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Abstract
Continuous fiber thermoplastic composites are potential substitutes of steel in structural

automotive components, since they combine fiber strength and rigidity with ductility,

potential recyclability and low density of the thermoplastic (TP) matrix. Resin transfer

molding (RTM) is a process for composite production, involving direct impregnation of

a reinforcing fabric in a closed rigid mold with a liquid resin. The duration of the impreg-

nation step is directly proportional to the resin viscosity and inversely proportional to the

fabric in-plane permeability. As a result, the high viscosity of melt thermoplastic resins

(mTP) generally precludes their use in RTM, in particular to reach production volumes

in line with the automotive sector. However, recent development of high-fluidity (HF)

TPs, with medium range viscosity (10-50 Pa s) opens new possibilities for mTP-RTM.

The goal of this thesis is to explore strategies to enhance the impregnation kinet-

ics in mTP-RTM with HFTP by further increasing the fabric in-plane permeability. The

effect of modified fabric architectures was investigated through experiments allowing

visualization of flow propagation and permeability measurement using model fluids on

a modified non-crimp fabric. A saturated permeability of ca 10−9 m2 for 46 vol% fibers

was measured. The mesoscopic pore-space of the compacted fabrics was imaged with

X-ray Tomography, and analyzed to propose permeability predictions based on the large

channels geometry, which agreed well with the experimental results. Capillary effects

were assessed over a broad range of capillary numbers (from 4 ⋅ 10−5 to 0.4) by direct

comparison of unsaturated and saturated permeability. Permeability in these dual-scale

fabrics is governed by viscous flow in the meso-channels. As a result, provided that

the capillary number exceeds a threshold value, their permeability can be rather accu-

rately measured by carrying out unsaturated measurements, neglecting micro-flow and

capillary effects.

Further improvement up to 10−8 m2 for 46 vol% fibers was achieved by introduc-

ing a flow-enhancing structure, made by polymer 3D-printing in the core of a woven

fabric stack. The resulting flow was markedly dual-scale, going first very quickly in the

core and later through the fabric. Optimized impregnation time was obtained by pulling

vacuum prior to injection, letting the fluid flow within the core to the outlet, which is

then closed, and finally continue the injection through thickness to complete saturation.



A proof of concept with epoxy resin showed that a poly(latic acid) spacer led to an in-

creased bending stiffness of 20%, but strong reinforcement gradients. Using a sacrificial

spacer made of polycaprolactone, which melted during resin cure (80°C) allowed full

fabric relaxation and a more homogeneous fibers distribution.

Finally, these findings were applied to the development of a mTP-RTM mold to

produce plates with HF polyamide 6 matrix. An 11 cm-long plate with 46 vol% glass

fibers was impregnated in 7 min (1 min in the core, 6 min through the fabric) using

high temperature spacers compared to more than 45 min without, also with improved

bending stiffness by 26%. This concept is conceivably scalable to larger parts, since

the bottleneck of the whole process is transferred to the saturation step. A preliminary

cost analysis was carried out to evaluate the scalability of this technique as compared to

alternative compression TP-RTM or a baseline epoxy RTM process.

Keywords: thermoplastic composites; resin transfer molding; liquid composite mold-

ing; melt thermoplastic processing; fabric permeability; dual-scale flow; unsaturated

permeability; capillary effects; 3D-printing.



Résumé
Les composites thermoplastiques à fibres longues pourraient remplacer l’acier pour des

pièces de structure dans l’industrie automobile, car ils allient résistance et rigidité des

fibres avec la ductilité, recyclabilité potentielle et faible densité d’une matrice thermo-

plastique (TP). Le moulage par transfert de résine (RTM-TP) est un procédé de fabrica-

tion par imprégnation directe d’une résine fluide dans un tissu de renfort placé dans un

moule rigide fermé. La durée de l’imprégnation est directement proportionnelle à la vis-

cosité du fluide et inversement proportionnelle à la perméabilité dans le plan du renfort.

La haute viscosité des TP fondus restreint leur utilisation en RTM, en particulier pour

des grands volumes de production. Néanmoins, le récent développement de TP haute

fluidité (TPHF) (viscosité 10-50 Pa s) ouvre de nouvelles possibilités pour le RTM-TP.

Cette thèse se propose d’explorer des stratégies pour augmenter la cinétique d’im-

prégnation dans le RTM-TP en augmentant la perméabilité des renforts. L’effet de la

modification de l’architecture du renfort est analysé par des expériences permettant de vi-

sualiser l’écoulement et mesurer la perméabilité avec des fluides modèles. Une perméa-

bilité saturée d’environ 10−9 m2 pour 46 vol% de fibres a été mesurée pour un nouveau

renfort non-crêpé, 10 fois plus que celle d’un renfort tissé de référence. L’espace poral

des renforts compactés a été révélé par Tomodensitométrie RX, et analysé pour prédire

la perméabilité basée sur la géométrie des canaux, en bon accord avec les valeurs expéri-

mentales. Les effets capillaires sont évalués dans une large gamme (nombre capillaire

𝐶𝑎 entre 4 ⋅ 10−5 et 0.4) par comparaison directe des perméabilités saturée et insaturée.

La perméabilité de ces renforts à deux échelles est dictée par les écoulements visqueux

dans les méso-canaux. En conséquence, si 𝐶𝑎 est au delà d’une certaine valeur critique,

la perméabilité peut être correctement mesurée par des tests non-saturés, négligeant les

effets capillaires et le fluide dans les mêches.

Une amélioration de la perméabilité jusqu’à 10−8 m2 pour 46 vol% de fibres a été

atteinte en introduisant une structure creuse (spacer) au milieu d’un empilement de ren-

forts. Un écoulement à forte séparation d’échelle en résulte, très rapide dans les canaux

puis à travers le tissu. Le temps d’imprégnation est optimisé en évacuant le moule avant

l’injection, laissant le fluide s’écouler le long des canaux puis en maintenant la pression

d’injection pour forcer la saturation transverse. Un test avec une résine époxyde et un

spacer en PLA a augmenté la rigidité en flexion du composite de 20%, mais avec des

forts gradients de taux de fibre. Avec un spacer sacrificiel en PCL, qui fond pendent



la réticulation de la résine, une distribution plus homogène des fibres est obtenue par

relaxation du tissu.

Finalement, ces résultats ont été appliqués pour la production de plaques par RTM-

TP avec du polyamide 6 à haute fluidité. Une plaque de 11 cm de longueur et 46 vol% de

fibres est imprégnée en 7 min (1 min dans les canaux et 6 min dans le tissu), en utilisant

des spacers, comparée à 45 min sans. En principe, ce concept peut s’appliquer facile-

ment à de plus grandes pièces, puisque la limite est transférée à l’étape de saturation,

qui dépend de l’épaisseur. Une étude de coût préliminaire conclut ce travail, pour éval-

uer la mise à l’échelle du procédé, en comparaison avec le compression-RTM-TP ou un

procédé RTM époxy traditionnel.

Mots-clés: composites thermoplastiques; moulage par transfert de résine; moulage

de composites par voie liquide; mise en œuvre de thermoplastiques à l’état fondu; per-

méabilité de tissus; écoulement double échelle; perméabilité insaturée; effets capillaires;

impression 3D.
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Chapter 1

Introduction

Nowadays, the increasing energy demand and the international requirements for envi-

ronmental sustainability constitute one of the major driving factors for the scientific

community and industries to synergically develop the knowledge and technologies nec-

essary to progress to a low-carbon economy. With the Paris Agreement (2015), the

signatory countries committed to individually set new, stricter targets for the reduction

of greenhouse gases. In 2011, the European Commission had already established the ob-

jective for a reduction of 80-95% emissions by 2050 (as compared to 1990) and analyzed

the potential of reduction in various sectors [1]. In particular, a potential reduction of

around 60% has been later identified for mobility, which has been decided as the 2050-

objective for this sector [2, 3]. Similarly, in Switzerland, following the nuclear disaster

in Fukushima, Japan (May 2011), the Federal Council and Parliament decided to discon-

tinue any plan to build new nuclear power plants and definitively close the five existing

ones, which contribute to about 40% of Swiss’ electricity production, at the end of their

operating life. As a consequence, the need of a complete reorganization of the Swiss

energy network has emerged, leading to the definition of the Energy Strategy 2050. The

stated objective is the optimization of energy production and consumption, which in-

volves, among other objectives, development of renewable energies, enhancement of

buildings and mobility efficiency, and improvement of electric power transmission.

With regard to mobility, reduction of vehicles’ mass (technically known as light-

weighting) has been identified as one of the most effective routes to pursue reduction

of greenhouse gases emissions and fuel consumption [4–9], along with more efficient

1
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propulsion methods and thermal management. For instance, it has been estimated that

lightweighting can contribute to 40% of CO2 reduction by 2050 compared to 1990 lev-

els in Europe [9]. However, the trend since the 1970s reflects an overall increase of

the average weight of light-duty vehicles [6, 8, 9], partly due to customers’ preference

for more powerful cars, which have bigger engines and larger dimensions, but also to

the increased technical complexity and vehicle comfort (e.g. components for safety, cli-

mate control, entertainment, electronics). In order to ideally reach the 1970s levels, an

inversion of this tendency is necessary. It seems unlikely that this will happen sponta-

neously, but rather under the influence of an authority (e.g. local governments) or of

customers’ choices. Consumers should be informed about the beneficial long-term ef-

fects of buying lighter vehicles (i.e. lower fuel consumption leading to lower impact on

the environment and lower operational costs). On the other hand, manufacturers should

perceive as economically advantageous the shift to novel car concepts, which include,

for instance, minimization of the number of components or use of lighter materials. In

addition, the development of novel materials or manufacturing processes that allow low-

cost production of light automotive components, which at the same time possess reliable

mechanical properties for the given application, such as stiffness or impact resistance, is

not straightforward. Research efforts from different fields, including materials science,

process engineering, thermal management, cost analysis and life cycle assessment are

required. The present thesis is intended to be an academic contribution to the develop-

ment of a novel manufacturing process for the production of a specific class of materials

(continuous glass fiber reinforced thermoplastics) from a materials science perspective.

However, as it typically happens, some of the findings can be possibly generalized and

applied to other materials and processes.

The overall research goal is presented in this introductory chapter. First, a brief

summary on the past decades’ evolution in the automotive sector in terms of vehicles’

weight and materials will be presented. Secondly, the motivations and the objectives of

the research, as well as the funding framework, will be discussed. Finally, the plan of

the thesis will be outlined.
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1.1 Lightweight materials in transportation

Many feasibility and benchmark studies about the opportunity of weight-saving in trans-

portation have been carried out in recent years by car manufacturers and research insti-

tutions, as several reports, journal’s articles and books show [4–15]. Although the

necessity and the possibilities of lightweighting have been widely recognized, the av-

erage mass of newly produced vehicles in the US and in the EU has steadily increased

between years 1980s and 2000 [6, 8, 9]. However, this was counterbalanced by the de-

velopment of more efficient technologies used in vehicles, resulted in rather steady fuel

economy (measured as distance traveled per liter of fuel), as well as reduced accelera-

tion time [6, 8, 9]. In other words, consumers’ preferences for larger and faster vehicles

have played as major driving factors for the evolution of vehicles design and engineer-

ing. Attempts to limit fuel consumption were mainly due to economical and geopolitical

reasons (the effects of 1970s oil crisis spread for decades). Finally, the environmental

aspect has been seriously taken into account only in recent years, and since 2005 an

inversion, or at least a slowdown, of the vehicle mass trend could be observed [6, 8, 9].

Lightweighting can be achieved by replacing existing components with lighter

ones. Steel remains the most used material, besides being the densest, meaning that

there is scope for mass reduction by replacing it with lighter materials. Table 1.1 shows

the potential mass reduction for a range of materials, among which fiber-reinforced poly-

mers (FRP), along with their relative cost. Indeed, raw material and manufacturing cost

represent the major limitations for lightweighting.

Nevertheless, a trend in the use of lighter materials has been observed in the past

years, as shown for instance in Fig. 1.1. Steel and cast iron with components made of

high strength steel, aluminum, plastics and polymer composites (Fig. 1.1). In particular,

when it comes to structural applications, FRP composites are recognized as the ideal

candidates for replacing steel. FRP materials are composed of fibers (typically glass

or carbon), which are surrounded by a polymeric matrix. The fibers provide strength

and stiffness, while the matrix has the role of keeping them together, protecting from the

environment and reducing the overall density. In addition, a broad range of both fiber and

matrix materials are available, and the organization of the fibers (e.g. unidirectionally or
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randomly distributed) also has a major effect on the mechanical properties. Therefore,

FRP can feature an interesting combination of properties, such as low density, resistance

to corrosion, ductility and impact resistance, as well as being very versatile in terms of

manufacturing design [11, 12, 16]. A comparison of properties of common steel and

aluminum with three typical types of composites is shown in Table 1.2.

Table 1.1: Automotive materials with corresponding mass reduction and relative cost, which
include both materials and manufacturing, reproduced from [16].

Lightweight material Relative cost Material replaced Mass reduction
(per part)* (%)

High Strength Steel (HSS) 1 Mild steel 10-25
Aluminum 1.3-2 Steel, cast iron 40-60
Magnesium 1.5-2.5 Steel, cast iron 60-75
Magnesium 1–1.5 Aluminum 25–35
Glass FRP composites 1-1.5 Steel 25–35
Carbon FRP composites 2-10+ Steel 50-60
Al matrix composites 1.5-3+ Steel, cast iron 50-65
Titanium 1.5-10+ Alloy steel 40-55
Stainless steel 1.2-1.7 Carbon steel 20-45

*assuming HSS=1

Table 1.2: Properties of conventional aluminum and steel and some advanced composites, re-
produced from [16].

Specific Modulus Specific Tensile Strength Density
Material (106 Nmkg−1) (106 Nmkg−1) (g∕cm3)

SAE 101 Steel (cold-worked) 26.3 46.4 7.87
Aluminum 6061-T6 25.7 115 2.70
Unidirectional high-strength CF/epoxy 88.9 1000 1.55
Unidirectional E-glass fiber/epoxy 21.2 522 1.85
Random GF/epoxy 5.48 71 1.55

In addition to material cost, other factors limit the use of FRP composites in

high-volume industries. Firstly, original equipment manufacturers (OEMs), which sup-

ply components for the automotive industry, are rather reluctant to shift from well-

established manufacturing processes (such as sheet metal forming) to novel ones. Sec-

ondly, the wide range of choice of processing routes for composites’ production may be

a deterrent. Moreover, in many cases composite manufacturing processes cannot sus-

tain the production rates required by the automotive industry. Composite compression

molding techniques have gained some popularity, thanks to similarities with sheet metal
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Fig. 1.1: Average material consumption for new light-duty vehicles in the U.S., model years
1995, 2000, and 2012 (Ward’s Communication 2013).

forming, allowing quite short cycle times (1-3 min). However, they are limited in terms

of shape complexity. Another large class of techniques is called liquid composite mold-

ing (LCM), which allows production of complex parts without need of further assembly,

welding and shaping, thus reducing cost and time of post-processing. The production

time represents a major limiting factor for LCM techniques, since it is difficult to reach

high production volumes, and this has a dramatic effect on the final cost∗.

Production cycle time is not the only factor affecting costs. Many factors have to

be taken in consideration to analyze cost and environmental impact in replacing materi-

als. Cost analysis should include both life cycle and operational costs. Life cycle costs

cover manufacturing (equipment, power consumption, cycle times, etc.), raw materials

(mining, synthesis, production), use (fuel consumption) and End-Of-Life (disposal, re-

cycling, etc.). Operational costs are important from a consumers’ point of view. An

∗In compression molding, an intermediate material in form of a sheet containing both the reinforcing
fibers and the polymeric matrix is heated and pressed in a mold in order to give it the final shape. In LCM,
the fibers are placed in the cavity of a mold, which is then filled with the liquid matrix; subsequently, the
matrix is solidified. The differences between compression molding and LCM processes will be further
discussed in Section 2.3.
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(a)

(b)

Fig. 1.2: Example of analysis of life-cycle (a) and operational (b) costs for different materials and
processes: steel, sheet molding compound (SMC), glass mat thermoplastic (GMT), structural
resin injection molding (SRIM) with glass fibers (GF) and carbon fibers (CF), and a magnesium

alloy [15].
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example of cost analysis for a car component is reported in Fig. 1.2, which shows the

life-cycle and operational costs for some materials and processes, in particular steel and

several types of composites [15]. Steel was found to be the cheapest for manufacturing

and raw materials cost, but it appeared to become much less convenient when the cost

related to the use phase was considered (Fig. 1.2a). Indeed, it can be observed in cost

vs. ride distance graph (Fig. 1.2b) that the operational cost of steel increases much faster

than lightweight competitors. However, it is the initial cost that determines whether the

use of composite pays off in short or long ride distance, and it is strongly dependent on

both raw materials (fibers and matrix) and manufacturing technique. For example, sheet

molding compound (SMC), which is a rather inexpensive class of composites, becomes

cheaper than steel after less than 25 000 km, while other materials and techniques require

longer ride distances to become more advantageous. Therefore, it is of major importance

for composite manufacturers to reduce the initial cost, which is the sum of raw materials

and manufacturing cost. Both are affected by the processing technique. Raw materials

cost can decrease as a result of increased volume of production/extraction and use of re-

cycled materials, which is the case for carbon fibers [17]. However, the quantity of raw

material needed for the production of a given part also depends on the amount of waste

produced, which in turn depends on the composite processing technique. Equipment

and power consumption are the main entries of manufacturing cost, which is amortized

if high volume of production is achieved, i.e. short cycle-time; these are all affected by

the manufacturing technique. Hence, reducing manufacturing cost of composites is a

major motivation for the present study.

1.2 Motivations and objectives

The long-term goal of this research is to develop a novel process for high-volume pro-

duction of continuous fiber-reinforced thermoplastic composites (TPC) for automotive

components, in order to cost-effectively replace heavy structural parts typically made of

steel. TPCs are already well established in the industry for low-cost non-structural parts

(e.g. glass mat thermoplastics), or, at the opposite, for expensive, high-performance,

niche applications. Many efforts are being made by the industries in order to bring TPCs
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Fig. 1.3: Processing temperature and viscosity of TS and TP resins used in composite manufac-
turing, adapted from [18].

to high-volume production of structural components. The present dissertation represents

a contribution to this industrial challenge.

Polymer matrix composites are classified according to the type of matrix. A ma-

jor distinction is made between thermoset (TS) and thermoplastic (TP) matrices, which

have very different physico-chemical properties, and, as a consequence, require different

processing conditions and equipment. As an example, Fig. 1.3 shows ranges of viscosity

and processing temperature for some typical classes of resins used in composite manu-

facturing.

Typically, TPCs are produced by compression molding (Fig. 1.4a), which is suit-

able for high-volume production, but needs intermediate products (e.g. pre-impregnated

sheets) that have to undergo a thermoforming or consolidation step, requiring costly

equipment (e.g. a hydraulic press). High temperature and pressure are necessary to

soften the TP matrix and give shape to the component.

TSs are typically used in LCM processes, in which the reinforcing fibers in form of

textile are placed inside a mold with the shape of the final component, and then a liquid

precursor of the matrix (i.e. a reactive thermoset or thermoplastic resin) is injected in

the mold so as to impregnate the fabric and finally solidify (Fig. 1.4b). LCM has the ad-

vantage of being a single-stage process, requiring in principle less expensive equipment.

Moreover, complex shapes can be produced, thus avoiding further welding or assembling
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steps and reducing waste of scrap material for parts finishing. The major drawback is

the small rate of production due to long processing time. Indeed, the duration of the im-

pregnation step is proportional to the square of the distance the resin has to flow inside

the mold, as well as to the viscosity of the filtrating fluid†. This is typically very low for

reactive systems (<1 Pa s, see Fig. 1.3), but at least one thousand times higher for melt

TPs, which would imply impregnation times incompatible with high-volume produc-

tion. Therefore, LCM has always been applied to reactive systems, typically thermosets

or reactive thermoplastics systems, which are yet on the development stage (at least for

polyamides or higher temperature polymers). Apparently, there is a gap between reac-

tive and melt processing in FRP composites manufacturing (Fig. 1.3). TPs with low

melt viscosity are available on the market, but have typically poorer mechanical proper-

ties than engineering TPs, and therefore are not suitable as matrix material for structural

applications. Recently, however, high-fluidity TPs (HFTP), in particular polyamides or

even higher service temperature polymers, with properties comparable to engineering

TPs, have been developed, in particular by Solvay, which allows to envisage alterna-

tive processing concepts to compression molding or high-pressure short-fiber injection

processes.

The long-term objective of the present research is the development of a novel

LCM process for the production of TPCs with melt thermoplastic polymers (notably

polyamides) as impregnating resins, which will be subsequently called melt thermo-

plastic resin transfer molding (mTP-RTM, melt TP-RTM, or melt-RTM)‡. The expected

temperature cycle for the production of one single component in mTP-RTM process is

shown in Fig. 1.5. First, both the polymeric matrix and the mold containing the fabric

have to be heated up above the melting temperature of the polymer. Secondly, the melt is

injected at low pressure inside the mold, where fabric impregnation takes place. Finally,

the mold is cooled down, so as to solidify the matrix, and the part is removed from the

mold. The duration of the injection-impregnation step is the major limiting factor to the

†The model predicting resin flow velocity during fabric impregnation and its relation with resin vis-
cosity, fabric permeability, flow distance and fluid pressure will be detailed in Section 2.4 in Chapter 2.

‡RTM is a subcategory of the LCM process family, in which both top and bottom parts of the mold
are rigid, typically being made of steel; hence, the fabric is compacted during mold closing, and later the
polymer is injected. In other LCM processes, like vacuum-infusion, the bottom only is rigid, while the
top is a flexible airtight film; in this case, vacuum is pulled out from the mold, and the fabric is compacted
under the effect of atmospheric pressure.
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(a)

(b)

Fig. 1.4: Schematic representation of (a) compression molding and (b) liquid composite mold-
ing processes.

development of mTP-RTM, due to high viscosity of melt TP. In this work, high-fluidity

TPs (HFTPs), with viscosity in the range of 10-50 Pa s, are used as resins, allowing sig-

nificant reduction of the impregnation time. Yet, HFTPs are between 10 and 1000 times

more viscous than reactive systems, which makes impregnation of large parts still quite

slow. Besides, textile properties also affect the impregnation time, and particularly the

permeability, a measure of the resistance that a porous medium (i.e. the dry fabric) op-

poses to fluid flow. In order to produce parts that are capable of high performances, a

high content of fibers is desirable, which dramatically reduces the permeability of the

preform, making it more difficult to impregnate. In principle, the process could also be

enhanced by injecting the polymer in the mold at a higher rate or pressure, but with risk

of displacing or destroying the reinforcing fabric. In addition, it might not fill the mold

uniformly, resulting in regions with high void content, which detrimentally affect the

quality of the final part.

In conclusion, the ultimate goal of this thesis is to reduce the duration of the im-

pregnation step to a cycle-time compatible with high-volume production (<10min for

a medium-sized part). This is achieved by tackling both the processing and materials
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Fig. 1.5: Expected temperature cycle for mTP-RTM process.

level. Specifically, it will be shown that the presence of preferential flow channels in-

side the fabric can greatly enhance its permeability, resulting in fast flow. These channels

can be either innate to the type of fabric or artificially introduced by means of a second

solid phase; both options will be explored. Basic studies will be performed so as to gain

an understanding of the physical phenomena involved in the impregnation process in

presence of large channels. Strategies will be investigated in order to reach an optimum

between impregnation time and quality, and assessed from an economic point of view.

1.3 Research framework

The present research is part of a broader program funded by Innosuisse (previously CTI)

through the Swiss Competence Center for Energy Research (SCCER) in the framework

of the Energy Strategy 2050 decided by the Swiss government. Within this framework,

a broad research program, which involves several institutions inside the Confederation,

has been proposed on the topic "Efficient Technologies and Systems for Mobility". The

aim of this "SCCER Mobility" project is to find new technologies, processes and systems

with a substantial impact on energy efficiency and CO2 reduction. For this purpose, the

plan is organized in two innovation fields (A and B) and five Capacity Areas (CA), as

shown in Fig. 1.6.

The Laboratory for Processing of Advanced Composites (LPAC) at the EPFL co-

operates in the Capacity Area A3 for the "Minimization of vehicular energy demand"
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Fig. 1.6: SCCER Mobility organization.

with the objective of optimizing a thermoplastic liquid composite molding process for

the low-cost, high-volume production of automotive components. The research is con-

ducted in parallel with other research groups in Switzerland. Three laboratories at

ETHZ are involved in the SCCER-CA3. The group of Composite Materials & Adap-

tive Structures focuses on the development of new yarn technologies, in particular of

novel fiber coatings with high-performance thermoplastic polymers. The Laboratory

for Complex Materials explores novel micro-/nano-structured materials inspired by na-

ture. The Aerothermochemistry & Combustion Systems Laboratory studies the opti-

mization of vehicles’ energy consumption through the evaluation of systems to provide

auxiliary power (e.g. thermal energy) in conventional powertrains. At the Institute of

Polymer Technology at Fachhochschule Nordwestschweitz (FHNW) the investigation

focuses on compression RTM with high-fluidity thermoplastics (HFTP). This research

is also funded by the industrial partner Solvay (Research Center of Lyon, France), which

develops and supplies the HFTP polymers used in this project.

1.4 Thesis plan

Fig. 1.7 summarizes the plan of this thesis. Chapter 2 offers a review of the state of

the art in thermoplastic composite manufacturing for the automotive industry, with a
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special focus on LCM processes. Materials and methods used or developed in this work

are described in Chapter 3.

Chapter 4 concerns studies on fluid flow through fabric preforms. Specifically, an

existing fabric with a particular structure and high permeability is studied and a relation

to its peculiar meso-structure and flow properties determined both experimentally and

through a numerical model. The purpose is to gain a solid base on flow propagation in

high-permeability porous media (flow morphology, capillary effects, etc.) performing

injection in a closed mold using model fluids. The advantage of these studies is that they

can be carried out at room temperature with stable model fluids (constant viscosity, no

thermal degradation).

In Chapter 5, a novel strategy for enhancement of permeability by insertion of

solid spacers in the fabric preform is explored. The idea behind is to exploit one of the

advantages of LCM processes, in which functional features can easily be included in the

part. In this case, additional components are used to enhance the molding process and

at the same time increase the stiffness of the final material.

In Chapter 6, mTP-RTM process is developed and optimized using HFTP matri-

ces. Solvay has formulated novel high-fluidity polyamides (HFPA), with intermediate

viscosity (1-100 Pa s), which represents a breakthrough for the development of mTP-

RTM process. These polymers have been chemically modified to reduce the viscosity

without significantly affecting the mechanical properties. A polyamide-6,6 (HFPA66)

and a polyamide-6 (HFPA6) were supplied by Solvay, and are used for process develop-

ment and optimization using a custom-made, lab-scale tool.

Finally, in Chapter 7 scenarios for scaling-up to industrial production are explored.

The results shown in this chapter are partly taken from a Master project carried out

at Laboratory for Processing of Advanced Composites and in collaboration with the

Technology Assessment Group at Paul Scherrer Institute (Villigen, Switzerland) and

the Institute of Polymers at FHNW (Windisch, Switzerland).
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Fig. 1.7: Plan of the thesis.



Chapter 2

State of the art

The state of the art is conceptually divided in two parts. The first part (Sections 2.1,

2.2 and 2.3) deals with benchmark thermoplastic and thermoplastic composite materials

and manufacturing processes. In particular, in Section 2.3 the early steps in the devel-

opment of mTP-RTM are illustrated. The second part (Sections 2.4 and 2.5) reviews

scientific research in the domain of liquid composite molding, focusing in particular on

the definition of permeability and all the related aspects, i.e. modeling, measurements,

capillary effects, and influence of preform architecture.

2.1 Thermoplastic polymers and composites

in the automotive industry

Polymer matrix composites (PMC) are good candidates to replace steel for lightweighting

in vehicles. In particular, thermoplastic composites (TPCs) are gaining ground as light-

weight structural components. The reasons lie in their mechanical properties (ductility,

toughness), high recyclability, weldability, freedom of design, and energy absorption

(i.e. crashworthiness). In this section, the state of the art of thermoplastic composites

currently employed in the automotive industry will be briefly outlined.

15
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2.1.1 Polymer matrix composites

Polymer matrix composites have been widely used in many industrial sectors (aeronau-

tics, automotive, nautical, sports, chemicals, etc.) for decades. Their properties re-

sult from the combination of a reinforcement with high strength and modulus (typically

fibers) with a low-density polymer matrix, and range from low density, corrosion re-

sistance, electrical resistance, low thermal conductivity, formability, to variable optical

properties.

In fiber-reinforced polymer (FRP) composites, the fiber reinforcement is the pri-

mary load-bearing constituent and determines the main mechanical response of the com-

posite. The matrix holds the fibers together and transfers the load to the fibers through

the interfaces; it also acts to protect the fibers from UV, solvents or other external aggres-

sion. Common reinforcements are carbon and glass fibers. Carbon fibers are possibly

the best choice for high-performance composites, owing to their outstanding stiffness

and mechanical strength. They are widely used in sectors such as sport, automotive,

and aerospace, but mainly for high-end use. Indeed, their cost is quite high, due to the

highly power-consuming production process, representing the main limit for their use

in high-volume applications. E-glass is the main reinforcement used in composite ap-

plications. Its properties are generally worse than carbon fibers (higher density, lower

modulus, lower fatigue resistance), but the cost is lower and it is a good electrical in-

sulator. As a consequence, it is the first choice in high-volume applications. Polymeric

fibers represent a further alternative. Aramid fibers (such as Kevlar®) are synthetic poly-

meric fibers of the polyamide family (Section 2.1.2). They have the lowest density and

highest strength-to-density ratio among the reinforcing fibers, but their high cost limits

their employment to niche applications. Another drawback of aramid fibers is moisture

absorption. Natural fibers (e.g. jute, flax, and hemp) are also becoming increasingly

popular due to their recyclability.

The forms in which the fibers are used in composites determine the behavior of

the material under mechanical load. A general classification is made depending on the

aspect ratio (length/diameter). Fibers with high aspect ratio (typically higher than 2000)

are said continuous, while those with low aspect ratio are said discontinuous. Contin-

uous FRP have better mechanical properties than their discontinuous counterpart, but
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they are highly anisotropic. They are classified depending on the reinforcement archi-

tecture: aligned fibers (uni-, bi- or tri-directional), randomly oriented (mat), and textiles

(woven, braided or knitted fabrics). Unidirectional (UD) composites have the best prop-

erties (close to those of the fibers) along the fiber direction, but poor (close to those of

the polymer) in transverse direction. Multi-directional (bi- or tri-axial) and textiles are

also called laminates. They have good in-plane mechanical properties (although not as

high as UD due to crimp), but also poor in the out-of-plane direction. Moreover, they

are subject to delamination and shear between different planes (inter-ply shear stress).

New 3D fabrics are now gaining interest, such as interlock fabrics or 3D textiles with

yarns going through the thickness [19–21]. However, these are still rather expensive and

find use in critical applications, such as engine fan blades.

The matrix properties determine the ductility, toughness, chemical and thermal

resistance, electrical insulation, humidity absorption, as well as other properties of the

composite. Furthermore, the manufacturing process is highly dependent on the type of

matrix in use. The main classification is made on the nature of the polymer. It is possible

to distinguish between thermo-hardening (thermosets), which cannot be remelted once

they are polymerized, and thermo-softening (thermoplastics) polymers, which can be

softened or melted above the glass transition temperature (𝑇𝑔) and melting temperature

(𝑇𝑚 > 𝑇𝑔), if semi-crystalline, respectively.

In their initial monomer state, TSs are highly fluid resins which polymerize directly

during or immediately after the impregnation of the fibers. Catalysts (curing agents) are

added to the monomer to promote the polymerization. During the reaction (cure), inter-

chain covalent bonds (cross-links) form, leading to an increase in the molecular weight

of the material and creation of macromolecules (and to an infinite molecular weight

when gelation point is reached). This results in reduced mobility of molecules, which

form an intricate, cross-linked network. It is not possible to increase much chain’s mo-

bility with temperature and thus thermoset polymers do not melt or soften once they are

cross-linked, but will only undergo thermal decomposition. This implies that thermoset

composites cannot be shaped by thermoforming (apart from a new class of TS called

vitrimers that was recently developed at ESPCI∗ and makes use of dynamic covalent

∗École supérieure de physique et de chimie industrielles de la ville de Paris, Paris, France.
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bonds [22, 23]). In general for TS matrices, there are two possible processing routes.

The resin can be made to polymerize after the impregnation of the fibers placed in a

mold in the desired final shape, or it can be first partially cured to reach a given viscosity

and impregnated into thin fiber layers (prepregs). Following the second approach, it is

possible to produce high volumes of prepregs (tapes or sheets) that will be assembled at

the desired angles and then shaped by completing the curing reaction. This is achieved

by applying heat and pressure in a mold with a desired shape. As the cure is thermally-

activated, it is necessary to store prepregs at low temperature (unless latent reactants are

used, such as DICY [24]). This implies higher storage costs and limited shelf life. TSs

present several environmental issues: some of the reactants, catalysts and solvents may

be harmful to the environment (styrene, amines, etc.) and they cannot be easily recycled

as they cannot remelt. Another consequence of the molecular structure of TSs is their

generally low toughness and ductility, which confers poor impact resistance.

TPs do not exhibit these drawbacks, and offer a broad range of other opportuni-

ties. They are usually purchased in their polymerized state, in form of powders, pellets,

fibers, or tapes. The main advantages of TPs upon TSs are their improved weldabil-

ity, formability, recyclability and impact resistance, which are all consequences of their

higher molecular mobility. Different TPC parts can be easily welded and joined apply-

ing heat. This allows a high degree of design freedom. Above the 𝑇𝑔, TPCs are very

ductile, which allows them to be stamped (thermoforming). Unlike TSs, the TP matrix

can then be melted and recycled at the end of the component’s life. Another important

characteristics of TPCs is toughness, which confers high impact resistance and energy

absorption. This is a very important aspect for automotive applications, and will be dis-

cussed in Section 2.1.3. For all these reasons, TPCs appear to be ideal candidates for

lightweight automotive components. However, they also suffer from drawbacks which

have limited their entry into these markets: temperature and creep resistance are limited

for the widely available low cost TPs such as polypropylene, so higher-end TPs must

be used for structural parts, polyamide being the first possible compromise. As a re-

sult, their processing temperature is high, viscosity is also high to ensure high molecular

weight, and the resulting cycle times and costs are generally too high to be competitive.

