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Abstract

SefNBAY F2NOSR O02YLI2aAiSa I NB Ftinwiiédothities y R
reinforcement and the matrix are the same polymer but present different morphologies.
Other benefits of selfeinforced composites are redwability and lightweight.There are
several technologies to produce sedfinforced composites, but the most common procedure
is based on Hot compactiaf high modulus fibres/tapes or bicomponent tag®esselectively
melting a thin surface of eadibre/tape, so when cooling, this region recrystallises as the

matrix, making a selfeinforced composite

This thesis presents a flexible approach to the hot compaction procedure by adopting a
low-cost automated irsitu consolidation process for seHinforced polypropylene
composites. Here alosal mould is replaced bynly one side mouldwhile the other side
mould is replaced by small tool The tool can irsitu consolidate a stack of sefinforced
composite fabrics using automated forming pathsilehensuring a precise temperature
control that prevents the reinforcement phase from molecular relaxation and, therefore, a
loss in mechanical propertieshd@ physics behind the automated proceiss explained
including the bonding mechanism of two polyménterfaces and the heat transfer

mechanism

The machine consists of a gantry structure integrating epamce hardware, a
piezoelectric force sensor, temperature sensors with PID temperature controllers, and control
software. The control software pralés several functions, including hardware
communication, machine motion control with acgde programming language, graphical user
interface, monitoring, recording, online processing of force signals, and a soffNBréorce

closedloop actuation.

To prove the feasibility of the automated-gitu consolidation process, twdimensional
and threedimensional laminates were formed under different processing parameters such
as temperature and pressure. The laminates were characterised and comparedtagain
benchmark manufacturing procedsot press.The results of this project demonstrate it is
possible to achieve iritu consolidation of seffeinforced polypropylene compositashich

also opens a window towards mouless fabrication.
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1 Introduction

Since their appearance, composite materials, especially those based on fibres and
polymers, have attracted the attention of scientist and industries duthéir high strength
high stiffnessand light weightwhen compared to most metal allows. Furtherngrtheir
anisotropy allows to tailor the behaviour of a part according to the loading conditbirch
make them useful for load bearing applications while keeping low weights. For this reason,
composite materials have been adopté&d countless applicatiawhere weight reductions
represent significant contributianin performance. They are extensively used adustries

such asaerospacesports construction, prothesis, and many others.

1.1 Introduction to Polymers

Polymers, also known as plastics, accompasy in our everyday life. Polymer
applications range from standard household products (e.g. packaging, toys, fabrics, diapers,
cookware, adhesives, etc.) to higind applications and emerging technologies (e.g.
bulletproof vests, aerospace structures, fdial hip joints, resorbable sutures, plastic
electronics, electric cars, fuel cells, e{d]. The term polymer comes from the Greek words:
poly and meros, meaning many parts. In other words, polymers are built up of many
molecules (or macromolecules) that contain similgreating units called monomers, and the

process of joining or linking monomers to form polymers is called polymerisation.

There are two categories of polymers: Thermoplastics and Thermosets. Thermoplastics
form longchain molecules (Linear Polymers) whidteract together via intermolecular
forces and physical chain entanglements. On the other hand, thermosets chains are linked in
a network fashion (crosnked polymers), forming complex 3D networks connected with
strong covalent bonds. That differencenmolecular chain formation means that thermosets

can only soften or burn upon heating while thermoplastics will additionally melt and2pw

Molecule chains in thermoplastics can be randomly oriented or highly ordered
structures. The first is known as an amorphous polymer, meaning it has 0% crystallinity. The
mog common analogy of an amorphous polymer is to think of it as a piece of cooked

spaghetti because it is randomly folded and intertwined with the other spagfgjttOn the
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other hand, polymers with ordered structures are called semicrystalline polymers. bagas

the chains form ordered stacks known as lamellae which resemble the arrangement of atoms
in crystals. The terrsemicrystallineefers to the fact that polymers are never fully crystalline.
Most polymers present amorphous and crystalline regions, tretefore, polymers are
categorised by their degree of crystallinity (DOC), while thermosets can be characterised by
the crosslinking density[4]. It is known that molecular structure and the degree of

crystallinity influences different material properties in semicrystalline polyrftdrs

In terms of processing, thermoplastics are first synthesised (polymerised) as raw
material and themrmelted, moulded, and cooled to solidif§]. The solidification mecham
is called crystallisation. This process can be fast (a matter of seconds) if high cooling rates can
be achieved. The ability to be melted and cooled repeatedly allows thermoplastics to be
reused since they can be moulded into a different shdpe On the other hand, for
thermosets, their monomers are first mixed in a liquid state and poured into the mould before
being stimulated (e.gheat or light) to accelrate polymerisation. The polymerisation process
of thermoset polymers is commonly termed tlearing reactioror curing stage During the
curing stage, the polymer chains form a crinked network that cannot be modified as
described beforg8].

Table 1-1 Processing properties and requirements for selected polymers (adapted from [7, 9])

Viscosity* Temperature ** Pressure **
Polymer Type R Pr_o ceiing
Pa - second C MPa Time Health and Safety
Thermoplastics
Polypropylene (PP) 100 at 230 °C 185230 1 Minutes None
Polyetheretherketone 380 at 380 °C 360400 1 Minutes None
(PEEK)
Thermosets
Unsaturated Polyeste! 0.1-1 at RT 20 0.1 Minutes or  Inhalation, Contact,
(UP) (up to 100****) hours Risk of fire
Epoxy (EP) 0.1-1 at RT 20-120 0.1 Hours Inhalation, Contact,
(up to 100****) Risk of fire

* Matrix material before and during processing.
** Requirements during consolidation before achieving dimension stability
*** Relates to the entire processing cycle.
**** Partly cross-link thermoset polymers

The processability of thermoplastics and thermosets depends on many factors such as
viscosity, pressure, temperature, time, and health and safety. A summary of processing

properties and requirements is presentedTiablel-1. As can be seen, thermoplastics are at
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least two orders of magnitude more viscous than thermosets. Higher temperatures and levels
of pressure are required to achieve thequiredconditions for thermglastics to flow. On the
other hand, thermosets have lower viscosities, and therefore, they flow easily to impregnate
fibres very well at low temperatures. The values of viscosity showialel-1 corresponds

to a specific temperature; however, viscosity decreases with temperature because of the
increased molecular mobilit8]. The processing time for thermoplastics (melting, shaping,
and cooling) may take seconds or minutes, while thermosets could take days at the other
extreme. During processing, polymerisation of thermosets may releastles]gotentially

toxic substances, and exothermic reactions leading to high temperatures. On the other hand,

thermoplastics are almost chemically inert, which avoids hazardous subst@fjices

The properties of polymer parts are determined by their internal structure and the
manufacturing process. However, polymers would not be used to the extesy are
currently used if not for additives that improve the engineering properties (e.g., antioxidants,
fillers and fibres for reinforcement, plasticisers, or halogens for fire retardant purp{8les)
The combination of two or more constituents is usually known a®raposite material.
Several sourcesan help the readewith a broader introduction and history of these materials
[10-13].

1.2 Introduction to Fibre Reinforced Polymer Composites

Fbre Reinforced Polymer (FRP) composites are a combination of fibres and a polymer.
Fibres are stiffer and stronger than polymers, and the mixture of the two is expected to show
intermediate properties of the constituents. The fibres act as the reinforcémehile the
polymer is the matrix. The termeinforcementefers to the increment in rigidity and strength
achieved by the combinatiofi4]. The termmatrix refers to the polymer holding the fibres
together in the shape of the producthigransfers most of the mechanical loads to the fibres,

and protects hem from external damage (e.g. environment and/or hand|{6d)



Continuous fibers  Discontinuous fibers, whiskers Fabric, braid, etc.

Figure 1-1 Types of fibre reinforced polymer (FRP) composites. They can be continuous, discontinuous
(short), or continuous woven fabrics [9].

Fibre reinforcements can beontinuous shortfibre or discontinuousor continuous
woven fabrics, as illustrated irFigure 1-1. The figure also shows that fibre reinforced
composites are made up via stacking layers with specific orientations. The orientation in each
ply enables to tdor the final propertiesof the composite parby aligning them to the high
load direction(s). In this way, less material is used on nonessential reinforcement.

Discontinuous fibres are an exception since they are dispersed in random orientations.

FRP compsites excel compared with other composite materials due to their high
strength, stiffness, tailorable properties, lightweight, and ability to form complex shapes.
They are used in weigisensitive structural component applications mainly due to their high
specific strength and modulus compared to metals. The tetmncturalrefers to the ability
to support substantial mechanical loaf§. Tablel-2 shows the lightweighting potential of
different materials in comparison with mild steel. For instance, Carbon Fibre composites offer
the highest weight savings and specific medbalhproperties. Therefore, FRPs compete with
advanced metal alloys and other materials as one of the maimgighting tools for load
bearing applications in different industries such as aerospace, automotive, sports, and many
others. For these indug@s, a reduction in weight can represent an improvement in fuel

efficiency and a reduction in greenhouse emissidrig.



Table 1-2 Light weighting potential of different materials in comparison with mild steel. On average, the most
significant savings could be achieved with carbon fibre composites (Reproduced and Adapted from [15]).

Material Density Comparison to Steel
(g/cnr) . . Mass reduction

Strength/Density Modulus/Density Cost £ Potential

Mild Steel 7.87 1 1 1 0%

High-strength steel 7.87 1.86 1 0.91.2 10%
Adv high-strength steel 7.87 3 1 0.815 10%-28%
Gen 3 highstrength steel 7.87 7 1 1.02.0 15%-30%
Ceramics 3.9 0.7 3.05 1.53.0 10%-30%
Sheet moulding Compound 1.1-19 4.39 1.16 0.515 20%-30%
Glass Fibre composites 1424 4.74 5.75 0.915 25%-35%
Plastics 0.915 0.82 0.08 0.7-3.0 20%-50%
Aluminium 2.7 3.95 1.02 1.32.0 30%-60%
Titanium 451 4.73 0.98 1.510 40%-55%
Metal Matrix composites 1.92.7 5.41 35.28 1.53.0 50%-65%
Magnesium 1.74 3.66 1.02 1525 30%-70%
Carbon Fibre Composites 1.01.6 20.9 5.41 1555 50%70%

SelfReinforcedpolypropylene 0.7-0.9 3.935 0.2 0.801.5 -

composite§l6, 17]

1.3 Introduction to Manufacturing of Fibre Reinforced Polymer
Composites

One drawback of fibre reinforced composites is that the final properties rely on the
processing characteristics of the matrix becabséh the final material and the product are
manufactured simultaneouslj®, 10, 18] Because of this, a good understanding from both
designer and manufacturer of how processing parameters influence the resulting mechanical
properties is required. The selection of a processing route to produce structural components

depends on several factors, but the most common are described below:
1 What is utilised as a mould to give the composite its shape?

I Y2dZ R A& dal K2tft2¢ O2ydFAYSN) gA0GK | LI
substances are poured so that when the substabeeomes hard, it takes the shape of the
container[19].6! Y2 G KSNJ RSTFAYAGA2Y 2F Y2dzZ R Y2NB I LILIM
that somehow helps maintain the liquid reinforcememiatrix mass in an exact
predetermined shape unté dimensionally stable composite is obtair[8§i¢ Moulds can be

manufactured from different materials such as metals, wood] ather types of composites.

1 How will the mix of fibores and polymer conform to the mould, and how is the

impregnation process achieved?



Conformingrefers to the process of manipulating the raw material (fibres and matrix)
to copy the shape of the mouleyhich depends on the manufacturing method. For example,
the fibres and matrix can be handl@as two separate raw materials as in transfer moulding
processes or as a single raw material, in which the fibres are alreadsnpregnated of the
matrix (also kown as prepregs). Conforming is performed by laying up layers of the raw
material in different orientations onto the mould to form a stack or lamindtepregnation
refers to the mixing or impregnation of the fibres with the polymer matrix, which requaires
pressure gradient to ensure the flow of the polymer. Thermosets have a lower viscosity than
thermoplastics and therefore are easier to flow even at room temperature. On the other hand,

thermoplastics need heat to melt and flow, which require higher terapres and pressures
1 How is the consolidation pressure applied, and how is the temperature controlled?

Consolidatiomefers to the compaction process of the mix of fibres and polyniath
pressure and temperature should be closely controlled duringnttmeilding process, and if
possible, in the componenfn adequate pressure level is vital to keep the liquid polymer in
place and constrained until the matrix solidifies and becomes dimensionally stable. A good
level of consolidation ensures a successfuiddaation processAs described before, the
solidification process differs if the polymer is a thermoplastic (crystallisation during cooling)

or a thermoset (Curing process while heating or reacting).
1 What type of postprocessing is required?

As with eery manufacturing process, composite parts are not exempt from further
processing and finishing after the primary processing steps. Different-grosessing
techniques are usually required after consolidation and demoulding, such as edge trimming,

drilling, fastening, painting, joining and othg29].

Most of the previous steps are labour intensive and require skilled technicians and
expensive equipment to achieve industry standards. Furthermore, they commonly lack
repeatability and can cede final defects such as fibre misalignment, buckling, wrinkles, voids
content, or others. As a result, due to the difficulty of obtaining defest parts, fibre
reinforced composites are mainly used in applications in which a high structural perfaemanc

accompanied by low weight is more critical than its manufacturing price, such in aerospace



and Formula 1. Nevertheless, their application has extended to almost every industry, such

as military, sports, medical equipment, prosthetics, construction, etc.

There is a wide range of automated and semiomated manufacturing processes for
fibre reinforced composites as it is claimed they can improve process and cost efficiency for
large composite parts. The most known automated processes are Automated Tape la
(ATP) or Automated Fibre Placement (AFP), in which tapes or fibres are selectively deposited
over a mould or mandrel with the aid of heating and pressing devices. However, high capital
investments are required for their adoption, limiting their widespd use for smatio-

medium manufacture§21].

Digitallydriven strategies such as additive manufacturing offer a new possibility fer low
cost automatdn in composite materials. The main advantage of additive manufacturing is
producing fibrereinforced composites without the need for a template or a moj@d, 23]
which can reduce the price of composite components for low volumes. However, as explained
in the following chapter (see kitature Review)there are several challenges to achieve
composite parts with similar performance with benchmark manufacturing processes for

composite materials.

1.4 Introduction to Self-Reinforced Polymer Composites

In most fibre reinforced composites, theindorcement and the matrix are chemically
inert with different surface energies, which hampers direct bonding between them. Ensuring
proper adhesion in the interface is essential for composites materials. It has been shown that
the interfacial bond strendt between reinforcement and matrix controls different
mechanical properties in the short and loteym performance, such as tensile and
compression strength, worto-fracture, creep and fatigue resistanf4]. The most common
solution to improve bonding between the fibre/matrix interfaces is using coupling agents on
the surface of the fibres (also known sigingor fibre siz¢ [25]. However, this increases the

cost of fibres and, therefore, the final part.

The concept oBelfreinforced compositeglso callecdbne polymer compositesingle
polymer composites, or gholymer compositgswvas first introduced in 197[26] by creating

a materialin which both the reinforcement and the matrix are the same polymer but present
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different morphologies. Because of the better chemical compatibility, a strong and stable
interface between reinforcement and matrix can be achieved-igeiforced compositegely

on highperformance thermoplastic fibres with high strength and tensile modulus. This
increase in mechanicg@ropertiesis usually achieved by orienting the molecules when the
fibres are producedl16]. However, the main challenge of sedinforced composites is their
processing, as high processing temperatures may promote molecular relaxatioeasieg

the mechanical properties or losing their reinforcement r{##&, 28] Other benefits of alf-
reinforced composites are recyclability and lightweight. Ease of recycling is an advantage as
in this case, only one material can be recovered angroeessed to create a new part
compared to composites reinforced with other fibres such as glassrbordibres. At the
same time, they can achieve lightweight components due to their lower densityT(@ele

1-2) compared with other composites like Gldabre or Carbn-Fibre composites.

There are several technologies to produce -seififorced composites, but the most
common procedure is based on Hot compacti@®] of high modulus fibres/tapes or
bicomponent tape$16, 28, 3635]. When highmodulus fibres/tapes are used, the process is
based on selectively melting a thin surface of each fibre, so when cooling, this region
recrystallises as the matrix, making a gelhforced composite. This process requiresqise
control of the processing temperature only to melt the surface of the fibres, which is generally
achieved at a processing temperature of 5°C to 10°C lower than the melting point of the high
modulus fibre. Bicomponent tapes have a high modulus tapmanded by a lower melting
point polymer that acts as the matrix, allowing a wider processing temperature window. The
most common polymer for bicomponent tapes is polypropylene, in which the oriented tape
is a homopolymer with a high modulus and highligreed molecules. In contrast, the
surrounding polymer is a copolymer with random molecular orientation. For example,
homopolymer and copolymer polypropylene have melting points of 168°C and 130°C,

respectively.
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Figure 1-2. Number of publications per year of self-reinforced composites for the most common type of
polymers (Source: Scopus search for self-reinforced, one polymer, all-polymer, or single polymer
composites).

There has been a growing interest in selihnforced composites from both commercial
and scientist since the first development of sedinforced composites. The number of
publications relating to seffeinforced polymer composites has increased consisyerds
shown inFigurel-2. Most of the work in the literature towards studying manufacturing
methods of selreinforced composites focuses on polypropylene dusduerl factors such
as high toughness, good impact and creep resistaalkemically inert and low cost. Bulk
polypropylene has been used in many applications such as food packaging industry,

automotive components, ropes, toys, and household goods.

One of theadvantages of selfeinforced polymer composites made with polypropylene
is that it achieveshigh volume fractions (~90%). This compensates the low mechanical
properties ofpolypropylenan comparison with other stiffer fibres such as UHM\\MBé&cause
of its low prices and thermal stabilityt, hassuccessfully being introduced intmmmercial
productionfor raw materials branded as Cu®6], Pure[37], and Torodor{17]. Therefore,
its application from a commodity plastics have been egthto load bearing and high impact
resistance applicationsuch asprotective sports equipment, automotive panels, luggage,

body armouretc[28].



1.5 Research Motivation & Statement of Novelty

The rapidly evlving technological and manufacturing environment is pushing the
implementation of lowcost, flexible, lowenergy consumption, and responsive
manufacturing strategies capable of processing various materials including composite
materials[38]. Apart from additive manufacturing, which price has reduced considerably
during the last years, smalb-middle-size manufacturers of composite materials bavo
automatedprocesses to produce relatively small and complex components for low volumes
because of the high capital investment requitacautomation equipmentDigital fabrication
approaches enable fast development from design to manufacturing wélaith of computer
aideddesign (CB), computeraidedmanufacturing (CAM) softwayeand motion control

hardware and software.

As mentioned, hot compaction is the preferred route to manufacture-ssifforced
composites because of itglative simplicity, and therefore, ommercial developmersthave
scaled up and automated thieot compactionprocess for high volume®.g.: suitcases, or
body armour). However, scientific and commercialevelopments of selfreinforced
compositegely on the use oftlosed moulding processewhich implies the construction of
expensive andime-consumingmatchingmoulds especially for low volume applicatioins
which the cost per pardf making the mouldould beone of the largest capital expensas
shown inFigurel-3. While there aremouldingoptions from$6K for a composite mould for
Prepreg manufacturing up (Low voluraed labour intensivg it can go abové50K for a
metal Mould for Sheet Moulding Compound (High voluamel CNC machingdin addition,
though the relative cost of tooling is low in comparison with the price of equipment, it
introduces other manufacturing limitations that penalise the production of cossed

products[39], such as:

1. Large moulds are limited to the size bEtequipment available such as CNC machines,
autoclaves, and presses, leading to increased costs due to outsourcing. However, this
is debatable since investment in bigger facilities might be even more expensive.

2. The difference in the coefficient of thermakpansion (CTE) between the FRPs and the
mould material may promote geometric distortions in the finished product. It is

desired to have a mould with the same or expected CTE of the final part if possible.
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3. Highquality moulds consume long leading timeshigh affects the overall
manufacturing productivity. Usually, the time of making a mould is longer than making
the product itself.

