNP
nanocomposites. Prior to its use, all the components involved in the process were carefully stored in
a vacuum oven (Carbolite AX60 model) to avoid any potential problems due to exposure to moisture.
The concentrations chosen for the synthesis of PA6 were determined based on the optimization
process detailed in a previous work?’. This optimization was crucial for ensuring the desired
properties and characteristics of the resulting PA6 polymer. For the preparation of the PA6/GN and
PA6/GP nanocomposites, a similar strategy was followed as for PA6. However, in this case, an
additional step involved the incorporation of 0.1 wt.% of GrapheneBlack 0X for PA6/GNP and

GrapheneBlack 3X for AP/GP nanocomposites, respectively?,

2.3. DSC analysis

The thermal behaviour of the samples was evaluated using a Shimadzu DSC-60 instrument.
Samples of approximately 7.0 mg were studied in aluminium pans. The analysis was performed using
a non-isothermal procedure, in which the sample was initially heated from -25 °C to 250 °C at a
scanning rate of 20 °C-min-1. This temperature was maintained for 2 minutes to erase any previous

thermal history. Cooling scans were then performed at different rates: 5, 10, 15 and 20 °C-min-1. This
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cycle was repeated, and only the data from the second run were used to analyse the melting

temperature (Tm) and crystallization temperature (Tc) of samples.

3. Results
3.1. Non-isothermal behaviour

The thermal properties of PA6 and PAG6/GNP samples are summarized in Table 4.41. It is
noteworthy that the melting temperatures of PA6/GN and PA6/GP nanocomposites remained
relatively unaffected by the variations in heating rates applied. However, in the case of the
crystallization peaks, a different trend was observed with increasing cooling. The crystallization onset
temperature decreases with higher cooling rates, indicating that the onset of crystallization occurs at
lower temperatures under faster cooling conditions. For example, at a cooling rate of 5 °C-min-t, the
crystallization peak of PA6 was observed at approximately 179°C, whereas at a cooling rate of 20
°C-min-tthis peak occurred almost 13°C lower. Consequently, the range within which crystallization
takes place becomes wider as the cooling rate increases.

This phenomenon can be attributed to the significant influence of temperature on both the
nucleation and crystal growth processes. At lower cooling rates, there is sufficient time for the
polymer chains to align themselves favourably for crystallization. Conversely, at higher cooling rates,
a greater degree of supercooling is required to initiate crystallization, resulting in a reduction in T¢20:29,

This behaviour was observed for both PA6/GN and PA6/GP nanocomposites.

Table 4.4.1. Non-isothermal crystallization parameters obtained by DSC.

Samples @ (°C:min) Tm (°C) Tc(°C)
5 219.09 179.37
10 218.64 173.44
PAG6
15 218.38 168.99
20 217.80 165.67
5 218.15 185.50
10 217.23 179.95
PAG6/GN
15 217.60 175.84
20 216.90 172.72
5 219.43 185.83
10 218.59 179.65
PAG6/GP
15 217.71 172.02
20 219.13 172.24

The crystallization peak for the nanocomposites, at a given cooling rate, was higher when
compared with PA6. Specifically, GN, which has the smaller particle size, shifted the crystallization
peak to higher temperatures compared to GP. As mentioned above, two main factors influence the

crystallization process: nucleation and crystal growth. In a polymeric matrix, the polymer chains need
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to overcome the free energy barrier for primary nucleation and create a new surface for crystal
growth. The incorporation of GNP can reduce the free energy required for nucleation, leading to a
faster crystallization process. As a result, more crystals are formed, resulting in a higher Tc. This

indicates that the addition of GNP to the PA6 matrix acted as an effective nucleating agent.
3.2. Nucleating activity

The addition of a reinforcing fillers to polymers can significantly improve their mechanical
properties and thermal stability830, Dobreva and Gutzow?52¢ developed a method to evaluate the
nucleation activity of foreign substrates in a polymer melts using DSC measurements. Nucleation
activity (®) represents the extent to which 3D nucleation is reduced by the addition of a foreign

substrate. It is calculated from the ratio:

® =, (1)

where B* is the nucleation parameter for heterogeneous nucleation and B is that for homogeneous
nucleation. When ® approaches to 0, the substrate is considered highly active, while an approach
to 1 means that the filler is inert.

Both B and 3* can be determined experimentally from the following equation:

In(p) =A— B(Z—;;), (2

where ¢ is the cooling rate, A is the constant, and Asz represents the degree of supercooling

(Equation 3):
ATE =T, - T, ®)
The values of B and B* for PA6 and PA6/GNP can be obtained by plotting In (¢) against AT?Z, as

shown in Figure 4.4.1. The plots show a clear linear relationship. The nucleation activity values are

given in Table 4.4.2.
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Figure 4.4.1. Plots of In() versus ATp? for evaluating nucleating activity of GNP in PA6/GN and PA6/GP

nanocomposites.

The slopes of these lines allowed the calculation of B and B* values for PA6, PA6/GN and
PAG6/GP, which were found to be 0.46, 0.30 and 0.32 respectively. The ® values obtained for PA6/GN
and PAG6/GP are lower than 1, indicating that GNP acted as an effective nucleating agents within the

PAG6 matrix, creating an active surface for crystallization.

Table 4.4.2. Nucleating activity.

Samples B B* (0] R?
PAG6 0.46 - - 1.00

PAG6/GN - 0.30 0.65 1.00

PAG/GP - 0.32 0.70 1.00

From these results, it can be concluded that the smaller particle size of PA6/GN allows for more
effective nucleation activity within the PA6 matrix, enhancing the crystallization process. On the other
hand, PA6/GP can create a higher energy barrier for the segments of the PA6 polymer to overcome
during the crystallization process. This higher energy barrier can hinder the close packing of polymer
chains, making it more difficult for them to arrange themselves into well-ordered crystalline structures
or crystallites. As a result, the crystallization process in the PA6/GP nanocomposite may be less
efficient or delayed compared to the PA6/GN nanocomposite, where the smaller-sized graphene

nanoplatelets have a more favourable influence on nucleation and crystallization.
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4. Conclusions

The current study focused on investigating the nucleation activity of GNP in a PA6 matrix through
non-isothermal crystallization analysis. The experimental DSC data showed that the nanocomposites
exhibited higher crystallization peak temperatures compared to pure PA6, suggesting that GNP acts
as a nucleating agent for PAG.

The Dobreva and Gutzow method was effectively used to assess the nucleation activity, revealing
the nucleating potential of the filler. Both types of GNP showed a nucleation activity of less than 1,
indicating their role as surface active agents within the polymeric matrix, promoting the crystallization
process. In particular, the influence of GNP was more pronounced in PA6/GN compared to PA6/GP.
This enhanced nucleation activity can be attributed to the smaller particle size of the GNP structure.

These results have significant practical implications for the technological application of PA6
nanocomposite materials. The GNP-based PA6 nanocomposites have the potential to be used as
lightweight materials in the automotive industry, meeting the demand for superior thermal and

mechanical performance.
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4.5 Non-isothermal crystallization Kkinetics of polyamide 6/graphene
nanoplatelets nanocomposites obtained via in situ polymerization: effect of
nanofiller size
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Abstract

Thermoplastic resin transfer moulding (T-RTM) technology was applied to synthesize graphene
nanoplatelets-based nanocomposites via anionic ring-opening polymerization (AROP). Polyamide 6
was obtained by AROP and was used as the polymeric matrix of the developed nanocomposites.
The non-isothermal crystallization behaviour of PA6 and nanocomposites was analysed by
differential scanning calorimetry (DSC). Nanocomposites with 0.5 wt.% of graphene nanoplatelets
(GNP) with two different diameter sizes were prepared. Results have shown that the crystallization
temperature shifted to higher values in the presence of GNP. This behaviour is more noticeable for
the nanocomposite prepared with smaller GNP (PA6/GN). The crystallization kinetic behaviour of all
samples was assessed by Avrami and Liu’s models. It was observed that GNP increased the
crystallization rate, thus revealing a nucleating ability, and also validated the reduction of half-time
crystallization values. Such tendency was also supported by the lower activation energy values
determined by Friedman’s method.
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PA6/graphene-based nanocomposites

1. Introduction

Polyamide 6 (PA6) is a thermoplastic material of particular interest in automotive applications,
mainly in semi-structural parts, due to its excellent impact resistance, good strength properties and
high resistance to most solvents and acids!2. PA6 has emerged as an alternative to traditional
automotive metal parts, capable of combining their unique mechanical properties with their
lightness3-5. PA6 can be produced by hydrolytic polymerization, due to its industrial viability,
controllability, and polymerization stability for large-scale operation. However, this polymerization
involves various steps'®. On the other hand, an anionic polymerization involves an activated
monomer mechanism, where PA6 is obtained from the corresponding lactams”®. The lactam
polymerization can be an anionic reaction mechanism (initiated by a base) or a cationic reaction
mechanism (initiated by an acid). However, cationic mechanisms are limited due to low conversions
and the low molar masses of the final products®?®.

The anionic ring-opening polymerization (AROP) of e-caprolactam (CL) into PA6 is among one of
the most developed forms of reactive processing of thermoplastics. It is based on a polymerization
mechanism in which the ring-shaped (cyclic) molecules are opened, giving rise to linear monomers
or oligomers®®. AROP is the fastest process for PA6 production; it is characterized by short
polymerization times, resulting in a faster cycle time, and, consequently, a more efficient production
(compared to thermosets). In addition to the monomer, a catalyst, and an activator are needed to
initiate and maintain the reaction°. This type of polymerization has emerged as a clean alternative
to polymerization routes once it does not require hazardous solvents®11,

Thermoplastic resin transfer moulding (T-RTM) is a technology able to produce a thermoplastic
material by combining a precursor with low viscosity, a catalyst, and an activator?>-*4. The reactive
mixture is injected into a mold and polymerizes inside it (in situ). Ensuring appropriate processing
conditions for polymerization in situ, namely, adequate temperature, polymerization time, and inert
atmosphere, is necessary3. PA6 can be synthesized by AROP using the T-RTM technology, due to
the characteristic low viscosity of e-caprolactam combined with a fast polymerization rate’°. PA6
synthesized by AROP was found to produce high molecular weights, which results in tougher
materials that are adequate for industrial applications!®. A superior mechanical performance was
also observed, such as impact resistance, abrasion resistance, and strength properties, which were
above those normally found in melt-processed PA6313,

The diffusion of thermoplastics has aroused high interest in the development of composite
materials. Thermoplastics reveal high impact resistance, short processing time, and
recyclability*1617, Recently, for structural applications, several reinforcing fabrics, such as carbon318
and glass fibers?®, aramid??, attapulgite?1?? or carbon nanotubes (CNTs)?324, are being used to
reinforce thermoplastic composites. The incorporation of a reinforcement phase into a polymeric
matrix to create a composite material results in significant improvements over unfilled polymers?526,
These improvements include enhanced mechanical properties, increased thermal stability, and

improved electrical properties, all of which can be achieved with relatively low filler content?”28, In
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the case of using PA6 as the polymeric matrix, the low viscosity of PA6 precursors enabled the
reactive processing of thermoplastic composites by T-RTM. This has opened the door for new
applications and materials development where thermosets have traditionally been used?%30, An
example of such development is the study of graphene nanoplatelets (GNP) as a cost-effective filler
in PA6-based nanocomposites3-32. GNP exhibit improved mechanical and thermal properties such
as high Young’s modulus, high fracture strength and thermal conductivity33-35. Due to their promising
properties, GNP-based nanocomposites have been used in a wide range of applications, including
automotives, electronics, packaging, aerospace, military, buildings, and construction27:36.37, GNP
offer an appealing prospect due to their unique properties and the abundance of their precursor,
graphite. In addition, the straightforward and cost-effective physicochemical methods employed in
the production of GNP can further contribute to their viability34:38,

Several studies have shown that the addition of nanofillers can influence properties, such as
toughness, and impact performance, thermal stability, and electrical and thermal conductivity3°. The
study of crystallization behaviour is, therefore, an important tool for optimizing processing conditions,
contributing to shorter industrial cycles, and reducing manufacturing costs. This trend was observed
by Fu, X. et al.*%, who have studied the effect of multilayer graphene (MG) content of 0.01-0.5 wt.%
on PAG6. According to the authors, the addition of MG affected the crystallinity degree, which varied
within a small range between 32.8 and 34.8%. This result was higher than that of the PA6 matrix
(31.8%), indicating that MG can promote crystallization by acting as a nucleating agent. In addition,
the crystallization peaks of composites become narrower compared to PA6, which means that MG
loading can also increase the crystallization rate of PA6-based nanocomposites. Yang Chen and co-
workers*!, prepared exfoliated graphite-filled PA6 composites and evaluated the influence of graphite
(0—20 wt.%) on the thermal properties of the composites. The authors showed that all PA6/graphite
composites had higher crystallization rates (varying from 2.97-5.08 min) than pure PA6 (6.28 min).
However, the addition of 20 wt.% graphite slowed down the crystallization rate, as MG could induce
a physical barrier and reduce the mobility of polymer chains. This behavior indicated the nucleating
ability of graphite, which provided nucleation sites and facilitated the crystallization process when
small amounts of graphite are used, while higher concentrations of graphite may hinder the growth
of crystallites. Nevertheless, none of these studies are related to the study of non-isothermal
crystallization behavior and kinetics of PA6-based nanocomposites prepared by T-RTM via AROP.

