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Abstract

Fibre-reinforced polymer composites chiefly consist of glass, carbon or aramide fibres

embedded in a polymer matrix. Continuously fibre-reinforced composites with the fibres

oriented in line with the principal stress are characterised by optimum strength and

rigidity per unit weight, for use in heavily loaded primary structures.

Composite components can be manufactured by various processes; for structural

components for example, the resin injection process known as Resin Transfer Molding

(RTM) is gaining in importance. The automotive industry in particular uses RTMbecause

of its low cost, and the process will be applied to an increasing extent in aircraft

manufacturing in future. In the RTM process fibre preforms are placed in a mould into

which a reactive resin is injected, impregnating the preforms and then curing. This

manufacturing process makes it possible to produce complex, highly integrated

structural components.

Numerical simulation methods are increasingly being used to optimise the production

process, reducing the time to market, the costs and the production risk. It is possible to

simulate all process stages such as heating of the fibres, resin injection, and resin

curing. The state of the art is such that the process is modelled isothermally by a

simplified method without taking into account the chemical reactions, since the quality

and complexity of the available material models does not justify the expense of a more

elaborate thermal simulation.

To shorten the cycle time of the production process, highly reactive resin systems are

used that significantly reduce the curing time, which accounts for the bulk of the cycle

time. In rapid curing resin systems the individual process stages of impregnating the

preforms and curing the polymer can no longer be separated, because the resin starts to

cure during the injection process. The viscosity of the resin increases rapidly as curing

advances, making it essential to inject quickly enough to fill the mould before the

increasing viscosity stops the flow. There are various ways of speeding up injection, for

example by using manifolds and by sequential injection from several injection points.

In these accelerated processes thermal effects become more important because the

majority of the material variables and thus the progression of the process are affected by

the temperature. Thus temperature has to be taken into account in the material models

for the resin systems; and furthermore the exchange of heat between the mould and the
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cavity, the heat transport effects in the cavity, and the heat build-up generated by

exothermic cross-linking all play a decisive role. The currently available models for

simulating the chemical reactions and viscosity are complex and are not easily validated

for the resin systems of interest; therefore they are not yet used for industrial process

optimisation.

Because of this weakness, new material models for rapid curing epoxy resins were

developed in the present work that can be readily validated using analytically evaluated

data, thus permitting their application in routine product development.

Models were developed that satisfy the physical and chemical boundary conditions,

allowing them to be used with advantage in optimising the RTMprocess.

Experimental investigations into transverse heat transport in porous fibre beds have

resulted in a new analytical heat transport model that is ideally suited for implementation

in a process simulation program. The model was developed for glass and carbon fibre

reinforced non-crimped fabrics. There was good agreement between the model and the

experimental results.

The new material models were incorporated into a commercial software program based

on the finite element method. The program was used to simulate the process of

manufacturing a carbon fibre reinforced automotive component, and the results

confirmed the accuracy of the new models and demonstrated their suitability for

industrial use.

The new models permit the quantitative prediction of the progress of the process.

This work thus makes it possible for the first time to use numerical simulation to make a

decisive contribution to optimising the resin transfer moulding process with rapid curing

resin systems.
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Zusammenfassung

Faserverstärkte Kunststoffe bestehen vorwiegend aus Glas-, Kohlenstoff- oder

Aramidfasern, welche in einer Polymermatrix eingebettet sind.

Kraftflussgerecht orientierte kontinuierlich faserverstärkte Verbundwerkstoffe zeichnen

sich durch optimale gewichtsspezifische Festigkeits- und Steifigkeitseigenschaften für

den Einsatz in hochbelasteten Primärstrukturen aus.

Verbundkunststoffbauteile können mit verschiedenen Prozessen hergestellt werden,

wobei für strukturelle Bauteile unter anderem der Harzinjektionsprozess „Resin Transfer

Moulding (RTM)" zunehmend an Bedeutung gewinnt. Vor allem im Automobil- und in

Zukunft auch vermehrt im Flugzeugbau werden aus Kostengründen

Harzinjektionsprozesse angewendet. Im RTM Prozess werden vorgeformte

Faserhalbzeuge in ein Werkzeug eingelegt und durch Injektion mit einem reaktiven Harz

imprägniert und ausgehärtet. Dieses Herstellverfahren erlaubt es, komplexe,

hochintegrierte, strukturelle Bauteile herzustellen.

Für die Optimierung des Herstellungsprozesses werden in zunehmendem Masse

numerische Methoden angewendet, welche es erlauben, die Entwicklungszeit, die

Kosten und das Produktionsrisiko zu senken. Es besteht die Möglichkeit alle

Prozessschritte, wie das Aufwärmen der Fasern, die Harzinjektion und die Aushärtung

des Harzes zu simulieren. Stand der Technik ist es, den Prozess vereinfacht isotherm

ohne Berücksichtigung der chemischen Reaktionen zu modellieren, da die Qualität und

Komplexität der aktuell verfügbaren Materialmodelle den Aufwand einer aufwendigeren

thermischen Simulation nicht rechtfertigen.

Um die Zykluszeit des Herstellungsprozesses zu senken, werden hochreaktive

Harzsysteme eingesetzt, welche die Aushärtungszeit, die den grössten Anteil an der

Zykluszeit ausmacht, deutlich reduzieren. Bei hochreaktiven Systemen lassen sich die

einzelnen Prozessschritte, wie die Imprägnation der vorgeformten Faserhalbzeuge und

die Aushärtung des Polymers, nicht mehr trennen. D.h. das Harz beginnt sichbereits

während der Injektion zu vernetzen, was sich in einem deutlichen Anstieg der Viskosität

des Harzes manifestiert. Dies bedingt, dass der Injektionsvorgang abgeschlossen sein

muss, bevor der Harzfluss aufgrund der ansteigenden Viskosität gestoppt wird. Die

Injektion kann durch verschiedene Massnahmen beschleunigt werden, z.B. durch

Verteilerkanäle und sequentielle Injektion über mehrere Injektionspunkte.
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Bei stark beschleunigten Prozessen gewinnen die thermischen Effekte zunehmend an

Bedeutung, weil die Mehrzahl der Werkstoffgrössen und somit der Prozessverlauf von

der Wärmeeinwirkung beeinflusst wird. Abgesehen von den Materialmodellen für die

Harzsysteme, spielt der Wärmeaustausch zwischen dem Werkzeug und der Kavität,

Wärmetransporteffekte in der Kavität und die Wärmeentwicklung durch die exotherme

Vernetzung eine entscheidende Rolle. Die heutigen Modelle, welche in der

Prozesssimulation für die Modellierung der chemischen Reaktion und der Viskosität

existieren sind komplex, lassen sich kaum für die gegebenen Harzsysteme validieren

und werden darum noch nicht zur Prozessoptimierung im industriellen Umfeld

eingesetzt.

Aufgrund dieser Tatsache wurden in der vorliegenden Arbeit neue Materialmodelle für

schnell aushärtende Epoxidharze entwickelt, welche durch geringen Aufwand mit

analytisch ermittelten Daten für neue Harzsysteme validiert werden können und so eine

Anwendung für die Produktentwicklung im täglichen Geschäft erlauben.

Es wurden Modelle entwickelt, die die physikalischen und chemischen

Randbedingungen erfüllen und die somit zur Optimierung des RTM-Prozessfensters

vorteilhaft eingesetzt werden.

Experimentelle Untersuchungen über den transversalen Wärmetransport in porösen

Faserhalbzeugen führen zu einem neuen analytischen Wärmetransportmodell, welches

sich für die Implementierung in ein Prozessimulationsprogramm ausgezeichnet eignet.

Das Modell wurde für glas- und kohlendtofffaserverstärkte Gelege entwickelt.

Der Beweis hinsichtlich der Übereinstimmung Modell zu Experiment wurde erfolgreich

erbracht.

Die neuen Materialmodelle wurden in ein kommerzielles, auf der Finite Element Methode

basierendes, Software Programm eingebaut. Die Simulation zeigt die Leistungsfähigkeit

und Industrietauglichkeit der neuen Modelle und beweist anhand eines experimentellen

Vergleiches an einem kohlenstofffaserverstärkten Bauteil aus dem Automobilbereich das

Potential der Modelle:

Durch die neuen Modelle sind quantitative Aussagen über den Prozessverlauf möglich!

Somit ist es erstmals möglich durch die Simulation einen entscheidenden Beitrag zur

virtuellen Optimierung des Resin Transfer Moulding Prozesses mit schnellen

Harzsystemen zu leisten.
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Preface

The work of a scientific researcher consists in setting up laws or systems of laws and

systematically testing them; in the empirical sciences these are chiefly hypotheses or

systems of theories, which are tested in the light of experiment and observation [1.1].

The engineer develops materials, processes and physical components, or to put it in

more general terms, technologies. He is a specialist in his own area of work while being

at the same time a generalist, able to set that work in a broader context. Thus his

ultimate goal is usually to make some contribution to improving the quality of human life.

Therefore he carries a heavy responsibility, which society at large often underestimates.

That society is avid for new developments, taking them up with fascination while having

little toleration for the failures of technology and their consequences.

The research engineer is enthusiastic about technology and highly motivated to push

forward into new areas of knowledge. This passion for technology drives him to explore

new avenues in the pursuit of his goal.

In recent years the trend in private enterprise has been towards optimising profits, one

consequence of which is that technology has been pushed more and more into the

background. Development is less technology-oriented and is assessed to a greater

extent on the basis of its economic potential. This lies heavy on the researcher, for the

solution to a given problem that is the most attractive from the financial point of view is

often not the best one technically. Moreover, new development projects are undertaken

under enormous cost and time pressure, with the time to market squeezed ever shorter.

Exclusive orientation toward markets and profits even limits the scope of new

developments, reducing the degrees of freedom in their execution.

It is desirable that in the future a better balance be established between technology and

the market, fostering innovation and the sustainability of research work. It happens not

so infrequently as one might think that highly successful products derive from results

that at first appear financially unattractive.

I have had the opportunity at Alcan Technology & Management to become acquainted

with various aspects of engineering activity. Interdisciplinary project work and close

collaboration with both my colleagues and the plants has been a valuable experience.
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These excellent working conditions have made it possible for me to complete the work

described here.

This work was carried out in an industrial environment and represents the current state

of the art as I have experienced it at Alcan. For this reason many of the views expressed

are based on that experience and not on information from the technical literature.

My sincere thanks go to all those who have supported me in this endeavour:

First of all I would like to thank Professor Dr. Michael Niedermeier, who had the idea of

summarising my research work in a thesis, and Dr. Harald Jenny as well as Dr. Ernst

Lutz of Alcan's management team, who unreservedly supported the realisation of that

idea.

The success of this work is also a result of the successful collaboration with Professor

Dr. Paolo Ermanni and the members of the Centre of Structure Technologies of the

Federal Institute of Technology in Zürich. Special thanks to you, Paolo, and your team.

Many thanks to Professor Dr. Patricia Krawczak and Mylène Deléglise of École de Mines

de Douai in France, for the fruitful scientific exchange.

I am also very grateful to all my co-workers for their support, namely Christian

Weisshaupt, Christian Breyer, Dr. Christian Leppin, Dr. Martin Hintermann and Charlie

Götschi.

Special thanks to Malcolm Hill and James Douris for editorial advice.

Last but not least I would like to express my gratitude to my girlfriend Claudia Einsele for

her support during the many hours working at home.
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1. Introduction

1.1. Fibre Reinforced Composites

Fibre reinforced composite components consist of rigid fibres embedded in a

comparatively soft matrix. The fibres can be directional or non-directional, long or short.

The matrix joins together the individual fibres so as to make them resistant to shear

forces. In general, the mechanical properties of the matrix are significantly poorer than

those of the fibres. Owing to the differing fibre directions of orientation, fibre composite

structures exhibit an anisotropic or in some cases quasi-isotropic behaviour.

Three main groups of composites can be distinguished with respect to the type of matrix

material [1.2,1.3]:

• Polymer Matrix Composites: The most common composite materials, mostly used for

lightweight structural applications.

• Metal Matrix Composites: Used for special applications, e.g. for engine parts in the

automotive industry, for which high temperature performance with low thermal

distortion and specific tribological properties, e.g. wear resistance, are required.

• Ceramic Matrix Composites: Used in high temperature applications such as brake

discs and heat shields.

This work focuses on optimising the process of forming components by moulding

polymer matrix composites. Usually thermoset resins or thermoplastics are the polymeric

matrix materials used. As reinforcements glass, carbon and aramid fibres are mainly

applied, whereas for specific applications synthetic, metallic, ceramic or even natural

fibres can be used.

For a given combination of strength, stiffness and energy absorption capacity, parts

made of fibre reinforced composites are often lighter than if they were made of

conventional lightweight construction materials, and they are therefore mainly applied in

load bearing structures. The other main advantage is design freedom in particular for

shell-like structures, e.g. dome-shaped components.

The following are the design parameters for polymer matrix composites:

• Type of fibre and matrix: The properties of the fibres and the matrix and the adhesion

between the two components determine the properties of the composite material.

• Fibre volume fraction: Since the fibres mainly determine the strength and the

stiffness of the part high fibre volume fractions must be achieved for load bearing
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structures. Limitations are mainly given by the manufacturing processes, e.g. flow

stop due to low permeability for liquid composite moulding processes.

• Length and orientation of fibres: Stiffness, strength and crashworthiness can be

increased by using longer fibres and orienting them parallel to the direction of

loading.

The factors chiefly affecting the economic performance of polymer matrix composites

are the cycle time of the manufacturing process, investment costs such as those for

tooling, process reproducibility and quality.

Although significant improvements have been made over the last 30 years to the fibre

materials as well as those of the polymer matrix, polymer matrix composites have failed

to make the breakthrough to application in mass production. The reasons are as follows:

• Designing is not straightforward because of the anisotropy of the material and the

difficulty of characterising its mechanical properties.

• Material and manufacturing costs are high.

• The necessary quality control procedures are both complex and difficult to apply.

• There is no effective standard method for repairing the components.

• There is a limited plan or system for recycling the material.

Thus fibre reinforced composite materials have not been able to oust conventional

lightweight building materials. Nevertheless fibre composite technology has been used

successfully in two areas. These areas differ, especially in terms of product quality and

costs:

• Hi-tech applications such as aerospace, leisure and sports, where the market will

bear a high price to save weight. The main requirement in this area is high rigidity in

conjunction with the lowest possible weight.

• Low-tech laminates such as glass-fibre reinforced polyester laminates that can be

used for prototypes, hand production in small lots or efficient automated processes

like chopped fibre spray or filament winding of simple geometries. Possible

applications are in producing silos, ship hulls or hang-on parts for automotive use.

In recent years the automotive industry has showing increasing interest in composite

technologies. In particular, fibre-reinforced composites seem to have an advantage over

conventional lightweight materials such as aluminium or magnesium for making
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structural and semi-structural parts for sport and luxury cars in small and medium

production runs. For this scale of production the low tooling costs compared to those for

conventional steel parts more than offsets the higher operating cost, and the greater

design freedom allows the manufacture of highly integrated structures that replace

assemblies of smaller parts.

There is furthermore a trend away making parts of a single material to hybrid structures

that take advantage of the specific properties of each of the different materials that make

them up. This trend is particularly marked in the automotive industry. The difficulties of

material combinations are contact corrosion caused by the different electrical potentials

of the juxtaposed materials, and their different thermal properties, especially their

expansion coefficients. It is particularly necessary to carry out a detailed investigation

into corrosion and internal stresses where carbon-reinforced plastics are joined to

metallic material.

1.2. Manufacturing Processes

The goal of manufacturing of composite parts is on the one hand to consolidate the

fibres and the matrix into a coherent mass and on the other hand to form the material

into the required shape. In general these two process steps can be carried out in many

variations (Figure 1.1). The various textile procedures allows the realisation of diverse

semi-finished materials and preforms with a broad spectrum at manufacturing properties.

Fibres are processed in fabrics with various structures, uni-directional (UD), non-

crimped, woven, knitted, braided, unoriented, "engineered" fabrics or chopped short fibre

mats. Each fabric structure has specific fields of application, depending on the geometry

of the part and type of loading. Due to the differences in behaviour between thermoset

and thermoplastic polymers, processes for production of composites parts are to be

distinguished with respect to the types of matrix material used [1.3].
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Figure 1.1: Manufacturing process chain for fibre reinforced composites [1.4].

For thermoset polymer matrix, the most important process routes include the following:

• liquid resin impregnation routes: In the wet lay-up technique, the reinforcement is

impregnated manually with the liquid resin by rolling or spraying. In filament winding,

fibre tows are drawn through a liquid resin bath and then wound onto a rotating core

having the shape of the component to be made. Pultrusion is a continuous process,

in which fibre tows are drawn through a resin bath and then through a heating station

and a die for consolidation to produce semi-finished components. In resin injection

processes (Liquid Composites Moulding), the liquid resin is injected under pressure

into the dry reinforcement textile.