4. Moulds made of composite materials have less durability because they tend to lose
their ability to sustain vacuum and/or pssure integrity40].

5. Moulds offer limited flexibility in case of damagetHé mould suffers some type of
damage, itmust be repaired(if possible)or re manufactured leading to adelay in
production. The last scenario directly affects tlseipply chainof composites

manufacturing41].
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Figure 1-3 Tooling cost for different composite manufacturing techniques. In general, low-pressure
systems are cheaper than high-pressure systems. Data obtained from [42]

In the past few years, rapid prototyping techniques sucladditive manufacturing or
incremental sheet forming have attracted special attention due to the possibility to eliminate
the production of mould$or different materials such as polymers and metélswever, the

research field is still in early stagéisus resulting in products with defects and poor properties
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such as high void content and poor interfacial strength between fibres and polyi&ees

Chapter 2 Literature Review)

A A
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flexible approach in which only a one side mould is used with the addition of a small tool that
in-situ consolidates seleinforced compositesThis is the first attempt to partially eliminate
the use of closed moulding in seffinforced compositesThis new conceptnight to reduce
time and costsespecially for low volume productionslanufacturing time will be reduced
because onlythe bottom mould is manufacturedThe top mould is then replaced liye
thermoforming action obne smallnd easyto-manufacturetool that in-situ consolidatsthe

raw material by conformingg to the mouldas illustrated irFigurel-4.

Pressur e

Tool
Tool Path Mo v emen

Fabrics

Figure 1-4. Schematic of the automated in-situ consolidation process. The temperature of the forming
tool is higher than the temperature of the mould. The tool path copies the shape of the surface of the
mould to produce a net shape component.

Furthermore, this research is part of the first steps towards méeds fabrication of
fibre-reinforced compositesat the University of Sheffieleh which both moulds can be
replaced by small thermoforming tools thatitu consolidate and giv&hape to the material.

It is envisioned that this system can reduce time and cosspecially for low volume
productions Manufacturing time will be reduced as the time to cool down the matrix does
not depend on the cooling down the mould. Costs will bduced as there is no need to
manufacture two pieces of moulds, and there is no energy required to heat a mould. Similarly,
it could leadto the explorationof new flexible routedor outsidefactory production, and it

can be built with lowcost materialsand lowcost automation products-dowever, mouldess
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fabrication of fibrereinforced compositesvas out of scope of this project due to time

constraints

1.6 Research objectives

This PhD thesis documents the development of a-éowst automated irsitu
consoldation manufacturing process for the production of selinforced polymer
composites. The preform selected is based on polypropylene in the form of
bicomponent tape due to their commercial availability. Flat and double curvature
laminates have been inveghated under different processing parameters such as
pressure and temperature to understand their influence on final material properties.

This required a number of objectives:

1.6.1 Objectives

1 To design and built a lowost automated system for igsitu consoliddon of self
reinforced polypropylene composites. Furthermore, sensors are installed to control
processing parameters such as temperature and force.

1 To create a thermal transfer model and validate it through experimentation

1 To fully characterise fabricatedomponents to assess the influence of processing
parameters on the resultant material properties and compare them against a
benchmark process such as Hot Compaction. The characterisation techniques and
their primary objective of study that were used irighhesis are listed below:

0 Mechanical Properties
A T-peel tests: Inerlaminarstrength
A Tensile tests: You@modulus and maximum strength
o0 Morphological properties
A Microscopy: Qualitative information about the microstructure.
A DSC: Changes@rystallinity
1 To study the formability of the material using a simple case study including material

characterisation: Dome
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1.6.2 Thesis Outline

Chapter 2Literature Reviewprovides a comprehensive literature review of the new
automated manufacturing technique®if fibre reinforced composites and discusses their

advantages, disadvantages, and challenges.

Chapter 3Process and Machine Developmdascribes the manufacturing process and
documents the development of the automated platform. It details the selectiosuitbble
manufacturing hardware for motion control and the software strategies to achieve a control
system of processing parameters. It also describes the manufacturing workflow of the
automated process. Finally, its energy consumption is studied to ohater its efficiency

compared with a benchmark manufacturing process.

Chapter 4Forming mechanismexplain the physics behind the automated process,

including the bonding mechanism of two polymer interfaces and the heat transfer mechanism.

Chapter 5 Twodimensional laminates and characterisatiodocuments the
manufacturing process of flat laminates werdthe proposed automated process. It also
characterises the properties of the laminate to understand the influence of processing
parameters. The results are compared with flat laminates developed with a benchmark

manufacturing process.

Chapter 6 Threedimensional laminates and characterisatiodocuments the
manufacturing process of laminates with thrdenensional curvatures under the proposed
automated processThe resultant parts were characterised and compared witemchmark

manufacturing procesfr their energy absorption and geometric accuracy.

Chapter 7Conclusions and Future waslimmarises the key findings from this project
and proposes future work that can improve the reliability of the process or expand its use for

further developments.
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2 Literature Review

This literature review describes in general terms how a composite material can be
produced before exploring current automatechniquesfor manufacturing fibrereinforced
composites to reduce manufacturing costs, especially for low volufites main techniques
discussed are additive manufacturing and incremental sheet forming. They attempt to
eliminate the use of moulds/tooling, which is one of the most expensive processes in
composites manufacturing.his chapter intends to summarise theestific efforts, highlight

their advantages, and critically review the disadvantages.

2.1 Composites Manufacturing

A composite component can be produced by maintaining the fibres and the polymer (in
liquid or a malleable state) in the required shape until #&cbmes solid. Nevertheless,
choosing a manufacturing technique mostly depends on the material feedstock, type of
polymer, geometry, and available facilitj¢8]. Most composite feedstocks are a combination
of dry fabrics that will be subsequently impregnated with a liquid matrix, or in sorsesca
pre-impregnated fabrics. Because of this, most parts are created in altgylayer approach
since individual plies are laid up or stacked over each other to form a composite laminate.
These individual plies can be cut to size by hand or by an atohpaocess. The size and
complexity of thegeometry of the componentimit the type of mould and consolidation
process. For example, simple geometries can be formed with almost all techniques, but

hollow structures require different approaches like closedulds or pultrusion.

The degree of consolidation is often determined by the processing parameters (e.g.,
pressure and temperature), which are determined by the facilities availgitle 43] For
example, autoclass are used for good degrees of consolidation due to the uniform pressure
distribution over the whole surface. Hot presses also achieve good consolidation and faster
cycle times. However, they cannot apply a uniform pressure distribution on vertical ssirfac
limiting geometric flexibility. Automated tape placement or automated fibre placement can
achieve imsitu consolidation while laying up prepreg tapes or yarns. However,- post
consolidation is often required to improve the quality of the part becauséefcompaction
pressure variability while laying yg4, 45]
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In general, to ahieve a good consolidation quality, each technique must ensure
conformability of the material to the mould, pressure to keep the material together hezad
transfer to promote phase transformations in the matrix. Conformability generally depends
on the rmaw materials being used and the complexity of the shape. Dry fabrics have better
drapability than prempregnated fabrics since fibres are less restricted to conform to the
mould. The Heat transfer mechanism is critical in thermoplastic composites mantifggct
because material transitions phases depend on it (e.g., melting, solidification, and
crystallisation). Higher temperatures are required for the polymer to achieve a low viscosity.
Second, the heating method should quickly raise and decreasdetgerature of the
component for rapid manufacturing cycles. However, this is a complex engineering challenge
mainly because of the low thermal conductivity of polymers and the big thermal masses of

the moulds.

Table 2-1 Advantages and disadvantages of heating methods

Heat Transfer

Method Advantages Disadvantages
Radiation RapidHeat transfer Dependent on the absorption
IR & lasers, High local heat capacities spectrum of the material
microwave Low cost for Infrared lamps Difficult control on dynamic
applications
Easy to overheat the material
Difficult to heat norflat materials
Large temperature gradients throug
thethickness
High cost for Lasers
Convection Low risk of overheating Low heat transfer rate
Hot gas No risk of oxidation or ignition if
an inert gas is used
Uniform thoughthe-thickness in
materials with high surfae®-
volumeratios (powder,
commingled, prepregs)
Conduction Good heatransfer control Adhesion to moulds
Hot moulds
Mixed Low cost Difficult to control
Open flame (radiation Local heat area capacity Risk of ignition and overheating
+ convection) Reduces oxidation

Any reasonable heating method has attempted to improve heat transfer in
manufacturing cycle446]. The most common heat transfer methods atenduction
convection andradiation Radiation is usually generated through Infrared lamps (IR), lasers
or microwaves; convection heat transfer is caused by flowing a hot gas next to a surface, and
conduction is generated through direct contact with hot material. A summary of the

advantages and disadvantages of heating methods is present&dbie2-1.
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2.2 Additive Manufacturing of Fibre-Reinforced Composites

Additive manufacturindAM) or 3D printingcreaes a threedimensional structure by
the successive addition of layej7]. It has several advantagesncetooling isno longer
required, materialvaste is reducedandrepeatability can be achieveilany industries dopt
additive manufacturing since it allows buildiegmplexnearnet-shape threedimensional
structuresthat are impossible or difficult to produce via traditional techniquedifferent
materials (i.e. polymers, metals, ceramics, etc.) from a@édel Currently, it is mostly used
for rapid prototyping purposes and low volume applications sugbkwaslleryand prosthesis.
In the composites field, additive manufacturing has been uselfirect or indirect approadats.

In the direct approach, a composite part is created withasihga conventionamould, while

in the indirect approach, AM is used to manufacture a mould rapidig next sections show
how some of those processes have beelapted to produce fibre reinforced composites. In
addition, it also presents a critical evaluation of significant processing parameters and the

resultant mechanical and morphological properties of composite specimens.

2.2.1 Material Extrusion

Fused Depositio Modelling (FDM)s the most known material extrusion technique.
Generally, a filament dbw-melting-point thermoplastic material is introducedheated and
melted on a nozzle, and further extruded into a b€y plane)n a controllable manner to
createlayers. Each layer is fusemboledand solidified to the previous one to create a three
dimensional part. The firsgiDMpatent process was granted to Stratasysl992[48], and
since it expired,His process has been widely spread due to the reduction of the 3D printer
prices. However3D printing thermoplastics present structural limitations. Because molten
layers are deposited over cool layers, the interfacial bond strength is weak, resulpagsn
with low stiffness and strength, especially in theaxds direction, which has limited its
application to structural components. In additiothree different approaches have been
recognised to overcome this limitation by using fibre reinforcemenfsoluse a reinforced
filament as feedstock, 2) to adapt the deposition head, so the fibres are impregnated by
matrix inside it, or 3) to deliver both fibre and matrix separately to create composites like a

sandwich structure.
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2.2.1.1 Fibre-Reinforced Filaments

Most of the scientific effort has been concentrated on using fillers such as paftieles
52], nanoparticle§53-57] and shortfibres to reinforce the polymer filament. For the latter,
short-glass and carbon fibrefs8-67] were manly used because they are commercially
available and provide a better improvement in mechanical properties. In the same way, the
use of other fibre reinforcements such as recycled wood fibres has also been ref@sied
As shown irFigure2-1, a shortfibre-reinforced filament is created via several processes. First,
the fibres and the polymers are blended before being extruded as a filament. Therftlésne
further extruded toobtain adense reinforced filamentlowever long fibres break during the
mixing processyhichreducesthe mechanical propertiesince the length of fibres is shorter
than the critical length for an optimal reinforcemg@®]. On the other hand, long and
continuous fibrereinforced filaments have been developed using pultrusion based processes
that impregnat a thermoplastic matrix in a readily available commingle yarn, leading to fibre

volume ratios up to 60%70].

Plastic pellets Second extrusion

WO T L N
A0 - vy Ay,

Extruder

Filament

1 -

Figure 2-1 Representation of an FDM reinforced filament fabrication. In the first steps, the plastic and
the reinforcement are blended before being extruded into a filament. The filament extrusion is repeated
until a dense filament is achieved [60].

One important aspect of FRP composites that adds to optimal mechanical properties is
the orientation of the fibres aligned with the load patHofstatteret al.[67] investigated the
position and orientation of fibres in a freely extruded filament of PLA/Carbon in a vertical
position, as shown ifrigure2-2. The different colours indicate the orientation of the fibres in
the X, Y, and-Zxis, respectively, after being extruded. It can be obsgrthat most of the
fibres are aligned with the direction of the polymer flow. The extrusion nozzle is usually
aligned with the Zaxis, but the deposition process is in the&Y R2-32]. It is believed that this

alignment results in increased stiffness atbngth in comparison with the base material.
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Figure 2-2 Microtomography of a freely extruded PLA filament reinforced with carbon fibres. The colours
in the pictures show the orientation of the fibres. Blue is aligned with the Z-axis, green is aligned with
the Y-axis, and red is aligned with the X-axis [67].

Yang et a]71] have studied the flowibre flow and void formation during 3D printing
of short fibre reinforced thermoplastic compositasing CT scanningvhich helped to
understandthe void formation and alignment process durifig@gment deposition Basically,
during the extrusion process inside the nozzle, fibres are kept aligoearding tathe flow
directionor the extrusion boundaries (nozzle wallshdvoids are kept to a mimum orare
barely noticed as shown iRigure2-3. However, while thdilament reaches the exterior of
the nozzle, the die swell effe@romotesvoids and therefore fibre misalignment around
them as shown ifrigure2-4. Themain reasorfor void formationand fibre misalignmenis a
combined effect betweerthe die swell effect of the polymea weak fibrematrix bonding
After being extruded the internal pressuoé the polymer is released and compensated with
the atmospheric pressureromoting die swell which is partially constrained by the short
fibres.During the die swell, the lateral expansi@orces the fibres to lose the alignment, and

this misalignment then promotes void formation.
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Figure 2-4 CT scans during extrusion of short-fibre thermoplastic composites after the filament exited a
3D printing nozzle
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Most of the literature focused on the resultant mecheal properties and
microstructure of different matrices and reinforcemeitiable2-2 shows the fibre orientation
and the fibre volume fraction achieved. The highest strer@67 MPahas been obtained
from all the materials tested with a PEEK/Carbon composite, while thes$tighodulus
(24.54 GPayith an Epoxy/carbon fibre/silicon carbide compodig].

Table 2-2 Material properties of Short-Fibre Reinforced Filaments. The highest values

have been achieved using engineering thermoplastic polymers and high fibre volume
fractions. Reproduce with permission from the authors [23].

Material Fibre Orientation to Young{ Strength
Content | print direction Modulus (MPa)
(degrees) (GPa)

Carbon FibreABS 10 0 ~8 ~52

20 0 ~11 ~60

30 0 ~14 ~65

40 0 ~14 ~68

SWNT-ABS 5 NA ~0.3 ~22

~1.75 ~33

VGCFABS 5 NA ~0.25 ~20

~1.3 ~27

VGCFABS 10 0 0.79 374

10 10/0 NA 24.4

Glass fibreABS-LLDPE-PE 10.213 0 NA 38.9358.60
90 NA 0.7211.15

Silicon CarbideWhiskersEpoxy 32 0 16.10 96.6
32 90 10.61 69.8

Carbon fibreBilicon Carbide 34.8 0 24.54 66.2
Epoxy 34.8 90 8.06 43.9

Carbon Fibre Peek 30 0 9.4 257

30 90 3.6 124

Glass FibrePolycarbonate 30 0 7 130
30 90 7 130

Carbon Fibre Reinforced PLA 1 0 5.8 90.0

Figure 2-5 Microstructure of the cross-section of FDM dog bone samples without and with short-carbon
fibre reinforcement. a) 0% g, b) 10% 1, c) 20% fgand d) 30% g FDM printers produce a layered

structure with triangular gaps in between each printing path. The addition of fibores modifies the
microstructure reducing the size of these gaps. [59]
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Figure2-5 showstypical morphologiesaken from the crosssectionof tensile coupos
at different fibre volume fractions\f). The microstructure without reinforcemer{¥s=0%)
shows tubelike extrusionswhich are highlighted asdblue ellipsesé in Figure2-5(a). The
triangular black spaces correspond to the resultant vgpdsmoted by the shape of the
extruded filamensthat are deposited one next to each othdihis phenomenon is explained
by Te&kinalpet al.[59] as the interaction between external and intedrforces in the material,
such as normal substrate force and polymer chain relaxationgédl).After extrusion, the
material is deposited and pressed against the previous layers, which flattens the bottom of
the extruded filament. The top of the exision is then left to cool without any pressure, which
allows chain relaxation, forming round edgés the fibre volume fraction increas@sigure
2-5(b), Figure2-5(c), and Figure2-5(d)), it can be seen that the size of the voids is greatly

reduced because carbon fibresstrictsthe die-swell of the polymef59].

Die-swell, also known as théarus effect”, is defined as an increment in the diameter
of an extruded polymer filament copared to the diameter of the extrusion nozZ], as
illustrated inFigure2-6. It is governed by the interaction of three factors: moleculaight,
molecular distribution, and flow conditions such as shear rate and share stress. The dimension
and shape of fillers added to the polymer strongly affect the flow behaviour of the resultant
material. Fibres resist the flow as they enter the nozzl@dasing the shear stress of the
polymer. This shear stress then forces the fibres to align according to the flow direction. Once
the polymer mixed with fibres exits the nozzle, the polymer will naturallysdiell, which is

now restricted by fibrefg3].
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Figure 2-6. Schematic of Die-Swell in FDM. Reproduced with permission from the authors [72].

Figure2-7 showsthe morphology of a FDM component anccampression moulded
component. The FDM component presstriangular gaps created by the deposition process
compared with a relatively smother surface from the compression moulded component.
Furthermore, the FDM morphologghows asuperior lack of material arond the fibres
compared withcompression moulded component. This is associated with the difficulty to
impregnate the fibres with the FDM process leading tpoar fibre/matrix interface,and
therefore, reduced mechanical propertig26]. A weak interface increases the critical fibre
length for optimum reinforcement since the matrix needs more time to build the stress
required to break the fibres. More effort is needed to address the chemisttlyeo§ystem to

improve the fibre/matrix interface.
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Figure 2-7 SEM micrographs comparison of fractured surfaces of ABS/CF composites. a)FDM printed
cross-section with 10 wt.% carbon fibre, b) compression moulded cross-section with 10 wt.% CF loaded.
[59]

2.2.1.2 Continuous Fibre Reinforcement T one deposition head

Attempts have been made to create an extrusion system that combines the
reinforcement and the matrix in the deposition hefith-78] to produce a composite with
continuous fibre reinforcementGenerally, both reinforcement and rrex are delivered
separately into a heated nozzle, and then, by the action of heat, the matrix, meitsng the
reinforcement as illustrated ifrigure2-8. Theextruded material then pulls the fibraa the

printing process.

e

i br e

Feed

He at
Zone

Nozz |l ¢

Figure 2-8 Process to reinforce a polymer filament with a continuous fibre in an extrusion material head
for FDM Printers. Adapted from [77]
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The first published attempt developed Nakawageet al.[76] was a failure because
the polymer could not bond with the fibres, causiitye breaking poorfibre distribution and
poor fibre volume fraction, ashown inFigure2-9-a. However, realontinuous reinforcement
and improvements in fibre distribution arfibre volume fraction were later reportely Yang
et al.[75]. Figure2-9-b shows the crossection of the printed parin whicha carbon fibre
bundlewasdirectlyinserted irto the polymerin a molten stateThe addition of carbon fibres
resultedin an increment in the flexural and tensile mechanical properties. For example,
flexural modulus and flexural strength increased 390% and 60%, respectively, while tensile
modulus and tensile strength increased 200% and 300%, respectively, compared avith th
base material. Even though these results are a promising start for further development, these
3D printed parts do not match the properties of a composite produced via injection moulding.
Another drawback is that the interlaminar strength was 8.5 timeselothan the base
material made via injection moulding. Finally, they have claimed to achieve 10% of fibre

volume fraction, but in reality, it was a rough estimation not based on data.

b) Carbon fibers Thermoplastic matrix
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Figure 2-9 Summary of continuous fibre-reinforcement for FDM processes developed by a) Nakawaga
et al. [76], b) Yang et al. work [75], and c) Matsuzaki et al. work [74].