This work aims to investigate the effect of GNP, with different diameters, on the crystallization
behavior of PA6 under non-isothermal conditions prepared by T-RTM technology. The crystallization
was conducted at non-isothermal conditions to simulate the T-RTM process. It will provide significant
information about the polymerization mechanisms and kinetics of PA6/GNP to guarantee parts with
dimensional accuracy and reduced defects, such as warping54243, Kinetic studies using Avrami4+45
and Liu*® models were carried out to evaluate the influence of GNP in the crystallization kinetics of
PAG6. The crystallization activation energy (Ec) was calculated using Friedman's methodology*’. In

addition, the morphology of GNP was observed by scanning electron microscopy (SEM) and the
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dispersion and distribution of the GNP into PA6 was evaluated by polarized optical microscopy
(POM).

2. Experimental
2.1. Materials

PA6 was prepared by T-RTM technology using the following materials: (1) monomer: ¢-
caprolactam (CL), AP-Nylon®; (2) catalyst: Bruggolen® C10; and (3) activator: Bruggolen® C20P. All
chemical components were purchased from L. Briiggemann GmbH and Co. KG, Germany. The GNP
fillers were supplied by NanoXplore (Canada), and two different sizes were considered, namely D90
< 50 ym (defined as GN) and D90 <70 um (defined as GP). The bulk density of all GNP fillers is

reported to be 0.2-0.3 g-cm-2 (data from technical datasheets).
2.2. PA6 and PA6/GNP nanocomposites preparation

PAG6 was prepared using the same compositions and T-RTM laboratory system as described in a
previous study“8.The nitrogen pressure (3 bar) and vacuum conditions (150 mbar) were carefully
adjusted to reduce the existence of voids and to ensure the integrity of the manufactured parts.
PAG6/GNP nanocomposites were prepared by pre-dispersing 0.5 wt.% GN (PA6/GN) and GP
(PAB/GP) in molten CL using a Hielscher ultrasonic device UP 200 S (200 watts, frequency 24 kHz)
to achieve better dispersion of GNP in the PA6 matrix. The sonication time was set to 20 min for GN
and 25 min for GP. Then, the catalyst and activator were added, and the polymerization process
proceeded as previously described*®. The selection of 0.5 wt.% as GNP concentration was previously
investigated, where the influence of different concentrations of GNP on the final properties of the

PA6 matrix were evaluated?®.
2.3. Thermal analyses

The thermal properties and the non-isothermal crystallization behavior and kinetics of PA6 and
PAG6/GNP were studied by differential scanning calorimetry (DSC). A Shimadzu DSC-60 equipment
under air atmosphere was used. The thermal history of the samples was erased by heating from
room temperature to 250 °C at 20 °C-min! and remaining at this temperature for 2 minutes. Non-
isothermal crystallization behavior was investigated by cooling the samples from 250 °C to -20 °C at
various cooling rates of 5, 10, 15 and 20 °C-min-1. This cycle was duplicated, and only the second
run was used to evaluate the crystallization behavior. Crystallization temperature (T¢), crystallization
enthalpy (AHc) and melting temperature (Tm) were determined from the DSC thermograms. At least

three measurements were made for each testing condition.
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2.4. Morphological analyses

Morphological analyses were conducted to analyze the microstructure of GNP. An SEM Hitachi
S4100 was used with an acceleration voltage of 15 kV. The GNP were assembled on a conducting
carbon tape, and then the samples were sputter coated with AU/Pd for 3 min to enhance the image
resolution and to prevent electrostatic charging. To evaluate the distribution of GNP into the PA6
matrix, a Nikon Eclipse L150 microscope equipped with a digital camera (Canon 100D) was used.
The analyzed samples were obtained from the longitudinal section of the specimens. Both samples
were melted between two glass slides at 230 °C for 5 min to obtain thin films and were kept at this
temperature for 10 min.

3. Results and discussion

3.1. GNP and nanocomposites morphology

Figure 4.5.1 (a-b) shows the morphologies of the GNP used, under identical magnification for
accurate comparison of the GNP size. Both GNP consist of platelet-shaped graphene layers stacked
and folded together, with irregular morphology and opaque structure. The images also show that the
diameter of each of the GNP corresponds to the average diameter reported by the manufacturer.

Figure 4.5.1. SEM images of (a) GN and (b) GP and optical micrographs of (c) PA6/GN and (d) PA6/GP
nanocomposites (black circles highlight GNP agglomerates).

According to the technical data sheet of the GNP, functional groups such as carboxyl or hydroxyl
groups are present at the edges of the nanoplatelets, which facilitates the distribution of GNP in the
PA6 matrix. Optical micrographs of PA6/GNP after 10 min at 230 °C in a hot plate are shown in
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Figure 4.5.1 (c-d). Each type of GNP was dispersed in the PA6 matrix, and it is possible to perceive
the differences between the diameters of the two GNP used in this work. A good dispersion was
observed for both nanocomposites, although some agglomerates can be noticed in Figure 4.5.1 (d)
due to the larger size of GP. The nanocomposite PA6/GN shows better dispersion and less
agglomeration of nanoplatelets than PA6/GP. Based on this observation, it can be assumed that a
larger GNP diameter makes the dispersion difficult and promotes the formation of aggregates. Thus,
GNP particle size can influence the mechanical properties, as reported previously*?, and the thermal

properties of nanocomposites®°.
3.2. Non-isothermal crystallization behavior of PA6 and PA6/GNP nanocomposites

DSC measurements were conducted to investigate the effect of each GNP type on the non-
isothermal crystallization behavior of the prepared nanocomposites. The exothermic curves of PAG,
PAG6/GN and PAG6/GP at different cooling rates are shown in Figure 4.5.2. The resulting thermal

parameters are listed in Table 4.5.1.
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Figure 4.5.2. DSC curves at different cooling rates for (a) PA6, (b) PA6/GN and (c) PA6/GP.
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Table 4.5.1. Non-isothermal crystallization parameters of PA6 and its nanocomposites.

Sample ¢ (°C-min) (Ig) (;ré) (éj)
c 218901 180704  386%41
10 2191£02  1754%03 39430
PAG 15 2189+01 170907  40.8+3.9
20 2188+03 166305  416+23
5 2101£00  1858%06  39.6+38
10 2102+01  1801%04 40935
PAB/GN 15 2190+01  177.9404  415%27
20 2189+02  1723%03 42418
5 2188+0.3  1822:08  39.0£31
10 2188+05 1774107  406+43
PABIGP
15 2186+02  1738%07  413%41
20 2181+04  1687%09  419+32

Chapter 4

As can be seen from Table 4.5.1, the Tm of PA6 and its nanocomposites were unaffected by the
selected cooling rate of samples. The cooling curves (Figure 4.5.2) show that the lowest cooling
rates, 5 and 10 °C-min%, induce a rather narrow T¢, whereas the highest cooling rates, 15 and 20
°C-min-1, induce broad crystallization curves. As expected, as the cooling rate increases, the curves,
and thus the peak temperatures, shift towards lower temperatures where there is insufficient time to
activate the nuclei at higher temperatures. PA6 and its nanocomposites showed a significant
decrease in Tc of about 14 °C and 13 °C, respectively. The Tc values, for a given cooling rate, were
higher for nanocomposites than for PA6. This behaviour can indicate that PA6 crystallized earlier in
the presence of GNP, revealing a nucleation effect of GNP on the polymeric matrix5. In particular,
PA6/GN nanocomposites, with smaller GNP, showed higher T values than PA6/GP. It can be
assumed that lower surface area induces fewer interactions between GNP and PA6, which difficult
the regular packing of PA6 polymer chains®2,

The Xc was assessed to better understand the effect of GNP on PA6 crystal formation. This

parameter was calculated according to equation (1):

Xc (%) = 100 (1)

H
X
(1 — a)AHY,

,where AH: was obtained by integrating the crystallization peak, AHS, corresponds to the 100%
crystalline form of PA6 (which is assumed to be 190 J-g?) 52 and a is the filler mass fraction. It was

observed that the addition of GNP did not significantly affect the Xc values. The same behavior was
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also previously reported>#-56, Theoretically, the addition of GNP to PA6 can have two significant
effects: heterogeneous nucleation, where GNP provide sites for polymer molecules to form
crystalline structures; and, physical hindrance, where GNP can obstruct the movement of polymer
molecules®’. As a result, the process of crystal growth can be slowed down. In the literature, studies
have reported that carbon-based fillers can reduce X585, but it has also been found in other studies
that an increase in Xc was detected®-%2. In this case, the addition of GNP showed no significant
changes in Xc. The 2D structure of GNP with a small thickness and high aspect ratio, could be a
critical reason for its inhibitory effect. This structural uniqueness can interfere with the molecular
movement and crystalline growth of the PA6 matrix in an irregular manner.

From the DSC thermograms, the evolution of the relative crystallinity degree (Xt), at a certain time
(t) can be determined by equation (2):

Iz, (%) T
6= AN (2)

Teo
fTo <ch) dT

, Where To and T« are the temperatures at which crystallization begins and ends, respectively. In

non-isothermal crystallization, the temperature (T) can be converted to the crystallization time®, t,

using the following equation:

To—T 3)

, Where T is the temperature at crystallization time and ¢ corresponds to the cooling rate. Thus,
from equation (3), it is possible to convert X: = f(T) curves from non-isothermal DSC crystallization
data into Xt = f(t) curves. Figure 4.5.3 displays the X: vs. t curves for all samples. All curves exhibited
a sigmoidal shape with two non-linear parts. The early stage (first non-linear part) corresponds to
fast primary crystallization attributed to the formation of nuclei; while the later stage (the second non-
linear part) is described by a slow secondary crystallization, ascribed to the spherulitic impingement
of the crystallization. The crystallization process starts at higher temperatures for slower cooling rates
(5 °C-min1), and it occurs for a longer time. Although the crystallization process begins at lower
temperatures at higher cooling rates (20 °C-min-t), the duration is shorter. From these plots, the
strong dependence of nucleation and growth processes on the cooling rate can be seen. When the
cooling rate increases, the curves shift to the left position, indicating a faster crystallization rate. Other

studies also have reported a similar trend®4-66,

120



@

100

80

Relative crystallinity (%)

20

Chapter 4

—~
(=)}
~

60

40

= 100
-, 90 - s -

80 /

70 ! /
60 / /
50 -
40 - ! !

30 ) ! - = = 5%min

= e e 5°Cimin

o = e 10 °C/min

Relative crystallinity (%)

15 9C/min 20 | [ ! - = = 10C/min

— () 9C/min 1 /

15 °C/min
10 1 / / — 20 °C{miR

100

80 1

Relative crystallinity (%)

20 4

0 1 2 3 4 5

60 4

40

= e e 50C]MIn

- = e 0°C/min

15 "C/min

— 20 "GN

3 4 5
t (min)

Figure 4.5.3. Curves of X: vs t under different cooling rates for (a) PA6, (b) PA6/GN and (c) PA6/GP.

3.3. Non-isothermal crystallization kinetic behavior of PA6 and PA6/GNP nanocomposites

3.3.1. Avrami model

Avrami**equation has been commonly applied to analyze the non-isothermal kinetics of the

nucleation and growth phases of polymers at a fixed crystallization temperature:

X =1 —exp(—Zt™) (4)

where Z: is the growth rate constant that includes both nucleation and growth rate, n is the

Avrami exponent, that depends on the shape of the crystalline units and on the nucleation process.