• pressurised consolidation of resin prepregs: Pre-impregnated reinforcement textiles

are consolidated in a heated press, under vacuum, or in an autoclave.

consolidation of resin moulding compounds: Bulk or sheet moulding compounds

(BMC or SMCs), in which resin is mixed with chopped fibres, are processed in hot
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press moulding. In reaction injection moulding, a mixture of resin and short fibres is

injected into a closed mould.

Processes for thermoplastic polymer matrix composites are

• injection moulding of short fibre reinforced thermoplastics: The process is basically

the same as injection moulding of unreinforced thermoplastics. The presence of the

short fibres changes the rheological properties of the polymer melt.

• hot press forming: Pre-consolidated thermoplastic "organo"-sheets are formed in a

press or in similar processes, for example using the diaphragma technique. The

process parameters greatly influence the quality of the composite and the properties

of the finished part.

Composite materials are used increasingly for different applications, e.g. in

manufacturing high performance parts for aerospace, mass transportation and

automotive applications. At the same time typical aerospace processes such as the well-

known autoclave technique are progressively being replaced by more economical resin

injection processes. Today, Liquid Composite Moulding (LCM) has become a well-

established technology for medium size series and fibre volume contents up to 50%.

On the material side new ways have been found to process thermoplastic matrices like

thermoset resins, in that thermoplastic monomers or oligomers are mixed with a catalyst

before fibre impregnation. The polymerisation of the resin to a thermoplastic matrix

starts in a so-called in situ polymerisation process in the mould cavity.

1.3. LCM Process Variants

LCM process variants as explained by Beckwith and Hyland [1.5] can be grouped with

respect to variation in impregnation process: Such as Vacuum-Assisted Resin Injection

(VARI) / Vacuum-Assisted RTM (VARTM) / Vacuum RTM (VRTM) / Vacuum Infusion

Process (VIP), Variable Infusion Moulding Process (VIMP), Thermal expansion RTM

(TERTM), Rubber-Assisted RTM (RARTM), Resin Injection Recirculation Moulding

(RIRM), Continuous RTM (CRTM, Hexcel Coorperation process) and Co-Injection RTM

(CIRTM), Resin Liquid Infusion (RLI), Resin Film Infusion (RFI), Seeman's Composite

Resin Infusion Moulding Process (SCRIMP) and Ultra-Violet Cure RTM(UVRTM).
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The main advantages of LCM compared to other processes are low injection pressures

and short cycle times. The former keeps tooling investment costs down, and the latter

makes for lower production costs, so that the processes are more economic than for

example the traditional autoclave processes. LCM offers considerable design flexibility

and makes it possible to mould large and highly integrated parts.

Figure 1.2: Resin Transfer Moulding Process.

Resin transfer moulding is one composite manufacturing technique using liquid moulding

practice. The state of the art of RTM as applied at Alcan is shown schematically in

Figure 1.2. A textile with a thermoplastic binder is softened by infrared heating. This soft

mat is transferred rapidly to a forming tool that is closed, cooled and a mechanically

stable preform is ejected. After any necessary trimming, the preform is placed in the

heated RTM tool for the actual injection process, where a liquid thermosetting or

thermoplastic resin is injected into the dry perform. The mould cavity fills, the resin

system undergoes chemical curing, and when the part has become strong enough it can

be de-moulded and tempered. After any necessary machining and polishing operations,

the part is complete.

The resin can be injected into the cavity using either pressure vessels or flow metering

devices like gear pumps. To reduce cycle time, resin can be injected by many gates,
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where the inlets can be computer-controlled. The pressure or flow rate can be varied

throughout the course of the injection cycle. To increase the pressure gradient from inlet

to the flow front vacuum is applied at the vents. The usual resin is a thermosetting epoxy

system, but thermoplastic systems are also used. A large variety of additives may be

mixed with the basic thermoset resin to make up a system. These include cure initiators

and catalysts to speed reaction, inhibitors and retarders to delay and slow the reaction,

and pigments for colour. Fillers are also used, to enhance the mechanical properties,

reduce costs or improve fire retardancy. Thermosetting resins undergo an irreversible

chemical change called curing, whereas monomers or oligomers polymerise to form a

thermoplastic system. The sealed tooling makes it possible to use a closed mould

process, with advantages for the work place and the environment.

Most of the parts currently produced are semi-structural applications manufactured with

random glass fibre mats. The trend to structural parts requires oriented carbon fibres

and a high fibre content. In particular low-cost non-crimped fabrics manufactured of

heavy tow rowings (48'000 and more fibres per rowing) are increasingly used. Provided

that accurate preforms can be fabricated, the fibres can be oriented to suit the direction

of loading in structural applications.

LCMenables the manufacture of complex, highly integrated parts, with inserts and cores

of other materials. These can replace assemblies of components made by metal

forming, dramatically reducing the number of sequential operations and eliminating

joining costs. The consequent reduction in costs, together with improved reproducibility,

excellent surface finish and reduced cycle times are the chief reasons for the current

interest in liquid moulding technology.

While generally based on flexible composite tooling for quality reasons LCM can be

carried out in a machined steel tooling. The tooling may be unheated, or else it may be

heated to reduce cycle times.

1.4. Ways of Speeding up the Process, and their Limitations

With the current RTMtechnology, mould filling and hardening occupies about 65% of the

entire cycle time (Figure 1.3). Inserting the preforms, releasing the part and cleaning up

account for most of the rest.
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1. Cleaning
the mould

2. Laying in

the preform

7. Demoulding

6 min

4 min

3 min

3. Closing
the mould

0.5 min

0.5 min

6. Opening
the mould

2 min

20 min

4. Injection

5. Curing

Figure 1.3: Typical RTMCycle, and the timing.

Among other criteria it is the injection time that determines the selection of the resin

system. Although filling (2 min.) takes only a fraction of the time for curing (20 min), the

choice of the resin/hardener combination is crucial for the cycle time. The faster the part

can be impregnated, the more reactive and faster curing resin system can be used.

The filling time can be reduced by:

using fibre materials with high permeability,

using flow supporting textiles,

providing multiple resin inlets for sequential injection,

using flow channels and

slightly opening the mould during the filling phase.

The cycle time can be reduced substantially by using rapid curing epoxy resin systems .

Highly reactive resins cure so quickly that their viscosity begins to increase very rapidly

only two or three minutes after the resin and the hardener are mixed before injection

(Figure 1.4). High viscosity makes it more difficult to impregnate the preforms

thoroughly, or may even prevent it by stopping the flow.

It is evident that with rapid curing resin systems mould filling and curing can not take

place sequentially; curing begins almost immediately after the two parts are mixed. The

increasing viscosity affects the flow of the resin, and this must be allowed for in

designing the process.
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Figure 1.4: Increase in viscosity during the curing of two epoxy resins with different

reactivity.

Figure 1.5 shows how the injection pressure and the flow velocity change as the mould

fills, the lines a, b and c defining the limits to the pressure, and the broken lines

indicating the flow velocity.

a) Maximum pressure gradient between inlet and flow front: High pressure gradients

result in high flow velocities, which can distort the fibres in the preform or cause air

to be entrapped between fibre tows, which adversely affect quality.

b) Maximum working pressure of the injection facility.

c) Maximum closing force of the tool: The tool and the tool holder also limit the injection

pressure. The force due to the internal pressure must be less than the closing force

of the form carrier. The stiffness of the tool may also set the limit, as may the

sealing.

If there are multiple inlets, sequential injection can be used, whereby freshly mixed

uncured resin with low viscosity is injected at the flow front a soon as the resin reaches

the inlet gate (Figure 1.6). This results in a reduction in the flow length between inlet and
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flow front and therefore an increase in the flow velocity. Figure 1.5 compares the

development of the flow front velocity for single inlet injection with that for sequential

injection.

• If resin is injected by a single inlet, the pressure can be increased to maintain the

maximal allowable flow velocity until the maximum available pressure of the injection

facility is reached (f^. From this point on, maximum pressure is maintained; this

results in decreasing flow velocity as the mould continues to fill, since the pressure

gradient, which is the driving force for resin flow, decreases with increasing flow

length.

• For sequential injection, new resin can be injected at the flow front (f2). Injection

follows the same path as before, with maximum flow velocity until the mechanical

pressure limit is reached again (f3) and resin flow rate falls off once more. Increasing

the number of inlets reduces the flow length between the gates, thus making it

possible to keep the flow velocity at higher levels compared to those obtained with

injection by a single inlet.
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Figure 1.5: The pressure envelope defines the process window for resin transfer

moulding. Comparison of flow velocity in case of resin injection by a single inlet to

sequential injection.
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Towards the end of the impregnation, clamping force or sealing may be the limiting

factor (f4), necessitating a further reduction in pressure with a consequent further drop in

flow velocity.

Numerical

Simulation

Control

Unit

Computer

D/A

Converter

Amplifier o

Resin

Distribution Channel

Gate

X

RTMTool

Vacuum

Figure 1.6: Numerical controlled sequential injection facility as applied at Alcan.

The cycle time determines the number of parts that can be produced with a single tool in

a year. Tooling is very expensive, so reducing the cycle time is the key to effective cost

reduction. Such cost reductions are especially important for automotive applications,

because of the strong pressure on prices.

For components with complex geometry the optimal locations of the inlets are hard to

determine. Experimental trial and error methods cost too much time and money to be

practicable. In such cases numerical process simulation is crucial to finding the optimal

injection strategy.
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2. Modelling and Theoretical Aspects

2.1. Introduction

Computer Aided Engineering (CAE) is a tool, which is extensively used for innovative

product development. CAE tools for composite applications can be divided in three

different modules: Processing (preforming, filling and curing), Structural analysis and

Crash analysis. Furthermore, the need for disassembling and recycling of composite

structures to be produced in large quantities has to be taken into account right from the

start; in fact, the whole life cycle has to be analysed (Figure 2.1).

Manufacturing \ Life \ Failure \ Recycling \

- Cycle time / Costy - Static / Dynamic loadsy - Crash / Failurey - Thermal / Mechanical

- Quality / Risk / - Environment / - Corrosion / - Disassembling A

Optimisation with respect to all requirements

Figure 2.1: Integrated life cycle chain of composite parts.

Since the time for new products to come to market is becoming shorter, the optimisation

of the life cycle chain cannot be conducted serially. Recent research activities have

proved the practicality of simultaneous engineering for component, tooling and process

design. The modelling of the physical manufacturing process can be integrated within

the design cycle for LCM components. Iterative design is best carried out using

numerical methods rather than the expensive and time-consuming process of building

and testing prototypes. Finite element modelling has proved itself in increasing

confidence, reducing errors, improving quality and shortening the design cycle.

Numerical simulation of the flow front propagation provides a valuable tool to design and

optimise LCM parts, i.e. to support engineers in achieving optimal mould design and

adequate selection of process parameters:

• location of injection gates, channels and vents

• choice of injection pressure or flow rate

• tool temperature cycle for the mould filling and curing process.

Current work is focused on the modelling of the processing part of liquid composite

moulding. Design for LCM moulds and parts has traditionally been carried out using
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empirical methods or has been simply based on experience. A lot of process modelling

work has been done, with the object of improving the quality of parts and fully realising

the potential of the LCM process. The process models used are generally based on

Darcy's law.

2.2. Flow through Porous Media

2.2.1. Darcys Law

Darcy [2.1] gave an early account of the phenomenon of the flow rate through a

saturated, homogeneous, porous medium. Darcy's law (2.1) is an expression for the flow

of an incompressible Newtonian fluid with viscosity r/ at low Reynolds's Numbers, where

the flow is driven by the pressure/».

v = —.yp (2.1)
1

The constant of proportionality is called the permeability k, and is a property of the

porous medium. In the mould filling problem the flow front velocity is given by the flow

rate normal to the front through the specific volume of pore space, equivalent to the

porosity O in equation (2.2)

<D = (l-vF) (2.2)

where vF is the fibre volume fraction.

Darcy's law is used within an expression for in-plane incompressible mass conservation,

to obtain an expression for the pressure field behind the advancing resin front. It is often

used to model the transient filling problem, as surface tension and viscous drag are both

small. Darcy's law is a continuum expression that does not account for the complex flow

that occurs on the microscale at the front and at the walls. Permeability is the Newtonian

permeability as used by Darcy in his original law.
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2.2.2. Mechanical Permeability

Darcy derived his original equation for the one-dimensional case. Bear et al. [2.2]

showed how to make the transformation to the three-dimensional case for liquid

composite moulding.

The permeability is heavily dependent on the porosity. Kozeny and Carman [2.3] found

that the permeability k depends on the fibre volume fraction vp according to the

following equation:

* = fM (2.3)
4c v2F

where R is the fibre radius and c is the Kozeny constant.

Determination of preform permeability mainly bases on flow experiments in one-

dimensional or radial flow rigs. Experiments may be in the plane of the reinforcement or

perpendicular to it, to evaluate the so-called transverse permeability. Permeability

decreases with increasing fibre content. It is assumed that the permeability is

independent of viscosity and resin flow velocity. Figure 2.2 shows a rig with a central

inlet, for measuring radial permeability.

Figure 2.2: Permeability measuring rig as used at Alcan.

20



The permeability measuring rig consists of an upper (1) and a lower (2) tool with a cavity

(3) in between for the fibrous material. The upper tool is a transparent glass plate (4)

which is reinforced by a steel frame with stiffening webs (5). The lower tool is a steel

plate (6) with stiffening webs on the bottom side. The upper tool is connected by wing

bolts (7) and a central bolt (8) to the lower tool, and the thickness of the cavity is

determined by the flat rods (9). Resin is injected in the centre (10) of the tool and flows

radially through the fibrous material to the groove (11) at the edge of the cavity. The

gear pump (12) with the fluid inlet and outlet tanks (13) and (14) are mounted on the

lower shelf of the carriage (15). The manometer (16) on top of the bolt measures the

pressure during injection.

The permeability of isotropic fabrics is defined by the scalar factor k. For anisotropic

fabrics the in-plane permeability is dependent on the flow direction, denoted ^and k2 in

the main flow directions, whereas k3 denotes the out-of-plane permeability. When the

permeability measurements are made with a transparent plate tool, the impregnated

area for isotropic material is circular, whereas in the case of orthotropic flow behaviour

may be expected to be elliptical.

The permeability can be expressed in a tensor second order, whereas the values of the

permeability of the main flow directions can be found in the diagonalised form (2.4)

K

(k, 0 0*}

0 k2 0

v0 0 k3j

(2.4)

Chan et al [2.4] described a way to calculate the permeability for central injection, based

on the development of the flow front and the pressure at the inlet. The calculated

permeability depends on the pressure, since capillary effects may affect the flow forces.

For this reason, it is recommended that permeability measurements be made under

manufacturing process conditions. Apart from the local permeability of the textile

material, local flow channels which cause race tracking as they appear at overlappings,

rims, and separation plane of the tool may influence the shape of the flow front. In

numerical simulation race tracking effects are represented as a local adaptation of the

permeability of the affected areas (Figure 2.3).
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Simulation

Figure 2.3: Short shots of plate experiments. A/ B: Race tracking effects at the rim and

in a gap, C / D: Flow advancement around metallic inserts for plate experiments.

2.3. Kinetics of the Curing Reaction

Nowadays most process simulations are conducted under isothermal conditions, i.e.

without considering of the curing of the resin. The curing process can be neglected

under the assumption that polymerisation mainly occurs after the mould has filled and

that any change in the properties (e.g. viscosity or thermal properties) of the resin during

the impregnation of the fibres can be neglected. This simplification is appropriate for

resins with a low reactivity. The drawback of those resins is the long curing time and the

consequential high process cycle time.

For rapid resin systems with a short curing time, the change in viscosity due to curing

during injection is not negligible and must therefore be taken into account in the

numerical model to achieve reliable results.

In this work rapid curing epoxy resin systems are investigated. Epoxy resin is defined as

a molecule containing more than one epoxide groups at the ends. The epoxide group,

also known as the oxirane or ethoxylene group, is shown below,
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The curing process is a chemical reaction in which the epoxide groups in epoxy resin

react with a curing agent (the hardener) to form a highly crosslinked structure, the

so-called thermoset three-dimensional network. Epoxy resins cure quickly and easily at

practically any temperature from 5-150°C depending on the choice of curing agent.

The cure kinetics and the glass temperature Tg of a cured system are dependent on the

molecular structure of the hardener. The choice of resin and hardeners depends on the

application, the process selected, and the properties desired.

The hardening of epoxy resins can be generally described as an nth order auto-catalysed

reaction. The autocatalysis is caused by the presence of individual secondary groups of

alcohols which cause an acceleration of the reaction rate during the curing of the

epoxide resin [2.5].

For numerical process simulation, cure kinetics has to be described in a macroscopic

way, e.g. the dependency of the curing rate on temperature and the degree of cure.

Several empirical or semi-empirical relations have been proposed to express the curing

rate as a function of the degree of cure and the temperature. Most of the models are

based on the Arrhenius law, usually in combination with the degree of cure a as in

equation (2.5)

—{T,a)=A-eRT am-{\-a)n (2.5)
dt

Where A is a scaling factor, T is the temperature, E is the activation energy, R is the

universal gas constant and m and n two factors which represent the order of reaction.