Figure2-9-c shows the results of work conducted Blatsuzakiet al.[74] to reinforce

PLAwith carbon and natural fibres using the same methady butheating the fibres just
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before delivering them into thaeozzle. Thisnproved the impregnatiorof fibres to the matrix,
allowing extrusion of a continuous reinforced filament. However, low fibre volume fractions
were achieved (e.g., 6.6% and 6.Xdarbon and natural fibres, respectively). The resultant
Cf/PLA composite achieved an impressive increment of 499% and 335% in their tensile
modulus and strength, respectively, compared to the base material. On the other hand, the
reinforced improvementdue to the addition of jute fibres is 57% and 34% in the tensile
modulus and strength, respectively. Shortly after Matsuzaki's report, ¥armd [79] also
reported the printing process of a continuous reinforced 3d printed composite with carbon
fibres and PLA. The improvement in mechanical properties found in this study also suggests

possible structural applications.

Though advances are promising duethe reinforcement effects, they still do not
represent a match for other composite manufacturing techniq{@g]. For example, the
process achieves low fibre e fractions (~6%), poor interfacial bonding between fibres
and matrix, high content of voids, and still cannot orient fibre in the three axes. These factors
limit the mechanical properties and, therefore, their use in #ial applicationsSimilarly to
shortfibre, most of the focus of the literature was on mixing different polymers and
reinforcement rather than addressing tlehemistry of the systento improve the interface

strength.

2.2.1.1 Continuous Fibre Reinforcement i Delivering the matrix and the
fibres separately

Contrary to the previous technique, another approach that has been applied is to
deliver the fibres and the matrix separately using one or two deposition h@adszzles) as
illustrated inFigure2-10(a) andFigure2-10(b).In this case, the fibres can be deposited above
a previous layer of matrix material uginmollers inside or outside the nozzl€hese rollers
could also be used to press the fibres against the matrix to improve fibre impregn@ainadly,

a mechanisnis required to cuthe filament according to therinting path.
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Figure 2-10 Schematic of a continuous fibre added to the matrix in an FDM process: (a) The matrix and
fibre are extruded from the same nozzle, (b) the fibre is deposited with an additional nozzle [77].

Another approach developed, patented, and commercialised by MarkH8igeises
two deposition heads to createomposites like sandwich structures. Omead printsa layer
of nylon, and afterwards, the second deposits ttantinuous reinforcemen{Carbon, glass
or Kevlar)as illustrated inFigure2-11. According to the patent, the yarn is pmapregnated
when passing through the reinforcement head in resin in an attempt to reduce the presence

of voids.

Nylon
Fibre Spool
Spool

Double Print head

A ]
p—
]

Figure 2-11. Schematic of the MarkForge 3D printing process using a double print head [82]

Two printing patterns were developed to offer fibre contity, as illustrated irfrigure
2-12(a) andFigure2-12(b). A concentric pattrn startson the outside and moves inwards, and
a parallel patternalso calledisotropic") starts at one edge to finish in the other emagure
2-12(c) shows a deematic of the layered structure that is creatadwhichthe black layer are
the fibre reinforcements, and the white layers are the nylon matitbwas found that Kevlar
and Glass fibresan be deposited with concentric and parallel pattenkile carlon was only
suitable for the concentric patteras shown inFigure2-13. The authors suggest that
deposition pattern withtwo right angles too close to each othgromote a break in the fibre

due to the high stiffness of the carbon fibig&2].
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Figure 2-12 Schematic of the MarkForge 3D printing patterns: (a) Concentric Pattern following the
exterior boundary, (b) Parallel or Isotropic Pattern, and (c) Lay-up configuration in which the black layer
are the fibre reinforcements and the white layers are the nylon matrix [82].

Figure 2-13 Examples of 3D Printed samples produce with a MarkForge 3D printer showing the
reinforcement patterns. Parallel patterns were achieved for glass and Kevlar fibres while concentric
patterns were achieved with glass, Kevlar and carbon fibres [82].

Due to its low price (~$5000)t has attracted the attention of companies and
researchers who have studi¢gide mechanical propertig as shown irmable2-3. The resultant
material is several times improved in comparison to the base material. Though the modulus
has relatively low values in compson with metals, the tensile strength achieves promising
values when theb increases. In fact, a maximum strength of 41 MPA for 4agérglass
specimen was obtained with a calculated 33%uofising an isotropic patteri82]. This

strength almost matches somauminium alloys used in the aerospace industry, such as
AL2024T3 and AL606T6[83].

Table 2-3. Mechanical Properties comparison of MarkForge 3D printed samples with other manufacturing
processes and high-performance aluminium alloys. Adapted with permission from the authors [82, 83].

Elastic Tensile Flexural Flexural Flexural
Reinforcement and Elongation Modulus Strength Modulus Strength toughness
Pattern T __atbreak % (GPa) (MPa) (GPa) (MPa) (J/m?)
CFConcentrid82] 11 451 8.46 198 13.02 250.23 356.51
KF-Concentrid82] 8 4.75 4.26 110 4.61 106.6 367.12
GFConcentrid82] 8 7.21 3.29 156 3.87 165.79 650.90
KF-Parallel[82] 10 5.45 4.76 161 6.65 125.8 390.62
GFParallel[82] 10 8.6 4.91 212 4.21 196.75 693.88
Nylon [82] 0 439 0.53 61 1.06 41.98 262.32
Nylon [84] 0 - 0.9 - - - -
CF_Parallel_2 layer84] 34.5 1.05 1.25 149.5 - - -
Cf_Parallel_6 Layerf84] 34.5 1.65 35.7 464.4 - - -
Aluminium alloy2024T3 70 485
Aluminium alloy6061-T6 70 310
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However, its microstructure has revealed a high voids content, as showigune2-14
for Carbon/Nylon Specimens. In addition, analysis of the fracture zone revidaiegull out,
which indicates a poor interfacial strength. In addition, the process is still inadequate to create
out-of-plane fibre orientations, placing the process behind common manufacturing

techniques.

Figure 2-14 SEM pictures of the morphology of 3D printed samples with different lay-up configurations:
(a) Carbon Fibre (6 layers)/Nylon (4 layers), and (b) Carbon Fibre (2 layers)/Nylon (8 layers) [84].

221.2 Robotics

Currently, few companies have showcased using robotics arms with FDM deposition
heads to create threelimensional reinforced structureas shown irFigure2-15. Arevo Labs,
a U.S. companyresentedin 2016the first type of robotic FDM printer with a&xismotion
[85]. It hasa highperformancethermoplasticdeposition head that can print continuous fibre
reinforced 3D printed partsSimilarly, Stratasys released a Robotic 3D Composite
Demonstrator[86] with an 8-axis roboticarm. It is claimed that there is tue possibility to
createatrue 3-axis alignment of fibres to optise the mechanical propertiesvhichcould be
an advantage over traditional methoddowe\er, there are no reports of the final quality of

the composites created.

b)

Figure 2-15 FDM robotic Systems: a) 5-Axis Arevo Labs Robotic FDM 3D printer [87]; b) 8-Axis
Stratasys Robotic 3D Composite Demonstrator [86].

a)
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2.2.2 Sheet Lamination

Sheet lamination or laminate@bject Manufacturing (LOM) is a process in which sheets
or layess of materials (paper, plastic, ceramics, etc.) are cut according to ar©4dél and
stacked, compressed and glued together to form a thd@aensional object in an automated
approach[47, 88] LOM machinesisuallyhave a mobile platform with a feed system that
moves the sheet through ,ita cold or hot lamination roller thaimproves consolidation

between layers, dasercutting system, and a reservoir for the waste materad shown in

Figure2-16.
Opti es
Laser
xly positdgoni ng
Devi ce

Laminatin
Layer
Part B

Materi al
Pl at fo spply re
Ta k-ep

Figure 2-16 Schematic of Laminated Object Manufacturing Process. Reproduced from [89].

The first adoption of this technique to fibre reinforced compositeas in 1996 by
Chartoffet al. [89, 90] They created composite panels from ramwven and unidirectional
(aerospace grade) glaspoxy prepregs rolls using a LOM machifbough a roller was
adequate to boad layers between each other, it was not enough for achieving full
consolidation and curing. For this reason, the final part had to be moved to an autoclave,
adding extra steps to the process, and therefore, eliminating automafogure 2-17(a)
shows the resultant parts withouteft part)and with autoclave curinfight and darkest part)
while Figure2-17(b) shows the morphology of the crosectionof the autoclavecured part
showinggood matrix impregnation and no presence of voitlsough the consolidation levels
are acceptable, the materiavaste might have stopped a broader adoption of the technique

as new advances were not seen for several yebarsfact, current advancedautomated
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manufacturing techniquesf composites moved forwardthe deposiion of fibres ortapes of

fibres to decreasenaterial waste.

-‘-’w:.\-'-\ S S R

225 um

Figure 2-17 a) Laminated object manufactured parts. The right and darkest part was cured in an
autoclave while the left one was not cured, b) Micrograph of the morphology of the autoclave part
showing good interfacial bond [89].

In 2017 ,Parandoustet al.[91] proposeda similar approach callddaserAssisted Tape
Placement (LATP) techniqui¢.uses unidirectional or hiirectional thermoplastic prepreg
tapesand a laser to improve the compaction levdlbe use of tapes instead of wider fais
reduceswaste materialThe setup has two platforms with CQasers. The first one heats the
layers before compaction, while the second cut the tapes to their final dimensisn,
illustrated inFigure2-18. Each layer is made of several tapes; therefore, all layers are first
laid-up in the roller stage, and later, the final shape is trimmed in the cutting stage. This
combination created composites with no visibleidsor gapsbetween layers, as shown in
Figure2-19. However,excessive energy of the lasers can cause distortion and shrinkage of

the material.

CO, laser

—

Mirrors

Prepreg tape

Pressure

Focus lens

Laser bonding - Laser cutting et Final 3D shapes

Figure 2-18 Laser-assisted tape placement process and final parts. There are a laser bonding and a
laser cutting platform in which the part moves forward and backward[91]
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Figure 2-19 SEM image of the cross-section of a LATP sample showing a good interlayer bonding
achieved in the LATP process. [91]

Figure 2-20 shows the results of the mechanical properties investg from the
resultant composites. The parts have showuaperior tensile strength and stiffness in
comparison to the base material. Moreover, the tensile strength almost matchetposites
produced viasompressiommoulding and theflexural moduluschieved al00%mprovement.
However,the YoungQ &ensile modulus is about half the value of compression moulding
composites. While using a heated roller might improve the compaction and bonding of the
tapes, it has also been shown that it is not enough to achieve a sufficient interlayer bond

strength inLOM part489, 90]
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Figure 2-20 Mechanical properties comparison between different additive manufacturing techniques.
LATP composites have the best performance in comparison with other rapid prototyping techniques.

[91].

In the case oEommercial systems$wo companies showcased similar sheet lamination
methods n 2016 Impossible object§92] developed a patentedechnologythat usesinkjet

printing. They emphase that its process is like printing a book in which each page is different

from the other[93] and isillustrated inFigure2-21.
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Standard inkjet
trchinalagy

Step 1 Step 2 Step 3 Step 4 Step 5 Step

Figure 2-21 Impossible Objects Composite 3D Printer process. Step 1: Feed fibre sheet into inkjet
printer; Step 2: Load CAD slices into printer and print layer shape of object on fibre sheet; Step 3:
deposit polymer powder onto printed sheet which stick to where the sheet is wet from print fluid; Step
4: Remove dry powder; only powder stack to the print fluid remains; Step 5: stack sheets in order, heat
to melting Temperature of the polymer, and compress stack to final part height; Step 6: Remove
unbonded portions of sheet fibres to net final part [94].

The system uses a thermal inkjet head that selectively depaddyer ofan unknown
liquid in separate sheets of woven or naroven fabrics. The depositigrattern depends on
a two-dimensionaklice that resulted from a thredimensional parfrom a CAD modelThen
the thermoplastic or thermosettable plastic powder is spread over the shetit will only
stick to theprinted liquid areasThe excess powder that is not in contact with tlgiid is
then mechanicallyemoved.Heat is then added to the system to evaporate the liquid and
melt the polymer to impregnatéhe fibres.The resultantayer isthen stacked and pressed
(sometimes heated) one on topf the other to improve interlaminarconsolidation.This
process is repeated until a staok is formed,baked in an ovenor autoclave tabe fused.
Finally, excess material is removed using sandblasting or other techniques to obtain the final
part. It can be understood that the system regesr a lot of processing steps, and the

advertised tensile strength is not better than other manufacturing processes.

Similarly, EnvisiordG a companyvith many years in the AM markegleased the first
industrial thermoplastic reinforced woven composfignter in 2016[95]. It is advertised as
a layerby-layer approach called Selective Lamination Composite Object Manufacturing
(SLCOM) to bond carbon, Kevlar, or glass thermoplastic prepreg sHeetsver the patent

is pendingsoit is difficult to evaluatehow exactly it works

2.2.3 Additive Manufacturing Summary

Though dditive manufacturing might be considered one of the new industrial
revolution technologies, the current techniques are not yet able to compete with other

composite structures.All approaches gathered from the literature present significant
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disadvantages such as 1) significant presence of voids and porosity, 2) poor matrix
impregnation, 3) poor interfacial adhesion strength, 4) fibres smaller than the critical length
for shortfibre reinforcement, and most important, 5) no eat-plane fibre orientation. The

first four factors are important to create good quality composites, while the last one could
represent a significant advantage and a grotdmmdaking development. Generallyhdre is a

lack of discussion of the polymer physics involved in the procegkas Jiterature related to

the quality of the product has not been reporteddditionally, universities and businesses'
use of these technologies is limited due to their higice (e.g. $200000Impossible Objects,

€ M Z n nvERvisianiec machine.)

At present, there is only one system, the MarkForge 3D printer, which matches the
strength of an aluminium alloy using nylon and continuous carbon fibre with the limitations
descrbed [82]. Moreover, the use of robotics seems to offer great innovative potential in
developing true threedimensional reinforcement, which can lead to optimal reinforesrm
in the direction of the force. Though there has been a great deal of effort and investment to
implement this technology in every industry from aerospace to fashion, this review should
inspire reflections on whether this technology will build high perfance, lightweight, and
strong parts made of fibre reinforced composites. Possible future research areas include
overcoming actual limitations such as poor interfacial adhesion between fibres and matrix,
voids and porosity, fibre alignment, fibre lengfihre continuity, and strength or stiffness
tailored structures. It could also involve the use of hghrformance fibre reinforced
thermoplastics suitable for the aerospace or automotive industries such as PEEK or Polyamide;
the suitability for fibre reiforced thermoset prepregs and its processing parameters; the

characterisation of defects; and the investigation of case studies forbeadng applications.

2.3 Incremental Sheet Forming of Fibre-Reinforced Composites

A new sheet metal manufacturing techingy has evolved during the last few years due
to its groundbreaking concept. The need for an expensive and complex mould is eliminated.
It is called Incremental Sheet Forming (ISF) because a spraricédol incrementally forms
by deforming/stretchinga metal sheeuntil a specific geometry is formed, as illustrated in
Figure2-22. It is also considerech costeffective techniquedue to the redwtions of costs
associated with mould makinghis technology has attractetie attention of the automotive
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industry due to the flexibility it offers to create custamd parts in low volume productian

andshortforming cycles andshort developmen{96].

Incremental sheet formingas further been divided into two main categori&ghena
single tool is used, it is named Sin§leint Incremental Formin{SPIF), and similarlyhen
usingtwo opposingools, itis known agwo-Point Incremental formind TPIF)The advantage
of TPIF is that it allowthe formation of more complex geometriegpart from this main
divisions, other types of sheenetal incremental approaches have been found in the

literature such asspinning, flowforming or water jet incremental she¢®7, 98]

! Profile of part
‘ to be formed

Sheet metil Forming Tool

blank \’ ! Ny
|

e 2=0

s |
1 |

L ! =
x ' |

—
‘;'— T vZa=-AZ

Figure 2-22 Schematic of Incremental Sheet forming process in which the forming tool incrementally
deforms the metal sheet when it is moved down step by step [99].

Due to the advantages mentionesbove this techniqgue was also adopted to form
polymers sheetsThe first report was published by Franzeh al. [100] in 2008. The
formability of a commercial polyvinylchide (PVC) sheet was evaluated under SPIF. From
this study, other polymers were studied in the subsequent years: Polypropylene (PP3tby Le
al. [101]; polyoxymethylene (POM), polyethene (PE), polyamide (PA), polyvinylchloride (PVC)
and polycarbonate (PC) by Martie$ al. and [102]; polyethene terephthalate (PET) by
Marqgueset al. [103]; and Polycaprolactone (PCL) and UHMWPE by Bagudtatfil04]

Most of the studies focused on the formability limits of the material and the processing
parameters involvedrigure2-23 illustrates a typical setip and its variables for clarification
purposes.The analysis of the available literature reveals that tool diameter, step size, feed

rate, and spindle speed are common parameters that influence the final formability of
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thermoplastic materials. In contrast, a coekape generated by a spiral path of tfeeming

tool is the usual test geometry. The formability of the sheet is related to the maximum wall
angle or depth of the cone before tearing and/or failure. Failure modes involve 1) tearing in
the circumferential direction at the boundary between the Wwanhd the corner radius; 2)
wrinkling in the circumferential direction, 3) tearing in the radial direction at the formed wall,
and 4) flying shards of melted material due to the friction generated by the tool. Furthermore,
whitening of the samples is commly seen due to the induction of crazes associated with

the disentanglement or change of orientation of the polymer chfl@s].
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Figure 2-23 Incremental forming Set-up and Variables involved in the process such as tool radius, angle
wall, initial thickness, final thickness, and tool path [102].

Since 2010, knowledge of SPIF of Polymers has started to expandetSlvl06]
provided the first theoretical forming model of SPIF of polymers based on a membrane
approach developed for SPIF of metals by the sagaentin 2009§107]. However, it could
only explain the increased formability with thicker polymer sheets. Their model requires
further development to explain the relationship between all processing matars and
experimental results. Silvat al. [108] also investigated the applicability of SPIF in pwys
to produce HoleFlange sheets with PET and PC. Results suggest that PC shows better
formability than PET under single point incremental forming. In 2014, Yehah [109]
studied the applicability of a sheet metal forming theory to plastic flow and failur@Iif &f
PVC sheets. The results showed that the model could not be applied to polymers due to the

different failure modes between metals and polymers.
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Later, Bagudanclet al. [104, 110112] executed several experiments to find: 1)the
effects of processing parameters over the required forming force and temperature on SPIF of
PVC, 2) the energy consumption and cost assediatith SPIF of PC and PVC, and 3) the
influence of spindle speed on the formability of different thermoplastic polymers. The results
revealed that spindle speed is one of the parameters that contribute the most to formability,

maximum forming force, andnergy consumption of the process.

