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ABSTRACT

Additive Manufacturing, especially Material Extrusion, is evolving from a prototyping
tool into a scalable technology capable of producing functional, high-performance com-
ponents. Material Extrusion allows for the layer-by-layer deposition of thermoplastics
and fibre-reinforced composites, providing design freedom, cost efficiency, and waste
reduction. However, challenges such as mechanical anisotropy, incomplete interlayer
bonding, and complex crystallisation behaviour continue to hinder industrial adoption.

This dissertation addresses these challenges by exploring the process-property relation-
ships influencing fibre alignment, interlayer bonding, and crystallisation kinetics in Ma-
terial Extrusion. It examines both the behaviour of fibres in the melt flow and the disso-
lution of layer interfaces during the welding of the matrix between the layers of the short
fibre-reinforced composite material.

The research demonstrates that shear rates in the melt flow play a critical role in fibre
alignment, with optimal rates enhancing strength and stiffness. In contrast, excessive
shear rates can result in misalignment and surface defects.

The study employs the fusion bonding model to analyse the highly non-isothermal na-
ture of the Material Extrusion process. It validates its predictions by using mechanical
relaxation time to forecast welding outcomes. It introduces the concept of pseudo-amor-
phous polymer behaviour, showing that because of it, superior interlayer bonding devel-
ops under sub-melting conditions, which results in a higher degree of healing through
delayed crystallisation.

These findings support theoretical models and provide actionable guidelines for process
optimisation by focusing on shear rates, substrate temperatures, and deposition power.
Recommendations for process enhancement and machine design to reduce anisotropy
and improve mechanical performance are derived from the results.

It emphasises the industrial applications of Material Extrusion in the aerospace, automo-
tive, and medical sectors. Specific applications include composite tooling, lightweight
automotive components, and biocompatible implants, where Material Extrusion's unique
advantages help meet performance and sustainability goals.

This work advances the theoretical understanding of extrusion dynamics, bonding mech-
anisms, and crystallisation behaviour, bridging gaps between academic models and in-
dustrial practice. The work shows that, by keeping the melt flow shear rates in a process
window, the mechanical strength and stiffness along the extrusion lines can be maxim-
ised, and that pseudo-amorphous polymer behaviour can be exploited to improve the
welding of the layers. Both aspects improve the mechanical properties and the Material
Extrusion process's repeatability, reliability and robustness. The proposed framework
establishes a foundation for the broader adoption of Material Extrusion in producing
customised, high-performance, and sustainable components.






KURZZUSAMMENFASSUNG

Die additive Fertigung, insbesondere die Materialextrusion, entwickelt sich von einem
Werkzeug fiir den Prototypenbau zu einer skalierbaren Technologie, mit der funktionale
Hochleistungskomponenten hergestellt werden konnen. Die Materialextrusion ermdg-
licht das schichtweise Auftragen von Thermoplasten und faserverstirkten Verbund-
werkstoffen und bietet damit Designfreiheit, Kosteneffizienz und Abfallreduzierung.
Herausforderungen wie mechanische Anisotropie, unvollstindige Zwischenschichtbin-
dungen und komplexes Kristallisationsverhalten behindern jedoch nach wie vor die in-
dustrielle Anwendung.

Diese Dissertation befasst sich mit diesen Herausforderungen, indem sie die Prozess-
Eigenschafts-Beziehungen untersucht, die die Faserausrichtung, die Zwischenschicht-
bindung und die Kristallisationskinetik bei der Materialextrusion beeinflussen. Unter-
sucht werden sowohl das Verhalten der Fasern im Schmelzfluss als auch die Auflosung
der Schichtgrenzen wihrend des Verschweillens der Matrix zwischen den Schichten des
kurzfaserverstirkten Verbundwerkstoffs.

Die Ergebnisse zeigen, dass die Scherraten im Schmelzfluss eine entscheidende Rolle
bei der Faserausrichtung spielen, wobei optimale Raten die Festigkeit und Steifigkeit
erhohen. Im Gegensatz dazu konnen zu hohe Schergeschwindigkeiten zu Fehlausrich-
tungen und Oberflachenfehlern fiihren.