Scientific literature on kinetic models reveals them to be inadequate in process

simulation in an industrial environment. The most widely used kinetic model was

published by Kamal & Sourour [2.6]. As can be seen in equation (2.6), it contains 6

parameters, and these are difficult to estimate. This is one of the reasons that this model

is hardly ever used in industry for optimising the LCM process.

da ( ^ ^ ^
—(T,a)= Ax-eRT +A2-eRT -am -{l-cc)" (2.6)
dt { )
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Other models are enhanced by considering the maximum degree of cure dependent on

process temperature. For example Dusy et al. [2.7] consider the fact that resin will not

be fully cured below a critical process temperature Tc (see equations 2.7 and 2.8).

HTIHV =a-T-b T <TC (2.7)

HT/Hu=\.0 T>TC (2.8)

Whereas HT is the isothermal heat of reaction dependent on the temperature level, and

Hv is the ultimate heat of reaction after completion of all chemical reactions. The

discontinuity in the function HT IHu at the critical temperature Tc can cause numerical

instabilities, rendering it unsuitable for numerical simulation. Moreover, the model is only

valid within a narrow temperature range.

It is important to be aware of the fact that the sizing of the fibres, the content of fillers

and flame retardant material and so on may have an impact on the curing reaction of the

resin. Not only the volume fraction of the reactive resin may decrease, but also the

chemical reaction may be distorted. For that reason DSCexperiments for characterising

the resin used must be conducted with the resin blend as used in the real injection

process.

2.4. Viscosity of the Resin

The viscosity curves of purely viscous and plastic viscous materials can be ordered

based on certain criteria [2.8]. In the r
, y diagram (Figure 2.4) materials are designated

as

a) Bingham liquid, which have a straight line from the yield point,

b) structure viscous rayon liquids with a yield point, for curves that do not start at the

origin and decrease in gradient,

c) structure-viscous or pseudoplastic, for curves that start at the origin and decrease in

gradient,

d) Newtonian, which show a straight line beginning in the origin,

e) materials with quasi-Newtonian ranges show steeper at linear segments low and/or

high shear rates, and

f) dilatant, for curves starting at the origin and increasing in gradient.
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Figure 2.4: Typical behaviour of viscous liquids.

The dynamic viscosity r/ is defined as

rj = t I' y (2.9)

where r is the shear stress and y is the shear rate. For epoxy resins Newtonian

behaviour is assumed, since viscosity is independent of the shear rate.

The chief effect of the curing of the resin is the change in viscosity during mould filling.

The viscosity is assumed to depend on the temperature and degree of cure and

therefore equivalent to on the molecular weight of the resin.

Castro & Macosko [2.9] developed one of the most recognised models (2.10), which has

been quoted in many publications for all kinds of resin systems. It is an empirical model

dependent on temperature and degree of cure, developed for polyurethane (PU) resins

for reaction injection moulding.

r/(T,a) co'e

X C34

VC2 -a

(2.10)
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Another often used model which describes the dependency of the viscosity on

temperature and degree of cure is proposed by Stolin [2.10] (2.11)

rj(T,a) = A-eKp(j + C-a] (2.11)

The model is simple and suitable for application in an industrial environment.

Nevertheless neither model satisfies certain physical boundary conditions, e.g. that

uncured resin is not reactive below its solidification point.

2.5. Thermal Diffusion in Porous Media

The heat exchange rate between mould and cavity determines the temperature history in

the cavity caused by preheating, the exothermal curing of the resin and cooling. The

curing reaction kinetics and the viscosity both depend on temperature. Therefore heat

transfer effects and the local temperature affect the flow of the resin, and must be taken

into consideration in the numerical simulation:

• Heat conduction in the tool

• Heat transfer between tool and cavity

• Heat conduction and dispersion in the porous media

• Heat generation by exothermal curing of resin

In liquid composite moulding the heat transfer coefficient may be dependent on the type

of fabric and resin on the degree of filling (dry or wetted), the thickness of the cavity, the

fibre volume fraction and the flow velocity of the resin (3):

The temperature of thin-walled composite parts is effectively determined by the tool

temperature. Therefore in-plane heat transfer is insignificant, whereas transverse heat

exchange between the tool and the cavity is crucial. For thick-walled composite parts on

the other hand, the heat transfer mechanisms within the cavity become very important.

As a result of the low transverse thermal conductivity of both dry and wetted fibre beds,

the heat of the exothermic curing reaction can cause large local increases in

temperature within the part, to the point of causing damage.

The models for predicting the temperature of the resin as it flows through a stationary

fibre bed are based on the theory of flow and heat transfer through porous media [2.11-
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2.13], the liquid phase being the resin and the solid phase the discrete, long and

continuous fibres.

The effective thermal diffusion k is the macroscopic outcome of a combination of the

effective thermal conductivity kc together with the microscopic fluid particle motion

through the pores between the solid phases kd (2.12).

k = kc+kd (2.12)

Many factors contribute to thermal dispersion, such as the flow-resistant force, the

geometry of the fabric, the properties of both fluid and fibre, and the local non-uniformity

of velocity.

2.6. Integrated Numerical Simulation

Figure 2.5 maps the individual process steps in RTM. The left column shows the energy

rsp. material flow, right of it are specified the numeric models and the appropriate

material parameters.

In an integrated simulation chain, numerical process analysis starts with the process of

preforming the fibre semi-finished material. Apart from the mechanical characteristics of

the dry fabrics, friction conditions between the individual fibre layers and the fibres and

the tool play a crucial role. The results of the simulation are local fibre orientation and

the fibre volume content of the preformed material. Based on these data the permeability

can be calculated for the simulation of the next process step: form filling.

Since today the software tools for numerical simulation are separated into preforming

and mould filling modules, the mapping of the results of the preforming simulation as

input data for the filling simulation is a crucial step in an integrated process simulation.

One has to consider that a resin transfer moulded part is often composed of a multiplicity

of preforms, which complicates matters because several result files have to be merged

to get initial values for local permeability.
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cp
= thermal capacity

X = thermal conductivity

f = friction coefficients,
shear behaviour

(locking angle), tensile

behaviour
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da/dt = kinetics
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Figure 2.5: Integrated numerical process chain. This work focuses on non-isothermal

filling simulation (dotted area).
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For preheating in the LCM tool the thermal material properties of the preform are

necessary to simulate the heating of the dry fibres. All further material models for the

filling and curing simulation were described above. After impregnation and curing the

process chain can be completed by an analysis of the tempering of the composite part.

An analysis of the thermal stresses arising during the following cooling procedure may

be conducted, since especially for high temperature processes internal stresses can

have a crucial influence on the mechanical strength of the part.

All of the individual process steps can be simulated with numerical methods. Methods of

accounting for the transient filling of mould cavities depend on the technique used to

solve the governing equations (finite difference, finite element or boundary element), and

on the selection of the meshing system (fixed or moving).

A lot of research has been carried out on kinetic models, viscosity models and thermal

properties for composite manufacturing. Only a very few researchers have managed to

combine all the effects in a suitable numerical simulation of the LCM process. Besides

the limited capability of the software tools, there are a number of specific reasons for

this:

• The constants in the analytical kinetic models are difficult to determine.

• The kinetic models are not able to represent all aspects of the resin behaviour during

LCM processing (e.g. maximum degree of cure).

• The viscosity models are complex, even though for LCM applications they only need

cover the range from initial viscosity to ~1 Pas, at which point the flow stops anyway.

• The time-dependent change in the thermal properties of the composite material

during injection is ignored.

• The heat exchange between tool and composite part is neglected.

In applying the kinetic and rheological models, it is necessary to take into consideration

potential numerical problems arising from the combination of fluid-flow and thermal

simulation.

Figure 2.6 represents the interaction of the individual process variables in the RTM

process.
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Figure 2.6: Interaction of the process variables in numerical process simulations.

The simulation of the curing process including all the thermal aspects is crucial to

successful optimisation of the LCM process, leading to a shorter cycle and better

product quality.

2.7. Approach and Structure of the Thesis

The approach of this thesis can be divided in 5 steps (A to E), whereas each step is

described within a publication:

A. Evaluation of the capability of a commercial LCM process simulation software.

Validation of the numerical results of an isothermal process simulation to

experimental data. This step will be conducted on the example of a semi-structural

automotive part.

B. Evaluation of the potential of the available kinetic models.

A non-isothermal simulation of a thick structural composite part shows the

possibilities and limitations of today's kinetic and viscosity models for numerical

simulations in an industrial environment.

C. Thermal aspects in numerical process simulation.

Development of a new kinetic model, which is able to describe the exothermal curing

reaction during the LCM process. The model must be simple, and suitable for many

resin systems. The formulation of the model will be based on data from Differential

Scanning Calorimeter (DSC) experiments.

Development of a viscosity model for liquid composite moulding, which should be

simple yet verifiable since the model must cover only a small range of the viscosity.

Various rheological models will be investigated and evaluated with regard to their
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applicability for simulation purposes, i.e. their ability to describe resin behaviour to a

maximal resin viscosity of ~1 Pas, where resin flow stops. The model will be validated

using rheological data as well as those mentioned above, from Differential Scanning

Calorimeter (DSC) experiments.

D. Heat transportation effects in liquid composite moulding.

Experiments will be carried out to observe heat transfer during the flow of the resin

through porous fabrics under different injection conditions, so as to evaluate the

thermal diffusion within the part as well as the heat transfer from the part to the tool.

An analytical model must be found for thermal diffusivity for all the process stages,

including preforming, mould filling and curing, and applied in the numerical simulation

used to optimise the process.

E. Validation of the models.

A comparison between the numerical and experimental results on the example of a

structural automotive demonstrator part reveals the potential on numerical simulation

with the new models for the chemical reaction, viscosity and heat transfer.
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3. Isothermal RTMSimulation of GFRPParts for Automotive Applications

3.1 Introduction

Compared to conventional steel or aluminium the main advantages among other benefits

of composites are weight savings and in cases of optimal design even cost reductions.

In contrast to other typical automotive manufacturing processes like deep drawing or die

casting, the cycle time for the production of composite parts is relatively high. Two main

reasons can be identified: a) a low degree of automation of the manufacturing

processes, i.e. a high proportion of manual labour and b) the curing of the epoxy resins

in the LCM (liquid composite molding) process is time consuming (60% of total cycle

time, see Figure 3.1). For this reason, composite parts produced by a LCM process are

unheard in large automotive series.

Alcan Airex is a leading manufacturer of composite structures for automotive and mass

transportation applications. As a manufacturing process the RTM (Resin Transfer

Molding) and the VARI (Vacuum Assisted Resin Infusion) techniques are mainly applied.

In order to promote the use of composite parts in automotive series production, lower

manufacturing costs and higher production capacities are needed. Hence, a main focus

in the near future is a considerable reduction of the production cycle time.

As indicated by Figure 1.3, the cycle time can most effectively be reduced by the

application of resin systems with a shorter curing time. In practice the resin will be mixed

with the hardener right at the injection point. That implies, that the resin already starts to

cure during the form filling. According to Darcy's law [3.1]

v = —-^—K-Vp (3.1)

the flow velocity vector v of the injected resin is depending on the viscosity r/ of the

resin, which is highly dependent on the degree of cure a and on the temperature T of

the system. K depicts the permeability tensor and p the local pressure. Since the

viscosity r/ is monotonically increasing with the curing factor a, the flow of the resin in

practice stops after the viscosity reaches the value of approximately 1 Pas.

That implies, that a reactive resin system demands a shorter injection time for the entire

impregnation of a part than a regular resin system. In view of Darcy's law (3.1), a
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reduction of the form filling time can be achieved by increasing the pressure gradient or

by a material with high permeability. Apart from that, the injection time can be

significantly reduced by an optimised injection strategy. Due to the complexity of the

LCM process, computer aided engineering (CAE) usually is a must for such an

optimisation. At Alcan a LCM simulation software is used for this purpose. The

simulation based optimisation focuses on two main targets:

1. Injection strategy, i.e

• Determination of the position of injection points and vents.

• Reduction of the form filling time.

• Lay out of the tool cavity.

2. Detection of critical areas (air entrapments, high pressure gradients)

Within the simulations presented in this paper isothermal conditions are assumed. Thus,

the exothermal effects of the curing process will be neglected. Nevertheless, a large

amount of input data is needed for the modeling of the flow behavior. In particular, the

permeability field in the part determines the formation of the resin front. The permeability

is dependent on the type of the applied material, the porosity, the fiber orientation and

the angle of shearing of the material. Those parameters are determined by the

preforming process.

Lately, there are software tools available to simulate the preforming process. A

corresponding link to the LCM software will be established after some open theoretical

questions are solved [3.2, 3.3]. Therefore, the results of the preforming simulation can

not be transferred as input data to the flow simulation and the local permeability has to

be determined otherwise. For this reason, the numerical model needs to be validated on

behalf of a representative part.

3.2 Validation

For the validation of the numerical model two automotive parts are investigated, which

both are glass fibre reinforced epoxy composites manufactured by the Resin Transfer

Moulding process. The first part is a single skin lid, the second part is a hollow,

seamless spoiler, which is an extremely good example for the beneficial application of

the RTM process. It is manufactured with the help of a wax core, which is melted out

after the demoulding of the part. Both parts are not used as primary structures.

Nevertheless, due to considerable air flow forces stiffness and strength criteria have to

be met.
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For reasons of flow behaviour and surface quality glass random fibre mats were used.

The production of both parts was launched without prior simulation of the LCM process.

The tool cavity was designed solely based on the experience of Alcan Airex and the tool

manufacturer. The injection concept is simple and as a result reliable. Innovative

injection strategies could not be applied because of the risk of poor fibre wetting.

The FE-models of the examined automotive parts are shown in Figure 3.1. Because of

the symmetry of both parts it is sufficient to model only one half.

Figure 3.1: Mesh of the FE-model of the single skin lid (left) and the spoiler (right)

The injection points are placed at the centre of the part (arrow in Figure 3.1). The

position of the vents (circles in Figure 3.1) is determined by the furthest distance to the

injection point and are therefore placed on the side in the opposite corners of the part.

The resin is injected by a constant flow rate, while simultaneously vacuum is applied at

the vents. The upper and lower tool are heated by an oil emulsion, in order to keep the

tools at a constant temperature during the entire RTM cycle. Since the investigated

composite parts are thin walled compared to the massive upper and lower steel tools,

the temperature in the cavity is assumed to remain constant during the form filling

process.

As a result the simulations were conducted under the assumption of isothermal

conditions and the effects of the exothermal curing process were neglected. The change

of the viscosity due to the influence of the progressing cure during form filling process is
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given in Figure 3.2. Since the form filling process takes approximately 2 min according to

Figure 1.3, the viscosity is set to a constant value within the form filling simulations.
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Figure 3.2: Viscosity of the resin system dependent on the curing time under isothermal

conditions.

With the applied LCM software it is possible to consider a temperature and curing factor

dependent viscosity. Therefore, the pattern of distribution of the curing factor during the

form filling has to be known, which is not easy to determine. For this reason the form

filling and the curing process are often treated in simulations separate.

The applied random glass fibre mats show isotropic flow behaviour in the undeflected

shape. The in plane permeability was measured experimentally for the applied material.

The permeability is heavily dependent on the porosity. Kozeny and Carman found a

relation between the fibre volume fraction vF and the permeability (3.2):

4c vl
(3.2)

where R is the fibre radius and c is the Kozeny-constant.
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For the different zones of porosity the permeability can be determined by the relation of

Kozeny-Carman in such a way that the effort for permeability measurements can be

reduced.

In practice the porosity can not be entirely be determined in advance. Local changes of

porosity are caused by the stacking sequence of the fibre mats, the overlaps of the

various cut outs or by deformation of the material in the preforming process. In particular

the race tracking of the resin in the corners or in gaps has a major influence on the form

filling process [3.4, 3.5]. Therefore, it is essential to consider these phenomena in the

simulation. For this reason, the areas affected by the preforming process were identified,

see Figure 3.3.

In order to investigate the progress of the flow front during the injection several form

filling stops were conducted, i.e. several injections were performed and in each of them

the form filling process was interrupted at different stages. In the simulation the

permeability of the different zones was then adjusted until the progression of the flow

front corresponded to the measured one. With this inverse strategy the permeability in

the different zones was determined.

Figure 3.3: Different zones of permeability. Shaded areas indicate an adaptation of the

permeability.

In Figure 3.4 and Figure 3.5 the results of the validation are mapped. The comparison

shows good agreement between the experiments and the simulation.
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Figure 3.4: Single skin lid - comparison between form filling stops (left) and the

simulation (right).
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Figure 3.5: Spoiler- comparison between form filling (left) and the simulation (right).

