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Summary

Compression moulding is the ideal candidate for large series production of thermoplastic
composite parts. Improvements in this production technique will make it more appealing for
those markets that are reluctant to use composites because of their development costs. Unlike
other composites processing systems, the compression moulding press is capable of producing
fibre-reinforced plastic parts in significant volumes, with the accuracy, repeatability and speed
to which, for example, the automotive industry has been accustomed in the stamping of metal
parts.

This thesis aims at a better understanding of the behaviour of the rubber mould during
compression moulding of thermoplastics and consequently at the reduction of the development
costs and improving the design of the rubber mould.

The classical problems that need to be addressed when designing a rubber mould are the correct
dimensions to accommodate the laminate and the positions of the details. The standard process,
though, does not take into account the temperature changes in the mould during production and
in particular the effect of the coefficient of thermal expansion of the rubber. In this thesis, an
envisioned method to reduce this problem is to add a certain amount of aramide in the rubber
mould, in order to restrict the expansion due to increased temperature. The second issue that
has to be considered is the friction between the melted thermoplastic and the rubber mould.
The use of lubricant is extremely effective, but can be used only in a prototyping phase, as the
lubricant affects the mechanical properties of the thermoplastic composite. Proper modelling
of the rubber forming process, considering the correct rubber parameters, allows identification
of the problems that might occur during manufacturing. The way to eliminate those problems
numerically, though, is computationally challenging as well as uncertain and time consuming.

With those results in mind, an improved method was developed which substitutes the flexible
rubber mould with a collection of rubber particles. The collection of rubber particles acts in a
way similar to that of a fluid and has the advantage of filling the mould completely so that there
is always contact between the rigid and the flexible mould. The new method allows the
manufacturing of a wider range of products and allows the reduction of development costs
related to the definition of the proper rubber mould shape.
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To be able to describe the collection of rubber particles as a homogeneus material, a series of
tests has been designed for the determination of some of their physical parameters. The
obtained material has a very variable stiffness, from a very low modulus when the particles are
not compressed, to two orders of magnitude higher values when compaction is almost
complete. Bulk and shear modulus are related to the Poisson’s ratio that does not vary much
during the entire process, having a value always slightly below 0.5. This value is consistent
with the fluid-like behavior in the beginning of the process and with the, almost incompressible,
solid rubber block at the end of the process.

Finally, the parameters found have been used to model the compression moulding process with
a collection of rubber particles. Modeling is not strictly necessary because most of the existing
problems in the conventional production method have been eliminated. However it might
become useful when the limitations of the new production technique will be explored and in
particular for those geometries that are not possible with the conventional method.
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Samenvatting

Compressievormen is de ideale kandidaat voor serieproductie van thermoplastische composiet
onderdelen. Verbetering van deze productietechniek maakt het aantrekkelijker voor die
markten die terughoudend zijn om composieten te gebruiken vanwege hun
ontwikkelingskosten. In tegenstelling tot andere composiet productieprocessen, is de
compressievormpers geschikt voor het fabriceren van significante volumes van vezelversterkte
kunststofonderdelen, met de nauwkeurigheid, herhaalbaarheid en snelheid die, bijvoorbeeld,
de auto-industrie met het stampen van metaalonderdelen gewend is.

Het doel van deze thesis is een verbeterd inzicht van het rubbermalgedrag tijdens het
compressievormen van thermoplasten en bijgevolg het verminderen van ontwikkelingskosten
en het verbeteren van het rubbermalontwerp.

Het klassieke probleem dat aan de orde gesteld moet worden tijdens het ontwerpen van een
rubbermal is de juiste maatvoering zodanig dat het laminaat en de locaties van de details er
goed in passen. Het standaard proces houdt echter geen rekening met de
temperatuurverandering in de mal en het effect van de thermische uitzettingscoéfficiént van de
rubber. De beoogde methode in deze thesis is dit probleem te verkleinen door aramide als
versterking voor de rubbermal te gebruiken om de uitzetting door de verhoogde temperatuur te
beperken. De tweede kwestie die beschouwd moet worden is de wrijving tussen de gesmolten
thermoplast en de rubbermal. Het gebruik van een smeermiddel is zeer effectief, maar kan
alleen gebruikt worden tijdens prototyping omdat het smeermiddel de mechanische
eigenschappen van het thermoplastische composiet beinvloedt. Passende modellering van het
rubbervormproces met de juiste rubberparameters zorgt voor identificatie van het probleem dat
kan ontstaan tijdens de productie. Het elimineren van deze problemen met numerieke
oplossingen is echter rekenkundig uitdagend, onzeker en tijdrovend.

Met deze resultaten in het achterhoofd is een verbeterde methode ontwikkeld die de flexibele
rubbermal vervangt door een verzameling van rubberdeeltjes. De verzameling van
rubberdeeltjes gedraagt zich vergelijkbaar met een vioeistof en heeft het voordeel dat de mal
volledig gevuld kan worden zodat er altijd contact is tussen de stijve en flexibele mal. De
nieuwe methode betekent dat een grotere variéteit aan producten gefabriceerd kan worden en
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zorgt voor een vermindering van de ontwikkelingskosten die gerelateerd zijn aan de definitie
van de juiste rubbermalvorm.

Om de verzameling van rubberdeeltjes als een homogeen materiaal te kunnen beschrijven is
een serie van testen ontwikkeld om een aantal van hun fysische parameters vast te stellen. Het
verkregen materiaal heeft een grote variabele stijfheid, van een zeer lage modulus wanneer de
deeltjes niet gecomprimeerd zijn, tot twee ordes van grootte hogere modulus wanneer de
persing bijna afgerond is. De compressie- en glijdingsmodulus die gerelateerd zijn aan de
dwarscontractie varieren weinig tijdens het gehele proces, met een Poisson’s modulus die altijd
iets onder 0,5 is. De modulus is consistent met het vloeibare gedrag in het begin van het proces
en met de nauwelijks samendrukbare massieve rubberblokken op het einde van het proces.

De gevonden parameters zijn tenslotte gebruikt om het compressievormproces te modelleren
met een verzameling van rubberdeeltjes. Modelleren is niet strikt noodzakelijk dankzij het feit
dat de meeste bestaande problemen van de conventionele productiemethode geélimineerd zijn.
Het kan echter bruikbaar zijn wanneer de grenzen van de nieuwe productietechniek onderzocht
worden, vooral voor die geometrieén die met de conventionele methode niet maakbaar zijn.
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Introduction 1

Chapter 1
Introduction

The use of continuous fibre reinforced polymers in large civil aircraft has been slowly
developing in the last decades. Up to ten years ago, their use was limited to the control surfaces
and the empennage [1], whereas for large structural parts metal was preferred. When Airbus
decided to start the production of the A380, things have started to change. Of the 25% of the
composite material used for the entire aircraft, also highly loaded structural parts have been
built of composite material. For the first time an aircraft has a composite centre wing-box and
the composite rear fuselage section behind the rear pressure bulkhead made of carbon fibre
reinforced plastics [2].

Only with the advent of the Boeing 787 (Figure 1.1), composites have taken a predominant role
in aircraft industry.

Fiberglass B Carbon laminate composite . Total materials used
M Aluminum I Carbon sandwich composite © By weight
Aluminum/steelititanium : Other
Steel 3% Composites

50%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 1.1 Materials used in the 787 body [3].
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This last generation of aircraft in fact is the first passenger carrier to have a total of 50 %
structural parts made of composite material. This number includes the whole fuselage, whose
barrel sections are made in one piece joined end to end to form the fuselage, thereby eliminating
the need for the fifty thousand fasteners required to build a conventional aluminium fuselage,
making it an authentic masterpiece of composite technology.

As an answer to the Boeing’s Dreamliner, Airbus came up with the decision of increasing the
amount of composites in their new aircraft, the A350 (Figure 1.2).

Mose section (carbonfibre or aluminium} Fin {carbonfibre)

16m

= 13m " 18m »
\ | [ |

Rear fuselage
Fuselage section (carbonfibre skin panels, {carbonfibre, one
doublers, joints and stringers, with aluminium frames) piece section)

Four shell skin A350 XWE material breakdown

panel concept
7%

o AluminiumdAluminium lithium

3 : 19 & Composite
& Miscellaneous

Aluminium frames
Carbonfibre skin panel Wote: A3S0-300 shown T D T BT T

Figure 1.2 A350 XWB Structural Design [4].

The technology of the A350 is different from the one used for the Dreamliner. In the fuselage
sections, in fact both composites and aluminium are used, eliminating the advantage of the
integrated structural concept with the elimination of joints. This is, in principle, a step back
compared to the Boeing 787 and suggests that composite materials have proven to bring many
advantages in aircraft design, but still need more care in design and certification than metals,
making companies reluctant to undertake many changes at once. This is also justified by the
fact that the entry into service of the Dreamliner, still planned for 2010 in 2008 [5], took place
in October 2011 and still suffered from several early in-service problems which culminated in
grounding the aircraft in January 2013 for several months.

In the last ten years, however, a great effort has been made to make industrial, reproducible
production techniques for composite structures available [7]. First to be mentioned is
Automated Fibre Placement [8], which was first used in the A380 for the unpressurised rear
fuselage, and it is the current production technique for the fuselage sections of the B787 and
thus more and more widely used.

One production technique that is still in a more or less experimental stage is thermoforming of
thermoplastic composites. The potential advantages come from the high efficiency of the
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forming process in converting a sheet to a three dimensional part, plus the fact that a long
curing cycle is not required for thermoplastics.

In particular, rubber forming allows the series production of composite parts with high
mechanical properties. Its limited implementation in aircraft industry is caused by the lack of
knowledge and the lack of proper design and process tools and manufacturing techniques for
thermoplastic composites. In particular, the large amount of time spent in the definition of the
suitable rubber mould, normally made based on the craftsmanship of the manufacturing
engineer and material supplier, leads to the decision of producing very simple parts, mainly flat
plates or single curved panels to avoid long development periods.

One of the known exceptions in aircraft industry is the fixed wing leading edge of the Airbus
A380, Figure 1.3, the so-called J-nose, for which all ribs and stiffeners, more than two hundred
different pieces, are rubber pressure formed.

Figure 1.3 J-nose of the Airbus A380 [9].

For the J-nose, produced in the Netherlands by Stork Fokker, preconsolidated Cetex is used.
Pre-cut blanks are loaded into the press to produce three to four ribs in a single press cycle,
which lasts about one minute only. The stiffeners are used using the same process parameters
as the ribs, though more stiffeners are produced from each mould due to their smaller size. On
the contrary, each rib needs its own mould.

A growing sector for thermoplastic material is the automotive industry. As automotive
engineers continue to search for ways to make lighter, less-costly components, the compression
moulding of composites has taken centre stage in composites-for-metal substitution. Unlike
other composites processing systems, the compression moulding press is capable of
reproducing fibre-reinforced plastic parts in significant volumes, with the accuracy,
repeatability and speed to which the automotive industry has been accustomed in the stamping
of metal parts. Examples of structural car parts that have been recently designed to be pressure
formed are the front and rear bumper of the BMW M3 each produced from 2003 in 20,000
units per year [10]. Lotus launched the project Ecolite, aiming at the development of
thermoplastic composite crash systems that are economical for higher volume production. The
demonstrator consisted in the replacement of the thermoset (RTM) bumpers present in both
Lotus Elise and AML Vanquish with a thermoplastic one increasing their performances.
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Compared to the BMW M3 bumper, the Lotus one would allow for both low and high-speed
crash management. From the study, it emerged that it was possible to obtain a competitive
piece cost allowing realistic business cases at 30,000 units per year.

In the beginning of 2010, large contracts have been signed between cars manufacturers and
carbon fibre suppliers ([11], [13], [14]). In particular, Daimler and Toray signed a Joint
Development Agreement for the development of components made from fibre-reinforced
plastics of which the first results will be seen in series production at Mercedes-Benz within the
next three years [15]. Even if thermoplastics do not necessarily mean rubber pressure forming,
this production technique is the ideal candidate for large series production and improvements
in this production technique will only make it more appealing for the automotive market, not
only high for performance and expensive sports car. Another market that will benefit from the
improvements of pressure forming is the wind turbine one [18] whose need for longer blades
makes it necessary to move forward the currently produced RTM turbines. Other small but not
unimportant markets are protection goods (helmets, safety shoes) and the leisure market [19].

An explicative picture of the different problems that could occur during pressure forming is
shown in Figure 1.4.

Figure 1.4 Product development of a rubber formed part produced at the Structures and Material
Laboratory.

The figure shows two pictures of the same product at different development phases. The first
picture shows all the typical problems that can be encountered while pressing for the first time
a new thermoplastic product: the edges are not well pressed; in the corners, the fabric presents
many wrinkles. There are many voids showing a bad consolidated product with consequently
poor material characteristics. With a series of trials, the product on the right is obtained. Here
most of the problems are solved, though some of the edges are not yet perfectly pressed. It is
evident that, in order for this production technique to be more used in a wider range of
applications, it is necessary to cut the development cost by reducing the amount of trials and
increasing the knowledge on the various elements that play an important role.
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1.1 Thesis objectives

In the beginning of this thesis, two main goals were formulated:

e To understand the behaviour of the rubber mould during pressure forming of
thermoplastics

e To reduce the development costs of the thermoplastic products produced by
thermoforming improving the design of the rubber mould

The two goals are closely related. Currently, the design of the proper rubber mould for a certain
product is made based on the single manufacturer experience. This means both rubber hardness
and brand are chosen because of the single experience and the shape of the more complicated
rubber moulds is defined by trials and errors. This method works only when the number of
pieces to be produced is limited and also when the technique is so new and advanced that cost
and time become a secondary issue.

In the long run, though, in order to make this process competitive for large series productions
and also accessible to any manufacturer, independently from the capabilities of the workshop,
it is necessary to establish production rules and methods that make rubber pressure forming as
automated and reliable as possible.

The manufacturing issues related to rubber forming mainly involve two parameters [22]: the
uniformity of the pressure distribution during the consolidation phase, which is particularly
important to have a perfectly consolidated product, including details and corners, and the
capability of the thermoplastic laminate to be perfectly draped into the desired shape during
the forming phase. The latter problem mainly involves intraply and interply shear of the fibres.
In this thesis, only the first topic has been tackled, leaving the second one to other, dedicated,
researches, as, for example, in [23], [24] and [25].

1.2 Thesis overview

In Chapter 2 a brief introduction on rubber forming of thermoplastics is made, while in
Chapter 3 the manufacturing problems related to the use of a rubber mould as mould half during
pressure forming have been described. Some typical rubber grades and types are also tested at
different temperatures in order to understand their behaviour better. In Chapter 4, the pressure
distribution as influenced by the deformation of a rubber mould is studied in depth and some
possible methods to improve it are shown and analysed. Chapter 5 focuses on the definition of
an appropriate rubber model, which can be used to analyse numerically the production method
and predict the quality of the product during production, as well as possible problems that can
be encountered when choosing a particular mould. Chapter 6 describes the envisioned
improvement in the rubber pressure forming of thermoplastics which consists of substituting
the solid rubber with a collection of rubber particles. The method is explained, the advantages
and disadvantages are explained and some preliminary products are shown as well as some
considerations on the choice of rubber particles shape, dimensions and hardness. In order to be
able to make a proper numerical analysis of the production process with rubber particles, the
rubber particles are characterised as a continuum material. Several test methods are presented
in order to obtain values to be translated in mechanical characteristics to be used in a Finite
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Element Analysis in Chapter 7. In Chapter 8, the characterisation of a material made of rubber
particles is presented and compared to the test results. Conclusions and future research
recommendations are presented in Chapter 9.
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Chapter 2
Overview of the rubber pressure
forming process

2.1 Introduction

The present chapter aims at summarising the current state of the art for the rubber forming
process. The aim is to give an overview of all the parameters involved in the process and
explain how these parameters are influencing the result of a well press formed product.