It should be noted that these parameters affect the rates of both nucleation and spherulite growth

caused by their temperature dependence. The linearized form of equation (4) can be written as

follows:

log[—In (1 — X)] = In(Zt) + nln(t) (5)

Figure 4.5.4 shows the curves of log[—In(1 — X;)] vs log (t) for PA6, PA6/GN and PA6/GP at

different cooling rates. The Avrami exponent n and the parameter rate Z: can be calculated, from
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the slope and the interception of the lines, respectively. Avrami approach can reveal several
fundamental aspects related to the crystallization mechanisms but is not able to properly describe
the non-isothermal crystallization of the process, as a constant cooling rate can affect the

parameters. Jeziorny et al.5” adapted the adjustments to Avrami model, by replacing the rate

parameter Z: with Z¢ to describe the non-isothermal kinetics:

In(Z
Inz, = (Zy)

This correction is widely used to adjust Avrami’ s theory to non-isothermal conditions. Avrami

(6)

plots and kinetic parameters are show in Figure 4.5.4 and Table 4.5.2 respectively. X: values

between 10 and 80% were considered.

(a) (b)

0.4 0,4

0,2 0,2
0 o]

-0,2 -0,2 1

log [-In(1-Xt)]
2

\

o

>
L

log [-In{1-Xt)]
-

1 . 1 5°C/min
-0,8 5 9C/min
1 10 °Chmin 0.8 1 10 °Chmin
-1 015 *C/min | 15 °Chmin
| 020 °C/min ) 20 °C/min
-1,2 T T T T T T r T r 19 . . . .
04 02 % gt %2 0.4 0.6 04 102 . 02 0 o6
(c) log (t)
04
02 ]
0 p
= -0,2 1
x
T 04
>
2 06
081 5°C/min
10 9Cfrmin
-1 015 °Cimin
020 °C/min
1,2 r r
0.4 0 0.4 0.6

0 02
log (1)

Figure 4.5.4. Avrami plots for (a) PA6, (b) PA6/GN and (c) PA6/GP.

The data presented in Table 4.5.2 showed that the presence of GNP did not affect the
crystallization kinetics of PA6. The variation of Avrami parameter n with cooling rate revealed the
presence of mixed nucleation and growth mechanisms. A crystallization process with n varying from

1 and 2 follows a one-dimensional crystal growth, and a value between 2 and 3 is a two-dimensional
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growth. When the n value is between 3 and 4, the crystallization follows a three-dimensional (3D)
growth and for a n value higher than 4, a complex multi-dimensional crystallization process is
developed®®. n values higher than 3 can be associated with developing a 3D growth crystallization
process, implying that different growth mechanisms may occur simultaneously during the
crystallization process?!. Similar studies have reported an analogous behavior6.6%70, Comparing
overall values of PA6 and PAG6/GNP, it can be observed that marginal changes were noted at 0.5
wt.% GNP incorporation. Melo et al.5* also observed a similar behavior when using the same amount
of graphene oxide (GO) concentration. The authors observed that no significant changes in the
nucleation rate were observed for 0.1 and 0.5 wt.% nanocomposites. However, when incorporating
1 and 5 wt.% GO, higher n values were observed with increasing cooling rates. This behavior
suggests a change in the nucleation mechanism of the sample at higher nanofiller concentrations.
On the other hand, increased amounts of GO, also caused an increase in Zc values and an increase
in t2, indicating a slower crystallization rate for the nanocomposites due to the reduced mobility of
the polymer chains in the presence of GO sheets.

Table 4.5.2. Half-time crystallization and Avrami kinetic parameters.

P t1e Avrami
Sample
(°C'mint) (min) n Zc (min™?) R?
5 2.33 4.92 0.68 0.98
10 1.48 5.32 0.89 0.98
PA6
15 1.04 4.84 0.98 0.98
20 0.84 4.73 0.99 0.99
5 2.01 4.66 0.82 0.98
10 1.20 471 0.92 0.97
PAG6/GN
15 0.95 4.52 1.01 0.97
20 0.67 4.37 1.02 0.97
5 2.04 4.28 0.73 0.98
10 1.38 4.09 0.90 0.98
PAG/GP
15 1.14 3.97 0.97 0.99
20 0.86 3.81 1.00 0.99

The time to reach 50% of X: is defined as the half-time crystallization (t12). This parameter is also

an indicator of the crystallization rate and can be determined by equation (7):

- (22)"
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The tu2 values are also given in Table 4.5.2. It can be seen that the addition of GNP leads to a
decrease in the t12 values, indicating that the addition of GNP accelerated the crystallization rate.
This can be an indication of the heterogeneous nucleation ability of GNP In the case of
nanocomposites, PA6/GN achieved lower ti2than PA6/GP. This can be due to the smaller diameter

of GN, which provided more nuclei, thus promoting crystallization.
3.3.2. Liu model

The Liu*® model was also applied to adjust the non-isothermal kinetic behavior of PA6 and
nanocomposites. It was developed as an alternative method by combining the Avrami and Ozawa

equations. From that, a new kinetic equation was obtained:

logK(T) — mlog(¢) = logZ, + nlog(t) (8)

Simplifying this equation:

log(¢) = log[F(T)] — b log(t) (9)

, Where F(T) refers to the cooling rate required to reach X: in a specific t, and b is the ratio between
the exponents of Avrami (n) and Ozawa (m). According to equation (9), the kinetic parameters F(T)
and the b values, can be determined from the intercept and the slope of the lines by plotting /og ¢
against log t, respectively. Figure 4.5.5 shows the Liu curves for PA6 and PAG6/GNP

nanocomposites and in Table 4.5.3 is also presented Liu kinetic parameters.
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Figure 4.5.5. Liu plots for (a) PA6, (b) PA6/GN and (c) PA6/GP.

Parallel straight lines and linearity were attained for different X, indicating that Liu analysis can
successfully describe PA6 and PAG6/GNP kinetic behavior. For a given sample, F(T) increased with
increasing X:. Since F(T) is described as a cooling rate value, a decrease in F(T) indicates that a
higher crystallization rate is required to reach a given crystallinity degree at a set time”2. Comparing
the F(T) values of PA6 with those of PA6/GNP samples, the nanocomposites presented lower values
than the pure matrix. The presence of GNP increases the crystallization rate of the polymer and
accelerates the process, implying that the GNP facilitate the crystallization process, also
demonstrating their nucleation ability”®. Furthermore, when comparing PA6/GN with PA6/GP, it can
be seen that for PA6/GP, F(T) values are higher due to the filler diameter size. At larger sizes, the
interparticle distance decreases and GNP are unable to disperse into the PA6 matrix, due to the
resulting aggregation from weak intermolecular forces between them?”. The kinetic parameter b is
almost constant for each material at different X; values, ranging from 1.31 and 1.59. These values
imply that significant secondary crystal growth accompanies the primary crystallization during non-
isothermal crystallization. The nucleation mechanism and crystal growth geometries are similar,
indicating that the method used could describe the non-isothermal crystallization process of PA6 and
its nanocomposites’™. The results obtained from this model are in accordance with the DSC analysis,

described in section 3.2 and tiz parameter, described in the previous section.
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Table 4.5.3. Liu kinetic parameters.

0 Liu
Sample (°C-min) Xt (%) b F(T) R’
5 20 131+003  11.80%0.11 0.99
10 40 1374001  14.58+0.09 1.00
PA® 15 50 1374002  17.43%0.14 1.00
20 80 140+003  2293%0.12 1.00
5 20 143+002  10.93%0.16 0.99
10 20 142+002  1318%0.11 1.00
PABIGN 15 60 146+003  16.98+0.17 1.00
20 80 149+001  21.910.10 1.00
5 20 147+003 11472021 0.99
10 20 149+002  14.01%0.11 0.99
PABIGP 15 60 131003  11.80%0.1 0.99
20 80 137+001  14.58%0.09 1.00

3.3.3. Friedman model

Friedman*” and Vyazovkin?® developed an isoconversional method to calculate the Ec of the non-
isothermal crystallization process. This method can be used to evaluate the dependence of Ec on
crystallinity and temperature. From equation (10), different activation energies can be calculated for

each Xt

E (10)
RTy;

dx
In <—) = constant —
dt/x;

, wWhere In (dX/dt)x is the instantaneous crystallization rate as a function of time for a given value
of X, R is the universal gas constant, i corresponds to each applied heating rate and Tx is the
temperature for a given scanning rate i. Ec can be calculated from plotting In(dX/dt)x versus 1/Tx.

Figure 4.5.6 shows the effective activation energy at a given crystallinity degree, and a regression

coefficient of 0.99 was obtained for all samples.
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Figure 4.5.6. Friedman plots for PA6, PA6/GN and PA6/GP.

As Xt increased, the values of Ec also increased, which reflects the difficulty of PA6 to crystallize
as the crystallization process occurs’® Moreover, the Ec of PA6 decreased with the addition of GNP.
This is indicative that GNP can act as nucleating agents to promote the initial stage of crystallization
by inducing heterogeneous nucleation and, therefore, reducing the energy barrier. Comparing both
nanocomposites, PA6/GN showed lower Ec than PA6/GP. These results are in accordance with

those obtained previously for Avrami and Liu models. Similar results have been reported®77,

4. Conclusions

The use of T-RTM technology was found to be successful for the preparation of PA6 and
PA6/GNP nanocomposites from AROP. The non-isothermal crystallization and kinetic behaviour of
developed PA6 and its nanocomposites were investigated. GNP with two different sizes (GN and
GP) were used. DSC trials were conducted at different cooling rates (5, 10, 15 and 20 °C-min-1).

Results have shown that the incorporation of GNP affected the crystallization behaviour of PAG.
Both GNP led to an increase of T¢, when compared to PAG, revealing the nucleation activity of the
GNP. Avrami and Liu’s models were selected to study the non-isothermal crystallization kinetics of
all samples. Both models successfully described the behaviour of PA6 and PA6/GNP
nanocomposites.

The addition of GNP increased the crystallization rate of PA6, and mixed growth mechanisms
were observed (n <4 and b >1). Comparing both nanocomposites, the one prepared with GN (smaller
diameter) exhibited a faster crystallization rate. These results were supported by Friedman’s
isoconversional method, where a lower Ec was obtained for PA6/GNP nanocomposites. Overall,
these results indicated that all the kinetic models validated the nucleating effect of GNP. A lower
energy is needed for crystallization to take place in the presence of GNP, which is more evidence for
nanocomposites prepared with GN particles.

GNP size had a significant effect on the crystallization performance, and it is expected that this
behaviour will affect the mechanical behaviour of the final parts. Further studies are needed to

understand the influence of higher GNP concentrations on the crystallization behaviour of PA6.
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4.6 The effect of graphene nanoplatelets size in polyamide 6 nanocomposites

obtained by in situ T-RTM polymerization
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Abstract

Polyamide 6 (PA6) and PAG reinforced with graphene nanoplatelets (PA6/GNP) were developed by
an in situ anionic ring opening polymerization of e-caprolactam through thermoplastic resin transfer
moulding (T-RTM) technology. In low viscosity raw materials, the dispersion of nanoparticles namely
graphene, is a demanding challenge. Two types of GNP with different sizes were pre-dispersed in
molten e-caprolactam monomer at loading rates of 0.1, 0.25, 0.5, 0.75 and 1.0 wt.%. Differential
Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) and Scanning Electron Microscopy
(SEM) techniques were used to understand the crystallization, thermal and structural behaviour of
the prepared nanocomposites. Mechanical properties were also determined. The prepared
nanocomposites exhibit improved thermal stability based on the determination of the temperature at
10% weight loss (T1o0%) and the temperature at 50% weight loss (Tso%). An increase in crystallization
temperatures (Tc) is observed due to a nucleation effect of GNP. An improvement in mechanical
strength is observed with GNP loading for both grades. In general, the mechanical performance of
the polymer matrix was improved in the presence of GNP, however, the GNP with smaller particle
size is more advantageous in improving the polymer properties. Overall, the smaller the size, the

better the dispersion and the lower the agglomeration.

Keywords

Polyamide 6; anionic ring opening polymerization; in situ; graphene nanoplatelets; nanocomposite;

thickness effect.
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1. Introduction

The use of plastic materials in automotive parts have arouse great interest in the industry!. Some
automotive structures are based on thermoset matrices, but nowadays, global market is slowly
replacing the thermosets with thermoplastic matrices looking for better environment performance?.

Thermoplastic resin transfer moulding (T-RTM) is an efficient processing technology for large-
scale production of thermoplastics via in situ polymerization®4. This technology is based in the
injection of a reactive mixture (low viscosity monomer with suitable catalyst and activator) to a
preheated mould, in which a in situ polymerization occurs®® Anionic polymerization of e-caprolactam
monomer combined with a catalyst and activator system can be used to produce PA6 via T-RTM’.
This is possible since anionic polymerization occurs at relatively low temperatures with short mould
cycle times®.