In some cases the form filling stops show some differences between the left and the

right side even though the part is symmetric (see Figure 3.6). This asymmetry is caused

by a slightly increased velocity on one side due to statistical differences in the

permeability of the preform. The progress of the flow front is essentially the same on

both sides and therefore does not indicate any inconsistency.
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Figure 3.6: Statistical differences between the left and the right side.

3.3 CAEbased Process Layout

The form filling simulation can now be used for predicting the progression of the flow

front and cycle time, as well as for the layout of the tool cavity for a new part. Based on

the experience achieved by the validation, the quality of future simulation results should

be high for parts which are similar in terms of the applied fibre materials, the geometry of

the part and the process parameters.

Another lid for an automotive application was used to layout the manufacturing process

with the help of CAE. Similarity to the preliminarily investigated parts is given, i.e. the

same materials and similar process parameters are used. The complicated and double

curved shape of the part is perfectly suited for a RTMmanufacturing process. The part

is also epoxy-glass fibre reinforced and it has cantilevers on each side to support a

spoiler, which is a separate part. Most part of the lid is laid out in single skin with

exception of the hollow supporting cantilevers, which are manufactured with the help of

a wax core.

Various injection strategies are investigated with the goal to optimise the LCM process

regarding the form filling time, air entrapments and the position of the vents.

Again, due to symmetry of the part only one half of the part is discretised, see FE-mesh

in Figure 3.7.
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Figure 3.7: Mesh of the FE model.

As before, the areas affected by the preforming process are identified to map edge

effects, overlaps and zones with lower or higher permeability. In Figure 3.8 the different

zones of permeability are visualised.

Three injection strategies have been investigated for this part (see Figure 3.8):

1. Line injection on the lower rim of the part

2. Line injection on the upper rim

3. Injection at the opening for the brake light
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Figure 3.8: Material Zones and injection strategies.

All three injection strategies were simulated. In the following paragraphs the critical

phases during the form filling process for each form filling approach will be discussed.

Thereby, the optimal strategy will be specified.

From the outset it is clear, that with regard to the injection time the third strategy is

favourable. In case of a central injection point the flow distance to the vents is the

shortest and as a result the shortest form filling time will be obtained.

Figure 3.9 shows the flow propagation in case of the line injection on the lower rim of the

lid:

• In Figure 3.9A) the flow front hits the opening of the brake light parallel to the rim.

This could cause an air entrapment in the affected area on the lower side of the

opening.

• In Figure 3.9B) the flow front meets itself at the bottom part of the cantilever. Again

the flat shape of both resin fronts could cause an air entrapment or at least poor fiber

wetting.

• The opening as an obstacle for the flow front, results in another splitting of the flow

front. In Figure 3.9C) the confluenting resin fronts represent a perceivable risk for air

entrapment.
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• According to Figure 3.9D) the vents have to be placed at the rear edge of the

cantilever and the centre of the upper side of the part.

It is obvious, that the quality of the impregnation can be improved if the opening for the

brake light will be cut out after the form filling process. The disadvantage of this solution

is an additional step in the manufacturing process, since the cavity of the actual RTM

tool is designed in a way, that no trimming of the part is required.

Figure 3.10, line injection on the upper rim:

The line injection on the upper rim of the part causes similar problems as on the bottom

rim. Again, the opening for the additional brake light causes most of the problems. An air

entrapment is very likely to occur in the area of the opening and at the confluenceing

area of the resin front at the connection of the cantilever to the lid.

The vents have to be placed in the middle of the lower side of the part and at the rear

edge of the cantilever.
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Figure 3.9: Flow front in case of a line injection on the lower rim of the lid.

Figure 3.10: Flow front in case of a line injection on the upper rim of the lid.
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Figure 3.12, injection at the brake light of the lid:

• In Figure 3.12A) shows the race tracking of the resin at the edge of the lid.

• After the flow front has reached the bottom rim race tracking is triggered because of

the gap between the fibre mats and the tool (Figure 12B).

• In Figure 3.12C) the shape of the flow front at the lower side of the lid forms a bow

which could cause an air entrapment. In addition to this, it is possible that the side

border will be reached first by the flow caused by race tracking at the edge.

• In Figure 3.12D) the flow front meets at the edge of the cantilever. The pointed,

convex shape of the flow fronts is an optimal precondition for the prevention of an air

entrapment, Detail can be seen in Figure 3.11.

Figure 3.11: Confluence of the resin fronts.

• According to Figure 3.12E) the optimal positions of the vents are at the upper

corners of the lid and at the remote end of the cantilever.

• At the end of the form filling a spot of enclosed air can be detected at the upper

corner of the lid (see Figure 3.12F), which is caused by race tracking at the rim of the

part. Normally, the injection process will be stopped after the resin reaches the

vents. In this case the enclosed air can be flushed out at the vents if the injection of

the resin will be continued for a short period.

Apart from the fact, that the injection at the opening for the brake light was favored from

the beginning, the comparison of all strategies shows the superiority of this approach.

Although the risk of air entrapment seemed high for such a complicated process design,

neither air entrapments, nor areas of poor quality are expected.
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Figure 3.12: Flow front in case of the injection at the opening of the brake light.
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3.4 Conclusions

Within this paper the optimal injection strategy for the RTM process of an automotive

part was determined by CAE. Based on validation work, the local distribution of the

permeability, including race tracking effects were specified. The simulation results need

to be validated by form filling stops to confirm the numerical findings.

Future work should focus on further development of a link between the simulation of the

preforming process and form filling simulation. In particular, the local permeability should

be determined by the preforming simulation. Another difficulty arises from the correct

coverage of race tracking effects, which are mainly determined by the gap at the edges

of the tool cavity. Although models have been presented to determine these edge

effects, the extent of race tracking is varying from case to case and therefore very hard

to predict accurately.

For high reactive resin systems the assumption of a constant viscosity is questionable.

The applied LCM software allows to consider the dependency of the viscosity on the

curing factor and the temperature. Nevertheless, the determination of the local

distribution of the curing factor during form filling remains difficult.

At Alcan further work will concentrate on the refinement of the numerical model, in order

to increase the quality of the results of the form filling simulations. Therefore, future work

is focused on non isothermal effects like curing and heat transfer.
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4. Simulation of the Non-isothermal Manufacturing Process fora Thick Glass Fibre

Reinforced Composite Part

4.1 Introduction

Subject of this investigation is a roll over bar for a coach of thick glass fibre and epoxy

resin laminate, built around a foam core. This integrated GFRPpart, including the foam

core, is formed in one single step, by applying Liquid Composites Moulding (LCM)

technology. Hereby, a preform of the dry laminate and the foam core is placed in a

mould. Then, liquid resin is injected into the closed mould, impregnating the reinforcing

textile structure and bonding the laminate to the foam core. The main reason for

inserting a core is to ensure the integrity of the part and support of the laminate lay-up

during the preforming and injection phase. Issues to be taken into consideration for the

production process are the impregnation of the textile structure and the temperature

cycle of the resin. The flow of the liquid resin and the temperature distribution inside the

mould during the LCM process have been determined experimentally and by finite

element simulation. The simulation of the LCM process, can be divided into three

phases: preheating, form filling and curing. In case of thick laminates, the heating

induced by the curing reaction has crucial influence on the LCM process, due to the low

thermal out of plane conductivity of composite materials.

4.2 Experiments

Resin injection experiments with temperature control have been carried out on a test

part, which is a 1000mm long section of the original part, see Figure 4.1. The body of the

part is made of 15 layers of ± 45° engineered non-crimped glass fibre fabric, placed on

a core of PVC closed cell Airex foam which is impregnated by an epoxy resin system.

The average thickness of the resulting laminate is 15mm. The temperature is measured

by thermocouples at 6 locations in the preform, as depicted in Figure 4.1.
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Figure 4.1: Dimensions, lay-up and temperature sensors.

Resin is injected at a constant flow rate of approximately 3-10"6 m3/s. At vents located at

both ends of the test part, the mould is evacuated with a residual pressure of 2.5-104

Pa. At the beginning of the injection the resin temperature is 60°C. The mould is kept at

a constant temperature of 60°C. Each vent is closed when it is reached by the flow front.

After both vents are closed, the injection is stopped as soon as the pressure reaches a

maximum value of 4-106 Pa.

The temperature-time-curve for each temperature sensor depicted in Figure 4.2 shows

typical characteristics: During the preheating and the first part of form filling phase, as

long as the resin flow front has not reached the sensor (i.e. t < tff, where tff is the time

when the flow front has reached the sensor), the temperature governed by the thermal

conductivity and the heat capacity of the fibre material gradually adjusts to the mould

temperature. As soon as the flow front reaches the sensor (t = tff), the temperature

immediately rises towards the resin temperature. Finally, at times t > tc, the temperature

is dominated by the exothermal curing reaction of the resin. After the temperature peak

has been reached, the temperature is again tending towards the mould temperature,

since in this phase the temperature evolution is mainly determined by the thermal

properties of the saturated fibres.

The temperature-time-curves of sensors 5 and 6 show that the temperature near the

mould walls is dominated by the temperature of the mould. The temperature change of
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about 10 °C is small compared to other sensors, where the temperature difference is

about 40 °C. Accordingly, the highest temperatures are measured at the surface of the

foam core.
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Figure 4.2: Temperature-time for all sensors

The time-dependent resin properties like curing rate or degree of cure are strongly

dependent on the local development of the resin flow field. The earlier the flow front

reaches a given point inside the preform, i.e. the longer newly injected resin is supplied,

the later the curing reaction starts at that point. Thus, the temperature-time-curves of

sensors located near the injection gate show a plateau between tff and tc. Whereas

sensors that are reached by the flow front relatively late, the temperature rise caused by

the tool is superimposed by the temperature peak caused by the curing reaction.

4.3 Simulation

Simulations of preheating, filling and curing process have been carried out using the

finite element code LCMFlot. The simulations were conducted with two different models:

a three-dimensional model was used for the isothermal form filling simulation and

additionally, a two-dimensional model of one cross section of the part was used for the
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thermal simulation, including preheating, filling and curing. The resin flow simulation is

based on Darcy's law and the equation of continuity for incompressible fluids [4.1].

4.3.1 Isothermal Filling Simulation

Within the form filling simulation the laminate has been modelled only, since the

aluminium mould and the closed-cell foam core are impermeable, see Figure 4.3.

Considering the thickness of the laminate, the resin flow in through-the-thickness

direction can not be neglected as in typical simulations of thin laminates. The model is

fully three-dimensional (15609 nodes, 91597 hexahedron/ pentahedron elements).

Owing to the complexity of the model, it was not possible to generate a reasonable

model from non-conforming tetrahedron elements as recommended for reasons of

accuracy for the flow simulation [4.2].

Figure 4.3: 3D mesh.

According to the experiment, the resin is injected at the flange in the middle of the part

at a constant flow rate of 3-10-6 m3/s. The vents are situated at the ends on each side of

the bar with a pressure of 2.5-104 Pa as boundary conditions. The viscosity is assumed

to be constant. To account for race tracking effects in the corners and at the flange,

zones of different material properties have been defined on the finite element mesh.

51



In addition to the temperature measurements, experiments with partial filling of the

mould have been carried out. The injections have been stopped at 20%, 40%, 60% and

80% of the total resin injection volume. At first, the resin flows mainly along the flange

towards the end of the test part. Once the resin reaches one end and the vent is closed,

the flow front progresses in width-direction and further on towards the opposite end of

the part.

Figure 4.4 shows the results of the isothermal form filling simulation in comparison with

the experimental form filling stops from the top view.

Figure 4.4: Form filling stops with 20-80 %of the total resin injection volume (left) in

comparison with the flow simulation (right).

4.3.2 Non-Isothermal Simulation

Since a 3D model would be extremely complex, the non-isothermal simulation was

conducted with a smaller model, which represents the cross section at the middle of the

test part, see Figure 4.5. In addition to the form-filling considered in the 3D model, the

preheating and curing process are as well simulated.
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Figure 4.5: Mesh of the cross-section. The foam core in the middle is grey coloured.

On the boundary of the cross section, the temperature of the mould is prescribed. In

accordance with the situation during preheating, when the preform is inserted into the

cavity the initial temperature is set to 20°C. Subsequently, the material is heated by the

constant temperature of the mould (60°C). Hereby, the temperature distribution is

governed by the heat conductivity of the glass fibre fabric and the foam core. Then, the

results of the preheating simulation, i.e. the temperature distribution, is used as initial

condition for the filling simulation. Due to the fact, that resin and hardener are mixed

right at the injection gate, the form filling simulation was conducted under consideration

of the curing of the thermoset resin. The curing reaction of epoxy resins is simulated

using the Kamal-Sourour model describing a correlation between the curing rate which is

dependent on the degree of cure and temperature of an autocatalytic reaction [4.3].

da

dt

f

Ax -e + A2-e

\

a 6-«)" (4.1)

The influence of the curing reaction on the resin flow behaviour can be taken into

account by definition of the resin viscosity functions. Considering the fact that the fibres

and resin roughly have the same temperature of 60°C during the form filling of the

examined cross section, a constant viscosity of 0.5Pas was assumed. Again, the results

of the filling simulation, i.e. temperature and degree of cure, are used as an input for the

subsequent curing simulation.
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Figure 4.6: Viscosity of the resin at 60°C.

Figure 4.7 reveals the temperature distribution at different stages of the simulation.

During the whole process, the mould temperature of 60°C is again defined as boundary

condition.

During the preheating, the temperature monotonically decreases from the outer

boundary to the centre of the cross section (Figure 4.7A).

During the filling phase the temperature of the saturated sections are determined by the

resin temperature, due to mass transportation effects caused by the resin flow through

the fibres (Figure 4.7B,C,D). After the filling is completed, the impregnated fibres have

almost a uniform temperature distribution.
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Figure 4.7: Development of temperature in degree Kelvin during the LCMprocess after

1000s (A), 2000s (B), 2250s (C), 2500s (D), 5000s (E) and 6000s (F). The flow front is

marked by a solid line, the cross section of the foam core is marked with a dotted line.

After the filling phase, the temperature is governed by the exothermal curing reaction.

According to Figure 4.7E and 4.7F the curing progresses faster in the centre of the cross

section accelerated by higher temperatures. Even though, after the filling phase near the

foam core the temperature was slightly lower than at the boundary of the cross section,

the heat generated by the exothermal reaction and the low heat conductivity of the

material causes the temperature to rise significantly in the centre. While the temperature

difference caused by the curing reaction is about 35K at the body of the test part the,

the temperature in the narrow flange is given by the mould temperature and not

significantly influenced by curing.

Temperature-time curves have been recorded by virtual sensors in the finite element

model corresponding to the actual sensors in the experimental set-up. Results of the

experiments and the simulations for sensors 5, 4 and 2 (Figure 4.8) show qualitative

agreement, although the curing peaks of the simulations are broader than the

experimental curves.

Although the experiments are qualitatively well reproduced, simulation results still are of

limited predictive value. The limitations are essentially caused by the sensitivity of the

basic physical models to changes of the material properties induced during the preform
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manufacture on the one hand, and the limitations of the models implemented in the

software on the other hand.
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Figure 4.8: Comparison between simulation and experiments.

4.4 Conclusion

The manufacturing of a glass composite bar with a foam core was utilised as an

example to evaluate the advancement of the flow front during mould filling, as well as

the temperature distribution during the curing process. Furthermore, the LCM process

has completely been numerically simulated including preheating, mould filling and

curing. The simulation requires the input, and therefore determination, of a large

number of different material parameters, like the permeability of the glass fibre mats or

the curing kinetics of the thermoset resin. Additionally, many material parameters like

heat capacity or heat transfer coefficient are changing during the process, since they

depend on the degree of cure. Within the simulation, the majority of these effects have

been taken into account, which allows a successful optimisation of the LCM process.

A comparison between experimental results and numerical simulations reveals the

potential and limitations of finite element based simulation. All numerical results show

qualitative agreement with the results measured in experiments. Accordingly, Alcan

Airex, as a leading manufacturer of composite parts for automotive and mass
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transportation applications, considers the results of numerical simulations of major

importance regarding product quality and reduction of manufacturing cycle time.

4.5. References

[4.1] Darcy, Les fontaimes public de Dijon, Darcy, H. (1856). Les Fontaines Publiques

de la Ville de Dijon. Dalmont, Paris. 647 p. & atlas. ("The Public Fountains of the

City of Dijon" is a lenghy work. The famous Appendix appears here.")

[4.2] Gao, D.M., Trochu, F., Gauvin, R., Materials and Manufacturing Processes, Vol.

10, No. 1, 1995, pp. 57-64

[4.3] Kamal, M.R., Sourour, S., Polymer Engineering and Science, Vol. 13, No. 1,

1973, pp. 59-64

57



5. A new Kinetic and Viscosity model for Liquid Composite Moulding Simulation in

an Industrial Environment

5.1. Introduction

Liquid composite moulding (LCM) is widely used for industrial production of fibre

reinforced plastic parts in automotive and aircraft industry. The manufacturing process

can be divided into two major steps:

1. Preforming of fibrous material

2. Injection and curing of resin

Both process steps can be automated thus allowing high volumes of production. Wile

both steps can reduce production time, the scope of this work is to be to optimise the

injection and curing of resin. By shortening the curing time, a substantial reduction of

cycle time can be achieved through application of resin systems with a shorter curing

time, thus resulting in higher productivity and lower costs.