A typical rubber forming setup consists of set of infrared panels, a rigid mould, a flexible
(rubber) mould, a clamping or sliding frame and a hydraulic press. A schematic of the process

is shown in Figure 2.1.
e f
_ I& —

Figure 2.1 Schematic representation of the rubber forming process.
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The pre-consolidated thermoplastic laminate (a) is placed close to infrared panels (b) where,
when the thermoplastic laminate is at the necessary processing temperature, it is quickly
transferred to the forming press (c). This can be done by a clamping frame, which transfers the
hot laminate to the forming system. When the hot laminate is positioned between the two
moulds (one elastomeric and one metal tool, which can be female or male depending on the

application), the press is closed and the product is formed (e). After cooling down, the product
can be taken out of the mould (f).

The forming time is generally a few (1-5) seconds. When the shape is formed and final
(re)consolidation is assured, the product must be cooled down under pressure to below the glass

transition temperature T4. Depending on the preform used, the part has to be trimmed to yield
the final shape.

2.2 Press

The characteristics of the press to be chosen for series production, mainly depend on the
dimensions of the part that has to be produced.

A small-scale press, capable of producing parts of maximum 700 x 1000 mm is the one shown
in Figure 2.2. In this press, all the product-independent equipment is contained in the press.
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Figure 2.2 Overview of a small pressure forming equipment.
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A similar press is in use at the Faculty of Aerospace Engineering of the Delft University of
Technology. This type of press allows the fabrication of series production of products and is
used, in similar dimensions or slightly larger, in small and medium enterprises (as, for example
[4]) involved in the production of press formed thermoplastic products.

A Dbasic experimental system, as used at the Faculty of Aerospace Engineering of the Delft
University of Technology is shown in Figure 2.3. Here two Infra-Red (IR) plates and a simple
transport mechanism to the pneumatic press substitute the infrared oven, which is able to apply
a maximum moulding pressure of 40 bar. The dimensions of the products that can be pressed
depend on the force that can be applied. The press in question can press parts whose maximal
dimension is 500 cm?.

Figure 2.3 The experimental test set-up at the Structure and Material Laboratory of the TUDelft.

2.3 Process parameters

Rubber forming cycle times are very short and are usually measured in terms of seconds rather
than minutes. A typical temperature profile of the laminate’s surface during a forming cycle is
shown in Figure 2.4. The heating time of the thermoplastic is often the longest part of the
process time. The ramp rate depends on the fibre type, colour, thickness of the laminate, the IR
capacity and the processing temperature of the thermoplastic matrix (typically 300 °C — 400 °C
for PPS and PEI). The figure shows also a temperature drop of 10 °C in the three seconds the
thermoplastic hot laminate is moved from the infrared panels to the forming press. This time
therefore has to be minimised as every second implies a temperature drop and therefore a
decrease in formability of the plate.
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Figure 2.4 Surface temperature profile during the rubber forming process [5].

After forming, the pressure on the product is increased for consolidation. This typically takes
one to three minutes, depending on part thickness, mould heat transfer, etc. If the tool is opened
too soon, the surface temperature of the part increases due to the heat content of the inner part
of the laminate (see Figure 2.4). During consolidation, the temperature of the product’s surface
is constant and equal to the temperature of the metal mould. In order to achieve optimal
crystallinity with PPS, the tool temperature should be 170 °C, whereas PEI can be formed using
a room temperature tool, which, if desired can be anyhow heated up to 170 °C. The rubber tool,
on the other hand, is not heated. It is common practice, though, closing the press before starting
production to allow the rubber to be warmed up by the metal mould. After rubber moulding a
number of parts, the rubber tool maintains the elevated temperature.

2.4 Blank holder

In case of rubber forming of complex products, the maximum shearing angle of the fabric might
be exceeded causing the creation of wrinkles that are not acceptable in case of structural
components. The common practice in rubber forming is the use of a so-called blank holder.
The blank holder holds the hot thermoplastic plate during the forming phase, creating a tension
force that has the function of preventing those wrinkles.

Figure 2.5 shows various types of clamping methods for the thermoplastic laminate. In (a) the
thermoplastic laminate is held via heated clamps, allowing the fibres to follow the contour of
the mould.
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(b)

(c) (d)
Figure 2.5 Schematic representation of various types of blank holder.

In the case of relatively rectangular shapes, it is sufficient to support the laminate with four
steel wires (b). It must be checked in advance that the dimensions of the mould are such that
the mould is contained within the wires frame. Another possibility is to use metal pins that
could be eventually straightened under load (c). The optimal position of the pins can be chosen
using the results obtained by a DRAPE [3] analysis which gives the final shape of a formed
product given a flat plate of certain dimensions. The last solution, shown in (d) is the use of
springs. This system allows a larger material displacement without losing control. The
dimensions of product that can be formed, though, will be smaller.

The blank holder is clamped in the transport system of the press and its function is therefore
the one of a material handling device. During heating of the laminate, the flexural stiffness
reduces significantly due to the melting of the resin, which in turn results in a large deflection
of the laminate due to gravity. Due to the large deflections, the distance between the laminate
and the heating elements will not be constant, causing large temperature gradients in the
laminate. For the products currently being rubber formed, such as ribs for non-primary
structures, and brackets, the gradient is still acceptable. When larger, structural parts, need to
be formed, this temperature gradient has to be taken into account and a more efficient clamping
mechanism should be considered.

2.5 Thermoplastics

Thermoplastic composites are available with various types of glass, carbon and aramid
reinforcements, in both fabric and tape form. The typical matrix systems that are used in aircraft
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structures are high performance, high temperature systems. A distinction can be made among
the following ([4], [5] and [6]):

Polyetheretherketone (PEEK): it has high thermal and mechanical performance. Excellent
environmental resistance, very high fire and smoke resistance, high toughness and fatigue
resistance, low wear. Applications include aircraft primary structures, space components and
wear resistant applications. Due to the crystallinity of the polymer, PEEK can be used at tem-
peratures above glass transition temperature (Tg): 121°C for aerospace and 260°C for non-
aerospace applications.

Polyetherketoneketone (PEKK): it presents high toughness and an excellent chemical
resistance. The material has a very low flammability, smoke and toxicity. Used in aircraft
interiors, aerospace structure and industrial applications. Its service temperature is 121°C.

Polyetherimide (PEI): the material is inherently flame resistant with low smoke emission. It
exceeds 35/35 OSU and is qualified at Airbus and Boeing for both structural and interior
applications. It presents high toughness. The standard grade is not recommended for use in hot
hydraulic fluids. The service temperature gets up to 200°C.

Polyphenylene sulfide (PPS): it has an excellent chemical resistance. it may be used at tem-
peratures above Tg due to the crystallinity of the polymer: 100°C for aerospace and 204°C for
non-aerospace. The material is inherently flame resistant with low smoke emission. It exceeds
35/35 OSU and is qualified at Airbus and Boeing for multiple structural applications

For various industrial applications it is possible to work with low cost fibre reinforced
thermoplastic materials based on PA, ABS, PC, PET, TPU, and PP, with both carbon and glass
fabric reinforcements. For example, for anti-ballistic applications PA, PP and PE offer a
cheaper solutions with respect to aerospace grade matrices, while PA, PC, TPU are successfully
used for automotive components, helmets, bicycle parts and many more not heavily loaded
parts. It is also possible to pressure form parts from self-reinforced polypropylene and
polyethylene such as PURE® and Dyneema®.

2.6 Moulds

In rubber forming, one of the moulds is made of hard, often steel, material and the other one of
an elastomeric one.

The method to produce the elastomeric tool is to coat the steel tool with tooling wax to simulate
the thickness of the product that has to be produced. When a male elastomeric mould is
produced, the liquid rubber solution is poured in the (coated with wax) female mould followed
by curing according to the processing specifications. In the case a female mould is produced,
the male (coated with wax) steel mould is placed in the liquid rubber solution.

As mentioned above, it is very important for the thermoplastic sheet to be kept at the highest
temperature for the longest time possible. The material selection for the hard mould is therefore
influenced by the thermal conductivity. Being aluminium an excellent thermal conductor, it is
preferred to steel. In those cases in which a very stiff mould is preferred, steel is used.
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Apart from the single preferences of the manufacturer, there are two main factors for which a
male or female elastomeric mould is chosen, these are the surface quality of the product and
the thickness of the product.

When the product to be manufactured needs to be joined to another piece, the two surfaces to
be joined have to be produced with a high accuracy for the proper tolerance; therefore, those
two surfaces need to be in contact with the metal mould.

An example of a part produced using metal female moulds are the ribs of the Dornier 328
landing flap, Figure 2.6. The ribs are connected to the surrounding structure, therefore the outer
surface of the ribs needs to be smooth and precise. Due to the shearing of the fabric during
forming of a doubly curved product, the thickness of the flange is not perfectly constant after
forming. In this case, the best way to control the outside surface is the use of a metallic
negative/female tool combined with an elastomeric positive/male tool.

Figure 2.6 Example of part produced using a male elastomeric mould.

Another case in which a female rubber mould is preferred is the case of the production of the
ribs for a full thermoplastic rudder [8], Figure 2.7 which was produced at the Structure and
Material Laboratory and whose problems during manufacturing will be also illustrated in this
thesis. In particular, the rubber mould was severely damaged by the male steel mould after the
production of only a few components.
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Figure 2.7 One of the press formed thermoplastic ribs belonging to a two-seater aircraft and its
production tooling.

Another factor that leads to the decision of using a female elastomeric mould is the thickness
of the product. As soon as the hot laminate touches the tool, this starts to cool down; even when
the tool is heated, it is cold compared to the laminate at its forming temperature. Cooling down
means a reduction of the formability of the laminate, that in order to be managed, requires a
thorough investigation of the forming process.

In the case of the rib, when the hot laminate is transferred in-between the two moulds, it enters
in contact with the skin of the rib which starts cooling. The flange area, though, is not in
physical contact with the tooling and stays hot much longer. There is, therefore, more time to
form the flanges compared to a negative/female metal tool.

2.7 Outlook

The present chapter shows an overview of the parameters that play a role and have to be taken
into account when a thermoplastic product is manufactured via press forming. As most of the
manufacturers rely on their own experience and preference, this list is not exhaustive and can
vary depending on the single experiences and expertise of the company producing press formed
products. It is evident, though, that so far the choice of the rubber and its composition is a
matter of singular experience and habit, more than the ability to predict its behaviour during
forming, also due to the little knowledge of its behaviour in general, which is mostly limited to
tire behaviour, and during the press forming process in particular.
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Chapter 3
Rubber parameters relevant to the
pressure forming of thermoplastics

The typical rubber used during press forming of thermoplastic material is a silicon based rubber
due to its better thermal and mechanical properties, especially with respect to fracture
toughness, compared to polyurethane based ones. The different rubber types can vary in
hardness and maximum working temperature. Generally, every producer of thermoplastic
products uses only one type because he is used to its behaviour and can design every new mould
more easily then when he is not accustomed to the type of rubber. Nevertheless, in case of
single or doubly curved products, many trials are needed before the product with the desired
accuracy of details is obtained.

Three main characteristics are analysed in this chapter. The mechanical properties of rubber in
tension and compression, the friction between rubber and steel and at last the coefficient of
thermal expansion.

The rubber used to manufacture the mould is a two-component material consisting of a base
and a curing agent which are mixed in different ratios as described in the producer data sheet.
Curing occurs by an addition reaction at room temperature. In order not to have voids in the
cured rubber, the entrapped air in the fluid product is removed in a vacuum chamber, where
the mix completely expands and then collapses leaving it free from air bubbles. The mix is then
gently poured into the mould avoiding new air entrapment. The catalysed material will cure at
room temperature in the time defined in the datasheet of the used rubber after which the mould
can be removed and the rubber product is ready for use.
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3.1 Rubber characterisation

The known characteristics of the rubber used are often limited to those values contained in the
datasheets of the rubber producer, which normally defines the hardness, strength and
elongation at break at room temperature. For a better understanding of the parameters that could
influence the pressure forming process and a thorough numerical simulation of the process
itself, however, more data are needed.

To be able to determine some mechanical properties, the most common and available rubbers
have been tested in tension and compression at different temperatures. The purpose of those
tests is twofold: on one side, those tests evidently allow the definition of the mechanical
properties of the rubber in tension and compression, data that are not available in the producer
fact sheets. In order to have a better view on the behaviour of the rubber during production, the
characterization is done, when possible, up to 250 °C, though in general the maximum
temperature of the rubber mould during the rubber pressing process is measured to be around
the 160 °C.

The second reason to perform those tests is to gather data for the modeling of the rubber
behaviour to be implemented in a Finite Element code, enabling simulations of the rubber
forming process.

The main characteristics given by the producer of the five rubber types that have been tested
are reported in Table 3.1. Tests on four types of silicon rubber have been carried out, together
with a urethane rubber, normally used for rubber press forming of metal, for comparison.

Hardness Tensile  Elongation Tear

Rubber Producer Chs;rslécal Strength at break  Strength
Shore A MPa % kN/m

UR 3450 AXxon urethane 75 10 650 40

. . Dow -
Silastic S Corning silicone 20 6.3 600 23

. . Dow -
Silastic J Corning silicone 59 45 250 16
KE-1604  Shin-Etsu silicone 60 n.a. n.a. n.a.
KE-113 Shin-Etsu silicone 70 55 120 3

Table 3.1 Technical data of the tested rubber types reported in the producer datasheet.

The considered rubbers are tested up to failure in a Zwick-Roell tension machine with an oven
to allow for tests at elevated temperatures.

3.1.1 Compression tests

Compression have been carried out according to the ASTM standard D 575 [1]
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The compression tests were carried out on cylindrical specimens as shown in Figure 3.1.

12.6
mm

Figure 3.1 Compression test specimen and the mould to produce the specimens.

The specimens had to be produced following as much as possible the guidelines mentioned in
[1], in which, though, it was stated that they had to be extracted from a large piece of rubber
by means of a suitable rotating hollow cutting tool. This method works well with hard rubbers,
while the softer the rubber, the more evident is the hourglass shape of the specimen. For this
reason, an ad hoc mould is fabricated which allows the production of 24 specimens at once.
This way the environmental condition at which the specimens are made are the same, as well
as the amount of time needed for mixing and degassing of the components and the composition,
intended as percentage of the two components, of the rubber specimens. In this specific case,
only the desired height of the specimen is obtained by sanding after having removed the
specimens from the mould.

According to the ASTM specifications, the force and displacement data used to define the
mechanical characteristics have to be recorded after being tested twice. In order to have a
better view of what is happening with the material properties of the specimens, the rubber
specimens were tested at least three times and often up to seven times, where force and
displacement data were recorded each time. An example of the series of tests and the stress
strain curves is described in Figure 3.2.

In this picture, it is visible that the stress-strain behaviour of the rubber has a different shape
from the first test to the following ones, implying a modification of the rubber composition
when tested the first time. In the following compression, the rubber tends to slightly reduce its
stiffness. This phenomenon is not very significant in the linear area, but an evident reduction
in stiffness is evident in the non-linear area.
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Figure 3.2 Stress-strain curves of a rubber block tested several times.

A major difference between the specimens tested is the failure behaviour of the tested rubbers.
The urethane rubber presents a brittle behaviour, which is visible in Figure 3.3, in contrast with

the silicon rubbers that do not break in compression.

Figure 3.3 Difference in behaviour between silicon, Silastic J, (left) and urethane, UR 3450, (right)
rubbers loaded in compression.
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3.1.2 Tension tests

Tension tests were carried out on dumbbell specimens as shown in Figure 3.4 according to
ASTM standard 412-98a [2].

140 mm

J ] IGmm 25mm

25 mm 7
33 mm

14 mm
Figure 3.4 Dimensions of the dumbbell specimens as used for tension tests.

The specimens were cut from a sheet of rubber produced in a large closed mould and
consolidated in a press at room temperature and at a pressure of 20N, in order to maintain a
constant thickness of the sheet. According to the ASTM standard, the thickness of the
specimens should be 3mm.
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Figure 3.5 Effect of specimen thickness on for Silastic J specimens loaded in tension.