2.3.1 Polymer Composites

To the author's knowledgehere isfew attempts to adapt single point incremental
forming in fibrereinforced composited-or carbon fibre epoxy composites)e dummy sheet
on top of a prepregpreform was used to indirectly incrementally formed the composite
prepreg. Thepbecause the resin is not curedtmglued (prepreg is sticky) to the dumrsligeet
the prepreg was later cureid an over{113]. The dummy sheet is used to protect the prepreg
from the breaking the fibres and promoting unnecessangatignment in the fabricFor
thermoplastic compositesjot only a dummy sheet was used but a heating device was also
added to soften the material while it is formé¢tll4]. Parts with a maximum angle of 40° were
formed before craks appear. Following one dummy shegflassfibre reinforced composite
(PA6GF47) was incrementally formed using an already consolidated laminate between two
Teflon sheets and two sacrificial metal sheets to form a sandwich workgigdds. Then, the
sandwich structure is heated by a hot air gun only on the bottom surface before and during
the forming process, as illustrated iRigure2-24. The metal sheets protect the composite
against the friction of the forming tool and confer the final shape to the compositeT&tien
layers stop the polymer from adhesion to the metal sheets. The samples achieved maximum
angles of 55° degrees before cracks started to appear in formability tests. Though it is not
pointed out in the study, it is clear the heating approach adoptady( heating the bottom
surface) generated temperature gradient in the workpiece (140°C onBwmttommetal layer)
that might not enough tomelt the polymer throughkthickness. If the polymer doesn't melt,
the fibres cannotmove relative to each othein the matrix Instead, the heating approach
adopted suggests that the polymer is still salidenit is stretched by the forming process,
and therefore, cracks appeah similar approach was also followed by Conte ¢1a6] with

similar resultsabout the feasibility of incremental sheet forming thermoplastic composites.
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Formed part

Hot air distributor

Figure 2-24 Incremental forming assisted by hot air gun. The hot air will heat the workpiece to the
melting point of the polymer so it can easily be shaped [115]

The complexity ofising incrementasheetforming approaches inomposite materials
reliesin the fact that itis based on usingre-consolidated laminatewith a complex internal
structureand adifferent deformation mechanisrthan metals due tsevenl factors such as
raw constituents, fabric structure, fibre/matrix interfacegnisotropy, among others
Thermoplastic composites are more ductile than thermoset compqsited can be reshaped
however,the deforming forces must overcome the fibre/matmterface strength. A simple
scenario would be using unidirectional laminates, but composites are characterised by its
complex layup configuration, and therefore, there are fibre to fibre interactions that adds
complexity to the forming mechanisnif. the laminate is being deformed belovts glass
transition, the material will be rigidnd strong due to the reinforcement effect of the fibres,
therefore, a local deformation can lead to lodidre and/or matrix failurelf the material is
beingdeformed above it glass transitiotihe matrix softens, but the crystals have nmoelted
which complicats the relative movement of fibreg the matrix. Ideally, the matrix should
be above its melting temperature falowing the fibres to move, but withda a mould, the

melted matrixwill fall due to gravity. Therefore, a sacrificial sheet is needed.

Global heating and single point forming of thermoplastic composites have been
attempted by[116, 117] and as mentionedthe reinforcementstructure greatly influences
its formability. In bothcases, short fibres were used only to influence local deformation. If
long fibres were used, higher forming forces would be required. The effect of a local
deformation will also influence further deformation in the rest of the laminate because of the

fibre matrix interactions.
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2.3.2 Polymer Nanocomposites

Composites made of gbypropyleneand functional multiwall carbon nanotubes- (f
MWCNT) have also been investigated to study the formability of the resultant material under
SPIF105]. Composite sheets with different weight concentrationddVCNT (0.01% to 1%)
were prepared via melt mixing and a hot compression moulding. The nanopartadea h
reinforcement effect on the material that reduced the formability as all specimens failed by
cracking. Moreover, a variation in the colour was observed in the surface that was not in
contact with the forming tool, which is associated with the appeagaof crazes. It appears
that due to the stretching of the polymer, tension forces appear in the outer surface leading
to the disentanglement of the polymer chains. In addition, #thmensional SAXS patterns
revealed that both polymer chains and carbon ntubes are mechanically oriented by the
action of the forming tool in the-axis. It was found that this behaviour had a bigger effect
when the forming tool spins since it generates heat due to friction softening the material and
allowing higher chain molity. A major limitation was the agglomeration eMWCNT due to
a poor dispersion in the matrix. Further research should improve this limitation and start to

study the formabilityof the materialas the next step.

2.3.3 Fibre-Metal Laminates (FML)

Fibremetal Bminates (FML) are composites made of thin metal layers and fibre
reinforced composites (FRC). This combination of materials offers better damage tolerance
to crack growth and impacts, particularly useful in aerospace applicatimmstto et al.[118]
briefly investigéed the application ofSPIRo FML in two configurations: Metal/FRC and
Metall FRC/Metal. For both cases, Kevlar and ¢fiiass thermoset prepregs were the raw
material. In the first case (Metal/FR@) aluminium sheet acted as a medium to avoid resin
removalby the forming tool as shown figure2-25(a). If the tool were in direct contact with
the composite laminate, the polymer wouklick to the forming toalVacuwm bagging was
used to improvethe prepreg conformation to the aluminium sheet and to improve
consolidation.As a resultas shown irFigure2-25 (b), wrinkle-free partswere obtained after
room temperature curing. Still, a minimabn-uniform distribution of resirwas detected in

the deepest zone of the cone.
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Figure 2-25 Vacuum-assisted SPIF of a thermoset composite. (a) experimental set up using a vacuum
l[:)lalgS]t-o hold the laminate, (b) resultant part showing a non-uniform distribution of resin at the bottom

For the second case (meteRC/Metal)the part started to showwrinklesand failed
before reaching the final geometry, as shownFigure2-26. According to the authors, the
incompressible nature of the prepregs might harevented the transfer of sessbetween
the aluminium sheetsNevertheless, this statement is incorrect since an incompressible
material only transfers stress. On the other hand, a compressible material deforms, and
therefore, only part of the load is transferred. Additionally, tHifficulty creating a defeet
free part in a single operation led them to develop two separated aluminium sheets which

were further used to make an FML composite (Al/composite/Al). This approach could be used

to rapidly produce composite sheet tooling wghvings in costs and tirfiel 9].

Figure 2-26 Fibre metal laminates under SPIF [118]. The Ilaminate configuration is
Aluminium/prepreg/aluminium. Both cases show a mechanical failure of the laminate during processing.
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2.3.4 Incremental Sheet Forming Summary

The field of Incremental sheet forming in polyraés not mature. Similarly, as for metals,
most early studies and current work have almost exclusively focusetbromability of
thermoplastic polymers since they are more malleable than thermosets, mainly brittle
(except rubber). It was found that polymsepresent different additional modes of failure,
such as crazing and tearing in the radial and circumferential directions. Most of the research
found in the literature tends to focus on formability limits, with a lack of discussion of how
polymers or theitomposites are processed. For example, no discussion about consolidation

or bonding mechanism was found.

Though it is not mentioned in the literature, there are several limitations that SPIF
presents for both thermoset and thermoplastic polymers and cosifes. In the case of
thermosets, they cannot be reprocessednd therefore reshapednce they have been
already curedd SOl dza S (G KS | O Krikl&@iSavidur (éxdept Br rébBefyhich a ¢
will make themcrack and break under the presence of loads that exceeds their mechanical
limits. Recently, a special type -shapable thermosetesinshave appeared calledtvimers.

[120]. Under the effect of temperature, the bonad the crosslink network move from chains
allowing them to be deformable and therefore being able to acquire a new siwape cool
down. Neverthelessrying to ceform acommonthermoset laminate will probably lead to

local and brittle failure like performing a destructive flexural test

In the case othermoplastics, they have the advantage of benegyclable In other
words, they can be reshaped if the materislheated, deformed, and cooled. Because the
forming tool spins, it heats and softens the material due to friction, and that is why some
success forming coHe&e structures was obtained. If it is not heated, it will elastically or
plastically deform untifailure. Nevertheless, optimal processing of thermoplastic polymer
and composites involves melting, flowing to shape a mould and/or impregnating the fibres,
and cooling. This means that it needs to be contained in some boundaries. Otherwise, the
melted polymer will drop and/or separate from the reinforcements due to gravity. That is why
sacrificial metal sheets were used to protect the material and constrain it in a close boundary
while under hottemperatures Case studies, material characterisation, afeddycle analysis

are required to make a proper comparison to suggest their use in industry. Finally, no study
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has been found in which incremental forming can loch#égt, form, bond, consolidate, and

cool the material.

2.4 Alternative "Mould Free" Developments

As mentioned, Fibreeinforced thermoplastic composites might take advantage of their
material properties since they can be heated, softened, melted, and reshaped as many times
as desired. However, fewer examples in the literature were foundxloit this ability. A
techniquedevelopedand patentedas a prototyping alternativevas presented by Millezt al.

[39, 122123]in 199Q It can be claimed as the first attempt to create a d@ss forming
process of thermoplastic compositebhe process propagatdsends from theperimeter of
the sheet into the interior byocally heating thanaterial as it is moved through a forming
zone as illustrated irFigure2-27. The composite is heated to the softening state ameh
bent as itpasses through a cluster afitomatedrollers. The roller spacing lieconfigurable
to control the type and degree of bendinginally, he compositesheetis cooled by arf'air
knife" to leavethe forming zone.
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Figure 2-27 Net bending forming process [39]

This continuous curvature propagation assumes intraply sliditigeihot region and no
change in the length of the fibres in the whole process. This assumption solves the problem
in simple bending of composite laminates with continuous fibres, promoting fibre
misalignment in the inside or fibre facture on the outsids,ilkustrated inFigure2-28. The
team claimed the process was able to form constant and variable curvature parts. However,

no evidence of the parts or their qualibas been found.
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Figure 2-28 Definition of "Net Bending" [39]

Another attempt to incrementally form fibre reinforced composites (Glass fibre and
Polypropylene matrixyas introducedand patented by Stronet al.[124, 125]n 1989 Inthis
processas illustrated in Figure 27a, a continuous transfer system holds a laminatland
its movementfrom asmalloven to a pressvith modularor interchangeablenoulds In this
way, a nondlinear and integrated part with nonniform crosssecions is fabricated

incrementally (or stefby-step), as shown iRigure2-29b.

HOLD AREA

/

4 TRANSFER HAILS

Figure 2-29 a) Strong's Incremental Forming Set Up. b) Top view of a part with a non-uniform cross-
section [124, 125]

ROLLER BaRS

a)

The oven allows the local heating of selectanhinate regions until the thermoplastic
matrix reaches a flowable condition. As the material isipipregnated, the polymer can flow
to shape the new geometry. Another advantage of modular moulds is that they work as heat
sinks, improving material cooling until solidified into its final shape. Then the next section is
heated, and the protocol is repead. It was found that using consolidated laminates led to
better propertiesthan unconsolidated laminates with a 55% higher tensile strength (541
MPa) and 252% higher impact strength (209 N/cm). Furthermore, good surface and- defect
free parts could be faned since the movement between the poensolidated layers is

constrained.
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Figure 2-30 Reconfigurable multiple point tool [126]

Another approach was developed and patentedNayrthrop Grumman Corporatioim
1997 and investigatedby Walczyket al. [126]. An automatedreconfigurabletool was
developedto analyse the potential formability of complex geometriga the diaphragm
forming process. This type of tooling can modify its geometry during the forming process by
increasing or decreasing the heights of their pins, as showfigare2-30. Each pin has
internal threads, so they are moved by a combination of drive motors, lead screws and sub

controllers. These are commanded by the main contrgllei7].

Reterfigurable
Ferming Toaing
with Discrede
Elements

Coempressed Aic

Figure 2-31 Reconfigurable tool forming process and experimental set-up [126]
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As illustrated irFigure2-31, a composite laminate is placed between a top diaphragm
and an interpolator in this development. The diaphragm is pulletthéatool by the negative
pressure caused by a vacuum pump, while the pins in the tool increase their height up to a
position that forms the required geometry. The end of the pins could promote dimpling (local
deformation); therefore, an interpolator wassed to minimise this effect. The main
advantage of this process is the availability to have thousands of mould designs stored in CAD
models, thus saving time and economic resources in production and physical storage. Further
studies led to the addition cd diaphragm between the interpolator and the laminate since
the interpolator expands when the vacuum pressure is deactivated, changing the final shape
of the resultant compositg128]. This new diaphragm allows the system to maintain the
vacuum after the part is safely released. After the patent expired, some companies have

commercialised the proce$$29, 130]

Munro et al.[131] presented a literature review focused on reconfigurable tools, which
are defined as "a machine that can be repeatedly configured by a usendping mechanical
parts in a manufacturing setting". It can be applied to form, mould or cast complex parts in

different materials from metals to composites without dedicated tooling.

Table 2-4 Classification of Reconfigurable tools [131].

Classification Description
Pin Density Closedpacked or uniformly spaced
Pin Actuation Method Mechanical, pneumatic, hydraulic, robotic
Pin Position Control Method Manually or automatically (single or

multiple pins)
Tool Surface smoothing method Deformable interpolating layer, deformabl
tip pins, or hardenable surface
Degrees of Freedom 2D or 3D

Tool Use Direct or Indirect

Table2-4 shows a classification of reconfigurable tools. Since the first appearance of

this type of tool, the basics of the design have been translated to further research and patents
such as securegeking of pin matrix, leadscrew positioning of pins, square pin shape, and

hemispherical pin tips. The future challenge of the reconfigurableygpa tool is to develop

an economical tool design with an acceptable resolution and size suitable for differen

application$132].

Another development employing a reconfigurable tool for making composites was
presented by Kaufmaet al.[87] in the 90s, consisting of two components: a reconfigurable

surface that heats, forms, and compresses pegptapes, and a sblegree robot arm that
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positions the part createdn the reconfigurabletool. Thereconfigurable forming surface
comprisesa number of identicalleaves whose position is adjusted by a cam. The cam is
driven by an » table and movesiia slotat the leaves' bottomWhen the'leavesare in the
desired position, a lockingamp secures themrhen the material is moulded and cured by
the addition of heat and pressure. However, no evidence was found related to the resultant

parts and thei quality, which might have led to the abandonment of the topic.

2.5 Self-reinforced Composites

As mentioned in the introductionhapter, fibres are polymers are the main constituent
for fibre reinforced polymer composites being the fibre the reinforcemenagghand the
polymer the matrix phase. There has been extensive researfdr chemically inert
constituents between inorganic fibregCarbon, glass, et@gnd polymers. Howeverigh
performance fibres from different thermoplastipolymers have also been created (e.g.
ultrahigh molecular weight polyethylene, polyamide, polyethylene Terephthalate and
Polypropylene), which present better mechanical properties than bulk polyfhi2@&ijs The
mechanical propertiehave been improved byeorienting the polymer molecules in the
loading direction133]. Thermoplastic fibres can also be combined with a polymer to create
a fibre reinforcedcompositematerial butare usually mixed with an isotrap thermoplastic
matrix of the same, or similar material, and thus, they are calledrsgiforced composites.
Furthermore giving the opportunity to commodity, and sometimes cheap, thermoplastics to
be used for load bearing applications can reduce trenufacturing costskor example, in
2022, the cost of a carbon fibre prepreg is around £50 per square meter while the cost of a

seltreinforced polypropylene preform is around £2 per square mgt&t.

Selfreinforced compositeqalso calledone polymer compadss, singlepolymer
compositesor allpolymer compositgsare an emerging field that resembles fibre reinforced
compositeqg28]. The concept obne polymer compositeas first introduced in 197R6], by
creating a material in which both the reinforcement and the matrix are the same polymer
(polyethylene) but present different morphologies. These composites were developed as an
effort to create a strong and stable interface between reinforcement and makhere are
both advantages and disadvantages of seihforced polymer composites when compared
with conventional composites. Since they are mainly based on thermoplastics, féerof t
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can stand higher or close temperatures as thermosets. Furthermore, they are more
processingproperty dependent on temperaturevhich requires agprecisecontrol on the
temperature, which also increases the manufacturing co#is.their advantages, ost
polymers being able to be selfeinforced have very low densities resulting in lighter
structures. Moreover, since only one type of polymer is used with no external elements, no
further separation may be needed at the end of the productfidelitating recyclabilityand

reuse.
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Figure 2-32 Schematic of the hot compaction process. Fibres are first pressed and heated closed to
the melting point to only melt the surface of the layers. The melting polymer then fill the gaps between
the fibres, and when the temperature is reduced, the polymer recrystallizes as the matrix holding the
fibres together. Reproduce with permission from the authors [28].

Hot compaction has been the main manufacturing approach for producing self
reinforcedcompositesand is illustrated irFigure2-32. It isbased on selectively melting the
exterior surface of the fibrewhile applying pressure so the melted material can fill the voids
When the temperature is reduced, the polymer recryitas as the matrix holding the fibres
together, and therefore resemblingfére-reinforced compositeDifferent type of polymers
have been reportedo be used to create setkinforced composites such &olypropylene,
Polyamide, polyethylene Terephtlagé, poly(methyl methacrylate), poly(lactic acid), natural
polymers (e.g. cellulose) and othdg2y, 28]

The most studied selkeinforced composite has been polypropylene due to its
commercial availability under several brands and procesBedypropylene has several
advantages such as thermal stability, high toughness, low cost, and wider industrial spread in
many applicationsOne of the advantages of sefinforced polymer composites made with
polypropylene its highvolume fraction (~90%). This compensates the low hmecal

properties of PP in comparison with other stiffer fibores such as UHM\S®@Eeinforced
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polypropylene composites have been produced using hot compaction techniques by using
fibres or bicomponent tapes. These ones are later used to form a fabuictste being able

to conform the mould.

Bicomponent tapes areonstructed in a sandwich structure in which the outer layers
(matrix) correspond to a thin copolymer layeand the middle layer (reinforcement)
corresponds to a homopolymer lay§t33, 134] However, they have different molecular
structures with different melting pointsThe homopolymer due to its high molecular
orientation presents a higher melting temperature than the copolymer. The copolymer is
mainly anorphous with a random orientation, and therefore, it presents a lower melting
temperature This difference in the meltintemperaturesgive a temperature processing
window to produce composite structures without changing the properties of the
homopolymer &yer. The construction of bicomponent tapes is illustratedrigure2-33, in
which both the copolymer and homopolymer areextruded at the same timgom a molten
state. Then, the system is quenchdd crystalliseand drawn in a first over(at low
temperature)to create a first molecular orientation of the homopolymer. A subsequent high
temperature drawing is followed that further orientates the molecules of the system. Since

the copolymer is amorphous, most of the molecular orientation is performed on the

homopdymer
A extruder B extruder
(copolymer) (homopolymer)
H - Bobbin
Uﬁuquq\_
‘\.ﬂm
I:I
Co-extrusion
head N
1st drawing oven 2nd drawing oven

Figure 2-33 schematic of the co-extrusion and solid-state drawing production line of self-reinforced
polypropylene tapes. Repro.

Though hot compaction looks simpletireory, it involves engineeringhallengesvhich

can increased their manufacturing co$this is because it is key to keqe reinforcement
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properties of the fibre while processingwhich is difficult whenboth matrix and
reinforcement have similar melting poin{d35]. Figure 2-34 shows a schematic of the
processing window of seteinforced composites via hot compaction methodée size and
shape of the processing window depends on the type of polymer being chésgher
temperatures promote temperature relaxation and/or meltingf the reinforcement
constituent. High pressures promote excessive flow or molecular misalignment which reduces
mechanical properties. Both low temperature and/or low pressure are critical since a
minimum level is required to achieve proper consolidatidnproper consolidation or to avoid

the loss of mechanical properties determine the corners of the boundaries. If the fibres are
constrained, shrinkage is prevented. This leads to a higher artificial melting temperature and
therefore, a higher temperat@ can be used. This corresponds to the corner between
boundaries (a) and (bgimilarly, a minimum temperature to promote bonding combined with
higher pressure determine the corner between bordécy and(d), or a lower pressure
combined with a higher teperature can also promote enough consolidat Time is a
parameter that was not considered in the schematic shown. Quicker consolidation is
beneficial since long times at lower temperatures promotes molecular relaxation in polymers
and therefore a loss ahechanical properties. This is the opposite to short times at higher
temperatures.Other processing routesf selfreinforced composites are not related to the

focus of this project and can be found in the literat(it83].

Process

Feasible (a)

Processing Pressure ——
—
O
S

(d)

Processing Temperature ——

Figure 2-34 Thermal and Pressure Processing Boundaries of self-reinforced composites: a) a high
temperature may produce melting or molecular relaxation of the reinforcement phase, b) too much
pressure can cause flow and molecular dealignment, c) and d) are the minimum levels of pressure and
temperature to ensure proper consolidation [16, 28, 133].
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From the literature in can be determined th&irming of preconsolidated laminates
[32] or impregnated fabrics with the matrix phaseariluid state may be possible by selecting
fibore and matrix phases with as a large a difference as possible between matrix and fibre
melting temperaturesFurthermore, since their appearance, the use of the hot compaction

technique has not change for eithscientific or commercial developments

2.6 Literature Review Conclusions

There is a need to create legost innovative, and sustainable processes that are also
friendly to the environment. The present literature review has summarsedde range of
automated and semautomated manufacturing processes for fibre reinforced composites
is claimed they can improve process and ef§itiency. The most known automated
processes are Automated Tape-lay (ATP) or Automated Fibre Placement (AFP), in which
tapesor fibres are selectively deposited over a mould or mandrel with the aid of heating and
pressing devices. However, high capital investments are required for their adoption, limiting

their widespread use for smalb-medium manufacture§21].