Numerical methods have led to significant quantitative and qualitative improvements in

the moulding process. Today kinetic and viscosity models are not widely used in

manufacturing process simulations due to the complexity and difficulty in validating the

models. The research work presented here focuses directly on the modelling of injection

including the curing process.

For fibre impregnation Darcy's law (1), which describes the flow of a liquid through a

porous medium is widely used.

v = —^—K.Vp (5.1)
W,a)

The flow velocity vector v of the injected resin is depending on the viscosity r/ of the

resin, which is highly dependent on the degree of cure a and the temperature T of the

system. K depicts the permeability tensor and pthe local pressure.

In process modelling the filling and curing stage are treated independently. Even though

resin is mixed with a hardener at the injection point which implies that the resin begins to
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cure during form filling. For rapid resin systems with a short curing time, the degree of

cure on viscosity must not be neglected and must therefore be considered in the

numerical model to achieve reliable results.

Scientific literature on kinetic models as presented in [5.1-5.45] reveals the gap between

resin characterisation and process simulation in an industrial environment. The most

widely used kinetic model was published by Kamal & Sourour [5.1]. It contains 6

parameters that are difficult to validate. Other models are enhanced by considering the

maximum degree of cure dependant on process temperature. For example Dusy et al.

[5.29] consider the fact that resin will not be fully cured below a critical process

temperature.

A large number of viscosity models are presented for several manufacturing processes

in [5.29-5.56]. Castro & Macosko [5.30] developed one of the most recognised models,

which has been used in many publications for all kinds of resin systems. It is an

empirical model dependent on temperature and degree of cure, developed for

Polyurethane (PU) resins for reaction injection moulding.

The goal of this paper is to develop a simpler yet verifiable model for liquid composite

moulding, since the model must cover just a small range of the viscosity. In LCM

processes resin flow stops at viscosity levels higher than ~1 Pas. In the current work, a

modified version of the viscosity model of Stolin et al. [5.31] was used.

The semi-empirical kinetic and viscosity models that this paper proposes are suitable for

application in an industrial environment, thus closes the gap between kinetic and

rheological investigations and process simulation.

5.2. Kinetics

5.2.1. Differential Scanning Calorimetry Experiments

Differential scanning calorimetry (DSC) analysis measures the heat flow during the

curing of the resin system. In the case of a modulated DSC (MDSC) analysis the heat

flow can be separated into reversible and non-reversible parts. The non-reversible part

corresponds to the heat released by the chemical reaction; the reversible part is caloric,

which correlates to the change of specific thermal capacity of the sample. DSC

experiments can either be conducted isothermal or dynamic.
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Isothermal DSCExperiments:

The majority of liquid composite moulding processes are conducted at constant

temperature. The temperature of thin-walled parts is determined by tool temperature,

thus isothermal conditions for resin can be assumed during injection and curing. This

implies that DSC experiments for characterisation of the resin can be conducted

isothermal at process temperature. With temperature being constant easier validation of

the kinetic models is possible. In practise, isothermal DSC analysis causes problems

due to temperature instabilities at the beginning of the experiment, where the DSCcell is

heated up, thus affecting the quality of the results. If the curing reaction is very fast,

there can be a significant chemical reaction before reaching the isotherm temperature.

The heat flow of several isothermal DSCexperiments is illustrated in Figure 5.1.

u.u-r—i—i—r^=j—i—=f—i—|—i—|— i —i—i—I

0 500 1000 1500 2000 2500 3000 3500 4000

time [s]

Figure 5.1: Non-reversible heat flow of isothermal DSCexperiments at 60, 80 and 100°C

for a rapid epoxy resin system. The time history of the heat flow is highly dependent on

the temperature level.

Under isothermal boundary conditions the maximum heat of reaction depends on the

temperature level. The heat of reaction increases by increasing temperature as it

approaches the maximum value, which corresponds to a complete curing of the resin. In
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Figure 5.2 the dependency of heat of reaction on temperature is shown for rapid resin

system.
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Figure 5.2: Heat of reaction as a function of temperature for isothermal DSC

experiments. Heat of reaction is shown to increase with temperature.

For thick-walled or sandwich parts, the assumption of a constant temperature field in the

part does not apply [5.28], due to the low out of plane thermal conductivity of textile

materials causing a non-uniform temperature field. Because of this temperature

dependency, dynamic DSCexperiments are conducted.

Dynamic DSCExperiments:

In case of dynamic DSC measurements the resin sample is put into the cold DSC cell

and heated up at a constant heating rate. With modulated heating, the heat flow can be

separated into reversible and non-reversible parts. Dynamic measurements are more

reliable since instability effects (like they appear at isothermal measurements) do not

occur. The heat flow of several dynamic DSCexperiments is shown in Figure 5.3.

For dynamic experiments the heat of reaction is independent of the heating rate (Figure

5.4). At low and high heating rates the heat of reaction decreases due to errors during

the data acquisition process.
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Figure 5.3: Non-reversible heat flow of dynamic DSCexperiments at heating rates of 1,

2, 3, 5 and 10 K/min.
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Figure 5.4: Heat of reaction as a function of temperature for dynamic DSCexperiments.
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The acquired data of DSC experiments are the temperature T and the specific non¬

reversible heatflow h in function of the time / (see Figure 5.5).

time t [min]

Figure 5.5: Data of a DSCexperiment

CO

CO
0

T = T(t)

n n(t) hyjnon-reversible "\f/baseline

(5.2)

(5.3)

The specific heat of reaction htot is the maximal non-reversible heat generated during

curing of the resin:

H„= max\h,(t)dt (5.4)

da
The curing rate —of the resin is defined as specific heat flow h, divided by the specific

dt

heat of reaction h of the resin system:

da / \_ h{t)
~dt^t)~H~t (5.5)
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Accordingly the degree of cure is the proportion of the released heat to the total heat of

reaction:

1
*

ait) = Ihirpr
H..

(5.6)

The maximal degree of cure is the integrated heat flow of a DSCexperiment divided by

the maximal heat of reaction:

oc„ J^\hit)dt (5.7)

The maximal degree of cure is dependent on temperature.

doc
Based on the data of DSCexperiments, the curing rate —

,
the degree of cure a

,
and

dt

the temperature T can be determined at each point of time (Figure 5.6).

0.015

%

Figure 5.6: Data points of the curing rate da/dt in functions of temperature V and

degree of cure a.
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5.2.2. New Kinetic Model

doc
For numerical modelling, the curing rate —is assumed to be independent on time as a

dt

function of temperature T and degree of cure a :

da ( \

ait)

>^{aj) (5.8)
dt

Reactive epoxy resin systems show the following physical and chemical characteristics:

• No reaction below the solidification temperature Ts of the uncured resin/hardener

blend

• Exponential dependency of the curing rate of temperature

• Decreasing reactivity of the resin with increasing degree of cure, due to decreasing

number of reactive links by m-th order

• Autocathalytic reaction by n-th order

The proposed kinetic model fulfils all criteria:

^-{T\a)= A .expf^].^max(r)-«r- £ (5.9)
"» Scaling

TV J Ä7V"~r Auto-

Factor
v

v

' No °J catalytic
Temperature- reactive

Term

dependency links

whereas

T is the temperature relative to the solidification point Ts

T=T-Ts (5.10)

R is the ramp function
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x ,x > 0

R(x) = \ (5.11)
0 ,x<0

amax(r) is the maximum degree of cure, which is 0 at the solidification point and

converges to 1 with increasing process temperature. It arises from the fact, that the heat

of reaction is not entirely released during isothermal cure due to the decreased mobility

of the polymer chains during cross linking.

The maximum degree of cure is expressed as:

amJr) = \-exp(-ß-r) (5.12)

A linear dependency of ormax of temperature, as proposed by Dusy et al. [5.29] and used

in many other publications ,
contradicts with chemical boundary conditions and is

therefore not appropriate.

The parameters A, Tkm, m, n and ß have to be determined by a validation of the

model by DSCdata.

5.2.3. Validation of the Kinetic Model

Dynamic and isothermal DSC experiments are conducted to determine the parameters

of the kinetic model, by a fitting to a number of data points. Therefore the non-reversible

doc
portion of the heat flow is processed to the curing rate —in function of temperature T

dt

and degree of cure a
.

The validation is conducted in two steps. Preliminary the model for the maximal degree

of cure amax is validated.

Figure 5.7 illustrates the dependency of amax on temperature for an cold and hot curing

amine hardening epoxy resin system.
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Figure 5.7: Maximal degree of cure ormax in function of temperature T. The model for

the maximal degree of cure is fitted to the data points. The model starts at the

solidification point and progresses to a complete curing (a = \).

In a second step, the parameters A, Tkm,m and n are determined. The fitting is

conducted by the help of Levenberg-Marquardt method [5.57-5.59].

Levenberg-Marquardt is a popular alternative to the Gauss-Newton method (trust region

modification). Levenberg-Marquardt steps sk are obtained by solving sub-problems of

the form

m[nL\\fixk)s+f(xk)\22:\\DA\2^A* (5.13)

For some Ak >0 and scaling matrix Dk. The trust region matrix is adjusted between

iterations according to the agreement between predicted and actual reduction in the

objective function. For a step to be accepted, the ratio

Pk
r{xk)-r{xk+sk)

r{xk)-2\\fixk)sk+f{xk}\22
(5.14)
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must exceed a small positive number (typically 0.0001). Levenberg-Marquardt method

searches in the direction given by the solution sk to the equations

(/' (xk J f {xk ) + AkDTkDk K = -/' (xk J fixk ) (5.15)

where Âk>0. The Lagrange multiplier Ak is zero if the minimum-norm Gauss-Newton

step is smaller than Ak; otherwise Xk is chosen that

lKV*ll2=A* (5.16)

To find the global minimum of the error, the iteration process has to be started by

suitable initial values of the vector x, = \A,mt,T.,mt,m,mt,n,mt\
1 v. init ' kin,imt ? init ' init )

Estimation of Initial Values for the Fitting Process of the Kinetic Model

One of the major problems in curve fitting is the determination of the initial values to

reach the global minimum of the error.

An estimation of the initial values (Aimt, Tkmmt, mmt and nmt) for the numerical

determination of the kinetic parameters is proposed:

A. Estimation of m
.

and n
,init init

m,n,t = !

nimt -*-

(5.17)

(5.18)

B. Determination of T„

doc
Curing rate —@a = 0.5

dt

dry (-T \ f-T
—

*A-exp -^lo.5(n+r>=A-exp -^

dt
„_nï

F
T \ T

•0.25 (5.19)
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da
the proportion of curing rate —= à (Determined by isothermal DSC experiment)

dt

lower Tlow and upper V manufacturing process temperature

therefore TKmjmt is

C. Determination of A

a\
a=0 5,T:,

a\
exp

*
Kin

"*
Kin

la=0 5,7".
V

\ low
V.

up J

(5.20)

In

T

a\
la=0 5,T:,

a
«=0 5,T',„ )

Kinjnit

up low

rr\ rry

up low

(5.21)

4.0-or
\a=0 5,T'hw

4.0-or
a=0 5,T:,

exp
1Kin

V
V tow y

exp

f
T

\
'-Kin

(5.22)

In Figure 5.8 the characteristics of the validated kinetic function and the data points are

compared.
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Figure 5.8: Validated model and data points dal dt in functions of T and a .
The curve

on the bottom plane shows the maximal degree of cure ormax.

The curve on the a-T -quadrant shows the maximal degree of cure ormax in function of

temperature. No curing rate was measured for a > amax(r).

Figure 5.9 shows the error e at the respective data point.

da

dt
DSC

da

dt
(5.23)

Fitting
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Figure 5.9: Error e at each data point of the curing rate in function of V and a .

The error is in an acceptable range.

5.3. Viscosity

5.3.1. Rheological Experiments

For a successful simulation of the filling process in liquid composite moulding, a

viscosity model which is dependent on degree of cure and temperature must be

implemented. In the LCM process, the viscosity model has to cover just a small range of

viscosity, since resin flow stops at approximately 1Pas. Viscosity of the curing resin

system in function of time at different isothermal temperatures is illustrated in Figure

5.10.
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time t [s]

Figure 5.10: Viscosity in function of time at 60, 80, 100 and 120°C. The viscosity

increases with degree of cure and is highly dependent on temperature.

Under the assumption that the resin behaves like newtonian fluid and is therefore

independent of the shear rate (Figure 5.11), the complex viscosity can be determined by

the combination of the data from the isothermal DSC analysis and rheological

measurements:

iit)@Tisi
-» rfa)@Tat (5.24)

Additional data points in the validation process of the viscosity model could be

generated by combining dynamic rheology experiments with dynamic DSC data. In this

scientific work no dynamic rheology experiments were conducted, due to difficulty in

data acquisition. The thermal slackness of the large sample in rheological experiments

causes errors and therefore has a corresponding impact on accuracy.
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Figure 5.11: Viscosity @80°C at different shear rates. The resin system shows no

dependency of the shear rate.

Complex viscosity is determined for several temperatures, so that data points of the

viscosity r/ are available in dependency of temperature T and the degree of cure a

(Figure 5.12).

V = f(oc,T) (5.25)
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ô¥

Figure 5.12: Data points r/ in functions of T and a processed of a combination of

isothermal DSCand rheological data.

5.3.2. NewViscosity Model

In the model of Stolin et al. [5.31], the viscosity decreases exponentially with increasing

temperature and increases exponentially by increasing degree of cure. The model is

slightly modified in with regard to the temperature dependency.

r/(T\a)=r/x-exp
(T„

rheo

~T~
+ B-a (5.26)

whereas T is the temperature difference to the solidification point Ts (Equation 10).

With the proposed modification the dependency of the model on temperature and degree

of cure is much higher and fits therefore better to the data points of the experiments.

The parameters r/x, Trheo and B have to be determined by a validation of the model by

rheology and DSCdata.
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5.3.3. Validation of the Viscosity Model / Data Fit

Again, curve fit is conducted by the help of Levenberg-Marquardt method. Again, a

process for the estimation of the initial parameters for the fitting is proposed.

Estimation of Initial Values for the Fitting Process of the Viscosity Model

An estimation of the initial values (77,
cojnit '

rheo,imt

T
J- „7,

andB ) for the numerical

determination of the viscosity parameters is suggested:

A. Estimation of r/a

W« 0.01-77
'\a=0,T',

(5.27)

B. Determination of T
rheo Amt

'

Proportion of viscosity r/ @lower Tlow and upper T process temperature at the

beginning of the rheological experiment (a = 0):

77
/1 «=o,:r y

T}\
exp

rheo rheo

V up low J

(5.28)

therefore TRheomt is

C. Determination of B„

In
'\a=0,T'„„

T.

77

^ na=o,T>lm j
rheo,init 1 1

rT\ rT\

up low

(5.29)

Proportion of viscosity r/ = \Pas and @a = 0 at a constant process temperature (T or

'low)-

IPas

77
'\a=0,T',.

expl5 • a\
T'up,t]=\Pas

(5.30)

or
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IPas

77

(ß-a\ )expiß • a\ (5.31)

«=0JW

therefore B,mt is
7 nit

In
LPas

B..
\_"=0,T:up J

In
LPas

77
«=0J'to„ y

ari
I r'«,, 7=1 Pas

a\
(5.32)

lr'fcw,7=lPas

In Figure 5.13 the experimental data points are compared with the characteristics of the

viscosity model for a rapid amine hardening epoxy resin system.

0.0 150 *&

Figure 5.13: Validated model and data points 77 in functions of T and a

Figure 5.14 shows the error e at each data point.
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e =

DSCI rheo ' I fitting
(5.33)

The error is in an acceptable range.

Figure 5.14: Error at each data point of the viscosity r/ in function of T and a.

5.4. Conclusions

Effective numerical process simulation for fibre reinforced plastic parts with rapid epoxy

resins includes implementation of kinetic and viscosity models. A new kinetic and

viscosity model is proposed, which fulfil physical and chemical boundary conditions of an

epoxy resin. The parameters of the models were determined by a fitting to differential

scanning calorimetry and rheological data. For a successful application of the models, a

simple and verified validation process was implemented, as shown in Figure 5.15 in form

of a process flow.
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Figure 5.15: Flow chart of the fitting procedure for the kinetic and viscosity model.

Knowing the kinetic and viscosity parameters, the models can be applied to simulate

isothermal DSC, dynamic DSC and rheological behaviour of the resin
. Figure 5.16 to

Figure 5.18 shows the comparing to the corresponding experimental data. The result

shows good agreement.
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data.

The goal of the work was to develop an easy to handle kinetic and viscosity model for

LCM simulations. Further simplification of the kinetic model (Equation 9) can be

achieved by setting the maximum degree of cure amax = 1, independent of temperature.

da

dt
(T\a).