In addition to reinforcement and matrix, interface can be considered as the third
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basic element in a composite. It is through the interface that the load is transferred from

the matrix to the reinforcement. A weak interface bonding can be caused for instance by

poor impregnation of the fibers, void presence, and sub-optimal fiber surface compati-

bility with the matrix. As a result, specific surface treatments (sizings) must be applied

to fibers when combination with TP is sought.

2.1.2 Thermoplastic matrices

Table 2.1: Physical and mechanical properties of typical thermoplastic resins for polymer matrix
composites [16].

Thermoplastic Tensile Tensile Melting Density
Polymer Modulus (GPa) Strength (MPa) Point (°C) (g∕cm3)

Polypropylene (PP) 1.50-1.75 28-39 134-165 0.89-0.91
Polyamide (PA) 0.7-3.3 40-86 211-265 1.03-1.16
Polyphenylene 3.4-4.3 28-93 280-282 1.35-1.43
Sulfide (PPS)
Polybutylene 1.75-2.5 40-55 230 1.24-1.31
Terephthalate (PBT)
Polyetherketoneketone 4.4 110 360 1.31
(PEKK)
Polyetheretherketone 3.1-8.3 90-110 340344 1.3-1.44
(PEEK)
Polyetherimide (PEI) 2.7-6.4 100-105 220 1.26-1.7
Polyethersulfone (PES) 2.4-8.62 83-126 220 1.36-1.58

Table 2.1 lists the mechanical properties of some of the most relevant TPs . Poly-

propylene (PP) is by far one of the cheapest polymers on the market. It is reinforced with

glass fibers (Twintex®) in various car components, some of which are shown in Fig. 2.1.

PP has a relatively low melting point (Table 2.1) and low melt-viscosity, which allows

it to be easily processed by injection molding and extrusion. Low density, low cost and

good mechanical properties make PP the most employed TP matrix in automotive ap-

plications, except for fully structural parts such as the body in white (BIW), which has

to pass through high temperatures during the painting/coating process.

Polyamides

Engineering polymers such as polyamide (PA) and polybutyleneterephthalate (PBT) are

promising candidates for high-performance automotive applications, and their potential
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Fig. 2.1: Some applications of fiber reinforced PP in car components [25].

has not been fully developed yet. PA in particular is emerging as the matrix of choice

for high-volume automotive applications, thanks to an excellent combination of price,

mechanical properties and recyclability. PAs have a range of properties, as reported in

Table 2.1. This is due to the existence of several grades of PA with different chemical

structures, which are labeled depending on the number of carbon atoms carried by the

monomers involved in the condensation reaction (a diacid and a diamine, or a lactam).

The most common are PA-6 (nylon), PA-6,6 (nylon 6,6), PA-12 (nylon 12). PAs also

have excellent properties from the point of view of crashworthiness. A case-study pre-

sented in [11] showed that a thermo-formed GFR-PA6 beam demonstrator had more than

double the specific energy absorption (SEA) compared to steel and aluminum, higher

specific failure energy in a 3-point bending test and comparable stiffness. The research

concluded with cost analysis showing that the composite and metal price-volume curves

cross at 50000 parts per year, with the first becoming more convenient (comparable with

aluminum). The environmental impact appeared to be much more favorable too, due to

the high recyclability of the PA matrix.

Polyamides are characterized by the presence in the repeating unit of an amide

group CONH, which forms from the condensation of a diamine (H2N−R−NH2) and

a dicarboxylic acid (HOOC−R’−COOH), from self-condensation of an aminoacid, or

from the ring-opening of a lactam (cyclic amide). The highly polar amide groups of
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parallel chains form strong interactions (hydrogen bonds), which leads to the high crys-

tallinity of PAs. Such substantial intermolecular interactions are also responsible for the

high melting point and mechanical properties of PAs, as well for the insolubility to most

of the solvents. On the other hand, the amide groups make PAs highly hygroscopic, i.e.

they absorb moisture from the atmosphere. PAs’ hygroscopicity is a problem to deal

with especially in melt processing. In the melt state, the equilibrium reaction between

condensation and degradation takes place:

H2N−R−NH2 + HOOC−R′−COOH ⇌ H2N−R−CONH−R
′−COOH + H2O (2.1)

Excess of water shifts the equilibrium towards the monomers, thus induces breakage of

the amide bond (degradation), whereas water removal induces further condensation be-

tween free carboxylic and amine ends. Moreover, water is a plasticizer, i.e. it lowers 𝑇𝑔.

The nature of the R and R’ in the monomers is the main factor affecting the poly-

mer’s properties. If they are aliphatic sequences, they provide flexibility to the amor-

phous phase, resulting in high toughness of the final polymer. Moreover, the length of

the aliphatic sequence determines the density of the amide groups. Thus, the longer it

is, the lower the forces necessary to separate interacting chains, and thus the lower the

melting point, tensile strength, rigidity and hardness, but also the hygroscopicity. For

example, PA12 has intermediate properties between PA6 and polyethylene. PA6 and

PA66 are the ones with the best combination of properties among the aliphatic PAs.

The chemical structures of PA6, PA66 and PA12 are shown in Fig. 2.2.

When R or R’ are aromatic radicals, the polymer is called aromatic polyamide,

or aramid, which show even higher performance [26]. Impressive impact and thermal

resistance are achieved. The aromatic rings in the polymer chain raise the melting point

and glass transition and improve chemical resistance. Hence they are used to replace

metals in high temperature automotive and aeronautic applications. Two popular trade-

marks under which aromatic PAs are commercialized are Nomex® and Kevlar®, which

is famous for being employed in body armours and helmets. Aramids can be also pro-

duced in form of high-strength fibers. Due to their high melting point (> 300 °C), they

are suitable as reinforcement in melt liquid composite molding processing. If only R’

is aromatic (i.e. the acid monomer is a terephthalic acid) they are said semi-aromatic
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(a) PA6 is obtained by ring-opening
of caprolactam (6-Carbon lactam).

(b) PA66 is obtained from polycon-
densation of hexamethilendiamine

and adipic acid.

(c) PA12 is obtained by ring-opening
of lauryllactam (12-Carbon lactam).

Fig. 2.2: Chemical structure of the most relevant aliphatic polyamides.

polyamides, or polyphthalamides (PPA), which combine performances of aromatic PAs

with processability of aliphatic PAs [27]. However, these tend to be limited by their

high brittleness at room temperature, and further research is still ongoing to reach a

better compromise [28]. The repeating unit of a semiaromatic and an aromatic PA are

shown in Fig. 2.3. Physical and mechanical properties of selected polyamides are re-

ported in Table 2.2. For comparison, the high-fluidity PA developed by Solvay [29] is

also displayed.

Table 2.2: Physical and mechanical properties of selected polyamides.

Tensile Melting Specific
Polyamide Modulus (GPa) Point (°C) Gravity

PA-6 2.8 215 1.13
PA-6,6 3 264 1.14
PPA 3.8 302-329 1.20
HFPA66 3-4.2 [29] 256-262 1.14
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(a)

(b)

Fig. 2.3: Chemical structure of (a) a PPA and (b) an aramid (here Kevlar®).

2.1.3 Specific requirements

In automotive applications, specific mechanical properties are required depending on

the component under consideration. For structural applications (e.g. for the BIW) main

properties are stiffness and fatigue resistance, either in bending or torsion. The stiffness

is determined by both part geometry and material intrinsic properties, namely elastic

modulus and density. In particular, the ratio between these two characteristics is used as

an index for material selection in lightweighting.

Another major aspect is crashworthiness, which is the ability of a component to

dissipate energy during an impact, thus preserving passengers’ safety. Composite ma-

terials offer a number of possibilities in the design of energy-absorbing structures. The

two main parameters to be considered in crashworthiness studies are the specific energy

absorption (SEA, kJ/kg) and the rate of work decay (kJ/s) [30]. These are affected by

the intrinsic properties of the matrix and fiber materials, as well as by the architecture

of the fibers. Indeed, it has been found that the specific energy absorption depends on

textile orientation and arrangement [31, 32]. For instance, several studies reported that
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woven and braided fabrics have higher SEA than unidirectional (UD) reinforced com-

posites [33, 34]. Regarding the matrix materials, thermoplastic polymers have higher

fracture toughness when compared to thermosets, and this is correlated with the specific

energy absorption of TPC [35]. From this point of view, TPCs are excellent candidates

for structural vehicle components. It has been reported that fiber volume fraction also

has an influence on the SEA, but it is also correlated to the fiber/matrix materials and

textile architecture [11]. Generally speaking, it seems that the SEA increases with the

fiber content, but in the case of chopped short fibers the SEA drops above a certain value

of the fiber volume fraction [36]. Fig. 2.4 shows the comparison of SEA values for dif-

ferent materials. Carbon fiber reinforced thermoplastics have the highest SEA compared

to the others.

Fig. 2.4: Typical values of SEA for some materials [37].

Another issue to consider, in the case of dynamic loaded parts, is fatigue resistance,

which is usually very good for polymer matrix composites. Driveshaft and springs are

quite important examples of parts subject to fatigue. It has been shown that in the case
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of continuous random glass-fiber, the matrix has a minor influence on the fatigue be-

havior [38]. In the example, polypropylene and an epoxy resin were compared. On the

other hand, several studies show the influence of fiber type and orientation on the fatigue

resistance, as well as on torsional stiffness. For instance, Badie et al. [39] have shown

that carbon/epoxy driveshafts have higher torsional stiffness and fatigue life when com-

pared with glass/epoxy, and that a stacking sequence 90°/0° of laminates undergoes a

more gradual failure than the sequence ± 45°.

2.2 Physical properties of thermoplastic polymers

2.2.1 Rheology of thermoplastic polymers

Melted polymers are usually non-newtonian fluids, i.e. their viscosity depends on shear

rate, thus can vary depending on the processing conditions. For instance, if high pressure

is applied to force the impregnation of the reinforcement (as in the injection molding),

the fluid will experience high shear rates. Thus, a deep knowledge of the rheology of

thermoplastic polymers is fundamental for the study of composites processing, in par-

ticular in LCM techniques, where the fluid viscosity greatly affects the impregnation

kinetics†.

Polymer viscosity is increased by all the factors that reduce macromolecules mo-

bility. For instance, at high temperature, enough energy is available for the molecules

to overcome the roto-vibrational energetic barrier. Shear rate also affects the viscosity.

Typically, for a linear polymer in the melt state, viscosity is constant at low shear rates,

from zero to a certain critical value, after which it begins to decrease. This rheological

behavior is known as "pseudoplasticity", or shear thinning, and has been explained as a

consequence of disentanglement due to high shear forces [40]. A high degree of entan-

glement between polymer chains is a major cause of reduced mobility. The longer the

chain, the higher the probability of entanglement and number of "knots". Indeed, a cor-

relation between viscosity and average molecular weight has been demonstrated [41].

†The effect of resin viscosity on flow rate is modeled by Darcy’s law, which will be introduced in
Section 2.4.
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Viscosity at zero shear-rate (𝜂0), also known as Newtonian viscosity, is linearly depen-

dent on molecular weight 𝑀 , but above a certain critical value 𝑀𝑐 the relation is [42]

𝜂0 ∝ 𝑀3.4, (2.2)

and is valid for linear chain polymers. Fig. 2.5a shows an example of the increase of

viscosity at low shear rates with molecular weight. Low molecular weight polymers

are easier to process, because of their low viscosity, but exhibit reduced performance.

On the other side, viscosity at high shear rate is qualitatively correlated with molecular

weight distribution. The shear-thinning onset (the frequency at which viscosity begins

to decrease) moves towards lower rate values for narrower distributions. An example of

the rheological behavior of melt polymer dependence on molecular weight distribution

is shown in Fig. 2.5b, where the red and the blue points correspond to a narrow and a

broad distribution, respectively.

Non-linear polymers rheology is quite different. The viscosity depends on the

number, length and distribution of branches. For instance, few long branches entangle

more than a single linear chain of same molecular weight, and this results in higher vis-

cosity. On the contrary, hyperbranched and dendritic polymers have very low viscosity.

The chains are closed in a packed, perfect spherical structure and there is no entangle-

ment. Thus, a hyperbranched polymer has much lower viscosity than a linear polymer

with the same molecular weight (Fig. 2.6). This is particularly true at high molecu-

lar weight [44]. Reviews of synthesis and applications of hyperbranched and dendritic

polyamides have been proposed by Klok et al. [45] and by Gao and Yan [46].

2.2.2 Polymer crystallization

The final properties of a solid polymer depend on the degree of crystallization. Most of

thermoplastics are amorphous or semi-crystalline. In the crystalline regions of a bulk

polymer, macromolecular chains are organized in thin flat lamellae, which in turn are

concentrically arranged to form spherical structures, the spherulites, which can be ob-

served by a polarized optical microscope.



Chapter 2. State of the art 27

(a)

(b)

Fig. 2.5: Dependence of viscosity on (a) molecular weight and (b) molecular weight distribu-
tion [43].

Fig. 2.6: Viscosity as a function of molecular weight for a linear (blank squares) and an hyper-
branched (solid squares) polyester [47].
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The kinetics of crystallization from the melted polymer at a given temperature

can be described by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory (usually

referred to simply as the Avrami model) [48–50], according to which the degree of con-

version into crystalline phase can be expressed by an exponential law of the type

𝛼(𝑡) = 1 − 𝑒−𝑘𝑡
𝑛

(2.3)

where 𝑡 is the crystallization time, 𝑘 is a temperature-dependent coefficient and 𝑛 is

called the Avrami exponent. These two parameters are specific for the system under

consideration. 𝑘 is a temperature dependent kinetics rate constant. 𝑛 is usually an in-

teger number related to the geometry of crystallites and nucleation type. In case of

spontaneous nucleation (all nuclei start growth at the same time), 𝑛 can assume values

1, for uni-dimensional configurations (fiber or rod-like), 2, for two-dimensional (disk

or platelet-like), and 3, for three-dimensional shapes (spherulites). In case of so-called

sporadic nucleation (nuclei start growth at a certain rate)), 𝑛 can be 2 (1D), 3 (2D) or

4 (3D) [51]. For example, for a homogeneous continuous (sporadic) nucleation with

constant nucleation rate 𝑁 (number of nuclei formed per unit time per unit volume) and

linear three-dimensional growth rate 𝐺, we have 𝑛 = 4 and 𝑘 = 𝜋𝑁𝐺3𝜌𝑆
3𝜌𝐿

, given 𝜌𝑆 and 𝜌𝐿

the density of the liquid and of the spherulite [52]. Eq. 2.3 gives the typical sigmoidal

curve kinetics observable in many conversion processes, and at the very early stage (i.e.

for 𝑡 → 0) the crystallization proceeds with time as a power of n,

𝛼(𝑡) ≈ 𝑘𝑡𝑛. (2.4)

More generally, for non-constant nucleation and radial growth rate, the Avrami

model predicts for the degree of conversion at time 𝑡 the following expression [50]

𝛼(𝑡) = 1 − exp

[
−4𝜋

3 ∫
𝑡

0
𝑑𝜁𝑁(𝜁 )

(
∫

𝑡

𝜁

𝑑𝜉𝐺(𝜉)
)3]

. (2.5)

From this equation one can derive Eq. 2.3. Furthermore, in the case of instantaneous

heterogeneous nucleation at 𝑡 = 0 (again considering 𝐺 and 𝑁 as constants), Eq. 2.5
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can be simplified removing the integrals to give [53]

𝛼(𝑡) = 1 − exp
[
−4𝜋

3
𝑁𝐺3𝑡3

]
. (2.6)

If one considers the "delay" of the crystallization due to the energetic barrier (i.e. the

crystallization time 𝜏), it can be considered 𝛼(𝑡) = 0 for 𝑡 < 𝜏 and

𝛼(𝑡) = 1 − exp
[
−4𝜋

3
𝑁𝐺3(𝑡 − 𝜏)3

]
(2.7)

for 𝑡 > 𝜏. Similarly, for a non-isothermal crystallization process, assuming a constant

nucleation rate 𝑁 (but still depending on the crystallization time 𝜏), and a growth rate

𝐺 which varies with time, it will be for 𝑡 > 𝜏

𝛼(𝑡) = 1 − exp

[
−4𝜋

3
𝑁(𝜏)

(
∫

𝑡

𝜏

𝑑𝜉𝐺(𝜉)
)3]

. (2.8)

A study of the isothermal crystallization kinetics of the HFPA66 developed by

Solvay, in which classical DSC and flash-DSC were combined in order to cover a broad

range of crystallization temperatures, reported an Avrami exponent of about 3, leading

to the conclusion that three-dimensional crystallites nucleate instantaneously [54, 55].

2.3 Manufacturing of polymer matrix composites

Material properties are directly related to processing routes and conditions. This is par-

ticularly true in composite manufacturing, where the final properties of parts depend

dramatically on the interaction between matrix and fillers that takes place precisely dur-

ing the process. For example, in the case of long-fiber reinforcements, the matrix has to

flow through the empty space between fibers, and mechanical properties are affected by

the degree of impregnation. In the case of short fibers or particles, these are easily dis-

placed or tilted under the effect of matrix flow. Hence, it is very important to gain a deep

knowledge of the process, since this affects the microstructure and the final properties

of the material.
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Composites processing techniques are broadly reviewed in literature [56, 57]. A

common distinction, based on the nature of the polymer, is often made between ther-

moset and thermoplastic composites fabrication methods. In this section, a brief sum-

mary of processing routes of polymer matrix composites in closed molds will be pre-

sented. The distinction will be made here between compression molding (CM) and liq-

uid composite molding (LCM), where both TSs and TPs can be employed, and which

are both potentially suitable methods to produce TP reinforced parts for the transport

industry.

2.3.1 Compression molding

In compression molding, the raw material is a pre-impregnated stack of fabric layers

placed between the upper and lower parts of a mold, where it is pressed and heated to

give the final shape. Heat and pressure are maintained for the time necessary for the

TS to cure or for the TP to impregnate the fibers and consolidate. In some cases, the

TP prepreg is first preheated, for example by infrared heaters, then transferred to the

cold press for stamping and cooling. The process is one of the shortest for composites

manufacturing, with cycle times in the order of few minutes, which is very appealing for

high-volume industries. One of the disadvantages is the necessity of heavy and expen-

sive press equipment. In addition, only simple flat/detachable shapes can be produced,

requiring further assembly and finishing steps and a certain amount of waste. The raw

material can be a pre-impregnated sheet of either TS (sheet molding compoundz, SMC,

or long fiber prepregs) or TP (glass mat thermoplastics, GMT, or organo-sheets).

SMCs contain a stack of cut fiber layers pre-impregnated with partially cured and

thickened TS resins. It makes SMC still flexible, and allows them to be deformed and

to flow to obtain the final shape. The fibers, in general 25mm in length, are randomly

oriented. Compression moulding of long fiber thermoset prepregs is also commonly

used; in that case, the prepreg also has a given limited shelf-life, and is placed in the

heated press, then formed (with only limited flow this time) and cured before demolding.

A main limiting factor will be the reaction time for curing the resin. The resin and the

reinforcement can also be mixed to form a kind of paste that is placed in the mold and
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flattened by the press. This is called bulk molding compound (BMC) and in this case

the fibers can only be discontinuous (e.g. chopped glass fibers).

GMTs are tapes of randomly oriented short glass fibers embedded in a TP matrix.

Typically, they are pre-heated and then stamp-formed in a cold mold. Organo-sheets fea-

ture continuous reinforcement, and they are available as either fully impregnated sheets

(Fig. 2.7a) or as unconsolidated dry mixtures of the polymer and the fibers. For exam-

ple, in film stacking, TP films are inserted between two or more reinforcing fabric layers

Fig. 2.7: Intermediate forms for thermoplastic composites: (a) pre-impregnated tow; (b) film-
stacking; (c) powder-impregnated fiber bundle; (d) sheath-coated powder-impregnated fiber

bundle; (e) non-commingled yarn; and (d) commingled yarn [58].
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(Fig. 2.7b). TP can be introduced inside the fiber bundles in form of powder (Fig. 2.7c),

and possibly coated by a TP sheath (Fig. 2.7d), or in form of fibers (Fig. 2.7e-f). In-

side the hot press, the polymer is melted and the pressure forces it to flow between the

fibers. Clearly, the fluid matrix has to flow a larger distance in the film-stacking than in

the other systems, which are therefore more desirable in order to reach a good degree

of impregnation in a shorter processing time. Compared to TS pre-pregs, GMTs and

organo-sheets do not need to be stored at low temperature and have a longer shelf-life.

Limiting factors are the time to reach full impregnation and, if a pre-heating step is not

used, for cooling.

2.3.2 Liquid composite molding

Liquid composite molding (LCM) is a family of molding processes where the liquid

matrix or its precursor is forced to flow through the dry reinforcement and subsequently

consolidate the interface bond matrix/fiber in order to provide optimal mechanical prop-

erties to the finished part. The liquid is forced to flow through the reinforcement driven

by a pressure gradient through the mold, created by applying either a positive pressure

at the inlet or a negative pressure at the outlet, i.e. by connecting a vacuum pump. LCM

comprises a number of different techniques. In vacuum assisted resin infusion molding

(VARIM), the mold has a rigid bottom and a flexible top consisting in a vacuum-proof

bag; vacuum pulled at the outlet drives resin flow and fabric compaction. Resin trans-

fer molding (RTM) is a typical LCM process where the impregnation takes place in a

closed, rigid mold, allowing a more precise control of the part thickness; in this case,

pressurized resin is injected (e.g. by means of a pressure pot or a pump). Due to their

lower viscosity (< 1 Pa s), thermoset resins are the most suitable matrices for this kind

of processes, requiring low applied pressure and curing temperature (typically below

200 ◦C). LCM techniques, notable RTM, for production of TPCs are not very common,

and are rather on research phase. They can be distinguished between reactive and melt

processing.
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Reactive TP-RTM

Similarly to thermosets, thermoplastics can be produced by impregnation of a reac-

tive solution containing the monomers that polymerizes in situ during fabric impreg-

nation. Reactive impregnation has been widely investigated in the past. Reactive RTM

of PA12 has been investigated at LPAC (previously LTC) [59–64]. For an overview of

TP reactive impregnation see the review of van Rijswijk and Bersee [18], whose group

has also worked intensively on polyamides [65–70]. For other literature references see

also [71, 72]. Research in the field of reactive TP-RTM with polyamides is still ongoing.

For isntance, Maazouz et al. recently investigated the time-temperature-transformation

for polymerization-crystallization of PA6 from caprolactam, in order to determine a pro-

cessing window for TP-RTM [73].

The use of low-viscosity, solvent-free oligomer precursors can be considered a

middle ground between reactive and melt impregnation. Oligomers are short-chain

molecules whose polymerization has somehow been blocked, for example by an end-

capping agent. Cyclic butylene terephthalate (CBT®) is a successful example of low-

viscosity (below 0.1 Pa s) oligomeric precursor which is used to produce thermoplastic

composites through conventional thermoset techniques [74–77]. In CBT, the polymer-

ization is blocked by the formation of cyclic oligomers, that are subsequently opened

to complete the reaction and form poly(butylene terephthalate) (PBT) at about 200 ◦C.

PBT is mainly used as an electric and thermal insulator, and for its resistance to chemical

agents, rather than for load-bearing components.

A further step in this direction has been made in 2007 by NASA laboratories [78].

They developed a novel polyimide oligomeric resin with viscosity of 1-3 Pa s to demon-

strate the feasibility of RTM with engineering-grade thermoplastics at very high tem-

peratures. In this process, fabric impregnation and matrix polymerization occurred at

288 ◦C and 371 ◦C, respectively. Such high temperatures are acceptable for expensive

high-performance aerospace components, but they are unlikely to be sustainable for

high-volume productions as in the automotive industry.

A more recent and commercially successful example of reactive TP-RTM is the

acrylic-based Elium® resin system developed by Arkema. It has properties very sim-

ilar to TS resins (viscosity below 1 Pa s and comparable mechanical properties), and it
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can be processed even at room temperature 100 ◦C [79–81]. Similarly to TSs, acrylic

resins undergo radical reaction, unlike polyamides which polymerize by polycondensa-

tion, and therefore there is no formation of byproducts. However, the resulting polymer

is a TP, as there is no cross-linking between macromolecules. In addition, it is an amor-

phous polymer, and there are no issues of simultaneous occurrence of polymerization

and crystallization, which is the case for reactive PA systems [67, 82].

Melt TP-RTM

Thermoplastic melts from polymerized resins are usually more viscous than TSs and

reactive TP resins‡, thus require high pressure equipment, and also need higher temper-

atures to remain in the melt state until impregnation is completed. A major advantage

of melt-processing is to avoid the use of solvents and other volatile compounds that may

form during the reaction. If not evacuated from the mold, they could eventually remain

trapped in the matrix and form voids that would affect the fiber bonding. Furthermore,

the in situ polymerization may not be well reproducible fully reproducible and present

problems due to the inhibition of the reaction depending on the (moisture, atmosphere,

etc.). Development of thermoplastic polymers with viscosity down to 1 Pa s is paving

the way to melt TP-RTM. However, very few studies on the process have been carried

out so far.

A few years ago, Solvay has developed and patented high-fluidity polyamides that

are suitable for direct melt-impregnation of dry fabrics [83, 84]. Orange et al. showed the

feasibility of fabric impregnation with these resins (notably high-fluidity PA66 grades of

viscosity <20 Pa s) at low injection pressure (<15 bar) resulting in low void content [29],

but the application to manufacturing of TPC parts at high-volume production is still not

straightforward. An R&D Consortium (TAPAS-LCM) involving academic and indus-

trial researchers in France (among which Solvay) had been set up with the purpose to

investigate novel LCM processes with HFTPs. Researchers from different institutions

have been working on different fronts: characterization and optimization of high-fluidity

TPs, enhancement of fabric permeability§, and process optimization. In particular, the

‡See Fig. 1.3 in Chapter 1.
§Permeability, a crucial property of a reinforcing fabric, is a measure of how easily a porous medium

can be impregnated by a fluid. It will be further discussed in Section 2.4.
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issues related to the development of this process have been broadly addressed in the

doctoral thesis of Cazaux [85] and Faraj [86]; results were also presented in conferences

and jourFnals [54, 55, 87–91]. Cazaux investigated mTP-RTM process through in-plane

glass-fabric impregnation with several grades of HFPA66 injected at constant flow-rate

[85]. Composite plates of size 40 cm × 30 cm could be produced with an impregnation

time of 30min. However, achievement of full impregnation at the micro-scale was a

major issue. Indeed, it was shown that it was rather difficult for the melt polymer to

infiltrate within the micro-pores of the fiber bundles, and this was ascribed to poor wet-

tability of the resin-fabric system, especially at high injection flow-rate. In addition, at

high flow-rate (or pressure) the local permeability of the fiber bundles is reduced due to

the compression exerted by the fluid. It was therefore suggested that flow-rate, which

was also observed to cause fabric deformation, should be lowered in order to minimize

void content. As a result, only small parts (<40 cm) could be produced in a reasonably

short processing time (<10min). Alternatively, the possibility to perform the injection

through the thickness of the preform driven by compression (C-RTM) came as a po-

tentially good solution, which is currently investigated by J. Studer at FHNW, and N.

Hautefeuille at Ecole Centrale Nantes, as well as directly by Solvay. In parallel, per-

meability improvement was also addressed, in order to increase the velocity of resin

flow through the reinforcing fabric. In [87, 88], Cazaux et al. reported improvement

of permeability for a UD reinforcement without affecting the fiber content. Similarly,

Syerko et al. developed a model for permeability enhancement by optimization of the

fabric geometrical parameter¶ [90].

Process development is still at an early stage, and further studies are required in

order to bring it to an industrial scale. Production rate must be increased, and at the

same time part quality and performance have to be preserved. One of the scientific con-

tributions of the present thesis is the investigation of strategies to further accelerate the

impregnation step using improved preform architectures. In the next section, material

and process parameters (namely resin physico-chemical properties, fabric volume frac-

tion and permeability, and pressure of injection) and their drastic influence on the time

of the impregnation step in LCM will be reviewed.

¶The topic of permeability enhancement will be addressed in Section 2.5.



Chapter 2. State of the art 36

2.4 Modeling of Liquid Composite Molding

LCM processes are modeled with a continuum mechanics approach [92, 93]. The rein-

forcing fabric is treated as a compressible porous medium with wholly interconnected

porosity, which is infiltrated by an incompressible fluid. The mass conservation equa-

tions for the solid (the fibers) and liquid (the resin) phases are written as:

𝜕𝑉𝑓

𝜕𝑡
+ ∇(𝑉𝑓𝑢𝑠) = 0 (2.9)

and
𝜕[(1 − 𝑉𝑓 )𝑆]

𝜕𝑡
+ ∇((1 − 𝑉𝑓 )𝑆𝑢𝑙) = 0 (2.10)

where 𝑉𝑓 is the fiber volume fraction, 𝑢𝑠 the local velocity of the solid, 𝑢𝑙 the local

velocity of the liquid inside the pores, 𝑆 is the saturation defined as 𝑆 = 𝑉𝑙

1−𝑉𝑓
, being 𝑉𝑙

the volume fraction of the infiltrating liquid. For the momentum equation, the Darcy’s

law is generally applied [92, 94]

(1 − 𝑉𝑓 )𝑆(𝑢𝑙 − 𝑢𝑠) = −𝐾
𝜂
∇𝑃 (2.11)

where 𝐾 is the permeability of the porous medium (m2), 𝜂 is the resin viscosity, and ∇𝑃

is the pressure gradient that drives the fluid flow.

A major application of Darcy’s law is prediction of flow propagation and mold

filling time. This requires accurate definition of pressure distribution in the mold, char-

acterization of resin viscosity evolution and determination of fabric permeability, which

can be either measured or predicted numerically. Permeability can be regarded as a sort

of hydraulic conductivity and it is found to be dependent on fiber radius (𝑅𝑓 ), fiber vol-

ume fraction (𝑉𝑓 ), and fabric architecture (e.g. random mat, woven, non-crimp). Since

all of these fabric parameters also affect the performance of the final composite, an op-

timum has to be found between production rate and part properties. For instance, per-

meability can be increased by reducing fiber volume fraction, but this has a detrimental

effect on composite strength and elastic modulus.

Permeability modeling and measurement is not straightforward, due to the statis-

tical nature of porous media. According to the Carman-Kozeny model applied to an
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isotropic porous medium (originally a granular bed‖), the permeability 𝐾 in Eq. 2.11

could be expressed as [95, 96]

𝐾 = 𝑐
(1 − 𝑉𝑓 )3

𝑉 2
𝑓

(2.12)

1 − 𝑉𝑓 being the porosity and 𝑐 a constant.

This model is not applicable to fiber reinforcements which have a maximal packing

density, hence 𝑉𝑓𝑚𝑎𝑥 < 1, above which the permeability drops to zero. In the most

general case, permeability is a three-dimensional tensor, thus it requires nine values to

be fully defined, but for textile fabrics, which have clear principal orientation, it can be

diagonalized and it becomes possible to define only three values for the permeability, two

for the in-plane directions (𝑥−𝑦) and one transverse to the layer, or through-thickness (𝑧).

For an aligned array of fibers, longitudinal (parallel to the fiber direction) and transverse

permeability models proposed by Gebart’s [97] are often used:

𝐾𝑠

∥ =
8𝑅2

𝑓

𝐶

(1 − 𝑉𝑓 )3

𝑉 2
𝑓

(2.13)

𝐾𝑠

⟂ = 𝐶 ′𝑅2
𝑓

(√
𝑉𝑓,𝑚𝑎𝑥

𝑉𝑓
− 1

)5∕2

(2.14)

where 𝑉𝑓,𝑚𝑎𝑥 is the maximum theoretical fiber volume fraction, 𝑅𝑓 is the fiber radius, 𝐶

and 𝐶 ′ are constants which depend on the textile architecture. From this model it is not

possible to optimize the reinforcement architecture in order to enhance resin flow and

impregnation without affecting the fiber volume fraction, diameter or arrangement∗∗.

These models neglect to consider the heterogeneous, multi-scale nature of porosity in

textiles. Single fibers are organized in bundles, which are knitted, stitched or woven,

forming a fabric layer. A number of plies are then laid up and compacted in the mold to

form a fibrous preform. The pores within the fiber bundles (intra-tow space), of the order

of few μm, constitute the micro-porosity. At this scale, capillary forces may affect the

flow by either sucking or repelling the fluid. The pores between the bundles (inter-tow

space) constitute a meso-scale porosity where flow is purely viscous. At the macro-

scale, the whole fabric reinforcement is considered as a homogeneous porous medium,

‖Early studies of fluid flow through porous media were made in soil mechanics.
∗∗The influence of fiber arrangement on permeability will be discussed in Section 2.5.
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regardless of its micro- and meso-structure.

2.4.1 Permeability measurements

Permeability measurements are object of debate as they lack reproducibility [98, 99].

Poor reproducibility is mainly due to the statistic nature of porous media and to the

numerous variables involved in the experiments (temperature, applied fluid pressure,

surface tensions, fluid chemistry and rheology, fabric type and compaction, setup design,

methodology of data analysis, human errors). In most LCM processes (as in RTM), the

impregnation proceeds along the fabric-plane. Thus, assuming that no flow takes place

in the vertical direction, only the in-plane permeability is considered to be relevant, and

the through-thickness permeability can be neglected.

Permeability measurements rely on Darcy’s law Eq. 2.11 under the hypothesis of

full saturation (𝑆 = 1) and static solid phase (𝑢𝑠 = 0). In a typical experiment, a test

fluid of known viscosity is forced to impregnate the fabric under consideration inside

a rigid mold. The impregnation can be performed either by injecting the fluid under

constant pressure at the inlet, or by imposing a constant flow-rate††. If pressure distri-

bution is defined, a measurement of fluid velocity allows to indirectly measure fabric

permeability, and vice versa. In constant-pressure experiments, two types of measure-

ments are possible, depending whether fluid flow-rate is measured after the mold has

been completely filled (saturated or steady-state) or during fabric impregnation by vi-

sualization of the flow-front advancement through a transparent mold (unsaturated or

transient-state) [98, 99].

In saturated unidirectional measurements conducted at constant fluid pressure at

the inlet, the flow rate 𝑄𝑜𝑢𝑡 of the outcoming fluid can be expressed as

𝑄𝑜𝑢𝑡

𝐴
= (1 − 𝑉𝑓 )𝑢𝑙 (2.15)

𝐴 being the cross section of the fabric stack. Assuming a linear gradient throughout

the mold (Fig. 2.8a), the saturated permeability can be expressed from Darcy’s law

††If not specified, constant-pressure experiments are assumed in the rest of the thesis.
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Fig. 2.8: Schematic representation of the flow through a fibrous preform showing the pressure
profile for (a) a fully saturated case, and unsaturated flow (b) without and (c) with the presence

of capillary pressure drop at the flow front.