To be able to verify whether the thickness has an influence on the mechanical properties,
Silastic J rubber was tested in tension at three different values of thickness from 1mm up to 3
mm.
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Figure 3.5 shows that the effect of thickness is not influencing the behaviour of the rubber
specimen, as long as the thickness of the specimens is constant. In fact, especially for thin
specimens, a variation of the thickness of 10% has a large influence on the overall graph. The
only noticeable difference in the three graphs is that the elongation at break increases with the
thickness, but as for this work the rubber is mostly loaded in compression, the strength of the
rubber is not an important factor.

The rubber sheets from which the specimens are cut are measured in several places and iso-
thickness lines have been drawn in order to obtain specimens of an almost constant thickness.
Each specimen is then measured in three places and the average thickness is taken for further
calculations. The specimens with a thickness variation of more than 5% are excluded.

3.1.3 Discussion of the results

Typical stress-strain curve of the tested rubbers are shown in Figure 3.6 to Figure 3.10.

Results common to all silicon rubbers are that ductility is reduced while stiffness increases up
to 20% in the linear area with the increase of the temperature. This behaviour agrees with the
behaviour of the rubber during production, in which cracks easily occur in correspondence to
sharp edges as it will be shown in the following chapters.
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Figure 3.6 Typical stress strain curves for Silastic S (20 Sh A) silicon rubber for various
temperatures.
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Figure 3.7 Typical stress strain curves for Silastic J (59 Sh A) silicon rubber at for various
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Figure 3.8 Typical stress strain curves for KE1604 (60 Sh A) silicon rubber for various

temperatures.
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Figure 3.9 Typical stress strain curves for KE113 (70 Sh A) silicon rubber for various
temperatures.
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Figure 3.10 Typical stress strain curves for UR-3450 (75 Sh A) urethane rubber for various
temperatures.
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It should be particularly noted that the hardness of the rubber is responsible for the overall
stress-strain curve behaviour of the rubber, as shown in Figure 3.7 and Figure 3.8, where,
independently from the manufacturer, the mechanical characteristics are the same.

Though the stiffness of the rubber in the linear area is related to its hardness, it is not possible
to predict, through scaling a rubber behaviour of a particular hardness, the stress-strain curve
of another one. In order to have the correct stress-strain curves at various temperatures, it is
necessary to carry out material tests, unless material data of the used rubber are already
available.

Overall, the behaviour of polyurethane rubber in compression is not influenced by temperature,
but the maximum working temperature is limiting its use to press forming of metals where heat
is not part of the process. In tension, though, the stiffness of the rubber is decreasing with the
increase of temperature, in contrast to the silicon rubber, which gets stiffer at higher
temperatures. The elongation at break of polyurethane rubber is moreover much higher than
the one of silicone, especially considering the hardness of the two types. Yet, as illustrated in
Figure 3.3, the Polyurethane rubber is more susceptible to fracture.

3.2 Coefficient of friction

During press forming, contact occurs between the rubber tool and the thermoplastic and
between the melted thermoplastic and the steel mould.

The friction between rubber and a hard surface is a topic of practical importance especially for
the construction of tires and a great deal of literature is found on this topic ([4], [5], [6]). For
this particular topic, the effect of friction between the mould and the melted thermoplastic plate
is considered, combined with the friction between the melted thermoplastic and steel. As the
thermoplastic stays in its melted form only for a very short period and the measurements could
not be carried out in an oven, the melted thermoplastic was substituted by polyurethane rubber.
The same rubber is also used as matrix for a substitute laminate in the experimental set-up
shown in Chapter 4.

The static coefficient of friction (CoF) between either steel or urethane rubber and silicon
rubber has been measured making use of a simple measuring system [3], whose components
are shown in Figure 3.11.
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rubber
specimens
(3x)

steel
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(3x)

rubber specimen holder
Force transducer

containerfor the steel/rubber specimens

Figure 3.11 Overview of the components of the experimental test set-up to measure the static
coefficient of friction.

Three steel (or rubber) specimens are placed in the container, while three elastomeric
specimens are fixed in the triangular holder. The triangular holder is then placed above the
container for the steel specimens in such a way that each steel specimen is in contact with one
rubber specimen. A weight of 1 kg is then placed on top of the triangular holder (Figure 3.12)
which is connected to a force transducer, connected to the amplifier on the other side. A
schematic representation of the test is shown in Figure 3.13 for simplification.

Figure 3.12 Assembled set-up for the measurement of the CoF.

The force sensor that transmits the electrical signal to the amplifier measures the pulling force
F. At that moment, the force is shown and recorded. The static friction is measured when the
triangular holder starts to move.
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1kg 1kg

(a) (b)
Figure 3.13 Schematic representation of the friction measurement test.

The tests were carried out at room temperature and elevated temperature in a range from 50°C
up to 200°C as shown in Table 3.2.

T RT 50°C 75°C 100°C 150°C 200°C
rubber-metal 0.829 0.816 0.790 0.737 0.715 0.634

rubber-rubber 0.914 0.902 0.814 0.801 - -

Table 3.2 CoF between Silastic J rubber and metal and between Silastic J rubber and urethane
rubber at different temperatures.

In both cases, the coefficient of friction is decreasing with the increase of temperature, which
is consistent with the results found in literature. As the trend is the same with both rubber and
metal, the results seem to be consistent.

3.2.1 Effect of lubrication on the CoF

According to the Dow Corning, the coefficient of friction can be lowered by surface treatment
or incorporation of molybdenum disulphide into the rubber. The use of molybdenum disulphide
means that the property becomes a feature of the rubber, while surface treatments are subjected
to wear. If case molybdenum disulphide is used, the rubber needs to be characterised again in
order to verify the change in mechanical characteristics. The surface treatment, on the other
hand, must be investigated as well, to control whether the treatment influences the
characteristics of the thermoplastic during forming. In practice, the use of lubricants is already
in use in a preliminary production phase, when the production parameters are not identified
yet. In order to be able to quantify the effect of different lubricants, the same experiment
described before, is carried out with three different types of lubricants: pure water, vaseline
and a release agent (Shell Morlina® Qil).

No lubrication Water Oil Vaseline
rubber-metal 0.829 0.671 0.079 0.071
rubber-rubber 0.914 0.390 0.089 0.055

Table 3.3 Effect of lubrication on the CoF at room temperature.
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In the case of water, the CoF is reduced of 20% with respect to the non-lubricated one, while
for both Vaseline and release agent the reduction is much more drastic, arriving at more than
90% reduction. The reduction of the CoF seems therefore an important topic for further
investigations once it is demonstrated that it plays an important role during pressure forming.

3.3 Coefficient of thermal expansion

A characteristic of the silicon rubber used is the high coefficient of thermal expansion (CTE).
The coefficient of thermal expansion of silicon rubber is in the order of 10 K, which is an
order of magnitude higher than metals. With this coefficient, a rubber expands about 15% of
its original length while heated up from room temperature to 160 °C, which is a typical working
temperature during rubber forming. This is quite a large value, which means that even when
the product to be manufactured is small, the increase in volume of the mould is significant,
especially when small details are changing the shape of the final product, in particular during
series production.

The CTE has been measured in the case of Silastic J. The value provided by Dow Corning Co.
Ltd of this rubber is 8.7 x 10* K (between 25~125°C). Because the allowed operation
temperature of the rubber mould is higher than 200°C and the temperature inside the mould for
series production reaches 160°C, tests are carried out to be able to measure the coefficient of
thermal expansion of the rubber in this range of temperatures.

Figure 3.14 measurements of the CTE

The tests are simply done by measuring the dimensions of a rubber die, as shown in Figure
3.14, at room teperature and higher temperatures. The measured thermal expansion coefficient
is 1.605 x 10 K™, which not only is twice as large as the value given by the manufacturer, but
also is a very high value, which considerably influences the shape of the rubber during the
process and has to be taken into account when designing the rubber mould.
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3.4 Conclusion

In this chapter, the most important characteristics of some of the rubbers used to manufacture
the moulds for pressure forming have been investigated. It is shown that the three parameters
considered, namely hardness, coefficient of friction and coefficient of thermal expansion, have
to be taken into account when designing a proper mould. In particular, the hardness of the
rubber has to be considered, because it is influencing the stiffness of the mould and its ability
to deform, especially at corners. The coefficient of friction between the rubber mould and the
steel mould is also very high. This, combined with the coefficient of friction of the melted
thermoplastic, is a factor that negatively influences the forming process but cannot be avoided
in an easy way, as lubricants might negatively influence the mechanical performances of the
thermoplastic material and therefore of the product. The coefficient of thermal expansion is
also a parameter of great importance as, especially for large products, the shape of the mould
changes at high temperatures and that might influence the pressure distribution exactly in the
places it is needed more. The material characterisation can be used for a thorough finite element
analysis of the process as usually the rubber type and mechanical properties are not taken as
important parameters during simulations.
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Chapter 4
Pressure distribution during forming

4.1 Introduction

As shown in Chapter 3, the behaviour of each silicon rubber is different and depending on
hardness and brand. Generally, every producer of thermoplastic composite products uses only
one or two types because he is used to their behaviour, can design the moulds more easily, and
does not want to experiment on new types. On the other hand, many trials are still needed to
obtain a good product, even if the rubber is known. To be able to reduce and ideally eliminate
the trials to find the ideal shape of the rubber mould, it is necessary to understand the behaviour
of the mould during the forming process, therefore the pressure distribution on a steel mould
exerted by the rubber mould during pressing is measured. The tests are carried out at room
temperature and at elevated temperatures, in order to verify the effect of the thermal expansion
on the pressure distribution. The effect of the thermoplastic laminate is simulated as well.

4.2 Method

The test set up consists of a steel mould for press forming of U-beams. This shape is very useful
because it allows carrying out tests in which the only parameter that has to be taken into account
is the rubber mould, while the in plane shearing of the fibres is not present. The mould allows
the production of beams of different heights and widths. The results that are presented in this
chapter though are for beams 40 mm wide and 40 mm high. The length of the mould is 180
mm.
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A series of pressure sensors is placed in the centre section of the mould, as shown in Figure
4.1. This way the pressure distribution on the three sides of the mould is measured, so that it is
possible to verify whether the distribution is constant, as desired.

row of press sensors inthe middle of
the mould

wiring of press sensors

Figure 4.1 Metal mould and pressure sensors.

To be able to acquire data on the pressure distribution during pressing of thermoplastics, a test
set up has been built as shown in Figure 4.2.

upper grip of test
machine

rubber mould

steel mould

Figure 4.2 Test set-up.



Pressure distribution during forming 35

The tests have been carried out on a 25 Tons static Zwick Roell testing machine that, with the
addition of an oven, allows carrying out tests at higher temperatures.

4.2.1 Pressure sensors

The pressure sensors consist of a steel plate supported at both edges by a 1mm ridge made in
the mould. A strain gauge is placed in the middle of the backside of the plate. The pressure
exerted on the upper surface of the steel plate makes it bend, creating a strain, which is
measured by the strain gauge (either 10 x 10 mm, 2 mm thick or 10 mm length, 5 mm width
and 2 mm thickness).

The pressure sensors are incorporated in the mould by machining two superimposed slots of
respectively 8 and 10 mm wide and 4 and 2 mm deep. This way, the pressure sensors are
supported at both sides by 1mm ridge in the mould.

8.0

Figure 4.3 Schematics of the pressure sensors in the steel mould.

The sensor can be regarded as a beam, supported at both ends and loaded by a distributed load.
It is unknown how the ridge exactly supports the steel plate, and a point load halfway the
support is assumed, as shown in Figure 4.4 .
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Figure 4.4 Schematisation of the pressure sensor and its strain distribution in case of a 5 MPa

applied pressure.
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The bending moment in the beam is (left side):

0<x<0.5: V =—pbx
M =—1 pbx’

05<x<5: V =—pbx+5pb
M =—1 pbx® +5pb(x—0.5)
= pb(-1 x? +5x—2.5)

The strain at the lower side of the steel plate (of width b) then is:
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A 3 mm strain gauge records the average strain in the middle of the steel plate:
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Two different types of strain gauges were used. Initially, only measurements at room
temperature were made. In that case resistance type strain gauges (micro measurements® EA-
06-060LZ-120) were used. Later, tests at higher temperature were carried out, for which high
temperature strain gauges (BLH S6) were used.

4.2.2 Laminate

There are several reasons why it is not possible to use a hot thermoplastic laminate during static
tests. The most important reason is that the laminate would solidify during testing. Moreover,
the strain gauges are influenced by the sudden change in temperature and will not be able to
properly measure the change of pressure. In order to simulate the effect of the laminate in the
pressure distribution during pressing, a cold laminate made of carbon fibre fabric with a flexible
elastomeric matrix was used. It approximately simulates the important characteristics of a real
thermoplastic laminate: flexibility, strength, stiffness and the friction with the rubber mould
during the process. The advantages of this laminate are that the experiments are not influenced
by the variables that are introduced by real laminates such as the laminate thickness variation,
the quick temperature drop in the laminate, the matrix viscosity and fibre orientation. This
reduces the number of variables and makes the results more clear and consistent.

Two types of laminate were used. The first one consists of one layer of UD carbon fibres was
used with a polyurethane rubber (UR 5801/5825) from AXON with a 58 ShA hardness. The
thickness of the laminate was 0.5 mm. The results are presented in section 4.3.

For the high temperature tests, a second laminate was made, consisting of one layer of carbon
fabric and the silicon based rubber, namely Zermack ZA 22 Mould with a nominal hardness of
22 ShA. The thickness of the laminate was 0.5 mm.
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In order to simulate a blank holder, a frame to be attached to the test mould was built, as shown
in Figure 4.5. By varying the weights attached to the cable system, the blank holder forces
could be varied. This arrangement allows the laminate to translate in only one direction, i.e.
inside the mould.

Figure 4.5 Dimension of the laminate used for the static tests and blank holder frame.

The blank holder frame could not be used in the tests at higher temperature, due to the fact that
the frame could not fit in the oven. In those cases, the laminate was just placed over the mould,
simulating the absence of the blank holder, which is a normal case when the first trials are
made.

4.3 Possible mould designs

In general the process conditions need to be taken into account during the design of an
elastomeric mould. The easiest way to manufacture the mould is casting it into the negative
steel mould, assuming that the elastomer will exert a constant pressure distribution.

In this specific case, the shape of the rubber mould will be the one shown in Figure 4.6 (a). In
practice, the rubber mould is attached to the press, thus the top side of the rubber mould will
be limited in deformation. The bottom side is limited in deformation as well, as high friction
occurrs between the steel mould and the thermoplastic composite and between the
thermoplastic composite and the rubber mould. The deformation of the rubber will be therefore
similar to what shown in Figure 4.6 (b).
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(a) (b)
Figure 4.6 Expected deformation of a rectangular cross-section before (a) and during (b) pressing.

For this reason, several options have been considered and are shown in Figure 4.7 [4].
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Figure 4.7 Mould designs for the production of a U-beam: classical shape (a), classical shape with
additional clearance (b), hourglass shape (c), dents at the bottom to allow more pressure at the
corners (d).
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The first one (a) is the classical shape, with almost no clearance between the two moulds. In
the second, (b) an additional clearance of 1 mm on each side is left, to account for the laminate
thickness. Option (c) has an hourglass shape, to counteract the natural barrel shape deformation
due to pressing. The two dents in option (d) are made to be sure that the corners of the beam
are pressed correctly. In this case, the thermoplastic laminate will get in contact with the mould
at the corners, reducing the temperature in that point and allowing for a better consolidation at
the corners.

Option (¢) and (d) are typical “trials and errors” shapes. In fact, the ideal radius of the hourglass
is not known as well as the shape of the dents. Also in this simple case the trials necessary to
achieve the correct shape, could be many.

4.3.1 Experimental details

Tests have been carried out, when possible for all four types of mould, at both room temperature
and at 75 °C with and without laminate. The maximum applied load is 5 MPa pressure.

4.3.2 Discussion of the results

All the results are presented in plots where the x-axis represents the expanded view of the cross
section of the mould where the pressure sensors are placed. In Figure 4.8 the position of the
pressure sensors as schematised in the plots is shown. In the y-axis the pressure distribution in
the mould is shown.
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Figure 4.8 Graphical representation of the test results

In Figure 4.9 the four moulds are tested at room temperature without the presence of the
laminate. In this case, the perfectly fitting mould, type (a) has the best performance, giving a
more uniform pressure distribution, as expected. The second best is type (d), with the dents on
the bottom side of the rubber mould. Both moulds, though, cannot be used in the presence of a
5 mm thick laminate, as shown in Figure 4.10, as they could not fit in the mould. In this case
the hourglass-shaped mould (c) performs better than the mould with a constant clearance, being
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the loss of pressure at the corners less, but the pressure distribution at the sides is not optimal,
as the pressure distribution is lower than the one with constant clearance.