Temperature-
dependency

links

(5.34)

In this form data acquisition by DSCexperiments and validation work can be reduced to

a low number of data sets. In particular, for isothermal experiments at high temperature,

where a complete curing of the resin is possible, good results can be achieved with the

simplified model (5.34).

Each step, from data acquisition by DSCand rheological experiments, processing of the

data, development of a kinetic and viscosity model to validation of the models has been

carried out. Due to the simplicity of the models, allowing numerical process optimisation
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including chemorheological behaviour of the resin, they are extremely well suited for

application in the industrial environment.
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6. Heat Transfer of Fibre Beds in Resin Transfer Moulding: An Experimental

Approach

6.1. Introduction

Resin transfer moulding (RTM) is widely used for industrial production of continuous

fibre reinforced plastic parts in automotive and aircraft industry. The fibre reinforcement

is normally a 3-dimensional shaped textile, which is placed into the RTM tool. The dry

fibres are heated up to tool temperature, before cold or preheated viscous resin is

injected into the mould to fill the spaces between the fibres. During the impregnation

process heat is transferred from the hot mould walls to the resin and transported by the

resin flow. After form filling resin cures in the cavity under exothermal chemical reaction,

whereas temperature peaks can be observed, that are higher than the initial mould

temperature.

It is obvious that thermal effects are important in all process steps:

• Heat conduction in the tool

• Heat transfer between tool and cavity

• Heat conduction and dispersion in the porous media

• Heat generation by exothermal curing of resin

Numerical methods have led to significant quantitative and qualitative improvements in

the descriptions of the moulding process. The research work presented here focuses

directly on the modelling of the heat transfer during preheating, injection and curing.

Mould filling pattern, time and pressure distribution will be influenced, since the fluid

viscosity and the curing kinetics of the resin are strongly dependent on temperature. The

models to predict the resin temperature during flow of resin through a porous media of

stationary fibre beds are based on the theory of flow and heat transfer through porous

media [6.1-3] with liquid phase being the resin and solid phase as the discrete, long and

continuous fibres.

On a macro-scale, Darcy's law [6.4] is used to describe the flow through porous media

(6.1).

w = —^K-Vp (6.1)
W,a)
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The flow velocity vector w of the injected resin depends on the resin viscosity 77, which

is highly dependent on the degree of cure a and the temperature T of the system. K

depicts the permeability tensor and Vpthe local pressure gradient which is the driving

force for the resin flow.

Using Darcy's law, uniform velocity is assumed which may not be correct to describe the

convective term in heat transfer because of the hydrodynamic dispersion phenomena

that exists in porous media due to the non-uniformity of the local velocity [6.5] in the

pores of the fibre bed as shown in Figure 6.2.

The constituents of the mould are the fibres and the resin, so the intrinsic

thermodynamic quantity, the internal energy of both should be considered. Since

instantaneous heat transfer between resin and fibres is assumed, the temperatures of

the resin and the solid fibres are equal. To describe heat transfer the energy balance

equation is used (6.2)

/ \BT ( BT BT^\ ( B2T^
((l-4>)pfc f+&rc )—+ &rc

-

Bt
wx —+ w

Bx By
k,

v&2y
(6.2)

whereas <f> is the porosity, p the density, c the specific heat capacity, T the local
p

temperature, w the in plane velocities and k± the transverse thermal conductivity of the

fibre bed. / denotes the fibres and r the resin. Typical fibres as used for RTM

processes (glass, carbon and aramid) possess transversally isotropic behaviour, and

thus have a constant thermal conductivity in the plane of the cross-section. It may be

assumed that the thermal properties of the anorganic glass fibres are isotropic.

Experimental investigations have shown that the axial thermal conductivity of carbon

(due to the graphite structure) and aramid fibres (due to the orientation of the molecules)

is assumed to be many times higher than their transverse thermal conductivity.

In liquid composite moulding the heat transfer coefficient k may be dependent on the

type of fabric and resin on the degree of filling g (dry or wetted), the thickness d of the

cavity, the fibre volume fraction vp and the flow velocity w of the resin (6.3):

k = /{materials, g, d, vF, w) (6.3)

Heat transport due to a temperature difference between two points can occur by

conduction, convection and radiation. In porous media the convective term is called
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dispersion due to micro flow through the fibres. For typical temperatures as applied in

liquid composite moulding radiation is not relevant. Therefore the effective thermal

conductivity can be expressed as a combination of the effective thermal conductivity kc

and of the thermal dispersion kd (6.4).

k = kc+kd=kc\\ + K) (6.4)

where k\s a normalised factor that expresses the influence of dispersion on thermal

conductivity. Effective hydrodynamic dispersion consists of two parts, molecular

dispersion which is caused by the random motion of molecules in the fluid, and

hydrodynamic dispersion, which is caused by forced resin flow trough the complex

shape of the interconnected pore space in the fibre bed.

In resin transfer moulding the in-plane conduction and dispersion in the flow direction

does not seem to have much importance [6.6,7], even that higher values for the in-plane

conduction can be expected [6.8]. This is a result of very large length to thickness ratio.

A simple scaling analysis reveals that heat diffusion in the thickness direction is much

more significant than in plane, where low temperature gradients are expected.

In this work the volume averaging method is applied, where temperature differences

between fibres and resin are neglected. Experimental investigations on the influence of

fibre-resin conductivity ratio, fibre volume fraction and Peclet number ratio on effective

thermal diffusivity are conducted.

Thermal dispersion of heat transfer in porous media has been observed at least since

Raleigh [6.9] and Slichter [6.10], who investigated the flow of underground water.

Several authors have presented studies of heat transfer during the composite

manufacturing process. Those investigations can be divided into four categories based

on their approach.

• Replacement of the porous media by a simplified cell with a regular geometry in

which the heat transfer that occurs can be analysed by exact mathematical methods

[6.6,7,11].

• Statistical approach such as Scheidegger [6.12] random walk theory and Saffmans

[6.13,14,15] statistically isotropic network of straight capillaries.

• Determination of thermal diffusion by numerical methods. Mostly finite element

methods are applied, whereas a representative cell of the porous medium is
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modelled [6.16,17]. Resin flow between the stationary fibres is calculated by the

Navier-Stokes equation.

• The fourth approach is based on experimental work. Authors investigated the topic in

a more practical way, and determine the dispersion by empirical methods [6.18-20].

The majority of the authors found that thermal dispersion grows with the Peclet (Pe)

number. Some suggested to combine the Pe-Number with porosity [6.5] or with the

permeability of the porous media [6.21].

The goal of the work is to develop a model for heat transfer for all process stages in

liquid composite moulding, which is suitable for implementation in finite element codes.

In the first section of this work the design of the experimental set-up is discussed and

leads to the lay-out of the experiments. In the second section the acquired experimental

data are discussed. The analysis of the data leads to a model for heat transfer in liquid

composite moulding for dry and wetted fibre beds.

6.2. Test Rig

A test rig was designed and manufactured for the experiments. The set up must be

designed in a way, that resin flow is orthogonal to the heat flow. Apart from that, a

suitable test rig should fulfil the following specifications:

• Variable thickness of the cavity (typical automotive thickness: 2-4mm), fibre volume

fraction and resin flow velocity

• 1-dimensional, transverse, steady state measurement of heat flow

• Avoidance of race tracking effects

In linear flow channels, race tracking at the side of the sample may appear. Race

tracking influences the flow field in the fibres and therefore has a undesirable impact on

the heat transfer. Therefore a cylindrical tool with a central injection point is proposed

(Figure 1).
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Figure 6.1: Experimental Tool. Radial resin flow by axial heat flow.

The apparatus consists of an upper (1) and a lower (2) part with a cavity (3) in between

for the fibrous material. Both parts consist of an inner aluminium cylinder (4) which is

surrounded by a thick aluminium tube (5). The outer tube is thermally de-coupled to the

inner cylinder. The thickness of the cavity is determined by the height of a steel ring (6)

which is connected by plastic rings (7) of low thermal conductivity to the aluminium

cylinders. The upper and the lower cylinder are held together by the threaded bolts (8)

connected to a steel plate on top (9) and on bottom (10) of the apparatus. The electrical

heating (11) on top of the cylinders and the water cooling (12) on the bottom with the

inlet (13) and the outlet (14) for the water cause a temperature gradient in the axial

direction. Resin is injected by the central inlet (15) and flows radially through the fibres

in the cavity to the circular collector channel (16) where it flows of (17). The thickness of

the cavity can be adjusted from 2 to 4 millimetres. The K-type thermocouple sensors

(18) positioned in axial direction from the heating on top to the cavity and from the cavity

to the water cooling on the bottom of the aluminium tube measure the temperature field

in the cylinder. The apparatus is totally covered by an insulation (19).

Figure 6.2 shows the temperature profile from the heating to the water cooling in axial

direction, the measurement cell with orthogonal resin and heat flow and a microscopic

view of resin flow in the fibre bed.
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Figure 6.2: Axial temperature profile (left side), macroscopic measurement cell (middle)

and resin flow at a microscopic level (right side).

Due to the temperature gradient, heat flows from the heating source to the cavity (in the

middle of the tool). The heat flows into cavity through the fibres and resin to the lower

tool, towards the cooling on the bottom of the rig.

The aluminium cylinders in the middle of the upper and lower tool are applied to build

out thermal and fluid-dynamic boundary layers before heat transfer is measured in axial

direction of the aluminium tube wrapping the inner cylinder. Since flow velocity of resin

decreases hyperbolically in radial direction, it may have an impact on heat transfer and

cause undesirable temperature gradients in radial directions of the inner cylinder.

The gap in between tube and cylinder is filled with air and thermally de-couples the two

aluminium parts. Temperature is exclusively measured in the aluminium tube, where

steady state conditions can be assumed.

When all parameters (flow rate of the resin, temperatures) are kept constant, steady

state thermal conditions can be assumed.

To prevent a heat transport by the resin in radial direction, thermal balance has to be

achieved in the cavity: I.e. the heatflow from the upper tool into the cavity must be equal

to the heat flow of cavity to the lower tool, while resin flows in radial direction. The whole

set up is insulated to prevent heat loss in radial direction of the cylinders.
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Heatflow measurement is made by the inverse method and can be determined by the

temperature gradient and the thermal conductivity of the aluminium tool.

6.3. Lay out of the Experimental Tool

The dimensions of the experimental tool must be determined in a way to achieve

valuable results. Therefore geometric dimensions have to be optimised considering the

following three aspects:

1. Since central injection is applied, flow velocity is not constant, but decreases with

increasing distance from the central injection point. To prevent large flow velocity

differences over the measurement length, the wall thickness of the aluminium tube

has to be thin compared to the diameter of the tube.

2. For steady state conditions the thermal and fluid-dynamic boundary layers must be

stable. That means that thermal and fluid-dynamic boundary layers have to be built

out within the flow length of the inner cylinder.

3. One must consider, that the measurement length must be much larger than the

thickness of the gap, since boundary effects at the borders of the measurement

length may have an impact on the results.

The experimental set-up is designed such that the relative error, caused by unsteady

effects, is less than 10%. In the described set up heat transfer consists of a conductive

and a convective term. For the lay out of the tool a transverse thermal diffusion of

/c1=0.4W/mK is assumed (typical value measured by the author for carbon and glass

fibre reinforced composites with an epoxy matrix in solid state after curing without

fillers).

6.3.1. Development of the Transverse Temperature Profile

To determine the minimal residual time of resin in the inner cylinder, numerical

calculations by the finite difference method on formation of the out of plane temperature

field were conducted. As initial condition a uniform temperature was assumed in the

cavity. Figure 6.3 shows the development of the temperature field in the composite layer

at different times for a thickness d= 4mm.

After a retention period of 5 seconds the error of the temperature field in comparison to

the linear steady state condition is lower than 10%.
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Figure 6.3: Temperature evolution over thickness in the cavity.

6.3.2. Residual Time of the Resin in the inner Cylinder

The radial flow velocity w is inversely proportional to the radius r (6.5).

w(r):
dr V

dt r -d • (l -

vF )
(6.5)

where V is the resin injection flow rate, that is kept constant for each experiment. The

minimal cylinder radius to reach steady state conditions is therefore

r >
2-V-t

'rf-(l-vF) (6.6)

For a radius of 100mmof the inner cylinder, the flow velocity at the measurement length

has to be lower than 0.01 m/s to reach a residual time of 5 seconds in the inner cylinder

for steady state conditions of the transverse temperature profile.
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The proposed geometrical dimensions of the tool are:

• radius of cylinder r^
= 100mm

• wall thickness of cylinder ltube=20mm (measuring section)

• thickness of the cavity d < 4mm

• flow velocity at measurement length w < 0.01 m/s

6.3.3. Determination of the Temperature Profile

For steady state conditions, the heatflow for the whole set-up between heating and

cooling can be expressed as:

(6.7)
dq AT

dt Hcyi d H
,

——+—+——

^alu ""1 ^alu

Upper Cavity Lower

Tool Tool

1
+

acool

Cooling

where AT is the temperature difference between the heating and the cooling

devices,//^is the height of the cylinders, Âalu is the thermal conductivity of the

aluminium cylinders, k1 is the transverse effective thermal diffusion of the fibre bed and

acool is the heat transfer coefficient of the water cooling.

Heat transfer to the cooling can be expressed as a function of the Reynolds (Re) and

the Prandtl (Pr) number. For Reynolds numbers Re<105 laminar flow can be assumed

and the Nusselt (Nu) number for Re<105 and 0.6 <Pr< 2000 can be expressed as

[6.22]:

a l
Nu=

co°l
= 0.664-Re1/2-Pr1/3 (6.8)

water
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6.4. Experimental Set-up

Figure 6.4 shows the experimental set-up.

Fuzzy Temperature Control

Electric Power

Water out

Flow Meter

Figure 6.4: Experimental set-up.

Hot resin is injected at a constant flow rate into the cavity and will be piped back into the

resin reservoir. Heat flow is induced by electrical heating on top, and water cooling on

the bottom of the facility. Heat flow can be controlled by the temperature of the electrical

heating or by the flow rate of the water cooling. Thermocouples in axial direction of the

circular test facility collect the temperature profile during the experiment. The signals of

the temperature sensors are transferred by an analogue-digital converter to a computer,

where the data is stored.

For each experimental set-up the temperature profile is measured after steady state

conditions are reached. Compared to other experimental set-ups a constant temperature

gradient can be expected in the axial direction of the aluminium cylinders. No

temperature drop close to the cavity caused by transient effects as found by Simacek et

al. [6.6] must be expected.
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Experiments were conducted for two non crimped fabrics in combination with a standard

epoxy resin:

• Glass fibre fabric: Saertex Diagonap DX 1601, ±45° non crimped, 1250 gr/m2

• Carbon fibre fabric: Cotech CBX636, ±45° non-crimped, 610 gr/m2

• Epoxy resin: Vantico XB3585

6.5. Experiments

Effective thermal diffusion is the macroscopic outcome of a combination of the effective

thermal conductivity with the microscopic fluid particle motion through the pores between

solid phases. Many components could contribute to thermal dispersion, such as flow

resistant force, geometry of the fabric, properties of fluid and fibre and local non-

uniformity of velocity. In the next sections the influence of all these parameters is

examined which will result in a macroscopic model for heat diffusion.

6.5.1.Properties of the Uncured Constituent Materials

The first heat diffusion experiments were conducted with pure resin. Since no flow

velocity was applied (no forced convection) no temperature drop at the mould walls

(temperature slip) to the cavity is assumed.

The average measured value for thermal conduction (with the influence of natural

convection neglected) of uncured epoxy resin was 0.143 W/mK. This result shows that

the thermal conductivity of liquid uncured resin is lower than at the cured state, where

values of -0.2 W/mKare found in datasheets and literature.

For further calculations the material properties shown in Table 6.1 are assumed.

Table 6.1: Material properties

Parameter Air Epoxy Resin Glass Fibre Carbon Fibre Unit

Density 1.0 1175 2500 1800 Kg/m3

Thermal Conductivity 0.03 0.143 1.0 2.5 W/mK

Specific Heat Capacity 1010 1800 700 1000 J/kgK

Diameter of Fibres NA NA 18.07 ±2.63 7.10 ±0.30 urn
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6.5.2. Thermal Conductivity of Dry Fibre Beds

Raleigh [6.9] developed two expressions for the transverse transport properties of a

composite array of cylinders. In this model the cylinders had a higher conductivity than

the continuous phase. One model is developed for low fibre volume fractions, where the

cylinders are not in contact, whereas the second model covers the case where heat flux

may appear directly from cylinder to cylinder.

Many other analytical [6.23-29] and numerical [6.30,31] models were developed for

transverse heat flow since Raleighs work. Although those models were found for

composites, where both phases are solid, they will be applied for the investigations on

thermal conductivity in processing.

The assumptions used in the development of the theoretical models are:

• The fibre resin distribution is macroscopically homogeneous.

• Locally, the fibres and the resin are homogeneous and transversely isotropic.

• Local thermal equilibrium: Perfect thermal contact between the two phases, or the

thermal resistance between the filament and the resin is negligible.