Polyamide 6 (PAB6) obtained from T-RTM shows relatively high molecular weight, high crystallinity
and superior mechanical performance which enable to replace metallic materials of structural
components in automotive industry®°. However, its mechanical performance, such as strength and
elasticity modulus, can limits its applications'?. To expand the use of PAG in areas with increasing
performance demands, many attempts have been made to improve its mechanical properties.

The incorporation of nanofillers, such graphene-based materials have been studied, with special
focus on the improvement of mechanical properties!?~4, Graphene, a two dimensional honeycomb
layer of sp? bonded carbon, has a high potential to be an effective filler to prepare high performance
nanocomposites. Its electrical, thermal, and mechanical properties can substantially increase the
performance of composites®>'’. It has been reported as the strongest material tested with an
ultimate strength of 130 GPa and Young modulus of 1 TPa®®.

Graphene nanoplatelets (GNP) are formed by graphite nano crystals in several layer that exist by
virtue of van der Waals forces. Polymer nanocomposites with GNP have generated enormous
interest in a wide range of applications due to its intrinsic properties. Several studies have focused

1921 The scientific literature reveals that PA6

on the effect of GNP on PA6 performance
nanocomposites reinforced with GNP augments both mechanical and thermal behaviour. However,
the dispersion of GNP within low viscosity raw materials and its interfacial adhesion are a key factor
to determine the properties of the final nanocomposites??.

Several approaches to achieve of uniformly nano dispersed GNP has been reported?®24,
Although, in situ polymerization has been proven to be a more efficient method due to the reduced
processing time?®. Furthermore, the low monomer viscosity, turn it a better medium for dispersing
GNP allowing a more efficient retention of its properties?5-28,

Herein, a simple and effective method to prepare PA6 and PA6 reinforced with GNP via in situ

polymerization by using T-RTM technology is reported. An attempt has been made to deep

134



Chapter 4

explanation of the effect of GNP size and loading rates on various physicochemical properties of its
nanocomposites with PA6.

2. Materials and preparations
2.1. Materials

The monomer AP-Nylon® caprolactam (CL), mixed with a catalyst Bruggolen® C10 (C10) and
activator Bruggolen® C20P (C20P) were used for anionic polymerization of PA6. These components
were purchased from L. Briiggemann GmbH and Co. KG, Germany. In this study, a formulation of
95% CL, 3% C10 and 2% C20P, was developed?®. Powder graphene nanoplatelets (GNP) was
purchased from NanoXplore company (Canada). This study used two different sizes of GNP, GN
with D90 < 50um, and GP with D90 < 70um.

2.2. PA6 and PA6/GNP preparation

PAG6 and PA6/GNP samples were prepared by in situ ring-opening polymerization of CL monomer
using a semiautomatic T-RTM laboratory equipment?®. The laboratory T-RTM setup consists of a
dosing unit with two tanks, a mixing head, and a mould system equipped with a heating, a pressure,
and a vacuum control units.

For PA6 preparation, the CL was divided into two equal parts and placed into the two tanks. C10
was added to one of the tanks and C20P was added to the other. The temperature in each tank was
set to 90 °C under stirring, at a speed of 350 rpm for a period of 7 min. After melting the components,
the CL/C10 and CL/C20P flow in separated channels into the mixing head (110 °C) under controlled
pressure. Through impingement, the reactive mixture was injected into a preheated mould (160 °C),
under vacuum. The polymerization reaction occurs inside the mould. Following polymerization time
(=6 min), a plate (280mm x 150mm x 2mm) was demoulded at room temperature, and samples
prepared for further characterization.

For the preparation of PA6/GNP nanocomposites, the GNP loadings were pre-dispersed in the
molten g-caprolactam using a sonicator. The sonication time used to disperse the GNP was based
on a previous optimization process®. The catalyst and activator were then added, and the
polymerization process followed in the same way as for PA6.

The chemical compositions of the different formulations developed are described in Table 4.6.1:
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Table 4.6.1. Compositions of the developed PA6 and PA6/GNP nanocomposites.

Filler (wt.%) PAG (wt.%) Sample code
0 100.0 PAG
GN
0.1 99.9 PA6/GN1
0.25 99.75 PAG6/GN2
0.5 99.5 PA6/GN3
0.75 99.25 PAG6/GN4
1.0 99.0 PAB/GN5
GP
0.1 99.9 PA6/GP1
0.25 99.75 PAG6/GP2
0.5 99.5 PA6/GP3
0.75 99.25 PA6/GP4
1.0 99.0 PA6/GP5

3. Materials characterization

3.1. Thermal analyses

The thermal behaviour of nanocomposites was studied by DSC and TGA experiments. The DSC
analysis was carried out using a Shimadzu DSC-60 equipment. Samples were heated from room
temperature to 250 °C at a heating rate of 20 °C-min-! and held for 2 min to eliminate the thermal
history. Then, the samples were cooled to -25 °C, and reheated to 250 °C at 10 °C-min-l. Various
thermal properties such as melting (Tm) and crystallization (Tc) temperatures and degree of

crystallinity (Xc) were traced from DSC analysis. The Xc was determined using equation (1):

AH
Xc (%) = Wl"‘_(p) x 100 (1)

where AH,, is the melting enthalpy of sample, ¢ is the weight fraction of GNP, and AHY, corresponds
to the melting enthalpy of PA6 in 100% crystalline state (PA6 = 190 J-g1)32.

The thermal stability of the nanocomposites was analysed by performing TGA experiments using
a Hitachi STA300 instrument. The samples were heated in a nitrogen environment at a flow rate of
100 mL-min-t. Each sample was heated from room temperature to 600°C at a rate of 10°C-min-! to
analyse its degradation behaviour.

3.2. Mechanical measurements

Tensile and flexural properties were performed on an Autograph AG-IS (Shimadzu) universal

testing machine with a 10kN load cell.
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Tensile tests were measured according to ISO 527-2 standard (Type 1BA) with a constant
crosshead speed of 1mm-minl. A video extensometer (Shimadzu DVE-101/201) was used to
determine the elongation of each specimen. The flexural properties were assessed following 1SO
178, with a crosshead speed of Imm/min.

All above tests were performed at room temperature. Each group of samples contained, at least,

five specimens, and the average and standard deviation values of the measured tensile and flexural

properties have been used in the reported data.

3.3. Morphological analyses

Morphological analyses were carried out using a SEM Hitachi SU-70 equipment. Analysis was
performed on the fracture surface after tensile testing. Samples were mounted on aluminium stubs

and sputter coated with Au/Pd target for 2 minutes at 12 mA.

4. Results and Discussion
4.1. DSC analysis

The influence of GNP on melting (Tm) and crystallization (T¢) behaviour of PA6/GNP
nanocomposites was analysed by DSC. The second heating and cooling thermograms of PA6 and
PAG6/GN and PA6/GP nanocomposites are shown in Figure 4.6.1 and Figure 4.6.2, respectively, and

data are summarized in Table 4.6.2.
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Figure 4.6.1. DSC heating scans of (i) GN nanocomposites: a) PA6; (b) PA6/GNL1; (c) PA6/GN2; (d) PA6/GN3; (e)
PA6/GN4; (f) PA6/GN5 and (ii) GP nanocomposites: (a) PA6; (b) PA6/GP1; (c) PA6/GP2; (d) PA6/GP3; (e)
PA6/GP4; (f) PA6/GP5 (from bottom to top). The curves are vertically offset for clarity.

DSC heating curves showed that the addition of GNP had a slightly effect on melting temperature
of PA6. It is well-known that PA6 has two crystal forms at least: a-form crystal, a more
thermodynamically stable with hydrogen bonds between antiparallel chains, and y-form crystal with

hydrogen bonds between parallel chains®?, indicated by Tm peaks at 221 °C and 212 °C in DSC
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curves, respectively. From nanocomposites heating curves it was possible to observe that with

increasing GNP loading, Tm2 peak was attenuated, suggesting a well-dispersed nanoparticles®3,
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Figure 4.6.2. DSC cooling scans (i) GN nanocomposites: a) PA6; (b) PA6/GN1; (c) PA6/GN2; (d) PA6/GNS3;
(e) PAB/GN4; (f) PA6/GNS5 and (ii) GP nanocomposites: (a) PA6; (b) PA6/GP1; (c) PA6/GP2; (d) PA6/GP3; (e)
PA6/GP4; (f) PA6/GP5 (from bottom to top). The curves are vertically offset for clarity.

The addition of GNP significantly increases the Tc of nanocomposites. This is indicative of a strong

nucleation effect of GNP during the crystallization of the PA6'*.

Table 4.6.2. Thermal parameters of PA6 and PA6/GNP nanocomposites.

Samples Tm, °C Te, °C AT, °C Xe, %

PAG6 220.9 175.4 455 31.5
PAG/GN1 219.1 177.3 41.8 33.7
PAG/GN2 219.3 180.7 38.6 35.3
PAG/GN3 218.0 182.8 35.2 35.9
PAG/GN4 217.4 184.2 33.2 34.5
PAG/GN5 217.2 185.3 31.9 33.2
PA6/GP1 219.3 177.9 414 33.2
PA6/GP2 218.5 178.7 39.8 33.3
PA6/GP3 218.4 180.9 375 34.4
PA6/GP4 218.3 181.7 36.6 34.8
PA6/GP5 217.9 182.2 35.7 34.0

For 1 wt.% GNP content, Tc increased by 9.9 °C for PA6/GN5, whereas PA6/GP5 increased Tc
by 7.5 °C. This is due of better dispersion promoted by GNP with a smaller particle size, hence

facilitate the crystallization at higher temperatures®*.
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The addition of GNP also increases Xc compared to the PA6 matrix. As mentioned above, GNP
can promote crystallization by acting as a nucleating agent, thus facilitating crystallization. A slight
decrease in Xc is observed in PA6/GNS5, suggesting that the excess of hanoparticles can hinder the
mobility of PA6 chains, thus reducing the crystallization growth?3,

The above results suggest that even at low amounts, GNP have a significant influence on the
crystallization of nanocomposites, improving their crystallinity and increasing the rate of PAG6
crystallization.

4.2. Thermal stability

The thermal stability of the PA6/GNP nanocomposites was studied, and the resulting curves are
shown in Figure 4.6.3. The thermal parameters, such as, the temperatures corresponding to 5%
weight loss (Ts%), 10% weight loss (T1o%), 50% weight loss (Tso%), and residue at 500 °C (R) are
presented in Table 4.6.3.
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Figure 4.6.3. Thermogravimetric analysis curves of PA6 nanocomposites reinforced with (a) GN and (b) GP.
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A typical TGA curve is observed for PA6. There is an initial weight loss occurs below 240 °C due
to decomposition of the lower molecular weight polymer, with a continuous weight loss between 250
°C and 350 °C due to decomposition of the higher molecular weight polymers>, After this temperature,
there is a complete polymer degradation, as shown by the thermal pattern.

It can be seen that the values of the above parameters are improved with increasing GNP content,
indicating that the incorporated GNP improves the thermal stability of PA6. The main cause of the
improved thermal stability is due to the formation of a mass transfer barrier, which prevents the
diffusion of degradation products to the outer surface of the polymer36. GNP in the polymer matrix
are able to create a tortuous path that acts as a barrier structure for gases formed during degradation
from the interior of the composite to the polymer surface®’. This retards degradation and improves
thermal stability. On the other hand, GNP restrict the mobility of the polymer chain, increasing the

energy required for degradation and producing a more thermally stable nanocomposite

Table 4.6.3. TGA results of PA6, and its nanocomposites reinforced with GNP.

Samples Tsu, °C T1o0%, °C Tso%, °C R (wt.%)
PAG 266.9 286.2 317.9 2.1
PA6/GN1 284.1 299.8 330.3 7.3
PAG6/GN2 288.9 302.3 333.1 7.9
PA6/GN3 295.5 309.7 337.1 7.7
PA6/GN4 301.6 317.6 345.7 8.0
PA6/GN5 312.5 328.1 357.5 8.3
PA6/GP1 279.8 292.9 324.0 4.3
PA6/GP2 285.9 299.4 327.0 4.5
PA6/GP3 293.0 308.8 336.3 4.7
PA6/GP4 298.9 312.5 340.4 4.8
PAB/GP5 300.1 316.8 346.8 51

The degradation onset parameters of the nanocomposites increased with the addition of GNP.
For PA6/GN1, Tio% Wwas increased up to 13.6 °C relative to PA6, while for PA6/GP1 it was increased
by 6.7 °C. As observed, both nanocomposites showed an increase in thermal stability, but GN
showed a more efficient thermal stability compared to GP. It is worth noting that the particle size of
GNP plays a key role in this context. Smaller GNP showed a better dispersion within the polymer

matrix, thus improving the thermal stability.