Digitallydriven strategies such as additive manufacturmgncremental sheet forming
offer a new possibility for loveost automation in composite materials. Timain advantage
of these processes is the ability ppoduce fibre-reinforced composites without the need for
an expensivetemplate or a mould[22, 23] which can reduce the price of composite
components for low volumes. Howevethese techniques present several limitatiots
achieve compsite parts with similar performance with benchmark manufacturing processes

for composite materials.

The recent commercialisation of various selinforced composite technologies suggest
that selfreinforcedpolymer composites will continue to warrant investigation in the coming
years.Ease of forming with low tooling costs is advantageous for low volap@ications
which can be suitable for early applications to show the potential of new materials or
manufacturing routesThe easiest way to process sedfnforced composites i form the
part directly from fibre or tape. In the case of using tapesega bigger temperature
processing windowvhich can be used to facilitate automation processes without risking

damaging the reinforcement effect of the material.
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3 Process and Machine Development

The proposed lovzcost automated irsitu consolidation madhe controls the motion
and temperature of a forming tool to compress and transfer heat to a stack of fabrics that
rests over a mould, as illustrated gure3-1. Intheory, it could work on both thermosets
and thermoplastic compositedzor thermoset composites, the forming tool will cure the
polymer, insitu, as it movesBecause of the heat transfer, as it moves, the forming tool will
in-situ cure or in melt the polyer matrix, for thermosets or thermoplastics composites,
respectively. Furthermore, the forming tool moves according to a tool path that copies the
mould shape. In this way, it compresses and brings the fabrics close to each other and against
the mould toensure proper bonding between thairterfaces.Whenthe formingtool moves
past the area, the material is already solid for a thermoset polymecamis down and

crystallses to achieve complewolidificationfor a thermoplastic matrix

Pressur e

Tool
Mo v emen

e
Fabrics

Figure 3-1. Schematic of the automated in-situ consolidation process. The temperature of the forming
tool is higher than the temperature of the mould. The tool path copies the shape of the surface of the
mould.

Thisconceptg & A YL SYSYGSR Ay OIFINb2ykSLIEe O02YL
group inthe following publicationg§136-138], however, it was never used to produce self
reinforced composites (both reinforcement and matrix are the same material). This process
also differentiates from automated layp methods because the whole stack of material is
clampead on the mould, and therefore, all the layers are formed simultaneously. Throughout
this work, the term material, laminate, or stack refers to layers of -r=ifforced

polypropylene fabrics. The fabrics are made of bicomponent tapes in which the reimiente
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phase issurrounded by a lower melting point polymer that acts as the matfike
reinforcement phase is homopolymer with a high modulus and highly aligned molecules
which results in a high melting temperaturén contrast, the surrounding polymes ia
copolymer with random molecular orientatipmesulting in low degrees of crystallinity and,
therefore, a low melting temperatur@8]. To create a laminate, the copolymer layers of each
tape in a fabric must melt to promote bonding between the interfaces of the other tapes,
while preenting the melting or molecular relaxation of the reinforcement phase in order to
maintain their enhanced mechanical propert[@83]. For this reason, the temperate of the
mould is lower than the temperature of the forming tool. The temperataféhe mouldis

set just below the melting temperature of the copolymer to create a lower temperature

gradient when the forming tool passes over the material.

The automatedsystem wagomposed of atructural framewith driven mechanisms
copperforming tool a hot mould,an openloop motion controller,different control systems
(e.g., Temperature and Forgend software that communicates with the motiaontroller,
as shown irFigure3-2. A detailed explanation of the hardware and software that achieves
this task will be introducecth this chapter. After understandingplwv the automated process
works, a manufacturing workflow is described to help the user in future developments. Finally,
the energy consumption is compared with a benchmark process to understand if the process

is energy efficient.
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Figure 3-2. Main components of the automated in-situ consolidation machine.

3.1 Structural Frame and Mechanical Actuators

A gantry structurecan move a load in three degrees of freedamd was selected due
to the ease of setp, relative stiffness and low cost. Gantry systeane widely used for
different applications (Machining, 3D printing, adhesive dispensing). €ibe structure
(Workbee CNC machine, Ooznest, [WB9]) is made of aluminium extrusion with V sipt
which allowghe wheel to stand on the sloiss shown irFigure3-3. In this waythe structure
frame becomes the rails for the mechanical actuators saving wéagtut costlas rail guides

are not required[140]. Each frame/mechanical actuatis connected through connector
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plates, and the linear motion driven bytiming beltpulleys and beltssing opeHAoop stepper
motors. The Zaxis is held by the-axis, which is held by theakis. The end effector carriages
the forming too| whichtravels up and dowm the Zaxis Figure3-4 shows thefinal structure
with the forming tool includedThe design of the forming tool will be explained later in this

chapter.

A

;Forming

Figure 3-4. Automated in-situ consolidation machine based on a single forming tool
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3.2 Motion Controller

A motion corroller is the brain of any automated machine as it controls the motors
which move a specific component in a machjhé1]. Motion controllers can be opeloop
or closedloop feedback deviceshichoversees developing trajectories motion profiles
for the motor and monitors different input and output devidd2]. In an operloop system,
there is no feedback on the position of the load, but it is the preferred choice foctsi/
systems. For this project, an opéop, open hadware motion controller hardware (xPro V1,
Spark Conceptd43]) bagd on opensource software, GRBL44-148], was selected. GRBL
is a CNC-gode (149]) interpreter and motion controller that creates the pulse sequences for
the stepper motors. The advantages of the xPro V1 motion controller are that the motor
drivers are embedded into the hardwanehich saves space and wiring tinkegure3-5). The
communication between software and controller is performed through a USB port, available

for any computer.

Figure 3-5. xPro V1 CNC motion Controller based on GRBL software. It is capable of driving 4 stepper
motors and has a USB port for Serial communication.

3.2.1 Speeds Limits

Displacementsf the linear stageswere usedto validate the motion profile of the
machine using a dial gauge mounted to end effectorhe commands to perform the
displacements were sent through Universal Gcode Sefidit, 150] a javabased windows

application that acts as a graphical interface (GUhe time it took thestageto move a
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distance of 60 mm was recorded at different motion speeds betw&Bmm/min to 90
mm/min. Figure3-6 shows both the expected time and the measured time to complete a 60
mm displacement at a specific X and Y axis speigdre3-6 also shows the measured time

error of the displacements for both axes. It can be observed that the timer error to complete

a 60 mm displacement is higher at lower speeds. This error decreases as the speed increases
between 15 mm/min to 75/min. Finally, the error is negligible from 75 mm/rior. example,

at a15 mm/min speedthe machine should movthe load a displacement &0 mmin 240
seconds however, ittook 53 secondg78%error). It appears the motion controllerds a

default limitation for motion profiles at speeds lower than 75 mm/min. Therefore, for this
project's scope, the minimum speed that will be evaluated is 90 mm/min to prevent any

errors in the motion.
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Figure 3-6. Time to travel and Error in a motion profile for the open-loop motion controller.

3.2.2 Motion Control: Hardware and Software Integration

Using Universal Gcode sender as a graphical interface and communication with the
motion controller has severahtitations. First, the graphical interface cannot be modified for
other purposes. Second, users can only sexddg lines one at a time or a list of commands
from a file. Finally, it does not have any feedback interface, which prevents the

implementation d a closedoop system.

To overcome this limitation, LabVIEW®[12] software was used to communicate with the
controller by sending the-gode lines via serial communicatiaiser interaction with Gri

performed by sending it a string of characters, followed by an enter. Grbl will then process the
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string and execute it accordinglg51)f ® ¢ KSNBEF2NB X dzaAy3 [l o+xL92t
functions (e.g., Visa Configure Serial [iBR]), a gcode line can be s& to the motion

controller to be executedFor examplewhen the g=codedG21 G91 GO¢ A a aSyd (2
controller, thetool will move 50 mm on the -¥xis.Figure3-7 showshow the command is

created. Thegraphical interfaceof LabVIEW®F{gure 3-8) has a numeric indicator and a

button to send the signal. The numeric indicator in fw®gramming language shown in

orangeg A 1 K G KS fid the tomgared Witly the limits of the machine and then
transformed into a stringvith a value ofd p n ¢ dnewt¢sKingé& then concatenated to a

previous stringd D H m D ch,moTreateEthe gcode line. Once the buttorin the front panel

is activated, thecase structure (box) is activated, sending theode line to the
microcontroller In this waythe machine can beontrolledto execute displacements and to

set up different parameters such as speeds or the origin of the working coordinate system.
Though several opesource graphical interfaces have been created to use-kaséd motion
controllers[151], there is no record of an application that uses LabVIEW® for a motion control
system with feedback &m a force sensor. Being able to control the pressure in an automated
process is essential in composites manufacturing. Therefloiesystemhas the potential to

allow low-cost automation capabilities with feedback control from different sensors.

bloyve X mm

Move X mm Xmm o o B I
'J:'[— 621691 GOK}-—{mem=t :
¥ mm :

5 a
S8y e

VISA resource name [Cennects the microcantraller]

) VISA Configure Senal Port
TES

K : Bytes at Podthy—
|— None '| ...........
i None ™ -;l

Figure 3-7. g-code generation and execution in LabVIEW®. The code creates a communication channel
with the motion controller (Visa Configure Serial Port). The user input as displacement is transformed
into a string sent to the motion controller (Visa abc W).

59



Loy et -
Eriens Acgarrghamal P "
lizxrralian | )

L ' E

i
iﬁlﬁl i ikl o i

"l B

SANE TU FLE

AL TOTRL I

Figure 3-8. Software Graphical Interface: Motion control with force closed-loop system.

3.3 Processing Parameters Control

The forming tool needs to simultanasly compress the material and raise its
temperature to specific targets selected by the user. Force and temperature are two different
phenomena, and they need to be measured before being controlled. Throughout this thesis,
force and temperature will be dad process variables or processing parameters. Measuring
these variables can be performed through data acquisition, wisitie process of measuring
an electrical or physicaignalwith a computer.A closedloop system can be created if the
data acquied is used as feedback to create a control signal to manipulate a phenomenon
(Force or Temperature) by comparing the programmed inputs with the measured [&38¢s
Figure3-9 shows a schematic diagram of temperature control of an electric furnace. The
furnace temperature is the process variable, which is measured and converted into a digital
signal that can be really a controller using an interface. This digital temperature is the
feedback which is then used to calculate the error from the desired setpoint temperature. If
there is an error, the controller activates a heater to bring the temperature to the desired
valug153]. In general, a closeldop system is composed of a data acquisition system, a

controller, and an actuation process to manipulate the process variable.
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Figure 3-9. Temperature Control System. Reproduce with permission from the authors [153].

3.3.1 Data acquisition

A data acquisition system is composed of sensors, data acquisition measurement
hardware, and a computer with application softwdfé4], as shown irFigure3-10. Sensors
are devices or mechanisms that convert a physical phenomenon like temperature or force
into a measurable electrical signal like voltage or resistance. A data acquisition device (DAQ)
acts as the interface between @mputer and the sensor signals by dgjitg them to be
computerreadable(Analog to Digital converte$53]). Finally, data acquisition software is
requiredto process, visuae, and store the measured datBecause there are two process
variables: Force and Temperaturethe automated developmentequires two separate

control systemsdescribed dter in this chapter.

Sensors Data
* Temperature Acquisition
* Force Devices

* Pressure

Computer

* Software
* data visualization
* control

* Signal
* data processing

* Humidity, etc condicioning
* Signal amplifier
* analog to digital
converters

* decision making
* graphical-user-
interface (GUI)

* Processors

Figure 3-10 Schematic of a Data Acquisition system composed of sensors, a data acquisition
measurement hardware, and application software in a computer. Reproduce with permission from the
authors [154].

61



3.3.2 Temperature Control

The temperature data acquisition system will be described first and then later how it is
controlled. The temperature sensor useih this projectis a thermocouple type K. In a
thermocouple, wo dissimilarelectric conductorgwires) argoined (Figure3-11. a). This joint
will generate a voltage, characteristic of a given temperatim@type K thermocouplgthe
conductors arenickel(Ni)and Chromiun{Cr)and can be used to measure temperatures in a
range between 0 and 1100°Ebr this project, two temperature data acquisition systems were
used. One for controlling the temperature of the forming toBigure3-11. b), and another
that measures and records temperature values from several thermocouipigsré3-11. ¢).

In the first case, thelata acquisitionsystemis embedded in &IDtemperature controller
(CAL3300, West Control Solutions, US#)ich communicats the temperature signal to
computer software (CALGRAFIXVest Control Sohlions, USA) The second system is a

laboratory temperature data logger (Picolog-0€Datalogger, Pico Technology).

a)

(g

chromel copper

L

Z\ = )‘

alumnel : ‘lf copper

Figure 3-11. a) Schematic of the principle of a thermocouple [155]; b) CAL 3300 PID temperature
Controller [156]; ¢) Picolog Temperature Datalogger [157]

Temperature control is required for two different components in the automated system.
The first one is to control the temperature of the forming tool, and the second one is to
control the temperature of the mould. The forming tooldathe mould are made of copper
and aluminium, respectively. Copper was selected due to its high heat conductivity, allowing
a fast heat transfer to the stack of material. On the other hand, aluminium was selected for

its mould because of its higher streihgand lower price than copper.
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Figure 3-12. Voltage leaking through thermocouples to Data Acquisition Hardware

Both the forming tool and the mould are heated using electrical cartridge heaters
controlled through PID Controllersa@ridge heateswere selectedas a heating element due
to their reliability, ease of installation and ug@58]. However, cartridge heaters generally
work with alternating currentandhigh voltageswhich can potentially damage the hardware
of the data acquisition systemBigure3-12 shows an example of temperature records when
the contact with the copper tool with the thermocouple induces high voltages, causing
unexpected temperature peaks in both positive and negative directions in the readinigs.
was solved by coating the throcouple withthermal pastethen covered by amlectrically
insulating taperecoatedwith thermal paste and then fixed to the forming tool. Thermal
paste improves heat transfer, reducing the delays caused by the insulating tape with low
thermal conducivity. The thermocouple was attached using a jubileealip boltthat holds
both thermocouple and eartltonnectionfor the cartridge heateras shown irFigure3-13.
The earth connection is a safety measure to prevent an electric shock if there is a failure of
insulation in the cartridge heaters. Moreover, the forming tool is held by a PTFE mounting

braclet, reducing the heat transfer to the gantry structure.
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Figure 3-13. Typical forming tool installation. The forming tool is heated with a cartridge heater
connected to the output of a temperature controller. A tool holder keeps the forming tool attached to the
Z axis. The thermocouple is located a close as possible to the tip of the forming tool.

3.3.2.1  Ultrasonic heating (UC)

Ultrasonic heating is mostly used for welding processes in thermoplastic applications
[46]. Heat is generated by the internal friction created by the vibration of a horn at high
frequencies (10s of thousands of hertz), which can reduce the amount of energy used to in
situ consabate a thermoplastic compositéaminate[38]. However, preliminary tests with a
low power handheld ultrasonic welder (Branson LPe 500W, Emerson) immediately melted the
material(both matrix and reinforcementgven with the lowest power setting (10%), as shown
in Figure3-14. Because the objective is to melhly the matrix but not the reinforcement,
this technique was discardedk it represents a disadvantage for selinforced conposites
forming. Moreover, ultrasonic consolidation presents an engineering challenge to implement
a closedoop system as it is difficult to monitor the temperatuoé the material while it is
consolidatedbecause thgrobe heats the material but ndhe instrument Althoughin many
heat transfer mechanisms it is also difficult to monitor the temperature of the matdrial,
for example in a heat conduction mechanism, thecessing temperaturean easily be
constrained tahe temperatureof the heatirg elementghat transfer heat to the materialt
may be possible to use ultrasonic welding to consolidate the system by using a lower power
system than thatwvailableto us on our limited budget. This could bgeatential directionfor

further research.
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Figure 3-14. Ultrasonic welding of self-reinforced polypropylene promotes melting of both the matrix
and reinforcement phases.

3.3.3 Force Control

Currently, built-in systems automate force data acquisition withcambination of
hardware and software that includes a load cell (Force sensor), signal conditioning to amplify
the signal, and a data acquisition device to measure and digitakssignal Commonly data
acquisition devices already combine signal conditig and data acquisition in an individual
piece ofhardware National Instruments, the owners of LabVIEW®, have readily available and

eag/-to-use DAQs for force sensing applicatifitiso-161].

The force sensor used in this project 8 kN 3-axisdynamometer (Model Type 92578,
Kistler[162], Figure3-15(b). This is based guiezoelectric sensors tharoduce a proportional
electric voltagewhen they are deformedinder the action of a force as shown irFigure
3-15(a). Amorg the advantages of piezoelectric force sensors are the ability to cover large
measuring ranges from small to large forces and high rigidity with negligible deformation
[163]. The electric charggenerated is small, which makes it difficult to be measured. For this
reason, tlke signalproduced by the dynamonter is sento an amplifier whichransformsinto
a proportional voltage (Kistler Type 507[0A&4], Figure3-15(c)). Then, the amplifietransmits
an easier to read voltage to the data acquisition measurement desdcey thesignal cables
The data acquisition device is a NI 4RB1(National Instrument$165], Figure3-15(d)and
the data acquisition software idabVIEW® both from National Instruments. The
dynamometer is connected to the amplifieionnected to the DAQ, which then sends the
signal toa laptop with the software Furthermore, piezoelectric force sensors are very

sensitive to temperature and temperature changes leading to errors and-tknng
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fluctuations. To prevent this temperature influence, ar®m piece of epoxy block with a low
thermal conductiiy was attached between the force sensor and the mould, as shown in
Figure3-16.

a) b) c) d)

Applied
mechanical
stress

Vi u’ # \

Pt

Figure 3-15. a) principle of a piezoelectric material in which a force exerted produces a voltages [163] ;
b) 3-axes piezoelectric dynamometer based (cable not included in figure) [162]; c) signal amplifier of
the dynamometer signal (cables not included in figure) [164]; d) USB data acquisition device that
perform signal conditioning and transfers data to the computer [165].
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Figure 3-16. Automated in-situ consolidation set-up with its subsystems.

LabVIEW® a software suite that facilitates the creation applicationsthat perform
testing, measurementand controlfunctions that allows hardware integration through a
ographicalapproach toprogramming. This graphical approach to programming is sintdar
a flow of data in a stejpy-step process in whicWwires connect functions (shown as icQas)

illustrated n Figure3-17. First the data acquisition functio(DAQ system mentioned above)
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collects the data. Tén analysis function then processes this dafmally, the results are

written into a fileif it is required Another benefit olLabVIEW® that it allows parts of the
code to executdasksin parallel

( P
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Figure 3-17 LabVIEW® Graphical Interface showing the graphical approach to programming

Figure3-18 shows how ae section of the code (Top square) oversees dataeration
while the other sectionbottom square) processes the generated dathese capabilities
make LabVIEW® suitable for clogeop feedback systems since it can measure and process

data from asensor angrovide a control signal according to the measuredadat
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Figure 3-18 Parallel Tasks in LabVIEW®

It was described previously how LabVIEW® can be used to control the motion of the tool
with serial communication. Moreover, due to its parallel tasks capabilities,possible to
implement a closedoop system. Several control challenges were presented during the

development of the machine and will be described in the following sections. The goal is to
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create an approach that can ensure a relatively constant cesgion of the material. The
material is compressed by the vertical movement of the forming tool. In this way, the control

will be exclusively adapted to the vertical displacements.

3.3.3.1  Software capabilities

The control software is intended to operate ondedicated computer running a
standard operating system that supports LabVIEW®. As mentioned, communication between
LabVIEW® and the motion controller is performed via USB with a serial communication

protocol.
The control software provides a number of fuiaets, including:

1 Sending command signals to the hardware motion controller-esdg string lines to
control motion and initiate/terminate the forming process.