In der Studie wird das “Fusion Bonding” Modell verwendet, um den stark nicht-isother-
men Materialextrusionsprozess zu analysieren. Die Vorhersagen wurden validiert, in-
dem die mechanische Relaxationszeit zur Vorhersage von Schwei3ergebnissen verwen-
det wurde. Die Studie fiihrt das Konzept des pseudo-amorphen Polymerverhaltens ein
und zeigt, dass dadurch eine bessere Zwischenschichtbindung auch unterhalb der
Schmelztemperatur entsteht, was zu einem hoheren Heilungsgrad durch verzogerte Kris-
tallisation fiihrt.

Diese Ergebnisse stiitzen theoretische Modelle und liefern umsetzbare Leitlinien fiir die
Prozessoptimierung, wobei der Schwerpunkt auf Scherraten, Substrattemperaturen und
Auftragsleistung liegt. Aus den Ergebnissen werden Empfehlungen fiir die Prozessver-
besserung und den Maschinenentwurf zur Verringerung der Anisotropie und zur Ver-
besserung der mechanischen Leistung abgeleitet.

Der Schwerpunkt liegt auf den industriellen Anwendungen der Materialextrusion in den
Bereichen Luft- und Raumfahrt, Automobilbau und Medizin. Zu den spezifischen An-
wendungen gehoren Werkzeuge aus Verbundwerkstoffen, leichte Automobilkomponen-
ten und biokompatible Implantate, bei denen die einzigartigen Vorteile der Materi-
alextrusion dazu beitragen, Leistungs- und Nachhaltigkeitsziele zu erreichen.

Diese Arbeit trigt zum theoretischen Versténdnis der Extrusionsdynamik, der Bindungs-
mechanismen und des Kristallisationsverhaltens bei und schlieit die Liicke zwischen
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akademischen Modellen und der industriellen Praxis. Die Arbeit zeigt, dass die mecha-
nische Festigkeit und Steifigkeit entlang der Extrusionslinien maximiert werden kann,
indem die Schmelzfluss-Scherraten in einem Prozessfenster gehalten werden, und dass
das pseudo-amorphe Polymerverhalten zur Verbesserung der Verschweilung der
Schichten genutzt werden kann. Beide Aspekte verbessern die mechanischen Eigen-
schaften sowie die Wiederholbarkeit, Zuverldssigkeit und Robustheit des Materialextru-
sionsprozesses. Der vorgeschlagene Rahmen bildet die Grundlage fiir eine breitere An-
wendung der Materialextrusion bei der Herstellung maBigeschneiderter, leistungsstarker
und nachhaltiger Komponenten.
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Nomenclature

Symbol Unit Description
a mm Contact width of extrusion line
a % Choe & Lee rate of crystallisation
Apet % Choe & Lee rate of heterogeneous crystallisation
Anom % Choe & Lee rate of homogeneous crystallisation
A S Fusion Bonding, VFT relationship, constant
Ay mm? Area of extrusion line cross-section
A, mm? Area of nozzle orifice
B - Fusion Bonding, VFT relationship, constant
c Fusion Bonding, intimate contact, constant of
surface structure
Cp Specific heat capacity
D mm Nozzle diameter
Dy, % Fusion Bonding, degree of bonding
Dy, % Fusion Bonding, degree of healing
D % Fusion Bonding, degree of intimate contact
E, Tmol Choe & Lee activation energy for homogeneous