4.3. Mechanical behaviour

Tensile tests were performed to evaluate the influence of GNP on the mechanical properties
(Figure 4.6.4).
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Figure 4.6.4. Representative specimens for tensile tests. From right to left: PA6, PA6/GN1, PA6/GN2,

PAG6/GN3, PA6/GN4 and PAG6/GN5.

Tensile strength (omax), elongation at break (emax) and Young modulus (E) as a function of the

GNP content are plotted in Figure 4.6.5. The tensile data of these materials, and their standard

deviations are given in Table 4.6.4.

Table 4.6.4. Tensile properties of PA6 and hanocomposites.

Samples Omax (MPa) €max (%0) E (GPa)

PAG6 63.5+2.1 143 +£3.5 26+0.3
PAG/GN1 72.0+£11.3 144 +£6.2 4.2+0.8
PAG/GN2 73.9+11.9 16.0+ 12.8 4.2 +0.7
PAG6/GN3 77.0+9.3 334+88 4.4 +0.7
PA6/GN4 79.0+£5.2 444+ 2.1 42+0.9
PAG/GN5 76.7+£5.3 139+1.2 3.9%£0.3
PA6/GP1 63.4+49 152+4.4 3.3x0.7
PA6/GP2 68.1+55 13.4+£8.8 35+0.3
PA6/GP3 72.4+£6.1 283+7.3 3.8+£05
PA6/GP4 746 £ 8.8 35.3+14.8 4.1+0.7
PA6/GP5 75.1+9.6 21.6+9.1 3.7+0.6

It is observed that for both types of GNP the tensile strength and Young's modulus increase with

GNP loading. This is due to the high modulus of the GNP which causes an improvement in the stress

transfer at the interface between the reinforcing phase and the polymer matrix. The improved tensile

properties are attributed to the increase in stiffness which enhances the interaction between the GNP

and the PA6 matrix. The tensile strength increased from a minimum of 63.5 + 2.1 MPa for PA6 to

approximately 79.0 £ 5.2 MPa for PA6/GN4. A slight increase in stiffness was observed with the

addition of GNP to the polymeric matrix. PA6 showed a Young's modulus of 2.6 £+ 0.3 GPa. It

increased to 4.4 + 0.7 GPa (~63%) for PA6/GN3 nanocomposite, while a maximum value of 4.2 +

0.7 GPa (~61%) was reported for PA6/GP4. Compared to the PA6 matrix, the elongation at break is

increased by ~210% and ~174% for PA6/GN4 and PA6/GP4, respectively.
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When the GNP loading reached 1.0 wt.%, the mechanical properties showed a decrease. In
general, the mechanical properties of the nanocomposites improve significantly with the addition of
different loadings, but an excess of GNP can form small agglomerates, thus reducing the molecular
interaction and leading to a reduction in tensile strength®. Another possible explanation for this
reduction is that agglomerates can act as stress concentration sites.

Overall, tensile strength, elongation at break and Young's modulus improved with the addition of
GNP. However, it is important to note that these properties were always higher for the
nanocomposites containing the GN grade of GNP. Reducing the thickness of the sheet increases
the efficiency of the reinforcement, as the reduction in thickness will promote interfacial bonding
between PA6 and GNP, causing a further reduction in agglomeration. As the mechanical properties
are inversely proportional to the size of the reinforcing phase®.

The influence of GNP content on flexural properties is sketched in Figure 4.6.6 and the

corresponding data are reported in Table 4.6.5.

Table 4.6.5. Flexural properties of PA6 and nanocomposites.

Samples Omax (MPa) €max (%0) E (GPa)

PAG 125.1+£6.2 8.4+05 2.7%+05
PAG6/GN1 132.2+45 6.4+04 4.2 +0.7
PAG/GN2 1575+ 7.3 79+04 4.0+0.3
PAG6/GN3 157.0+9.7 7.4+0.2 4.4+0.2
PAG/GN4 178.5 £ 10.5 75+£0.3 49+0.8
PAG/GN5 189.0+£94 7.7+0.8 4.8+0.8
PA6/GP1 126.2+£8.2 6.8+0.1 3.3£0.3
PA6/GP2 131.7+ 3.6 7.0+£0.3 3.7£04
PA6/GP3 139.6 £ 3.5 6.8+0.2 3.9+0.8
PA6/GP4 1329+1.7 6.8+0.1 3.9+0.3
PA6/GP5 134.8+2.0 7.3+0.3 34+0.2

PAG6 showed a flexural strength of 125.1 + 6.2 MPa, which increased by approximately 26% and
12% respectively when only 0.1% w/w GN and GP were loaded. With a further increase in GNP
content, the flexural properties of the samples showed an increasing trend. Compared to the flexural
modulus of PAG, an increase of 80% was obtained for PA6/GN4 and 46% for PA6/GP4. In general,
the influence of GNP was more noticeable in GN samples than in GP, showing that GN is more
effective in reinforcing the polymer than that of GP. Similar behaviour was also obtained for the
tensile properties. The causes of the improvement in flexural properties are attributed to the same

mechanisms as previously discussed.
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4.4. Morphological analysis

SEM analyses were performed on the fractured surface of PA6 matrix and PA6 nanocomposites
to assess morphology and homogeneity (Figure 4.6.7). PA6 (Figure 4.6.7a) presents a well-defined

surface typical of this polymer.

Figure 4.6.7. SEM imagens of (a) PA6; (b) PA6/GN1; (c) PA6/GNS5; (d) PA6/GP1 and (e) PA6/GP5.

From Figure 4.6.7(c-d), it can be seen that there is a satisfactory dispersion, and the platelets are
uniformly stacked throughout the PA6 matrix. Phenomena such as buckling do not exist for the
nanocomposite due to the smaller size of the GN. This increases the reinforcement efficiency and
dispersion and reduces agglomeration. With respect to GP nanocomposites (Figure 4.6.7e-f), the
observed surfaces are rougher compared to PA6/GN. This is due to the larger size of the GNP flakes
and the agglomeration of the GNP structure caused during processing. At low loadings the
nanoparticles completely cover the polymeric matrix, but at high loadings the surface becomes
uneven and larger stacks are formed (indicated by the narrows). A larger fraction of the platelets are
unable to adhere to the polymer matrix and remain as large particles in the mixture, restricting the

polymer surface. These results support those obtained from mechanical analysis.
5. Conclusion

The present work demonstrated an effective approach to PA6 and PA6 nanocomposites
production by in situ polymerization through T-RTM technology. The effect of GNP content on the
different properties of PA6 are thoroughly studied, as well as the effect of GNP patrticle size.

Different GNP loadings slightly affected the Tm of PA6 towards lower values. The crystallization
temperature shifted to higher temperatures, as well as X that increases with increasing GNP loading.
The addition of GNP has a nucleating effect on PA6. The initial thermal decomposition of PA6/GNP
nanocomposites was higher than that of PA6, indicating the strong interaction between GNP and
PAG6. The GN nanocomposites exhibited higher thermal stability compared to GP nanocomposites.
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The degradation process was enhanced with the smaller particle size, once having the ability to
transfer heat throughout the nanocomposite.

Even very low loadings of GNP promote a relevant increase in both tensile and flexural tests,
compared to the PA6 polymer matrix. The tensile strength of PA6 was found to increase with the
addition of GN and GP. A significant increase in Young's modulus was also observed for both GNP.
The flexural properties also showed an improvement in properties with increasing GNP content. In
general, it was clearly observed that GN was more effective in reinforcing the polymer matrix than
GP.

Based on the results, GNP have been successfully incorporated into low viscosity raw materials
using T-RTM technology. The improvement in mechanical properties at low loadings of GNP, offer
great promise of this technology applications to produce PA6/GNP nanocomposites for automotive
applications. Therefore, the particle size of GNP also has a significant effect on the performance
efficiency of the final nanocomposites, and it is recommended to use the smaller GNP for all-round
performance.
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Development of an automotive component

prototype — a case study

This chapter is dedicated to the design and development of an automotive prototype. It

culminates with the outcomes presented in the preceding chapters.
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Abstract

The study and development of Thermoplastic Resin Transfer Moulding (T-RTM) technology at
an industrial scale are necessary for an efficient and high-volume production adapted for the
automotive industry. A specific car body component was selected as the target part for this study.

Polyamide 6 (PA6) and PA6 reinforced graphene nanoplatelets (GNP) at 0.5 wt.% were
prepared using T-RTM prototype equipment. The selection of these formulations was based on
previous investigations aimed at optimizing the material concentrations and processing
conditions, as well as the thermal and mechanical properties. This work also demonstrates the
importance of key parameters, such as temperature and pressure, in achieving high quality parts.

A preliminary assessment of the environmental impact of the finished parts was also carried
out. The results showed that parts produced by T-RTM technology had a lower environmental
impact in 11 of the 16 categories assessed. Overall, the results of this work demonstrated the

potential of these materials in automotive applications.
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1. Introduction

The automotive industry has undergone a significant transformation in terms of the materials
used in its structural components. From a dependence on traditional metals, the modern
automotive landscape has embraced new lightweight solutions. This shift has been driven
primarily by stringent environmental regulations that aim to reduce weight in order to improve fuel
efficiency and meet regulatory standards’?. To meet these requirements, automotive
manufacturers are exploring various strategies, one of which is to replace traditional materials
with plastics. This strategic shift offers benefits such as reduced weight, ease of processing and
corrosion resistance, all of which are highly desirable attributes for automotive components.
Moreover, rapid production cycles are essential to meet the high volume requirements of the
automotive sector®. Robust materials that can withstand substantial impact loads are required for
the automotive industry. High molecular weight thermoplastics generally offer greater toughness
than thermosets. Consequently, the use of such thermoplastics as matrix materials in composites
is expected to provide improved resistance to impact damage. In addition, improved energy
absorption over an extended period of time can reduce the deceleration forces of projectiles,
thereby reducing the potential for injury to vehicle occupants®.

Recent advances in reactive processing have paved the way for the liquid moulding of
thermoplastic composites®®. Among the many technologies available for the production of
thermoplastic materials, Thermoplastic Resin Transfer Moulding (T-RTM) has emerged as a
promising technique®’. This method allows the production of materials with shorter production
cycles compared to traditional resin transfer moulding (RTM) methods. T-RTM is characterized
by a rapid anionic polymerization reaction being suited to the required mass production of
lightweight materials for this high-demand market37-12, In the literature, there are several studies
that have investigated the development of polyamide 6 (PA6) using an industrial approach by
anionic ring-opening polymerization (AROP)3713-15, These studies have investigated the effects
of catalyst and activator dosages, as well as the parameters of the moulding process. However,
these studies have predominantly used a two-dimensional mould shape, similar to a plate. The
mould plays a key role in defining both the geometry and the quality of the final parts. A recent
paper by Boros and co-workers!® extensively investigated the design concept of a T-RTM mould.
However, this work mainly presented a theoretical and conceptual mould design, which was
characterized by its adaptability to different features (neat polymer parts, fibre-reinforced
composites, or sandwich structures) and thicknesses (ranging from 2 to 12 mm). However, to
effectively address the specific requirements of typical automotive applications, a mould with
distinct geometries and shapes is essential. To the best of our knowledge, there has been few
studies focusing on three-dimensional (3D) mould geometries. Moreover, the evaluation of the
final properties of the produced parts using 3D moulds for automotive components is an
unexplored facet within the field of AROP.

The main goal and motivation of the current case study is to investigate the feasibility of
producing a 3D part using both PA6 and PAG6 reinforced with graphene nanoplatelets (GNP). This

investigation aims to bridge the existing gap in research regarding 3D mould shapes and their
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potential applicability in the field of automotive parts production. To achieve these goals, a careful
part selection process was undertaken, focusing on a structural body component that meets the
key requirements of the automotive industry. The chosen component is the side impact
reinforcement located under the car seat, an area that requires robust structural integrity and
effective energy absorption capabilities. The target component (Figure 5.1) was selected with the

support of Simoldes Plasticos.

Figure 5.1. From seat rear cross member component.