1 Providing a user interface for the operator to interact with the system, as shown in
Figure3-8.

1 Reading and interpreting-gode commands within the toolpath file

1 Monitoring and recording force signals from the sensor

1 Processing incoming force signals for a force cldsed actuation system

3.3.3.2 Forming stages and Open-Loop Control

The forming cycle dhe part is divided in several stagdseing the last ongthe proper
forming operation as illustrated iRigure3-19. The first stageéeal measured force, online
drift compensation, 1N force approaching, big jump, target force approach, and setting a new
Z(0) positiorare dedicated to signal conditioninig achieve the desired level cbmpaction
that the forming tool must exert overhe material. The first stage (dark blue line) starts
measuring and recording the foroelueswithout any movementof the tool or contact
between the tool and the materiaDuring this stagethe force increasebBnearly respect to
the time with time. Ths change over time mmmon in piezoelectric force sens@nd it is
generally post process after testing or experimentation. However, in this project, this change
is in-situ compensated as shown ie second stage (orange lineplled online drift

compensation This compensatioroerects thedrift (change over timehased on therevious
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stageand it is used for the following stageBhe next three stages (yellow, purple, and green
line) are related to a forcapproachingprocedurein which the tool stais to move downto
compress the materialntil it reaches the desired force targ&tirst it moveslownvery slowly
until it detects the material is being compresggéllow line) This detection is set by reaching
an arbitrary value of 1N. Seconu, speal up the forceapproaching procedure, the tool is
commanded to lower its positioat a faster rate promoting a fast increase in the force (big
jump) below the desired target force. Then, the tool moves down very slowly agaiatto
exceed the desired fordarget. When it reaches this force valudieverticalposition the of
the forming tool is recordedn this way, this position is associatedtat level of force. This
means that if the tool is raised and brought back tattiposition, the forceshould be the
desired force targetTherefore, he fourth stage (light blue lines a validation stage to
corroborate that the vertical positiopreviously recordedchieveghe desired force target
To do this, lhe tool is raised 5 mm to separate it fradme material(removing the forceand
then put back down agairif the force is in rangehis position is configured as the Z datum
in the working coordinate system of t@NCorogram and thenthe forming stage can start

In the formingstage the tool follows a predetermined path. Like the previous stage, the tool
is raised 5 mm to separate it from the materiaioved to the beginning of the predetermined
forming path,and then put back dowagain beforestarting the actual forming operation of
the pat. When the forming process finishes, the tool is raised and separated from the
material. The softwarewas initially designed to create an optop force systenbecause it
relies onafixed vertical positiofforce relationshipand nofeedbackwasused forcomparison

and online corrections.
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Figure 3-19 Force vs time profile representing the forming cycle stages of the automated process.
Several stages are needed for signal conditioning before proceeding with the actual forming of the part

The following sections will explain in detail the development and signal conditioning of

each of the stages of the formingabs.

3.3.3.3  Online Force Compensation

As the program starts running, it acquires the reaick measurements from thiorce
transducer By nature, the force generated by piezoelectric materials will present a drift in
the signal with a constant slope (ideall¥$3]. This means that the measured value increases
with time even in the absence of forces, as shown in the first stadgegoire3-19 or Figure
3-20. This happens faall force components (X, Y, and Zherefore, #er a specific amount
of time, previously selected by the useriaear regression algorithm performs an online force
drift compensation. This algorithm calculates the slope of the measured values in the first
stage and subtracts it to the new measured valuesulting in a force of zero if no force is
applied, as shown in the orange line or the second stagEigiire3-19 and Figure 3-20,
respectively.Figure3-20shows a real example of the online datimpensatiomperformance
in whichal Kg loakeeps a constant value around ~10 N without increasing, demonstrating
the good performance of the compensation algoritiflhough the onlinalrift-compensation

is entirely focus on the vertical force, it is also performed in the otiverdirections.
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Figure 3-20 Online Drift Compensation. As the force data acquisition starts, the values of the force
increase over time. These values are then used to perform an online drift compensation to the current
values. It can be seen that a 1 kg load applied in the vertical direction (Z) does not increase over time
due to the online compensation. The online compensation is equally performed in the X and Y axes,
but as no load is applied in these directions, there is no change of force values for Fx and Fy.

3.3.3.4 Target force approaching method and Datum Setting

The next stage consists of approaching the target forming force, whadtasnplished

in threesub-stages as illustrated iRigure3-19:

a. Third Stage Slowly approaching a force of 1N (yellow line).
b. Fourth Stagelncrease the force close to the forming target force (purple line).

c. Fifth Stage Slowly approaching the forming target force (green line)

Figure3-21 show the real force measurements after drift compensation when the
machine performs the target faning force approach between seconds 15 tq/After second
50, the validation stage startsBefore the user starts the forming operation, the tool is not
in contact with the material stack. The forming tool is lowered dowfixed small increments
of 001 mm as seen by the small vibrations between seconds 15 and 40. When the forming
tool is in contact with the stack, then the force starts to increapeo an arbitrary value of
1IN. When the measured forces higher than 1 Nthe algorithm sends aew signal to lower
down the forming tool according t(Equation3-1). The displacemerife depends on the

difference between the target force and the current force reading and a proportional
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constant selected by the user. The proportional constant was determined by experimentation,
so the tool displacement results in a force increase below #rgdt force.After the force
increment was performedthe toolwas agaidowered down insmall increments of 0.01 mm

to reach thetarget force.The algorithm was designed to stop the vertical movement of the
tool when the value of the sensed force is highlgan the target force. When this happens,

the datum setting stage starts by raising the tool 5 mm, to separate it from the material, and
then moving back down, to perform the datum setting, as can be seen between seconds 48
to 70 ofFigure3-21. After setting up the vertical datum, the tool is raised before starting the

forming operatian.
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Figure 3-21 Stages of the force approaching procedure. First the tool moves down slowly to start
compressing the material. Once the compression force achieves an arbitrary value of 1N, then the tool
is move down faster to speed up the procedure before the target force. Then it again moves down
slowly to not overshoot the target force. A K=40 was used for polypropylene.

3.3.35 Forming stage

Once the program sets up the vertical datum, the forming operation starts by lowering
the tool to compress the material and then moving it with a constant speed according to a
predetermined path An example of the predetermined path is showrFigure3-22 (left), in
which the forming pathcover the whole area to be formedith a fixed separabn using

parallel paths The example shown is designed to form a flat laminate without touching the
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clamping mechanism (dashed lin@he path planning works in the¥plane while keeping

the vertical positiorfixed as explained in the previous stag@ise beginning and end of the
forming path are selected by the user when creating the forming path, which can be done
manually or using CAM tools such as FUSION 360. It is important to align the working
coordinate system with the machine coordinate systemewltreating the path planning to

avoid damage to equipment.

Figure3-22 (right) shows the measured forces (Fz, Fx, and Fy) of the forming operation
with a target forceof 30N (compression).he forces have already past a filter to reduce the
noise of the signalhowever,noise was always preserithe forming forcesn the X and Z
present big fluctuations during the whole forming periotiile the Y axes decreases slightly
In the case of the Forces in the X axis, this are due the movement of the forming tool in the
positive and negative directions of this aacording to thepath planning irFigure3-22 (left).

In the case of the vertical forcéhe fluctuation, and thedrop in valuesduring the whole
processwas unexpectedHowever,a close examination allowed tassociatehe fluctuation

with an unlevelledor misalignedmould with the real working coordinate system of the
machine.Therefore, even though the vertical position of the forming tool is fixed, the physical
separation of the material and the forming tool changés this way, someegions have
higher level of compression than otharsa single path lineAn analogue dial test indicator
attached to the tool bracket, as shownkingure3-23, was tsed to validate te misalignment
that causes changes in the forming forcesspecially in the vertical forceMechanical
solutions were attempted to correct this misalignment; however, due to the modular nature
of construction of the equipment and the inlwement of several pieces of equipment

attached, it was impossible to achieve low alignment tolerances.
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Figure 3-22. Path planning (left) and force measurements (right) during open-loop forming for a flat
laminate.
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Figure 3-23. Left: measuring the alignment of the mould. Right: surface mapping of the mould.

3.3.3.6  Temperature influence

Piezoelectric force sensors are very sensitive to temperature and temperahanges
leading to errors and lonterm fluctuations[166,167]. As mentioned before in this chapter,
a 25mm piece of an epoxy block with a low thermahductivity was attached between the
force sensor and the mould to prevent heat transfer from the mould to the dynamometer, as
shown inFigure3-16. However, temperatw influence could not be overcome by this-sgt
alone. Figure 3-24 shows the érce signalwhen the mould is at room temperature and
subjected to a normal temperatureycle for automated irsitu consolidation. When the
mould temperature is at room temperature, the force sensor keeps a stable value without
any load. However, as soon as the mould changes its temperature, the force value varies

without any load.
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Figure 3-24. Force signals without (a) and with (b) temperature influence.

Different control measures were adopted to reduce as much as possible the
temperature influence. Mechanical measures, as explainelbvia, were not completely
effective in reducing the effect of temperature. The most effective way to overcome this
effect was to understand the problem and create a compensation algorithm explained in the

forming force control section of this chapter.

The first measure was to eliminate or reduce the heat transfer path from the mould to
the epoxy block insulator and then to the force sensor. Separators (washers) were located
between the mould and the insulator; ventilation channels were machined in thiimobf
the insulator, forced air convection was adapted in the bottom surface of the insulator, and
metal bolts were replaced for nylon bolts to clamp the material to the insulator. All these

measures are as illustrated gure3-25.
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Figure 3-25. Measures to reduce heat transfer from the mould to the force sensor
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3.3.3.7 Closed-loop Control

The unreliability of theopenloop force systemas described irprevious sections,
demands to improve the system to achieve the right forces. Furthermore, most meatxse
load cells commercially available do not have a high temperature working range, and the
budget did not abhw to acquire a new load cell based on strain gauges. One possible could
have been to design and built a neaol with integrated strain gauges, but due to the time
constrains, it was not possible. Therefore, developing a clssgl force systemwas

relatively faster andnore economical.

A closedoop system is defined a® system that maintains a prescribed relationship
between the output and the reference input by comparing them and using the difference as
a means of contro[153]¢ ® ¢ KS& | NBX LI Nitrdl Quxtessdsfudder db@ S F dzt
presence of external disturbances. Most industrial controllers may be classified according to
their control action such asr@off, proportional (P), Integral (1), proportiorplusintegral (PI),
proportionakplusderivative (PD),or the most common, proportiongblusintegratplus
derivative (PID). The following sections document the development and selection of suitable
force closedoop systems for the different forming stages involved in automateditun

consolidation.
1 Targetforce approach

Asmentioned before (se&igure3-21), approaching théarget forcetakes45 seconds
approximatelywith thisalgorithm, though longer times were encoumggl while testing due
to stack variability. Thelgorithm of the softwarewas redesigned by implementing a
proportional control. As shown ifrigure3-26, the target face is achieved in approximately
7 seconds. To perform the proportional control, the user must lower the tool with the
commands in the graphical interface until it touches and compresses the stack achieving a
positive force (e.g., ~2N as showrFigure3-26). Then, the user starts the approaching force
set up by pressing the start button.Wgn the force is achieved, then the tool is raised, which
removes the compression force. The system moves back the tool to the last position to verify

the compression force is in range, as seen in the last few secorfdguwE3-26.
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Figure 3-26 Force Target Approach with a proportional Control to target force of 10N

Figure3-27 showsa comparison of the performance of different control algorithsngh
as Proportional + IntegréPI) Proportional + Integral Berivative(PID)or fixedsmalls steps
that were implemented to achieve a target force. A definition of each type of control can be
found inreference[153]. The performance of a proportional control at different force targets
is shown inFigure3-27.a, indicating a very fast execution and stable control. The other
algorithmscreated instability in the process (PI or Ri@)the time reaching the target force
was too long Fixedsmall stepy as shown iFigure3-27.b, Figure3-27.c, andFigure3-27.d
respectively The LabView block diagram can be founéppendixA
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Figure 3-27. Force control approaches: a) Proportional Control, b) Proportional + Integral Control (PI),
¢) Proportional + Integral + Derivative (PID), d) fixed small steps. The colour lines are set point target
forces to demonstrate the performance of the control algorithms.
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Figure 3-28. Force signals without (a) and with (b) loads under the temperature cycles of automated in-

situ consolidation processing.
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As &plained previously (sesection3.3.3.6 Temperature Influengethe dynamometer
force sensor is greatly influenced by temperature. Additional examples of the force readings
under the influence of temperature without and with loads are showfrigure3-28. It can
be seen that the data obtained from the force sensor it is unpredictable in the sense of
obtaining positive or negative values. As explained by the force sensor manufdabirgra
dynamic error (signal change over time) is created when the surrounding temperature of the
sensor changebecause the sensor is not in thermal equilibrium with the environment.
Keeping the sensor temperature constant is recommended, but any attempt to achieve it was
unsuccessful in automated-situ consolidation processing. This phenomenon also affects the
reliability of the force closéoop system because it is based on the values it receives from the
sensor to compare the sensed value with the target value. For example, Eigiage3-28
(left), where no load is applied to the sensor, the force control system will detect a value that
will create an actuation of the forming tool. If the sensed force is higher than the target force,
it will command the forming tool to raisés position; however, we know there is no load, and
the tool should lower its position to start compressing the material. Therefore, a force control

design must take into account this phenomenon.

Initially, the software was designed to move the formingltwhile consolidating the
material without lifting the tool, relying on the efficiency of the leteym accuracy of the
sensorand the openrloop force systemHowever, as explained, the mould temperature
affects the force sensor, so its output has a #imear and unexpected loRgerm
measurement behaviour. It was found that if the lefayming cycle is divided into shert
forming cycles, it is possible to perform an online drift compensation before starting every
cycle (Seesection3.3.3.30nline Force CompensatipnThis concept is better explained by
looking atFigure3-29. Instead of performing a continuous forming operation, the tool is
raised after an interval selected by the user. When the forming tool is raised and separated
from the material, the load value should be ON. Because it is not 0, an online drift
compensatdn is performed in this interval using a linear regression algorithm, compensating
the temperature error for the next cycle. This action increases manufacturing time but
facilitates the implementation and reliability of a force control system. The exasmolen in
Figure 3-29 does not implement a force control system, which will be addressed in the

subsequent sections.
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Figure 3-29. Temperature effect compensation using short forming cycles and an online-drift
compensation. The forming process in this figure does not perform any force control system.

1 Forming Force Control

Due to the success of a Proportional Control inifigathe target force (Se#.4.3.3.1
Target force approaghinitial attempts tried to implement a proportional control on a normal
g-code file generated by the CAM softwarEBor simplicity, the path planning was manually
constructed by drawing lines betwa the coordinates (blue circles Figure3-31. a). An
example of applying a proportional control system for theeseived gcode file is shown in
Figure3-30. The forming tool moves forwards and backwards, consolidating the material, and
0KS Ol fdSa-02yitlESEt BR2NASIYIE KIFIa 0SSy akKATU
First, this control approach increases the forming time because the control sysipsithe
movement in the »plane and then adjusts the vertical position of the forming tool until the
target force is found. After the force is found, the system acts as an-tqmgnsystem as no

correction of the forming tool is performed.
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Figure 3-30. Proportional Control on

In order to increment the number of opeoop paths,the number of coordinates in a
single tool path line. A program was written in MATDABeeAppendixC) to modify the g
code file generated in CAM software to add more coordinates to the tool path, as shown in
Figure3-31. The results of this new approach can be observeHigure3-32with a setpoint
of 30N for the forming force. The foremntrolled values are superimposed to the values
received from the sensor to show the effectiveness of the temperature compensation
strategy. A zoom of the forming forces demonstrates how the corftrdl LJS NJF 2 NY SR @
stands for the forcecontrolled stage in which the proportional control modifies the vertical
L2aAdGAz2y 2F GKS G422t G2 | OKAS@S GKS GFNBSI
which the forming tool moves in the X/Y directioQualitatively speaking, there is good
control of the force around the setpoint. However, this system still relies on combining a

closedloop system (FC) followed by an opeop system (Path).
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Figure 3-32. a) Forming forces with and without a Force closed-loop system (Proportional Control). b)
zoom of the forming forces with a Force closed-loop system. FC=Force controlled

As mentioned, this control approach increases the forming time because the control
system adjusts the forming tool position after every coordinatehi& g-code file until the
target force is found. Therefore, the forming time will depend on the number of coordinates
of the toolpath and the time the force control system takes to find the force. While the first
one can be predicted, the second one iptadictable.Figure3-33shows examples of a force
control system (closetbop-plus-openloop) in which the separation between coordinates
varies. There is an incremeimt manufacturing time of 66% and 20% when the separation

between coordinates is 2 mm and 5 mm, respectively, compared with a 10 mm separation.
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Figure 3-33. Forming forces with force closed-loop system with coordinates separated by a distance of
2mm, 5 mm, and 10 mm.

i PID Force Control

Though the force control system previously described could be considered acceptable
in terms of control, it had the limitation of increasing the manufacturing tifgrthermore,
it relies on the combination of a closddop and an ope#oop control system acting
separately. The closddop is in charge of modifying the vertical position of the forming tool
to achieve the desired force, and the opkrop is in chargef moving the forming tool in the
XY plane. Knowing in advance the time it will take to perform these steps is unknown due to
the closedloop uncertainty, as shown ifrigure 3-32. Table 3-1 shows the stimated
manufacturing times for automated 4situ consolidation according to the length of the
forming path A tool path with a lengtlef 648 mm corresponding tBigure3-31, while a tool
path with a length of 5000 mm correspondsRigure3-22 (seel.4.3.2.3 Forming stageThe
calculated times only consider the time the tool is moving, but not the heating and cooling
times of the mould and forming tool. Unfortunately, due to the time scope of the project, a

formingtime of 174 min plus heating and cooling times was not acceptable.
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Table 3-1. Estimated manufacturing times for automated in-
situ consolidation according to the length of the forming path

Length of the path (mm)

648 5000 648 5000
Separation (mm) Time (seconds) Time (min)
2 1350 10417 22.50 173.61
5 975 7523 16.25 125.39
10 810 6250 13.50 104.17

The software was redesigned to make corrections on the vertical position of the forming
tool while it is forming the material. The advantage of this process is that the forming tool
does not need to stop the movement in theYXplane, reducing the formingmes
considerably, as shown ifrigure3-34, compared withFigure3-33. Performirg corrections
while the forming tool moves in the-X plane was obtained by changing the proportional
control to a PID control. A similar approach was performed to determine the influence of the
distance between coordinate in the control system. It carsben that a 0.5 mm separation
distance presents a better control than the others. However, one disadvantage of a PID
control is thestability of the sgtem, as PID controls tend to create oscillations. The PID control
parameters were set up empiricall{68]to reduce oscillations as much as possible as shown
in Table3-2

Table 3-2. PID Control Parameters found empirically

Force Approach

Control Parameter Forming Stage

Stage
proportional gain (Kc) -0.017 -0.005
integral time (Ti, min) 0 0.01
derivative time (Td, min) 0 0.005

For this project, the PID force control achieved acceptable levels of control (qualitative)
using a 0.5 mm separation between coordinates. Therefore, it was used fdetleopment

of subsequent chapters.
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Figure 3-34. Forming forces with force PID closed-loop system with coordinates separated by a distance
of 2 mm, 1 mm, and 0.5 mm.

3.3.4 Clamping

Most thermoplastic manufaaring systems ensure the stack of layers conforms to the
mould in different ways. Autoclave and hot compression manufacturing processes use a
double mould that completely restrains any degree of freedom of the stack. Automated
methods such as AFP or AE)iIng on the adhesion of the tapes or fibres when they are
melted and deposited over the mould and subsequent layers. Other thermoforming

processes such as vacuum forming clamp the edges of-egmsolidated laminated.