crystallisation

Choe & Lee activation energy for heterogeneous

Ea J/mol crystallisation

n' Pas Rheology, complex viscosity, loss component
G’ Pa Rheology, loss modulus

G" Pa Rheology, storage modulus
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Symbol Unit Description
Vyz st Shear rate in XZ plane
h mm Layer height
H J/g, orl] Enthalpy
Melting enthalpy measured after cooling at
Hio k min-1 Jig .
10 K/min
Hp, J/g Melting enthalpy
Hspecimen J/g Melting enthalpy measured in specimen
i o Avrami crystallisation rate constant at the spe-
cific temperature
kq st Choe & Lee rate constant 1
k, m/s Choe & Lee rate constant 2
K . Fusion Bonding, intimate contact, wetting
s .
¢ spreading constant
n Avrami crystallisation rate constant, temperature
K, K/s
dependent
m - Ozawa exponent
m Fusion Bonding, intimate contact, wetting,
¢ spreading behaviour exponent
M g/mol Molar mass
c g/mol Critical molar mass
M, g/mol Entanglement molar mass
Fusion Bonding, intimate contact, fibre-matrix
umf Pa S . .
VIScosity
n - Avrami exponent
ng - Avrami exponent for crystal dimension
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Symbol Unit Description
n, - Avrami exponent for nucleation type
W rad/s Rheology, angular frequency
p Pa Fusion Bonding, intimate contact, pressure field
function
& o Eusion Bonding, intimate contact, wetting func-
tion
Y, st Choe & Lee material parameter 1
Y, s! Choe & Lee material parameter 2
r mm Radius of bead edge
R Jmol™ K™ Gas constant
Ry pm Line roughness, average
p kg/m3 Density
W pm Surface roughness, average
o MPa Strength
t S Time
tonset S Time to crystallisation onset
trep S Fusion Bonding, reptation time
tm S Fusion Bonding, mechanical relaxation time
T Kor°C Temperature
T, K or °C il;s;i:;at]i;):ding, VFT relationship, threshold
Tw Kor°C Choe & Lee crystallisation stopping temperature
T. Kor°C Crystallisation temperature
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Symbol Unit Description

. ) Critical cooling rate that supresses crystallisa-
Terie K/s or K/min & P Y

tion
Ty Kor°C Glass transition temperature
T Kor°C Melting temperature
Ve mm/s Extrusion velocity
Vg mm/s Deposition velocity
1% mm?/s Volume flow rate
Xy % Relative degree of crystallinity

Xrnr % Threshold for degree of crystallinity
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Abbreviations

Abbreviation Description

ABS Acrylonitrile butadiene styrene

AM Additive manufacturing

CAD Computer aided design

CF Carbon fibre

CO2 Carbon dioxide

CTE Coefficient of thermal expansion

DIC Digital image correlation

DSC Differential scanning calorimetry

FC Fast crystallising, used for material classification
FDM Fused Deposition Modelling, trademark by Stratasys
FFF Fused Filament Fabrication

GF Glass fibre

I Isophthaloyl, kinked, meta substitution in PEKK
IC Intermediately crystallising, used for material classification
IR Infrared

LFAM Large format additive manufacturing

LM-PAEK Low melting polyaryletherketone

MEX Material extrusion

PAEK Polyaryletherketone

PBF Powder Bed Fusion

PC Polycarbonate
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Abbreviation ~ Description

PEEK Polyetheretherketone

PEI Polyetherimide

PEKK Polyetherketoneketone

PESU Polyethersulfone

PETG Polyethyleneterephthalate-Glycol

PP Polypropylene

PU Polyurethane

SC Slow crystallising, used for material classification
T Terephthaloyl, straight, para substitution in PEKK
VFT Vogel-Fulcher-Tamman

X Direction tangential of toolpath

XY Plane of X and Y, layer plane

XZ Plane of X and Z, wall plane

Y Direction perpendicular of toolpath in layer plane

V4 Direction perpendicular to layer plane
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1 Introduction

Additive Manufacturing (AM), once synonymous with "3D printing," is evolving from
its initial image as a rapid prototyping tool into a versatile, mature technology capable
of producing functional end-use components. The growing preference for the term "Ad-
ditive Manufacturing" over "3D printing" signifies a shift from consumer-oriented goals
to advancements relevant to the industry. This change is now also starting in Material
Extrusion AM (MEX), where scalability, process precision, and materials engineering
are crucial for achieving widespread industrial adoption.