(Eq. 2.11) as

𝐾𝑠𝑎𝑡 = −
𝑄𝑜𝑢𝑡𝜂𝐿𝑓

𝐴Δ𝑃
(2.16)

where 𝐿𝑓 is the length of the fabric in the flow direction and Δ𝑃 = 𝑃𝑓 −𝑃𝑖 the negative

pressure difference between the outlet (𝑃𝑜) and the inlet (𝑃𝑖) of the mold (Fig. 2.8a), and

∇𝑃 = Δ𝑃∕𝐿𝑓 [93, 98].

In unsaturated measurements and under the same hypothesis (unidirectional, in-

plane flow under constant pressure difference and linear pressure gradient‡‡), plus the

additional "slug-flow" assumption (Fig. 2.8b)§§, integration of Darcy’s law leads to a

‡‡During unsaturated flow at constant inlet pressure, the pressure profile is not strictly linear, as shown
for instance in [100], but rather parabolic, though progressively approaching linearity when the flow-front
gets closer to the outlet. This is explained by the presence of an unsaturated region behind the flow-front,
which in turn is related to the dual scale of porosity in fabrics.

§§In "slug-flow", the fabric is either fully wet or dry, and the two regions are sharply separated by a
narrow flow-front.
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linear relation between the square of the flow front position and time

𝐿2(𝑡) =
2𝐾𝑢𝑛𝑠𝑎𝑡Δ𝑃
(1 − 𝑉𝑓 )𝜂

𝑡 = 𝜓2𝑡. (2.17)

The constant 𝜓2 can be measured in an impregnation experiment, where the evolution

of the flow-front position 𝐿(𝑡) of a fluid of known viscosity through a fabric preform

in a transparent mold is recorded. This allows to indirectly measure the unsaturated

permeability, which is defined as

𝐾𝑢𝑛𝑠𝑎𝑡 = −
(1 − 𝑉𝑓 )𝜂𝜓2

2Δ𝑃
(2.18)

where Δ𝑃 is now the constant negative pressure difference maintained between the inlet

and the dry fabric¶¶ (Fig. 2.8b) [92, 93, 98]. This is also known as the Squared Flow

Front (SFF) method. An alternative approach consists in measuring as many 𝐾𝑢𝑛𝑠𝑎𝑡 as

the number of positions examined (e.g. each 1 cm), i.e.

𝐾𝑖

𝑢𝑛𝑠𝑎𝑡
= −

(1 − 𝑉𝑓 )𝜂
2Δ𝑃

𝐿2(𝑡𝑖)
𝑡𝑖

, (2.19)

rather than a constant value from the slope.

2.4.2 Capillary effects

In LCM processes, the interaction between the flowing resin and the fibrous network

takes place at different scales. Indeed, fibers are arranged in bundles, forming a complex

network of micro-pores inside the bundles (intra-tow space) and meso-pores between the

bundles (inter-tow space)∗∗∗. This results in a competition between different types of

forces driving the flow. Typically, purely viscous flow dominates in the inter-tow space,

while capillary forces can have an effect in the narrow intra-tow space. It is therefore

important to quantify these forces, which can influence

During the impregnation in an LCM process, three different phases are in contact

at the front of the infiltrating fluid: the liquid matrix, the solid fibers and the gaseous

¶¶The pressure right ahead the flow-front is the same as the one at the outlet, typically atmospheric
pressure (∼1 bar) or vacuum (∼0 bar).

∗∗∗In the order of 10 μm for micro-pores and from 100 μm to few millimeters for meso-pores
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atmosphere. For a static drop of liquid on a solid surface in a given gaseous atmosphere

at thermodynamic equilibrium, Young’s equation predicts the contact-angle 𝜃0

𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃0 (2.20)

where 𝛾 are the surface tensions between solid, liquid and vapor phases. The fluid is said

to be wetting for 𝜃 < 90° and non-wetting for 𝜃 > 90°. Static wettability is an important

property of a resin-fabric system, as it affects the quality of the fiber-matrix interface in

the final composite, which justifies the need of choosing the appropriate sizing for an

optimal adhesion between fibers and matrix.

However, it has been proven that wettability is actually a dynamic property of the

resin-fabric system, and as such it can influence whether the resin will preferentially flow

in the intra- or inter-tow spaces [62]. Similarly to the case of a drop in equilibrium on a

surface (static wetting), the angle formed between the three phases at the fluid-fiber-air

interface during the impregnation is determined from out of equilibrium thermodynamic

considerations. During the infiltration, the fluid moves under the influence of an exter-

nal pressure, thus the equilibrium hypothesis falls. For viscous polymeric fluids, the

dynamic contact angle of a fluid of viscosity 𝜂 moving at a velocity 𝑢𝑙 is given by the

Hoffman-Voinov-Tanner law [101, 102]

𝜃𝐷 ≈ 3
√
𝜃0 + 𝑐𝑇𝐶𝑎 (2.21)

where 𝑐𝑇 is the empirical Tanner coefficient, and 𝐶𝑎 is the ratio between viscous forces

and surface tension, called capillary number, defined by

𝐶𝑎 =
𝑢𝑙𝜂

𝛾𝑙𝑣
. (2.22)

As the fluid infiltration into the dry fibrous preform proceeds, a pressure difference due

to surface tensions is created at the flow-front (Fig. 2.8c). From a thermodynamic ap-

proach, this capillary pressure drop can be expressed as [103, 104]

Δ𝑃𝛾 = −𝑆𝑓𝛾𝑚𝑎 cos(𝜃) (2.23)
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where 𝑆𝑓 is the total area of matrix-fiber interface per unit of volume, 𝛾𝑚𝑎 the matrix-air

surface tension, and 𝜃 the (dynamic) contact angle.

In slug-flow assumption, the capillary pressure drop is localized at the moving

flow-front, which separates the dry fabric from the fully saturated region (Fig. 2.8c).

This gives an additional pressure term, which modifies the pressure gradient. The total

pressure difference between inlet and outlet becomes

Δ𝑃 = 𝑃𝑓 − 𝑃𝑖 + Δ𝑃𝛾 = Δ𝑃𝑎𝑝𝑝 + Δ𝑃𝛾 (2.24)

with Δ𝑃𝑎𝑝𝑝 the negative pressure difference applied between the dry fabric 𝑃𝑓 and the

fluid at the inlet 𝑃𝑖. From Eqs. 2.23 and 2.24, if 𝜃 < 90°, then Δ𝑃𝛾 is negative, the pres-

sure gradient becomes steeper and flow is enhanced by capillary suction. Conversely,

if 𝜃 > 90°, then Δ𝑃𝛾 is positive and opposite to the applied pressure gradient, which

becomes less steep†††, and the flow is slowed down. Typical values of capillary pressure

in LCM range from few to tens of kPa [62, 105, 106], hence capillary effects may not be

neglected, especially for infiltration conducted under very low applied pressure.

Several studies have investigated the role of capillary forces in composite manu-

facturing [60, 62, 104, 105, 107–111]. The dual peak porosity distribution in the fabric

(micro- and meso-porosity) is responsible for dual-scale flow‡‡‡, which can be responsi-

ble for void entrapment during fabric impregnation [60, 62, 110, 112–118]. If capillary

forces are high compared to viscous forces, micro-flow will dominate and macro-voids

can be trapped in the inter-tow spaces. Conversely, if capillary forces are negligible,

flow in the inter-tow space is dominant and micro-voids can be trapped within the intra-

tow spaces. Depending on the fluid pressure or flow-rate, both micro- and macro-voids

can be observed at different positions along a produced part [119]. Previous studies

indicated that voids can be minimal when the flow velocity corresponds to an equilib-

rium point between capillary and viscous forces[60, 112–115, 117]. For this reason, the

capillary number (Eq. 2.22) is typically considered in void minimization studies. The

optimal 𝐶𝑎 value should be that for which capillary and viscous forces compensate, re-

sulting in comparable flow velocities in the inter- and intra-tow regions, which leads to

†††This is the case shown in Fig. 2.8c.
‡‡‡The fluid flows at different velocity in the intra- and inter-tow spaces.
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a minimum void content in the final part [60, 113–115, 117].

A method for measuring the capillary forces, inspired from soil science literature,

was initially developed in metal-matrix composite processing [104], and later applied

also in LCM [62, 105, 111]. Considering slug-flow assumption and capillary pressure

drop localized at the flow-front, inserting Eq. 2.24 inEq. 2.18 leads to

𝐾 = −
(1 − 𝑉𝑓 )𝜂𝜓2

2(Δ𝑃 + Δ𝑃𝛾)
. (2.25)

Isolating the term 𝜓2, we find

𝜓2 = −
2𝐾(Δ𝑃 + Δ𝑃𝛾)

(1 − 𝑉𝑓 )𝜂
. (2.26)

Based on Eq. 2.26, the capillary pressure drop for a given fluid-fabric system can be

extrapolated from a series of unsaturated permeability measurements performed at dif-

ferent constant applied pressures. The x-intercept of the plot 𝜓2 against Δ𝑃𝑎𝑝𝑝 is then

taken as the value for the capillary pressure drop. This approach requires slug-flow

assumption to hold, which might not be the case if strong dual-scale flow occurs. More-

over, a value obtained with this procedure is to be considered as largely approximate, as

Δ𝑃𝛾 is velocity-dependent, and therefore it is expected to vary with the applied pressure,

in virtue of Eqs. 2.21 and 2.23.

2.4.3 Differences between unsaturated and saturated permeability

Ideally, unsaturated and saturated permeability should be equal, as it is supposed to

depend only on the fabric architecture and not on the fluid or pressure used during the

experiment. However, differences between the two values are often observed and object

of study [100, 120–125], and they are typically attributed to deviations from the slug-

flow hypothesis or, more rarely, to capillary effects. Intuitively, from Eqs. 2.25 and 2.26,

the existence of a capillary pressure between the flow-front and the dry fabric may alter

the velocity of the fluid and lead to erroneous unsaturated permeability measurement.

On the contrary, saturated permeability is not supposed to be affected by capillarity. In
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some cases, the permeability ratio, defined as

𝑅𝑠 =
𝐾𝑢𝑛𝑠𝑎𝑡

𝐾𝑠𝑎𝑡

, (2.27)

is explicitly calculated. Some authors claim that 𝑅𝑠 should be always lower than 1 be-

cause the dry tows would oppose resistance to the macro-flow, which is therefore slowed

down. However, values above 1 have been also observed.

Steenkamer et al. [120] reported a large dependence of unsaturated permeability

on the type of test-fluid used (vinyl ester resin, motor oil and corn syrup were used), and

related it to capillary effects. Conversely, Hammond and Loos [126] did not report any

significant differences in permeability for both a glass fabric (plain weave) and a carbon

fabric (8-harness satin) measured with corn oil, water or epoxy resin. Moreover, they ob-

tained similar results for saturated and unsaturated permeability (𝑅𝑠 ∼ 1), although only

a limited range of capillary numbers was investigated (roughly between 0.001 and 0.02).

Lundström et al. [121] observed that unsaturated permeability was always slightly higher

than the saturated one (𝑅𝑠 > 1) for different fluids (paraffin oil, polyester and vinylester

resin) and fabrics (a non-crimp and a woven). Capillary number was not reported, but

the pressure range was between 0.4 and 1.6 bar.

Bréard et al. [100] addressed the problem of the difference between unsaturated

and saturated permeability as related to the existence of an unsaturated region behind

the advancing flow-front. By measuring the unsaturated permeability at different flow-

front positions during injection experiments (Eq. 2.19), they found that 𝑅𝑠 tended to a

constant value lower than 1. However, when the flow-front was approaching the outlet,

it increased until 𝑅𝑠 ∼ 1. This final increase was attributed to the achievement of a fully

saturated state, whereas the constant value lower than 1 in the central part of the mold

was observed to vary with the fabric architecture§§§. The authors suggested that 𝑅𝑠 is

strongly related to the dual-scale porosity of a fabric. The assumption was that inter-

tow flow was always dominant and micro-flow in the intra-tow pores delayed, and that

the latter slowed down the former, thus leading to underestimation of permeability. A

possible influence of capillary effects was suggested but not investigated, and there was

no mention of the capillary number range at which the experiments were carried out.

§§§A random mat, a bidirectional and a unidirectional fabrics were compared.
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In the present work, the permeability ratio will be directly related to capillary

effects. It will be shown in Section 3.2.1 that, if slug-flow assumption holds, the perme-

ability ratio 𝑅𝑠 can be related to the capillary pressure drop from the relation

𝑅𝑠 = 1 +
Δ𝑃𝛾

Δ𝑃𝑎𝑝𝑝

. (2.28)

Δ𝑃𝛾 is dependent on capillary number, and thus 𝑅𝑠 is expected to be as well. The inves-

tigation is done on a wide range of values of 𝐶𝑎 (between 4 ⋅ 10−5 and 4 ⋅ 10−1).

2.5 Permeability enhancement

In this section, strategies for permeability improvement will be grouped in two classes,

namely those relating permeability to fabric architecture and those investigating the ef-

fect of an external phase, such as flow meshes or channels and solid inclusions.

2.5.1 Effect of textile architecture on permeability

Evidences show that fibers’ arrangement at the meso-scale greatly influences the over-

all permeability, and in many cases the simple Carman-Kozeny model (Eq. 2.12) and

Gebart’s equations (Eqs. 2.13 and 2.14) fail in predicting permeability, as they do not

take into account the dual distribution of porosity in the fabric. The problem was ad-

dressed by Summerscales and coworkers in a series of published works. In [127] a

model based on the concept of hydraulic radius was presented to demonstrate the effect

of fiber clustering on permeability of unidirectional fiber arrays; for a constant num-

ber of fibers (i.e. constant fiber volume fraction), clustering resulted in larger inter-tow

space, with subsequent enhancement of fluid flow rate. This was proven experimentally

on a 2 × 2 twill carbon fabric, where a varying number of flow-enhancing tows along

the flow direction was bound with a filament, resulting in denser tows and larger inter-

tow pores [128–130]. However, along with permeability enhancement, a non-uniform

distribution of fibers in these fabrics caused deterioration of mechanical properties, both

in compression and in interlaminar shear tests [131]. In another study, they observed

an increase of permeability proportional to the amount of large pores (> 0.25mm2)

for three different carbon fabric architectures (a 2 × 2 twill, a 5-harness satin and a
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5-harness satin with bound flow-enhancing tows), and a corresponding deterioration of

interlaminar shear strength [132]. More recently, the problem of geometry-permeability

relation in dual porosity textiles was addressed by means of a numerical approach by

Syerko et al. [90]. The study aimed at designing a fabric with optimal combination

of permeability and mechanical properties. They considered as meaningful parameters

the meso-channel size ℎ, where mesoscopic flow takes place (inter-tow space), and local

transverse permeability of fiber bundles 𝑘⟂, which governs micro-flow (intra-tow space).

More specifically, the Darcy number, defined as 𝐷𝑎 = 𝑘⟂∕ℎ2, was used as a criterion to

determine the dual or single-scale nature of flow. In particular, for 𝐷𝑎 > 10−3 micro-

flow is considered to be negligible, and single-scale flow takes place, as illustrated in

Fig. 2.9. In case of fiber clustering at constant 𝑉𝑓 , it is clear that ℎ and 𝑘⟂ cannot vary

independently. Increasing the distance ℎ between tows causes a reduction of the size

of intra-tow pores, i.e. of tow permeability 𝑘⟂. Nevertheless, it was shown that ℎ af-

fects the in-plane macro-permeability more than 𝑘⟂. In other terms, the overall in-plane

macro-permeability is determined mainly by the meso-pores size itself rather than by

permeability of micro-pores.

Several studies proved that non-crimp fabrics (NCFs) typically have higher perme-

ability compared to woven textiles, due to the pronounced bimodal distribution of poros-

ity, which is responsible for a dual-scale type of flow [133–139]. Shih and Lee [133]

carried out an experimental work in which they compared permeability of six different

glass fabric architectures (a stitched unidirectional, a stitched bidirectional, a continuous

strand random mat, a 4-harness woven, and two plain weaves with different tow size) at

varying fiber volume fractions. They suggested a simple model where different scales

of porosity (i.e. inter-two and intra-tow spaces) are considered as media with differ-

ent permeability connected either in series or in parallel, demonstrating a better data fit

compared to the simple Carman-Kozeny model. It was found that the most permeable ar-

chitecture was the bidirectional fabric, where permeability was dominated by flow in the

large inter-tow gaps, and only to a small extent by micro-flow within the intra-tow pores.

This architecture was therefore modeled as a high-permeability medium connected in

parallel to a low-permeability medium, and the corresponding permeability was found
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Fig. 2.9: Criterion for dual or single scale flow estimation, the line showing the regions where
𝐷𝑎 is higher or lower than 10−3[90].

to be in good agreement with the experimental results. Lundström [134] proposed a sim-

ple geometrical model where the inter-tow meso-channels cross-sections perpendicular

to flow direction were assumed to be rectangular under compaction rather than cusped

squares. Under this assumption, the macro-permeability was taken as a combination

of permeability of longitudinal and perpendicular tows and channels/gaps. Compar-

ison with experiments on stitched bidirectional NCFs proved that only meso-flow in

the inter-tow channels was important to determine the overall macro-permeability, and

micro-flow in the intra-tow gaps could be neglected. The slight overestimation of per-

meability was attributed to the assumption of squared meso-channels, whereas they were

observed to be cusped squares in reality. Martin et al. measured permeability of quasi-

UD NCFs for different architectures of the low-tex backing layer for a large range of

fiber volume fractions [139]. In particular, it was found that a higher stitch density was

responsible for more heterogeneous fiber distribution (i.e. denser tows and larger meso-

channels) and lower deformability, which resulted in lesser nesting. As a result, in-plane

permeability along the UD tows was enhanced.
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For woven fabrics, meaningful parameters are the weave pattern, yarn density,

linear density (TEX number), areal weight, crimp ratio (the linear shrinkage of a yarn

caused by weaving). Rieber et al. [140] measured the influence of these parameters

on the in-plane permeability for a series of 19 different types of woven fabrics, and

they found that permeability decreased less with fiber volume fraction for open (less

dense) fabrics, i.e. with gaps between yarns. Moreover, a higher degree of anisotropy

between the two principal directions was observed for low crimp ratio and for twill weave

compared to plain weave.

2.5.2 Effect of a second solid phase on permeability

The presence of a third phase other than the reinforcement and the resin, i.e. a second

solid phase, has been a matter of investigation in the past years. In particular, the effect of

flow enhancing medium such as flow meshes has been largely investigated [141–145].

In Vacuum Assisted Resin Infusion molding (VARIM), also known as Seeman Com-

posite Resin Infusion molding (SCRIMP) or Vacuum Assisted Resin Transfer molding

(VARTM), a highly permeable layer (flow mesh) is laid on top of the fabric stack in or-

der for the resin to rapidly flow from inlet to outlet, and later impregnate the fabric stack

in the through-thickness direction. The flow mesh is a two-dimensional grid, which is

meant to be removed from the final part. The mold top is actually a flexible vacuum

bag, which allows fabric compaction to be achieved upon application of vacuum from

the outlet. The pressure difference, which drives the flow, is also determined by the

application of vacuum at the outlet, whereas the resin reservoir is kept at atmospheric

pressure. Therefore, the maximum attainable pressure difference is limited to 1 bar. A

large part of literature investigates the effect of distribution media on flow propagation

and pressure distribution (i.e. porosity and thickness evolution) during and after mold

filling. For instance, Lee and coworkers showed that flow propagation and filling time

during VARIM was improved when a channel-wise flow medium was used instead of

a flow mesh [141, 142]. Kracke et al. [146] investigated the influence of two different

flow channel systems (one with short channels and one with channels almost as long

as the fabric preform) on filling time. In both cases, a great reduction of filling time

was observed, with minor differences between the two. However, when a macroscopic
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imperfection (a folded strip of fabric) was manually introduced in the preform, longer

channels led to a more uniform fluid distribution and shorter filling time.

In parallel, the use of second solid phase is also a matter of study in preforming

technology. Polymeric binders in form of particles are commonly used to increase the

preform stability, and these have an effect on preform permeability and on mechanical

properties of the final composite. For instance, Caglar et al. [147] used model glass

beads to investigate the effect of spherical inclusions on permeability, and demonstrated

the relationship between their size and volume fraction, as well as the intrinsic pore size

distribution of the fabric, on permeability. The recent rapid spreading of 3D-printing

technologies raised an interest in researchers for its use in preforming. Szebenyi et al.

studied the influence of a 3D-printed PCL interphase, directly printed on top of a car-

bon fabric layer, on the mechanical properties of composite plates produced with epoxy

resin via vacuum-infusion [148]. The presence of the interphase was responsible for

lower compaction, i.e. higher thickness of the plate, comparable bending modulus, re-

duced bending strength, but increased ductility; effects of this interphase on preform

permeability were not studied. Tonejc et al. also recently investigated the effect of PLA

strands directly printed on fabric layers as binders to stabilize the stack preform, ob-

serving a modification of flow front advancement in radial permeability experiments;

however, the mean permeability was more or less unchanged [149].

2.6 Conclusions

Melt TP-RTM is a novel process for production of TPC components that combines ad-

vantages of both LCM and TP manufacturing. Small volume of production related to

long cycle time represents the main obstacle to scaling-up. Impregnation of a densely-

packed fibrous reinforcement with a highly-viscous molten polymer is the bottleneck of

the process line. According to physical laws which govern infiltration of a liquid through

a porous medium, process rate can be enhanced by either increasing fabric permeability

or reducing resin viscosity.

This research aims at permeability improvement by exploitation of pronounced

dual-scale of porosity in the fibrous preform. The main experimental investigation is

performed through flow studies, which allow direct visualization of flow propagation
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through the reinforcement and measurement of fabric permeability. This kind of exper-

iments are quite convenient, since they are performed with stable model fluids of known

viscosity and typically at room temperature, allowing to predict flow phenomena in pro-

cessing conditions (i.e. with real resin and high temperature). The experimental work

is carried out in order to investigate basic phenomena and to explore strategies for per-

meability enhancement. The main novelty is represented by the pronounced duality of

pores’ size distribution, with wide channels that lead the flow throughout the reinforce-

ment. This is both observed in a commercial NCF (Chapter 4) and intentionally induced

by insertion of a second solid phase produced by 3D-printing within the preform (Chap-

ter 5). The findings from flow studies will be therefore exploited to investigate strategies

for reduction of impregnation time in real, lab-scale processing conditions (Chapter 6).



Chapter 3

Materials and methods

The present chapter describes the materials that were used throughout the whole project,

as well as the methods followed for experiments (equipment and procedures) and data

treatment.

3.1 Materials

The materials used in the present study can be divided in three groups: test-fluids for flow

and permeability studies; glass fabrics for flow studies and composite plates production;

and high-fluidity thermoplastic matrices.

3.1.1 Test-fluids for flow studies

Several fluids with varying viscosity and surface tension were used to study the flow be-

havior and the permeability of glass-fabrics. The first class of fluids were water solutions

of poly(ethylene glycol) (PEG 35 kgmol−1, Sigma Aldrich) at various concentrations.

These fluids are characterized by a high surface tension (close to water), ease of use and

cleaning, and allow obtaining different viscosities by changing the polymer concentra-

tion. The second type of fluids used were silicon oils Bluesil™ 47V1000 and 47V12500

(Bluestar Silicones), with a dynamic viscosity of 1000mm2∕s and 12 500mm2∕s, re-

spectively, and density 0.973 g∕cm3∗.

∗Values from manufacturer.

51
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3.1.2 Glass-fabrics

The reinforcement of choice for high-volume applications is glass fibers, which repre-

sents a good compromise between cost and performance. Carbon fibers offer the best

properties, but their cost is still very high at the present day. Natural fibers have been

gaining ground in the past few years, but they have to be excluded for high-temperature

processes because of thermal degradation.

The glass fabrics used in this study were supplied by Chomarat (France). For all

the fabrics, the provided value of glass density was 2.62 g∕cm3 and the fiber radius was

7.55 μm†. G-FLOW™ (520 g∕m2) is a glass-only fabric conceived for thermoset infu-

sion processes with leno-weave architecture, where two warp yarns are twisted around

the weft yarns (Fig. 3.1a). G-PLY™ (720 g∕m2) is a non-crimp fabric, consisting of

dense tows (240 g∕m2) bound and stitched with a polyester yarn on an almost continu-

ous layer of transverse fibers (480 g∕m2), which create large channels of width of 3-4

mm (Fig. 3.1b). A modification of G-PLY with glass stitches was also supplied, which

in addition has a higher areal weight of 900 (480 in both warp and weft directions) and

smaller channels. This fabric, which will be referred to as G-PLY (GS), was used only

for the process improvement part (Section 6.3), where thermal stability at high temper-

ature was required. G-WEAVE™ (600 g∕m2) is a woven 2 × 2 twill with large tows

of 4mm width (Fig. 3.1c). Both G-PLY and G-WEAVE have a polyamide-compatible

sizing. Properties of these three glass fabrics are reported in Table 3.1.

Table 3.1: Properties of glass fabrics (Chomarat™).

Fabric Type Areal weight [0 °] Areal weight [90 °] Stitches density
- - (g∕m2) (g∕m2) (g∕m2)

G-FLOW™ leno weave 280 280 -
G-PLY™ non-crimp 240 480 5
G-PLY™(GS) non-crimp 480 480 -
G-WEAVE™ 2 × 2 twill 300 300 -

†Average value obtained from optical microscopy of the cross section of embedded fibers.
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(a) G-FLOW™ (b) G-PLY™

(c) G-WEAVE™

Fig. 3.1: Pictures of (a) a leno-weave, (b) a stitched non-crimp and (c) a 2×2 twill weave fabrics;
the red arrow indicates the direction of high-flow (0 °).

3.1.3 High-fluidity thermoplastic matrices

Two high-fluidity polyamide (HFPA) grades in form of pellets have been provided by

Solvay, a polyamide-6,6 (HFPA66) and a polyamide-6 (HFPA6). The former is a re-

search grade still in development phase, whereas the latter is a commercial grade (Evo-

lite™ HF XS1480).

The HFPA66 is more suited for structural applications, owing to its higher elastic

modulus. However, it has a high melting point (265-270 °C), and a narrow processing

temperature window, as it degrades fast above 290 °C. The HFPA6 has a lower melting

point (around 220 °C) and a better stability up to 300 °C. The mechanical properties are

not as good as the HFPA66, and it is unlikely to be employed in highly loaded structural

parts. Nevertheless, it is a good test-polymer to be used as matrix for the process im-

provement study. As polyamides are highly hygroscopic, and their rheological behavior

is dramatically affected by moisture content, a drying treatment at 110 °C under vacuum

overnight is usually performed on the pellets. The density of both these polymers is
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1.14 g∕cm3

A third thermoplastic polymer was used for the process study, which allowed an

investigation at lower temperatures. It is an isotactic polypropylene (i-PP) from Borealis

(Boreflow™ HL512FB). It is claimed to have a melt flow index of 1200 at 230 °C, but

it has very poor mechanical properties. The density value provided by the producer is

0.902 g∕cm3.

3.2 Methods

The experimental methods are grouped in three domains: flow studies; characterization

of HFTP matrices; and production and analysis of composite plates.

3.2.1 Flow studies

Flow experiments consist in direct visualization of fabric impregnation with model flu-

ids of known viscosity and measurement of fluid flow rate, which allow to indirectly

determine permeability of fibrous preforms by virtue of Darcy’s law (Eq. 2.11). In this

study, flow experiments were employed to measure permeability of glass fabrics intro-

duced in Section 3.1.2 and analyze the role of capillary phenomena during impregnation

(Chapter 4). In addition, permeability of glass fabrics with flow-enhancement spacers

is also investigated (Chapter 5).

Fluids characterization

Test fluids used in flow experiments need to be fully characterized. Determination of

permeability with Darcy’s law requires accurate knowledge of viscosity-temperature de-

pendence. Fluid density is also needed to convert mass flow rate into volumetric flow rate

for saturated permeability measurement (Eq. 2.16). Both viscosity and surface tension

are then used to determine capillary number (Eq. 2.22). Therefore these properties of

the test fluids introduced in Section 3.1.1 were characterized. Viscosity was measured

in continuous shear mode in a concentric cylinder rheometer (AR2000ex, TA Instru-

ments), by means of a Peltier Couette setup. A constant shear-rate was imposed while
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Table 3.2: Properties of test fluids used for permeability measurements; the viscosity was mea-
sured at constant shear rate of either 100 s−1 (water/colorant), 10 s−1 (PEG 2%) or 1 s−1 (all

other fluids).

Fluid Viscosity (20 ◦C) 𝐸𝑎 𝐴 Density Surface tension
Pa s kJ K−1 mol−1 Pa s g∕ml mN∕m

Water/Colorant 0.00125 −12.41 7.679 ⋅ 10−6 0.997* 68.9
PEG 2% 0.00280 −18.73 1.292 ⋅ 10−6 1.001* 59.9
PEG 16.7% 0.111 −20.67 2.312 ⋅ 10−5 1.026* 57.3
PEG 30% 0.841 −21.41 1.290 ⋅ 10−4 1.050* 56.6
BlueSil 47V1000 1.13 −13.29 4.835 ⋅ 10−3 0.970* 21.1*
BlueSil 47V12500 13.6 −13.26 5.876 ⋅ 10−2 0.973* 21.1*

*values at 25 ◦C

the temperature was varied from 15 to 25 ◦C at a heating rate of 0.1 ◦C∕min and con-

stant shear rate. The resulting viscosity vs. temperature curve was then fitted with an

Arrhenius-type law:

𝜂 = 𝐴 exp
𝐸𝑎

𝑅𝑇
. (3.1)

and constants 𝐸𝑎 and 𝐴 were determined for each fluid. Density of PEG solutions was

taken from literature [150], whereas for silicon oils values from manufacturer were used.

Surface tension in air of all fluids was measured at ambient temperature (around 20 ◦C)

through the pendant drop method on a Drop Shape Analyzer (DSA30, Krüss). Table 3.2

summarizes the properties of test fluids used for flow experiments.

Fabric compaction

The response of a fabric stack under compression (i.e. compaction) depends on fabric

material and architecture, fiber volume fraction, number of plies, stacking sequence and

orientation [151]. Typically, the pressure necessary to compact a given fabric preform

at a prefixed thickness is measured. Not only it is useful to know how much pressure

is necessary to apply to close the mold, but also to gain an insight into the deformation

mechanisms which the fabric undergoes. Compaction tests were performed on a uni-

versal testing machine Walter+Bai AG Series LFL-125kN by placing the fabric stack

between two platens. In a typical test, the cross-head was moved at constant speed of

1mm∕min down to a given thickness. The force was measured with a load cell (either

10 or 125 kN) both during compression and at constant thickness, and it was observed to

first reach a maximum and then decrease, as a consequence of fabric relaxation, i.e. local
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rearrangement of fibers. An LVDT (linear variable differential transformer) device was

sometimes used to measure the upper platen displacement, but only in those experiments

when forces higher than 10 kN were generated. Otherwise, the cross-head displacement

was directly used to measure the compacted thickness. Compaction pressure was cal-

culated dividing the measured force by the area of contact between the platens and the

fabric‡.

Fabrication of spacers by 3D-printing

Three-dimensional structures were fabricated by Filament Deposition Modeling (FDM)

in both poly(lactic acid) (TreeD Filaments) and poly(capro-lactone) (3D4Makers§), in

order to investigate their effect on flow propagation when inserted in the middle of a

fabric stack¶. An Ultimaker2+ 3D-printer was used for the fabrication. The thermo-

plastic polymer in form of a filament feeds a hot extruder with a nozzle of 0.25 mm

diameter. The extruder had two degrees of freedom, being able of horizontal movement

(xy-plane), while the bed moved vertically (z-axis), following a 3D model. The three-

dimensional design was performed on a 3D-modeling software, such as SketchUp, and

it was exported into an .stl file. This was consequently opened with "slicing" software

Ultimaker Cura, which cuts the model into a series of horizontal slices of a given thick-

ness and determines the path (a series of x,y coordinates) the extruder has to follow to

deposit it. Other parameters that could be controlled are nozzle speed, layers thickness,

nozzle and bed temperature, cooling fan speed. In the present work, layers of polymer

of thickness 0.1mm were deposited at varying speeds and temperature, according to the

observed quality of the printed structures. Printing speed was varied in a range between

6.25 and 37.5mm s−1. Nozzle and bed temperature were respectively 210 ◦C and 60 ◦C

for PLA, and 180 ◦C and 35 ◦C for PCL.

‡Platens’ and fabrics’ size are detailed in Chapter 4 and Chapter 5, where compaction experiments
are illustrated.

§PCL 99 filament 2.85 mm, purity >99%, 𝑀𝑛 = 47.5± 2.0 kDa, 𝑀𝑤 = 84.5± 1.0 kDa, 𝑇𝑚 = 60 ◦C.
¶The detailed procedure will be described in Chapter 5.
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Permeability measurements

Flow experiments for permeability measurement of all fibrous preforms were carried out

using the setup shown in Fig. 3.2, which mainly comprises a rigid mold with a transpar-

ent glass top and an injecting unit. A single experiment allows simultaneous measure-

ment of both unsaturated and saturated permeability values, which are measured from

the velocity of the fluid during fabric impregnation (transient state) and after the fabric

is fully impregnated (steady state), respectively.

Camera

Computer

Pressure and 
temperature

sensor

Scale

Transparent
mold Fabric

Pressure pot
with fluid

Inlet

Outlet

Fig. 3.2: Setup used for flow experiments and production of plates via TS-RTM; six heating
cartridges, not shown, are embedded in the bottom steel part.