In this project, mping the stack of layers used taensure the forming process of the
material does not create extreme distortioriswas seen in previous sections thhetmotion
of the tool also creates transversal forcascording to the direction of the forming fha If
these forcesare not compensatedthe material is dragged by the forming tad shown in
Figure3-35(a). Thereforea degree of clamping is required over the el to compensate
the force created by the forming todkigure3-35(b) andFigure3-36 shows the result of the
manufacturing operation with clamping demonstrating the need foraid the clamping

mechanism usedThe layers were cut from the fabrito create a laminate with a layp
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configuration [0/90%. After cutting they were tacked on top of each other, and then a
soldering tool with a temperature of 250°C was used to make the holes with a bigger diameter
than the clamping boltsThe material is then clamped on to the mould by tagting the bolts

of the clamping sheetThis tamping mechanism allows for extra room for further
displacements if requiredgspeciallyfor double curvature laminates as describeddhapter

6 Threedimensional laminates and charactstiion.

Figure 3-35. in-situ consolidated laminate without (a) and with (b) clamping.
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Figure 3-36 Clamping mechanism of the laminate over the hot mould. The layers are cut and stacked
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3.4 Energy Consumption

G AFTS OCeoOtS |aasSaayvySyd o[/!'0 A& | 0§ SOKYA

associated with a product or process by identifying energy, materials, and emission over its

life cycle[169 ® { S m&d\thallenged ake among the concern of scientists and politics,

and new regulation forces industries to reduce the impact of their products and processes on

the environment. Industries must improve their energy efficiency either by using renewable
sources or implementing new low energy intensity procedures. Performing a full LCA is out of

the scope of this project. Instead, this section focuses on measuring the energy intensity
(MJ/kg) of the new lowcost automated irsitu consolidation machine and comgarit with a

300w hot press. In this way, a relative comparison between the two methods can be made.

A household energy monitor (Intertek, UK) was used to measure the electricity
consumed to produce a flat laminate for automatedsitu consolidation of selfeinforced
composites. The monitor was reset every time before being used on each device that
conaumes electricity for both manufacturing techniques at a processing temperature of 160°C.

Fourmeasurements were taken to avoid variability.

Energy Consumption

1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

kw

Automated in-situ consolidation Hot Press 300W

W Forming tool M Motion control HM FS WLAPTOP m

Figure 3-37. Energy consumption comparison between Hot Press and Automated in-situ consolidation
of Self-reinforced polypropylene composites. HM=Hot mould, FS= Force Sensor. Error bars are small
(~0.01) and have been omitted for clarity
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Figure3-37 shows the average energy consumption of each device for the automated
in-situ consolidation machine and a 300W Hot Press witha average energy consumption
of 1.17 £ 0.03 MJ and 1.64 + 0.01 MJ respectively, representing a 28.85%areduenergy
consumption compared with the hot press. This is expected since a hot press heats two
moulds instead of one mould and a small forming tool for the automatesitinmachine.
Interestingly, despite the small size of the copper forming toal ds lower heat capacity
than aluminium (0.36<0.90Q0°(0 J5 [170]), the energy consumed (0.25 MJ) is almost half
the energy for the hot mould0.53 MJ) in the automated -situ consolidation machine. This
is because usitu consolidating the material is a transient and dynamic process, in which the
tool needs to constantly transfer heat to the material so the copolymer can undergo a phase
trangtion from solid to liquid: what is commonly named as melting. The latent heat of melting
requires the temperature controller to increase the power to maintain or keep the
temperature[171]. This is the opposite for the hot mould as its temperature is below the
melting point of the copolymer. Theb of thehot mould job is to help speed up the melting
process by creating a smaller temperature gradient in the laminate thickness. If the
temperature of the mould were lower, the forming tool should increase its temperature to
compensate for the temperature gradient. However, this will promote melting of the
reinforcement of the layers in contact with the forming tool. Of course, the mould must
contribute to the heat transfer of the material during melting. However, because of the
location of the temperature sensor on the hot mould (side of theuld as shown irFigure
3-23), fastlocal temperature changes will not raise the overall temperature of the mould, and
therefore, the controller does not require to give more power to the heater of the hot mould.
This also explains the difference in power required betwte hot press and the automated
in-situ consolidation machine. To melt the copolymer and/or homopolymer crystals, more
heat must be given to the material. In this case, the temperature controller must provide

more power to both the top and bottom mould.

Considering an energy cost of £0.16 per kWh, the average cost of electricity to produce
a flat laminate with automated Hsitu consolidation and a hot press is £0.05 and £0.07
respectively. A first sight, the price might not represent a difference for \@mlume
manufacturing, mainly because better geometrical accuracies are achieved with hot

processing. However, the price of the component increases in hot press processing due to the
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need to produce two moulds instead of one. Similarly, the energy inteositye processes,

i.e., the energy requiretio produceone kilogram of a produdtl72], is 58.27 MJ/kg (1.17
MJ/0.020 kg) and 81.90 MJ/kg (1.64 MJ/0.020 kg)thierautomated insitu consolidation
machine and hot press respectively. It is important to highlight that these values are specific
for processing a flat panel of 20 grams of weight. There is a high variability of energy intensity
values in the literatug which prevent any comparison. For example, reported autoclave
energy intensity values are 21.9 MJ[&§9]or 600 MJ/kd173]. For thepurpose of this thesis,

the proposed process for automated-situ consolidation has a better energy intensity

performance than Hot Press manufacturing of selhforced polypropylene composites.

A novel manufacturing process based on automateditn cansolidation of seH
reinforced composites has been 65% more energy efficient than a benchmark hot press
processing. However, it is arguabléhether automated insitu consolidation of self
reinforced composites is cosffective in the long term. Fther research of automated in
situ consolidation, as shown in Chapter 7, will replace the hot mould with another small tool.
This will increase design flexibility, reduce energy consumption, and, therefore,

manufacturing costs.

3.5 Automated In-situ Consolidation Workflow

This section outlines the required procedures to use the proposeettmst automated
in-situ consolidation machine covering the initial design of the part to the manufacturing

stage, as shown iRigure3-38. A brief description of each step follows.

_ CAM . Post

Toolpath Ply cutting and CNC Forming Trimming,
— Shape — eneration — clampin — Operation with polishing,
9 ping Force Control painting, etc
 — ~—  — ~—
. ) ) . ) )
. h G-code Post Temperature Cooling and
Dimensions Processing Control Removal
N

Figure 3-38. Automated In-situ Consolidation Workflow

1. Part/Mould design: A CAD Software (e.g., FUSION 360, SOLIDWOR&®udtiche

used to design both the part and the mould according to the functional specifications.
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3.6

The mould should be designed considering the size of the heating elements used,
location of the thermocouplesearth connection, fixing connections to the itegor,

and fixing connection to clamp the preform.

Automated Tool Path generation: A CAM software (e.g., FUSION 360, SOLIDWORKS,
etc.) should be used to generatecgde files. The tool path should be designed for
manufacturing, considering how the forcerdrol system works to promote the best
achievable control. For example, there should not be high fluctuations in the vertical
axes while forming, as explained in the chapter thd@mensional laminates and
characterisation. Because an opkrop motion conroller is used, the @ode file with

the tool path must be modified using a Matlab program developed in this project. It is
available in theAppendixC

Material Preparation: the preform should be cut and stacked according to the design
stage anctlamped to the hot mould.

Machine preparation: Turn on the machine and set the temperature controllers to the
required setpoints until the temperature reaches a constant gdtr the mould and
forming tool.

Locate and clamp the stack on the mould: Use hands to conform the material to the
mould if required.

Forming: Use the graphical interface of the software to operate the machine until the
forming process starts. Once therfaing process finishes, the forming tool is raised.
Cooling and part removal: Allow time to cool down so the material can crystallise. The
part can be removed once the temperature mould has reached a temperature below
the crystallisation temperature of thmaterial.

PostProcessing: Trim edges and excess material accordingly.

Machine specifications

Application of this technology is expected to be within Jfe@lume, highvalue

manufacturing such agrototyping and developmenfThe main features of the machine are

described inTable3-3.

90



Table 3-3 Automated in-situ consolidation machine specifications

System Element Description Justification
General system Bench top size Convenient to be used
Powered using 220V AC single phas within most
laboratory/research
environments.
Motion platform Three axis control Minimum for threedimensional
Speed up t2000 mm/mm* forming operations

*Depends orthe material being used
For selfreinforced polypropylene a
speed of 90mm/min or lower shoulc

be used.
Build plate 100x100* *Limited clamping options of the
300x300 if a load cell were used or mould over the force sensor
top of the forming todk ** | imited by machine construcin
limitations.
Force Load Cell 5KN piezo eletric dynamometer Existent piece of equipment in the
research group
Heating element 240V cartridge heater Easy to wire and operate.
Easy to attach to a forming tool
Temperature control PID temperature contrébr both Easy to wireand operate
mould and forming toalising Temperature depends on the mate
thermocouples *Depends on the material being use
Temperature limit: 200°C*
Software and Control LabView Based *Easy to program with user friendly
Control motion of the forming tool graphical interfaces
based on a closddop force system **To achieve constant levels of
Provides feedback to the operator consolidation through the area bein
regarding machine statts formedwithout damaging the materie

Forcesoftware limitsareset td 00N ** goftware limits can be changes
in the z axis for a flat tool, and 70 N they might depend on the material.
for hemispherical tools*
Toolpath generation Production of parts using a single To reduce at maximumperator tasks.
toolpath file
Automated toolpath generation usin
MATLAB

91



4 Forming Mechanisms of Automated In-situ
Consolidation

Numerical modelling of the physical mechanisms can speed up optimisation procedures
reducing the cost and time involved in developing a manufacturing propess174]
Modelling is used to simulate the physics of the process to predict phenomena or
performance outputs. In this section, the physics of the bonding mechanism is explained,
however, its modellig was out of the scope of this project. On the other hand, a heat transfer
model to predict the temperature distribution through the laminate thickness is developed

and validated.

4.1 Theory of bonding polymer interfaces: Autohesion

The bonding process betwedwo interfaces of the same polymer is called autohesion
or seltdiffusion and involves molecular mobility across two surfaces in contact. This
mechanism governs the interfacial bonding strength of the thermoplastic composites, which
is critical for the god performance of the part and depends on the processing temperature,
contact pressure, and contact time. High temperature is necessary to ensure molecular
mobility. Pressure is required to bring the surfaces in contact, and time allows the
interdiffusion of the polymer chains. Finally, the ultimate interfacial bonding strength is
achieved after a long contact time. A complete interpenetration is achieved due to the
entanglement of the molecular chains between surfaces, making the interface no longer

distinguished, as illustrated iRigure4-1.

% AVA R NI S~
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AR A I e
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t=10 t>0 t=t

Figure 4-1. Schematic of autohesion or self-diffusion between two contact surfaces of the same
polymer. Public use permitted [175].
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CtKS AYUSNRAFTFdzarAzy 2F LIRfte@YSNI OKIFIAya I ONP
GKS2NER &S FANEIUGlles dINRWEEY S R77] dndhe teptadidhiBory, the
motion of individual chains in the bulk of the polymer is restricted by imaginary tubes, created
by the surrounding polymer chains. Each tube is surrounded and entangled to the other tubes
of the other chains, as shownkigure4-2. a. Though the tubes are free to change their shape
of move, they cannot penetrate other tubes. Moreover, a polymer chain (restricted by its
tube) can move alayp the main axis of the tube but not in the radial direction, (hence
GNBLI I GA2Yyé0d 1'a GKS LIRfE@YSNI OKFEAY Y2@0Sas (cF
Figure4-2. b. At0 T, the chain is in its initial tube. At ¢p, the chain moved from its
position due to diffusion creating a new tube. The length that the chain moved from t=0 to
Grim A& OFfftSR GKS aYAy2N) OKI Ay ¢ithtinhedstliehA YS LI
polymer chain moves. Finally, after a time, which is known as reptation time, the polymer
chain has moved completely from its initial configuration. De Gennes demonstrated that the
reptation time is proportional to the cube of the moldar weight of the polymer according

to Equation4-1.

Equation 4-1

Surrounding Molecules Reptation Theory
\Ghnin Like Molecule
\ 77N

ta=
Open Tube Ends °

Imaginary Tube
(Simulates Constraints Short Term History
of Transverse Motion) EZZ53 Long Term History

®
Figure 4-2. Reptation Model of polymer chains. Public use permitted [175].

[ Present Time

The reptation theory was then expanded from the motion in the bulk polymer to the
interface between two polymesurfaces, as shown iigure4-3. The reptation time refers to
when a polymer chain has penetrated the interface of the polymer surfaces. The chain
penetration then allows molecular entanglement in the interface between the surfaces,

making the interface no longer distinguatie. Analytical relationships for the interfacial
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bond strength were developefl 78, 179]according toEquation4-2. It is assumed that the

interfacial strength is proportional to the fourth root of the contact time.

X Self Diffusing Molecular Chain Segments

Self Diffusion Process Across Interface
one side shown for simplicity

Figure 4-3. Reptation at an interface between two polymer surfaces. Public use permitted [175]
Equation 4-2

Where, isthe interfacial bond strengthdis the contact time, and is the molecular
weight. Furthermore, as the bonding temperature increases, the interfacial bonding strength
reaches its maximum at a higher ragess illustrated irFigured-4. As can be seen, the slope of

the curve 0 "Q"Y depends on the temperature and has been modelled assuming an

Arrhenius temperature dependee, and can be written as:

O°Y U Q — Equation 4-3

Wherev andO are constants that can be determined empirically by plotting the

natural log ofv "Y versus the reciprocal temperatufé-rY
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Figure 4-4 Interfacial bonding strength as a function of the fourth root of contact time for a given polymer

at different temperatures (T). The higher the temperature, the faster the contact time required to achieve
maximum strength. Public use permitted [175]

4.2 Heat Transfer

As mentioned, as the forming tool-gitu consolidates a stack of layers, it compresses
and transfers heat to the material to promote bonding between their interfaces, as shown in
Figure4-5. a. There are three parameters involved in this process: dwell time, temperature,
and pressure. The dwell time is determined by the speed the tool movestadithmeter.

The material undergoes deformation because of the pressure of the forming tool, which
smooths the surface and reduces the thickness. However, high pressures can also lead to
damage. Heat transfer in this-gitu consolidation process occurstwo different situations,

as illustrated inFigure4-5(b). Firstly, it is transferred from the mould to the laminate due to
the contact between the babm layers. As teselayer heats, heat transfer is transmitted to

the rest of the layers but not efficiently because they are not bonded. A minor secondary heat
transfer also occurs due to convection because the hot mould heats the surface of the air
surrounding it. Second, heat transfer occurs during compression in the nip of the tool because
the forming tool is at a higher temperature than both the material and the mould, increasing
the temperature of the stack. Finally, when the forming tool passes thematerial, the
material cools dowrandthe molten polymer crystallises, giving out heat that is transferred

to the surrounding air, and the mould.

95



Load

2 T
T—>» Spee !
R
Lami n:
iy
a) b)

Figure 4-5. Schematic of single-point in-situ consolidation

Heat transfer modelling predicts the temperature distribution in the material when the
forming tool passes over it. The heat transfer while bonding of polymer layers has been
studied according to different manufacturingqeesseq4180-183]. The transient state heat

transfer model can be approximated with a edenensional model given by

—_—
” Lt

TY T YL o
o | mm5|

Equation 4-4

Where T is the temperaturet is the time,Uis the thermal diffusivity in whickis the
thermal conductivity} is the density¢, is the specific heat, arxlis the direction of the heat
propagation In this case, th@ropagation direction is normal to the plane of the laminate
(throughthickness) The solution of the above equation can be solved analytically with their
corresponding initial andboundary conditionsTwo cases are analysedne in which the
temperature d the tooland mouldare the same, and another in which the temperatures are

different, being the tool temperature higher than that of the mould.

Case 1:Both the forming tool and the moultiave the same temperaturd, is the
thickness of the laminateY is the initial temperature of the laminate, and is the

temperature of theforming tool and mould

"Yofmm Y
Yo o Y
YOO Y

Case 2The forming tool temperaturéY is different from the temperature of the

mould”Y.
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The general solution & differential equation aEquation4-4 is given by
Yo 6 'Q 6 OElw 6 AT Ow
Where ared ,0 ,0 , And_ are constants that can be determined by using the

boundary conditions. Rerefore, applying the initidnd boundary conditionr each case in

the general solution and replacing themBguationd-4 results in:

case 1
h t ) - Equation 4-5
,'Ydm "Y Y Y z — éEO E i u6 z2'Q qguation
hh
case 2
Y Y (b . 8 13 w
Yo Y - Q z OE{—
v 0
C Y . i
2= Y Y — wéd & -
e P & p
Or expanded for the  phg
Yoo Y u Equation 4-6
0
—, Aer @, S Y
Q z OE .|U_ z = Y Y —
_ B 113 d)
Q s OEE— 2z 2y vy

Whereois the dwell time in the nip, and its calculation can be found in the Appendix
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Figure4-6 and Figure 4-7 shows schematics of the throughickness émperature
distributions due to a transient heat transfefor both cases at different speedand the
numerical program to calculate them is shownAppendixB. When the forming tool and
mould temperatures are the same, the temperature distribution has a shape like valleys in
which its depth depends on the forming speed. Thedatite speed, the higher the depth of
the valley. On the opposite, the slower the speed, the lower the depth of the valley. When
the forming tool temperature is higher than the mould temperature, the slowest possible
speed will create a linear temperatuggadient between the forming tool and the mould.
When the speed increases, the temperature distribution has a shape like valleys similar to
case 1 and a temperature gradient between the two hot surfaces. To validate the heat
transfer model proposed, autonted in-situ consolidation experiments at different speeds

were performed.
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Figure 4-6. Through-thickness temperature distribution is caused by a transient heat transfer when the
forming tool and the mould are at the same temperature at different forming tool speeds. The slower
the speed, the smaller the gradient, and the highest the average temperature.
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Figure 4-7. Through-thickness temperature distribution is caused by a transient heat transfer when
forming tool has a higher temperature than the mould at different forming tool speeds. The slower the
speed, the smaller the gradient.
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4.2.1 Experimental Set up

A thermocouple junctiorwascreatedfor by gripping and twisting together the wires
of a TypeK thermocouple (RS Components, UK). The other end of the thermocouple wires
was connected to a thermocouple connector (IEC Miniature plug, RS Components, UK), which
was then connected to a temperature ddtagger (Picolog Fa8, PicoTechnologies, UK). The
junctions were located and fixed with tape in the interfaces off@y6laminate as illustrated
in Figure4-8. The forming path waslesign as to measure the temperature while the forming
tool is consolidating the material in a normal forming operatiosfa®wvn inFigure3-22(left).
Inthis way theforming toolis mean taget closer to the thermocouple as it forms the material
An additional thermocouple was located on the top surface in contact with the forming tool;
however, it was dragged away when the forming tool passed over iauecof this, the
thermocouple, shown as a blue circle, was located far away from the forming tool path for
monitoring the temperature of the top surface. The mould temperature was set at 115°C,
the compression force was 50N, and the separation betweaniftg paths was 2mm. several
forming speedswere tested:90 mm/min, 400 mm/min, 60Gnm/min, 800 mm/min, 1000

mm/min, and 1200nm/min.

Pressur e

Tool
MoV emen

99 00

M o u | d

Figure 4-8. Thermocouples (represented by a colour dot) located in each interface through the thickness
of a 6-ply laminate. The dark blue thermocouple represents the room temperature reading.
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4.2.2 Results

Figure4-9 shows typical émperature readings athe interfaces ofa 6-ply laminate
manufactured via autmated in-situ consolidationDuring the whole process, th#ark blue
thermocouple inFigure4-8 is not in contact with the forming tochnd shows a small
amplitude sinusoidal variatioat approximately 85°CThis variation ibelievedto occurred
due to the convection of the forming tool to the environment whigre tool is close ofar
awayfrom the position of thethermocouple The reading value the dark blue thermocouple
(top surface of the laminatey mainly caused by the heat transfer from the mould to the
material, creating a temperature gradienas explained beforeThe initial temperature
gradientthrough the thickness of the laminatan be observed in the first minute of the test,
in which the temperattl 3 RSONBI 4Sa FTNRY aflF @SN pé 60GKS
surface(in contact with the environment, or the forming tool respectiveighen the forming
tool starts to consolidate the materialand it then passes over the position of the
thermomuples, their temperature starts to increaséowing again a periodic variation. As
just explained the variation is due to the distance of the forming tool from the exact position
of the thermocoupleAs the forming tool gets close, the temperature incegdut decreases
when it moves away Therefore, there is a considerable variation until the centre of the
forming tool is just over the exact position of the thermocougtethis case this happens
when the in the &st temperature peak for each thermocdepAs expected,ite maximum
peak temperature is achieved for the top 2 interfade to its proximity to the forming tool,
while the subsequent interfaces have a lower temperatundich is expected, as was

explained inFigure4-7.
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Figure 4-9. Typical Temperature readings a 6-ply laminate manufactured via automated in-situ
consolidation at a forming speed of 90 mm/min, a forming temperature of 140°C and a compression
force of 7 bars.