In parallel, a comprehensive explanation of the concept and design of the 3D T-RTM mould
was provided. The key findings are presented, with the choice of parameters for this case study
based on previous optimization studies. In addition to these aspects, this study also seeks to
provide a comparative preliminary environmental analysis between T-RTM and traditional RTM
technologies. This comparative study analyses the potential of thermoplastic composites as
opposed to thermoset parts. This comprehensive analysis aims to provide valuable insights for
both the automotive industry's optimization of structural components and a wider understanding

of the environmental impact of these manufacturing processes.

2. T-RTM mould —the concept and specifications

The design process was driven by the goal of simplification, taking into account a number of
key factors such as weight considerations, ease of processability, ease of assembly, and
compliance with mechanical specifications. Based on these factors, the part shown in Figure 5.1
was modified and the geometry shown in Figure 5.2 was defined. This design process resulted in

the definition of a U-shaped geometry characterized by a uniform thickness of 2mm.

Figure 5.2. Final target geometry.
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The mould has a cavity with a U-shaped geometry, as shown in Figure 5.3. The mould was
machined from two aluminium blocks, each measuring 450 mm x 400 mm x 40 mm.

The choice of aluminium as the mould material was primarily driven by practical
considerations, including cost-effectiveness, ease of machinability, and its relatively lighter weight
compared to steel. In addition, aluminium has a high thermal conductivity, which meets the

requirements of the moulding process.

(@) I (b)
| . (d)
Figure 5.3. Mould geometry (a) Lower part; (b) upper part; (c) detail lower part and (d) general view.

The injection point is strategically placed in the centre of one of the side flaps of the upper part
of the mould to improve process stability. To facilitate easy demoulding, the inlet and outlet holes
have been angled to allow easy removal of the runners alongside the parts. To ensure consistent
and uniform heating, the placement of temperature resistors was carefully arranged throughout
the mould. Cartridge resistances were thoughtfully distributed with 18 in the lower mould part and
7 in the upper mould part.

Given the elevated temperature range used during the polymerization reaction (150-160°C),
perfluoroalkoxy (PFA) and silicone rubber (VMQ) seals were selected for their ability to function
effectively in environments reaching temperatures of approximately 300°C. To secure the mould
closure, a total of 12 screws were meticulously positioned across the mould, complemented by
four guides strategically placed at the corners to ensure accurate alignment and closure of the

mould components.
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Figure 5.4. Final aluminium mould (a) Lower part; (b) upper part; (c) both parts and (d) general view.
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Figure 5.5. Final prototype mould.
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The mould shown in Figure 5.5 has a total weight of 50 kg, of which the upper part weighs 36
kg and the lower part 14 kg. The dimensions of the mould are 455 mm in length, 345 mm in width

and 120 mm in height.

3. Methodology
3.1 Materials

The ¢-CL monomer (AP-NYLON® caprolactam) was used together with Bruggolen® C10 as
catalyst and Bruggolen® C20P as activator for the AROP of PA6'617, These materials were
purchased from L. Briggemann GmbH and Co. KG, Germany. Graphene nanoplatelets (GNP)
with two different particle sizes, namely 0.5-1 um (referred to as GN) and 1-2 ym (referred to as

GP), were purchased from NanoXplore in Canada.

3.2. PAG6 and PAG6/GNP preparation

The formulation procedure for preparing PA6 and PA6/GNP used in this case study has been
previously reported elsewhere618, AP/GNP formulations with 0.5 wt.% GN (AP/GN) and 0.5 wt.%
GP (AP/GN) were selected. The choice of these specific formulations was based on the thermal

and mechanical characterizations already reported in previous studies?’.

3.3. T-RTM parameters

Samples were prepared using the T-RTM laboratory equipment developed inhouse. T-RTM

parameters used in this case study are presented in Table 5.1:

Table 5.1. Parameters used on T-RTM experiments.

Dosing unit temperature (°C) 90

Dosing volume (g) 350

Mould temperature (°C) 160
Polymerization time (min) 6
Pressure (bar) 3

The mould temperature and pressure were defined based on previous experiments619, The
polymerization time was set at 6 minutes, instead of 2 minutes?® as this is insufficient to polymerize
the higher amount of material required to fill the three-dimensional mould. The volume of the

mould cavity was used to calculate the dosage of material to be injected.

3.4. Mechanical analyses

Tensile tests were performed using a Shimadzu AG-IS 10 kN universal testing machine at a
constant crosshead speed of 1 mm-min-t. The tests were performed in accordance with ISO 527-
2 (Type 1BA). Standard specimens of both PA6 and PA6/GNP were cut from the parts produced
in the 3D T-RTM mould?®®. The elongation of each specimen was measured using video

extensometer (Shimadzu DVE 101/201) in a range of 25 mm. For flexural tests, samples were
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prepared according to 1ISO 178 with a span of 32 mm. The tests were performed at a room
temperature with a constant crosshead speed of 1 mm-min-! was used for all specimens.

A minimum of five specimens (from 3 different parts) were tested for each composition, for
both tensile and flexural tests.

3.5. Preliminary environmental impact analysis

A preliminary environmental impact analysis was conducted using The Eco Impact Calculator
20232, The relevant background datasets were taken from SimaPro 9.3.0.3 software databases,
using reference data from Ecoinventoin2!, the European reference Life Cycle Database (ELCD)??
and those developed by Plastics Europe?3. This tool calculates the environmental factors related
to the production of composite parts during the “cradle to gate” phase, which includes the
production of raw materials, the transportation to the manufacturer and the component
production. Two different manufacturing scenarios (shown in Figure 5.6) were considered:

a) Scenario 1: Production of PA6 using the T-RTM technology. In this scenario, the final part
is produced using a low viscosity thermoplastic via T-RTM technology.
b) Scenario 2: Production of epoxy resin using resin transfer moulding (RTM) technology.

This type of thermoset resin is not recyclable and can contribute to landfill waste2425,

()
Thermoplastic resin
T-RTM ——— > Thermoplastic
— polymer
Energy
L——» CO2
(b)

Thermoset resin

RTM R Thermoset
] polymer

ST S

Energy

L p» CO2

Figure 5.6. System boundary considered for (a) T-RTM and (b) RTM to polymer production.

The main inputs in the Eco Impact Calculator were the manufacturing process and the material
formulation, including the type and amount of the raw materials used to produce the final
component matrix composition, whether thermoplastic or thermoset resin. The quantities of raw
materials, which include the monomer, activator, and catalyst, have been determined based on

the tests performed. The final weight of the thermoplastic part was 0.250 kg. Since epoxy resin
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has a slightly higher density (1.25 g-cm=) than PA6 (1.14 g-cm3), it was assumed that the part
produced with epoxy resin would have a proportionally higher weight (as shown in Table 5.2).

The datasets used for the two different processes were set as default (energy and streams).

Table 5.2. Inventory data of both scenarios used for the calculations.

Scenarios Materials Quantity
T-RTM Thermoplastic part — PA6 250 g
RTM Thermoset part — Epoxy resin 274 ¢g

* Quantity values have been calculated on the assumption of the same final mould volume.

4. Results and Discussion

4.1, Processing trials

The produced 3D parts using the T-RTM equipment can be seen in Figures 5.7 to 5.10. From
Figure 5.7 and 5.8, that corresponds to the trials involving PA6 and PAG6/GN, respectively, it
becomes evident that the injection pressure applied (3 bar) was insufficient to completely fulfil the
mould cavity. Voids and defects are present. Previous studies by Shaharuddin et al.?¢ and Bright
at al.?” have highlighted the importance of injection pressure and speed as key parameters
affecting the quality of the final parts. Therefore, it is recommended higher injection speeds and

pressures to achieve complete parts with dimensional accuracy.

Figure 5.7. PA6 samples produced by T-RTM using 3 bar injection pressure.
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Figure 5.8. PA6/GN samples produced by T-RTM using 3 bar injection pressure.

Several studies were conducted to overcome the challenges observed in the previous figures.
In this sense, the injection pressure was systematically varied until a complete part is reached.
The injection pressure was then increased to 5 bar, which is the maximum allowable pressure for
the prototype T-RTM equipment used in the study. Figures 5.9 and 5.10 provide a clear evidence

that the mould cavity was almost completely filled at the increased injection pressure of 5 bar.

Figure 5.9. PA6 samples produced by T-RTM using 5 bar injection pressure.
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Figure 5.10. PA6/GN samples produced by T-RTM using 5 bar injection pressure.

4.2. Mechanical and morphological analyses

However, despite the limitations of the equipment, the mechanical properties of the samples
obtained at 5 bar, were evaluated by tensile and flexural tests. The results are summarized in
Table 5.3:

Table 5.3. Mechanical properties.

Samples

PAG PAG/GN PAG/GP
» o (MPa) 58.9+ 1.8 78166 68.8+4.0
5 £(%) 8.1+3.7 23.8+24 19.3+2.3
F  E(GPa) 31+0.1 42403 34+03
_ o(MPa)  1011%50 188.3+9.8 1376+ 6.2
S (%) 7.0£0.3 7.4+0.1 7.2+0.3
T E(GPa) 24403 4.9+0.6 35+0.2

Tensile strength and Young's modulus increased with the addition of GNP. The PA6/GN
showed an increase of 33% in tensile strength and 35% in Young modulus compared to PA6. The
PA6/GP showed an increase of 17% in tensile strength and 9% in Young modulus. This
observation in tensile strength and modulus with the addition of GNP could be attributed to the
uniform dispersion of the nanoplatelets within the polymer matrix, resulting in an effective stress
transfer between the polymer matrix and the nanofiller?82%, In addition, PA6/GN samples showed
improved tensile and modulus parameters compared to PA6/GP. These results showed that the
size of the graphene flakes can significantly affect the tensile strength of the composites, as
observed in a previous study'’. As shown in Table 5.3, a significant increase in elongation at
break was observed with the addition of GNP to the polymer matrix. This increase was interpreted
by considering that the dispersed GNP in PA6 may prevent premature fracture of the specimen

and may also mean that the GNP behaved as a reinforcement in the PA6 matrix.
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Regarding the flexural results, it can be observed that the flexural strength increases with the
addition of GNP, from 101.1 to 188.3 and 137.6 MPa for PA6/GN and PA6/GP respectively. The
influence of GNP was again more noticeable in PA6/GN samples than in PA6/GP, showing that
GN is more effective in reinforcing the polymer than GP*".

The results presented in Table 5.3 show a good agreement between the tensile and flexural
results of the 3D parts and those documented in previous studies for 2D shaped samples!”:18,

In general, it can be concluded that the three-dimensional mould geometry does not have a
significant influence on the mechanical properties of the final parts. However, it is important to

recognise that certain improvements need to be made in the future.

4.3. Preliminary environmental impact

Each scenario's results were evaluated using two distinct methods: greenhouse gas protocol
(GHG) V1.01/CO:2 eq (kg) and cumulative energy demand V1.09/CED (MJ). The GHG metric
quantifies the carbon footprint associated with each production process. This measure focuses
on the emissions and removals generated over the life cycle of a product, excluding any actions
taken to mitigate or avoid emissions, and is expressed in kilograms of carbon dioxide equivalent.
On the other hand, Cumulative Energy Demand (CED) represents the total use of energy
resources throughout the life cycle, including both renewable and non-renewable energy sources.
This indicator is expressed in megajouless°.

Figure 5.11 shows the results of the Eco Impact Calculator. The data show a lower carbon
footprint associated with the use of the RTM process compared to T-RTM. This finding can be
explained by the historical use and refinement of equipment optimized for thermosets, which may

not be fully adaptable to the unique characteristics of thermoplastics.
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Figure 5.11. Environmental impact results of two materials obtained through different scenarios.

These emissions can be categorized according to different environmental impact categories

since the pollutant emissions resulting from the production of the selected part were identified.
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Each impact category highlights the specific environmental impact of individual pollutant
emissions®l. The summary of information on the total impact of each process is summarized in
Table 5.4.

The data analysis shows that the thermoplastic part, produced by T-RTM, has a lower
environmental impact in 11 of the 16 impact categories assessed. However, it is worth noting that
the impact categories where the thermoplastic part has a higher impact include ionizing radiation,
freshwater eutrophication, land use and mineral fossil and ren resource depletion. These
differences in impact, while significant, are primarily due to the current non-optimized recycling

process.

Table 5.4. Summary of the impact of the final target obtained through the two processes.