The fabric stack height was kept constant for all the experiments, by compacting

it within a metallic frame, the thickness of which was accurately measured with a digital

caliper and used as preform thickness. A silicone joint between the frame and the fabric

prevented fluid leakage and minimized race-tracking. The fluid was injected into the

mold cavity from a pressure pot constantly supplied with compressed air, which guar-

anteed a constant pressure to be applied on the fluid reservoir. The actual relative fluid

pressure and temperature were measured right before the inlet with a sensor Keller Se-

ries 35XHTT. The advancement of the flow front was recorded through the glass top

with digital camera Canon EOS700D. Lines were drawn equally spaced by 1 cm on the

glass transversely to the flow direction. The video was subsequently analyzed so as to

construct a plot of flow front position versus time by reporting the time at which the

flow front reached each line. Outcoming fluid was collected in a beaker and continu-

ously weighed with a scale. Mass flow rate was then converted into volumetric flow rate

by dividing it by the fluid density for saturated permeability determination.
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Unsaturated permeability was calculated from experimental data according to the

squared flow front (SFF) method [99], which is recommended for unidirectional, in-

plane flow under constant applied pressure, as

𝐾𝑆𝐹𝐹 = −
𝜓2(1 − 𝑉𝑓 )𝜂

2Δ𝑃
(3.2)

where𝜓2 is the slope of the linear plot of the square of flow front position as a function of

time, Δ𝑃 the applied pressure difference, 𝜂 fluid viscosity, and 𝑉𝑓 fiber volume fraction,

calculated from actual fabric mass for each experiment as

𝑉𝑓 =
𝐴𝑤𝑛

𝑡𝜌𝑔𝑙𝑎𝑠𝑠
(3.3)

where 𝐴𝑤 is the areal weight of the fabric, 𝑛 the number of plies in the stack, 𝑡 the thick-

ness of the mold cavity, and 𝜌𝑔𝑙𝑎𝑠𝑠 the bulk density of the glass, which was always taken

as 2.62 g∕cm3 (value provided by manufacturer). The data for the analysis was taken

from the last part of the unsaturated flow, when the pressure was stabilized, typically

starting from an impregnated length of 13 cm. The pressure, as well as the velocity used

to calculate the capillary number from Eq. 2.22, were taken as average values in the same

range. As an example, Fig. 3.3 shows the evolution with time during an impregnation of

square flow front position, capillary number and pressure, and the range of data used for

the analysis. The saturated permeability was calculated from the flow rate of the fluid at

the outlet, 𝑄𝑜𝑢𝑡, using the following relation

𝐾𝑠𝑎𝑡 = −
𝑄𝑜𝑢𝑡𝜂𝐿𝑓

𝐴Δ𝑃
(3.4)

where 𝐴 is the cross-section area of the fabric stack, 𝐿𝑓 is its length and Δ𝑃 is the

average pressure during saturated flow. For each test, the fluid viscosity was calculated

from the Arrhenius law (Eq. 3.1) using the average experimental temperature. Finally,

for each experiment the ratio between unsaturated and saturated permeability was simply

calculated as

𝑅𝑠 =
𝐾𝑆𝐹𝐹

𝐾𝑠𝑎𝑡

. (3.5)

The ratio 𝑅𝑠 defined in Eq. 3.5 was used to investigate the role of capillary pressure
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Fig. 3.3: Example of squared flow front, pressure and capillary number evolution with time for
an experiment, showing the range of analysis.

during unsaturated flow. If the slug-flow assumption holds (Section 2.4.2), it can be

shown that

𝑅𝑠 = 1 +
Δ𝑃𝛾

Δ𝑃𝑎𝑝𝑝

. (3.6)

Therefore, when Δ𝑃𝛾 > 0, the ratio is smaller than 1. The capillary pressure-drop has

opposite sign with respect to the applied pressure, and the flow is non-wetting. As a con-

sequence the measured unsaturated permeability should be smaller than the saturated.

Conversely, if Δ𝑃𝛾 < 0 the ratio is higher than 1, and the flow is (partially) wetting.

It should be noticed that capillary number, defined in Section 2.4.2 as

𝐶𝑎 =
𝑢𝑙𝜂

𝛾𝑙𝑣

is not constant for infiltrations performed under constant applied pressure, unlike those at

constant flow-rate. In fact, in such experiments the flow-front velocity 𝑢𝑙 is not constant,

but a decreasing function of time:

𝑢𝑙 =
𝜓

2
√
𝑡
. (3.7)

It follows that capillary number is higher at the early stages of the impregnation, when the

flow-front is close to the inlet, and it decreases progressively as the flow proceeds through

the reinforcement towards the outlet, as shown in Fig. 3.3. A range of 𝐶𝑎 is therefore
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associated to each experiment at constant pressure. An average 𝐶𝑎 is determined for

each experiment in the same range of unsaturated permeability measurement (the last

10-12 cm).

3.2.2 Characterization of thermoplastic matrices

The thermoplastic polymers introduced in Section 3.1.3 were characterized in terms of

rheology, thermal stability and crystallization. Effects of drying treatment and environ-

mental conditions during tests (namely air or nitrogen atmosphere) was also investigated.

Differential Scanning Calorimetry (DSC)

DSC experiments were conducted on a DSC Q100 (TA Instruments). Single pellets

were sealed in aluminum crucibles and measurements were carried out under constant

N2 flow of 50mLmin−1. Heating scans were performed to measure the glass transi-

tion temperature (𝑇𝑔) and melting point (𝑇𝑚) of the two HFPAs. Crystallization is typi-

cally studied by cooling from the melt state, and it is distinguished between isothermal

and non-isothermal crystallization. In non-isothermal, crystallization temperature de-

pends on the cooling rate, whereas in isothermal, the phenomenon occurs at different

time-scales. Non-isothermal crystallization temperature was determined for HFPA66

for two different cooling rates (100 ◦Cmin−1 and 30 ◦Cmin−1). Isothermal crystalliza-

tion of HFPA66 was studied by rapidly cooling from the melt state (300 °C) to different

temperatures in the range 236 to 250°C to measure the evolution of the crystallization

peak at constant temperature. The isothermal-crystallization peaks were analyzed sub-

tracting a baseline obtained by cooling of an empty crucible. The running integrals of

the peaks were analyzed and fitted with the Avrami equation for isothermal crystalliza-

tion (Eq. 2.5), and the Avrami exponent was extrapolated. The time 𝑡1∕2 at which the

running peak integral reached half of the final value (half-conversion time) was then

plotted against the crystallization temperature 𝑇𝑐 .

Thermogravimetric Analysis (TGA)

TGA measurements were conducted on a TGA4000 (Perkin Elmer) under air or nitrogen

atmosphere, placing ∼ 10mg of polymer in alumina crucibles. Heating scans were
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performed to measure the degradation temperature. Isothermal measurements above

the melting point were performed to assess the melt stability.

Rheology

The rheological properties were measured on a rheometer AR 2000ex (TA Instruments)

on a plate-plate configuration, with aluminum plates of 25mm of diameter, in a closed

oven, and using liquid nitrogen for temperature regulation.

Flow-mode measurements on the melt polymers (HFPA66, HFPA6 and iPP-Bor-

flow) were performed at different temperatures to study the viscosity stability in time.

The shear-rate was selected in the Newtonian plateau. The effect of atmosphere, either

air or nitrogen, was studied. Oscillatory frequency sweep measurements under nitrogen

were also performed on the HFPA66. This method allows to perform measures on a large

range of frequencies up to around 600 rad s−1, overcoming the issue of fluid flowing out

of the plate, hence to perform successive measurements on the same sample.

Viscosity values from constant shear-rate measurements on HFPA66 and HFPA6

were used to construct an Arrhenius plot to determine the flow activation energy (𝐸𝑎)

and pre-exponential factor (𝐴), according to Arrhenius law (Eq. 3.1).

Tensile Tests

Tensile tests were conducted on dog-bone shaped samples made of HFPA66, HFPA6 and

reference PA66, obtained by micro-injection molding. In order to evaluate the effect of

moisture content during melt processing, two types of HFPA66 samples were produced,

using pellets which were either previously dried (at 110 ◦C in vacuum overnight) or

not. An increase of molecular weight, thus of mechanical properties, is expected from

the condensation equilibrium reaction (Eq. 2.1). A further drying treatment (110 ◦C in

vacuum overnight) was performed on all the dog-bone samples prior the mechanical

test. This is necessary since polyamides are highly hygroscopic and moisture content

dramatically affects their mechanical properties.

Dog-bone samples were produced from the polymer pellets through extrusion-

injection. The pellets were melted in a twin-screw micro-extruder (at 280 °C for the two
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PA66s and 250 °C for the HFPA6), from which the melt was transferred into a piston-

equipped cylinder heated at the same temperature, and finally injected to a cold mold

(120 °C) with a dog-bone-shape cavity. The injecting pressure was set to 6 bar. In order

to prevent polymer degradation during the melting, nitrogen was kept flowing in the

melting chamber. The sample geometric parameters, with reference to Fig. 3.4, are as

follows: overall length (LO) 74 mm, width of the narrow section (W) 4 mm, thickness

(T) 2 mm, overall width (WO) 12 mm, length of the narrow section (L) 25 mm. Prior to

the test, all the samples have been conditioned at 110°C under vacuum overnight (around

14h).

Fig. 3.4: Geometric parameters for a dog-bone polymer sample for tensile test [152].

The tensile tests were performed with a mechanical testing equipment Walter+Bai

AG Series LFL-125kN. The force was measured with a 10 kN load-cell and the defor-

mation with an extensometer. The standard ASTM D638-10 was used as a guide for the

geometrical factors of the test. Initial distances of 45 mm between the grips (D) and of

20 mm between the extensometer arms (gage length, G) have been chosen. Stress-strain

curves have been obtained from the force-deformation data using the aforementioned

geometric factors.

Dynamic Mechanical Analysis (DMA)

DMA measurements were conducted on a DMA Q800 (TA Instruments) with a single-

cantilever setup. The sample beam was screwed on the two ends on a fixed and on an

oscillating clamp. In DMA it is important that sample stiffness falls in the operating

range of the machine. The graph in Fig. 3.5, which shows the operating range in terms

of Young’s modulus of the material and Geometry Factor (𝐺𝐹 ) for single-cantilever
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Fig. 3.5: Operating range for single-cantilever setup in DMA.

setup, can help to make sure that sample dimensions are adequate. The 𝐺𝐹 for single-

cantilever is calculated as:

𝐺𝐹 = 1
𝐹

[
𝐿3

12𝐼
+ 2𝑆(1 + 𝜈)𝐿

𝐴

]
(3.8)

where 𝐿 is span-length between the clamps; 𝐴 the sample cross-sectional area; 𝐼 =

𝑡3𝑤∕12 is the geometric moment (for rectangular samples of thickness 𝑡 and width 𝑤);

𝜈 the Poisson’s ratio of the material; and 𝐹 and 𝑆 are the clamping and shearing factor,

which where taken as 0.9 and 1.5, respectively (DMA Q800 user’s guide). Samples

dimensions have to be chosen so that the 𝐺𝐹 falls in the window of Fig. 3.5 during the

whole test. For temperature ramps, change of Young’s modulus should be taken into

account. For this study, samples of cross-section ∼ 8 × 3 mm were prepared, which,

considering a span-length of 17.5 mm and Poisson’s ratio of 0.4, led to a 𝐺𝐹 of ∼

30mm−1. Considering an approximate modulus of 3GPa at the lower test temperature

(0 °C) and 0.3GPa at the highest (200 °C for PA6 and 250 °C for PA66), the 𝐺𝐹 should

fall in the operating range during the whole test.
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3.2.3 Production and analysis of composite plates

mTP-RTM

A novel lab-scale tool designed and manufactured for the production of small plates via

mTP-RTM is schematically represented in Fig. 3.6. A compact design was conceived

so as to minimize the equipment cost and complexity. The tool, entirely machined in

steel and treated with nitrogen for surface-hardening, embodies the fabric cavity and

two melting pots and injection pistons, and it requires an external source for heating and

for applying pressure on the pistons. The two pots and pistons allow for impregnation

to be performed from both sides. Two screws are used to open or close the inlet/outlet

gates, two holes of 3mm of diameter. It is also possible to connect a vacuum pump

to the outlet. The cavity has dimensions of 3mm thickness, 98mm width and 158mm

length. Thermocouples can be inserted in specific holes close to the melting pots and to

the cavity.

injecting 
piston

injecting 
piston

fabric cavity

melting potmelting pot

inlet/outlet

hot plate

hot plate

water cooling

water cooling

thermocouples

Fig. 3.6: Schematic representation of lateral cross-section view of the TP-RTM tool.

The heating step above the polymer melting point is carried out by convection in

an oven. Heating rate depends on the mass and thermal capacity of the mold. Typically,

an average heating rate of 5 ◦Cmin−1 was achieved. The injections are conceived to

be performed by means of a hydraulic hot press (Fontijne Presses). The upper plate

of the press exerts a constant force on the pistons, hence on the melt polymer. The

actual fluid pressure is not measured, but it is to be calculated dividing the applied force

by the area of the pistons in contact with the melt (3090mm2 each). Once the inlets
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are opened, the melt would be forced to flow in the underlying cavity. Cooling step is

realized utilizing the cooling system of the press, with water circulating above/below

the top/bottom plates, as depicted in Fig. 3.6. Evidently, a temperature gradient could

be created throughout the mold in the vertical direction during cooling. In any case, the

bottom-plate contributes to cooling of the composite in the cavity much more than the

top-plate, because it is closer and the surface area of contact is much larger.

Flexural tests

Flexural properties of composite samples were evaluated with a mechanical testing ma-

chine Walter+Bai AG Series LFL-125kN in a three-point bending configuration. The

ASTM standard D7264 was used as a reference for samples preparation and elastic mod-

ulus and flexural strength calculations [153]. Rectangular beams were cut off from a

composite plate, and their thickness and width were accurately measured with a microm-

eter and a caliper, respectively. The span-length, i.e. the length between the two support

points, should be kept constant during a series of tests. The ratio between span-length

and sample thickness is also important, the standard value being 32:1. It is recommended

that the same ratio should be used when comparing different samples. The length of the

sample beam has a minor importance, though it is suggested that it is around 20% longer

than the span-length.

From force-displacement data, maximum flexural stress 𝜎 and strain 𝜖 at the outer

surface were calculated as

𝜎 = 3𝑃𝐿
2𝑏ℎ2 (3.9)

𝜖 = 6𝛿ℎ
𝐿2 (3.10)

where 𝑃 is applied force, 𝐿 the span-length, 𝛿 the mid-span deflection, and 𝑏 and ℎ

the width and the thickness of the sample. The flexural strength was then taken as the

stress at failure (maximum value of 𝑃 ). The flexural modulus was then obtained from

stress-strain plot as the slope in the elastic range.
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Impregnation analysis

To analyze the degree of impregnation, small samples (typically ≈ 1.5 cm × 1.5 cm or

1.3 cm × 1.3 cm) were cut off from composite plates with a diamond-blade saw. Qualita-

tive analysis was carried out by optical imaging. The samples were embedded in epoxy

resin (Epofix™ resin and hardener) and polished with SiC foils on an automated pol-

ishing machine (Struers) for observation in reflected light microscope (Olympus BH2).

Polishing was performed following a step-wise procedure, reducing the roughness (from

grit 500 to 4000) and increasing the applied force (typically from 10 to 50N).

For quantitative analysis, the burn-off method, consisting in size and mass mea-

surement of the samples before and after the matrix is burned off [154, 155], is typically

employed. The void volume fraction is calculated as

𝑉𝑣 = 1 − 𝑉𝑚 − 𝑉𝑓 (3.11)

where 𝑉𝑚 and 𝑉𝑓 are the volume fractions of matrix and fibers, to be determined from

𝑉𝑚 =
𝑚𝑖 − 𝑚𝑓

𝜌𝑚𝑣𝑠
(3.12a)

𝑉𝑓 =
𝑚𝑓

𝜌𝑓𝑣𝑠
(3.12b)

where 𝑚𝑖 and 𝑚𝑓 are initial and final mass of the sample (before and after burn-off), 𝜌𝑚

and 𝜌𝑓 are the density of matrix material and of glass fibers, and 𝑣𝑠 is the volume of the

sample, the product of measured width, length and thickness.
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Flow studies on selected fabrics

In this chapter, the results of flow studies performed on selected glass fabrics introduced

in Section 3.1.2 are reported and discussed. In the first section, G-PLY and G-FLOW,

two fabrics with flow-enhancing properties, are evaluated in terms of permeability and

compaction, both as plain fabrics and combined in different stacking architectures. In

the second section, the relation between meso-structure and permeability of G-PLY is

more thoroughly investigated. A novel method to evaluate the influence of capillary

effect is also assessed.

4.1 Characterization of two highly-permeable fabrics

Five different fabric architectures obtained from G-PLY and G-FLOW have been de-

signed and investigated in terms of compaction and permeability. The permeability was

measured through uni-directional, in-plane, constant-pressure flow experiments as de-

scribed in Section 3.2.1. The test fluid was a solution of PEG (35 000 gmol−1) 16.7%wt

in water (Table 3.2). Fluid pressure was always set below 1 bar.

The five different fabric stacks investigated are summarized in Table 4.1 and schemat-

ically represented in Fig. 4.1. Wherever it is not explicitly specified, the flow and impreg-

nation experiments on the G-FLOW and G-PLY fabrics were always performed along

the [0 °] direction (red arrows in Fig. 3.1), for which the permeability is supposedly

higher. The first two consisted in simple stacks of five plies of G-FLOW and G-PLY

stacked with the same orientation. In the third architecture, five layers of G-PLY were

67



Chapter 4. Flow studies on selected fabrics 68

laid alternately with opposite orientation in the normal axis (hence the minus sign). The

last two stacks consisted of a combination of four G-PLY and one or two G-FLOW,

stacked in the sequence as indicated in Table 4.1.

Table 4.1: Stacking architectures compressed to a thickness of 3mm thickness. (F = G-FLOW;
P = G-PLY; minus sign indicates opposite orientation in the normal axis).

Designation Stacking sequence 𝑉𝑓 (%)

5F {F,F,F,F,F} 36
5P {P,P,P,P,P} 46
5P-alt {P,-P,P,-P,P} 46
4P-1F {P,-P,F,P,-P} 43
4P-2F {P,F,P,-P,F,-P} 50

(a) 5F (b) 5P (c) 5P-alt

(d) 4P-1F (e) 4P-2F

Fig. 4.1: Schematics of the cross section transverse to the flow direction for the five stacking
architectures.

4.1.1 Fabric compaction

The compaction of fabric stacks was measured using a mechanical testing machine Wal-

ter+Bai AG Series LFL-125kN. The fabric stack was cut and placed on a square plate of

10 cm side, so as to completely cover the surface. The top plate, of same size, was

connected to a 10 kN load-cell. The fabric was compressed at a constant speed of
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0.017mm s−1 down to the same thickness as the mold cavity, that is 3mm, and held

for few minutes in order to let the fabric relax. The force was divided by the compressed

area (100 cm2), and reported as a compressive stress. Normally, the compliance of the

cross-head should be considered to correct the real position (compliance correction), but

it can be considered as a minor effect in this range of force (< 5 kN). The displacement

of the cross-head was used to determine the distance between the two plates.

The change in time of compaction pressure for the different fabric stacks is dis-

played in Fig. 4.2. 5F required the lowest pressure, consistently with the fact that it

has the lowest content of fibers (36%). The difference between the 5P and the 5P-alt,

for which fiber volume fractions are similar, is attributed to the layers’ slipping during

compaction. If this is the case, the transverse layer in the 5P might bend, with the lon-

gitudinal tows acting as bending-points (Fig. 4.3a). On the other hand, in the 5P-alt

slipping results in nesting of the longitudinal tows (Fig. 4.3b), which explains the lower

pressure necessary for compaction. Regarding the two hybrid stacks, unsurprisingly 4P-

1F required intermediate pressure between 5F and 5P-alt, whereas a higher pressure was

expected for the 4P-2F, since it had the highest fiber volume fraction.
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Fig. 4.2: Compaction pressure for the different fabric stacks. The compaction was carried out
at a constant speed of 0.017mm s−1 until a thickness of 3mm, which was then kept constant to

let the fabric relax and measure the force decay.
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(a) 5P before compaction (b) 5P under compaction

(c) 5P-alt before compaction (d) 5P-alt under compaction

Fig. 4.3: Scheme of the change in the stack architecture under compaction if slipping occurs.

4.1.2 Permeability measurements

The results of saturated and unsaturated permeability measurements on the different

stacks are shown in Fig. 4.4. Firstly, it should be noticed that all the fabrics have a high

permeability compared to standard fabrics, as typical values at this fiber volume fraction

should rather lie in the range 1 ⋅ 10−10 < 𝐾 < 1 ⋅ 10−11 m2 [99], and that the unsaturated

and saturated permeability values differ slightly, the reason of which will be discussed

in the next session.

Secondly, although the G-FLOW seems to have a more open structure (Fig. 3.1),

this is not reflected in the longitudinal permeability of the 5F stack, which is compara-

ble to the G-PLY stacks (5P and 5P-alt), in spite of having a lower fiber content (36%

against 46%). This can be explained by considering the cross section of the two fabrics.

The G-PLY is a non-crimp fabric, which creates wide channels along the flow direc-

tion, whereas the G-FLOW is a leno-weave, which is characterized by an open grid-like

structure in the through-thickness direction, which seems to be less efficient for the in-

plane flow. This fabric would be better suited for compression RTM, for example, than

in-plane RTM, as evaluated in the present work.

A third remarkable feature is the difference between 5P and 5P-alt, which differ

only in the stacking orientation, resulting in wider channels. Moreover, as previously

discussed, under compaction, the 5P might deform in such a way that the transverse

layer bends, consequently obstructing the channels.
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Finally, the introduction of one or two layers of G-FLOW did not bring any ad-

vantage. The permeability of the two hybrid stacks (4P-1F and 4P-2F) is comparable to

or lower than that of the stacks with G-PLY only.

5F
(36%)

5P
(46%)

5P-alt
(46%)

4P-1F
(43%)

4P-2F
(50%)
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Fig. 4.4: Saturated and unsaturated permeabilities of different stack architectures

4.2 Permeability and capillary effects in a channel-wise

non-crimp fabric

In the previous section it was demonstrated that G-PLY has a higher permeability than

G-FLOW. This is likely to be related to its peculiar architecture, and specifically on the

organization of the fibers along the flow direction. In this second part, the relation be-

tween the fabric meso-structure and in-plane permeability of G-PLY was investigated

using a 2 × 2 twill weave with a more "standard" architecture (G-WEAVE, see Sec-

tion 3.1.2) as a reference fabric.

For each fabric type, six configurations with different fiber volume fractions have

been studied. Different fiber contents were obtained upon variation of the number of

layers compacted in a constant thickness of 3mm, as reported in Table 4.2. Perme-

ability measurements were conducted over a wide range of capillary numbers (between

4 ⋅10−5 and 4 ⋅10−1) using the fluids reported in Table 3.2, in order to evaluate the role of

capillary phenomena and their influence on flow front morphology. The methodology
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described in Section 3.2.1 was employed for saturated and unsaturated permeability mea-

surements, and for the determination of permeability ratio and capillary number. The

meso-structure of the fabric preforms was analyzed from Computed X-Ray Tomogra-

phy∗ images, from which a simple numerical permeability model was proposed. Finally,

the generally observed discrepancy between unsaturated and saturated permeability was

quantified and explained in light of the capillary number and fabric architecture.

Table 4.2: Fabric samples configurations, compacted to a thickness of 3mm.

Fabric Layers 𝑉𝑓 (%)

G-PLY 4 36.47 ± 0.14
G-PLY 5 45.78 ± 0.40
G-PLY 6 55.24 ± 0.27
G-WEAVE 5 38.00 ± 0.08
G-WEAVE 6 45.07 ± 0.12
G-WEAVE 8 60.72 ± 0.19

4.2.1 Saturated permeability

Fig. 4.5 displays the measured values of saturated permeability for the six fabric config-

urations. The value for G-FLOW† is also shown for comparison. The permeability of

G-PLY is almost one order of magnitude higher than that of G-WEAVE for comparable

fiber content, and is also higher than that of typical glass fabrics, which makes it suitable

for fast impregnation with highly viscous resins. This is attributed to the different meso-

structures of the two fabrics, as the characteristics at micro-scale (e.g. sizing and fiber

radius) are the same. It is worth comparing with the saturated in-plane permeability mea-

surements in [85, 87] for a unidirectional glass-fabric featuring meso-channels. In that

case, values around 6⋅10−9 m2 at 45 vol% of fibers, thus slightly lower than G-PLY, were

measured. A major difference between the two cases is the size of the meso-channels

(larger in G-PLY). The relation between microstructure and permeability is discussed in

the next section.
∗RX Solutions, PIXE Platform, EPFL, Switzerland.
†From Fig. 4.4.
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Fig. 4.5: Saturated permeability for G-PLY, G-WEAVE and G-FLOW fabrics; the numerical
permeability calculated from G-PLY meso-channel geometry (Eqs. 4.3 and 4.4) is also reported

(see Section 4.2.2).

4.2.2 Microstructural analysis

Fabrics microstructural characterization

Microstructures of the two fabric types were characterized using a laboratory X-ray mi-

crotomograph‡. Samples were inserted into cylindrical PMMA containers and com-

pacted to the thickness of 3 mm as detailed in [147]. Six fabric samples were analyzed,

reproducing the same configurations as in the permeability experiments (Table 4.2).

During the measurements, the generator voltage and the current intensity were set to

160 kV and 200 μA and 2000 radiographs were acquired with the size of 2176 × 1792

pixels from the incremental rotation of the samples with respect to the X-ray source. In a

following reconstruction operation, 3D grayscale images of absorption coefficients were

obtained with a voxel size of 9.87 × 9.87 × 9.87 μm3.

The tomographic reconstructions for the six samples, with a size of 1475 × 1475

× 304 voxels, are shown in Fig. 4.6. In order to investigate the channel structure of

scanned G-PLY samples, 3D images were converted to 2D slices along the x-direction

(i.e., each slice was on the yz-plane) and each 2D slice was segmented to consist of

fiber bundles and meso-channels. Segmentation was achieved using Fiji [156], and a

standard thresholding procedure was followed by additional morphological operations.

‡RX Solutions, PIXE Platform, EPFL, Switzerland.



Chapter 4. Flow studies on selected fabrics 74

Fig. 4.7 illustrates 2D slices and their corresponding binary images; meso-channels of

the samples showed distinct characteristics in terms of their cross-sectional geometries.

Channels in 4-layer and 6-layer samples exhibited rectangular and triangular shapes, re-

spectively; whereas the 5-layer sample contained both rectangular and triangular meso-

channels. Even though the nesting and layer shifting mechanisms are beyond the scope

of this study, it is obvious that increasing the number of layers caused shrinkage of the

rectangular channels combined with bending of the bundles in the transverse direction,

which in turn resulted in the formation of smaller triangular channels. For the 5-layer

sample, intermediate compaction results in hybrid channels’ shape, with both triangular

and rectangular channels forming at different locations along the longitudinal direction.

To quantify the channel geometry, Analyze Particles plugin of Fiji was used in all 2D

slices except those corresponding to the interbundle gaps between the adjacent trans-

verse bundles. In addition to the area and perimeter of the pores, the aspect ratio of each

pore’s bounding box was also measured and used as a shape descriptor to distinguish

between rectangular and triangular pore geometries as will be detailed in Section 4.2.2.

Meso-channel geometry

In order to analyze the channel cross-section throughout the whole sample, 3D binary

subvolumes were cropped to contain individual meso-channels. This operation resulted

in 11, 12 and 18 3D subvolumes for 4-, 5-, and 6-layer samples, respectively (see Fig. 4.7).

Each 3D subvolume consists of 2086 slices, from which we analyzed on average 14591±

199 rectangular cross-sections for 4-layer sample, 6871𝑝𝑚124 rectangular and1332 ±

214 triangular cross-sections for 5-layer sample, and 2651±385 triangular cross-sections

for 6-layer sample. Fig. 4.8 shows the aspect ratio and the area of the detected cross-

sections in each slice of the samples as well as typical channel geometries and their

bounding boxes. A comparison between the channel characteristics of different sam-

ples indicates that rectangular channels typically cover a larger area than the triangular

channels and their bounding boxes have larger aspect ratios. Both channel types are

present in 5-layer sample and results in two clusters in terms of aspect ratio and area as

observed in Fig. 4.8. This confirms that, in the 5-layer sample, the channels are locally

constricted due to local compaction and bending of bundles, thus a rectangular channel
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Fig. 4.6: 3D images reconstructed from Computer X-Ray Tomography of G-PLY with (a) 4, (b)
5 and (c) 6 layers and G-WEAVE with (d) 5, (e) 6 and (f) 8 layers.
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Fig. 4.7: Cross section views from Computed X-Ray Tomography showing unit cells (left-hand
side) and binary-converted images showing varying meso-channel shapes (right-hand side) for
(a-b) 4, (c-d) 5 and (e-f) 6 layers of G-PLY; respectively 11, 12 and 18 unit-cells were used
for image analysis of the three samples, each containing either one rectangular or two parallel

triangular meso-channels.
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splits into two smaller triangular channels, which later on converge back to form a single

rectangular channel.

(a) (b)

(c)

Fig. 4.8: Aspect ratio and area of the channels cross-section for (a) 4, (b) 5 and (c) 6 layers
samples.

Estimation of permeability from meso-channels geometry

Using a circuit analogy, the pressure drop in a channel is related to the flow rate as

− Δ𝑃 = 𝑅ℎ𝑦𝑑𝑄𝑜𝑢𝑡 (4.1)

where 𝑅ℎ𝑦𝑑 is the hydraulic resistance. Even though expressions for hydraulic resistance

of ideal cross-sections (i.e., circle, ellipse, rectangle, etc.) can be found, channels en-

countered herein are far from ideal. Thus, 𝑅ℎ𝑦𝑑 of each channel was calculated using the

general expression as proposed by Bruus [157]:

𝑅ℎ𝑦𝑑 =
2𝜂𝐿𝑐𝑃

2
𝑐

𝐴3
𝑐

(4.2)
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where 𝑃𝑐 and 𝐴𝑐 are respectively the perimeter and area of the channel cross-section,

and 𝐿𝑐 is the channel length. The characteristic Rℎ𝑦𝑑 of each channel in Fig. 4.7 was

estimated using the median perimeter and median area measurements obtained using

the Analyze Particles plugin. Combining Eqs. 3.4, 4.1 and 4.2, permeability of the 4-

layer and 6-layer samples are then calculated as

𝐾𝑚𝑒𝑠𝑜−𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
𝐴3

𝑐

2𝑃 2
𝑐
𝐴

(4.3)

where 𝐴 is the cross-sectional area of the unit cell (red boxes in Fig. 4.7) along the flow

direction with width of 5 mm corresponding to the center-to-center distance between

two adjacent tows in a layer and the height of 0.75 and 0.5mm calculated as 3∕𝑛 (mm),

𝑛 being the number of layers. In the 5-layer sample, two triangular channels are con-

sidered as two resistances in parallel, in series with another resistance corresponding to

the rectangular channel (see Fig. 4.9). To calculate the 𝑅ℎ𝑦𝑑 of each channel type, chan-

nels are clustered into two groups using the area and aspect ratio of the bounding box

in 𝑘-medoids function of Matlab (see Fig. 4.8 for clusters) using the median perime-

ter and median area values of each cluster. Once the permeabilities of triangular and

rectangular channels (𝐾𝑚𝑒𝑠𝑜,𝑡, 𝐾𝑚𝑒𝑠𝑜,𝑟) are calculated using Eq. 4.3, permeability of a full

meso-channel is then calculated as

𝐾𝑚𝑒𝑠𝑜−𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
𝑙𝑟 + 𝑙𝑡

𝑙𝑟

𝐾𝑚𝑒𝑠𝑜,𝑟

+ 𝑙𝑡

𝐾𝑚𝑒𝑠𝑜,𝑡

(4.4)

where 𝑙𝑟 and 𝑙𝑡 are the relative lengths of rectangular and triangular channels, calculated

by using the number of elements in each respective cluster. It should be noted that 𝐴 in

Eq. 4.3 is the cross-sectional area of the unit cell with the width of 5mm and the height

of 0.6mm. Permeability results are presented in Table 4.3 along with the characteristics

of the channel cross-sections, and are also reported in Fig. 4.5 for comparison with the

experimental results. The comparison between experimental and meso-channel based

permeability values shows that this model, despite its simplicity, results in a reasonably

close estimation of permeability, within the same order of magnitude as experimental

results. Eq. 4.2 overestimates the permeability of rectangular channels if the aspect ratio
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Fig. 4.9: Scheme of (a) rectangular channel, (b) rectangular and triangular channels in series,
and (c) triangular channels in parallel.

is higher than 2.27, obtained by solving Eq. 4.2 and the expression for 𝑅ℎ𝑦𝑑 of rectan-

gular cross-section (𝑅ℎ𝑦𝑑 = 12𝜂𝐿𝑐

1−0.63 ℎ

𝑤

1
ℎ2𝑤

); aspect ratios of rectangular cross-sections are

significantly higher than this critical value in both 4- and 5-layer samples (see Fig. 4.8).

The overestimation due to this formulation is 32.3% for an aspect ratio of 1:10, a typical

value of aspect ratio as seen in Fig. 4.8a. In addition, triangular channels are assumed to

be all identical in the model and this can contribute to an overestimation of permeability.

However, identification of individual channels is not straightforward and requires a pore

network analysis, which is beyond the scope of this work.

Equivalent permeability of the unit cell

Circuit analogy for estimation of equivalent resistance in channels is valid for low Reynolds

numbers and, in case of non-crimp biaxial fabrics, can be extended to calculate the equiv-

alent permeability of the unit cell by taking into account the three distinct flow zones as

shown in Fig. 4.10:

• flow through the meso-channel, with permeability 𝐾∥
𝑚𝑒𝑠𝑜

,

• flow through fiber bundles along the flow, with permeability 𝐾
∥
𝑚𝑖𝑐𝑟𝑜

,

• flow through the transverse bundles with permeability 𝐾⟂, which is broken down

to two components:
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Fig. 4.10: Example of unit cell of G-PLY, showing (a) geometrical parameters and (b) the three
flow zones.

– flow through fiber bundles perpendicular to flow (𝐾⟂
𝑚𝑖𝑐𝑟𝑜

),

– flow through the meso-channel between two adjacent fiber bundles perpen-

dicular to the flow (𝐾⟂
𝑚𝑒𝑠𝑜

) [134, 136, 137].