To validate the theoretical model frorkquation 4-6, the maximum temperature
achieved by each interface is recorded and presented in through thickness temperature
distributions according to the forming speeds shown inFigure 4-10. In general, the
experimental values have a good agreement with the theoretical models. However, at speeds
above 400 mm/min, temperature readings are slightly below theoreticalutations. The
assumptions of the theoretical model can cause discrepancies between the predicted values
and the experimental ones. For example, it is assumed that the stack of material is composed
of one single materiglbutthe it is a stacicomposed okeveral layers with a wavy structure
which can cause contact resistance to heat trangf8d]. Furthermore, each layés made of
a tape woven structure, and each tapemsde of 3 layers with differerttehaviours under
the action of temperaturesuch asoefficient ofthermal conductivity, viscositgnd modulus,
which were considred constant values in the theoretical model. Despite this, it can be seen
that the minimum temperature is above the sealing temperature of the copolymer (106°C),
which, even if it is not ideal, is the temperature at which interfacial adhesion stotsever,
there is a good agreement between experimental and predicted values, which can help to
speed up the selection of processing temperatures for the hot mould and forming tool,

respectively.
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Figure 4-10 Temperature Distributions at different Speeds. Fix parameters for simulation are: |

8 v . . .
—5—0n —, ——. Experimental values correspond to the maximum temperature reading

recorded in each experiment.

4.2.3 Conclusions

This chapter explained the physics of the bonding mechanism of automatsitliin
consolidation. It was shown that the consolidation process is based on the reptation theory
that assumes the motion of polymer chains are constrained by an imaginary tulse. Thi
concept is expanded to the interdiffusion of polymer chains across the interface of two
surfaces in contact and how the interface's strength depends on the temperature and
molecular weight of the polymer. Finally, a heat transfer model was developedntdate
the throughthickness temperature distribution of the stack under the forming action of the
process leadingeven though it is a relatively simple model, its prediction gives an indication
of the processing speed at which good heat transfer oc(@0snm/s), and as it could be seen
in the following chapter, is in agreement with the speed that achieve the best consolidation

for automatic insitu consolidation.
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5 Two-dimensional laminates and Characterisation

5.1 Introduction

Fibrereinforced compositesre commonly used as laminates because of the way they
are manufactured as fibres are supplied as fabrics, tapes, or preforms. This chapter will
validate the automated #situ consolidation process by producing tdonensional
laminates of selfeinforced polypropylene composites based on bicomponent tapes. The
manufacturing steps are described for this technique and a benchmark prdesgsess. It
is known that composite materials properties are linked to the manufacturing process.
Therefore, the ratioale behind selecting fixed and variable processing parameters are
discussed. Processing parameters that can be adjusted easily will be selected to understand

their influences over different mechanical properties.

5.2 Material

The material used in this thessTiorodor™, whichis a seHreinforced polypropylene
fabricbased on coextruded tapéalso known as bicomponent tapgspduced by Don & Low
in the UKand shown inFigure5-1 . It has a plain fabric structure which makes it drapable
(ability to conform to the surface of mould#)s mentioned, the coextruded tape is made of
three layers: the coréor reinforcement phasdayer is a PP homopolymemnd the skin layers
are based on a random copolymer polypropylenbis preform has beecommercially used
in different industries such as aerospace, sports, automotive, and luggage because of its
lightweight and impact resistant properti¢s7]. Some properties of the material used in this
study and the rest of this thesis are describedlable5-1. The density of the material is
slightly lowerthan the known value of isotropic polypropylene (0.91 g/éywhich is due to
defect regions (e.gvoids) in the core layer of the tape induced by the high draw ratio of the
tape [184, 185] The density of polypropylene extruded tapes has been associated with the
draw ratio it is processed. The exact drawnadtiom the material used in this thesis cannot
be determined since it is a proprietary processing parameter of the manufacturer. However,

according to the literature, the reported density falls into draw ratios between 5 to 10. Lower
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density values have le@ reported in the literature with drawn ratios higher than 1184,

186]
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Figure 5-1. (a) Torodon™ Fabric Structure: Plain; (b) Torodon™ Fabric as received. [17]

Table 5-1 Properties of Torodon™ as described by its manufacturer [187]

Fabric Fabric weight Density Tensile Modulus Tensile Strength Elongationat break
Structure (g/cn?) (g/cny) (GPa) (MPa) (%)
Plain 107 0.9 4.35 180 11

5.2.1 Temperature Processing Window

Thermoplastics are usually processed abibwar melting temperature, but this cannot
be done for selfeinforced composites since theinforcementlayer, homopolymer PP, will
lose its higly-aligned molecular orientation and its reinforcement effect. The benefit of using
coextruded tapes ighe relatively large processing temperature window in which the
copolymer is completely melted so the layers can bond and diffaseever,a very small
fraction of the homopolymergenerally its interface with the copolymer, mayiseaffected.
This temperature windw can be obtained using differential scanning calorityetvhich is a
technique thatdeterminesphase changes and transition in materigse tape from a piece
of fabric was cut into-3 mm pieces and inserted into adm diameter aluminium pan before
being sealed. The sealed pan was inserted into the furnacePafrinElmer DS8500, and
the analysis was performed on Pyris DSC softwalhe temperature profile consisted of
heating from 0°C to 200°C at a 10°C/min ratenitramgen environment purged &t9.8ml/min.
Figure5-2 shows the melting transitions for both the copolymer and the homopolymer
obtained by differential scanning calorimetry. A magnification of thedtimg transition of the
copolymer is shown in the same figure showing the characteristic peaks of a random

copolymer with ethylene groupgEl33, 18&]. The first peak is associated with the sealing
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temperature at ~106°C, and the second peak to the melting point of the copolymer at ~114°C.
The sealing temperature is thminimumtemperature at which adhesion would laeEhieved
between layers. e meling point is the temperature at which most of the copolymeinia

molten state.
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Figure 5-2 DSC trace of a co-extruded self-reinforced polypropylene tape showing a temperature
processing window. Both copolymer and homopolymer show a double melting behaviour

TheDSC tracalsoshows the melting behaviour of theinforcementlayer with two
peaks.The second peak is ~167 1 °C which is afew degrees higher than isotropic
polypropylene (163°C) due to its higher orientat[86] . Thedifference between the melting
point of the copolymer and the onset temperature of the melting trace of the homopolymer

in the DSC trace is used to danine the temperature processing windo® %2 which is

around 25 degrees from 125 to 145° approximateink area inFigure5-2).

Several factorspromote the appearance of multiple peaks in homopolymer
polypropylene such aslamella crystals of different sizeglamella thickness)different
crystallographic forms, crystals with different degrees of perfect Most of it can be

influenced by coolig rates[188]. Different crystallographic forms wereled out by a wide
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angle xray diffraction(WAXD or XRD)attern (Figure5-3) performed on a piece of fabric

¢CKS FFIONARO gl a alOlyySR FTNRBY pc (2[18using Ay |
an xray Powder Diffractometewith a Lynx Eye detector (D8lvanced, Bruker AXS) using a

/[ dz W& & &2dz2NDOS gAGK GKS F2tft2¢gAy3 LI NI YSGSNE)
¢CKNBES A0GNRY-H2BN dAJBRNAII2FhommMnoZonnnoomono |
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Figure 5-3 Crystalline structure of self-reinforced polypropylene measured by WAXD. Three strong
e q u at o-formpdaksof (110), (040),( 130) at 2d = 14.09, 16.90, and 18.

5.3 Specimen Manufacturing

This sectiordescribes two manufacturing processes: hot pressing andmated ir
situ consolidation, being the last the focus of this research.order to simplify the
manufacturing process and to avoiarping effects due to layp configuration, a
symmetrical and balancddminate [0/90} was selected as the basis for all laminates unless

stated otherwise.

1 The polymer community tends to refer to WAXD or WAXS but the materials science community prefers

the term XRD. They are essentially the saeuhnique.
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5.3.1 Hot Press
5.3.1.1 Short processing Cycle

Theforming cyclein the automated irsitu consolidatiorprocessconsistsof applying
pressure and transferring temperature to the material in a local region windéorming tool
moves. As soon as the forming tool leaves that region, the mat@sdown following a
norn-isothermal crystalation processA similamprocessing cycle was simulated in a hydraulic
hot press integrated with a temperature controllavhich heats the top and bottom panels.

The hot press platens were heated to the processing temperature with a small gap separation
(~5mm). Thenwo layers of plain fabric were inserted into the gayhich was then closed
compressing the laminate to thequired pressure. The laminates were compressed for 1 min
before pressure was releasgdnd the laminates were immediately removed from the hot
press to cool down to room temperature. The Tihemperature and Tim&ressure profile

during consolidation fothis route is illustrated ifrigure5-4.

Temperature
————— Pressure

Temperature
Pressure

\J

Time

Figure 5-4. Time-Temperature and Time-Pressure fast-cycle manufacturing profile

Figure 5-5 shows the resulting laminates for each processing parameter. Wrinkles
appear at all processing temperatures due to thelane forces created during shking and
crystallsation. There is a considerable amount of shrinkesgpecially for temperatures above
140°C. This is due to the naonstrained state of the laminate during crysttion which
promotes shrinkingnd relaxationn the coextruded tapegl6], whichis accompaniethy the

subsequent los®of mechanical properties. Therefore, this Tihiemperature and Time
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Pressure profile for composites consolidation is not recommended is not used

throughout this work.

. Compaction Pressure
Compaction

Temperature (°C) 10 Bar 20 Bar 80 Bar

120 °C

130 °C

140 °C

150 °C

160 °C

170 °C
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Figure 5-5 Hot Compaction manufacturing via Hot press and a Fast cycle like the

Automated insitu consolidation

5.3.1.2 Long processing Cycle

Following the results from the short processing cycle, a new processing cycle was
selected. The hot press platens reeheated to the processing temperature with a small gap
separation (~5mm). Then 2 and 5 layers of plain fabric were stacked between aluminium
plates, and this sandwich structure was inserted into the,gabich was then closed
compressing the laminate thi a 10bar pressure. The laminates were compressed for 15 min
to allow enough thermal transfers from the platens to the aluminium plates and then to the
fabric layers. Then the laminates were left to cool down without removing the pressure up
to a tempeature of 70°C(~1.5 hours) The TimeTemperature and Tim@ressure profile
during consolidation for this route is illustrated fiigure5-6. Figure5-7 shows the resulting
laminates with the new processing route in which no wrinkles appdamonstratingthe
importance ofthe application of pressure during the crystadtion time of the materiaJ16].
Throughouthis thesis, this is the processing cycle selected for alhlaes manufactured via

Hot press.

Pressure

Temperature

Temperature
————— Pressure

Time

Figure 5-6 Time-Temperature and Time-Pressure profile of Hot-Pressing manufacturing
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Figure 5-7 Hot Compaction manufacturing via Hot pressing for a 5-layer composite produced at a)
130°C and 10 bars of pressure b) 150°C and 10 bars of pressure

5.3.2 Automated In-Situ Consolidation

When the forming tool passes over the material, it is subjected ¢orapression cycle
that reduces its thickness while transferring heat to the stack. This thermomechanical process
is essential to bond the interfaces$ the fabricto each other. However, both the compression
level (also known as consolidation level) an@ tamount of heat transfer are unknown
because they depend on other processing parameters. While there are other processing
variables, the most important parameters involved in automatedita consolidation of self
reinforced polypropylene composites atiee temperature of the mould and forming tool,
forming speed, path separation, and compression pressure. Some parameters and their
influence on the quality of the product can be determined quickly through experimentation,
including mould temperature, foring speed, and forming path separation. However, the
consolidation pressure and forming tool temperature (at the contact point with the laminate)
significantly influence the final properties the partand are therefore considered processing

variables.

5.3.2.1  Hot Mould Temperature Selection

Increasing the temperature of the mould, to be closer to the forming tool temperature,

will reduce the temperature gradient through the thickness of the stack being consolidated.
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A smaller temperature gradient can facilitataster forming speeds, which will increase
forming productivity. However, high temperatures will promote annealing and shrinkage in
the tapes. An investigation of the influence of the temperataféhe mouldon the shrinkage

of the stacks was performedawvisual observation and measurement of the Areal texture.

A 3ply flat laminate was formed with a forming tool at 140°C at a forming speed of 90
mm/min, and a compression force of 50N. The mould temperatures investigated were

selected to avoid melting #gnhomopolymer core of the tapes (~1&3 of the fabrics: 80°C,

110°C, 115°C120°C,130°C, and 140°C. After formindnet surface of each sample was
assessed for form and finish using an InfiniteFocus SL (Alicona imagin GmbH Austria) with a
5X optical magfication. A 16.83x3.79mrarea was measured with a vertical resolution of

100 nm and a lateral resolution of 1um. Exposure was set at 1ms and contrast at 0.7 ms. The
obtained scan was analysed with Aliconastitware to obtain areal texture values in
accodance with ISO 2517891].

The threedimensional images of the surface in contact with the hot mould and their
measured areal texture are stvn inFigure5-8. At amould temperature of 80°Ghe preform
did not consolidate. A temperature of 80°C is well below the sealing temperature of the
copolymer; therebre, adhesion or bonding between tapes did not occur as expected. The
values of the areal texture indicate that as temperature increases, the surface roughness in
contact with the mould also increases due to the expected shrinkage. Moreover, the images
showv that the tapes of the preform are bonded to each other except for the higher
temperatures (130°C and 1240). This confirms that a temperature above the sealing point is
required, as expected. Higher temperatures promote molecular relaxation on the
homopdymer, which is seen as the high level of shrinkage that leads to higher values of areal
texture. The lowest areal texture value is achieved at a hot mould temperature of 110°C, close
to the copolymer layers' melting point. Surface roughness measuremeatgrgportant in
metallic structures due to the link between surfaggcro defects and failure due to crack
propagation[192]. For composites, it is not clearly understood the relationship between final
performance and surface roughness as it is assumed composites can arrest any crack growth
[192]. However, small surface roughness implies better part conformity and, more
importantly, reduced lateral shrinkage. Therefore, a hot mould temperature of 110°C will be

used throughout the rest of this work.
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80°C - As received appearance 110°C - Flat finish

Sa=71.147m Sa=37.80>m

115°C - Flat Finish 120°C Flatfinish with Shrinkng
Sa=52.97m Sa=67.12m

130°C Considerable shrinking 140°C Considerable shrinking
Sa=106.2%m Sa=226.30>m

Figure 5-8 Three-dimensional surface finish of the layer in contact with the hot mould at different mould
temperatures

5.3.2.2 Forming Speed Selection

An effective consolidation needs both pressure and sufficient heat transfer that
increases the temperature of thiapes to above the melting point of the copolymer when
the forming tool passes over the material. The melted copolymer layers of each tape will flow
and mix with the adjacent ones. After the tool leaves the material, the copolymer cools down

to crystallisg creating mechanical entanglement between adjacent polymeric chains.
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Without experimentation, the amount of heat transferred to the material is unknown
in an automated irsitu consolidation process, especially because of the very short heat
transfer cycls. The material is always in a transient state wherein the temperature
distribution through its thickness changes with time; therefore, it is a ttapendent
process. A change in speed can introduce significant temperature changes. One consequence
of a transient heat transfer is the creation of a temperature gradient through the thickness of
the stack. Though chapter 4 developed a heat transfer model to predict the temperature
distribution of the material, it does not give information about the strengthtleé bond
between interfaces. This section attempts to discover a suitable speed that creates a

temperature gradient that promotes an effective interlaminar bond strength.

The strength of the bond (also called interlaminar strength) between layers can be
measured byerforming peel test$175, 178, 193hccording tostandard ATMD1876[194]
Peeling test consists of pulling two unbonded ends to safma bonded regiorHigure5-9.(a))
while measuring the force required to break thend of theinterface and recording the crack
propagation. The nobonded area wasreated by introducind®TFEfilms (Teflon)etween
the fabrics[16] before clamping the stack on top of the hot mould. The forming process was
performed with the following fixed parameters:l&yer laminate, a mould temperature of
110°C as previously determined, a-rhfm diameter forming tol with a flat end at a

temperature of 150°C, and a forming force of 50N.

Forming Path

t j r ; { IAX

X

i/ EEN T: |-

Unsupportad y

a) b)

Figure 5-9. a) schematic of a peel test, b) schematic of forming paths without overlapping each other.
The red arrow indicates the direction of the peel test c) forming a laminate via automated in-situ
consolidation.

The forming path was designed with a separation between lines of 20 mm meaning

there will be some material left without being cenlidated as shown iRigure5-9. b. In this
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way, when performing a peel test in the perpendicular direction to the forming path, the load
recorded will have peaks an@hNeys. The peaks relate to consolidated/bonded regions and
vice-versa as shown iRigure5-10. The forming speeds were set at four levéld:mm/s 180

mm/s, 360mm/s,and 720 mm/s After forming, the specimens are cut into strips with a width

of 15 mm. Each specimen has five unbonded ends (5 layers), so four interfaces are pulled
apart starting from the top interface, which is closest to the forming tool. The top undénd
layer is clamped to the top grip, while the rest of the unbonded ends is clamped in the bottom
grip. After the first interface is pulled apart, the procedure is repeated for the remaining
interfaces. The pulling tests were performed using a universding machine adapted with

a 5KN load cell (Tinius Olsen, USA) to peel apart the interface at a rate of 250 mm/min.

a) 90 mm/s b) 180 mm/s
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Figure 5-10 Through-thickness interlaminar strength as a function of the forming speed in automated
in-situ consolidation with a flat tool. Forming speeds: a) 90 mm/s b) 180 mm/s c) 360mm/s, d) 720
mm/s.

Figure5-10 showsthe results of pulling apart each of the laminate interfaces, creating

athroughil KA OlySadaa AYGSNIFYAYFN aGNBy3IGdK NBLINEAS)
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the closesinterface to the forming tool and so on. For all the forming speeds, the first layer
has the strongest value interlaminar strength. Under the current boundary conditions, the
transient heat transfer creates a temperature gradient in which the top layelks bai
subjected to a higher temperature. It was discussed in chapter 4 that higher bonding
temperatures increase the interdiffusion rate improving the interlaminar strength. Because
of this, it is expected that the last interface will have the lowest ilat@inar strength because

of the lower temperature it experiences.

Moreover, it was also demonstrated that as the forming speed increases, the through
thickness temperature distribution changes, and therefore, the temperature gradient that the
material expeiences also changes. This was proved both theoretically and experimentally for
different speeds (see Chapter 4). However, as the forming speed increases, the total amount
of heat transfer per millimetre is less, which does not give sufficient time fopttgmer
chains to diffuse under the exposed temperature and pressure conditions, decreasing the
interlaminar strength of all interfaces, as showrFigure5-10(a), Figure5-10(b), andFigure
5-10(c). From forming speeds of 180 mm/min, the interlmar strength decreases or is barely
achieved for the interfaces closest to the mould. A quantitative representatiéingoifre5-10
where theinterlaminar strength decreases as the speed increases can be obtained by using
the average value of the maximum force recorded for each interface at each speed as shown
in Figure5-11. Faster speeds (180 to 720 mm/s) gave strength values close to zero which
means the layers are not bonded to each oth®n the other handthe lowest speed is the
only one in which all the layers bondetherefore, to achieve the best perimance, a 90
mm/min speed was selected for the rest of this thesssat least ensures bonding of all layers

and the higher interlaminar strength.
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