MEX, particularly in large-format applications, presents unique opportunities and chal-
lenges. This method allows for the layer-by-layer deposition of high-performance ther-
moplastics and fibre-reinforced composites, enabling users to create large, customised
components at lower costs and reduced lead times compared to traditional subtractive
manufacturing. However, a significant barrier to achieving isotropic mechanical perfor-
mance is the mechanical anisotropy of MEX-manufactured parts. This anisotropy arises
from fibre misalignment, incomplete interlayer bonding, and complex crystallisation be-
haviour. To overcome these limitations, it is essential to understand how extrusion dy-
namics, interlayer diffusion, and phase transitions impact the material properties of
printed components.

This dissertation addresses the critical need to quantify and optimise the process-prop-
erty relationships that determine MEX part prop

erties. By linking theoretical considerations with experimental findings, this research
proposes a comprehensive framework for optimising MEX process parameters and ad-
vancing the production of mechanically robust, functional components.

1.1 Research Objectives

This thesis aims to understand the relationships between MEX process parameters and
the resulting material properties, focusing on fibre alignment, interlayer bonding, and
crystallisation behaviour. Specifically, the work addresses three interrelated hypotheses:

1. Material Flow Behaviour and Fiber Alignment: Jeffery's equation predicts fibre
alignment within the extrusion line cross-section from the occurring shear rate.

2. Interlayer Bonding and Mechanical Relaxation: The mechanical relaxation time
of polymers approximates the time required for molecular diffusion during in-
terlayer bonding, with a temperature dependence that follows a Vogel-Fulcher-
Tammann (VFT) relationship.
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3. Crystallisation Kinetics and Low-Temperature Bonding: Pseudo-amorphous
polymers can achieve robust interlayer bonding at temperatures below their melt-
ing point, provided the cooling rate delays crystallisation.

By addressing these hypotheses, this research seeks to better understand how MEX pa-
rameters can be adjusted to reduce anisotropy, enhance interlayer adhesion, and utilise
pseudo-amorphous behaviour for improved part performance.

1.2 Outline

Chapter 2: State of the Art in Material Extrusion AM provides an overview of MEX
technologies, including large format additive manufacturing (LFAM), the challenges as-
sociated with processing thermoplastics and fibre-reinforced composites, as well as the
current limitations in achieving isotropic mechanical properties.

Chapter 3: Theoretical Considerations introduces the relevant theoretical models, in-
cluding extrusion flow mechanics, fibre alignment theory, crystallisation kinetics, and
fusion bonding models.

Chapter 4: Experimental Design outlines the hypotheses, research approach, and exper-
imental methodology, detailing the material selection, sample preparation, and testing
methods used to investigate the process-property relationships in MEX.

Chapter 5: Experimental Results and Discussion presents and interprets the experimental
findings, focusing on how variations in shear rates, temperature profiles, and rheological
properties influence fibre alignment, bonding strength, and crystallisation behaviour.

Chapter 6: Discussion compares the theoretical and experimental insights, linking key
findings to practical guidelines for optimising MEX process settings. This chapter also
explores implications for future process and machine design.

Chapter 7: Conclusion and Outlook summarises this research's contributions, emphasis-
ing the findings' relevance and originality in advancing the industrial adoption of MEX.

In summary, this dissertation contributes to the evolution of extrusion-based AM by ad-
dressing the fundamental challenges that limit its mechanical performance. A systematic
exploration of flow dynamics, interlayer diffusion, and crystallisation suppression aims
to provide actionable insights that support the broader goal of producing high-perfor-
mance, fibre-reinforced thermoplastic components for industrial applications.
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AM, as direct automated manufacturing from digital model data to physical parts with-
out moulds, dies, or workpieces, promises significant benefits for the production and the
product. Some of the benefits to the supply chain, the design & engineering or produc-
tion, often reported in the literature, include:

e Economies of scope, low cost for parts already for small production volumes or
individual production [1], [2], [3], [4], [5], [6], [7], [8]

e Freedom of design and complexity [1], [2], [3], [8], [9], [10]

e Smart materials, embedded components & functionalisation [1], [2], [8], [10],
[11]

e Mass customisation [2], [5], [6], [8]

e Tool and mould-free production with reduced lead times [2], [4], [6], [8]

e Part consolidation by printed assemblies [2], [9], [10], [11]

e Highly efficient process with low material waste and lightweight designs [1], [2],
[8]

Lower costs, faster lead times, scale effects from single-piece production, digital inven-
tories, waste-free production in the supply chain and integrated, smarter products down
to the material all together promised to be the next industrial revolution that, at the height
of the hype cycle, many believed it to be.