Impact category Unit T-RTM RTM
Climate change kg CO:z eq 2.26 1,73
Ozone depletion kg CFC11 eq 9,48 x 10° 2,55 x 107
Human toxicity (non-
CTUh 2,07 x 108 1,81 x 107
cancer effects)
Human toxicity
CTUh 1,58 x 108 3,12 x 108
(cancer effects)
Particulate matter kg PM2.5 eq 8,96 x 104 1,05 x 103
lonizing radiation HH kBg U235 eq 9,16 x 103 6,40 x 102
lonizing radiation E
o CTUe 7,11x 108 5,12 x 107
(interim)
Photochemical ozone
) kg NMVOC eq 4,75 x 108 4,78 x 103
formation
Acidification mol H* eq 9,44 x 102 8,17 x 103
Terrestrial
o mol N eq 1,96 x 102 1,56 x 1072
eutrophication
Freshwater
o kg P eq 6,13 x 10 6,36 x 10
eutrophication
Marine eutrophication kg N eq 2,83 x 108 1,40 x 103
Freshwater
o CTUe 1,01 3,54
ecotoxicity
Land use Kg C deficit 1,84 x 10! 1,81
Water resource
_ m3 water eq 3,06 x 102 9,04 x 103
depletion
Mineral, fossil and ren
kg Sb eq 2,00 x 10° 4,15 x 10

resource depletion
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It is important to note that the analysis carried out in this study focuses exclusively on the raw
material sourcing and transformation stages leading to the final product . The life cycle phase of
the product has been excluded from this analysis, in particular to the final disposal phase. A closer
look at the disposal phase reveals the cyclic nature of the materials used, and this comparison
between thermoset and thermoplastic resins might potentially favour thermoplastics.

Thermoplastic resins provide a significant advantage in recyclability owing to their reversible
melting process. This inherent characteristic makes them more accessible for recycling when
compared to thermosetting matrices32. This facilitates the continued use of these materials across
various contexts, reducing the demand for new resources®. In contrast, recycling thermosetting
matrices is energy-intensive due to their irreversible curing process. Despite this limitation,
thermosetting composites often show greater durability, particularly in specific applications,
potentially resulting in a longer lifespan compared to thermoplastics3435. However, it is important
to recognise that the thermal decomposition of thermosetting materials can be problematic,
potentially releasing harmful compounds, thereby introducing a significant environmental
consideration3s,

In summary, the selection between thermoplastic and thermosetting matrices demands a
critical equilibrium of recyclability, energy efficiency, mechanical characteristics, and
environmental effects. Each type offers unique benefits and challenges, requiring a
comprehensive assessment based on the precise needs and concerns of the intended application
and overall sustainability objectives. Furthermore, the study does not consider the potential
environmental impacts associated with the inclusion of GNP. The lack of a significant number of
specific datasets on GNP makes it difficult to compile consistent and reliable data for an inventory

of this process.

5. Conclusions

This case study focused on a specific automotive component located underneath the car
seats. The objective was to design and develop a 3D concept mould suitable for T-RTM
technology. This mould was designed to enable the production of both pure polymer parts and
reinforced polymer parts.

The results demonstrated the successful production of 3D parts. However, it became apparent
that higher injection pressures were essential to achieve complete and well-formed parts. Despite
this, the mechanical properties of the parts were not significantly affected by the three-
dimensional mould geometry. The mechanical results obtained with the three-dimensional shape
were comparable to those obtained with a two-dimensional shape, suggesting that mould
geometry does not significantly affect mechanical properties.

A preliminary environmental impact assessment was also carried out for two different
production scenarios. The data showed a lower carbon footprint associated with the use of the
RTM process compared to T-RTM. However, it is important to note that the process conditions
for RTM are already well defined, whereas the process conditions for T-RTM are still at the
optimization stage (pilot scale). Nevertheless, the thermoplastic part produced by T-RTM had a

lower environmental impact in 11 of the 16 categories assessed.
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This case study not only provides a pioneering exploration of the use of 3D moulds and the
use of GNP as a reinforcement phase, but also lays the groundwork for future industrial solutions.
It adds a 3D approach to the limited existing literature on T-RTM technology. In addition, the trials
conducted provide valuable insights for an industrial perspective, identifying key challenges and
barriers in the industrialisation process and suggesting potential strategies to overcome these

challenges.
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Concluding remarks and future perspectives

This chapter summarizes the overarching findings and outcomes of this thesis, providing a
reflective analysis of the initial objectives outlined in the introductory section.
Recommendations for further improvements that may be pursued in the future to address gaps
in the current study, and others to improve the technology to a commercially viable

manufacturing are given.
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6 Concluding remarks and suggestions for future work

The main objective of this work was to develop a thermoplastic material by T-RTM, and
subsequently, to introduce nanoparticles to facilitate efficient and high-volume production of
automotive parts. The synthesis of PA6 and its potential for use in thermoplastic nanocomposites
through reactive liquid processes has been thoroughly investigated. It is noteworthy that these

objectives have been successfully addressed by achieving the objectives set out in Chapter 1.

6.1. PA6

The successful manufacturing of PA6 through AROP using laboratory prototype equipment
has been achieved, resulting in PA6 with improved chemical, thermal, and mechanical properties.

The concentration of catalyst and activator, polymerization temperature and time, and
atmosphere were identified as significant factors influencing polymerization.

A commercial catalyst and activator combination, C10-C20, was selected as the most suitable
for T-RTM for high-rate production. The effects of different concentrations of the three reactants
(monomer, catalyst, and activator) were extensively studied. Higher concentrations of activator
result in a large number of chains, a lower My, and a slower reaction rate. Higher amounts of
catalyst also promote an increase in oligomer content, which reduces the DC of the reaction.
Lower concentrations of catalyst and activator will promote a higher My and DC, which will
contribute to a higher material toughness. Faster reaction rates can also be achieved with lower
concentrations of catalyst and activator. Mechanical analyses have shown that PA6 revealed the
desired properties for the proposed application. The most suitable combination was 95% CL, 3%
catalyst and 2% activator for a mould temperature of 160°C during =5 min. The produced PA6 by
T-RTM exhibited a Tm of around 217°C and a X. of 36%. In terms of mechanical performance,
PAG6 presented values of tensile and flexural strength and moduli of around ~66 and 126 MPa
and 2.7 and 2.6 GPa, respectively.

A particular aspect of this process is that polymerization and crystallization occur
simultaneously if the processing temperature is below the crystallization temperature. Mould
temperature appears to be the most important parameter during AROP, influencing the Xc and
Mv. The effect of mould temperature (between 130 °C and 170 °C) and polymerization time
(between 2 to 10 minutes) were analysed. Samples revealed higher monomer conversion and
improved thermal stability at higher mould temperatures (150 °C and 160 °C) compared to lower
mould temperatures. In addition, the mechanical properties (tensile and flexural) were influenced
by Xc and Mv. At 160 °C, PA6 showed the best balance between the mechanical and the thermal
behaviour. In the case of polymerization time, it was observed that this processing parameter did
not significantly affect the thermal and mechanical performance, compared to the mould
temperature. From this work, it was established a mould temperature of 160 °C and a
polymerization time of 2 minutes as the optimal processing conditions.

The potential for mass production of PA6 by T-RTM is particularly compelling for the
automotive industry. The developments detailed in this thesis further enhance the application of

T-RTM for future lightweight material production.
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6.2 PA6/graphene-based nanocomposites

The successful incorporation of GBM into PA6 using T-RTM technology is a significant
achievement with great potential for automotive applications. This development not only fills a
gap in the existing literature but also promises to open up new avenues in both the scientific and
industrial communities.

The objective of developing PA6/graphene-based nanocomposites was achieved by selecting
two different GNP with different particle sizes, namely D90 < 50 ym (defined as GN) and D90 <70
pm (defined as GP). This approach aimed to fully understand how the structure of the GNP could
affect the chemical and mechanical properties of the final nanocomposites. The results revealed
that considerable progress had been made in terms of the dispersion process of the reinforcing
phase. The dispersion patterns of the GNP within the polymer matrix were found to have a
significant influence on the properties of the nanocomposites. To address this, a systematic study
was carried out using two dispersion techniques, hamely mechanical stirring and sonication. The
dispersion of GNP in molten PA6 monomer by sonication was found to be an effective method of
achieving a homogeneous dispersion and reducing the size of the agglomerates formed as
evidenced by POM images. The results also showed that the larger size GNP required more time
to achieve adequate dispersion when compared to the smaller size GNP.

The nucleation activity of GNP in PA6 during a non-isothermal crystallization process was
investigated using 0.1 wt.% of GN and GP. Both GNP showed a nucleation activity of less than
1, revealing their role as surface active agents within the polymeric matrix, promoting the
crystallization process. For a complete kinetic analysis, a comprehensive study was carried out
to analyse the influence of GNP size on the non-isothermal crystallization behaviour of
PA6/graphene-based nanocomposites. The addition of GNP increased the crystallization rate of
PAG6, and the GNP with a smaller diameter exhibited a faster crystallization rate when compared
to the larger diameter GNP. Overall, these results are indicative that less energy is required for
the crystallization to occur in the presence of GNP.

The effect of GNP size and loading rates (0.1, 0.25, 0.5, 0.75 and 1.0 wt.%) on various
physicochemical properties of nanocomposites with PA6 was also evaluated. The size of the GNP
also played a role in the thermal stability and mechanical properties of the samples.
Nanocomposites prepared with smaller GNP exhibited superior thermal stability and mechanical
performance compared to those prepared with larger size. Tensile tests showed that the
incorporation of GNP resulted in a significant increase in tensile strength (21% increase over pure
PAG6) and Young's modulus 21% increase over pure PAG6) and reaching values of 79 MPa and
4.4 GPa, respectively. In addition, the elongation at break was also improved by the addition of
GNP. In general, the results were more pronounced for GN, revealing the effect of GNP size. As
a result, the use of smaller GNP is recommended.

The resulting nanocomposites exhibited unique characteristics and properties that have the
potential to drive the development of innovative solutions and products for the automotive

industry.
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In summary, the unique characteristics and properties exhibited by the developed
nanocomposites have significant potential to drive innovation within the automotive industry. The
enhanced mechanical performance improved thermal stability, and tailored crystallization
behaviour of these nanocomposites are relevant for the creation of new solutions and products.
These advances could lead to the development of lighter, stronger, and more durable automotive

components, ultimately contributing to improved vehicle performance, safety, and efficiency.

6.3 Case-study

A case-study was conducted to validate the optimal processing parameters defined previously
in the production of a 3D-shape component prototype by the T-RTM technology. By selecting a
U-shaped structure located under the car seats, the study aimed to understand how the process
and material properties would be affected by the change in geometry.

Higher injection pressures were required to ensure that the entire mould cavity was adequately
filled with the polymer mixture. Despite this difference, a comparison of the results obtained from
two-dimensional and three-dimensional approaches showed a consistent and similar behaviour
in terms of the polymerization mechanism. This finding suggests that even with increased
amounts of material and changes in geometry, the fundamental characteristics of the
polymerization process remain largely unchanged. It can therefore be suggested that the
transition to an industrial-scale T-RTM process is likely to show a similar behaviour.

The preliminary environmental impact assessment showed that the T-RTM technology offers
advantages in terms of reduced environmental impact in several categories. A lower carbon
footprint was achieved for the RTM process compared to T-RTM. RTM is a technology with well-
defined process conditions, whereas T-RTM process conditions are still being optimized. The
thermoplastic part produced by T-RTM had a lower environmental impact in 11 of the 16
categories assessed. The main factor contributing to this result is the fact that the thermoplastic
matrix can be re-used through the recycling process, which is not possible with the incineration
process of the thermoset target product.

The impact of the possible incorporation of GNP on the life cycle of the target product was not
included in this study. When comparing the T-RTM process with the RTM process, there is not

enough data to support the analysis.

6.4 Suggestions for future work

The overall objective of this thesis was to investigate the production of PA6 and
PA6/graphene-based materials for potential use in the automotive industry. From the conclusions
drawn in the previous sub-sections, several topics for future research have emerged. It is worth
noting that the initial stages of this project involved continuous modifications to the laboratory

equipment to improve process and quality.
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Improving technology for process reproducibility: One of the main challenges

identified is the lack of a reliable equipment to ensure both the quality of the parts
produced and the process reproducibility, particularly in terms of reaction control. The
complexity of the polymerization reaction has an impact on the robustness of the system,
which affects part quality and process reliability. To meet this challenge, equipment
improvements are being investigated in several areas:

o Dosing and Injection unit: Developing solutions that ensure melting, accurate
dosing, and optimal mixing of raw materials is crucial. Simulation techniques can
help to select appropriate injection systems by analysing resin flow;

o Mixing unit: Ensuring proper homogenization of raw materials and controlling
temperature and pressure during mixing are essential. Novel mixing solutions,
possibly integrated into the moulding area, can be explored to promote
homogenization, and avoid void formation;

o Mould unit: The mould unit plays a key role in the T-RTM process. Optimizing
mould geometry for material flow or introducing a dynamic mould can have a
significant impact on part quality. Simulation software can assist in mould design
and process optimization.