• The temperature must be low enough to neglect heat transport contributions from

radiation.

• Thermal material properties are constant or changes may be neglected for

transverse heat conduction.

The most practical and widely applied model for transverse thermal conductivity can be

calculated in analogy to an electrical resistors, where the components are connected in

parallel [6.23] (6.9).

u
-

f
(6.9)

v, -kr +(l-vf)-k.

where k± is the effective transverse conductivity of the fibre bed, kr is the thermal

conductivity of the homogeneous resin and kf the transverse conductivity of the fibres.

For circular fibre geometry with random fibre placement Pilling et al. [6.24] proposed a

separate model (6.10) which gives higher values for transverse heat conductivity of a 2-

phase system:

(l + vf)-kf +(l-vf)-kr
kc=kr--

fJ f f-^- (6.10)
(\-vf)-kf +(\ + vf)-kr
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Mottram [6.32] proposed to present the thermal conductivities of a two-phase material

system in a nomogram. The easy-to-use design chart allows the design engineer to

estimate the principal thermal conductivities. Figure 6.5 shows the nomogram for the

transverse thermal conductivity.
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Figure 6.5: Nomogram to calculate out of plane thermal conductivity with thermal

properties of constituent materials with equation 10.

Harris et al. [6.33] measured that the out of plane conductivity for woven composites is

higher than for non-crimped fibres. It is obvious that crimped fibres support thermal

conduction in thickness direction, due to the bent fibre tows. This fact is not relevant for

this work, since non-crimped fabrics are used in the experiments.

For the preheating phase (before resin injection), the thermal conductivity of the dry fibre

beds has to be known. Since the experimental results show higher values than

calculated with the electrical resistors model (equation 6.9), the model of equation 6.10

will be used for further investigations. Even with this model too low values were

obtained, compared to the experimental results. The reason may be that heat transport

by natural convection of the air in between the solid fibres is neglected. Better results

can be achieved by consideration of the convection by an increased thermal conduction

of air k from 0.03 to 0.052W/mK for both cases, glass and carbon fibres. Figure 6.6
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shows a comparison between the experimental and the analytical results of the model

for dry glass and carbon fibre beds for different fibre volume fractions.
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Figure 6.6: Thermal Conductivity of dry glass (upper graph) and carbon (lower graph)

fibre beds. Comparison between experimental results and analytical model according to

equation 6.10.

97



6.5.3. Thermal Conductivity of Wetted Fibre Beds

To evaluate the conductive part of the thermal diffusion heat transfer through wetted

fibre beds without forced convection were measured with the set-up in Figure 6.4. Figure

6.7 confirms, that the model of equation 10 is suitable for non-crimped fabrics. The

analytical model which is purely based on the thermal properties of the constituent

materials (epoxy resin and glass or carbon fibres) meets the experimental results. In this

case molecular dispersion is assumed to be small due to constrained movement of the

viscous resin, and is therefore neglected.
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Figure 6.7: Thermal Conductivity of wet fibre beds. Comparison between experimental

and analytical results for different resin flow velocities, fibre volume fractions and

temperature differences.

6.5.5. Convective Term - Thermal Dispersion

Because resin flows through a porous media, heat transfer is assumed to be a

combination of conduction and convection. Since thermal conduction can be determined

by the thermal properties of the constituent materials, in this section the influence of the

dispersion will be determined by analysing some experimental results.
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Figure 6.8 shows the development of the normalised transverse thermal diffusion kL lkc

of a wet glass and carbon fibre bed.
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Figure 6.8: Thermal conductivity in function of the epoxy resin flow velocity for a 2mm

gap with glass at vF = 50%.

In literature many models can be found for thermal dispersion [6.1-21]. Some of them

are a result of numerical simulation and were not validated by any experimental results.

Only a few researchers verified their models by experimental data, whereas quasi

steady state conditions during the measurements were assumed.

Normally the influence of thermal dispersion on thermal diffusion is expressed as a

function of the Peclet-Number (according to equation 6.4)

kd=kc-K = kc-f(Pe) (6.11)

The Peclet Number is defined as

Pe = Re- Pr
w l

a

(6.12)
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whereas w is the flow front velocity, /a typical length, e.g. the tow diameter or the fibre

diameter, and a the thermal diffusivity of the resin (6.13).

k
a =

r-— (6.13)
Pr'Cp.r

In some models a power function of the Peclet number can be found (6.14).

/r = c-Pe" (6.14)

where c and n are constants that have to be determined, n varies between 1 and 2. In

this work n is assumed to be 1.

6.5.6. Development of Local Thermal Diffusion

If the temperature of the resin in the cavity is different from the mould surface

temperature, which is the driving force for heat exchange between mould and cavity, the

temperature gradient may cause a non-uniform flow field over the thickness of the

cavity. Although resin velocity in the macro-scale analysis is considered as uniform, the

microscale flow velocities may vary, since resin flows around the fibres and the fibre

bundles.

The temperature T is dependent on the transverse co-ordinate z over the thickness of

the cavity

T = T(z) (6.15)

For epoxy resins (as for many resins that are processed in liquid composite moulding)

the viscosity r/ is highly dependent on temperature T (Figure 6.9).

r/(z) = f(T) (6.16)
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Figure 6.9: Viscosity of the uncured epoxy resin as applied in this work.

According to Darcy's law, the flow velocity w is proportional to the inverse of the local

viscosity r\

w(z)~l/TJ (6.17)

where the average velocity w = \w(^)d^ must be met (£ signifies the transversal

0

direction in the cavity).

With the model for the effective transverse thermal dispersion k1

kAz) = kc+kd =kc{l + c-Pe) (6.18)

the local temperature gradient can be calculated. According to Fourier's law the local

temperature gradient can be expressed as
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dT[z)
_

q

dz k,
(6.19)

whereas q is the transverse heat flow
,

which is constant for steady state conditions.

Based on the temperature gradient the new temperature profile over cavity thickness

can be calculated

dT
T(z) = T0-^C (6.20)

To investigate the profile of temperature, viscosity, flow velocity and thermal conductivity

a numerical program was written. The parameter c in the heat diffusion model (6.18) is

optimised until equations 14 to 19 are fulfilled for steady state conditions. The numerical

approach is shown in the flow chart in Figure 6.10.

temperature

viscosity

flow velocity

thermal diffusion

temperature gradient

new temperature

adaption of c

Figure 6.10: Flow chart: Calculation of the thickness profile of temperature, viscosity,

flow velocity and thermal diffusion.

For the optimisation process the following boundary conditions are assumed:

• Thermal and fluid dynamic steady state conditions.
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• Constant thermal properties of the constituent materials. Investigations on the

temperature dependency of the heat conductivity of the liquid polymeric resin are still

open and may have an impact on heat transfer.

• No temperature slip at the interface of the mould to the cavity.

• Flow velocity slip at the mould walls. Investigations on the impact of non-slip

boundary conditions on thermal diffusion are small and can therefore be neglected.

• Uniform distribution of the porosity. This may not be true for low fibre volume

fractions, because the fibres may stay at the bottom of the gap due to higher density

of the fibres compared to the resin, whereas resin flow appears mainly in the upper

part of the cavity.

The results of the calculations are shown in Figure 6.11. The results can be separated

into the case of pure conduction (a) and a combination of conduction and dispersion (b).

(a) For pure heat conduction (straight line in Figure 6.11), the temperature decreases

linearly from the heated mould surface to the cooled side. The flow velocity, which is

inversly proportional to the viscosity is therefore non uniform as expected in many

calculations. Nevertheless, for temperature independent thermal properties of the

resin and fibres a constant heat diffusion parameter is expected.

(b) The higher the convective term gets (which increases with increasing values of c

according to equation 18) the higher the non-uniformity of the effective thermal

diffusion gets. Although the impact of heat dispersion on temperature and flow

velocity is small, a major change in the local diffusion can be observed.

Consequently thermal dispersion is difficult to predict by an averaged model, since

local conditions may have a heavy impact on heat transport.

Similar calculation can be conducted for symmetric boundary conditions, where heat

flows from the heated tool to the fibre bed from both sides of the cavity.
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6.6. Averaged Model for Thermal Diffusion in Resin Transfer Moulding

Since the majority of finite element based resin transfer process simulations are

conducted with shell elements with a single temperature node over the thickness, an

averaged model must be found.

Proposed averaged model for heat diffusion (derived from equation 6.4, 6.10 and 6.14):

(l + vf)-kf + (l-vf)-k
r —i

kL=kr-- f' f V

^—Hl + (l-vF)-c-Pe (6.21)1 r

(\-vf)-kf+(\ + vf)-kr
L F) J

whereas k± is the average transverse thermal diffusion and Pe the averaged Peclet

number. For this model best agreement with the experimental results was found for

— w -d
Pe = (6.22)

a

whereas w is the average flow velocity of the resin and d the thickness of the cavity.

The reason for better agreement with consideration of the thickness of the cavity may be

found in some boundary effects like temperature slip at the mould wall, which are of

decreasing importance with increasing thickness.

This model holds at a porosity 0=0 for dispersion then disappears. It also shows, that

heat dispersion decreases as fibre volume fraction increases.

Figure 6.12 shows the agreement of the experimental results to the predicted values of

the averaged model (6.21).

105



u.o-
non -crimped glass fabric y

A non -crimped carbon fabric X

0.5- y
y

a y
a a* y

_
0.4-

a y

•' A
^ /

E /h
A

Ë 0.3-

T3

A
S' "

A

O My" A

E 0.2- A V* \
H /

^y. y
y

0.1- y*'
y

y"
y

0.0- y
r——,—i—-, 1 , 1 , 1 , 1

0.0 0.1 0.2 0.3 0.4 0.5

kT experiments [W/mK]

0.6
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different resin flow velocities, fibre volume fractions and temperature differences.

To cover all stages of resin transfer moulding, such as preheating, filling and curing, the

model may be enhanced by consideration of temperature, degree of cure and the filling

stage by a linear interpolation of the material parameters in the uncured and cured state

[6.35,36].

kmiT,aj)=(il-ayk^jT) + a-kr^iT)).g + h.kair(T).{l-g) (6.23)

whereas a is the degree of cure of the reactive resin, g the degree of filling and h the

correction factor for natural convection in dry fibre beds.
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6.7. Conclusions

A model for heat diffusion for all process stages of resin transfer moulding was found,

such as preheating of the dry fibre beds, mould filling and curing of the impregnated

fibres. Wecan also conclude from those investigations that:

• In resin transfer moulding processes the transverse heat transfer is of major

importance. Although in plane thermal diffusion is higher, a scale analysis shows that

the transverse temperature gradients are far higher than the in-plane ones.

• The thermal conductivity of the investigated epoxy resin is lower for the uncured

state compared to the solid state after curing.

• In dry fibrous material heat transfer caused by free convection of the gas phase can

not be neglected. Thermal diffusion decreases if vacuum is applied to the cavity to

prevent air enclosures in mould filling.

• For wetted fibre beds a mixture rule was found, which is suitable to calculate

transverse thermal conduction of the impregnated non-crimped fibre beds.

• Since the viscosity of the polymer resins are highly dependent on temperature the

thermal dispersion may also vary over the thickness of the cavity.

• Thermal diffusion was found to be a function of the thermal material properties of the

constituent materials, fibre volume fraction, degree of filling and the Peclet number.

• In the averaged model for heat diffusion the typical length in the Peclet number for

wetted fibre bed is found to be the thickness of the cavity.

The model is a further step forward to non-isothermal numerical process optimisation.

Because it is easy to validate for any material combinations it is suitable for industrial

applications.
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7. Non-isothermal Liquid Composite Moulding Process Simulation of an

Automotive Demonstrator CFRPPart

7.1. Introduction

Liquid composite molding (LCM) is widely used for industrial production of fibre

reinforced plastic parts in automotive and aircraft industry. Compared to conventional

steel or aluminium the main advantages among other benefits of composites are weight

savings and in cases of optimal design even cost reductions.

The manufacturing process can be divided into two major steps:

1. Preforming of fibrous material

2. Injection and curing of resin

Both process steps can be automated thus allowing high series of production. While

both steps can reduce production time, the scope of this work is the optimisation of the

injection and curing of resin.

In contrast to other typical automotive manufacturing processes like deep drawing or die

casting, the cycle time for the production of composite parts is relatively high. Two main

reasons can be identified: a) a currently low degree of automation of the manufacturing

processes, i.e. a high proportion of manual labour and b) the curing of the epoxy resins

in the LCM takes up to 60% of cycle time, thus is very time consuming (Figure 1.3). For

this reason, composite parts produced by a LCM process are not yet used in large

automotive series.

Alcan Airex is a leading manufacturer of composite structures for automotive and mass

transportation applications. As a manufacturing process the RTM (Resin Transfer

Molding) and the VARI (Vacuum Assisted Resin Infusion) techniques are mainly applied.

In order to promote the use of composite parts in automotive series production, lower

manufacturing costs and higher production capacities are needed. Hence, a main focus

in the near future is a considerable reduction of the production cycle time.

By shortening the curing time, a substantial reduction of cycle time can be achieved

through application of resin systems with a shorter curing time, thus resulting in higher

productivity and lower costs. That implies, that a reactive resin system demands a

shorter injection time for the entire impregnation of a part than a regular resin system. In

view of Darcy's law (7.1), a reduction of the form filling time can be achieved by

increasing the pressure gradient or by a material with high permeability. Apart from that,

the injection time can be significantly reduced by an optimised injection strategy.
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Numerical methods have led to significant quantitative and qualitative improvements in

the molding process [7.1]. Today kinetic and viscosity models are not widely used in

manufacturing process simulations due to the complexity and difficulty in validating the

models. Even though resin is mixed with a hardener at the inlet which implies that the

resin begins to cure during form filling. For rapid resin systems with a short curing time,

the degree of cure on viscosity can not be neglected and must therefore be considered

in the numerical model to achieve reliable results [7.2].

The research work presented here focuses directly on the modelling of injection

including the curing process. At Alcan the LCM simulation software PamRTMis used for

this purpose. The simulation based optimisation focuses on two main targets:

1. Lay out of the tool cavity: Detection of critical areas (air entrapments, high pressure

gradients)

2. Reduction of the production cycle time: Injection strategy for rapid resin systems.

Within the simulations presented in this paper non-isothermal conditions are assumed.

Thus, the influence of the curing process will be considered. A large amount of input

data is needed for the modelling of the flow and curing behaviour. In particular, the

permeability field in the part determines the formation of the resin front.

7.2. Experiments

For the validation of the numerical model the section of a side frame of an automotive

demonstrator part is investigated. The part consists of a sandwich core and carbon fibre

reinforced plastic (CFRP) skins and is an extremely good example for the beneficial

application of the LCM process. Figure 7.1 shows the demonstrator part with the inlets

and the vents on the side of the sill member. The overall dimensions of the part are

approximately 500x500x250mm and the thickness of the composite shells is 1.5mm with

a fibre volume fraction of -50%. Two inserts of aluminium are used to attach further

structural parts by welding, screwing or riveting.

The injection concept allows sequential injection, therefore innovative injection

strategies can be applied. Figure 7.1 shows the five inlets that are available to inject the

resin. Each inlet can be opened or closed independently by a computer with a control

unit.
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Figure 7.1: Carbon fibre reinforced automotive demonstrator part. The tooling allows

sequential injection by 5 inlets (number 1 to 5).

7.2.1. Injection by a Single Inlet

In the first experiment resin is injected solely into inlet number 1. Resin is injected at a

constant flow rate of -3.57 -10"6 m3/s. At each inlet thermocouples are placed to

measure temperature during injection and curing of resin. At vents located at both ends

of the sill member, the mould is evacuated with a residual pressure of 2.5 -104 Pa. At

the beginning of the injection the resin temperature is ~40°C. The mould is kept at a

constant temperature of ~96°C.

Since a rapid resin system was applied, resin stopped before all fibres were

impregnated. A dry spot was found on the bottom of the sill member.

The temperature-time-curve for each temperature sensor depicted in Figure 7.2 shows

typical characteristics: During the preheating and the first part of form filling phase, as

long as the resin flow front has not reached the sensor, the temperature is governed by

the mould temperature. As soon as the flow front reaches a sensor (after ~20s sensors
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2, 3 and 4 are reached simultaneously), the temperature immediately declines towards

the resin temperature. After the filling phase when resin flow stopped, the temperature is

dominated by the exothermal curing reaction of the resin.

The time-dependent resin properties like curing rate and degree of cure are strongly

dependent on the local development of the resin flow field. The sooner the flow front

reaches a given point inside the preform, i.e. the longer newly injected resin is supplied,

the later the curing reaction starts at that point. Thus, the temperature-time-curves of

sensors located near the inlet show a plateau between impregnation and exothermal

reaction. Because the flow front reaches sensor 5 relatively late, the temperature rise

caused by the tool is superimposed by the temperature peak caused by the curing

reaction.
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Figure 7.2: Temperatures-time history of experiment 1.