—— rubber mould type (a)
--+=-rubber mould type (b)
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N w
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Figure 4.9 Pressure distribution at room temperature without laminate.
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Figure 4.10 Pressure distribution at room temperature with laminate.
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The effect of the presence of the laminate, even at room temperature, is also very interesting.
Both usable moulds, in fact, present a worst pressure distribution with the laminate. The
explanation is that due to the relatively low stiffness of the silicon, the laminate makes the
mould deform in such a way that there is less rubber at the corners than without the laminate.

A representation of what happens in the case a laminate is rubber pressed in the mould is shown
in Figure 4.11. Here, the blank holder with a certain force holds the laminate while the rubber
mould presses it into the steel one. The laminate, still held by the blank holder, exerts also a
certain force into the rubber mould, deforming it even more in the corners, reducing the amount
of pressure in the corners.

-

Figure 4.11 Schematic view of the barrelling effect of the rubber die during rubber forming.

Only two moulds could be pressed with the laminate, namely the mould with the constant spare
(b) and the one with an hourglass shape (c). The width of the other two rubber moulds is too
large to allow the introduction of a laminate to be pressed.

A variation of about 50 °C can bring a substantial variation of pressure distribution, as shown
in Figure 4.12 and Figure 4.13. The use of a mould with an optimised shape at room
temperature, in fact, has a different behaviour when using a laminate and at elevated
temperatures. The effort to optimise a mould, therefore, is still high and only valid for large
series production, where the mould temperature has become stable or taking care that the mould
is always at the same temperature, for example keeping it warm during the entire process.
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Figure 4.13 Pressure distribution at 75 °C with laminate.
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From those results, it appears that the temperature has quite an important effect on the pressure
distribution, even with a small increase of temperature. Though the best shape is the hourglass
one, still more trials are needed in order to define the best radius of curvature at the sides to
reach a constant pressure distribution.

Another important aspect is the fact that the temperature and the consequent expansion of the
mould, is influencing the pressure distribution at the corners of the simple mould with
clearance. It suggests that at higher temperatures the pressure distribution might be more
constant, as the pressure drop at the corners is reduced at higher temperature. This consideration
will be verified later in this chapter. This result means in general that, in a series production,
the pressure distribution can vary depending on the temperatures of the moulds.

4.4 Methods to improve the pressure distribution

Two major attempts have been carried out to improve the pressure distribution on the mould
surfaces: the reduction of the coefficient of thermal expansion of the mould and the reduction
of the coefficient of friction between mould and thermoplastic sheet.

4.4.1 Silicone reinforced aramide mould

To be able to reduce the coefficient of thermal expansion, it is possible to add fillers to the
silicon, in order to prevent the silicon to expand. Fillers, such as nano-clay, are commonly used
in silicone to alter the mechanical properties of the silicone alone. The addition of fillers also
increases the viscosity of the silicone during preparation and therefore only small amounts can
be used.

It is expected that the use of fillers with a very low coefficient of thermal expansion might
decrease the expansion of the rubber mould at high temperatures. The most suitable filler for
this purpose are chopped aramid fibres, as aramid is a material with a negative coefficient of
thermal expansion [6], in particular, Twaron pulp, as shown in Figure 4.14, is considered. It
has the advantage of the aramid fibres at a low price; in particular, the strength, toughness and
flexibility of Twaron protect the fibre from suffering any damage during the mixing process
[7]. Twaron is also used for products that need a high wear resistance, which would be an
additional advantage for the rubber moulds.
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© Teijin Aramid GmbH

Figure 4.14 Aramid pulp [6].

The pulp that was used was Twaron 1095, which is a standard dry pulp of the 1st generation
with a low degree of fibrillation and has an expansion coefficient of —3.5 x 10* K. The
production of a rubber mould with pulp has its own disadvantages. The volume content that is
possible to include in the rubber compound is limited to a few percent, due to the increase of
viscosity, as visible in Figure 4.15, in the rubber compound and the consequent difficulty of
properly degassing the rubber before casting.

< o - .

I

Figure 4.15 Rubber compound with 1% of Twaron pulp.
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It was therefore chosen to add 1% of Twaron pulp, though an addition up to 5% was found
possible. The measured coefficient of thermal expansion of the rubber with 1% Twaron pulp
was 9.612 x 10* K, about 60% of the CTE of the original rubber die. The addition of Twaron
pulp also had an effect on the hardness of the rubber that slightly increased from 59 ShA up to
62 ShA. The surface of the mould resulted moreover rougher than a standard one, running the
risk of a non-uniform pressure distribution due to the surface quality. The surface, though,
could be machined to get the desired surface quality.

In order to verify the pressure distribution on a mould containing Twaron pulp, a mould of the
type (b) of Figure 4.7 was manufactured. The tests were carried out at different temperatures
with a laminate. The results are summarised in Figure 4.16 where the plots of the pressure
distribution for two moulds of the same shape and rubber type, with (straight lines) and without
(dashed lines) Twaron pulp, at increasing temperature values, are presented.
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Figure 4.16 Effect of temperature on a normal die and a Twaron reinforced aramid die with a
laminate.

In the case of a standard rubber mould, there is a drop in pressure at the corner of the mould,
which decreases once the temperature increases due to the expansion of the rubber that tends
to fit better in the mould, as shown in the previous section. In the case of the mould containing
Twaron pulp, the pressure drop at the corners decreases with the increase of temperature. As
the coefficient of thermal expansion is lower in the case of Twaron pulp, but still positive, this
cannot be due only to the difference CTE, but it might be due to the difference in hardness and
the increase in the coefficient of friction that does not allow the mould to fill in the corners.

In general, the effect of the Twaron pulp is positive as the difference in pressure drop is much
less than in the case of pure rubber, therefore this effect could be verified with tests at higher
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temperature and tuned with different Twaron content. From the tests presented above, it looks
like that the amount of Twaron is too much as it works better at room temperature than at higher

temperatures. Different percentages of Twaron should be added in order to verify this
statement.

4.4.2 Effect of lubrication

Another option that could help the reduction of the coefficient of friction is the use of
lubricants. In the preliminary design phase of a product, when the mould is not yet optimised,
lubricants are often used to facilitate the production of the first prototypes. In Figure 4.17 the
effect of lubrication is shown on a standard mould, type (b) of Figure 4.7, of Silastic J and one
with the addition of 1% volume of Twaron pulp at 75 °C. The results of the different mould
materials are very similar. On the other hand, the lubricant reduces the friction and allows a

more uniform pressure distribution with a reduction of pressure loss at the corners of more than
30%.
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Figure 4.17 Effect lubrication on a normal die and a Twaron reinforced aramid die with a
laminate at 75 °C.

At present the use of lubricants is generally allowed only in the prototyping phase, due to the
fact that the lubricant might reduce the mechanical properties of the thermoplastic product;
therefore its influence on the mechanical properties of the thermoplastic should be tested.
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4.5 Conclusions

Using silicon rubber to press thermoplastic composites assures a more uniform pressure
distribution compared to metals as it assures an almost uniform pressure distribution on all
sides of the products at low pressing forces.

Nevertheless, the pressure is not uniformingly distributed when using a rubber mould, which
is made as an exact negative of the metal mould; therefore, trials are needed to obtain a more
uniform pressure distribution. In order to assure the same pressure distribution during the entire
process, the expansion of rubber during series production has to be taken into account. In this
case it is necessary to keep in mind that the mould is designed to be functional at higher
temperatures and not at room temperature.

Both presented methods to improve the pressure distribution on the mould during rubber
pressing have shown that some improvements are possible. The inclusion of Twaron pulp in
the rubber has shown that the pressure distribution is changing less at different temperatures,
though an optimisation of the amount of Twaron to be applied and its influence in different
types of silicon should be investigated in more detail. In addition, the use of lubricants shows
that some improvements are possible to reduce the very high coefficient of friction. The use of
a proper lubricant that is not influencing the mechanical properties of the thermoplastic
laminate should be investigated. The use of the lubricant though, does not eliminate the
problem of the thermal expansion of the mould; therefore, attention should be paid in the design
of a proper mould that is optimised for functionality at the process temperature.
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Chapter 5
Solid rubber model

Physical tuning of an initial mould, which is often called a “trial and error aproach”, or
computer simulations allow designing the final rubber mould. Computer simulations hold the
promise to reduce the initial development costs and improve the final solution. Therefore, it is
important to be able to simulate the rubber forming process.

Once the material properties of the rubber are defined, a further step is to define a rubber model,
which is able to predict the behaviour of the rubber during pressure forming, and be able to
quantify in a correct way the pressure applied to the metal mould and consequently the
thermoplastic sheet.

5.1 Review of existing rubber models

Most of the available hyperelastic material models are phenomenologically based; they have
been mathematically justified and correlated with the experimental data to determine the
material parameters as in [1] and [4].

In order to characterise the mechanical behaviour of hyperelastic materials it is common
practice to represent the constitutive equation through a strain energy density function. An
elastic material for which a strain energy density exists is known as a hyperelastic material.
The strain energy density function must be expressed such that it can describe the high
deformability, recoverability after deformation, and highly non-linear load-deformation
behaviour for this class of materials.
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Assuming the complete recoverability after deformation, the strain energy density depends
only on the final state of strain and not at all on the loading history. The final state of strain is
characterised by the principal strains or equivalently by the strain invariants.

5.1.1 Rivlin model

Various material models have been introduced to describe hyperelasticity. Rivlin [2], [3]
developed a mathematical theory which describes the deformation, under the action of applied
forces, of bodies of ideal highly elastic materials which are incompressible and isotropic in
their undeformed state. The relevant physical properties of the material are specified in terms
of a stored energy function W that must be a function of two strain invariants 11 and I>. These
invariants are expressed in terms of the principal extension ratios A1, A2 and A3 at the point of
the deformed body considered, by the formulae:

1 1 1

A A3

In which, since the material of the body is assumed incompressible, A;4,4; = 1.

When the material is undeformed A1= A= A3=1, so that 1:=1>=3. It is therefore convenient to
consider the stored-energy function to have the form of a doubly infinite series in (1:-3) and
(12-3) thus:

W= > C(h-3)=-3), Cp=0

i=0,j=0

5.1.2 Mooney-Rivlin model

In the case, the deformations are sufficiently small, (I:-3) and (I>-3) are in general small
quantities of the same order, so, for any form of W:

W = Co(l; —3) + Cor(I; — 3)
represents a good approximation in case of sufficiently small deformations.

Mooney [5] demonstrated that this form is the most general form that can be valid even for
large deformations for an ideally incompressible, highly elastic material, isotropic in its
undeformed state. All this, provided the relationship between the shearing force and the amount
of simple shear is linear when the material is subjected to a simple shear superposed on a
constant simple extension and therefore this form on the stored-energy function is known as
the Mooney form.
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5.2 ABAQUS material model

For the Finite Element Analysis, the computer program ABAQUS has been used. The choice
was based on the intrinsic non-linear characteristics of the program, together with the
possibility of defining a material with hyperelastic behaviour through tests results.

When defining a hyperelastic material in ABAQUS it is possible to choose a material model,
already defined in the code, which represents the tested values. The values of the tested material
are inputted in the code as a table and compared with the several material models already
present in ABAQUS.

The hyperelastic material model that defines more accurately the stress strain curves obtained
by material tests is a strain energy potential polynomial of second degree [3]:

N N
. . 1 .
W= Cylh=3)=3Y + ) — (= 1)?
irj=1 i=1 '

Although the parameter N can take up to 6, values N greater than 2 are rarely used when both
first and second invariants are taken into account. The elastic volume strain Je follows from
the total volume strain J and the thermal volume strain Ji with the relation:

and Ji follows from the linear thermal expansion & with

Jon = (1 + Sth)s

where & follows from the temperature and the isotropic thermal expansion coefficient defined
by the user.

The Dj values determine the compressibility of the material: if D; are all zero, the material is
taken as fully incompressible. I1f D1=0, all Di must be zero.

Regardless of the value of N, the initial shear modulus, po and the bulk modulus ko depend
only on the polynomial coefficients of order N=1:

to = 2(Cyo + Cpy), ko =—

The rubber model used is applied to the Silastic J rubber, to be able to compare the experimental
results with the numerical ones. The comparison between the test data at room temperature and
the polynomial function are shown in Figure 5.1. They accurately represent the material
behaviour, particularly in compression.
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Figure 5.1 Comparison between test data and the polynomial form of the strain energy potential
of second order as calculated and used in ABAQUS.

The coefficients used for the strain energy potential are reported in Table 5.1.

Coz Co2 Cuo Cao Cu D: D>

-1.2499 -2.2289 1.9648 -0.4284 0.9376 0.1447 0
Table 5.1 Coefficient of the polynomial form of the strain energy potential for Silastic J.

5.3 Verification of the material model

The tests carried out to determine the pressure distribution on the mould for the production of
a U beam, as described in Chapter 4, have been modelled in ABAQUS to judge how accurate
the material model is and to be able to tune the different parameters that are not included in the
material’s stress-strain curve (like Poisson’s ratio and coefficient of friction between steel and
rubber).

5.3.1 2D solid model

The FE-model is shown in Figure 5.2. A steel female mould has been modelled, together with
the male rubber mould. A gap of 1 mm along the side walls is considered in accordance with
the experiments. The initial calculations have been carried out on a 2D model with solid
elements, in order to save computational time. This assumption is expected to give sufficiently
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accurate results, as the length of the beam is much higher than the cross section and the test
results are obtained from the mid-section of the beam.

by

I—P ®
Figure 5.2 2D-Finite Element model.
The rubber mould is pushed into the metal mould via a geometrical line representing the press
to which either a displacement or a force is applied. In this case, a geometric element with

infinite stiffness is used as the press exerting the force can be considered infinitely stiff and the
pressure on the top surface of the mould is equally distributed.

The press and the rubber are tied together, whereas between the metal mould and the rubber
mould a contact is applied. The contact has a normal part and a tangential part, representing
the friction. In Chapter 3, the coefficient of friction between rubber and steel had been found
to lie between 0.9 at room temperature and 0.6 at 200 °C.

Another parameter of interest is the Poisson’s ratio. As rubber is an almost incompressible
material, a Poisson’s ratio of almost 0.5 is expected. The exact value, though, has not been
measured with experiments and its influence will be verified through the FE calculations.

In order to verify the effect of both Poisson’s ratio and coefficient of friction and to define their
best fitting values, the following procedure has been adopted. Both values are tuned so that the
load-displacement diagram of the test results and the FEM analysis are similar. When the
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correct values of friction and Poisson’s ratio are found, the stress distribution on the sides of
the mould is verified.

The comparison of the load-displacement diagrams between the various FEM models and the
experimental results is shown in Figure 5.3.
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Figure 5.3 Comparisons between the load displacement plots of various FEM models and
experimental results.

All the diagrams depict quite well the bilinear behaviour of the load displacement diagram. The
vertical displacement of the rubber mould is higher when the friction is lower so that the bottom
and the top of the mould show more relative displacement. The vertical displacement decreases
when the rubber mould can contract much less due to its incompressibility.

Figure 5.2 shows also that up to the moment the mould is filled, the coefficient of friction is
not influencing the load displacement diagram, showing that there is very little sliding of the
bottom and top side of the mould along the sides. This is shown more in detail in Figure 5.4.
Moreover, the influence of the coefficient of friction (p) is less important than the Poisson’s
ratio (v). In the case of an almost incompressible rubber, there is no difference between a low
and high coefficient of friction.
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Figure 5.4 Detail of Figure 5.3.

From the load displacement diagram it appears that many combinations of friction and
Poisson’s ratio are possible to fit the test results. When the friction is quite high as measured
in the experiments, though, there is no appropriate value of the coefficient of friction, which
could match the load-displacement diagram completely.