𝐾∥
𝑚𝑒𝑠𝑜

was calculated using the methodology detailed in the previous section except that

this time, it was based on the cross-sectional area (𝐴𝑐) of the channel itself, instead of

that of the unit cell (red boxes in Fig. 4.7), reducing Eq. 4.3 to the following:

𝐾∥
𝑚𝑒𝑠𝑜

=
𝐴2

𝑐

2𝑃 2
𝑐

(4.5)

In order to calculate the permeability within the bundles parallel and perpendicular to the

flow, the volume fraction of bundles (𝑉 ∥
𝑓,𝑚𝑖𝑐𝑟𝑜

and 𝑉 ⟂
𝑓,𝑚𝑖𝑐𝑟𝑜

) were calculated by manually

fitting splines to at least 40 individual bundle cross-sections in each direction. Using the

TEX value (1200 for both warp and weft bundles) and fiber radius, the values of volume

fractions reported in Table 4.4 were calculated. Permeability of the bundles along and
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transverse to flow direction were calculated using Gebart’s equations, i.e. respectively

𝐾
∥
𝑚𝑖𝑐𝑟𝑜

= 8
𝐶1

(1 − 𝑉
∥
𝑓,𝑚𝑖𝑐𝑟𝑜

)3

(𝑉 ∥
𝑓,𝑚𝑖𝑐𝑟𝑜

)2
𝑅2 (4.6)

and

𝐾⟂
𝑚𝑖𝑐𝑟𝑜

= 𝐶2

(√
𝑉𝑓,𝑚𝑎𝑥

𝑉 ⟂
𝑓,𝑚𝑖𝑐𝑟𝑜

− 1

)5∕2

𝑅2 (4.7)

where 𝐶1 = 53, 𝐶2 = 16
9𝜋

√
6

and 𝑉𝑓,𝑚𝑎𝑥 = 𝜋

2
√
3

for hexagonal fiber arrangement [97],

and 𝑅 = 7.55 ± 0.89 μm is the average fiber radius. The meso-channel between the

two transverse bundles, whose permeability is denoted by 𝐾⟂
𝑚𝑒𝑠𝑜

, is assumed to have a

rectangular cross-sectional area with a width of 5 mm (spacing between the centers of

two bundles along the flow) and with height equal to the height of transverse bundles

(ℎ⟂
𝑚𝑒𝑠𝑜

). Permeability of this rectangular channel is calculated as

𝐾⟂
𝑚𝑒𝑠𝑜

=
(1 − 0.63 ℎ

𝑤
)ℎ2

12
, (4.8)

where ℎ and 𝑤 are height and width of the unit cell, respectively. The equivalent trans-

verse permeability (𝐾⟂) is calculated by considering the meso- and micro-flow and is

calculated as

𝐾⟂ =
𝑙⟂
𝑚𝑒𝑠𝑜

+ 𝑙⟂
𝑚𝑖𝑐𝑟𝑜

𝑙⟂
𝑚𝑒𝑠𝑜

𝐾⟂
𝑚𝑒𝑠𝑜

+ 𝑙⟂
𝑚𝑖𝑐𝑟𝑜

𝐾⟂
𝑚𝑖𝑐𝑟𝑜

(4.9)

since the two channels are treated as two resistances connected in series (see Fig. 4.10).

As shown in Fig. 4.10, the three flow zones in the unit cell, namely flow in the parallel

bundles (orange), flow in the meso-channel (green) and the transverse flow (blue) take

place in parallel. Using the relative cross-sectional area of each of the three zones in the

unit cell (𝑐1, 𝑐2, and 𝑐3, see Table 4.4), the overall equivalent permeability is thus:

𝐾𝑒𝑞 = 𝑐1𝐾
∥
𝑚𝑒𝑠𝑜

+ 𝑐2𝐾
∥
𝑚𝑖𝑐𝑟𝑜

+ 𝑐3𝐾
⟂ (4.10)

Values are reported in Table 4.4. A comparison between 𝐾𝑒𝑞 and 𝐾𝑚𝑒𝑠𝑜−𝑐ℎ𝑎𝑛𝑛𝑒𝑙 calculated

in the previous section show that the results are very close (less than 8% deviation) for

all of the three samples, validating the approach presented in the previous section which
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considers only flow in the meso-channels. 𝐾⟂
𝑚𝑖𝑐𝑟𝑜

from Table 4.4 can be used to evaluate

the Darcy number for the scale-separation criterion proposed by Syerko et al. [90]§. A

value lower than 10−3 is found, confirming that single-scale flow in the meso-channels

is dominant.

4.2.3 Unsaturated permeability

The differences in architecture of the two fabric types influence the unsaturated flow

morphology for different capillary numbers, as illustrated in Fig. 4.11. The G-WEAVE

shows a "classic" behavior, with a narrow unsaturated zone confined at the flow front for

both low (Fig. 4.11a) and high (Fig. 4.11b) 𝐶𝑎 values. At low 𝐶𝑎, flow is slightly faster

in the intra-tow region, because driven by capillarity, resulting in no visible dry regions

in the saturated zone behind the flow front (Fig. 4.11a), whereas at higher 𝐶𝑎 flow is

dominant in the inter-tow spaces, causing entrapment of dry spots in the fiber bundles

(Fig. 4.11b). Conversely, in the G-PLY, flow is never dominant in the fiber bundles.

At low 𝐶𝑎 the flow front morphology remains rather close to "slug-flow", showing no

leading flow in the bundles (Fig. 4.11c), whereas at higher 𝐶𝑎, the fluid clearly flows

faster in the meso-channels than in the bundles, leaving behind a large unsaturated area

(Fig. 4.11d).

Varying the applied pressure, fluid type and fiber volume fraction, it was possi-

ble to perform experiments in a range of average capillary numbers spanning over four

orders of magnitude. Due to its particular structure with large channels, which confers

to G-PLY such a high permeability, this fabric was able to allow flow of high viscosity

fluids (> 10 Pa s) at relatively low pressure (< 5 bar) and without destruction or visible

deformation of the preform architecture, allowing to reach capillary numbers as high

as 0.4. In G-WEAVE, 𝐶𝑎 could not exceed ∼ 0.04; beyond this value fabric deforma-

tion was observed. For each experiment, the ratio between unsaturated and saturated

permeability defined in Eq. 3.5 was reported as a function of capillary number; overall

results are given in Fig. 4.12a, where each point corresponds to a single experiment.

The error bars on the x-axis correspond to the standard deviation for the capillary num-

ber in the range of analysis of each test¶. The large scatter of data points is attributed

§See also Section 2.5.1 in Chapter 2.
¶Cf. Fig. 3.3.
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(a) (b) (c)

Unsaturated Saturated

(d)

Fig. 4.11: Flow front at capillary number (a) 0.000068 and (b) 0.0028 for G-WEAVE, and (c)
0.00013 and (d) 0.38 for G-PLY.

to variations of capillary number and to experimental variability in permeability mea-

surements, which is largely documented for this kind of tests [98]. Nonetheless, trends

are observed: at small capillary numbers, 𝑅𝑠 is higher than 1 for all experiments, and

decreases rapidly as 𝐶𝑎 increases. For 0.0005 ≲ 𝐶𝑎 ≲ 0.01, values smaller than 1 are

mainly observed for G-WEAVE. Finally, for higher 𝐶𝑎, 𝑅𝑠 increases again to around

1 or above. This behavior results from the competition between capillary phenomena

within the fiber bundles (intra-tow) and viscous flow in the gaps between the bundles

(inter-tow). When 𝐶𝑎 is low, fluid is driven in the narrow intra-tow spaces by capillary

forces, leading (in accordance with Eq. 3.5) to an overestimation of the unsaturated per-

meability compared to the saturated value. This is particularly true for the G-WEAVE,

for which the highest 𝑅𝑠 values were observed at 𝐶𝑎 < 0.0005. Above a critical 𝐶𝑎,

viscous flow starts to dominate, and 𝑅𝑠 is expected to drop below 1, as the fluid flows

preferentially in between the tows. This transition from wetting to non-wetting flow as

𝐶𝑎 increases was observed in non-crimp carbon fabrics in [62], and is confirmed in this
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study for the G-WEAVE, for capillary number values between 5⋅10−4 and 1⋅10−2. How-

ever, for G-PLY, 𝑅𝑠 remained close to 1 in most of the experiments at higher capillary

numbers. However, this cannot be attributed to capillary effects, as flow mostly takes

place in the inter-tow spaces (meso-channels), delaying impregnation of the fiber bun-

dles. When the inter-tow spacing is large, saturated permeability was shown above to be

well predicted, even when flow taking place in the tows is totally neglected. As a result,

the flow kinetics measured for G-PLY are dominated by flow in the meso-channels, and

do not differ much from those observed close to the critical capillary number, for which

flow takes place equally in both tows and channels.

Following Eq. 3.6, capillary pressure can be estimated as

Δ𝑃𝛾 = Δ𝑃 (𝑅𝑠 − 1). (4.11)

The results are plotted in Fig. 4.12b. For the G-WEAVE, Δ𝑃𝛾 < 0 at low 𝐶𝑎 and

mainly Δ𝑃𝛾 > 0 at high 𝐶𝑎, confirming the transition from wetting to non-wetting at

𝐶𝑎∗ ∼ 0.0005. For G-PLY, Δ𝑃𝛾 ∼ 0 at mid-low 𝐶𝑎, i.e. capillary effects are negligible.

For higher 𝐶𝑎, the negative capillary pressure values are to be considered as an apparent

pressure (apparent wetting). This rises from the fact that for this fabric and at high 𝐶𝑎

the flow is definitely far from the slug-flow assumption, and Eq. 4.11 is no longer valid.

The critical capillary number corresponding to a transition from wetting to non-

wetting (𝐶𝑎∗) has been discussed by previous authors [60, 62, 112, 114, 115, 117] in

view of process optimization, as it corresponds to a minimum void content. As a result,

it is often referred to as optimum capillary number. At this value, capillary and hydrody-

namic forces compensate and fluid flows at the same velocity in the inter- and intra-tow

regions, leading to a minimum amount of entrapped voids in the final composite. Val-

ues between 10−3 and 10−2 have been reported by these authors. In the present study, a

lower value (approximately 0.0005) is observed. This is not surprising, as the optimal

capillary number is expected to vary with fabric architecture and type [112, 117]. For

instance, carbon fibers have smaller diameter and higher specific surface area, which is

responsible for stronger capillary effects. Consequently, the value 𝐶𝑎∗, at which viscous

forces overcome capillary forces, is expected to be higher (see for example [60, 62]). It

is also worthy to note that the standard deviation on capillary number in this study lies
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Fig. 4.12: (a) Unsaturated-to-saturated permeability ratio and (b) capillary pressure vs. average
capillary number for the whole series of tests.

between 15 and 25%, as it was estimated in established flow regions under constant ap-

plied pressure. In order to find a more precise optimum capillary number, constant flow

rate experiments should be performed [60, 62]. However, these are more difficult to

perform, both in terms of experimental practicality (constant-flow-rate injecting system

is needed, like a pump or syringe) and of data analysis (optimal capillary number is

determined from capillary pressure drop taken as the y-intercept of the inlet-pressure

build-up graph, which is dramatically affected by the chosen range of analysis). On the
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contrary, the experimental methodology hereby proposed would allow to determine the

optimal capillary number for a given fabric by a small series of constant-pressure tests

performed at different capillary numbers by simply comparing unsaturated and saturated

permeabilities.

4.3 Conclusions and outlook

Two high-flow glass-fabrics have been characterized in terms of compaction and per-

meability. The G-PLY, a stitched non-crimp fabric, appears to have higher permeability

compared to the G-FLOW, a leno-weave fabric. Five different stack architectures were

evaluated, among which the configuration of five G-PLY layers with alternated orien-

tation had the higher permeability, since wider channels are created in this stack. Even

though these channels are partially blocked upon compaction, as a consequence of plies

slipping, the alternated configuration retains its higher permeability. This was explained

considering the nesting mechanism compared to the bending, which takes place in the

normal G-PLY (5P).

The influence of channels in determining the permeability of G-PLY was fur-

ther investigated through flow studies, microstructure characterization and a numerical

model, using a regular woven fabric (G-WEAVE) as a reference. Saturated permeability

was found to be one order of magnitude greater for the G-PLY. It is however important

to note that the flow front is, in many cases with this fabric, not uniform; care must

be taken to ensure full impregnation of the tows in processing composites with these

materials. We demonstrated that permeability for these fabrics is dominated by viscous

flow along the meso-channels for a broad range of capillary numbers. As a result, a

numerical model based on the hydraulic circuit analysis, which requires a rather basic

knowledge of the flow channels’ geometry provides good agreement with experimental

results. Implementation of a model taking into account the micro-flow in the intra-tow

pores confirms this trend, with only minor improvement on the permeability estimation.

The ratio of unsaturated over saturated permeability was also measured through

constant-pressure experiments performed over a wide range of capillary numbers. This

ratio can be theoretically estimated from the solution of Darcy’s law taking into account

or not the capillary pressure at the flow front; it is directly related to the ratio of capillary
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pressure over applied pressure. Experimental results confirmed that for a rather classic

woven fabric (G-WEAVE), 𝑅𝑠 is much greater than 1 at low capillary numbers, and de-

creases as flow velocity increases, to drop below 1 above a critical 𝐶𝑎 value, which may

represent the optimal 𝐶𝑎 value as identified to ensure low porosity in LCM. For G-PLY,

a similar behavior is initially observed, however 𝑅𝑠 remains close to 1 for all capillary

numbers above the critical value. This is attributed to the dominant effect of inter-tow

flow in the overall flow kinetics. This work contributes to the long debate in the LCM

community between unsaturated versus saturated flow measurement, to indicate that, in

particular for fabrics which have a strong dual-scale nature, unsaturated permeability

measurements can indeed provide an accurate measurement of permeability, as long as

care is taken to perform the experiment at high enough 𝐶𝑎 to favor inter-tow flow. 𝐶𝑎

should however remain low enough to prevent fabric distortion during the experimental

measurement.

A direct consequence of this type of flow is that a large unsaturated region is always

left behind the flow-front, even when this has reached the outlet. This might represent a

problem in terms of void content of the final composite and can be regarded as the other

side of the coin of permeability enhancement. In a melt-TP-RTM process, the fluid is a

polymer of viscosity up to 50 Pa s, injected at a pressure up to 10 bar. This means that

we can expect capillary numbers in the range 0.1 to 1. In order to avoid a large void

content, a possible solution would be to adopt the following steps during the process:

first, prior to polymer injection, vacuum should be applied at the outlet of the mold, in

order to remove all the air from the dry fabric. Then, the melt polymer can be injected in

the mold. Once the fluid flowing in the inter-tow channels has reached the outlet, a large

content of voids in the intra-tow spaces has been left behind. At this point, the outlet

should be closed, and injection should continue, in order to fill all the micro-voids and

fully impregnate the fabric. Another strategy is to place lower permeability fabrics or

"dams" at the end of the flow path, so as to reduce the flow of the resin in these areas,

hence allowing progressive saturation of the tows. These strategies are object of study

in the next chapters.



Chapter 5

Enhancing permeability with spacers

In Chapter 4 it was demonstrated that the presence of meso-channels is the key to perme-

ability enhancement, in accordance with previous findings (Section 2.5). An increase of

permeability of one order of magnitude was observed between a standard woven fabric

(2× 2 twill) and a NCF with a specific stitching pattern, which is responsible for forma-

tion of large inter-tow channels in the preform. However, such a peculiar fabric requires

dedicated production, in particular temperature resistant stitches, when mTP-RTM is

concerned, which might result in higher manufacturing cost. Also, as observed in the

previous chapter, these may lead to large non-saturated zones, which may be difficult to

control, and to a strong local inhomogeneity in the final material, with large resin-rich

areas. In this chapter, we present an alternative strategy for creating channels in a fibrous

preform of any architecture by introducing a second solid-phase in the preform, which

will be called spacer.

5.1 Concept

The basic idea behind flow enhancement with spacers, as investigated in this study, is

illustrated in Fig. 5.1, which schematically shows the side view of a preform compacted

in an RTM mold. A highly permeable region is created in the fabric preform, in order to

allow for fast long-range infiltration in the in-plane direction (red arrow). Later, fabric

impregnation is achieved by through-thickness flow (blue arrows). Though through-

thickness permeability is typically two or three orders of magnitude lower than that

89
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in-plane, the flow distance is also very short (few millimeters). Since flow time 𝑡 is

quadratically dependent on the flow length 𝐿, and inversely proportional to permeabil-

ity 𝐾 (𝑡 ∝ 𝐿2

𝐾
), shorter impregnation times are thus predicted.

inlet outlet
Fig. 5.1: Side-view of sandwich preform, where the core region represents the spacer.

This strategy resembles what is typically carried out in VARIM, where a flow

mesh is inserted between the top fabric layer and the vacuum bag, and impregnation is

obtained by through-thickness flow. However, this is the only similarity the two concepts

share. Firstly, the strategy proposed in this study is conceived for RTM; this implies that

the preform, composed of a fabric stack and flow-medium, is compacted to a constant

thickness in a rigid mold, unlike VARIM, where the mold top is flexible and compaction

is limited to atmospheric pressure (i.e. the final thickness is dependent on the preform

response under compaction).

Secondly, a positive injecting pressure can be imposed on the fluid, which can

be higher than 1 bar, and fluid can be injected even during a post-filling stage, unlike

VARIM, where it is necessary to close the inlet in order to have effective compaction.

With our strategy, fluid can be over-injected so as to achieve optimal impregnation, but

care should be taken so as to slow it down once it reaches the outlet.

Thirdly, the spacer has a three-dimensional structure, so that it is stiff enough in

order to withstand fabric compaction and open gaps. 3D-Printing by Fused Deposition

Modeling (FDM) was chosen as technique for production of the spacers.

Finally, the spacer is inserted in the middle of the fabric stack, as the core of a

sandwich structure, and it is meant to remain as part of the final composite, or to even-

tually melt and dissolve in the matrix. In the first case, a composite sandwich structure

with predictably improved bending and torsional stiffness will be obtained. In the latter

case, the fabric will relax and a more homogeneous distribution of fibers in the matrix

could be achieved; this implies that the material of choice has to be solid and stiff during
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in-plane flow, and melt or dissolve during the subsequent through-thickness impregna-

tion.

5.2 Design and fabrication

5.2.1 3D model design

The spacer design was performed on 3D modeling software SketchUP. It was conceived

as a three-dimensional square lattice, where the repeating unit is a three-dimensional

frame with solid walls along the flow direction (Fig. 5.2a). The final structure is an

array of solid beams and channels along the flow direction, kept together by thinner

transverse beams (Fig. 5.2b). The longitudinal beams are the structural components of

the spacer, and they are accountable for bearing the compaction of the fabric. Beams’

thickness 𝑡 and width 𝑏 were kept constant for all the structures to 1.5 and 1 mm, re-

spectively. The spacers feature rectangular channels along the flow direction of constant

height ℎ = 1mm and width 𝑤. Square gaps of size 𝑤×𝑤 allow through-thickness flow.

Channel’s width 𝑤 was varied between 2mm and 6mm. Therefore, increase of spacer

permeability, both in-plane and out-of-plane, and concurrent decrease of compressive

stiffness, is expected for larger 𝑤. A too small mesh size could result in an excessively

stiff structure, which would require too high pressure for compaction. On the other hand,

a too large mesh size could cause the fabric to nest in the transverse gaps and eventually

block the channels. Another meaningful parameter is 𝑏, which is expected to affect the

stiffness of the longitudinal beams, but which was kept constant in this study.

h

w w

t

b

(a)

Flow direction

(b)

Fig. 5.2: Three-dimensional design of (a) unit cell and (b) full spacer; 𝑡 = 1.5mm, b=1 mm,
ℎ = 1mm, 𝑤 variable.
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5.2.2 Preform structure

Ideally, during the transverse flow phase, the spacer would melt so that the fabric can

relax and optimal impregnation and fiber distribution can be achieved in the final com-

posite. However, it is conceivable that it would remain solid and stay rigidly embedded

in the matrix, resulting in a sandwich-like composite. Unlike VARIM, in RTM pro-

cess final part thickness is given by the mold-cavity depth, therefore global fiber volume

fraction is determined a priori, and it is not affected by the presence of the spacer. How-

ever, a substantial difference will be locally created. Local volume fraction can easily

be determined using the well-known formula (Eq. 3.3)

𝑉𝑓 =
𝐴𝑤𝑛

𝑡𝜌𝑔𝑙𝑎𝑠𝑠
.

In this study, we used a cavity of 5 mm thickness, and 10 layers of 2×2 twill glass fabric

G-WEAVE™∗, which leads to a global fiber content of 45.8%. In presence of a spacer

of thickness 1.5 mm, the 10 fabric layers would be confined in a thickness of 3.5 mm,

which corresponds to a local fiber volume fraction in the regions above and below the

spacer (i.e. the skins) of 65.4%, if the spacer does not deform. A schematic of the fabric

preform with spacer is depicted in Fig. 5.3. Fabric layers were always placed with fiber

bundles parallel to spacer’s beams, and always with the same lay-up†.

According to the findings of Chapter 4, the longitudinal in-plane permeability of

the preform in Fig. 5.3 can be easily predicted from the channel’s shape and size. Com-

bining the equation for saturated permeability (Eq. 3.4) to the equation for the pressure

drop in a channel (Eq. 4.1) and the hydraulic resistance of a rectangular channel [157],

i.e.

𝑅ℎ𝑦𝑑 = 12𝜂𝐿
(1 − 0.63 ℎ

𝑤
)ℎ3𝑤

, (5.1)

where 𝜂 is fluid viscosity, and 𝐿, ℎ and 𝑤 channel’s length, height and width, the follow-

ing expression for the saturated permeability of a sandwich preform channel is obtained:

𝐾𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
(1 − 0.63 ℎ

𝑤
)ℎ3𝑤

12𝐴
, (5.2)

∗Refer to Section 3.1.2 in Chapter 3.
†Notice that G-WEAVE has the same areal weight of fibers in the two principal in-plain directions.
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where 𝐴 is the area of a cross-sectional unit-cell of the preform containing one channel

(Fig. 5.3).

G-WEAVE x5 
(65.4%)
Spacer 5 mmt =  1.5 mm

G-WEAVE x5 
(65.4%)

45.8%

w

h

unit-cell area
A = 5 mm * (b + w)

Fig. 5.3: Scheme of cross-section perpendicular to flow of a sandwich-like preform with core
spacer, showing local and global fiber volume fraction.

5.2.3 Fabrication by 3D-Printing

Spacers were fabricated in poly(lactic acid) (PLA) and polycaprolactone (PCL) using a

Fused Deposition Modeling (FDM) technique, on a 3D-Printer Ultimaker 2+. PLA

and PCL were extruded through a nozzle of 0.25 mm diameter at a temperature of

210 ◦C and 180 ◦C respectively. Bed temperature and nozzle speed were set to 60 ◦C

and around 25mm s−1 for PLA. For PCL, bed temperature was set to 35 ◦C, while the

printing speed varied between 6.25mm s−1 for the bottom layer to 37.5mm s−1 for the

longitudinal beams. Printed 3D-spacers were let to cool down before being detached

from the substrate.

Five different mesh sizes 𝑤×𝑤 were investigated, with 𝑤 varying from 2 to 6mm.

Spacers of size ≈ 3 cm × 3 cm, similar to the ones shown in Fig. 5.4, were produced

in PLA for the compression and compaction tests described in the next section. An

additional spacer of mesh 6 was printed in PCL. More spacers were printed in size

5 cm × 20 cm, as shown in Fig. 5.5. These spacers were used either for flow studies

(PLA) or to produce real plates with epoxy resin (both PCL and PLA). In the case of

PCL spacers, the top transverse layer was not printed, because the viscosity was so high

that bridging (printing of suspended features) was not optimal. The absence of the top

transverse layer can be observed in Fig. 5.5. It is worth noticing that this geometry with

only one transverse array of beams allows for more efficient and rapid production, along

with slightly higher channels. However, it could cause partial nesting of the glass fabric.
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Fig. 5.4: Top-view of 3D-printed spacers with varying mesh-size.

5 cm

20 cm

PCL

PLA

PLA PCL

Fig. 5.5: Spacers for flow studies (in PLA) and plate production (in PCL) of mesh size 6 × 6
(mm).

5.3 Experiments

Three-dimensional spacers printed in PLA and PCL were characterized alone in com-

pression tests, and combined with glass fabric in sandwich-like preforms (Fig. 5.3) in

terms of compaction and permeability. The presence of a second solid phase in the pre-

form inevitably has an effect on its response under compaction. For instance, a higher

pressure for closing the mold will be required, and at the same time the spacer has to

withstand such a pressure without breaking. It is therefore useful to characterize the

compressive strength of the spacer itself, as well as the force necessary to compact the
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preform in a given thickness. Fabrics behave as viscoelastic materials, with a time-

dependent response. Under constant deformation they can experience stress relaxation,

caused by a reorganization of the fiber bundles. During nesting, fiber bundles of a layer

can slide into the gaps of neighbor layers. In the case of the spacers, fiber bundles might

nest into the transverse gaps of the spacer. Flow experiments were carried out with the

experimental setup described in Section 3.2.1. The goal of these studies was to quantify

the enhancement of permeability for different channel size and possibly find a relation

between spacer stiffness, fabric nesting and preform permeability. Intuitively, the pres-

ence of the spacer will also affect the morphology of flow front, which will also be matter

of investigation.

Finally, as proof of concept, composite plates were prepared via TS-RTM. The ob-

jective was to prove the two concepts mentioned in the introduction of this chapter. After

full impregnation is achieved, the spacer could remain intact after the impregnation and

function as a stiffener, or, alternatively, soften or melt and flatten under the compaction

of the fabric, which would consequently relax and achieve a more homogeneous dis-

tribution of the yarns throughout the plate’s thickness. In the former case, the spacer

should have a melting point higher than the curing temperature of the resin, whereas in

the latter it should have a lower melting point, so as to guarantee that the fabric has the

time to relax before the gel point‡.

5.3.1 Compression tests on spacers

Compression tests on spacers were carried out taking the cue from ASTM standard for

compressive properties on rigid cellular plastics [158], in order to determine their com-

pressive strength and stiffness. Three different spacers of size around 3 cm (Fig. 5.4)

were printed for each mesh-size in PLA and for mesh-size 6 × 6 in PCL, and tested

between two metal plates larger than the samples. The top plate was smaller than the

bottom and was circular, of diameter 45mm. The force 𝐹 was recorded by the 125 kN

load cell and displacement 𝑑 was measured with an LVDT device, while the upper plate

was displaced at a constant speed of 1mm∕min. Force and displacement data were

‡All the mechanical tests in this chapter were performed on an UTM Walter+Bai AG Series LFL-
125kN as described in Chapter 3.
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transformed into stress 𝜎 and strain 𝜖 according to

𝜎 = 𝐹

𝑆
(5.3)

𝜖 = 𝑑

𝑡
(5.4)

where 𝑡 and 𝑆 are spacer’s thickness (≈ 1.5mm) and horizontal area (≈ 3 cm × 3 cm),

respectively. The dimensions were accurately measured with a caliper. Compressive

strength 𝜎𝑐 was arbitrarily defined as the stress at 15% deformation, where 0% was taken

as the 𝑥-intercept of the linear regression in the elastic region.

5.3.2 Compaction tests on sandwich preforms

Sandwich preforms were tested in compaction down to a given thickness using a 10 kN

load-cell, using the same setup used for the compression tests. During these tests, rather

low forces were measured, therefore no LVDT was used, and cross-head displacement

was directly taken as a measure of compaction thickness. For each type of spacer (five in

PLA of varying mesh-size and one in PCL of mesh-size 6 × 6), three samples were pro-

duced and tested with glass fabric layers in a preform as depicted in Fig. 5.3. The spacers

used for compaction were printed with same design as those tested in single compres-

sion (Fig. 5.4). For each test, ten freshly-cut layers of G-WEAVE of size 5 cm × 5 cm,

hence larger than the spacers and larger than the top plate, were cut and laid with the

same orientation on a larger bottom plate. Three tests on plain fabric (without spacer)

were also performed. For the sandwich preforms, the compaction pressure was calcu-

lated by dividing the measured force by the horizontal area of the spacer, which carries

the load. For the fabric only, the area of the circular upper plate of diameter 45mm was

used. The upper plate was displaced at a constant speed of 1mm∕min until the preform

was compacted to 5mm thickness. Force was continuously measured at this constant

thickness for 4min, so as to evaluate the fabric relaxation.
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5.3.3 Flow studies on sandwich preforms

An aqueous solution of PEG 16.7%wt with a small amount of food colorant for contrast

enhancement was used as test fluid (viscosity of 0.11 Pa s at 20 ◦C§). The preforms with

10 layers of G-WEAVE and core spacer were placed in a mold cavity of 5mm thick-

ness¶. Care was taken in order to apply a minimum compacting pressure according to

compaction experiments. For these tests, spacers of size 5 cm × 20 cm were printed, and

glass fabric was cut to the same size. One single spacer was produced for each type of

architecture. Two series of tests were performed. In a first series, the five architectures

were tested and compared against that of the plain fabric. In the second series, one type

of architecture was selected in order to investigate different impregnation strategies.

Permeability of spacers with different mesh size

For each spacer, a test was performed injecting the fluid at constant pressure. Saturated

permeability was measured from the flow rate of fluid at the outlet 𝑄𝑜𝑢𝑡, according to

Eq. 3.4:

𝐾𝑠𝑎𝑡 = −
𝑄𝑜𝑢𝑡𝜂𝐿

𝐴Δ𝑃
,

whereΔ𝑃 is the applied pressure difference between inlet and outlet, 𝜂 the fluid viscosity,

𝐿 = 20 cm the preform length, and 𝐴 = 2.5 cm2 the cross-sectional area of the preform.

Impregnation strategies with spacers

As pointed out in Chapter 4, the presence of channels enhances in-plane permeabil-

ity, but at the same time it exacerbates the duality of flow, which proceeds quickly in

the channels and later within the fiber tows. This might be an issue for the quality of

impregnation. Therefore, it is necessary to find a route to exploit channels to quickly

transfer the fluid from inlet to outlet, and subsequently slow it down and force it to flow

transversely so as to infiltrate within the fiber bundles.

Three experiments were performed using a spacer design based on the unit cell

shown in Fig. 5.2a with mesh size 6 × 6 (𝑤 = 6mm). In all the experiments, listed

in Table 5.1, the fluid was injected with the same applied pressure, and vacuum was

§Refer to Table 3.2 in Chapter 3.
¶Flow studies were performed using the setup described in Section 3.2.1, Chapter 3.
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pulled in the mold cavity from the outlet for 1 min prior the injection and during the

injection. In the first two experiments the fluid was slowed down so as to prevent it to

flow out of the mold and force transverse fabric impregnation. The "brake" mechanism

was different: in the first experiment, a dam-zone was created at the end of the fabric,

making use of a microporous membrane which allows air but not a liquid to pass through

it (Goretex membrane); in the second one, once the fluid had reached the outlet, this latter

was closed (i.e. no more vacuum was being pulled) while the inlet was kept open and

more pressurized fluid was being injected. A third experiment without any spacer (i.e.

10 layers of G-WEAVE) was also conducted. All the experiment continued for at least

10 min in order to reach a full saturation state.

Fluid infiltration was recorded with a digital camera Canon EOS 700D with a

frame acquisition rate of 29 fps. The goal of these experiments was to compare filling

times by image analysis. The video frames were subdivided in unit cells as shown in

Fig. 5.6. A MatLab code was used to generate horizontal and vertical lines, which would

follow the fiber bundles’ borders. The images were binarised and saturation was defined

for each cell at any frame using the fully saturated state (the final frame of the video) as

a reference.

Table 5.1: Flow experiments with different impregnation strategies.

Experiment Configuration Inlet pressure Brake

1 Spacer 6 × 6 0.59 bar Dam-zone
2 Spacer 6 × 6 0.60 bar Closed outlet
3 No spacer 0.60 bar None

Fig. 5.6: Subdivision of preform top-view in unit cells for flow front detection and image anal-
ysis.
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5.3.4 Impregnation with epoxy resin

The "closed-outlet" strategy investigated with a model fluid was subsequently applied to

the production of two composite plates via TS-RTM, with the spacers of mesh 6 × 6 in

PLA and PCL shown in Fig. 5.5. A third plate was produced with glass-fabric only (10

layers of G-WEAVE) for comparison.

Production of plates via TS-RTM

An epoxy resin Araldite® LY 8615 with hardener Aradur® 8615 (Huntsman), at a mix-

ing ratio of 2:1, was used as matrix. The mixture was prepared at room temperature and

degassed under vacuum for 10 min. According to the manufacturer, the gel time of this

resin is between 34-38 min at 80°C and 16-20 min at 100°C, and initial viscosity in the

range 80-160mPa s at 40°C.

The plates were produced in the same setup used for flow experiments, which was

also equipped with six heating cartridges embedded in the bottom steel part of the mold.

The three preforms shown in Fig. 5.7 were prepared in size 5 cm × 20 cm and carefully

placed in the mold cavity of thickness 5mm. For the two sandwiches, the same stacking

sequence shown in Fig. 5.3 was used. The resin was kept at room temperature (20 ◦C) and

injected in the mold at 1 bar of pressure. Vacuum was also applied at the outlet during

the impregnation. The mold was pre-heated at 40 ◦C, and, after fabric impregnation was

visibly achieved, it was raised to the curing temperature of 80 ◦C for 1 h. For the three

cases, vacuum was pulled from the outlet for 1min prior to the injection, and the resin

was cured with closed outlet and under pressure from the inlet. Finally, the demolded

plates were post-cured in a ventilated oven at 150 ◦C for 1 h.

Plates analysis

From the three plates, samples were cut off with a diamond blade for cross-section visu-

alization with an optical magnifier and mechanical testing. Four rectangular beams of

width 13mm and length around 90mm were cut from each plate along the flow direc-

tion for flexural tests (3-point bending configuration with a 125 kN load-cell), similarly

to what is shown in Fig. 5.8. For G-WEAVE/PLA-6×6, each sample was cut such that it

contained two spacer’s beams in the flow direction. Given a thickness of around 5mm, a
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6 mm

G-WEAVE/no-spacer

G-WEAVE/PLA-6x6 

G-WEAVE/PCL-6x6

5 cm

13 mm

Fig. 5.7: Scheme of cross-sectional view perpendicular to flow of preform structures for three
plates produced with epoxy resin via TS-RTM; the red boxes show the cross-sections of beams

cut for flexural tests, each containing two beams of the spacers.

85-90 mm

13 mmIN
LE

T

(a) (b)

Fig. 5.8: Schematic view of a plate with spacer, showing the four samples cut for flexural tests
(in red) and for cross-section visualization (in blue); (a) cross-section in the middle of a 3D unit

cell; (b) cross-section close to a transverse beam.

span-length of 80mm was selected, which gave a span-length-to-thickness ratio of 16:1.

The flexural elastic modulus was taken as the slope of the stress-strain curve in the strain

range between 0.006 and 0.008. Flexural strength was taken as the maximum stress be-

fore failure. Average modulus and strength were calculated from the four samples cut

off from each plate.