AM started as early as 1984 with Charles Hull’s Stereolithography, the namesake of the
STL data format used to this day, used by early adopters for accurate prototypes and
even master patterns for investment casting. It was followed in 1988 by Scott Crump’s
Fused Deposition Modelling (FDM), offering design validation and proof-of-concept
models without the hazardous resin vats of Stereolithography. Powder Bed Fusion (PBF)
appeared a year earlier, in 1987, and was first used as Selective Laser Sintering of ther-
moplastics, the first of the technologies to be used for functional parts. PBF likely kicked
off the hype in 2015, when GE Aviation started serial production of fuel nozzles using
Direct Metal Laser Sintering, replacing an assembly of 20 parts with a single printed
piece, offering higher performance at lower weight.

Charles Hull and Scott Crump had separately founded “3D Systems” and “Stratasys”,
commercialising their inventions, and both [PO’d in 1994. However, it wasn’t until the
breakthrough of GE kicked off the hype by announcing its plan for the fuel nozzle 2012-



4 State of the Art in Material Extrusion

2013 that the company valuations peaked, as seen in the market capitalisation charts of
Figure 2-1 and Figure 2-2 below.

Market cap history of 3D Systems from 1996 to 2024
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Figure 2-1: Historical market capitalisation of 3D Systems from companiesmarketcap.com [12]

Market cap history of Stratasys from 1996 to 2024
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Figure 2-2: Historical market capitalisation of Stratasys from companiesmarketcap.com [13]

Both companies benefitted from the expectations that AM technologies would be tran-
sitioning into high-value serial production, offering all the benefits listed above. How-
ever, the market soon corrected when GE’s results showed neither company's technol-
ogy could serve the application.

With increasing globalisation and economies of scale outpricing AM’s economies of
scope, the technologies stayed in their trough of disillusionment until, in 2020, the
COVID-19 pandemic put a sudden end to global supply chains. With hopes of AM’s
strengths offering decentralised production, expectations peaked again, only to be disil-
lusioned with the technologies not being able to replace the world’s production chains
in the short or mid-term. Even though more and more viable production niches were
identified, large-scale adoption still did not occur.

Nano Dimension, a technology provider on the stock exchange, went public at the end
of the first hype cycle in 2015. It built on the momentum of the 2020 hype by success-
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fully printing electronic components for the defence company Hensoldt AG and an-
nouncing a joint venture in 2021. However, even Nano Dimension has been unable to
spark an industrial revolution. Despite having a trifecta of proprietary technology, high-
value and high-tech applications, and a market shift towards decentralised production,
Nano Dimension has faced challenges in realising its potential, and the markets have re-
evaluated their expectations for these three technology pioneers.

Market cap history of Nano Dimension from 2015 to 2024

$1.69B

$4B 20 Jul 2021

$38
$28

$1B

2016 2019 2022

Figure 2-3: Historical market capitalisation of Nano Dimension from companiesmarketcap.com
[14]

The reality is that while AM offers the benefits listed at the beginning of this chapter, it
rarely provides all of them simultaneously. In fact, AM is not a single cure-all technol-
ogy but rather a broad term that covers several different approaches to producing a part
from 3D model data, usually layer by layer, as described by DIN EN ISO/ASTM
52900 [15]. Each of these has its strengths & challenges, can process different materials
from different feedstocks, and each has found its niche applications, where, as GE has
shown with the fuel nozzle, it can outperform conventional manufacturing techniques.
The nozzles are still made additively, and many more parts of a turbine are now made
the same way.

As the chapter title suggests, this work deals with MEX rather than PBF, aiming to help
find the industrial applications where it can break into industrial serial production. To
help clarify the distinction between the technologies, the next chapter will provide an
overview of the different technologies classified as AM.