For better impregnation of the fibres, sequential injection is applied.

7.2.2. Sequential Injection

In the second experiment sequential injection is used: Resin is injected into inlet 1, and

as soon as the flow front reaches the inlets 3 and 4, the inlets open and resin will be
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injected additionally. According to the results of the first experiment the inlets will be

opened after 30s, which results in a pressure drop at the mixing head.

Resin is again injected at a constant total flow rate of 3.57 m3/s at each gate and a

temperature of ~40°C. The tool and the dry fibres in the cavity are heated to a

temperature of ~96°C.

Figure 7.3 shows the temperature-time-curve for sensor 2 and 5:

Sensor 2: During the preheating and the first part of form filling phase, as long as the

resin flow front has not reached the sensor, the temperature is governed by the mould

temperature. As soon as the flow front reaches the sensor (~30s), the temperature

immediately drops and decreases towards the resin temperature. Finally, when resin

flow stopped (50s), the temperature is dominated by the exothermal curing reaction of

the resin. After the temperature peak has been reached, the temperature is again

tending towards the mould temperature, since in this phase the temperature evolution is

mainly determined by the thermal properties of the saturated fibres.

Sensor 5: This sensor is located at the bottom of the demonstrator part and is reached

just before the filling phase stops (80s). At this time the exothermal chemical reaction

already started. Thus temperature increases, when resin reaches the sensor. Therefore

there are just two phases: The preheating and the curing phase of exothermal reaction.

After exothermal reaction in the region of the temperature plateau, the temperature

tends towards the mould temperature.
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7.3. Numerical Models

The value of the results of numerical process simulation is highly dependent on the

material models that are used. In the case of application of rapid curing resin systems,

the exothermal chemical reaction and heat interaction between mould and part becomes

important. Therefore new models to describe these phenomena were developed and are

presented in this section.

7.3.1. Resin Flow

For fibre impregnation Darcy's law [7.3], which describes the flow of a liquid through a

porous medium is used:

rj(T,a)
K-V/7 (7.1)
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The flow velocity vector v of the injected resin is depending on the viscosity r/ of the

resin, which is highly dependent on the degree of cure a and the temperature T of the

system. The second order tensor K depicts the permeability and pthe pressure field.

The permeability is heavily dependent on the porosity. Kozeny and Carman [7.4] found a

relation between the fibre volume fraction vF and the permeability:

4c vl
k = -X^y (7-2)

"

F

where R is the fibre radius and c is the Kozeny-constant.

For the different zones of porosity the permeability can be determined by the relation of

Kozeny-Carman in such a way that the effort for permeability measurements can be

reduced.

7.3.2. Kinetics

A new kinetic model [7.5] is proposed for the numerical simulation of the curing reaction

of rapid resin systems:

^{T\a)= A.^J^yR{am&x{T)-a)m -a" (7.3)

whereas

T is the temperature relative to the solidification point Ts

T=T-TS (7.4)

R is the ramp function

x ,x>0
R(x) = \ (7.5)

0 ,x<0
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amax(T') is the maximum degree of cure, which is 0 at the solidification point and

converges to 1 with increasing process temperature, considering that the heat of

reaction is not entirely released during isothermal cure due to the decreased mobility of

the polymer chains during cross linking. The maximum degree of cure is expressed as:

amax(T) = \-exp(-ß-T) (7.6)

The parameters A, Tkm, m, n and ß have to be determined by a validation of the

model by Differential scanning calorimetry (DSC) data.

7.3.3. Viscosity

For a successful simulation of the filling process in liquid composite molding, a viscosity

model which is dependent on degree of cure and temperature must be implemented. In

the LCM process, the viscosity model has to cover just a small range of viscosity, since

resin flow stops at approximately 1Pas. Under the assumption that the resin behaves

like newtonian fluid and is therefore independent of the shear rate, the complex

viscosity can be determined by the combination of the data from the isothermal DSC

analysis and rheological measurements, without considering of shear rate effects.

Proposed new viscosity model [7.5]:

(T \

71{T\a)=7lxy^Xp + B-a\ (7.7)

whereas T is the temperature difference to the solidification point Ts (7.4). With the

proposed modification the dependency of the model on temperature and degree of cure

is much higher and fits therefore better to the data points of the experiments.

The parameters r/œ, Trheo and B have to be determined by a validation of the model by

rheology and DSCdata.

7.3.4. Heat Transfer

A model for heat transfer mechanisms in resin transfer molding will be developed and

published in a separate article (see section 6). Several experiments to determine out of
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plane heat conductivity of composite materials during resin transfer molding were

conducted at Alcan. The model is not finally developed yet, therefore constant values for

in plane and transverse thermal diffusivity a: are used for heat transfer q (7.8).

q = --AT (7.8)

whereas t is the wall thickness of the composite shell and AT is the temperature

difference of the composite part to the mould.

7.4. Numerical Simulation

Simulations of preheating, filling and curing process have been carried out using the

finite element code PamRTMof ESI. Based on the experimental investigations a

numerical simulation (FE-models) of the examined automotive part is shown in Figure

Figure 7.4: Mesh of the FE-model of the demonstrator part (left side) and different zones

of permeability (right side). Shaded areas indicate an adaptation of the permeability. The

inlets (dots) and vents (circles) are marked on the left side.

Resin is injected by a constant flow rate, while simultaneously vacuum is applied at the

vents. The upper and lower tool are heated by an oil emulsion, in order to keep the tools

at a constant temperature during the entire LCMcycle.
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The applied non crimped carbon fibre textiles show an isotropic flow behaviour in the

undetected shape. The in plane permeability was measured experimentally for the

applied material. In practice the porosity can not be entirely be determined in advance.

Local changes of porosity are caused by the stacking sequence of the fibre mats, the

overlaps of the various cut outs or by deformation of the material in the preforming

process. In particular the race tracking of the resin in the corners or in gaps has a major

influence on the form filling process. Therefore, it is essential to consider these

phenomena in the simulation. For this reason, the areas affected by the preforming

process were identified.

Because a rapid curing epoxy resin system is applied the effects of the exothermal

curing process are considered. Within the applied LCM software the new kinetic and

viscosity models and heat interaction between tool and part are considered.

Form filling simulations of both experiments (injection by a single inlet / sequential

injection) were conducted under isothermal and non-isothermal conditions. In all cases

flow rate, temperatures and controlling of vents were kept as described in the

experimental section. In the case of the non-isothermal simulation models for

exothermal curing, viscosity and heat transfer between tool and part are considered.

7.4.1. Injection by a Single Inlet

Figure 7.5 shows a comparison of the filling times of the isothermal and non-isothermal

simulation in case of injection by a single inlet. Since a curing affects viscosity and

therefore resin flow, slight differences can be observed. Whereas 100% filling was

achieved in the isothermal simulation, the increasing viscosity caused a flow stop in the

thermal case. The filling times are equivalent to the injection time of the experiment.
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Figure 7.5: Comparison of the results of the filling times of the isothermal simulation (left

side) to the thermal simulation (right side).

Figure 7.6 shows the temperature field and the degree of cure during injection at 50 and

75% of the total filling. For thin walled structures, the temperature of the part is mainly

determined by temperature of the heavy steel tool. Resin is heated up within seconds

after injection, since high heat transfer coefficients are assumed for heat exchange.

Once resin temperature reaches temperatures close to the mould temperature, chemical

reaction is activated. As soon as curing starts the temperature exceeds the initial tooling

temperature due to the exothermal chemical reaction.

It can be observed, that curing begins at the flow front and thus causes an undesirable

increase of viscosity and flow resistance.
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Figure 7.6: Temperature field (left side) and degree of cure (right side) after 50 and 75%

of total filling.

To avoid flow stop by curing, sequential injection is applied. New low viscous resin is

injected directly at the flow front, as soon as the resin reaches an inlet.
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7.4.2. Sequential Injection

Figure 7.7 shows the filling times and therefore the flow front during injection. In case of

sequential injection the comparison of the flow front to the isothermal results shows

slight differences, since the curing process influences viscosity and has therefore an

impact on flow propagation.

Figure 7.7: Sequential injection: Comparison of the results of the filling times of the

isothermal simulation (left side) to the thermal simulation (right side).

A comparison of temperature sensor signals shows a qualitative agreement to the

experimental results (Figure 7.8). All phases as described in Figure 7.2 can be

reproduced by the thermal simulation. When sensor 2 is reached by the colder resin, the

temperature decreases. As soon as the inlets 3 and 4 are opened resin flow stops at

sensor 2 (at -20 seconds) and the exothermal curing reaction starts. For sensor 5 the

curing starts when resin reaches the sensor, since resin is already at mould

temperature.

Differences between the temperature time history of experiment and simulation can be

caused by various reasons:

• In contradiction to the experiment a perfect uniform temperature field is assumed in

the simulation, therefore differences can be found on the temperature level.
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The sizing of the fibres may have an impact on chemical reaction of the epoxy resin,

which was not considered in the validation in the kinetic model.

Heat interaction between mould and cavity are amongst other factors dependent on

flow velocity of the resin. In the numerical simulation a constant heat transfer

coefficient is assumed.

o
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Figure 7.8: Temperature-time history of the thermocouples of the experiment and

thermal simulation.

The temperature field / degree of cure in Figure 7.9 shows three interesting aspects

caused by sequential injection:

1. For each inlet the temperature of the resin adapts quickly to the tool temperature.

2. After inlet 3 and 4 are opened the resin flow in the upper section of the composite

part stops and curing starts. Since the chemical reaction is exothermal, temperature

rises and accelerates the curing of the resin. As soon as the temperature of the part

is higher than the mould temperature, heat flows back into the mould.

3. Since new resin is injected at the inlets 3 and 4 the degree of cure at the flow front is

much lower than in case of a single inlet (see Figure 7.6).
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Figure 7.9: Temperature field (left side) and degree of cure (right side) after 25 / 50 and

75% of total filling.

Since curing continues after form filling, the temperature field and the local degree of

cure are important initial values for further curing simulations. Figure 7.10 shows the

degree of cure after 250 and 370 seconds of curing. At approx. 300 seconds the resin is

hard enough for the mould to be opened.
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Figure 7.10: Further propagation of the temperature (left side) and degree of cure (right

side) after 250 and 370 seconds after start of the injection.

Thermal simulation has successfully been implemented into the process optimisation of

liquid composite molding. The simulation allows the evaluation and optimisation of

aggressive injection strategies which leads to reduced cycle time.

For Alcan Airex numerical process optimisation reduces manufacturing costs and risk

and allows a lower time to market for new composite products.
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7.5. Conclusions

The LCM process has completely been numerically simulated including preheating,

mould filling and curing. The simulation requires the input, and therefore determination,

of a large number of different material parameters, like the permeability of the non-

crimped carbon fibre textile, heat capacity or heat transfer coefficients. Additionally,

many material parameters of resin like curing kinetics and viscosity data are important

for a thermal simulation. The key of successful results are the new kinetic and viscosity

models, which were developed for rapid curing epoxy resin systems.

A comparison between experimental results and numerical simulations reveals the

potential of finite element based simulation. All numerical results show qualitative and

partially quantitative agreement with the results measured in experiments. In particular

the progress of the curing is of interest, since it determines the time when the tool can

be opened and therefore has an impact on the process cycle time.

Accordingly, Alcan Airex Composites, as a leading manufacturer of composite parts for

automotive and mass transportation applications, considers the results of numerical

simulations of major importance due to product quality and reduction of manufacturing

cycle time.

Future work should focus on further development of a link between the simulation of the

preforming process and form filling simulation. In particular, local permeability should be

determined by the preforming simulation. Another difficulty arises from the correct

coverage of race tracking effects, which are caused by the gap at the edges of the tool

cavity. Although models have been presented to determine these edge effects, the

extent of race tracking varies from case to case and therefore difficult to predict

accurately.
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8. Conclusions

To shorten the cycle time of the production process, highly reactive resin systems are

used that significantly reduce the curing time, which accounts for the greater part of the

overall cycle time. In rapid curing resin systems the individual process stages of

impregnating the preforms and curing the polymer can no longer be separated, because

the resin starts to cure during the injection process. The viscosity of the resin increases

rapidly as curing advances, making it essential to inject quickly enough to fill the mould

before the increasing viscosity stops the flow. There are various ways of speeding up

injection, for example by using manifolds and by sequential injection from several

injection points.

In these accelerated processes thermal effects become more important because the

majority of the material variables and thus the progression of the process are affected by

the temperature. Thus temperature has to be taken into account in the material models

for the resin systems; and furthermore the exchange of heat between the mould and the

cavity, the heat transport effects in the cavity, and the heat build-up generated by

exothermic cross-linking all play a decisive role. The currently available models for

simulating the chemical reactions and viscosity are complex and are not easily validated

for the resin systems of interest; therefore they are not yet used for industrial process

optimisation.

As a first step, numerical simulations for optimising the injection strategy in making an

automotive part by the RTMprocess were carried out under isothermal simulations. The

local distribution of the permeability, including race tracking effects, was based on

experimental work. The simulation results need to be validated by measurements made

after stopping form filling at various stages, in order to confirm the results of the

numerical simulation.

The assumption of constant viscosity is no longer valid for highly reactive resin systems.

The LCM simulation software that was used allows for a viscosity that depends on the

curing factor and the temperature. However, it is difficult to determine the local

distribution of the curing factor during form filling.

The manufacture of a continuous glass fibre reinforced composite bar with a foam core

was used as an example to evaluate the evolution of the flow front during mould filling,

as well as that of the temperature distribution during curing. All stages of the LCM

process were numerically simulated, including preheating, mould filling and curing. The
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simulation required the input, and hence the prior determination, of a large number of

different material parameters, such as the permeability of the glass fibre mats and the

curing kinetics of the thermoset resin. Furthermore, many of the material characteristics

such as specific heat and heat transfer coefficient change in the course of the process,

since they depend on the degree of cure. Most of these effects have been taken into

account in the simulation.

Comparing the experimental results with the corresponding predictions of the numerical

simulation reveals the potential and limitations of finite element based simulation. All the

numerical results show qualitative agreement with those measured during the

experiments.

Effective numerical process simulation for fibre reinforced plastic parts with rapid epoxy

resins must include models of reaction kinetics and the temperature-dependent

viscosity. A new kinetic and viscosity model is proposed, which satisfies the physical and

chemical boundary conditions of an epoxy resin. The parameters of the model were

determined by fitting them to data obtained by differential scanning calorimetry (DSC)

and rheological testing. The logical sequence consisted in acquiring the measured data

by DSC and the rheological experiments, processing these data, developing the kinetic

and viscosity model and then validating the model.

Knowing the kinetic and viscosity parameters, the model could then be applied to

simulate the isothermal DSC, dynamic DSCand rheological behaviour of the resin. The

results of these simulations showed good agreement with the corresponding

experimental data. In particular, for isothermal experiments at high temperature, where

the resin cures completely, good results were achieved with a simplified model.

Because this model of the chemo-rheological behaviour of the resin is simple, it is

particularly well suited for application in the industrial environment.

When a fluid flows through a stationary fibre bed, hydrodynamic dispersion plays an

important role in heat transfer, and it is found to be a function of the Peclet number. To

understand the hydrodynamic dispersion phenomena, a test rig was developed to

measure heat transfer under steady state conditions. The effective transverse diffusivity

was investigated, taking account of the influence of cavity thickness, porosity and resin

flow velocity on effective thermal diffusivity. A model for heat transfer was developed,

based on these experimental data. Because the resin flows through a porous medium, it

is to be expected that both conduction and convection mechanisms will affect the

thermal diffusion. The model for transverse diffusion for non-crimped fabrics was found

to depend on the thermal properties of the constituent materials, the fibre volume
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fraction, the degree of filling, and the Peclet number. The model is suitable for all

process stages, including preheating, form filling and curing. There was good agreement

between the model and the experimental results.

The final result is a complete numerical simulation of the LCM process, including

preheating, mould filling and curing. The key to this successful result is the new kinetic

and viscosity model that was developed for rapid curing epoxy resin systems.

All the predictions of the numerical simulation show good qualitative and partially

quantitative agreement with the results measured in experiments. The prediction of the

progress of curing is of particular interest, since it determines the time when the tool can

be opened, which in turn directly affects the process cycle time.

A new kinetic, viscosity and thermal diffusivity model has been successfully developed

and incorporated into a commercial finite element program. The computer aided

engineering design process for tooling and part can now be carried out on-screen before

any decisions are made, the effects of design modifications can be quickly checked, and

optimisation carried out. This key design aid supports the acceptance and growth of

LCM composites in the marketplace.

Material property data are of the utmost importance. The methods used to collect data

must be well described and standardised, as well as being related to the process being

modelled. The results obtained from the numerical simulations were rigorously

compared to those derived from the corresponding experimental measurements in order

to establish confidence in the method.

As a result of all this, Alcan Airex Composites, as a leading manufacturer of composite

parts for automotive and mass transportation applications, considers numerical

simulation to be a vital tool for assuring product quality and for reducing costs by cutting

the manufacturing cycle time.
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