5.4 Results and discussion

5.4.1 Compression and compaction

Fig. 5.9 shows the stress-strain compression curves and average compressive strength

of the five PLA spacers and for the PCL-6x6 spacer. Unsurprisingly, the smaller the

mesh size, the larger the number of beams carrying the load, the larger the compressive

strength. PCL is much softer than PLA, and it might deform under the compaction of
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the fabric. This shows a possible shortcoming of the use of low melting point material

as spacers, requiring further material developments.

Pressure evolution during compaction and relaxation at constant thickness (5mm)

of sandwich preforms and plain glass-fabric is displayed in Fig. 5.10a. Spacers’ thick-

ness was measured with a caliper before and after the loading, and it was verified that

they had not experienced any significant residual deformation, in accordance with the

fact that the maximum pressure attained was much lower than the compressive strength

of the spacers (Fig. 5.9b). The pressure required for compaction was higher for smaller

mesh-size, in accordance with the compression results on the bare spacers. Normaliza-

tion of relaxation by the maximum pressure shows that the curves of the PLA spacers

during relaxation overlap (Fig. 5.10b). Hence no significant differences in the fabric

rearrangement mechanisms with different mesh sizes are expected to take place. Con-

versely, the sandwich with PCL-6 × 6 spacer relaxed much less. This can be explained

considering that this spacer had only one array of transverse beams (see Fig. 5.7) which

is likely to allow nesting of the fabric already during loading (left-hand side of the graphs

in Fig. 5.10a and b).

5.4.2 Flow experiments

Flow experiments showed that the core spacer visibly enhanced flow in the principal in-

plane direction. The fluid always flowed from inlet to outlet in a few seconds, leaving the

fabric behind largely unsaturated. The spacer was responsible for an exaggerated duality

in flow scales in the spacer’s channels and through the fabric, where a combination of

in-plane and out-of-plane flow was actually observed.

In the first series of experiments, where no brake mechanism was adopted, the fluid

continued to flow preferentially through the spacer rather than to impregnate the fabric

layers. A large amount of fluid flowed out of the mold before the fabric could be fully

impregnated. As a result, there was no improvement in impregnation time, which was

actually longer than for the plain fabric. Saturated permeability for the five sandwich

structures, measured from fluid flow rate at the outlet is reported in Fig. 5.11. Perme-

ability for plain G-WEAVE and G-PLY are also shown‖. The presence of spacers was

‖Values taken from Fig. 4.5 in Chapter 4.
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Fig. 5.9: (a) Compressive stress-strain curves and (b) compressive strength for the five PLA
spacers of varying mesh-size and the PCL-6 × 6 spacer..
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tests.
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responsible for an increase of more than one order of magnitude in saturated perme-

ability. The theoretical permeability values calculated from Eq. 5.2 are also reported in

Fig. 5.11, and they are in the same order of magnitude as the experimental values. How-

ever, theoretical permeability increases monotonically with channel width, whereas a

maximum for the spacer 4 × 4 is observed for the experimental values. This could be

caused by partial nesting of the tows in the spacers’ pores, even though this was not

observed in compaction experiments. Interestingly, there is a correspondence between

the mesh size of maximum permeability and the tow width of the G-WEAVE (4mm).

However, these differences of permeability are rather small compared to the large in-

crease with respect to the plain fabric. Moreover, a single experiment was carried out

for each spacer, and considering the large uncertainty in permeability experiments, fur-

ther experiments should be carried out to confirm this trend. Under these considerations,

the spacer of mesh size 6 × 6 was selected for the second series of tests, due to shorter

printing time and lower pressure required for compaction.
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Fig. 5.11: Measured and calculated saturated permeability for preforms with spacers with dif-
ferent mesh size and without spacer; G-PLY fabric is also reported for comparison.

The results of the second series of flow experiments are summarized in Fig. 5.12.

When no spacer was present, a standard slug-flow infiltration was observed (Fig. 5.12a),
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and full impregnation was achieved after around 60 s. When a spacer was added in

the preform, after 3 s, the fluid had already reached the outlet and thanks to the brake

mechanism (dam-zone in Fig. 5.12b and closed outlet in Fig. 5.12c) fabric impregnation

could rapidly start to take place through combination of in-plane and out-of-plane flow.

When a dam-zone was used as brake mechanism (Fig. 5.12b), after 15 s a dry spot was

present, and it was still there after 60 s. Although the low permeability zone slows down

the fluid, it was not capable to completely block flow of fluid. Therefore the fluid was

not forced to impregnate the highly-compressed fabric. When in-plane flow was stopped

by closing the outlet (Fig. 5.12c), full impregnation was achieved after just 15 s, and no

major improvement was obtained after 60 s.

3 s 15 s 60 s 300 s

flow direction

(a)

3 s 15 s 60 s 300 s
(b)

3 s 15 s 60 s 300 s
(c)

Fig. 5.12: Flow at different stages for experiments without any spacer (a) and with spacer and
brake mechanism based on (b) dam-zone and (c) closed outlet (dark red = fully saturated, dark

blue = dry).

5.4.3 Plates analysis

The flow pattern observed during impregnation of the sandwich preform with epoxy

resin and using the "closed-outlet" strategy was similar to what was observed in the flow

experiment with a model fluid. The resin reached the outlet quite quickly, then the outlet
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was closed and the resin was continuously injected at the inlet for few more minutes so

that the fabric was impregnated transversely.

Optical magnifications of the cross-section of the three plates are shown in Fig. 5.13.

In the sample G-WEAVE/PLA-6 × 6 the channels created by the spacer are clearly seen

(Fig. 5.13a and b). Partial nesting of both transverse and longitudinal fiber bundles is

observed in the middle of a 3D unit cell (Fig. 5.13a) and next to a transverse beam

(Fig. 5.13b). The pictures selected here are worst-case scenarios, as in some cases no

nesting was observed at all. A cross-section of G-WEAVE/PCL-6×6 sample is shown in

Fig. 5.13c. In this case the spacer is not clearly recognizable. Brighter areas can be ob-

served corresponding to the PCL-spacer’s beams. However, the original squared shape

of the beam’s cross-section is no longer visible. The spacer, softened by the temperature,

is flattened under the effect of the fabric compaction. After enhancing the impregnation,

PCL spacers dissolved (at least partly in the present case), allowing the fabric to relax

and achieve a more homogeneous distribution of the fibers, similarly to a sample without

any spacer (Fig. 5.13d).

Fig. 5.14 shows typical stress-strain curves for the three samples. The failure

mechanism of samples with and without spacer is remarkably different. Samples with-

out spacer, i.e. standard laminates of woven glass-fabric and epoxy resin, experienced a

rather progressive failure. Conversely, samples with spacer definitely underwent abrupt

failure, which was visibly due to delamination in correspondence with the core region.

The modulus and strength averaged on four tests per sample type are reported in

Table 5.2. In the case of the PLA spacer, an increase of 20% in flexural modulus was

observed. This is to be attributed to the core-skin structure of the sandwich, in which the

fabric layers are confined in the skins to a volume fraction of ≈ 65%. The plate produced

with the PCL spacer had a modulus, close to that of the equivalent composite with no

spacer, albeit a bit lower. This confirms our observation of partial melting of the PCL

and fabric relaxation to a more homogeneous structure, and to the lower mechanical

properties of the PCL as compared to the epoxy matrix. Regarding the strength, there

was not any improvement, neither with PLA nor with PCL. Indeed, delamination was

responsible for early failure compared to the sample with no spacer. In principle, the

fact that the core is made of the same material as the matrix should reduce the risk of



Chapter 5. Enhancing permeability with spacers 107

PLA longitudinal beams

transverse bundle nesting 
in the spacer's gap

(a)

PLA longitudinal beams

longitudinal bundle nesting 
in the spacer's gap

(b)

PLA longitudinal beams

(c) (d)

flattened PCL spacer

Fig. 5.13: Optical magnification of the cross-section of samples G-WEAVE/PLA-6 × 6 in the
middle of a 3D unit cell (a) and close to a transverse beam (b), G-WEAVE/PCL-6 × 6 (c) and

G-WEAVE/no-spacer; (a) and (b) are also referred to in Fig. 5.8.

delamination, as suggested for example by Wolfrath et al. [159], because there is no

discontinuity between core and skins. However, in the present case the spacer itself

constitutes a discontinuity.

Table 5.2: Elastic modulus and strength of samples produced via RTM measured by 3-point
bending tests.

Sample Flexural modulus (GPa) Flexural strength (MPa)

G-WEAVE/PLA-6 × 6 11.41 ± 0.13 277 ± 19
G-WEAVE/PCL-6 × 6 9.18 ± 0.11 245 ± 5
G-WEAVE/no-spacer 9.50 ± 0.02 280 ± 2
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Fig. 5.14: Typical stress-strain curves for flexural tests on samples with and without spacers.

5.5 Conclusions and outlook

In this study, a preforming strategy involving the use of a second solid phase (spacer)

as core of a sandwich stack was explored. Different architectures were compared in

terms of compressive strength, compaction and permeability. Specifically, mesh size,

and thus transverse gaps’ size, was varied. This resulted in a varying number of lon-

gitudinal beams, which carry the load during compression, per unit area. The spacers

were increasingly strong under compression when the mesh size was reduced from 6×6

to 2 × 2mm. Lower mesh size means larger number of beams per unit area, which is

reflected in a higher compressive strength. In addition, comparison between two 6 × 6-

spacers made of PLA and PCL showed that the latter had a much lower strength; in this

case, this is to be attributed to the intrinsically lower mechanical properties of PCL com-

pared to PLA. Compaction tests on the sandwich preforms (spacer and fabric) provided

a measure of the required pressure to compact them in a mold, which is an important

factor to take in consideration for mold design. The highest pressure (6 bar) was found

for the PLA 2 × 2-spacer, and it decreased for larger mesh-size. Normalized relaxation

curves did not show any large differences between different mesh sizes, indicating a sim-

ilarity in relaxation mechanism, although a difference was observed for the PCL-spacer,

whose structure required a lower pressure to accommodate the fabric.
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An increase of saturated permeability of more than one order of magnitude com-

pared to the plain fabric was found for all the spacers. Apparently, the highest perme-

ability was obtained in the case of 4 × 4 spacer, but differences are likely to fall within

the experimental uncertainty, which reportedly can be as high as 20-30% [98]. The ex-

perimental permeability did not fully follow the values predicted from channels size,

because for larger mesh-size, the fabric tends to nest in the spacer’s gaps partially block-

ing the channels. However, the larger channel size spacers are less intrusive in terms

of added TP material in the final part, so would be preferred. Such a large increase of

permeability relates to the presence of wide channels, where flow is predominant (Chap-

ter 4), and it is accompanied by extreme dual-scale flow and difficulty in achieving full

fabric impregnation with standard RTM injection. Two different impregnation strategies

were therefore explored on the spacer 6 × 6 and compared to standard injection without

any spacer. Flow visualization indicated that the fastest impregnation is obtained when

vacuum is pulled from the outlet prior and during the injection, thus reducing the risk

of air entrapment; afterwards, the outlet is closed, so as to prevent outflow of fluid, and

more fluid is injected from the inlet, thus forcing it to impregnate the fabric in out-of-

plane direction. This concept can also be scaled-up to large parts rather easily, as the

in-plane impregnation time will be dictated by the macro-permeability and remain rather

short, while the saturation phase will be dictated by transverse flow and keep the same

duration, whatever the part size.

In addition, as proof of concept, two plates were produced via TS-RTM by im-

pregnating with an epoxy resin sandwich preforms with PCL and PLA spacers. It was

demonstrated that these spacers can respectively either collapse during cure allowing

a more homogeneous distribution of the fabric layers or remain intact in the final part.

In the former case, deterioration of both flexural modulus and strength was observed,

which was attributed to the poor mechanical properties of the PCL itself. This concept

might as well be implemented in mTP-RTM. If possible, a material compatible with the

matrix should be used, which nevertheless should be solid and rigid during the impreg-

nation (i.e. have higher melting-point than the matrix and high glass-transition temper-

ature); afterwards, by increasing the temperature, the spacer would melt and diffuse in

the matrix without affecting its mechanical properties. In the case of the PLA spacer,
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an increase of the apparent flexural modulus of 20%, compared to a sample with fabric

only, was attained. The spacer had a dual role, acting both as flow-enhancer during injec-

tion and as stiffener in the final composite. This concept can similarly be implemented in

mTP-RTM, as will be shown in the next chapter, where poly(ether ether ketone) (PEEK)

reinforced with carbon fibers was successfully used as spacer during mTP-RTM.



Chapter 6

Process improvement

This chapter summarizes the efforts made in order to optimize fabric impregnation in

mTP-RTM process in lab-scale conditions. In the first part, results of the characteriza-

tion of basic physico-chemical properties of selected high-fluidity thermoplastic matri-

ces are illustrated and discussed (Section 6.1). The second part concerns the design of

the setup used for production of plates via mTP-RTM; preliminary tests with PP and

HFPA6 are also shown (Section 6.2). In the third and final part, a series of mTP-RTM

tests with HFPA6 and different preforms and impregnation strategies, adopted according

to the findings of Chapter 4 and Chapter 5, is illustrated and discussed (Section 6.3).

6.1 Characterization of High-Fluidity Thermoplastics

In this section, results of characterization of HFTP used for process development are

illustrated∗.

6.1.1 Differential Scanning Calorimetry (DSC)

Melting points and glass transition temperatures of the HFPA66 and HFPA6, measured

through DSC scans, are reported in Table 6.1. Crystallization temperature for HFPA66

was found to vary from 216 °C to 230 °C for cooling rates between 100 ◦Cmin−1 and

∗Materials and methods have been described in Section 3.1.3 and Section 3.2.2.
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20 ◦Cmin−1. The dependence of isothermal crystallization half-time 𝑡1∕2 on crystalliza-

tion temperature is shown in Fig. 6.1. The inset shows an example of baseline subtrac-

tion. The Avrami fit is not shown, but values for the exponent 𝑛 between 2.7 and 3 were

found, in agreement with the results found in the thesis of Jalal Faraj [55], suggesting

instantaneous nucleation and three-dimensional spherical shape of the spherulites.

Table 6.1: Melting point, glass transition and crystallization temperatures of the HFPAs.

𝑇𝑔 (°C) 𝑇𝑚 (°C) 𝑇𝑐 (°C)

HFPA66 67 265 216-230
HFPA6 59 223 170*

*from supplier
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Fig. 6.1: Crystallization time 𝑡1∕2 against isothermal crystallization temperatures. Inset: isother-
mal crystallization peak at 240 °C with baseline subtraction.

6.1.2 Thermogravimetric Analysis (TGA)

The results of thermogravimetric analysis are shown in Fig. 6.2. Temperature scans in

air at 20 ◦Cmin−1 on the dried HFPA66 and HFPA6 are shown in Fig. 6.2a. The onsets

of the thermal degradation are around 380°C and 350°C, respectively. The isothermal

TGA result in Fig. 6.2b shows the effect of the drying treatment on the melt stability

of HFPA66. The temperature was held at 280°C for 30 minutes under air atmosphere,

showing a non-negligible weight loss, which is more pronounced for the dried sample.
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This might be related to the evaporation of water produced in the condensation reaction

between amide and carboxylic groups, which takes place in the melt state of polyamides:

H2N−R−NH2 + HOOC−R′−COOH ⇌ H2N−R−CONH−R
′−COOH + H2O. (6.1)

This equilibrium is well known for PAs in the melt state [160]. The effect of the drying

is thus to shift the equilibrium towards the products (right-hand of Eq. 6.1), which re-

sults in more water produced and eventually removed. Subsequently, a loss of weight is

recorded, which takes place more rapidly for a dried sample than for an undried one.
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Fig. 6.2: TGA measurements on HFPA.

6.1.3 Rheology

Flow-mode measurements at a shear rate of 10 s−1 were conducted on dried HFPA66

at constant temperatures of 270, 280 and 290 °C, under N2 or air. The shear rate was

proven to be in the Newtonian range. Fig. 6.3a plots the viscosity versus time for these

cases. The most remarkable feature is the very small difference of viscosity at different

temperatures, with a gap of just 15 Pa s at time zero. Secondly, the trend is very different

when changing temperature and atmosphere. At 270 °C under nitrogen viscosity steadily

increases, while at 290 °C in air it falls dramatically after a certain time. The increase

is due to the polycondensation, confirming what was discussed for the isothermal TGA

(Eq. 6.1), while the decrease is due to degradation. The two effects are competitive in

the intermediate temperature range. This suggests an optimal processing temperature

range between 270 and 280 °C.
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Table 6.2: Arrhenius activation energy and pre-exponential factor of HFPAs.

𝐸𝑎 (kJmol−1) 𝐴 (10−3 Pa s)

HFPA66 59.3 0.09
HFPA6 46.3 1.11

A second set of measurements has been conducted in oscillatory-mode on dried

HFPA66, at 280 °C under nitrogen. Five successive frequency sweeps from 1 to 700 rad s−1

were carried out on the same sample, each measurement lasting about 6min. The first

measure shows a Newtonian behavior in the range from 1 to 300 rad s−1, where shear-

thinning takes place. Typical shear forces in thermoplastic thermoforming are in the

range 1-100 rad s−1 [43], thus a Newtonian behavior is expected in a mTP-RTM. Suc-

cessive measurements show a viscosity increase and a shift of the onset of the shear-

thinning at lower frequencies, suggesting an increase of average molecular weight and

a broadening of the molecular weight distribution [43, 161].
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Fig. 6.3: Rheology measurements on HFPA66.

The rheology of HFPA6 and iPP Borflow was also characterized in flow-mode,

in air at constant shear rate. Results in Fig. 6.4 show that HFPA6 is quite stable up to

280 °C, allowing a wider process window in terms of temperature than HFPA66. The

viscosity of the iPP Borflow decreases slightly, probably due to thermal degradation, but

it is more stable than that of polyamides, and it is not affected by moisture content.
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The initial viscosity values of HFPA66 and HFPA6 from constant shear-rate mea-

surements were used to construct the Arrhenius plots (Fig. 6.5). The parameters of the

Arrhenius fits† were found from the slope and the intercept, and are reported in Table 6.2;

these can be used to calculate the viscosity of these polymers at any temperature.

†See Eq. 3.1 in Chapter 3.
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6.1.4 Tensile tests

Typical tensile test curves performed on dog-bone samples of HFPA6, HFPA66 and

a standard PA66 are reported in Fig. 6.6. Apparently, the novel HFPA66 formulated

by Solvay is more rigid and less ductile with respect to a standard PA66 with simi-

lar molecular weight. Values for the ultimate tensile strength (maximum stress) and

Young’s modulus (calculated in the strain interval between 0 and 0.002) are reported in

Table 6.3. Standard deviations of the mean values have been used to estimate the errors.

The drying treatment on the pellets has the effect of increasing the tensile strength, but

also reducing the ductility. This might be attributed to a higher final molecular weight

in the sample processed with the dried pellets∗.
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Fig. 6.6: Stress-strain curve of the tensile test on different polyamide samples.

Table 6.3: Ultimate tensile stress and elastic modulus of different polyamide samples.

𝜎𝑡(𝑀𝑃𝑎) 𝐸(𝐺𝑃𝑎)

HFPA66 dried 89 ± 4 3.49 ± 0.09
HFPA66 undried 81 ± 3 3.48 ± 0.04
HFPA6 68 ± 2 2.82 ± 0.02
PA66 78.0 ± 0.6 3.04 ± 0.02

∗Two drying treatments, both at 110 ◦C in vacuum overnight, are considered. First, the pellets used
to produce dog-bone samples, except for sample HFPA66 undried, were dried. In addition, all dog-bone
samples were further dried prior the mechanical tests.
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6.1.5 Dynamic Mechanical Analysis (DMA)

DMA measurements were performed on HFPA66 and HFPA6 using a single-cantilever

setup. Flat rectangular samples of dimensions 70mm × 20mm were molded in a hot

press (Fontijne) from dried pellets (110 °C under vacuum overnight) of HFPA6 and

HFPA66, at temperatures of 250 °C and 290 °C, respectively. Subsequently, these were

cut along the two sides so as to obtain four smaller samples of width ∼ 8mm and thick-

ness ∼ 3mm. Span-length of the setup (between the fixed and the oscillating grips) was

∼ 17.7mm. All the dimensions were accurately measured with a caliper before each

test.

A deformation of 0.01% was found to fall in the linear viscoelastic range for the

two samples, both at low (0 °C) and high (200 °C) temperature. A frequency of 1 Hz was

selected. Therefore, temperature ramps (heating rate 5 ◦C∕min) between 0 and 200 °C

(HFPA6) or 250 °C (HFPA66) were carried out while the samples were being submitted

to oscillatory bending at a maximum of 0.01% and frequency of 1 Hz. Multiple tests

were performed on different samples for each of the two polymers. All samples were

further conditioned at 110 °C under vacuum overnight. Change of storage moduli with

temperature for the two polyamides is displayed in Fig. 6.7. A dramatic drop is observed

between 50 and 100 °C, as expected, since the 𝑇𝑔 is about 50 °C for these materials

(Table 6.1).
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6.1.6 Conclusion

Three TPs were characterized in terms of thermal, rheological and mechanical proper-

ties. These polymers have viscosity in the range 10-100 Pa s, which allows their use in

mTP-RTM‡. HFPA66 has good mechanical properties, and it is promising for automo-

tive structural applications, but it is still on a research phase, and its thermal stability

has to be improved. HFPA6 is a commercial grade for semi-structural applications, with

quite stable melt, and it is therefore chosen for the process improvement studies. PP

has even lower viscosity than HFPAs, but it is not conceived for structural applications.

Therefore, it was used for some preliminary impregnation tests (Section 6.2), also due

to its lower melting point, which allowed to make tests with the available PET-stitched

glass-fabric (G-PLY) and low-temperature consumables.

6.2 Preliminary tests

A series of preliminary tests were performed in order to identify possible issues with

processing of HFTP, which helped to design and optimize a tool for mTP-RTM, define

needed consumables, as well as establish laboratory procedures and samples analysis.

6.2.1 Design of mTP-RTM mold

Some preliminary tests where performed in compression molding in order to evaluate

the processability of HFPAs∗, helpful for the design of the setup used for mTP-RTM.

Firstly, as a result of its low viscosity, polymer leakage through the space between two

metal surfaces was often observed, which made difficult an exact control of fiber volume

fraction. Even very narrow gaps or scratches between the mold walls were able to let

fluid out of the mold. Moreover, the resin was very rigid and stuck strongly to the sur-

face. As a consequence, demolding was sometimes tricky, with risk of sample cracking

or mold damaging. These issues were taken in consideration for the mTP-RTM mold

design.

‡See Fig. 1.3 in Chapter 1.
∗A compression molding study is detailed in Appendix A.
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Fig. 6.8: (a) Mold assembly and (b) top-view of the fabric cavity.

The tool concept was shown in Section 3.2.3 along with the experimental pro-

cedure, while the real design, showing the assembly of the different parts, is shown in

Fig. 6.8a. It can be observed that the original design was lacking of screws to control

opening and closing of the gates, which were implemented only after the preliminary

experiments of Section 6.2.2. This was done on the purpose of minimizing the cleaning

step. A surface hardening treatment through nitrogen diffusion was performed on all

the tool’s parts, including the two pistons (not shown in Fig. 6.8a), so as to reduce the

risk of scratching and damaging in general In addition, high-temperature resistant (up to

500 ◦C) release agent XTEND™ W-4007 (Axel Plastics) was always carefully applied

on the mold’s surfaces once or twice before every injection, to facilitate demolding and

cleaning and avoid risk of scratching.

Six vents were designed on the walls of the fabric cavity for air escaping, as shown
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in Fig. 6.8b. However, this could be blocked with a sealant tape to let the air escape di-

rectly from the outlet. The sealant was often used to prevent both leakage from the cavity

walls and race-tracking (i.e. preferential flow through the space between the fabric and

the cavity side walls). As sealant, either TackyTape® SM5142 or SM5160, working up

to 200 °C and 400 °C, respectively, were used, depending on the operating temperature.

Finally, several holes were drilled to measure the mold temperature, two on the

mold cavity and three in correspondence with the melting pots.

6.2.2 Impregnation with iPP on G-PLY in two stacking configura-

tions

Two single-side impregnation tests were performed on the two stacking configurations

5P and 5P-alt, i.e. five layers of G-PLY stacked respectively with the same lay-up se-

quence or with an alternate fashion†, with polypropylene Borflow™ HL512B at 200 °C

(viscosity ≈ 20 Pa s). The pellets were placed in one of the two melting pots, and the tool

was heated in the oven and transferred to the press once the temperature on the pots had

reached 200 ◦C. A force of 1.1 kN was applied on the piston to force the impregnation

at a constant inlet pressure of 3.6 bar. After 450 s of injection, the cooling was started,

and the plates demolded at room temperature.

The void content was measured by burn-off method on 8 different points along

the flow direction, from the inlet to the outlet. The void content distribution along the

flow direction is displayed in Fig. 6.9. Firstly, it was noticed during the experiment that,

impregnation time and temperature being equal, the resin could reach the outlet in the 5P-

alt, but not in the 5P, as a consequence of the former’s higher permeability (Section 4.1).

This is reflected in the void content distribution (Fig. 6.9), which is higher for the 5P,

especially close to the outlet where a value around 42% is found, against 20% for the

5P-alt.

Secondly, the void content is always very high, even for sample 5P-alt, for which

the resin could reach the outlet. This can be explained in the light of the considerations

made in Chapter 4. The channels in the structure of the G-PLY fabric are conceived to

be large to allow a fast flow of the resin throughout the mold. As a result, however, a

†See Fig. 4.1 and Table 4.1.
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Fig. 6.9: Void distribution on two plates of G-PLY, with stacking architecture 5P and 5P-alt,
impregnated with iPP (Borflow™ HL512B).

large unsaturated area was left behind, which resulted in a low degree of impregnation

inside the denser tows. Once the resin had reached the outlet, it continued to flow in the

longitudinal channels, where it faced a lower resistance, and only partly in the denser

tows. Therefore, a strategy analogous to the "closed-outlet" one investigated in Chapter 5

could be applied to mTP-RTM to optimize the impregnation by forcing the resin to flow

radially from the channels to the tows. The outlet should be closed while continuing

injection at the inlet, in order to saturate any residual impregnation.

Optical microscopy images seem to confirm these observations (Fig. 6.10). The

cross sections are taken transversely to the resin flow at three different locations, namely

close to inlet, in the middle, and close to outlet. The tows in the flow direction are quite

dry in the middle, which proves that the resin, which flows radially from the channels,

has penetrated only partially. It should also be noticed that the void content is so high

that the epoxy resin used for embedding has partially impregnated the dry fibers, which

makes quite difficult any quantitative analysis.

Another observation should be made on these micrographs. Very large voids are

clearly visible in the inter-tow channels, and these also contribute to the high void con-

tent measured. These voids are likely to be air bubbles entrapped in the polymer melt.

Bubbles might have formed as a consequence of air entrapped between the polymer pel-

lets during the melting stage that are then carried inside the fabric during the injection,

forming macro-porosity in the matrix. Large voids may form during solidification, as a

result of crystallization shrinkage of the PP that is not fed, as no pressure was applied

on in during cooling. To avoid air entrapment during pellets melting, a pre-compaction
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(a) 5P close to inlet (b) 5P-alt close to inlet

(c) 5P in the middle of the plate (d) 5P-alt in the middle of the plate

(e) 5P close to outlet (f) 5P-alt close to outlet

Fig. 6.10: Optical microscopy images of transverse cross section for the two plates 5P and 5P-alt
at three different position (close to inlet, middle of the plate, close to outlet).
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Fig. 6.11: Middle plate of the mTP-RTM modified with a screw, which allows to control open-
ing/closing of the inlet/outlet.

step is necessary. For this purpose, a modification was made to the middle-plate of the

mold (Fig. 6.8), by adding a screw to the two gates‡. In this way, the gate can be closed,

allowing the pellets to be compacted by the piston. Regarding the air bubbles that are

entrapped during the impregnation, a vacuum should be pulled from the outlet before the

injection. With this modification, a vacuum-plug can be simply screwed at the outlet.

The modified setup was used for the experiments in the next section.

6.2.3 Impregnation strategies of G-PLY with iPP

A series of tests was then carried out on the mTP-RTM mold using iPP Borflow™ at

200 ◦C and G-PLY glass fabric in the 5P-alt configuration, i.e. five layers of G-PLY with

alternate stacking sequence in 3 mm thick cavity for an expected fiber volume fraction

of 46%∗. The five different impregnation strategies listed in Table 6.4 were compared.

In four tests, vacuum was pulled from the outlet prior and during the injection, while in

the fourth the polymer was injected from two sides (double inlet). The three tests under

vacuum differed in the injection pressure, impregnation time before cooling, and pres-

ence of a saturation step. The concept is the same as the one described in Section 5.3.3

for injection with closed outlet and fluid continuously injected in the mold cavity.

A typical temperature-cycle from room temperature for this type of process is il-

lustrated in Fig. 6.12. At the beginning (pre-compaction+vacuum step), the inlet gate is

closed, while the outlet is connected to a pump. A constant force is applied on the piston

to compact the melt before the injection and remove the air bubbles. At the same time,

‡The two screws to control opening and closing of the gates were already depicted in Fig. 3.6 in
Chapter 3.

∗See Fig. 4.1 and Table 4.1.
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the pump at the outlet is switched on to pull out the air from the cavity. After this step (1

to 2min), the inlet is opened and the melt polymer is injected (impregnation step). Once

the resin reaches the outlet, this is closed while injection goes on (saturation step). Fi-

nally, water cooling is activated. In test #4 (Table 6.4) both gates shown in Fig. 3.6 were

used as inlets, meaning that flow distance is halved. Therefore, pressure difference being

equal, impregnation time should be reduced by a factor 4, as it is linearly dependent on

the square of flow distance†. Two flow fronts meet in the middle of the mold cavity, and

air is escaped at atmospheric pressure from two vents in the middle (Fig. 6.8b).

Table 6.4: Impregnation strategies og G-PLY with iPP.

# Conditions Inlet pressure Impregnation time Saturation time

1 vacuum 3.6 bar 5.5 min 5 min
2 vacuum 7.1 bar 1.5 min 5 min
3 vacuum 3.6 bar 5 min -
4 double inlet 3.6 bar 3 min -
5 vacuum 14.2 bar 40 s 5 min
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Fig. 6.12: Temperature cycle for an injection with application of vacuum and saturation step.

Four plates were produced out of tests from #1 to #4. Sample #5 was discarded

because excessive pressure caused fabric displacement. This gives an upper limit for ap-

plicable pressure for this fabric configuration. Void content and distribution on sample

plates from #1 to #4 was analyzed by burn-off method and optical microscopy on small

†Refer to Eq. 2.17 in Chapter 2.
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samples cut off at different locations, as depicted in Fig. 6.13. Three samples equally

distant from the inlet were averaged at four or three different locations for single and

double inlet injections, respectively. Resulting void content vs. distance from inlet is

reported in Fig. 6.14. Overall, a lower void content can be observed compared to the

previous tests (Section 6.2.2), with single inlet and no vacuum. Remarkably, sample #2

had lower standard deviations and more constant void content, meaning that a higher

pressure allows a more homogeneous impregnation throughout the plate. Sample #4

had higher void content in the middle of the plate, where the two flow fronts met, than

closer to the two gates. Comparison of sample #1 and #3 suggests that the addition of

a saturation step might help to slightly reduce void content. This is visible at locations

closer to the inlet, suggesting that longer time for this step might be required. However,

no major differences on the overall void distribution can be observed between the four

strategies. It is likely that a certain degree of porosity is caused by shrinkage related to

crystallization during cooling. In thermoplastic molding an external pressure is contin-

uously applied on the polymer during cooling, so as to compensate for the shrinkage and

prevent formation of porosity. In these tests, the inlet was closed right before cooling

activation, and therefore no active pressure was being applied on the polymer during

cooling. We can infer that crystallization porosity masked porosity related to flow prop-

agation, and that inlet should be kept open so that polymer is kept under pressure during

cooling.
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Fig. 6.13: Scheme of cut-off samples for burn-off analysis (B) and optical microscopy (M), for
(a) single and (b) double inlet injections (dimensions in cm).

Samples labeled as M in Fig. 6.13 were embedded in epoxy resin dyed with Rho-

damine B, so that the residual porous volume got filled with this fluorescent phase and

allowed better contrast with the translucent PP matrix. Imaging of cross-sections was
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Fig. 6.14: Void distribution along the plate; each point is averaged on three locations equally
distant from the inlet. (Refer to Table 6.4 for the # number)

done using a fluorescence microscope Leica DMI4000 using a blue filter; some exam-

ples for samples #1 and #3 are reported in Fig. 6.15. Macro-voids are visible in the

inter-tow space, whereas the matrix appears to have infiltrated well within the fiber bun-

dles. However, the brittleness of this polymer caused cracking to propagate through

the fiber bundles, affecting their integrity. In other cases this caused detachment and

cracking at the border of the bundles, which is evident from the fact that fluorescence is

brighter at the border than inside the bundle. It should be noticed that this fabric has a

sizing compatible with polyamide, which is highly hydrophilic, while polypropylene is

rather hydrophobic. Hence, interface quality is not expected to be optimal.

6.2.4 Impregnation of G-PLY with HFPA6

Two more plates were produced with the 5P-alt fabric configuration‡ and using HFPA6

as impregnating matrix. The two tests were performed with the "closed outlet" strategy

described previously, i.e. with application of vacuum at the outlet and a saturation step

at the end. The two tests differed in the temperature, which was set to 250 °C and 280 °C

(Table 6.5). In spite of a decrease of viscosity with temperature, the time for the poly-

mer to reach the outlet was observed to be longer at 280 °C. This longer impregnation

‡See Fig. 4.1 and Table 4.1.
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Fig. 6.15: Fluorescence micrographs for samples #1 (a-b) and #3 (c-d).

time is attributed to a reduction in the fabric permeability, as the channel-wise structure

of the fabric was destroyed, because of polyester stitches degradation at this tempera-

ture. This is in agreement with void distribution measured from burn-off method shown

in Fig. 6.16. Lower void content was observed for the plate produced at lower tempera-

ture, where the channel-wise structure of the preform was still intact. Void content lower

than 10% on sample #6 shows that the combination of preform with channels, air evac-

uation and saturation step is promising for the production of small plates. The residual

void content can be attributed to both crystallization shrinkage and high resin viscosity

(∼ 46 Pa s at 250 °C), which results in incomplete tow impregnation. The former issue

can be overcome by application of pressure on the polymer at the inlet, as discussed in

the previous section. The resin viscosity can be lowered by increasing processing tem-

perature; this would require to have a fabric with stitches with higher thermal stability,

such as polyphenylene sulfide (PPS) or even glass stitches.
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Table 6.5: Impregnation with HFPA6 and 5P-alt.