2.1 Overview of Additive Manufacturing
Technologies

DIN EN ISO/ASTM 52900 classifies all AM technologies into seven clusters by the
method in which the material is applied:

1. Binder Jetting — BJT:
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Which selectively deposits a liquid bonding agent, called a binder, to join mate-
rial in a powder bed. Materials include metal and ceramics by printing a green
body, de-powdering, cleaning, and sintering. But also sand, which can be used
after cleaning for casting moulds and cores.

2. Directed Energy Deposition — DED:
Which uses focused thermal energy and a feedstock simultaneously to deposit
material along a toolpath. The predominant material is metal, but also Automated
Fiber Placement (AFP) for composite manufacture can be considered DED. The
feedstock is typically a metal powder, wire, or composite tape in the case of AFP.

3. Material Extrusion — MEX:
Which has the broad description of dispensing material through a nozzle or ori-
fice. Typical materials include thermoplastics, composites, silicones, and resins,
but concrete and, combined with a binder, metal or ceramic powders to create
green bodies. Feedstocks also vary, with thermoplastics being supplied as fila-
ments or pellets, concrete and ceramics in pastes, resins and silicones as liquids.

4. Material Jetting — MJT:
Which deposits droplets of ink or resin that are cured to build the part. Using
conductive and non-conductive inks, this technology can print electronic com-
ponents.

5. Powder Bed Fusion — PBF:
Which uses thermal energy, generally a laser, to selectively melt and fuse powder
layered in a powder bed. While the process started with selective laser sintering
of polymers, it has since evolved to predominantly process metals.

6. Sheet Lamination — SHL:
Which forms parts by stacking and bonding sheets, layer by layer. Typical ma-
terials are paper, metals, polymers and composites. Bonding between the layers
typically occurs by adhesives, thermal bonding or ultrasonic welding.

7. Vat Photopolymerisation — VP:
This cures a liquid photopolymer in vat selectively using light-activated photo-
polymerisation, often using a laser or display to cure the resin where desired.

Each process category has its own material & feedstock options, strengths & challenges
and has found its respective niche.

DED and MEX, among these processes, are the only ones that deposit material only
where needed along a toolpath, as opposed to powder beds, vats or sheets, which are
predetermined by the machine size.

Machines and CAM software for these technologies are often similar to CNC milling
machines, which also use a toolpath in layers to remove material. As in CNC machining,
they too can work in 2,5D, stacking flat layers, in 3D stacking curved layers with fixed
tool orientation or in 5D, by stacking flat layers with changing tool orientation, often
oriented perpendicular to the pass plane.
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This similarity between subtractive CNC milling and additive DED or MEX has often
led to combining the technologies in hybrid machines. DED is frequently used to repair
large metallic structures, where damaged surfaces are removed by milling, the area is
rebuilt using DED, and finally post-processed by milling again. This is used, for exam-
ple, to extend the life of turbine fuel nozzles and turbine blades. MEX, which primarily
uses polymers, can be scaled to much larger machines with a wide range of output rates
from a few grams to several hundred kilograms per hour. Larger output machines have
found a niche in mould manufacturing using hybrid machines. Typical moulds include
autoclave tooling for composites, models for sand casting, and even thermoforming
moulds. But also direct-use parts, such as robot grippers, are made using large MEX
machines, where the design freedom and lightweight composite materials enable lighter
grippers that can be used by smaller robots to be made faster, and the robots to operate
more efficiently.

While each AM technology brings unique strengths and applications, this work focuses
on MEX, one of the most versatile and widely adopted AM processes. It owes its popu-
larity to its simplicity, cost-effectiveness, and accessibility, making it the predominant
technology for desktop 3D printers and a fast-growing technology in industrial applica-
tions. Directly depositing material along a defined toolpath, MEX offers flexibility in
material usage and scalability for diverse applications. However, despite its advantages,
MEX still has its challenges. The following chapter delves into the principles and pro-
cesses of Material Extrusion, laying the groundwork for understanding its capabilities,
limitations, and potential for industrialisation.