Additives Investigation: The investigation of additives and their effect on PA6

properties, such as liquid catalysts and impact modifiers, can contribute to tailoring
material characteristics. Different catalysts and activators can significantly influence the
properties of the final material. NYRIM® C1 is a liquid catalyst that works at low moulding
temperatures. Its unique properties can influence the polymerization process and
potentially lead to desired material properties. Bruggolen® C540 is also a catalyst that
acts as an impact modifier, improving the Charpy impact strength of the finished material.

Moisture content control: Moisture content can have a significant effect on the

properties, such as thermal or mechanical, of PA6 and its composites. Close monitoring
and control of moisture during storage and processing is therefore essential to better
understand its influence and to optimise the manufacturing process for consistent and
high quality results.

Graphene-based materials: Based on the conclusions of the previous section, further

research is needed to further improve the dispersion of fillers within the polymer matrix.
Therefore, several future work plans and research objectives are proposed:

o Modification of GNP: Exploring various modification techniques for GNP could
significantly affect their dispersion within the polymer matrix. Investigation of
methods such as controlled thermal treatment without chemical agents could
lead to improved properties and cost-effective production. The modification
process should be carefully optimized to balance dispersion improvement with
potential changes in graphene properties;

o Synergistic fillers: Investigating the synergistic effects of combining different

types of nanofillers, such as GNP and clay, is a promising work. Understanding

172



KD
£X4

Chapter 6

how these different fillers interact within the matrix can lead to composite
materials with improved properties. Research should focus on identifying filler
combinations that provide improved mechanical, thermal and electrical
performance.

Environmentally friendly materials: As industries strive to reduce their environmental

impact, the development and implementation of sustainable materials are becoming
increasingly important. The production of bio-based composites, which combine bio-
based thermoplastics with natural fibres (ramie, hemp, sisal, kenaf, etc.) or recyclable

reinforcements, is the starting point for the production of green composites.
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Appendix A

Materials selection and description

For successful implementation of anionic ring-opening polymerization of e-caprolactam to
PABG, it's crucial to carefully select a suitable catalyst and activator that can interact effectively with
the monomer. In addition, proper storage of raw materials is of paramount importance due to the
sensitivity of anionic polymerization to moisture and the inherent hydrophilic nature of these
materials. Special precautions should be taken to prevent any exposure of the raw materials to
moisture.

The material selection of CL, catalyst and activator system were made based on availability
and material information from the suppliers. Many material suppliers offer CL monomer suitable

for anionic polymerization (Table Al):

Table Al. Suppliers for CL monomer.

Supplier Product name Form
Briggemann Chemical AP-Nylon® Flakes
BASF Caprolactam Liquid
Lanxess AP caprolactam Flakes

CL monomer plays a key role in the anionic ring-opening polymerization process for the
production of PAG. It is therefore essential to handle the CL monomer under conditions that
ensure its moisture-free state, such as in an inert atmosphere and under vacuum conditions.

In the context of material characterization and process development, the CL monomer
chosen was AP-NYLON® from Briiggemann GmbH & Co. KG (Germany), which has a moisture
content of less than 150 ppm. Preliminary tests have shown that Briiggemann Chemical's CL
monomer, due to its low moisture content of 0.01% (100 ppm), allows faster processing when
combined with suitable catalysts and activators. This CL monomer is supplied in the form of flakes
(as shown in Figure Al) with a diameter of 2-4 mm and a flake thickness of 0.6 mm, packed in 25
kg aluminium-lined bags. An overview of some properties of AP-Nylon® Caprolactam flakes from

Briiggemann GmbH can be found in Table A2:

Table A2. Properties of AP-Nylon®.

Property Value
Solidification temperature (dry) = 69 °C (1SO 7060)
Moisture content max. 0.01 % (m/m)
Purity Caprolactam (dry) min. 99.9 % (m/m)
Density 1.01 g/cm3
Molecular weight =113 g/mol
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For the selection of the catalyst and activator system, products offered by Briiggemann GmbH
& Co. KG were chosen. The same reasoning as for the monomer selection was applied. The
choice was based on the availability of the solid catalyst (Bruggolen® C10) and the activator
(Bruggolen® C20P). This reactive system has proven to be highly effective in producing uniform
PAG parts of consistently high quality. The process has short production cycles with demoulding
in less than 10 minutes. In addition, the process operates at low casting temperatures, with a melt
temperature range of 110 to 140°C and a mould temperature range of 130 to 170°C.

An additional advantage of this system is that Bruggolen® C20P contains a blocked
diisocyanate, which prevents the diisocyanate from reacting with substances other than
caprolactam (CL). This feature ensures the stability and specificity of the polymerization process,
contributing to the overall reliability and reproducibility of the production of high quality PA6 parts.

By using this catalyst and activator system from Briiggemann GmbH, the anionic
polymerization process becomes well controlled, efficient, and conducive to the generation of

consistently superior PA6 products.
(b)

2INOX 3 7978A8
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Figure Al. Flakes of (a) CL; (b) catalyst C10 and (c) activator C20P.

Preliminary tests showed that the use of liquid forms of catalyst and activator had a tendency
to react and solidify when exposed to ambient air. Table A3 provides a summary of typical
properties associated with the selected catalyst and activator:

Table A3. Typical properties of Bruggolen® C10 catalyst and Bruggolen® C20P activator.

Bruggolen® C10* Bruggolen® C20P?
o 17-19% sodium caprolactamate in 17% blocked diisocyanate in
Composition )
caprolactam caprolactam with a cyanate (NCO)
Melting temperature =68 °C >60°C

pH value =13.3 =5.6

Density 1.1 g/cm3 1.2 g/cm3

Molecular weight = 135 g/mol = 394 g/mol

! BriiggemannChemical. Product data sheet C10. Available at: https://www.brueggemann.com/.
2 BriggemannChemical. Product data sheet C20P. Available at: https://www.brueggemann.com/.
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Appendix B

T-RTM laboratory equipment

The research and experimental work was carried out using the equipment described in this
section. An internally developed semi-automatic T-RTM laboratory apparatus was designed and
constructed (Figure B1)3.

The project started with the creation of a CAD design using Solidworks 2016 software,
followed by computerized numerical control (CNC) machining to develop the equipment. After
assembly, an ongoing process of optimization testing was carried out. This laboratory equipment
allows precise compaction of the mixture in the mould, uniform mixing of the reactive mixture and
careful control of the quantity and ratio of reagents used.

The aim of this prototype is to promote a deeper understanding of the process and to enable
laboratory scale experimentation. In the future, it could serve as a blueprint for industrial-scale
installations.

The laboratory T-RTM setup includes a dosing unit with two tanks, a mixing head, a mould

heating system and a pressure and vacuum control system.

Melting unit

~

Mixing unit

Mould heating system

Figure B1. CAD image of T-RTM laboratory equipment employed.

A schematic diagram of the T-RTM system used in this work is shown in Figure B2. The
system consists of two tanks, one for the activator/monomer (A), and another one for the
catalyst/monomer (B), which meet at the mixing head.

Each tank is equipped with a heating system and a stirrer. Following melting the components,

A and B flow through separate inlets into the mixing head while being subjected to controlled

3 Martins, F. Materiais compdsitos de matriz termopléastica processados por T-RTM - Master Thesis. (University of
Aveiro, 2017).

179



Appendices

pressure (3bar) and vacuum conditions (150 mbar absolute). Here, the components merge and
mix before entering the mould. The two components mix as they pass through the mixing head.

As shown in Figure B2, each tank is connected to a nitrogen line. A nitrogen line is connected
to each tank for purging the moisture from tanks, and injection lines, and to flush the system after
injection to prevent the occurrence of polymerization within the heated parts.

Using impingement, the reactive mixture is introduced into a pre-heated mould at a
temperature determined by experimental parameters. The mould has a vacuum inlet connected
to the outlet of the mould to facilitate the removal of air.

N2
. N2
Stirrer motor
2N —1 4

—

TANK | A TANK| B
1 —1
— | 1

Zg. \Outlet valves/zg

— —
2 i I \ Mixing head

Vaccum outlet

/

I

Mould
] — }
ﬁ

Figure B2. Schematic diagram of the flow network for the T-RTM lab equipment.

Temperature control within the system is achieved using four PID RS ESM-9920 temperature
controllers, which are responsible for managing the temperatures of the tanks, mixing head and
mould.

The temperature in the tanks and pipes (1) can be adjusted within the range of 80-90°C. The
mixing head cylinders (2) can reach temperatures between 100-120°C. The mould polymerization
unit (3) operates within a temperature range of 130-170°C to facilitate the polymerization reaction.

An Arduino Mega 2560 R3 is used to program and control the motors. This Arduino unit is
connected to a Big Easy Drive, which has the role of transmitting the necessary commands to the

motors, allowing precise control of their operation.
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Melting unit

To initiate the reaction, the raw materials must be heated to temperatures above their
respective melting points. As shown in Appendix A, the monomer has the highest melting point
of the three raw materials. It is therefore essential that the materials are heated to temperatures
above 69°C.

(a) (b)

Stirrer Motor

Nitrogen inlet

Stirrer

\

Figure B3. Isometric view (a) and sectional view (b) of a tank.

The design of each tank (Figure B3) prioritized easy disassembly for efficient cleaning
procedures. These tanks, have a storage capacity of 1.2L, and were fabricated from aluminium
and feature a detachable cover. A mechanical stirrer and nitrogen connection are incorporated
into each tank. The CL monomer was divided equally between the two tanks. To one tank, the
catalyst (C10) was introduced, while the activator (C20P) was added to the other. The melt
temperature in each tank was set at 90 °C with stirring. The relatively low melt viscosities of the
raw materials required minimal mixing within each tank to achieve a uniform mix. It's important to
note that the raw materials are highly hygroscopic, which underlines the need for moisture
protection during the processing phase.

Since atmospheric air naturally contains moisture, it's essential to either remove the air or
use an inert gas, such as nitrogen or argon, with a well-regulated moisture content. This approach

creates a gas-free environment, effectively mitigating moisture-related concerns.

Mould

The polymerization reaction takes place inside the mould. Image of CAD model and actual
images of the mould are shown in Figure B4. The mould cavity is designed with plate-like
dimensions measuring 280mm x 150mm x 2mm. These dimensions were chosen to facilitate the
production of mechanical test specimens in accordance with various testing standards.

The selection of aluminium as the mould material, as opposed to stainless steel, is primarily
guided by practical considerations such as ease of machining, lower cost, and reduced weight.

Aluminium, particularly the 3003 alloy, has a high thermal conductivity (190 W/mK), in contrast to
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steel (16 W/mK)#. As a result, aluminium is more effective at conducting heat than steel. However,
there are certain drawbacks associated with aluminium's high thermal conductivity, which can
result in heat energy being dissipated into the environment. While this may not pose a significant
issue at the laboratory scale, it can lead to substantial heating power costs in larger scale
production. Another limitation of aluminium is its relatively lower hardness in comparison to steel,

making it more susceptible to dents and scratches during the demoulding process.

Screws

Orings grooves

Intlet

Figure B4. CAD image of the mould.

The mould is composed of two distinct parts: the upper and lower sections (Figure B4). The
upper part contains the injection line, which is machined to allow direct and uniform filling of the
compound. The lower part of the mould contains the mould cavity.

In the lower part of the mould, two grooves have been incorporated to accommodate o-rings.
These o-rings play a vital role in providing a reliable seal for the mould. In particular, PFA-VMQ
(Vinyl Methyl Silicone) o-rings were used for this sealing function. These o-rings (Figure B5) are
constructed with a silicone (VMQ) rubber core encapsulated in a fluoroplastic material. This
choice gives them exceptional temperature resistance, capable of withstanding temperatures up
to 260°C and even temporary exposure to 300°C without compromising their inherent properties.

FKM Viton® and PTFE o-rings were also tested as part of the process. However, certain
problems were encountered with both materials. FKM Viton® o-rings showed a tendency to
permanent deformation, accompanied by swelling and an increase in weight. On the other hand,
PTFE o-rings, while possessing rigidity, were not suitable for providing an effective seal due to

their inflexible nature.

4 Biswas, S. et al., Int. J. Energy Res. 42, 3977-3986 (2018).
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Figure B5. PFA-VMQ orings used in mould cavity.
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