# Conditions Inlet pressure Impregnation time Saturation time Temperature Viscosity

6 vacuum 3.6 bar 2 min 5 min 250 °C 46 Pa s
7 vacuum 3.6 bar 6.5 min 5 min 280 °C 26 Pa s
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Fig. 6.16: Void distribution along the plate for samples referred in Table 6.5.

6.3 Strategies for faster impregnation with HFPA6

A second series of tests was performed using various preforms and test conditions in

order to find an optimum between impregnation time and quality. The same temperature

was used in all the tests (around 280 °C) and pressure was maintained on the polymer

during cooling, in order to feed crystallization-shrinkage as much as possible. Unlike for

preliminary tests (where the cavity was set to 3 mm thick), fabric cavity thickness was

set to 5 mm, so as to explore the possibility of using spacers as flow-enhancers similarly

to what has been shown in Chapter 5.

6.3.1 Mold modification

For these tests, the mold was improved by introducing heating cartridges in the middle

plate, which allowed to reduce the heating time from room temperature to 280 ◦C to less

than 20 min. Three electrical heating cartridges of 10W power each were installed in the

middle plate of the mold (Fig. 6.17a and b). Thereby, the mold could be placed directly

in the hot press; heating from room temperature was performed simultaneously from the

press plates and the electrical cartridges in the middle plate. Heat distribution recorded

with an infra-red camera (Fig. 6.17c) was observed to be quite homogeneous. During all
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tests, the temperature was monitored on three different locations by means of three ther-

mocouples, namely one at the melting-pot and two right below the cavity (Fig. 6.17b).

However, only temperature data from one of the two thermocouples below the cavity

was recorded. When temperature reached the desired value (between 280 and 285 °C)

both at cavity and pot locations, the inlet screw was opened and the injection started.

When cooling was started, the heating cartridges were switched off. The inlet was al-

ways kept open during the cooling, so as to keep the solidifying melt under pressure,

in order to feed crystallization shrinkage. Indeed, it was verified with IR camera that

cooling takes place directionally and starting from the bottom (Fig. 6.17d); therefore,

the plate solidifies from the bottom to the top, and the melt polymer is actually under

pressure during cooling. Temperature evolution for a typical test is shown in Fig. 6.18.

pistons

inlet screw

heating
cartridges

control thermocouples

(a)

injecting 
piston

fabric cavity

melting pot

inlet/outlet

hot plate
water cooling

heating 
cartridges

measuring
thermocouples

inlet/outlet
screw

(b)

(c) (d)

Fig. 6.17: (a) Picture of the mold after modification with heating cartridges and inlet screw, and
side-view of the mold in a hot press in a schematic representation (b) and with IR camera during
heating (c) and cooling (d) (the temperature scale on the right is in °C, while the temperature

on the top-left refers to the center of the image).

6.3.2 Preforms

The three different types of preforms used for this study are schematically depicted

in Fig. 6.19. The fabrics were manually cut with a roll-cutter to rectangles of sides
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Fig. 6.18: Typical temperature evolution measured at the mold cavity.

7.5 × 11cm. G-WEAVE and G-PLY glass fabrics have been introduced in Section 3.1.2

and extensively discussed in Chapter 4. However, the G-PLY used here differs in that it

contains glass stitches rather then polymer ones. In addition, the areal weight is higher

(960 g∕m2, with 480 g∕m2 in both warp and weft directions) and, consequently, gaps

width is narrower (ca. 2mm). In all cases, the cavity thickness was set to 5 mm, which

led to a glass fiber volume fraction of around 45%. "G-WEAVE" (Fig. 6.19a) and "G-

PLY (GS)" (Fig. 6.19b) preforms consisted in respectively ten and six plies all laid up

with the same orientation. In "G-WEAVE + spacers" preforms (Fig. 6.19c), rigid spac-

ers were inserted between the fifth and sixth layers of G-WEAVE in order to create gaps

of 8mm width. Specifically, the spacers were cylindrical rods of 1.4mm in diameter

made of polyether-ether-ketone (PEEK) reinforced with 52%vol of continuous carbon

fibers. A picture of the rods placed on top of the fifth layer during preform preparation

is reported in Fig. 6.19d.

6.3.3 Experiment: plates production and analysis

Table 6.6 lists nine impregnation tests performed with the three preforms described in

Section 6.3.2. In "standard" tests, the melt is injected under constant pressure at the

inlet and flow propagates unidirectionally with a "slug-flow" morphology (Fig. 6.20a).
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Fig. 6.19: Schematic structure of the preforms (a) G-WEAVE only, (b) G-PLY and (c) G-
WEAVE+spacers, and (d) top-view of CFR-PEEK rod spacers placed on top of the fifth layer

of G-WEAVE.

Following Darcy’s law for 1D-flow, expected impregnation time is

𝑡 =
𝜂(1 − 𝑉𝑓 )
2𝐾Δ𝑃

𝐿2, (6.2)

where 𝜂 is polymer melt viscosity, 𝑉𝑓 the glass fiber volume fraction, 𝐾 the preform

permeability, Δ𝑃 the applied pressure difference between inlet and outlet, and 𝐿 the

length of the preform. In "double inlet" tests, the polymer is injected from both gates,

resulting in two flow fronts meeting in the middle of the cavity. From Eq. 6.2, a reduction

of a factor 4 to the impregnation time is expected, since flow distance is halved. In

preforms which exhibit a pronounced dual-scale of porosity, like "G-WEAVE + spacers"

and "G-PLY" preforms, the resin reaches the outlet leaving behind a large degree of

unsaturation. Therefore, a "saturation step" is added in order to force the resin to saturate

the cavity (Fig. 6.20b). This is achieved by closing the outlet once it is reached by the

resin and by continuing to inject resin at the inlet. In "vacuum + free flow" tests, a

vacuum pump is connected to the outlet so as to pull out the air from the cavity before

and during the injection, but no saturation step was performed∗. Conversely, in "vacuum

+ saturation" tests, the saturation step was performed. During each test, impregnation

∗The "vacuum + saturation" strategy is analogous to the "closed outlet" strategy of Chapter 5.
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was carried out at constant pressure applied at the inlet, except in one case (test 2-6), for

which the pressure was increased during the saturation step.

Table 6.6: List of mTP-RTM tests performed with HFPA6 on three different preforms and with
different impregnation strategies.

# Preform Test condition Flow time Saturation time Inlet pressure
(min) (min) (bar)

2-1 G-WEAVE standard 15 - 3.6
2-2 G-WEAVE standard 15 - 1.6
2-3 G-WEAVE standard 45 - 1.6
2-4 G-WEAVE + spacers vacuum + free flow 15 - 3.6
2-5 G-WEAVE + spacers vacuum + saturation 1 6 3.6
2-6 G-WEAVE + spacers vacuum + saturation 1 6 7.1, up to 28.6
2-7 G-PLY (GS) vacuum + saturation 4 3 3.6
2-8 G-PLY (GS) double inlet 2.5 - 3.6
2-9 G-PLY (GS) vacuum + saturation 1 1.5 7.1
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Fig. 6.20: Schematic side-views of impregnation morphology for (a) "standard" in-plane flow
and (b) "vacuum + saturation" dual-scale flow; in the latter, 1 and 2 correspond to the "flow

step" and "saturation step", respectively.

Samples were cut with a diamond blade as depicted in Fig. 6.21 from plates which

had a good enough degree of impregnation at the macro-scale (namely for samples 2-3,

2-5, 2-6, 2-7, 2-8, and 2-9) for analysis by optical microscopy for microstructural obser-

vation, matrix burn-off test for void content and 3-point bending test for flexural mod-

ulus, following the experimental methodology introduced in Section 3.2.3. For flexural
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Fig. 6.21: Schematics of samples cut from plates for flexural test (F, green), burn-off (B, red)
and optical microscopy (M, blue) analysis, and (a) for sample 2-3 and (b) for samples 2-5, 2-6,

2-7, 2-8, 2-9 (burn-off was performed only on G-PLY samples).

tests, three beams of length between 7.5 and 10 cm and width of 13 mm were cut from

each plate along the flow direction, except for sample 2-3†, for which the resin never

reached the outlet, as will be shown in the results. Flexural tests were carried out in

3-point-bending configuration using a span-length of 6 cm for all the tests, which results

in a span-length-to-thickness ratio of 12:1. Displacement speed was set to 1mm∕min

and a load-cell of 10 kN was used for force measurement. Only the elastic regime was

investigated. The force-displacement curve was transformed into a stress-strain curve

using Eqs. 3.9 and 3.10 and flexural modulus was defined as the slope of this curve

between strain 0.006 and 0.008. Burn-off tests were made only for G-PLY plates (2-7,

2-8 and 2-9) on square samples of side 13 mm cut from different locations of the plates.

The samples’ dimensions, sides and thickness, were accurately measured respectively

with a caliper (0.01 mm accuracy) and a micrometer (0.001 mm accuracy). At least four

measurements were made for each dimension, and the error was calculated as the stan-

dard deviation. The error on the void volume fraction was then propagated according to

Eqs. 3.11 and 3.12, discarding errors on mass and density. Finally, optical microscopy

was used to observe the impregnation at the micro-scale for the cross-section transverse

to the flow direction and near the outlet, with magnification from 5x to 500x.

†For this sample, cutting scheme is shown in Fig. 6.21a.
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6.3.4 Results and discussion

Macro-scale impregnation

Photographs of the produced plates are shown in Fig. 6.22. Bare eye-observation is an

immediate and useful way to verify the influence of process parameters (pressure, tem-

perature and time) and preform architecture (woven, woven with spacers, and channel-

wise non-crimp fabric).

Firstly, the effect of pressure can be observed. G-WEAVE samples are not capa-

ble of sustaining too high pressure, as a melt pressure of 3.6 bar was already too high

and caused visible fabric displacement (sample 2-1). Reducing the pressure to 1.6 bar

prevented fabric deformation, but resulted in very long impregnation time, and even af-

ter 45min the resin could not reach the outlet; in fact, from Eq. 6.2 an impregnation

time longer than 2 h is expected for G-WEAVE (specifically 139 min using 𝑉𝑓 = 0.45,

𝐿 = 11 cm, 𝐾 = 1.7 10−10m2∗, Δ𝑃 = 0.6 bar†, 𝜂 = 26 Pa s). Hence, even considering

a significant deviation from this theoretical value (which is likely to arise from errors in

local temperature measurement, and consequently in viscosity, and pressure calculated

from the press force and piston area, as well as from actual fabric permeability), it is

clear that the combination of high viscosity and low permeability limits the applicable

pressure. It should be noticed that short cycle-time is not only required to achieve high-

volume production, but also to prevent detrimental effects on the polymer properties

(thermal degradation or condensation‡).

The introduction of spacers in the G-WEAVE preform modifies the architecture

in such a way that it is capable of sustaining a much higher pressure (samples 2-4, 2-5

and 2-6), up to 28.6 bar. This can be explained both by the presence of longitudinal

channels and by the higher compaction applied on the fabric against the mold’s upper

and lower walls. The presence of flow-enhancing channels is responsible for strong

dual-scale flow, similarly to what was observed in permeability experiments of previous

chapter on G-PLY (Fig. 4.11) and G-WEAVE + spacer (Fig. 5.12). Here it is evident

on sample 2-4, for which the resin, after having quickly reached the outlet (in about

∗See Fig. 4.5 in Chapter 4.
†Obtained subtracting 1 bar from the inlet pressure shown in Table 6.6.
‡See Section 6.1.
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2-1: 3.6 bar, 15 min 2-2: 1.6 bar, 15 min 2-3: 1.6 bar, 45 min

G-Weave

2-4: 3.6 bar, 15 min,
      free flow

2-5: 3.6 bar, 1 min,
       saturation 6 min 

G-Weave + spacers

2-6: up to 28.6 bar, 1 min,
       saturation 6 min 

G-Ply (GS)

2-7: 3.6 bar, 4 min,
      saturation 3 min

2-8: 3.6 bar, 2.5 min,
       double inlet

2-9: 7.1 bar, 1 min,
      saturation 1.5 min

Fig. 6.22: Top-side view of the plates produced from the tests listed in Table 6.6; flow direction
from left to right (both sides for sample 2-8); plates dimensions of 11 × 7.5 cm.

1 min), was let to flow out freely. As a consequence, the preform remained distinctly

unsaturated even after 15 min of injection. Conversely, when the outlet was closed to

force saturation (sample 2-5) a much better impregnation was achieved in half the time

(7 min). A further improvement was obtained with the same type of cycle (1 min flow

+ 6 min saturation) by applying an incremental pressure during the saturation step (up

to 28.6 bar), though few dry spots were still visible on the surface. Nevertheless, these

three tests confirmed the efficacy of using spacers to achieve a better impregnation in

shorter time also in mTP-RTM.

An improvement in cycle time was also observed for the G-PLY (GS), which is

not astonishing in light of previous results that showed that this type of fabric has one
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order of magnitude higher permeability compared to G-WEAVE thanks to its channel-

wise structure∗. Similarly to "G-WEAVE + spacers", G-PLY allowed to apply a higher

pressure. However, a slight deformation of the fabric was observed on sample 2-9 (on the

bottom side of the plate, not shown in Fig. 6.22). Thus, 7.1 bar can be considered as the

upper limit for this fabric. Finally, the shortest impregnation time was observed for the

double inlet injection (sample 2-8). In this case, two flow-fronts met in the middle of the

cavity and escaped from the two side-vents, and no vacuum or saturation step could be

applied. In this type of tests, if one of the flow-fronts runs faster (for instance because

of non-homogeneous temperature) it might occur that it reaches the vents sooner and

slow-down the opposite flow-front, resulting in a high degree of unsaturation. Hence,

a particular care should be taken in multiple inlet injections to guarantee homogeneous

thermal distribution, inlet-opening synchronization and inlets/vents location.

Micro-scale impregnation and residual porosity

The impregnation at the micro-scale for samples 2-3, 2-5 and 2-6 can be observed in

the optical micrographs in Fig. 6.23, which shows the cross-sections transverse to the

flow direction for different magnifications. Sample 2-3 had quite a large amount of inter-

bundle macro-voids, both in the bulk (Fig. 6.23a) and on the surface (Fig. 6.23b) of the

plate. However, only little intra-bundle porosity was observed (Fig. 6.23c-e). In samples

2-5 and 2-6, the presence of the spacers (CFR-PEEK rods visible in Fig. 6.23f and k)

was responsible for large matrix-rich zones, which correspond to the meso-channels in

the preform. A certain degree of porosity was observed in the spacers, but this has to be

ascribed to the CFR-PEEK rods manufacturing process. In sample 2-5 both macro- and

micro-voids were observed (Fig. 6.23g-j). In sample 2-6 few macro-voids were mainly

observed on the surface (Fig. 6.23l), whereas the resin appeared to have well filtrated

inside the bundles (Fig. 6.23m-o), probably as a result of the higher applied pressure.

The micrographs of the cross-section transverse to the flow direction for samples

2-7, 2-8 and 2-9 are given in Fig. 6.24. The channel-wise architecture is clearly visible

from Fig. 6.24a, f and k. Sample 2-7, for which total impregnation time was the longest

∗See Chapter 4 and [162]; however it should be remembered that the G-PLY (GS) used in the present
chapter has a slightly different structure, notably a higher areal weight and glass stitches instead of PET
ones.
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Fig. 6.23: Optical micrographs of the cross-sections transverse to flow direction and close to
the outlet for plates 2-3, 2-5 and 2-6.
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(7 min), appears to have the least void content, both in the intra- and inter-bundle regions

(Fig. 6.24a-e). Both samples 2-8 and 2-9 had macro-voids in the inter-bundle regions

(Fig. 6.24f, g, k and l), and more than all the other samples in this series of tests. It

can be inferred that flow time was too short to allow migration of bubbles to the outlet,

which therefore remained entrapped. In addition, partial unsaturation of the intra-bundle

regions was also observed (Fig. 6.24g-j and l-o).

These visual observations were also reflected in the percentage of void volume

measured by burn-off method, keeping in mind that optical microscopy was done on

a sample located near the outlet (Fig. 6.21). The variation of void content along the

flow direction is displayed in (Fig. 6.25). First, with reference to Figs. 6.14 and 6.16,

a comparison with preliminary tests reveals that in this second series of tests a much

lower overall void content (in the order of 4%) was obtained and in shorter cycle time,

thanks to improved process strategies and fabric preform. Secondly, it can be noticed

that in sample 2-9 (high pressure, short time) a higher void content was measured near

the outlet, which could confirm that too short flow time prevented possible bubbles from

escaping.

Flexural test

The elastic modulus measured in 3-point-bending is reported in Table 6.7, along with

the total impregnation time. These values fall in between the upper and lower bounds of

12.3GPa and 3.5GPa theoretically calculated from the mixture rule, i.e.

𝐸𝑢𝑝 = 𝑉𝑓𝐸𝑓 + (1 − 𝑉𝑓 )𝐸𝑚

𝐸𝑙𝑜𝑤 =
[
𝑉𝑓

𝐸𝑓

+
(1 − 𝑉𝑓 )

𝐸𝑚

]−1
,

where 𝑉𝑓 is the volume fraction of fibers oriented along the sample length (transverse

to the cross-head), i.e. half of the overall fiber content for both G-PLY and G-WEAVE†,

𝐸𝑓 is the glass-fiber elastic modulus (∼45GPa) and 𝐸𝑚 the elastic modulus of HFPA6

(∼2.8GPa, from Table 6.3).

†See Table 3.1 in Chapter 3.
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Fig. 6.24: Optical micrographs of the cross-sections transverse to flow direction and close to
the outlet for plates 2-7, 2-8 and 2-9.
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Fig. 6.25: Void content along the plate measured by burn-off method for samples 2-7, 2-8 and
2-9.

The samples with spacers (2-5 and 2-6) were found as expected to be those with

the highest modulus, with an increase of up to 26% compared to G-WEAVE only, while

greatly reducing impregnation time. The increase of apparent bending modulus is in ac-

cordance with the results of flexural tests performed on G-WEAVE/epoxy samples, for

which an increase of 20% was observed when a PLA spacer was used‡. The lower ab-

solute values obtained here might be explained considering the lower span-to-thickness

ratio used in the 3-point bending test, which might dramatically affect the measured flex-

ural modulus∗, as shown for instance in [163, 164]. G-PLY samples (2-7, 2-8 and 2-9)

allowed even lower impregnation time, but resulted in a deterioration of bending stiff-

ness†. Ultimately, the comparison is between two flow-enhancing strategies. On the one

hand, thick spacers provide the dual feature of flow-enhancement and stiffening, though

polymer filtration from the core to the surface requires some time and higher pressure.

On the other hand, fibers clustering, which causes formation of meso-channels homoge-

neously distributed throughout the thickness, allows for even faster impregnation time

(although void content remains an issue) but results in deterioration of mechanical prop-

erties.
‡See Table 5.2 in Chapter 5.
∗The epoxy resin Araldite/Aradur used in Chapter 5 has similar modulus to HFPA6, namely around

2.8GPa for a curing cycle of 90min at 80 ◦C + 1 h at 150 ◦C + 1 h at 180 ◦C (from manufacturer’s data-
sheet).

†The issue of mechanical properties deterioration in fabrics with fiber clustering for flow enhancement
has been investigated by previous authors, such as in [131] and [132].
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Table 6.7: Impregnation time and flexural modulus of six samples produced via mTP-RTM.

Sample# Preform Total impregnation time Flexural modulus
(min) (GPa)

2-3 G-WEAVE 45* 6.6 ± 0.5
2-5 G-WEAVE + spacers 7 7.5 ± 0.3
2-6 G-WEAVE + spacers 7 8.3 ± 0.4
2-7 G-PLY (GS) 7 6.0 ± 0.4
2-8 G-PLY (GS) 2.5 5.3 ± 0.2
2-9 G-PLY (GS) 2.5 6.1 ± 0.2
*Only partially impregnated

6.3.5 Conclusion

In this section, a series of mTP-RTM tests with HFPA6 matrix and glass fabrics was

presented. Three preforms were compared, namely a woven fabric ("G-WEAVE"); the

same woven fabric with the addition of rigid CFR-PEEK rods spacers as flow-enhancers

("G-WEAVE + spacers"); and a channel-wise non-crimp fabric with glass stitches ("G-

PLY (GS)"). Depending on the type of preform, different impregnation strategies were

also investigated. For G-WEAVE, only slug-flow-like impregnation could be performed,

which led to ridiculously long cycle-time. The other two types of preforms were respon-

sible for strong dual-scale flow, which allows faster impregnation, but could result in

large void content. In these cases, the "vacuum + saturation" concept was applied to im-

prove the degree of impregnation. In addition, double-inlet injection was also explored

for G-PLY (GS), along with different conditions in terms of injection pressure and time.

A total of nine plates were produced, six of which analyzed in terms of impreg-

nation and bending stiffness. "G-WEAVE" preforms did not allow application of high

pressure due to fabric deformation, and the low permeability resulted in impractical

impregnation time. "G-WEAVE + spacers" preforms allowed a much higher pressure

(up to 28.6 bar) and a dramatic reduction of impregnation time, although melt filtration

from the core to the layers compacted against the mold walls remained an issue and un-

saturated spots on the surface were visible; however, a good micro-scale impregnation

was observed in the bulk of the plate. The impregnation could be possibly improved

by placing the spacers on different layers, so as to create a more regular distribution of

channels throughout the preform cross section, which would allow the resin to reach the

surface more efficiently. In addition, the spacers acted not only as flow-enhancers, but
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also as stiffeners, leading to an increase of flexural modulus up to 26%. Finally, G-PLY

(GS) preforms were also limited in terms of pressure (a little deformation was visible

at 7.1 bar), but the more regular distribution of meso-channels throughout the thickness

of the preforms allowed to achieve a reasonably good macro-scale impregnation in even

shorter times; however, void entrapment remained an issue, and so was the detrimen-

tal effect of fibers clustering on the mechanical properties. Double-inlet injection was

proven to be a viable option to reduce impregnation time, but it requires optimal control

of local temperature at the two inlets and synchronization of inlets opening, and it could

not allow application of vacuum, at least not in our current experimental set-up.

6.4 Conclusions and outlook

Development of a novel process frequently requires the combination of solutions from

existing technologies. The process investigated in this chapter is a combination of high

temperature thermoplastic manufacturing and liquid composite molding. Special for-

mulations of polyamide with exceptionally low melt-viscosity, yet two or three orders of

magnitude higher than thermoset resins, have been characterized and used for process

optimization. In particular, PP and HFPA6 as matrix have been employed as model ma-

terials for production of composite plates. The former is a very brittle polymer, which

has a lower melting point and allowed impregnation trials at just 200 ◦C. The latter has

a higher melting point, and requires to be heated up to 280 ◦C in order to reach a low

enough viscosity. However, the HFPA6 has better integrity and stability, and it is best

suited for process development. At this temperature, adequate consumables (release

agent, sealing, etc.) are needed. Moreover, polyester stitches of glass fabrics (G-PLY)

degrade, and the fabric’s architecture collapses, preventing proper flow and impregna-

tion.

A custom setup was designed and fabricated from scratch with a simple concept.

Main components are two melting pots equipped with pistons and a mold cavity, con-

nected to each other through holes for melt transfer. The tool was conceived to be heated

in an oven and subsequently transferred in a hot press, in order to apply a constant force

on the piston(s), and therefore perform impregnation at constant pressure gradient on

the fabric. However, this strategy turned out to be exaggeratedly time-consuming, due
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to low efficiency of convection heating. Therefore, a new improvement was conceived,

which allowed more efficient heating by means of electrical cartridges.

Preliminary tests have been performed both in compression and mTP-RTM condi-

tions, using either HFPA66, HFPA6 or iPP as matrix. These experiments were useful to

explore the processability of these polymers, to identify issues (e.g. melt leakage, crys-

tallization shrinkage, stitches degradation, air entrapment), try high-temperature con-

sumables (sealant, release agent), and optimize equipment and lab procedures.

The main part of this chapter concerned the investigation of strategies to reduce

the impregnation time in mTP-RTM. The study was carried out using HFPA6 as a matrix

and different preform architectures, and under different test conditions. It was demon-

strated that a great reduction of the impregnation step with mid-viscosity matrix can be

achieved by introducing meso-channels within the preform, be they intrinsically linked

to the fabric architecture (non-crimp fabric) or due to introduction of spacers as a second

solid phase. The former has the advantage of having a homogeneous distribution of the

channels in the preform, which allows a more uniform distribution of the melt, but the

mechanical properties could be negatively affected. The latter brings a second feature,

functioning as a flow-enhancer during the process and as stiffener in the final part. It

should be noticed that this kind of feature is an intrinsic benefit given by RTM processes

and which could hardly be implemented in compression molding.

The process presented in this chapter has been conceived at a lab-scale, and as

such it was not optimized for high volumes of production. However, speculations can

be made about how the process could be possibly scaled up. Firstly, the most time-

consuming parts of the process were heating and cooling. More efficient systems would

be used at an industrial scale, which could allow a reduction to few minutes for heating

and cooling, depending on the mold size. In addition, it would not be necessary to wait

for the the mold to be at room temperature for demolding. Instead, it could be done right

below the crystallization temperature, just cold enough to avoid deformation caused by

crystallization shrinkage. Secondly, a screw-extruder machine could be used to melt and

inject the melt polymer in the mold, allowing, on the one hand, to decouple the heating/-

cooling systems of mold and melt with consequent savings in terms of time and energy,

and, on the other hand, to guarantee a better mixing of the melt thus reducing the risk of
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injecting air bubbles in the mold. Thirdly, the whole process could be further enhanced

by splitting the heating and cooling into different stations, so as to allow simultaneous

use of more than one mold.

A final consideration can be made on the part’s size that can be produced with

mTP-RTM. Even though major cycle-time reduction has been achieved, part size re-

mains quite small if compared for instance to large automotive components (e.g. door

panels). It is possible that large components that are rather simple in shape will continue

to be produced by compression molding or by compression-RTM with through-thickness

impregnation, but it is also likely that a combination of through-thickness and in-plane

impregnation would occur in more complex parts. In fact, mTP-RTM is not meant to be

in competition with these processes, but rather complementary, at least for production of

large parts. However, when it comes to shape complexity, with tubular and small parts,

mTP-RTM provides more freedom in terms of design and allows production of complex

parts in one shot, thus avoiding successive steps of joining and welding.



Chapter 7

Scale-up scenarios

In the previous chapter, we have shown that the thermoplastic RTM process, at lab-

oratory scale, can successfully produce structural parts, using molten polymers in the

30 Pa s viscosity range, a reinforcement architecture adapted to provide flow channels

and injection strategies combining initial vacuum, a saturation phase and a well con-

trolled cooling phase. The next step is to evaluate the possibility to scale-up the process,

from a technical but also economic and environmental point of view. To this end, a

cost model for the mTP-RTM process based on the lab-scale conditions illustrated in

Chapter 6 was first developed, then a number of assumptions were also adopted, so as

to evaluate a realistic scale-up to industrial conditions. A comparison was made with

a standard TS-RTM with epoxy and with a process under development at Solvay∗, in

which an injection molding machine is adapted for composite manufacturing by Com-

pression RTM, implying direct through-thickness impregnation. This process will be

introduced in Section 7.1. The cost model is presented in Section 7.2 with the main

results.†.
∗Centre de Recherche de Lyon, 85 Avenue des Frères Perret, 69190 Saint-Fons (Lyon), France.
†The cost analysis presented in this chapter is partly based on the Master thesis of Lucien Berret,

which also includes a life-cycle assessment study [165].

145



Chapter 7. Scale-up scenarios 146

7.1 Compression RTM

A semi-industrial C-RTM equipment has been set up at Solvay’s for research purposes, in

order to perform through-thickness impregnation of fabrics with high-fluidity thermo-

plastics driven by axial compression, as schematically shown in Fig. 7.1. Albeit still

in research phase, the equipment, which comprises an adapted injection molding ma-

chine, an adapted flat mold and dedicated and optimized heating and cooling systems,

can be considered as close to an industrial scale. The major components are a standard

injection-molding extruder, for polymer melting and mixing, a flat steel mold with a

cavity area of about 200 × 270mm2 and a 125-tons electric press activated by a toggle

mechanism, which operates horizontally and allows fine control of the cavity thickness.

The melt is injected from the extruder through a hole in the male fixed part (F), while

the fabric is placed in the female movable part (M) of the mold.

The mold is heated by means of heating cartridges embedded in both parts of the

mold, which ensure a heating rate around 20 ◦C∕min. Air and water are alternately

pumped through channels running through the mold, which allows optimal cooling at a

rate of up to 40 ◦C∕min. Resin flow is monitored by pressure sensors emerging on both

the fixed and movable surfaces of the mold’s cavity. The axial compression achieves high

pressure and high volume fractions, with less risk of destroying the preform structure.

However, the mold being movable requires a high degree of precision in the design

and manufacturing, which, summing up with the cost of the injection molding unit and

heating/cooling system, results in a high necessary capital investment for the equipment.

In addition, this sets a limit in the degree of geometrical complexity of the part.

7.2 Cost model

The cost analysis is adapted from the activity-based model by Verrey et al. [63], where

only manufacturing cost is considered, which includes fixed (equipment, maintenance,

invested capital, etc.) and variable (labor, materials, scrap, etc.) costs of production. The

following scenarios are compared: (i) RTM with epoxy resin and G-WEAVE fabric; (ii)

mTP-RTM with HFPA6 and G-PLY fabric; (iii) mTP-RTM with HFPA6 and G-WEAVE

fabric + spacer; and (iv) C-RTM with HFPA6 and G-WEAVE fabric.
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melt injected 
from extruder

fixed part (F)
movable part (M)

fabric layers

compression

Fig. 7.1: Schematics of the impregnation in C-RTM process at Solvay’s.

7.2.1 Materials

The amount of material was kept constant, so as to produce a flat plate of thickness 5mm

and size 270 cm × 200 cm, and a glass fiber volume fraction of 0.46. Cost for fabric and

resins were set to 5 €/kg and 3 €/kg, respectively. For scenario (iii), additional spacer

material had to be considered. A spacer with a design analogous to the 6 × 6-spacer

of Chapter 5, would have a volume of ≈ 15 cm3. Assuming as spacer material a nylon

reinforced with carbon fibers, which has a density of ≈ 1.1 g∕cm3, around 16 g per part

would be required. Considering a cost of ≈ 90 €/kg for this material in filament form

suitable for 3D printing, a cost of 1.5 €/part was simply added for this scenario.

7.2.2 Production line

The production lines for the four scenarios are shown in Fig. 7.2 for scenario (i); Fig. 7.3

for scenario (ii); Fig. 7.4 for scenario (iii); and Fig. 7.5 for scenario (iv). Each line can

be split into four sub-units, or cells: fabric cutting; preforming; RTM; and trimming. A

cycle time is attributed to each cell. Here the same duration was considered for the four

scenarios except for the RTM cell, where the impregnation is highly dependent on the

scenario under consideration. The duration attributed to each scenario for the RTM cell

is displayed in Table 7.1. In epoxy-RTM (i), the duration includes time for impregnation

and cure (estimating resin viscosity to 0.5 Pa.s, and impregnation/cure about 5 minutes);

a post-cure step in an oven is typically performed to fully cure the resin. This operation is

generally performed with several parts together, so its duration is spread among several
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parts, about 200s. In the two mTP-RTM scenarios, injection time was calculated from

Eq. 6.2 (Chapter 6), using Δ𝑃 = 3.6 bar and 𝐾 = 10−9 m2 for (ii), and Δ𝑃 = 7.1 bar

and 𝐾 = 10−8 m2 for (iii), and in both cases 𝐿 = 270mm and 𝜂 = 26 Pa s. Average

heating and cooling rates of 20 ◦C and 40 ◦C, respectively, were considered; heating and

cooling time were calculated for a cycle between 160 ◦C (starting and demolding) and

280 ◦C (injection). The same heating and cooling times were used for scenarios (ii), (iii)

and (iv). It should be noticed that in (ii) and (iii) heating and cooling are decoupled,

whereas in (iv) they take place in sequence on the same station. Indeed, mTP-RTM

uses a simpler mold, which can be made movable from a heating station to an injection

station, where an extruder is maintained hot and ready for the injection; this means that

two molds can operate at the same time, one being heated during the injection of the

other. For this reason, heating time was not taken in consideration for (ii) and (iii). In

C-RTM, the mold is embodied in an injection molding machine, and as such it cannot

be moved; to have two molds operating simultaneously, a second extruder and electrical

press should be purchased, which is much more costly than a second mTP-RTM mold.

Table 7.1: Duration of the RTM cell for each scenario.

Scenario Step Duration (s) Total (s)

(i) RTM Epoxy Injection + Cure 500 500
(ii) mTP-RTM HFPA6/G-PLY Injection 2020 2500

Saturation 300
Cooling 180

(iii) mTP-RTM HFPA6/G-WEAVE+spacer Injection 75 855
Saturation 600
Cooling 180

(iv) C-RTM HFPA6/G-WEAVE Heating 360 760
Injection 20
Compression 200
Cooling 180

7.2.3 Data input

The main input data common to all scenarios are listed in 7.2. These include inputs

for cutting, preforming and trimming cells. Inputs of time, labor, rejection and scrap

rate for each cell are indicated in the process line diagrams (Fig. 7.2, 7.3, 7.4 and 7.5).

Additional data inputs, differing between scenarios, are listed in Table 7.3.
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RTM Epoxy

Trimming (60 s) RTM (500 s)

IR Oven

Press

Trimming
CutStock

Injection

Post Cure
Trim and DrillCleaning

Labour: 0.75
Reject: 0 %
Scrap: 5 %

Preforming (120 s)
Labor: 0.25
Reject: 0 %
Scrap: 15 %

Labor: 0.5 Reject: 0 % Scrap: 0 % Labor: 1 Reject: 5 % Scrap: 0 %

Cutting (60 s)

Fig. 7.2: Production line for RTM process with epoxy ang G-WEAVE.

mTP-RTM HFPA6/G-PLY

Trimming (60 s) RTM (2020+300+180 s)

IR Oven

Press

Trimming
CutStock

2

Trim and DrillCleaning

Labor: 0.75
Reject: 0 %
Scrap: 5 %

Preforming (120 s)

Labor: 0.25
Reject: 0 %
Scrap: 15 %

Labor: 0.5 Reject: 0 % Scrap: 0 % Labor: 1 Reject: 5 % Scrap: 0 %

Cutting (60 s)

1

1: Heating station
2: RTM press:

Injection/Cooling

Fig. 7.3: Production line for mTP-RTM process with HFPA6 and G-PLY.
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mTP-RTM HFPA6/G-WEAVE+spacer

Trimming (60 s) RTM (75+600+180 s)

IR Oven

Press

Trimming
CutStock

2

Trim and DrillCleaning

Labor: 0.75
Reject: 0 %
Scrap: 5 %

Preforming (120 s)

Labor: 0.25
Reject: 0 %
Scrap: 15 %

Labor: 0.5 Reject: 0 % Scrap: 0 % Labor: 1 Reject: 5 % Scrap: 0 %

Cutting (60 s)

1

Spacers stock

1: Heating station
2: RTM press:

Injection/Cooling

Fig. 7.4: Production line for mTP-RTM process with HFPA6 and G-WEAVE + spacer.