When the pressure distribution is taken into account, however, it is observed that high values
of Poisson’s ratio give a better result, compared to the tests, as shown in Figure 5.5 and Figure
5.6, whereas the coefficient of friction plays a marginal role.

When comparing pressure distribution, the best results appear to be with a Poisson’s ratio of
0.498 and a coefficient of friction of 0.9, but looking at the load displacement diagram using
the same coefficients, this is far from resembling the test results as in the second part of the
load-displacement curve, the rubber seems to be more rigid.

A possible reason for that might be that in a 2D solid model, the rubber is seen as infinite in
the length direction, while in reality not only the rubber mould has a finite length, but also there
is a gap between the rubber and the steel mould allowing for a further displacement of the
rubber mould before it touches the steel one. In order to verify this assumption, a 3D solid
model has been created.
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Figure 5.5 Pressure distribution for a coefficient of friction of 0.9 and several Poisson’s ratio’s.
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Figure 5.6 Pressure distribution for a coefficient of friction of 0.3 and several Poisson’s ratio’s.
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5.3.2 3D solid Model

In order to reduce computational time, which, due to the complexity of the analysis, is quite
large, one quarter of the model has been modelled making use of the double symmetry of the
problem, as shown in Figure 5.7. The 3D model is built of solid elements. In the case of the
rubber, only 8 nodes solid elements are used, while for the steel mould, due to its shape,
tetrahedrons are used.

The material model used for the definition of the rubber, is the same that has been used in the
2D solid model. The material used to define the rubber with an hyperelastic material is in this
case a C3D8RH, an 8-node linear brick, hybrid, constant pressure, reduced integration,
hourglass control, whose definition can be found in [9], while for the steel mould, C3D4, a 4-
node linear tetrahedron was used.

To simulate the pressure applied by the press, a concentrated force on one node was used, with
the constraint that every node of the top surface of the rubber mould has the same vertical
displacement of the node where the load is applied.

Appropriate symmetry boundary conditions are applied.

v
b“
'z

Figure 5.7 3D Finite Element Model.
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The displacement of the rubber mould is shown in Figure 5.8 where the displacement of the
rubber in the back of the mould is visible. The rubber is not in contact with the mould in that
position. In the previously discussed two dimensional case, no displacement can occurr in the
length of the mould. The difference between the 3D and the 2D case is thus that in 3D the
rubber mould deforms in the direction perpendicular to its cross-section and therefore the
rubber behaves less stiff than in the 2D case.

On the back of the mould, the effect of the high coefficient of friction on the edge of the rubber
mould close to the steel mould is also visible: here the outer corner of the rubber mould is held
against the side wall of the steel mould preventing it to follow the top side of the mould.
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Figure 5.8 Deformation of the rubber block at the maximum pressure.

Figure 5.9 and Figure 5.10 show respectively the pressure distribution and the load vs.
displacement plot for the case of a Poisson’s ratio of 0.49 and a coefficient of friction of 0.9.
In this case, the 3D model represents the test results better. In the pressure distribution plot of
Figure 5.9 though, the pressure in the lower corner of the mould appears to be nearly 0.
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As the pressure is extrapolated to the nodes of each element, the contact pressure of the two
elements perpendicular to each other does not seem to be calculated correctly. On the other
hand, as the elements in the rubber mould have a width of 1 mm, the pressure calculated 2 mm
away from the bottom corner already correspond to the measured one and is considered
sufficient to press the corners in the correct way.

5.4 Case study: Eaglet rudder

Once the material model has been validated, it is possible to apply the material model to a real
problem.

One of the projects at the Faculty of Aerospace Engineering at Delft University of Technology
was the design and production of a full thermoplastic rudder for the Enaer Eaglet 2-seater
recreational aircraft. Figure 5.11 shows the aircraft and the rudder structure.

AT S e I s iund 5 v

Figure 5.11 The two seater “eaglet” (left) and an exploded view of its rudder with its
components (right).

The thermoplastic composite rudder was chosen for its dimensions, namely 1.5 m length and
about 0.1 m flat width, which allowed the “in house manufacturing” of all components on the
available press. The main purpose of the project was to test various thermoplastic
manufacturing techniques plus the joining of all components without the use of mechanical
fasteners through for example resistance- and ultrasonic welding. Other techniques, such as the
addition of an integrated ice-protection, were tested as well on the rudder.

All the components of the rudder are made of carbon fibre reinforced thermoplastic plates and
in particular, the five ribs are produced by rubber pressure forming.

In this case, four different moulds were necessary, as shown in Figure 5.12. For two of the ribs
the same mould could be used. In this application, it was decided to use a very large rubber
mould, contained in a steel casing, and a metal die.



Solid rubber model 61

Figure 5.12 The four rubber moulds and steel dies used to produce the rudder’s ribs.

The production set up is shown in Figure 5.13. The female silicon mould is contained in a steel
casing attached to the press. The steel male mould lies on the bottom of the press. In this case,
a thermoplastic preform was used, so that the corners of the flange’ rib did not have to be
formed and cut afterwards. The manufacturing of the ribs was therefore quite simple and the
rubber mould was created using the steel mould as negative shape.

Steel casing

Femalesilicon mould

Steel male die

Figure 5.13 Set up for the production of one of the ribs.

Although the manufacturing of the ribs was a success, the rubber mould wore off after only ten
cycles, as shown in Figure 5.14. The steel mould cuts the rubber along the whole perimeter.
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Figure 5.14 State of the mould after 10 cycles.

In order to verify whether it is possible to model the same phenomenon through a Finite
Element Analysis, a model of the test set up was created as shown in Figure 5.15. Steel and
rubber moulds were modelled as well as a geometrical line to describe the uniformly distributed
load on top of the steel mould.

Figure 5.15 Model of the production of the CFRP rib.
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In the FE-model, the steel mould is pushed inside the rubber mould. The material properties of
the rubber are the same as those used in the simulation of the U-beam. In addition, in this case,
no laminate has been modelled. Reason for that is that the laminate is forming easily and its
forming does not influence the wear of the rubber mould.

The resulting stress distribution is shown in Figure 5.16. The figure shows the maximal stresses
in the same position where the mould was cracked. Apparently, the edges of the hard mould
press on the rubber causing a brittle failure.

(&ve. Cxit.: 75%)

-2.891e+01

Figure 5.16 Stress distribution on the rubber mould.

5.5 Concluding remarks

The rubber model used to simulate the rubber pressure method works properly if parameters
such as material characteristics, temperature, friction involved in the process are considered
with sufficient accuracy.

In a preliminary design phase, it may be useful to use the rubber model in order to verify the
homogeneity of the pressure distribution along the mould. When the pressure distribution is
very inhomogeneous, it should be expected that problems occur at locations with low pressure
in the form of dry spots or bad consolidation of the laminate and that contours differ (in
particular in corners’ areas) from expectations.

When the entire product needs to be analysed, the laminate should also be modelled.
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Including the laminate in a model in female mould is flexible does not influence the pressure
distribution on the mould, but increases the computational time. In case the male mould is
flexible, the inclusion of a laminate, especially when a blanckholder is holding the laminate
with a certain force, the pressure distribution on the hard female mould could be worse than in
the case without laminate, depending on the force holding the blankholder. The purpose of the
analysis, therefore, should be identified on forehand. The case without the laminate is a sort of
“best case scenario” where the only parameters considered are the shapes of the two moulds.
Once the rubber mould shape is optimised, the laminate might be included to verify the results
and tune the force on the blankholder to obtain similar results.
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Chapter 6
Rubber press forming with rubber
particles as mould half

In Chapter 4 the basic problems associated with the rubber mould during press forming of
thermoplastic composites are presented. The behaviour of the rubber during production can be
simulated via Finite Element Analysis, as shown in Chapter 5, which allows the identification
of the problematic areas.

Though the process can be well simulated via FEA and the stresses occurring in the rubber
reflect the actual stresses during production, the simulations do not allow solving the problem
sufficiently fast. The time spent in optimizing the production process and the consequent
verification of the simulations would still require a long development time, decreasing though
the costs for the production of a suitable rubber mould, as fewer trials during production will
be necessary. Moreover, a numerical analysis of the problems hardly increases the technical
options. In some cases, the problems are just too large and a numerical analysis would make
these visible, but not always enable a solution.

The use of a soft material as mould half has still the advantage of allowing a quasi-hydrostatic
pressure around the mould avoiding all the problems related to the use of a hard mould, mostly
because a soft mould allows some deviations on the material thickness, which are inevitable
when the product is doubly curved. However, some drawbacks like the effects of temperature
on the dimensions of the rubber mould are intrinsic of the material used.

A new pressing technique, which uses rubber particles as mould half was first investigated in
[1] and further developed in [2] and [3]. This process, unlike most of the press processes,
replaces one of the two solid moulds with a collection of rubber particles creating a quasi-
hydrostatic pressure distribution. The collection of rubber particles is used to press the
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thermoplastic sheet in the metal mould in order to create the homogeneous pressure distribution
needed during the reconsolidation phase. This technique provides a “rubber mould” without
intrinsic shape or size. Thus, shape and size related problems like thermal expansion are not
present. The technique is presented below.

6.1 Working principle

Figure 6.1 describes the whole production sequence as it is envisioned. The product mould is
attached upside down on a stiff framework, directly beneath it a container filled with rubber
particles is present (a). The reason for this set-up is that the rubber particles stay in the container
under the influence of gravity. In (b), the heated thermoplastic composite material is brought
between the product mould and the container. Directly after that, the container is pushed
upwards until it creates an enclosed volume with the product mould (c). At this point the real
pressurisation can start. When the piston moves up, it presses the particles towards the product
mould. The particles press on their turn the sheet material towards the product mould (d).
Because the particles can move freely and deform elastically, they will form a perfectly fitting
rubber stamp as shown in (e). Once the thermoplastic is cooled down sufficiently, the piston
and the container move downward as shown in (f). The rubber particles will fall back in the
container under the influence of the gravity. At this point, the formed thermoplastic composite
product can be removed and a new press cycle can start.
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(@) (b)

(f)

Figure 6.1 Working principle of the method with a collection of rubber particles. The container
is filled with particles before the press cycle (a); the hot thermoplastic composite sheet material
is transported between the container and the product mould (b); both container and piston are
moved upwards (c); the laminate has reached the bottom of the mould but the particles are not
fully compressed yet (d); the piston compresses the rubber particles to a full rubber stamp (e);

the product is released from the mould.
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6.1.1 Advantages of the method

The envisioned advantages are similar to the advantages of hydro forming. At the same time,
the presented method eliminates the numerous disadvantages of application of real fluids: there
is no leaking and in the case some of the rubber particles fall out of the mould when releasing
the pressure, they could be either replaced or collected and used again in the following
production processes.

Uniform pressure distribution — A uniform pressure distribution that is needed for the
reconsolidation of the composite material is more easily created. This allows pressing with
lower forces than with rubber forming or matched metal die forming.

Able to form complex shapes — it can form irregular shapes that may not be able to be formed
using other press methods. For example, products with an undercut can be press formed.

Inexpensive tooling — it just requires one die that defines the product, the rubber particles act
as a common die for all the different product shapes. The tooling costs are estimated
approximately 50% less than for conventional press dies.

No accurate sealing needed — The rubber particles act like a fluid in the mould, but at the same
time leakage is unlikely. The particles act like a cork. An open space between the container
and the product mould is sealed by a particle. This is true on one condition: the opening must
be considerably smaller than the single particle. This reduces even more the tooling costs.
Tooling (container and piston) made by hand is sufficiently accurate for this forming process.

No need for precise calculations — As the rubber ‘mould’ is formed by itself, no precise
calculations are needed the make a nicely fitting stamp. For composite products, this means a
large cost reduction as the thickness of the composite does change and does not stay uniform
during the forming process. These variables make it difficult to design a good fitting ‘solid’
stamp.

Adaptable to a large variety of materials — Almost all sheet materials capable of being press
formed can be formed with this process. A big advantage above hydro forming can be found
here. Hydro forming is mostly limited to materials that can be cold formed, as the rubber
membrane that is enclosing the fluid cannot handle high temperatures. The present process can
handle temperatures way above the melting point of most thermoplastics by using silicon
rubber particles. Different material thickness as well as different types of materials can be
formed for the same part without the need to modify the existing tooling.

Quick tool change — Due to the simplicity of the tooling the set ups can be changed quite
quickly and easily.

Insensitive to wear — As the pressure medium is built up by individual rubber particles, the
wear of one particle does not influence the whole collection of rubber particles on the contrary
to rubber forming where a crack in the rubber stamp makes the whole stamp unusable after a
short time. Because the particles are free to move, they will always be subjected to another load
(heat and/or deformation) in the following press cycle. This makes that the whole collection of



Rubber press forming with rubber particles as mould half 69

rubber is subjected to the highest loads once in the system and not one particular part of a
rubber stamp. If one particle is torn or broken, it will not influence the working of the principle.

No pressure limits — the process can be applied as long as the container and product mould can
withstand the applied pressure forces. Once the rubber particles are fully compressed, the
further loading is merely hydrostatic; this means that the particles are not subjected to other
deformation forces. Therefore, the same rubber particles are applicable in low pressure forming
processes and in high pressure forming processes.

Some advantages that do not count for the forming of thermoplastic composites, but might be
important when considering forming of sheet metals are:

Eliminates multiple operations — compared to conventional press methods that may require two
or three operations, it can often form the same part in a single cycle.

Minimal material thin out — it allows the metal to flow, unlike other forming processes that
elongate or stretch the material very locally. Consequently, the reduction of thickness is
smaller.

Easy to implement in existing factories — This production method is simple. With relative
simple machines and little special education, it can be used to form products out of sheet
material.

6.1.2 Disadvantages of the method

Because the pressure medium is made of rubber particles, the pressure will be slightly lower in
between the particles. This will not have an influence on the overall pressure applied on the
long fibres, as they are stiff enough to bridge this pressure drops, but it will have an influence
on the thermoplastic resin, influencing the finish of the surface in contact with the particles on
one side only. In order to minimise the imprint of the particles, this effect has been further
investigated in the next section.

During press forming the hot thermoplastic matrix has a low viscosity, which makes it flow in
this low-pressure regions. When the thermoplastic composite is hardened, small bulges of
matrix material might be visible on the surface. The roughness of the surface due to the imprint
of the rubber particles will depend on the dimensions of the particles and on how dense they
can be packed. The fibre reinforcement is not disturbed by this disadvantage, it is therefore
believed that this is rather an aesthetic problem than a mechanical engineering problem.

A bigger problem does occur when the fibre layout is not chosen well. When the fabric becomes
unstable during forming, for example when the fibres reach their maximum shear angle, the
fabric can show some wrinkles. If these wrinkles nest between the rubber particles, a very
rough surface finish can be expected. On the other hand, this can also turn to an advantage, due
to the fact that no wrinkles are pressed flat, as in the case of rubber forming and matched die
forming.
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6.2 Optimisation of the geometrical and mechanical characteristics of the
rubber particles

Once the method has been defined in theory and proven feasible, there is the need to define the
best parameters to press a thermoplastic composite sheet into a product obtaining the best
surface quality possible.

One of the first questions to be answered is which shape of the rubber particles is the best in
order to obtain the densest packing. According to [5], there is a difference in density between
shaken and not shaken spheres according to the following formulas:

1
p = 0.636 — 0.33N 3 shaken

1
p = 0.6 —0.37N 3 not shaken
Being N the number of balls.

More in general, [6] states that when a granular material, like sand or rice, is poured into a
container, its density is relatively low and it flows like an ordinary fluid. If the vessel is shaken,
the level of the material decreases and the packing density increases. In the utmost case, the
sand behaves as a solid. This idea fits perfectly with the rubber pressing method with rubber
particles. When the particles are poured into the mould, they are like a fluid; therefore, they
can fill any corner of the mould. When they are pressed together, they behave like a massive
mould, giving the hydrostatic pressure needed.

In theory, the best shape to obtain the most compact and smooth surface is a collection of solids
with rounded edges, in particular it has been demonstrated [7] that ellipsoidal shapes placed
randomly in a container contain the least empty space in between them.