C-RTM HFPA6/G-WEAVE

Trimming (60 s) RTM (360+220+180 s)

IR Oven

Press

Trimming
CutStock

RTM Injection/Compression
+ Heating/CoolingTrim and DrillCleaning

Labour: 0.75
Reject: 0 %
Scrap: 5 %

Preforming (120 s)Labour: 0.25
Reject: 0 %
Scrap: 15 %

Labour: 0.5 Reject: 0 % Scrap: 0 % Labour: 1 Reject: 5 % Scrap: 0 %

Cutting (60 s)

Fig. 7.5: Production line for C-RTM process with HFPA6 and G-WEAVE.
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Table 7.2: Common input data for all the scenarios.

Input Value

General Production duration 5 years
Shift duration 7.5 h/d per shift
Days per year 233 d
Max number of shifts 3/d
Time efficiency 100%
Cycle time See Fig.7.2-7.5
Equipment dedication 1

Materials Matrix cost 3 €/kg
Fabric cost 5 €/kg
Matrix quantity 0.172 kg/part
Fabric quantity 0.323 kg/part
Scrap rate See Fig.7.2-7.5

Equipment cost Cutting 214 000 €
(Robots included) Preforming 180 000 €

Trimming 100 000 €

Plant Operating cost 140 €/m2/year
Cutting area 40m2

Preforming area 40m2

Trimming area 45m2

Energy Unitary cost 0.1 €/kWh
Cutting power 25 kW
Preforming power 40 kW
Trimming power 26 kW

Labor Direct labor cost per person 25 €
Number of direct persons See Fig.7.2-7.5
Indirect labor cost per person 38 €

7.2.4 Results

The variation of manufacturing cost with the volume of production for the four scenarios

is shown in Fig. 7.6. The visible variations, or spikes, are due to new capital investments,

which are needed when the maximum output per year in a cell is reached. In practice,

new RTM cells had to be added in order to increase the production, which means new

investment in equipment, plant space, energy, molds and labor. For instance, many par-

allel RTM cells had to be considered for scenario (ii), since the cycle time is so long that

a rather small number of parts per year could be produced with a single cell. To reach

an annual volume of 70k, 2 cells had to be used for scenario (i), 10 for scenario (ii), 4
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Table 7.3: Input data for the RTM cell of the four scenarios.

Scenario Input Value

(i) RTM Epoxy Injection unit 60 000 €
Oven 10 000 €
Robots (x2) 60 000 €
Mold 20 000 €
Machine power 40 kW
Plant area 30m2

(ii) mTP-RTM HFPA6/G-PLY Injection 50 000 €
RTM press 100 000 €
Cooling system 70 000 €
Robot 30 000 €
Molds (x2) 40 000 €
Machine power 30 kW
Plant area 30m2

(iii) mTP-RTM HFPA6/G-WEAVE+spacer Injection 50 000 €
RTM press 100 000 €
Cooling system 70 000 €
Robot 30 000 €
Molds (x2) 40 000 €
Machine power 30 kW
Plant area 30m2

Spacer 1.5 €/part

(iv) C-RTM HFPA6/G-WEAVE Injection-Press 170 000 €
Cooling system 70 000 €
Robot 30 000 €
Mold 95 000 €
Machine power 30 kW
Plant area 30m2

for scenario (iii) and 3 for scenario (iv).

Apparently, the stabilized cost is highly correlated with the duration of the RTM

cell step. RTM with epoxy and mTP-RTM with G-PLY are respectively the cheapest

and the most costly routes. The other two processes, mTP-RTM with a spacer and C-

RTM are much closer to RTM-epoxy, yet around 43% and 55% more expensive for 70k

parts, respectively. Interestingly, these two scenarios are very close, with only a differ-

ence of ca 2.3 €/part at a volume of 70k. Even though cycle time of scenario (iii) is

longer and equipment capital investment is quite similar, the mold complexity makes

the difference. On the one hand, the fabrication and design of such a mold with moving
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parts at high temperatures requires an accurate design to fine tune tolerances taking into

account the thermal expansion of the material, which causes its cost to rise. On the other

hand, the mold/press/injection unit constitutes a whole block, and heating and cooling

happen at the same station; thus, it is not possible to run two molds simultaneously.

Conversely, in mTP-RTM the mold is supposedly simpler, requiring a standard RTM

press for automatic closing, and two molds can be operated at the same time, with one

being heated while the other is being injected and cooled. Nevertheless, it should be

taken into account that C-RTM is still in development phase, and current expectations

are for a significant decrease of cycle time to 3-5 min.
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Fig. 7.6: Manufacturing cost per part as a function of the volume of production per year for the
four scenarios.

Fig. 7.7 shows the segmentation into the various cost categories for the four sce-

narios. In all cases the highest cost-drivers are labor and equipment. The high cost of

labor for scenario (ii) (Fig. 7.7b) is due to the larger number of parallel RTM cells op-

erating, each requiring 1 unit of labor. In scenario (iii) (Fig. 7.7c), the higher cost of

raw material is observed due to the relatively high cost attributed to the spacer. Regard-

ing scenario (iv) (Fig. 7.7d) the importance of mold cost is observed, but also a slightly

smaller labor cost compared to (iii), for which an additional RTM cell had to be included

to reach the target production volume.

A last consideration can be made with regard to the contribution of materials (fab-

ric, resin and spacer) on the total cost. At 70k parts per year, this amounts to 15% and
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10.4% for scenarios (iii) and (iv), respectively. Therefore, the cost increase after upgrad-

ing to high-performance materials (e.g. replacing glass with carbon fibers and PA6 with

PPS matrix) is not expected to be highly significant. As a first and simple approach,

the cost variation can be calculated considering the same volume fraction of fibers and

matrix and same part size, i.e. regardless of the mechanical properties. Using values for

cost and density of 15 €/kg and 1.8 g∕cm3 for carbon fibers, and 12 €/kg and 1.35 g∕cm3

for PPS, the cost at 70k parts per year can be found to increase from 26.8 to 30.8 €/part

for scenario (iii), and from 24.5 to 26.6 €/part for scenario (iv).
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(d) C-RTM HFPA6/G-WEAVE (iv)

Fig. 7.7: Manufacturing cost vs. production volume for the four scenarios, broken down into
cost categories, starting from 5k parts per year of production volume.
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7.3 Conclusion

This preliminary cost estimate should definitely be further refined as the processes evolve,

and should be applied to a more realistic part than a simple plate. However, several con-

clusions can be drawn from this study. First, the cost of mTP-RTM parts is higher than

the well-developed epoxy based equivalent, not because of the material cost, which is

similar, but because of the equipment cost and the long cycle time in large parts imposed

by the heating and cooling steps. Novel mold concepts, with fast heating and cooling, as

well as a further study on the highest temperature at which part demolding can be made

without compromising part quality, would be required to limit this step. It is also im-

portant to note that if carbon fibers had been selected, since their material cost is higher

and thus more dominant on the overall part cost, this difference would be less marked.

Secondly, the comparison between scenarios (ii) and (iii) confirms that in-plane RTM,

even with high permeability fabrics such as G-PLY, is not cost-effective with TP, unless

possibly for small and very complex parts that cannot be made differently. Finally, com-

parison between scenarios (iii) and (iv) also confirms that the mTP-RTM that makes use

of spacers leads to a rather similar part cost as C-RTM, although segmentation shows the

importance of mold cost for (iv) and of labor cost for (iii). Both routes are thus of practi-

cal interest and complementary, C-RTM being more adapted to simple shapes, while the

spacer approach can be efficient for rather large parts (because overall necessary mold

closure and fluid pressure are lower) and most importantly for complex shaped parts

that are difficult to produce with C-RTM, unless the latter is coupled with overmolding

techniques to produce TP features on the composite part (e.g. stiffening ribs).





Chapter 8

Conclusions and perspectives

The ultimate goal of this thesis was to find an optimum between thermoplastic flow

enhancement and fabric impregnation in a novel RTM process employing high-fluidity

thermoplastics as impregnating resins. Flow enhancement is desired to reduce produc-

tion time, so as to make the process affordable for high-volume industries; it and can be

achieved by increasing fabric permeability, according to the physics of flow represented

by Darcy’s law. Permeability enhancement is achieved by exploiting the dual size distri-

bution of porosity in reinforcing textiles. However, the resulting heterogeneous distribu-

tion of fibers might be responsible for entrapment of voids during impregnation and for

the formation of large resin-rich areas in the final part. Both aspects can detrimentally

affect the properties of the final composite.

The relation between fabric architecture and permeability was firstly investigated

on two high-flow glass-fabrics, so-called G-FLOW and G-PLY. The latter had higher

in-plane permeability, up to ≈ 10−9 m2 for ≈ 46% fiber volume content, which, in prin-

ciple, would allow impregnation with more viscous resins than benchmark fabrics. This

represents an increase of one order of magnitude in comparison with a woven fabric (G-

WEAVE) used as reference, which was attributed to the meso-structure of the G-PLY

preforms, investigated by Computed X-Ray Tomography. This provided an insight into

the fabric architecture under compaction. Permeability of G-PLY was then calculated

based on channels’ geometry, ignoring micro-flow inside the bundles, and it was found to

match closely to the measured saturated permeability. The channels lead the macro-flow,

and permeability along the channels’ direction can be easily predicted by knowledge of

157
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their geometry. A drawback of these fabrics is that the fluid flows very fast from in-

let to outlet within the large channels, while the tows behind remain largely unsaturated.

Capillary effects were evaluated using the ratio of unsaturated-to-saturated permeability,

confirming that for G-PLY micro-flow is usually negligible, and that slug-flow condi-

tions were achieved for low capillary numbers (10−3). On the contrary, for G-WEAVE

a transition from predominant micro-flow to predominant macro-flow, similarly to what

is observed in literature, was found using this ratio, with an optimal capillary number

around 5 ⋅ 10−4. The capillary pressure was calculated from the permeability ratio, and

its dependence on capillary number, found by previous authors with other methods, was

confirmed. This method would need to be further confirmed with other fabric geome-

tries and comparing with other methods; for instance, extrapolating the capillary pres-

sure from pressure build-up in constant flow-rate injections [62]. An interesting result,

which would also need to be further confirmed with other fabrics to test its limits, is

that as long as the capillary number is high enough so that hydrodynamic effects in the

channels dominate the flow, unsaturated permeability measurements from the flow front

position provide results that are very close to saturated permeability, measured from flow

rate through the fabric. The trend of permeability ratio vs. capillary number, can thus

be used to evaluate the optimal flow conditions leading to the lowest porosity in the part,

as it corresponds to the 𝐶𝑎 value for which this ratio just reaches 1.

A further increase of permeability, up to ≈ 10−8 m2, was obtained when a spacer

was introduced in the core of a woven fabric stack (G-WEAVE), so as to create lon-

gitudinal channels which run straight from inlet to outlet. Spacers were produced by

3D-printing, which allows to make them in complex shapes, but in principle they could

be produced with alternative techniques, such as injection molding; thus, this concept

can be easily implemented in RTM process, where complex parts are produced. Mea-

sured saturated permeability was found to be in the same order of magnitude as values

calculated from channels geometry, which in this case was known a priori from the 3D-

printed model. Differences from theoretical values, especially when channel width was

as large or larger than the fiber bundles, were attributed to fiber nesting, which partly

blocked the channels, thus slowing down the flow. In any case, in presence of spac-

ers the duality of flow scale was even more distinct than in G-PLY. A fluid of viscosity
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≈ 0.1 Pa s ran a distance of 20 cm, from inlet to outlet, in a few seconds under a pressure

difference of ≈ 1.6 bar. To achieve full fabric saturation, the outlet needs to be closed,

otherwise the fluid would freely flow out of the mold, and it is necessary to keep the

fluid under pressure at the inlet, in a saturation step, so as to force fabric impregnation.

Air entrapment can be avoided by pulling vacuum out of the mold. With this strategy,

in principle very long parts could be produced, as the duration of in-plane flow would

not be much affected, and the bottle-neck of the process would be the flow through the

thickness of the fabric, which in any case would take the same time, provided that the

part thickness is uniform.

The final destiny of these spacers after impregnation remains to be further inves-

tigated. Two main routes were assessed: stiffening spacer and sacrificial spacer. The

former should be made of a material, which is stiff enough to sustain fabric compaction,

and thus remains intact and embedded in the core of the final composite, so as to create

a sandwich structure with improved stiffness. The latter should be made of a mate-

rial capable of sustaining fabric compaction during impregnation to ensure the opening

of channels, but that collapses in a second phase, when for instance temperature is in-

creased and the spacer would soften or even melt and mix with the infiltrating fluid. In

the present thesis, PLA and PCL were used respectively to produce a stiffening and a sac-

rificial spacer during production of composite plates via TS-RTM, using an epoxy resin

as proof-of-concept matrix. An increase of ≈ 20% of apparent flexural modulus was

observed with PLA. PCL, which has a melting point of around 60 ◦C, melted and flat-

tened during curing at approximately 80 ◦C, and a more homogeneous distribution of the

fibers was finally achieved; in this case, the flexural modulus was not much affected, but

flexural strength was reduced by ≈ 12.5%. Indeed, in both cases, the flexural tests ended

by abrupt failure due to delamination at the core region. This could be reduced by using

a material that is more compatible at a physico-chemical level with the matrix. Further

research should focus on the effect of the spacers on other properties, such as torsional

stiffness, impact resistance and fatigue resistance. In addition, the pressure evolution in

the two-step filling process needs to be investigated in flow experiments where pressure

sensors embedded in the mold monitor the fluid pressure during injection. Expectedly,

during the flow along the channels, when the preform is unsaturated, the pressure would
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follow a parabolic curve; then, as saturation is achieved, it would evolve towards a lin-

ear curve from inlet to outlet [100]. However, since the outlet is closed, and the inlet

remains at constant pressure, a decrease of the slope is also expected, until a state of

constant pressure throughout the mold is achieved.

All these findings were successfully applied to mTP-RTM using HFPA6 as matrix,

which has a viscosity of ≈ 26 Pa s at 280 ◦C, and various preforms for a flow distance of

11 cm. For a standard fabric, like G-WEAVE, injection pressure was limited to few bars,

as fabric displacement occurred already at 3.6 bar; hence, impregnation time for even

such a short length was impractical (more than 45min). Preforms with channels, like

G-PLY or G-WEAVE with spacers, allowed higher pressure injections without deform-

ing significantly. For instance, for G-PLY minor displacement occurred at 7.1 bar. The

use of CFR-PEEK rods as spacers in G-WEAVE, combined with the two-step strategy

developed and tested with model fluids (in-plane channel flow + transverse saturation),

allowed to apply up to 28.6 bar during the saturation step, and to greatly reduce impreg-

nation time to just 7min. Two strategies provided the best impregnation, as observed

at the macro- and micro-scale, and through burn-off analysis. In the case of the G-

WEAVE+spacer, it took 1 min at 7.1 bar for the resin to reach the outlet. In the case

of the high-temperature G-PLY fabric with large channels, it took 4 min at 3.6 bar to

reach the outlet. However, in the former case the channels were only in the core of the

preform, and it was necessary to increase the pressure up to 28.6 bar for 6min of satura-

tion step to achieve a good impregnation. Conversely, in the latter case, where channels

were more homogeneously distributed throughout the thickness of the preform, 3min at

3.6 bar were enough. Some residual porosity was still visible, especially on the surface

of G-WEAVE+spacer samples, where the fabric is highly compacted against the mold

surface, making it difficult for the resin to infiltrate the bundles in direct contact with

the mold. A more efficient vacuum in the mold could possibly lead to an even better

impregnation. Regarding the mechanical properties, similarly to the PLA-spacer, the

use of CFR-PEEK rods in the core of a G-WEAVE stack resulted in increased apparent

flexural modulus of around 26%, while G-PLY gave a rather comparable value to G-

WEAVE alone. As a future development, three-dimensional sacrificial spacers could be

produced via 3D-printing with TPs with melting-point slightly higher than the injection
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temperature, similarly to the case of PCL-spacers in TS-RTM. These could then soften

soon after injection and allow the fabric to relax, at least partly.

Finally, we showed that scaling-up this process to large volume production is

promising, in terms of cost, only if spacers are used. Indeed, even with G-PLY fab-

ric, the total process time is still too long for large parts, whereas with the spacer and

G-WEAVE fabrics, the process route becomes comparable to C-RTM. Moreover, the

comparison was performed for a simple geometry, which is easily processed by C-RTM.

In case of a complex shape, such as a hollow or ribbed part, C-RTM would become more

costly to implement, due to post-processing welding operations or complex molds.

In conclusion, mTP-RTM is a promising process for production of medium-size

parts with complex shapes, provided that channels are created in the preform by using

channel-wise fabrics or by introducing a flow-enhancer spacer in the middle of the pre-

form. Depending on the application, the spacer could have a second role. In this work,

it was proven that spacers can increase bending stiffness, but it is not excluded that other

properties can be affected, negatively (for example, fatigue resistance may suffer from

the presence of large resin pockets), or positively. For instance, Szebenyi et al. [148]

observed an increase of ductility for carbon/epoxy plates when a PCL interphase was in-

troduced between the fabric layers. The use of spacers could thus be tailored to provide

the needed permeability increase during processing, even in complex shapes, then other

effects in the final part, fulfilling its mechanical requirements.





Appendix A

Compression molding with HFPA66

A preliminary benchmark study was carried out in the frame of a student project to

evaluate the processability of HFPA for direct impregnation of glass fabric.

A series of compression molding tests was performed to produce small laminate

samples of HFPA66 and a 8-harness satin woven GF, supplied by Solvay, with areal

mass of 300 gm−2. Five plies of this fabric were cut and placed in the mold all with

the same face up. The polymer pellets were placed on top of the fabric inside a simple

mold with a rectangular cavity of size 7 cm × 2 cm and a piston in direct contact with

the pellets. Compression was then performed in a hot hydraulic press (Fontijne Presses).

The mold was heated up above the melting point (≈ 270 ◦C); a pressure was applied to

force the impregnation to take place through the thickness, from the top to the bottom.

Finally, the pressure was removed below the crystallization point (≈ 180 ◦C).

The aim was to evaluate the effect of impregnation time and applied pressure.

Concerning the pressure, two cases were evaluated. In the first, a constant pressure was

applied during the whole impregnation until the demoulding. In the second, a minimum

pressure was applied during the impregnation, and a high pressure was then applied

between the beginning of the cooling and the demolding. A scheme of the process for

the two cases is shown in Fig. A.1.

Table A.1 shows the list of samples prepared at different conditions. Samples

1 to 8 constitute a simple 2x2 multi-factorial design of experiment (DOE) with two

replicates, with impregnation time and applied pressure as the two "input-factors" and

flexural modulus and strength as the responses. Here the pressure is either applied at a
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Fig. A.1: Scheme of a typical sample processing route. Case 1: constant pressure applied during
the whole cycle. Case 2: a minimum pressure applied until the beginning of the cooling, then

high pressure applied during the cooling phase.

Table A.1: List of samples prepared by compression molding.

Sample ID Impregnation time Pressure Fibre Volume Fraction Flexural Modulus Flexural Strength
(min) (bar) (%) (GPa) (MPa)

1 7.5 12.6 34.9 18.1 432
2 7.5 12.6 33.8 15.1 426
3 7.5 12.6, then 45.7 35 17.3 491
4 7.5 12.6, then 45.7 35.3 18.2 518
5 15 12.6 34.6 17.8 457
6 15 12.6 35.3 17.7 448
7 15 12.6, then 45.7 35.2 18.1 467
8 15 12.6, then 45.7 33.9 16.0 441
9 5 37.7 33.0 13.0 388
10 5 37.7 37.8 19.5 497
11 2.5 37.7 35.9 16.1 466

constant lower value (case 1 in Fig. A.1) or a high pressure is applied at the end of the

cycle (case 2 in Fig. A.1).

Flexural tests were conducted in 3-points-bending. The samples, of thickness

around 1.5mm, were cut to 60mm × 13mm. The support span-length was set to 50mm,

which gave an aspect ratio (span-length to thickness) of about 32:1. The samples were

conditioned prior to testing (vacuum-drying at 110 °C for 14 hours). Force-displacement

data were transformed into stress-strain curves according to Eq. 3.9 and 3.10. Values of

flexural strength and modulus, calculated as the slope in the strain range between 0.001

and 0.003, are reported in Table A.1.

Noticeably, these values differ from the flexural modulus of mTP-RTM samples

shown in Chapter 6 (Table 6.7), which can be easily explained by differences in terms
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Fig. A.2: Interaction-plot for the flexural strength, within a set of four conditions of impregna-
tion time and applied pressure.

of materials (matrix and fabric), sample and test geometry (thickness and span-length)

and test conditions (deformation speed, operator). In particular, differences in samples

geometry can dramatically affect the measured flexural modulus[163, 164]. CM samples

had thickness of 1.5mm, span-length 50mm, length-to-thickness ratio 32:1, while RTM

samples had thickness 5mm, span-length 60mm and length-to-thickness ratio 12:1.

Analysis of variance (ANOVA), conducted with the software Minitab Express on

the samples 1-8, shows that there is no effect of the factors on the flexural modulus.

On the contrary, for flexural strength p-values lower than 5% for pressure and time-

pressure interaction factors were found. This means that these two factors have an effect

on the flexural strength, which can be intuitively observed in the interaction-plot shown

in Fig. A.2. In conclusion, with short impregnation times better properties are obtained

by applying a higher pressure at the end of the cycle. It is thus conceivable to further

reduce cycle time and retain good properties. Three more samples (9 to 11) were pro-

cessed at shorter time and high constant pressure (during the whole cycle), for which

comparable properties were found. A good degree of impregnation was observed also

for the sample processed with the shortest time (sample 11, Fig. A.3).
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(a) (b)

Fig. A.3: Cross-section of sample 11 at two different magnifications.



Appendix B

Viscosity reduction with nanoparticles

The HFTPs used in this thesis are special formulation with rather low molecular weight,

but chemically modified such that they retain mechanical properties comparable to stan-

dard TPs. A side-project was carried out with the objective to investigate an alternative

method to reduce viscosity of melt TPs, which would be possibly used in mTP-RTM.

B.1 Introduction

It is well established that the presence of particles in a fluid causes an increase in viscos-

ity which depends on the amount of particles. For dilutes suspensions, Einstein equation

predicts a linear increase of viscosity with particles volume fraction 𝜙:

𝜂 = 𝜂0(1 + 𝑘𝑒𝜙) (B.1)

where 𝜂0 is the initial viscosity of the fluid and 𝑘𝑒 a constant, which is equal to 2.5 for

spherical particles. This equation is generally valid for 𝜙 < 2%. For higher particles

concentration, a quadratic term is added:

𝜂 = 𝜂0(1 + 𝑘𝑒𝜙 + 𝑘𝐻𝜙
2). (B.2)

However, in the past few years, a number of articles were published on a newly dis-

covered phenomenon of strong viscosity reduction of linear-chain polymers when very

167
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small nanoparticles (NP) were dispersed [166–171]. It was observed that this effect de-

pends on the size and concentration of the nanoparticles. In particular, the particle size

should be approximately the same as the radius of gyration of the free molecular chain.

In this case, the macromolecule can partly adsorb on the surface of the nanoparticle. As a

consequence, it does not contribute any longer to melt entanglement; hence the melt vis-

cosity is reduced. The effect is also dependent on the concentration of particles. At first,

the viscosity is reduced due to the aforementioned effect. When particle concentration

exceeds a certain threshold, viscosity starts to increase again, due to the increased inter-

action between particles. The effect was found in melt-particle systems, in particular for

a melt PP-silica nanocomposite a decrease of 80% in viscosity was observed [172].

The goal of this study is to exploit the non-Einstein-like behavior of nanoparticles-

thermoplastic dispersions in order to reduce TP viscosity and enhance their processabil-

ity in composite manufacturing. In order to prove the concept, silica NPs were added to

concentrated aqueous solutions of PEG at different molecular weights. PEG was chosen

because it is highly soluble in water, and it can be used to perform fabric impregnation in

RTM conditions at room temperature. First, the effect of polymer size and nanoparticles

concentration on the viscosity of various PEG-silica samples is investigated. Finally, the

feasibility for melt TP-RTM process is demonstrated by direct impregnation of dry fab-

rics in an RTM mould.

B.2 Materials and methods

B.2.1 Materials

Colloidal silica NPs (LUDOX® SM, 30%wt in water, Sigma Aldrich) were used as

nanofillers; one size of nanoparticles was selected. The polymer size was changed by

varying its molecular weight. The following empirical relation was used to determine

the radius of gyration of PEG [173]

𝑅𝑔 = 0.0215𝑀0.583
𝑤

(B.3)
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where𝑀𝑤 is the molecular weight of a chain of PEG. PEG at different molecular weights

(20 and 35 kgmol−1, Sigma Aldrich) was used in water solutions as test fluids to prove

the concept of viscosity reduction.

B.2.2 Samples preparation

Two types of samples were prepared and studied: PEG-silica water suspension and a

PEG-silica nanocomposite powder. A list of all the samples is displayed in Table B.1∗.

The PEG-silica suspensions were prepared by direct mixing in water. The concen-

tration of PEG was kept constant at 50%wt in water, while SiO2 was varied from 0 to

2%wt, with respect to the amount of PEG. To prepare the suspensions, a proper amount

of colloidal silica LUDOX® SM was first diluted in water. Then PEG was added to the

suspension and dissolved by means of sonication.

The nanocomposites were prepared by solvent casting of suspensions in Teflon

molds. Water evaporation was carried out in a vacuum chamber at ambient temperature.

The dry polymer was then ground in a ceramic mortar and mechanically mixed.

B.2.3 Dynamic Light Scattering (DLS)

To determine the size of silica nanoparticles, DLS measurements were performed on a

Zetasizer Nano ZS™(Malvern).

The LUDOX® SM suspension was diluted in DI water up to a final concentration

of silica of 1mgml−1. Around 1ml in a disposable plastic cuvette was used for each

measurement.

B.2.4 Rheology

Viscosity was measured on a rheometer AR2000ex (TA Instruments) in plate-plate con-

figuration, and shear-rate ramps in flow-mode were conducted between 0.1 and 100 s−1.

A peltier-plate temperature control system was used for the suspension to perform mea-

surements at 15 ◦C, while an oven-heating system was used for the measurements on the

melt PEG-silica nanocomposite at 90 ◦C.

∗Notice that the sample labeled PEG35K-50% coincides with the PEG-50% of Table 3.2, Chapter 3.
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Table B.1: List of samples PEG-silica for rheological study.

Designation PEG (kgmol−1) SiO2 (%wt) Sample type

PEG35K-50% 35 0 water suspension
PEG35K-50%-01 35 0.1 water suspension
PEG35K-50%-02 35 0.2 water suspension
PEG35K-50%-03 35 0.3 water suspension
PEG35K-50%-05 35 0.5 water suspension
PEG35K-50%-1 35 1 water suspension
PEG35K-50%-2 35 2 water suspension

PEG20K-50% 20 0 water suspension
PEG20K-50%-01 20 0.1 water suspension
PEG20K-50%-02 20 0.2 water suspension
PEG20K-50%-03 20 0.3 water suspension
PEG20K-50%-05 20 0.5 water suspension
PEG20K-50%-1 20 1 water suspension
PEG20K-50%-2 20 2 water suspension

PEG35K 35 0 solvent casted
PEG35K-01 35 0.1 solvent casted
PEG35K-02 35 0.2 solvent casted
PEG35K-03 35 0.3 solvent casted

Relative viscosity, defined as the ratio between the viscosity of the particle-filled

fluid 𝜂 and the viscosity of the pure fluid 𝜂0, that is

𝜂𝑟𝑒𝑙 =
𝜂

𝜂0
, (B.4)

is plotted against silica volume fraction 𝜙, which is directly calculated from the mass

fraction 𝑤 as

𝜙 =
𝜌𝑃𝐸𝐺

𝜌𝑃𝐸𝐺 + 𝜌SiO2
(1∕𝑤 − 1)

(B.5)

where 𝜌𝑃𝐸𝐺 and 𝜌SiO2
are the densities of PEG and silica. For PEG the density is

1.2 g∕cm3 (from producer) and for the density for amorphous silica is taken as 2.2 g∕cm3.

At least three measurements where performed for each silica concentration, so as to de-

termine a standard deviation.
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B.2.5 Impregnation

In order to prove a practical application in TP-RTM of this viscosity-reduction effect,

constant-pressure in-plane impregnation of glass-fabric were performed on the same

setup used for permeability measurements described in Section 3.2.1. Two impreg-

nations were performed on a stack of five layers of G-PLY with PEG35K-50% and

PEG35K-50%-03 as fluids, which is the suspension with the lowest viscosity, as will

be shown later in the results.

B.3 Results

Particle-size distributions (PSD) from dynamic light scattering (DLS) on the colloidal

silica Ludox® SM are displayed in Fig. B.1. The mean is around 32 nm for intensity

PSD, 16 nm for volume PSD and 12 nm for number PSD. Therefore, an average par-

ticle size of 20 nm can be estimated. From Eq. B.3, radii of gyration of PEG 20 and

35 kgmol−1, are found to be 6.9 and 9.6 nm, respectively.
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Fig. B.1: Particle-size distributions of colloidal silica Ludox® SM.

The variation of relative viscosity with silica volume fraction is plotted in Fig. B.2

for the three types of samples, namely the two PEG-silica suspensions and PEG-silica

nanocomposite melt. Einstein relation (also displayed in the graph) is not always re-

spected. In particular, in the case of PEG35K suspensions, a decrease of viscosity down
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Fig. B.2: Relative viscosity as a function of silica nanoparticles volume fraction for the three
different fluids.

to 15% was measured for the sample PEG35K-50%-03, which corresponds to a volume

fraction around 0.0015. When further increasing silica content, the viscosity increases

again. It might be remarked that the decrease is not as strong as that reported in litera-

ture, for instance in the case of melt silica-PP nanocomposite [172], where 80% viscosity

reduction was achieved. This might be due to the different type of system here exam-

ined. In the present case, polymer and particles are dissolved/dispersed in 50%wt of

water, which does not contribute to the viscosity-reduction effect. Also, the particles

have a certain probability to be freely dispersed in the solvent, rather than in contact

with the macromolecules. For the PEG20K this behavior is less marked, perhaps due to

the fact that the size of the PEG35K is closer to the size of the particles. In the case of

the melt nanocomposite, it seems to follow well the Einstein relation. Perhaps, particles

aggregation has occurred during water evaporation, or the particles might not be well

distributed in the PEG matrix.

The results from flow experiments performed with the fluids PEG35K-50% and

PEG35K-50%-03 are reported in Fig. B.3. The squared flow-front position normalized

with the applied pressure is plotted versus time, demonstrating that flow was enhanced

in for the solution filled with NPs. From Darcy’s law, the time evolution of squared

flow-front is given by
𝐿2

−Δ𝑃𝑎𝑝𝑝

= 2𝐾
(1 − 𝑉𝑓 )𝜂

𝑡 = 𝑚𝑡 (B.6)
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thus, a change in viscosity should be reflected in a change in the slope 𝑚:

𝑚1 − 𝑚2

𝑚1
=
𝜂1 − 𝜂2

𝜂1
. (B.7)

A variation of 35% in slope is found, which is even higher compared to the decrease in

viscosity between the two fluids (15%). It can be due to the fact that the rheology mea-

surements were performed at lower temperature (15 ◦C), whereas the impregnation was

performed at room temperature (≈ 20 ◦C). In addition, a slight difference in fabric per-

meability and volume fraction, or temperature difference between the two experiments

might have contributed to overestimate the slope change. Moreover, permeability mea-

surements are affected by high uncertainty, thus a larger number of experiments should

be performed to confirm this trend.
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Fig. B.3: Time-evolution of pressure-normalized squared flow-front position for PEG solutions
with and without silica nanoparticles.

B.4 Conclusions and outlook

In this study, we investigated the opportunity to exploit a newly-discovered nano-size

effect of viscosity reduction of TPs with NPs.

At this stage, preliminary studies have been conducted on model systems. Two

types of PEG-silica systems were investigated, namely aqueous suspensions and nanocom-

posites. As the mutual size of particle and polymer supposedly plays a significant role,
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it is necessary to target the appropriate size. Dynamic light scattering was used to de-

termine the size range of commercial colloidal silica nanoparticles. No effect was found

on the melt nanocomposite, probably due to aggregation or inhomogeneous particles

distribution, but viscosity reduction was observed for the aqueous suspensions. The re-

duction was stronger for the PEG with higher molecular weight (35kDa), which has a

size closer to the one of the nanoparticles. As a proof of concept, a fabric impregna-

tion at constant applied pressure was performed in a transparent RTM mold, in order to

record the evolution. Flow-enhancement was successfully demonstrated.

Further studies should be carried out on industrially relevant polymers, such as

polyamides. The issue with PAs is that they dissolve in very strong solvents, such as

hexafluoroisopropanol (HFIP), which is highly acidic. LUDOX SM suspension is stabi-

lized at basic pH, and mixing in HFIP causes instantaneous agglomeration. A procedure

was fine tuned in order to efficiently disperse silica nanoparticles in HFIP and dissolve

HFPA66 in it. LUDOX suspension was dispersed in a solution of HFIP, ethanol (EtOH)

and octanol (OcOH), at a volume ratio of HFIP:EtOH:OcOH=40:10:1. Different vol-

umes of LUDOX were dispersed in the same volume of solution (25.5ml). After soni-

cation, 2 g of HFPA66 were added to the solution and stirred with a magnet overnight.

The solutions appeared clear and the polymer well dissolved. Subsequently, they were

poured in Petri dish to facilitate solvent evaporation. However, excessive degradation

of the polymer resulted, and it was not possible to use these suspensions for rheological

measurement. Another possibility is to use solid NPs, and directly mix with the polymer

in a twin-extruder. Then, the shear forces might help to avoid particle aggregation, and

this way no solvents are needed.
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