Simple experiments to verify the effect of the particle dimensions on the pressure distribution
were made with the use of Pressurex® foil (Figure 6.2), which gives a quantitative evaluation
of the pressure distribution on a surface after a certain amount of pressure. In the picture, it is
visible how the ellipsoids give a finer imprint with less and smaller voids in-between particles
compared to cubic particles.
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(a) (b)

Figure 6.2 Pressure distribution using Pressurex® foil: cubic particles (a) and ellipsoidal particles

(b).

In order to verify the effective necessity of such a shape and the influence on the dimensions
and the hardness of the rubber particles, a series of tests was carried out to investigate the
influence of these parameters on the pressure distribution during the forming process.

Figure 6.3 Rubber particles

A summary of the tested shapes and dimensions is listed in Table 6.1. Two hardness grades of
ellipsoid particles were considered. Dimensions and hardness were chosen based on the
availability of the producer. The rubber particles are produced via injection moulding; in this
case, a major first investment is necessary. This would imply the knowledge of the best
dimension and hardness on forehand. The cubic particles, instead, are hand cut from a large
block of the same silicon rubber used to produce the solid rubbers for rubber pressing. The
blocks are not as regular as the ellipsoidal ones but can be made in-house and do not require a
large investment.



72 Rubber press forming with rubber particles as mould half
Shape Type Hardness  Dimension 1 Dimension2  Dimensions 3
(Shore A) (mm) (mm) (mm)
Ellipsoid 20 8x10x 125
Ellipsoid 35 8x10x12.5
Cube Zermack ZA 22 Mould 22 5x5x5 10x 10x 10
Cube Zermack HT 33 TRANSP 33 5x5x5 10x10x 10
Cube Zermack SA50 LT 50 5x5x5 10x 10 x 10
Cube Silastic S 37 4x4x4 8x8x8
Cube Silastic M 59 4x4 x4 8x8x8

Table 6.1 Summary of tested rubber types and shapes

6.2.1 Testsetup

The test set up is practically the same as the one used for determining the pressure distribution

of a solid rubber mould, as described in Chapter 4.

The container for the rubber particles is a Plexiglas box stiffened at its bottom with thick
aluminium reinforcement. In order to push the particles inside the mould, an aluminium piston
is inserted in the Plexiglas mould as shown in Figure 6.4. It should be noted that the
arrangement is upside-down compared to the description of the method in section 6.1. The
reason is that neither the optimal configuration was established when these tests were carried
out, nor was it necessary for these specific tests where most of the test-up was already available.
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Piston

Openingto release
the particles in the
mould

Bottom

Plate to assure reinforcement

good contact with the
mould

Figure 6.4 Container designed to press the rubber particles.

At the bottom of the container, a plate is positioned to be able to clamp the container for the
rubber particles to the steel mould as shown in Figure 6.5 together with the entire set up.

The tests are carried out on a force controlled Zwick machine. The force is varied in steps of
500 N from O up to a maximal applied force of 5 kN. This maximal force depends on the set
up. The compressed particles exert a hydrostatic force on the piston as well as on the Plexiglas
container. The latter is too weak to sustain a very high pressure. During the test the applied
force on the piston is recorded together with its displacement. The pressure distribution on the
side walls of the mould at several load steps is measured, using strain gauges, as well.
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Figure 6.5 Test set up.

6.2.2 Discussion of the results

For each rubber type, at least five tests are carried out. An example of the rubber particles
behaviour during compression is shown in Figure 6.6. Here large solid blocks of medium
hardness are shown. It is visible that the higher the pressure, the more compact the rubber gets,
filling all the voids between the particles and becoming similar to a solid mould. The same is
visible, to a smaller or greater extent, in all cases or rubber types and dimensions.

It has to be noted that the larger the dimensions of the particles, the larger the container should
be. The amount of air entrapped between the particles before the start of the test is in fact more
when the dimensions of the particles increase.
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Figure 6.6 Example of pressing sequence: a) no pressure, b) partially closed, ¢) almost at full
pressure.
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As an example of the improved pressure distribution, the results of a test carried out with small
cubical particles of 20 Sh A is shown in Figure 6.7, where the pressure distribution around the
mould is shown at increasing values of the applied load. The low peaks corresponding to the
loss of pressure around the corners of the mould have disappeared. Moreover, the higher and
lower pressure values for different tests do not correspond to the same place in the mould but
depend on the particle position inside the mould, as it is also visible in Figure 6.6, c) where
voids in-between the particles are still visible.
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Figure 6.7 Pressure distribution a tests made with small square particles of hardness 22Sh A.

In order to decide which shape, dimension and hardness provide the most constant pressure
distribution, the average pressure of each strain gauge and the standard deviation are calculated
for the last load step of 5 kN for all rubber shapes and hardnesses tested. The summary of the
results is shown in Figure 6.8 and Figure 6.9.

The two figures indicate that, for equal particle dimension, the average normal pressure on the
walls of the mould is inversely proportional to the particles’ hardness. In fact, the lower the
normal pressure, the higher the tangential component and therefore an increased friction
exerted on the mould walls. This means that the harder the rubber, the higher the increase of
friction on the walls of the mould. At the same time, the amount of scatter in the data increases
with the increase of hardness, which implies a less constant pressure distribution on the mould.

The tests pointed out that the most important parameter is the rubber hardness; it should be as
soft as possible. The rubber particles shape is not very important as long as the dimensions of
the particles are kept constant. A rounder shape appears to perform somewhat better than a
squared one at equal volume, but it has to be established during actual production to which
extent the effect is important. A rounder shape involves higher starting costs, due to the cost of
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production of the rubber particles, therefore a smaller size of cubic particles might be a more
attractive option.
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6.3 Production of parts

The parts produced with the present technique are all pressed with the Alfamatic press
described in Chapter 2. The complete setup is shown in Figure 6.10. Two infrared panels are
used to heat the thermoplastic composite material. In order to heat the different metal moulds,
a heat plate is used, heated with five electric resistors. The temperature on the panel is
controlled via a thermocouple.

blank holder

infrared panels

press

heat plate

metal mould

Figure 6.10 Total production set up.

6.3.1 Pressing of hemispherical composite specimens

The hemisphere is the typical thermoplastic part that is produced via rubber press forming to
study the behaviour of the thermoplastic material. Although being a simple part, it presents
many challenges as the shearing angle of the thermoplastic laminate to form an hemisphere is
very high. Therefore, the forming pressure has to be high enough to form the part without
wrinkles but also not too much in order to avoid breaking the laminate.

Figure 6.11 shows the product mould as well as the container for the rubber particles and the
piston that is attached to the press. The container has exactly the same diameter of the outer
diameter of the hemisphere and is attached to the piston so that it cannot fall down. This allows
a downward movement when the pressurization of the rubber starts.
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Figure 6.11 Mould (a), particles container (b) and piston (c) used for the production of the
hemispheres

In order to verify the experimental results on the effect of the shape of the particles and the
hardness needed on the pressing process of an hemisphere, several hemispheres have been
produced using different composite thermoplastic materials and rubber particles types. Figure
6.12 shows a hemisphere produced with woven glass fibre PPS. The outer surface is well
formed and no visible difference between hemispheres produced by the standard method is
present.

Figure 6.12 Surface quality. Difference of imprint between cubical (large 37 Sh A) and ellipsoidal
(20 Sh A) particles.

When looking at the quality of the inner surface, though, the imprints of the particles are clearly
visible. In particular, the imprint of the large cubical particles of medium hardness is more
visible than that of the ellipsoidal ones, which confirms the previous findings of the quasi-static
experiments on the influence of particles shape and hardness on the pressure distribution
presented in 6.2.

In order to verify that the process is valid for every type of material, also carbon fibre PPS
plates where pressed by means of rubber particles. The result is shown in Figure 6.13. Pressing
with rubber particles works well also in the case of a stiffer fibre. In addition, in this case the
square particles leave a visible imprint at the back of the product, while the external surface is
smooth and perfectly formed. In order to verify the quality of the laminate one produced
hemisphere is cut to verify the good consolidation of the thermoplastic. This is shown in Figure
6.14. In addition, in this case the consolidation of the part is very good and delaminations are
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not visible. This is a confirmation that the particles are able to exert enough pressure on the
laminate during both forming and consolidation phases.

Figure 6.13 Surface quality in case of carbon fibre PPS pressed with large Silastic S cubic
particles.

Figure 6.15 Surface quality in case of carbon fibre PPS pressed with small Zermack ZA 22 Mould
cubical particles
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Finally a hemisphere is produced with small, soft (22 Sh A) rubber cubes in order to investigate
the hypothesis that the dimensions of the rubber have an influence on the more constant
pressure distribution and therefore the final surface quality of the product on the side of the
rubber particles (Figure 6.15). Although the product presented some defects due to wrong
production parameters, both inner and outer surface are smooth a no imprint of the particles is
visible.

6.4 Conclusions and recommendations

Although pressure forming of thermoplastics using rubber particles instead of a solid rubber
mould is still in a development phase, it already presents several advantages to the classical
rubber pressing method. Not only is it more versatile, as a wider range of products can be
formed; including pieces with an undercut, but it also allows the reduction of development
costs related to the definition of the right rubber mould.

Using the right combination of shape and hardness of rubber particles it is possible to form a
product of high quality, which is expected to be better than the optimised rubber pressed
product. From this study, it appears that the best particles for a smooth product have to be with
the smallest possible size, with a typical dimension in the range of millimetres instead of
centimetres, and with a low hardness. The shape of the particles plays a role, but it is not
dominant. Ellipsoidal particles with the same volume of cubical particles perform better, but
might be easily substituted by smaller cubical ones.

More work has to be carried out in the definition of the right parameters during production and
the design of the optimal container for the rubber particles that can allow a fast series
production.
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Chapter 7
Characterisation of a collection of
rubber particles

7.1 Introduction

Although the pressing method with a collection of rubber particles is more versatile and needs
much less optimisation, it is still worthwhile being able to model the process, in order to acquire
more understanding and explore the limits of the process. The present chapter presents the first
steps for the development of such a model.

The collection of rubber particles behaves in a way similar to that of a fluid during the pressing
process. It has the advantage of filling the mould completely so that there is always contact
between the rigid and the flexible mould. Once the cavity of the mould is filled completely
with rubber particles, the collection of particles has the same characteristics of a solid with an
initial very low stiffness and an unconventional shear stiffness.

The scope of the present chapter is to describe the collection of rubber particles as a
homogeneous material of which the specific mechanical characteristics have to be determined.
To be able to characterize the rubber particles behaviour as a continuum, a series of tests has
been designed for the determination of some of their physical parameters.

Homogeneous isotropic linear elastic materials have their elastic properties uniquely
determined by any two modules among the Bulk modulus (K), the Young’s modulus (E), the
Lame’s first parameter (A), the Lame’s second parameter or Shear modulus (G) and the
Poisson’s ratio (v) through the relationships shown in Table 7.1.
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Table 7.1 Elastic modules for linear, homogeneous and isotropic materials.

Measurement methods for collections of particles are not widely described in literature,
although tests methods are available for measuring the mechanical properties of soils [1]. It has
been shown, though, that the behaviour of the collection of particles is similar to the one of a
liquid, therefore bulk modulus tests can be carried out in a similar way.

In order to estimate the shear modulus, several tests have been carried out to be used to evaluate
the shear behaviour of the collection of particles when pushed together. The tools were
designed to fit in the Zwick 2 tonnes machine.

7.2 Bulk modulus dominated tests

The bulk modulus gives the change in volume of a solid substance as the pressure on it is
changed, in other words it measures the degree of stiffness or the energy required to produce a
given volume deformation.

The bulk modulus (K) is the inverse of the compressibility. It is also called the
incompressibility: if a solid or fluid (liquid or gas) has a high bulk modulus, then it is difficult
to be compressed.

The bulk modulus is defined by:

K_Vap
1%

where V is the volume, which is decreased when a pressure P is exerted uniformly in all
directions. Usually, the temperature is kept constant during the compression. K can be
measured directly by exerting a known pressure and measuring the change of volume.


http://www.daviddarling.info/encyclopedia/V/volume.html
http://www.daviddarling.info/encyclopedia/P/pressure.html
http://www.daviddarling.info/encyclopedia/T/temperature.html
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7.2.1 Test method

Confined compression tests are carried out to determine the longitudinal bulk modulus of the
collection of rubber particles. The test set up is shown Figure 7.1. It is a 10 mm thick cylinder
of 30 mm inner radius and 120 mm height. The top and bottom closures are 20 mm thick;
therefore, the effective height is 80 mm.

Top closure with pusher

Particles container

Figure 7.1 Test set up for the bulk modulus test.

The procedure for the series of tests is the following:

e A certain amount of particles is placed in the container so that the top closure is at the same
height of the edge of the cylinder, but the particles are not yet squeezed in the container
(there is still a large amount of air in it).

e When a preload of 20 N is reached, the displacement is set to 0.

e The test machine records force and displacement until a defined maximal value is reached
(this value varies from 2.5 kN up to 8 kKN depending on the hardness of the particles).

e The particles are removed after the test, then placed again inside the container, so that they
are always the same amount, and randomly placed in the container without being squeezed.
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Code Shape Type Hardness  Dimensions Number
(Shore A)  (mm) of tests

e20 Ellipsoid (silicon) 20 7.5x10x12.5 5
e35 Ellipsoid (silicon) 35 7.5x10x12.5 10
c37 Cube Silastic S 37 8x8x8 6
c37small Cube Silastic S 37 4x4x4 6
c59 Cube Silastic M 59 8x8x8 7
c59small Cube Silastic M 59 4x4x4 5

Table 7.2 Summary of the carried out tests for bulk modulus calculation (the silicon type of the
ellipsoidal particles is not known, as they were not produced in-house).

7.2.2 Results

A typical load-displacement diagram of the tested rubber particles is shown in Figure 7.2.

In the present case, the longitudinal bulk modulus K’ can be found with:

oF

K'= H—

oh

where H is the height of the part of the container filled with rubber particles, F is the force and

h is the reduction in height relative to the applied force.
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Figure 7.2 Load vs. displacement plot for the confined compression tests of the rubber particles.
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An overview of the results for all the carried out tests is shown from Figure 7.3 to Figure 7.5.
The plots show the bulk modulus versus the strain for the tested rubber particles. In particular,
Figure 7.3 shows the results obtained for the ellipsoidal particles of two different hardness
values, while Figure 7.4 and Figure 7.5 show the same results for particles of the same hardness
but two different sizes. It has to be noted that the value of H is slightly different at every
measurement, as the amount of air in the container depends on the random position of the
rubber particles when placed in the container. When this effect is considered, the measured
bulk modulus values of the same particle collection are very close to eachother.

Common to every grade is the biphasic behaviour, slowly parabolic in the beginning, turning
into exponential once the particles start to behave as a solid rubber.

The particles of same hardness and different dimension present a very similar behaviour, where
the first almost linear part is longer for larger particles. This is due to the amount of air that is
entrapped between the particles that has to be squeezed out before the particles get in contact
to each other.
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Figure 7.5 Overview of the bulk modulus as a function of strain for two collections of 59 Sh A
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Figure 7.6 Detail of the bulk modulus as a function of strain for two collections of 59 Sh A
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Figure 7.7 shows an overview of all bulk modulus test results carried out on rubber particles
collections. The plot shows that there is no unique correlation between hardness and bulk
modulus. The behaviour also depends on both shape and hardness. From the picture, it is
possible to conclude that smaller particles are preferred to large ones, as this would allow the
particles to be compacted in a shorter time to their minimum volume.
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Figure 7.7 Overview of all bulk modulus results.

Figure 7.8 shows a representation of what happens in the different phases of the tests. Before
starting the test (figure a) the particles are separated by air. When the air is pressed outside
(figure b) the real compression of the rubber starts, until the particles form a compact block of
rubber (figure c). From this moment on, the particles behave like a massive rubber block.

The pressing away of the entrapped air corresponds to the initial very low bulk modulus of all
figures. After the first very low-modulus region, the bulk modulus increases up to the point
where the formed block is hardly able to deform (nearly incompressible region).

It is notable that smaller particles have a smaller “low modulus” region. This is probably
because the particles are more compacted at the beginning of the test; therefore, the air left in
the container is less from the beginning. After the low-modulus region, the particles have the
same behaviour. The same consideration can be made for softer particles: the “low modulus”
path is shorter compared to harder particles of the same dimensions. The softer particles can
deform easier under the weight of the column of particles above them; the collection of particles
is therefore more compact from the beginning of the test.
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Figure 7.8 Schematic of the different phases of the compression.

7.3 Shear dominated tests

A completely new tool has been designed to measure the shear stiffness of the particles and it
is shown in Figure 7.9. It has the same cross section of the classical picture frame for in-plane
shear tests [7], but it is in practice a box, in which the particles can be contained. The four sides
of the box are connected together by four corner hinges. Since the hinges can rotate freely, it
changes the angle between the arms, resulting in a pure shear deformation. Each arm consists
of two plates with four screws.

In the set up as it is, the first displacement of the system, and consequent compression of the
particles, is due to the own weight of the container. It gives the initial load and displacement
values that need to be considered in order to obtain the absolute load-displacement values of
the further recorded data.
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Figure 7.9 Shear test equipment.
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7.3.1 Shear modulus calculations

A compressive force is applied at the crosshead mounting. The initially square frame thus
becomes of rhomboid (or diamond) shape.

Material inside the rig is initially subjected to pure shear deformation kinematics. The force
required to deform the material is recorded at the crosshead mounting as a function of crosshead
displacement. From this information, the shear force (or stress) can be determined as a function
of shear strain and shear strain rate.

During an oriented picture frame test, the deformed configuration can be expressed as shown
in Figure 7.10.

Figure 7.10 Deformed configuration of the shear test specimen.

Therefore, shear force Q and shear angle are calculated through the following formulae:

P
Q=
2C0S—
T
—9-=
4 2
and
% \/ELframe -0
c0S—=————
2 2 I-frame
Where:

L rame =84.5 mm is the side length of picture frame,
o s the recorded displacement between two crossheads,
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P is the effective load at each displacement point,

Q is shear force acting along each arm of the picture frame,
0 is the current angle

7 is the shear angle.

The shear stress can be directly calculated from the shear force. Note that after deformation,
the area of the specimen reduces, while, based on the assumption of volume conservation, the
thickness of the specimen should increase. In this case, though, the particles are contained in a
closed box, therefore the volume changes and the particles are under compression. In the case
of the tests, though, the change in volume is only 5 % and it is initially neglected. It will be
accounted for in a later stage during the modelling of the complete assembly of particles.

With this assumption, the shear stress can be calculated as:

T_Q-siné?_ P-sing
B t  2.cos@/-L.
L-t ZCOSA L-t

in which L is the side length of deformed specimen. The shear strain remains the same as the
shear angley .

Three types of rubber have been tested, the two ellipsoidal rubber particles (respectively 25
and 25 Sh A) and small cubes of hardness 50 Sh A.

7.3.2 Test method for shear

The procedure for the series of tests is the following:

1. A certain amount of particles is placed in the container and weighted, in order to have
always the same amount of rubber particles during the test, Figure 7.11 (a).

2. The sides of the container are closed, so that the particles cannot drop out the container
during testing.

3. The container is placed in the test machine, which records force and displacement, Figure
7.11 (b) shows the set-up.

4. After the test the particles are removed from the container and placed in it again, taking
care that the amount is always the same

The shear modulus G can be calculated from the derivative of the regression equation
determined from the data points on the shear stress versus shear strain plot, if the units of shear
strain are in radians.

For the case of small rubber cubes of 50 Sh A hardness, the shear stresses versus strain curves
are almost linear, as shown in Figure 7.12. In this case, a linear regression curve has been
chosen. The shear modulus is found as the average modulus calculated from the test results.



Characterization of a collection of rubber particles 95

In the case of the ellipsoidal particles, as shown in Figure 7.13 and Figure 7.14, the shear
stresses versus shear angle have a somewhat parabolic behaviour and the curves are better
represented by a third order polynomial.

In Figure 7.15 the plot of the shear modulus versus the shear angle is shown. The shear modulus
has been averaged from all tested values. In the case of the small cubic particles the shear
modulus can be considered constant and equal to 657 Pa, while for the ellipsoidal particles it
is increasing for higher shear angles and a second order polynomial should be used.

Figure 7.11 Test set up for the pure shear tests.
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Figure 7.12 Shear stress- shear angle curves for small cubic rubber particles of 50 Sh A hardness.
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Figure 7.13 Shear stress- shear angle curves for ellipsoidal rubber particles of 20 Sh A hardness
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Figure 7.14 Shear stress- shear angle curves for ellipsoidal rubber particles of 35 Sh A hardness

9000

8000 ——small cube 50 ShA
——cellipsoids 35 ShA
7000 ——ellipsoids 20 ShA

6000

5000

4000

Shear modulus (Pa)

3000

2000 T
I

1000

0 2 4 6 8 10 12 14 16 18 20
Shear angle (deg)

Figure 7.15 Average shear modulus versus shear angle for the tested rubber particles collection.
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7.3.3 Discussion of the results

At first sight, the test did not seem to give good results, due to the initial deformation of the
“box” under its own weight. For this reason, tests were carried out only for three particles types
and grades. The problems encountered are mainly due to the own weight of the container of
the rubber particles. Being free to rotate around the hinges, it tends to compress the particles
before testing, therefore a lot of effort is needed to properly start the measurements and be able
to record the real strain. The results though appear to be reasonable; therefore, the set up could
be used again with some modifications allowing the “box” not to deform before the test starts.

7.4 Evaluation of the developed testing methodology

The tests presented above allow obtaining the mechanical characteristics of the rubber
particles’ assembly in the case they are considered as a continuum.

The first two tests of bulk modulus and shear modulus are a valid way to determine these
values. The bulk modulus test can be used without any further change, while for the shear test
set up a few modifications might be necessary in order to make it easier to handle. The set-up,
moreover, appears to be too heavy to be easily handled by one person alone.

7.5 Discussion of the results

In the case of the ellipsoidal particles, that were tested for both bulk modulus and shear modulus
it is possible to obtain two values of K and G for no compaction strain and 5% compaction
strain.

The Poisson’s ratio is calculated by:

3K — 2G
23K + G)

The results shown in Table 7.3 show that while the modulus of elasticity slightly increases for
a low compaction strains, the shear modulus increases more rapidly. The Poisson’s ratio, on
the other hand, has an almost constant value, which is close to 0.5 and thus implies an almost
incompressible material.

K (MPa) G (Pa) Y
no comp. 5% no comp. 5% no comp. 5%
20 Sh A 0.22 0.28 77 3046 0.498 0.494
35ShA 0.18 0.20 912 3673 0.497 0.489

Table 7.3 Mechanical properties of the ellipsoidal collection of rubber particles as a continuum.
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For small values of compaction strains, though, the compressibility is very high, as the volume
of the continuum made of rubber particles is drastically reduced due to the elimination of the
air in-between the particles. This high value can be justified by the fact that the shear modulus
is also extremely low when the particles are not compacted.

7.6 Conclusions

The purpose of the experimental work shown in the present chapter is to be able to represent
the collection of rubber particles as a continuum.

From the tests, several material models can be considered, from an simple one, which considers
the material as isotropic, whose material properties are presented in Table 7.3, to more
elaborated ones as shown in [8].

With these test results, especially the results obtained with the bulk modulus tests, it is also
possible to create a rubber model and verify its behaviour with the other tests presented in 6.2,
before implementing the material model in the simulation of the production process.
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Chapter 8
Finite element modelling of rubber
particles

8.1 Introduction

In the same way as presented in Chapter 5, it is possible to create a material model that fits the
behaviour of the rubber particles as presented in Chapter 7. In Chapter 5, a hyperelastic model
was used to simulate rubber. Though any stress strain curve can be simulated through a
hyperelastic model, hyperelasticity implies an almost incompressible behaviour. This is not the
case of the rubber particles considered as a continuum, as shown in the compression tests, due
to the amount of air that is present in-between the particles. On the other hand, if incompressible
behaviour is considered in a relative sense, namely the ratio bulk versus shear modulus and
accompanying Poisson’s ratio, the collection of rubber particles is also an almost
incompressible medium. The actual perceived absolute compressibility is just a matter of
initially very low moduli.

8.2 Collection of particles as cellular solid

A way to describe the collection of particles as a continuum is to consider them as a cellular
solid. The definition of a cellular solid as given in [1] is the following: ,,a solid made up of an
interconnected network of solid struts or plates which form the edges and faces of cells”.

There are many examples of cellular solids, both natural ones and synthetic. Two classical
examples are shown in Figure 8.1.
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1000 microns

a) naturalhoneycomb b) polyurethane foam

Figure 8.1 Example of a natural cellular solid a) [2] and an engineering cellular solid b) [3].

Differently from the real cellular solids, the collection of rubber particles is not completely
interconnected, but it shares with a cellular solid its most important characteristic: its relative
density, p*/ps (the density of the collection of particles p* divided by that of the rubber it is
made of: ps). The fraction of pore space in the collection of particles is its porosity (1-p*/ps).

Density Average Density of the Relative density
rubber dimension of the | collection of
[g/cm?] single particle particles
[g/cm®]
I Large 0.65 0.51
Silastic M 59 Sh A | 1.29 Small 071 0.55
Large 0.62 0.51
Zermack 50 Sh A 1.2 Small 0.69 057
Large 0.56 0.51
Zermack 33 Sh A 1.09 Small 0.58 053
Large 0.58 0.53
Zermack 22 Sh A 1.1 Small 0.61 0.56
Ellipsoids 20 Sh A | 1.05 8x10x12.5mm | 0.60 0.57
Ellipsoids 35 Sh A | 1.05 8x10x12.5mm | 0.61 0.58

Table 8.1 Density measured rubber particles.

A summary of the obtained results is shown in Table 8.1. The table shows that the relative
density of the particles varies between 0.5 and 0.6 and is higher for smaller particles. On the
other hand, the relative density is more dependent on the dimensions of the particles than their
hardness. The ellipsoidal particles present a higher relative density compared to the volume of
the single particles as expected.
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8.3 ABAQUS material model

In order to account for large deformations, it is possible to describe the rubber particles as
elastomeric foam. The elastomeric foam material model [8] is isotropic and non-linear and is
valid for cellular solids whose porosity permits very large volumetric changes and can deform
elastically up to 90% strain in compression.

Three stages can be distinguished during compression, as shown in Figure 8.2:

1. At small strains (<5%), the foam deforms in a linear elastic manner due to cell struts
bending and in-plane and out-of-plane cell wall deformation

2. The next stage is a plateau of deformation at almost constant stress, caused by the elastic
buckling of the “struts columns” or “membrane plates” that make up the cell edges or
walls. In closed cells, the enclosed gas pressure and membrane stretching increase the
level and slope of the plateau.

3. Finally, a region of densification occurs, where the cell walls crush together, resulting
in a rapid increase of compressive stress. Ultimate compressive nominal strains of 0.7
to 0.9 are typical.

Densification

——

STRESS

Flateau: Elastic buckling
;,f’ of cell walls

!

(li Cell wall bending

STRAIN

Figure 8.2 Typical compressive stress-strain curve for an elastomeric foam [8].

The behaviour of the rubber particles is slightly different as the first two stages of the curve
shown in Figure 8.2 are substituted by a long, almost linear, behaviour representing the
squeezing of the air in-between the particles and subsequent deformation of the rubber
particles. After which the same densification of the rubber, tending to an “incompressible
behaviour” follows.

8.4 Model prediction of material behaviour versus experimental data

In ABAQUS, it is possible to define the elastomeric foam using an existent material model
defined as “hyperfoam” and defining the material either giving the constant for the already
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existing material or from test data. In this case, ABAQUS automatically translates the test data
in the coefficients of the curve. Thus an optimal fit is obtained, minimising the effect caused
by the difference between the collection of particles and real foam.

The Hyperfoam potential, accurately described in [7], has the following form and can be fitted
up to order N=6:

N
2,Lli Al Al N 1 —a-ﬁ-
U=E—[/1‘ A% A% 34— 11—1]
a? |1 T4, T4 +'Bi(]el )

i=1

The deformations modes are characterised in terms of the principal stretches and the volume
ratio J. The elastomeric foams are not incompressible: J=A1A2A3#1. The transverse stretches A
and are independently specified in the test data either as individual values depending on the
lateral deformations or through the definition of an effective Poisson’s ratio.

Given experimental data, the material constants are determined through a least-square-fit
procedure, which minimises the relative error in stress.

In the present case, the input of the material behaviour is given by the results obtained during
the bulk modulus tests, described in section 7.2. The input is given in the form of data points
of the volume ratio versus the applied pressure. Furthermore, the order of the curve that is
describing the model has to be defined together with the Poisson’s ratio and eventually the
shear test data. These last values have not been inputted as they were only available for two
rubber particles grades and shapes. In the case of the Poisson’s ratio, the one that is
automatically calculated by ABAQUS seemed to yield the best results in every analysed rubber
case, while the order of the energy potential that best fitted the results was the first order one.

Once the elastomeric foam constants are determined, the behaviour of the hyperfoam model in
ABAQUS is established. However, the quality of this behaviour must be assessed, as ABAQUS
cannot automatically apply the ebst material model representing the stress strain curve as
obtained during the experiments. The prediction of material behaviour under different
deformation modes must be compared with the experimental data. It must be judged whether
the elastomeric foam constants determined by ABAQUS are acceptable, based on the
correlation between the ABAQUS predictions and the experimental data.

Test cases are used to calculate the nominal stress—nominal strain response of the material
model and are presented below. In both cases, a square block is modelled.

8.4.1 Verification of unidirectional compression data

The model is shown in Figure 8.3. It is a solid block subjected to a vertical pressure on the top
surface. The block can only be compressed in the vertical direction, as if contained in a box.
No friction is applied on the sides of the block.
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u, u2
+0.000e+00
-5.193e-01
-1.039e+00
-1.558e+00
-2.077e+00
-2.596e+00
-3.116e+00
-3.635e+00
-4.154e+00
-4.673e+00
-5.193e+00
-5.712e+00
-6.231e+00

Figure 8.3 Solid model to verify bulk material properties (left) and its deformed shape (right).

Figure 8.4 shows the results obtained using the volumetric test data of the bulk modulus tests.
For all types of particles the first part of the slope, when the particles are pushed together, is
represented very well by the hyperfoam model of ABAQUS.

11

Input large cubes 59 Shore A
= = Qutput large cubes 59 ShA

Input large cubes37 Shore A
Output large cubes37 ShA

Input ellipsoids 20 Shore A
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Input ellipsoids 35 Shore A
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Input small cubes 59 Shore A

= = Qutput small cubes 59 ShA
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Figure 8.4 Comparisons between volumetric test data and FE-results using the hyperfoam option,
where with “input” is intended test data and “output” is the result obtained by ABAQUS.
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The second part of the slope, when the rubber particles are becoming incompressible, though,
does not completely represent the volumetric test data for every rubber particles’ hardness and
dimensions. In particular, in the cases of softer and smaller particles, as the ellipsoidal particles
of hardness 20 ShA, the compressivity drop appears to be too sudden to be followed by the
hyperfoam curves and the two solutions are diverging after the first part of almost linear
behaviour.

In the case of larger and/or harder particles, the curves obtained numerically are following the
test data more accurately.

The case of the stress-strain curve as inputted in the material model and as output of the analysis
of the cube is different, as shown in Figure 8.5. In addition, in this case the first part of the
curve, where the air is pushed out from the material, is well represented by the model. The
model does not represent the second part of the curve, though, as the particles stiffen more
slowly than in reality.

Input large cubes 59 ShA
Output large cubes 59 ShA

Input small cubes 59 ShA
25 —

Output small cubes 59 ShA
—— Input large cubes37 ShA
- = -Output large cubes 37 ShA
2 —— Input small cubes37 ShA ; //
- = -Output small cubes 37 ShA

~
.
~

—— Input ellipsoids 20 ShA

Stress (MPa)
=
(6]

—— Input ellipsoids 35 ShA

- = -Qutput ellipsoids 20 ShA / Y

- = -Qutput ellipsoids 35 ShA

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain

Figure 8.5 Comparison between the stress strain input and output data

It has to be noted that in the Finite Element calculations, the boundary conditions do not
consider any friction on the sides of the container. Including the effect of the coefficient of
friction, which is very high, should improve the results of the second part of the curve.
Nevertheless, having considered two different dimensions and without considering the
influence of friction in both cases, the results give a sufficiently good estimation of the
behaviour of the rubber particles as a continuum.
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8.4.2 Verification of shear load data

To be able to verify the behaviour in shear of the rubber model, the same block is loaded in
shear, with the appropriate boundary conditions and load, as shown in Figure 8.6 in its
undeformed (left) and deformed (right) shape.

The material model used is the same as for the compression load, therefore the same material
data, given by the longitudinal test used.

A 1.

Figure 8.6 Solid model to verify the shear material properties (left) and its deformed shape (right).

Figure 8.7 shows the results obtained using the volumetric test data of the bulk modulus tests
on the shear behaviour of the material. In this case, only the two collections of ellipsoidal
particles were modelled, as both material behaviour, in compression as input and shear for the
verification, was tested. The plot shows that the shear behaviour is very well represented for
both particles.
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Figure 8.7 Comparisons between shear test data and FE-results using the hyperfoam option.

8.5 U-beam

From the calculations presented in the previous rection, it can be concluded that the rubber
particles’ behaviour as a continuum can be approximated with a reasonable accuracy as a
cellular solid. This motivates the application of the model to the real case of the collection of
particles used in a moulding process. At first, the material model will be applied to the pressure
distribution tests on the U-beam described in Chapter 4.

The geometrical model of the U-beam is similar to the one described in Chapter 5. The major
difference being that the mass of the rubber particles occupies the entire space available in the
mould and no gap between steel mould and rubber particles is considered, as the particles are
filling all the space available in the mould, just like a liquid would do.

As the volume of the rubber particles reduces a lot in the first part of the compression, a column
of particles, higher than the mould, is considered in order to assure enough material when the
particles are fully compressed.

Symmetry boundary conditions are considered on both moulds as only half of the test set up
has been modelled. Between the moulds, a contact with friction is considered. The value of the
friction has been varied as in the case of the rubber block to verify its influence. Although the
coefficient of friction of the rubber is usually very high and previously in this thesis has been
set as 0.9, the coefficient of friction of the rubber particles should be much lower until the
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particles are completely compacted. The particles, in fact, are not always completely in contact
with the surface, especially not until they are fully compressed.

A

Z ¥

Figure 8.8 U-beam model with rubber particles.

In the Finite Element results, a value of 0.5 for the coefficient of friction seems more realistic
than the 0.9 used in the case of a rubber block, as shown in Figure 8.9 in the case of cubical
particles of hardness 59 ShA. The same is confirmed for the case of the collection of ellipsoidal
rubber particles, as shown in Figure 8.10.



110 Finite Element Modeling of the Rubber Particles

3
—e—average test results
25 -m-CoF=0
-+-CoF=0.1
=<CoF=0.5
2 ~-CoF=0.9
‘©
(-9
=
@15
=]
a
g
o
1
0.5 L 4 v
0
0 20 40 60 80 100 120

Distance [mm]

Figure 8.9 Effect of friction on the pressure distribution of the collection of small cubical rubber
particles of hardness 59 Sh A.
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Figure 8.10 Effect of friction on the pressure distribution of the collection of ellipsoidal rubber
particles of hardness 35 Sh A.
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It has to be noted that, independently from the value of the coefficient of friction, the volume
of the rubber particles is drastically reduced during compression; therefore, there is no pressure

on the top sides of the mould.
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Figure 8.11 Compression sequence of the rubber particles in the U-beam

This effect is something that has to be taken into account when using the collection of rubber
particles. Also in practice, in fact, the volume of the compressed particles is considerably
reduced. This is shown in the calculations of the relative density, but also visible during the
real tests, where the volume of the uncompressed particles had to be at least twice as much as
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the volume of the compressed particles in order to have pressure also on the top edges of the
mould.

8.6 Real product: non releasable shape

An example of a product that could not be manufactured with the standard rubber mould is, for
instance, a beam with a cross section shown in Figure 8.12. This is a relatively simple product
whose production is not influenced by the shearing of the fibre inside the thermoplastic material
during forming. At the same time, the classical rubber forming method cannot be applied to
produce it. It is in fact not possible to press a negative rubber mould into the female steel female
mould during production and therefore it is not possible to obtain an almost constant pressure
distribution on the side walls of the steel mould.

Figure 8.12 Non-releasable product: U-beam.

With the collection of rubber particles, on the other hand, it is possible to insert the particles in
the section even if the top cross-section is smaller than the bottom one and to extract the
particles once the product is formed.

collection
of rubber
particles

sliding
surfaces

steel mould

Figure 8.13 Definition of the finite element model.
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In order to verify the possibility to produce such a product, a simple model has been built in
ABAQUS, as shown in Figure 8.13. A small portion of a mould to fabricate a long hat stiffener
has been modelled, using symmetry boundary conditions on both sides of both moulds. The
top of the flexible mould is subjected to a pressure force and bound to the same vertical
displacement.

Due to the large reduction in volume, a high column of particles has been modelled, which is
constrained to follow two perpendicular “guides” when outside the mould, as shown in Figure
8.13. The guides are represented by two rigid surfaces. Only a small section has been modelled
considering symmetry boundary conditions on both sides of the cross section, in order to
simulate a long beam. This configuration actually represents the worst-case scenario, as the
particles will most likely follow the contour of the female mould once they are in contact to it.
Nevertheless, Figure 8.15 shows the compression sequence once the column of rubber particles
is compacted: The rubber particles completely fill the mould assuring pressure also on the
vertical sides of the mould.

Figure 8.14 shows the pressure distribution on the female mould wall at increasing pressure
values in the case of the mould made of a collection of rubber particles. At the increase of the
forming pressure, the particles fill the cavity of the mould and consequently the pressure on the
mould walls increases.
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Figure 8.14 Pressure distribution due to the collection of rubber particles at increasing applied
pressure.
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Figure 8.15 Compression sequence of the rubber particles during the forming process of a
product with a non-releasable negative solid male mould.
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In order to compare the results, the same set-up has been used to simulate the production of the
same object using a solid rubber mould as female mould. The same rubber type of the rubber
particles has been considered, namely a silicon rubber of 59 Sh A hardness.

The results are shown in Figure 8.16 where the plot of the contact pressure due to a solid rubber
mould on the female mould walls is shown at increasing applied pressure values. Even if the
applied pressure is higher than the case of the collection of rubber particles, there is no pressure
on the lower part of the mould’s side walls.
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Figure 8.16 Pressure distribution due to the solid rubber mould at increasing applied pressure.

The results of the calculation are also shown in Figure 8.17. The solid rubber mould cannot
deform as much as the collection of rubber particles as the mould will soon take a barrel shape,
which prevents filling the corners of the female mould.
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Figure 8.17 Compression sequence of a rubber mould during forming process of a product with
a non-releasable negative solid male mould.
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8.7 Conclusions

The cellular solid model within ABAQUS allows to predict with a reasonable accuracy the
behaviour of the collection of rubber particles as a solid mould while rubber forming. It also
demonstrates that the collection of rubber particles performs better than the solid rubber mould,
as it is possible to obtain a more uniform pressure distribution on all sides of the product
allowing for a better consolidation. Moreover, the collection of rubber particles allows the
production of products that cannot be produced with a solid rubber mould as products with an
undercut.

The next step in the simulation would be the addition of a laminate, in order to simulate the
entire process with a better accuracy and be able to predict how well the product can be
manufactured, given a certain rigid mould. This next step, though, is beyond the scope of the
present thesis; not in view of fundamental difficulties, but because establishing the model input
data of the laminate under high temperature gradients is an effort that requires the period of
another PhD project.
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Chapter 9
Conclusions and recommendations

The aim of this thesis was to understand the behaviour of the rubber mould during pressure
forming of thermoplastics and to reduce the development costs of the thermoplastic products
produced by thermoforming, improving the design of the rubber mould. This chapter
summarises the outcomes from the thesis and outlines areas for future work.

9.1 Conclusions

9.1.1 Background

The increase of use of composites and in particular thermoplastics, not only in aerospace and
aviation, but also in the automotive industry, was presented in Chapter 1. The need to improve
those manufacturing techniques that would allow for (large) series production, such as the case
of thermoforming, was clear. An overview of the state of the art on thermoforming of
thermoplastics was presented in Chapter 2. It was shown that all difficulties could be divided
into two large categories, the definition of a suitable rubber mould and the limitations due to
the type of shape that was possible to manufacture based on the drape-ability of the fabric
embedded in the thermoplastic resin. The focus of this thesis was set on understanding of the
behaviour of the rubber mould during the forming phase and its improvement.
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9.1.2 Rubber behavior

The rubber parameters relevant to better understand the behaviour of the pressure forming of
thermoplastics were analysed in Chapter 3. It was shown that the coefficient of friction,
together with the hardness of the rubber very much influence the ability of the rubber to deform
in a desired way, especially in corners. The coefficient of friction could be improved in a
substantial way with the use of lubricants, though this might negatively influence the
performances of the melted thermoplastic, which cannot be accepted. The third parameter that
has to be considered is the very high coefficient of thermal expansion. This parameter should
be taken into account while designing the mould. During series production, in fact, when the
rubber mould has reached its maximum temperature, the change of shape of the rubber modifies
significantly the position of the details that have to be pressed. This is particularly evident in
the case of large products. The effect of the three rubber parameters in the rubber mould during
pressing has been thoroughly investigated in Chapter 4, where the pressure distribution in a
mould to produce a U-beam has been measured. Here both effects of the rubber hardness and
of lubrication on the pressure distribution exerted on the metal mould have been investigated
at different temperatures for several rubber mould shapes. From this study several conclusions
could be drawn:

e the rubber mould needs to be designed for its use at higher temperature, therefore when
it is already expanded. Only this way it is possible to better approximate a uniform
pressure distribution for series production,

e the thickness of the laminate has to be included in the mould design considering the
thermal expansion, otherwise the laminate will not be pressed correctly into the mould,

e the addition of a filler with a negative coefficient of thermal expansion, like Twaron
pulp, gives positive results in the reduction of difference in pressure distribution at
different temperature. This could be investigated further in order to obtain the optimal
amount of filler which assures the same pressure distribution at any temperature

e a lubricant is very effective in the reduction of pressure loss, though the effect of
lubrication on the mechanical performances of the thermoplastic laminate should be
considered.

The outcomes of Chapter 4 were verified in ABAQUS using the material data obtained in
Chapter 3 and a hyperelastic material formulation based on the test results. These results are
presented in Chapter 5. As pressure distribution and load-displacement diagram fit the test data
very well, the material model is used to verify a real life problem. Also in this case, the material
model fits the results obtained during production very well, which means that such a material
model could be used before starting production to determine if critical points are expected.

9.1.3 Rubber pressing with a collection of rubber particles

Although several possibilities for the improvement of this production method exist, the
developments time of such a rubber mould is still quite long. Moreover some practical
limitations remain, even after modelling. A full alleviation of the limitations appears just
impossible due to the actual limits of the process. The use of a mould made of a collection of
rubber particles is considered a better option as shown in Chapter 6, where the method is
described and demonstrated through the production of several products. The dimensions of the
particles and the rubber type have been investigated in order to determine the combination
needed to obtain a well-formed product. It is shown that shape of the particles and hardness of
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the rubber are less important than the particles dimensions. In general, the smaller the particle,
the better is the quality of the product.

In Chapter 7, the rubber particles have been tested in order to obtain their characterisation as a
continuum. Bulk and shear modulus have been determined, as well as an equivalent shear
related test to determine a shear value which is valid for different compaction levels of the
particles.

The bulk modulus results show that:

e the bulk modulus is very low for low strain levels, when the assembly of particles are
mainly separated by air;

e at higher strains, also depending on dimensions and hardness of the rubber particles,
the particles behave as a solid block of rubber becoming almost incompressible.

The shear modulus increases almost parabolically at higher values of compaction strains for
the collection of ellipsoidal rubber particles, while it is almost constant for the cubical particles.

When calculating the Poisson’s ratio from the bulk and shear modulus values, it appears that
the Poisson’s ratio is almost constant and very close to that of an incompressible material
(slightly below 0.5). These material data make it possible to describe the collection of rubber
particles as a continuum.

It turns out that considering the collection of rubber particles as a continuum solid results in a
material with a very variable stiffness. Stiffness expressed as moduli results in moduli that vary
over more than two orders of magnitude, from very small values when the collection is still
hardly compressed, to high values where compaction is (almost) complete. The bulk- and shear
modulus are related by the Poisson’s ratio. In retrospect it turns out that the Poisson’s ratio is
not varying much over the entire range from hardly compacted particles to almost completely
compacted particles. It is always slightly below the value of 0.5. This value of 0.5 is often
related to incompressible materials. This conventional language is also used in the present
thesis in order to give the readers an engineering feeling. However, it should be noted that all
materials are compressible. The really striking property of a material with a Poisson’s ratio of
0.5 is the very low shear modulus as compared to bulk modulus, down to a shear modulus of
zero for fluids. So incompressible should be understood as hardly compressible as compared
to shearing. So the collection of particles shows a behavior implying that compressibility is
always much lower than “shearability”, even in the hardly compacted region where
compressibility is high in an absolute sense.

The Poisson’s ratio being nearly constant and slightly below 0.5 is consistent indeed to the
fluid-like behavior at the beginning of the process where the particles behave is such a way to
provide the advantages of hydroforming. It is also consistent to the behaviour at the end of the
process where the collection acts as a solid “incompressible” rubber block.

Indeed, polymer foams do show an almost constant Poisson’s ratio over the entire deformation
range and have in common with the collection of particles that the moduli may vary over wide
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ranges and may increase progressively if compaction becomes important. So in retrospect, it
can be understood that modeling the behavior of the particle collection as a foam yields realistic
results for the pressure distributions in the mould, if the model starts with a filled mould
situation. The filled mold situation as a starting point can be motivated as a trivial consequence
of the more liquid character of free flowing particles at the very beginning of the process. Free
flowing particles will tend to fill a mould completely. Yet, this very beginning of the process
may be considered a modeling challenge for future investigations where the melted composite
is incorporated as well. The low “near liquid” stiffness, compared to the low stiffness of melted
thermoplastic composite may still require detailed modeling for complex mould shapes where
the “just-filling’ assumption is not adequate anymore.

In Chapter 8, the material data obtained in Chapter 7 are used to simulate the production process
in ABAQUS. The rubber particles are modelled as cellular foam with the volume change
defined as the one of the bulk modulus test and the shear modulus derived from the shear tests.
The results were first compared with the test results and then a real case has been modelled in
which the producibility is proven of a more varied number of products with promising results.

The novel moulding process with the collection of rubber particles is a considerable
improvement over the conventional process with a solid rubber mould. Many problems of the
conventional process are just eliminated to such an extent that modeling may become
unnecessary. On the other hand, even with the extended possibilities of the novel process, limits
will be apparent on product geometries that can be made. Modeling will still be very useful if
those limits are approached. The present modeling of the collection of rubber particles during
moulding is a first step towards that exploration of new production limits.

9.2 Recommendations

The rubber press forming with a collection of rubber particles as mould half has been proven
feasible from a production point of view and it has been shown that it is possible to model the
entire process with the use of a Finite Element Analysis. Although the method has been
patented, it still needs more research in order to be commercialised. Some of the envisioned
points to be addressed are described below.

From a production point of view, a container for the rubber particles has to be defined that
allows the particles to fill the mould cavity without interfering with the laminate. The design
of an appropriate blank holder and the amount of force to be applied to it is necessary to
improve the quality of the product to be manufactured.

From the designer point of view, in order to have a complete overview of the process, the
laminate should be added to the analyses. This is more important when doubly curved products
are being produced, since in the case of 3-D forming the deformability of the laminate plays an
important role.
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