2.2 Material Extrusion Additive Manufacturing

MEX originated from Scott Crump’s invention of FDM, which initially used filament
or rod form thermoplastics to create parts by depositing molten material along a toolpath.
Crump’s innovation remains foundational, and the basic principles of FDM are now ap-
plied across a broader range of materials and scales.

This work focuses on industrially relevant thermoplastics and their short fibre-reinforced
composites, high output rates, and scalability by transitioning from filament-fed systems
to pellet-fed, single-screw extruder-based machines. Despite differences in feedstock,
both approaches share fundamental principles and face similar challenges.
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2.2.1 Process Principle

Fused Filament Fabrication (FFF) is the ge-
neric term for the trademarked FDM. The
principle can still be explained with the
sketches of the original patent US5121329
from 1989 [16], seen in Figure 2-4.

FFF processes a thermoplastic filament, or
short fibre-reinforced thermoplastic compo-
sites, coiled onto a filament spool (114).

The filament is driven by a mechanism called
an extruder (142), typically a motor driving a
gear, or coupled gears, that pinch the filament
(134) and push it into the hotend (122) at the
set feed rate.

In the hotend, the material transitions from
solid filament (110) to liquid (124). It is
pushed into the nozzle (126) to be deposited
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Figure 2-4: Principle of FFF from US5121329

along the toolpath in layers to form the three-dimensional part.

The filament is compressed between the pinch zone and the nozzle by the force neces-
sary to press the material through the reduced cross-section of the nozzle. This can lead
to material oozing out of the nozzle after extrusion is stopped, for example, during a
travel move between parts or sections of the toolpath.

While the standard approach today is to retract the filament to relieve the stress in it, the
original invention outlined different mechanisms to shut the nozzle to prevent the mate-

rial from 0ozing, as seen in Figure 2-5, including ball-spring combinations (96) or needle
valves (166) that could also be included in nozzles with more than one hotend feeding

into them (154).
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Figure 2-5: Different nozzle shut mechanisms originally proposed by US5121329 [16]

Once the material has exited the nozzle, it will quickly cool down to the temperature of
the build chamber. This can either be room temperature or an elevated temperature. The
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cooling down of the material is necessary for the material to become stable and support
the consecutive layers. As Figure 2-6 shows on the left, when printing in a chamber at
room temperature, a temperature gradient across the part height can be hundreds of de-
grees over only a few layers.

As Figure 2-6-right shows, this means that the deposition leads to the contact of the hot,
freshly extruded material with much colder material of the layer below. The temperature
of the layer below at the deposition time is called the substrate or re-coat temperature.

i_} Box

Max 235 v

Figure 2-6: Examples of the infrared images of a MEX print, showing a hot top layer extruded on
colder layers below.

These temperature gradients are the root cause of many of the challenges in MEX, which
will be explained in more detail in chapter 2.3.3.2.

To generate the toolpath, a 3D model of the part is converted into a layered toolpath
using Computer Aided Manufacturing (CAM) software, commonly referred to as a
slicer. As the name suggests, the software slices the model into layers of a specified
thickness, corresponding to the target resolution of the print. Each layer represents a
typically horizontal cross-section of the part, and the slicer calculates the toolpath within
each layer to determine the nozzle's movement during printing.

The printed part can achieve different functional properties by varying the toolpath pat-
tern within the layers. For example:

e Infill patterns: Adjusting the internal structure (e.g., grid, honeycomb, or solid)
influences the strength, stiffness, and weight of the part.

e Wall thickness: Modifying the number of perimeters around the part's edge af-
fects surface finish and impact resistance.

e Layer height: Reducing layer height improves surface smoothness and dimen-
sional accuracy while increasing it reduces print duration.

The flexibility of slicing strategies allows the designer to optimise the part’s perfor-
mance, balancing material usage, mechanical properties, and production speed.
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When printing, the layers start on a build platform and, from there, are stacked onto each
other. Layer height is determined by the distance of the nozzle to the layer or platform
below, with the nozzle, which often has a flat bottom, acting as a doctor knife that cali-
brates the layer height by wiping the layer flat.

Figure 2-7 shows different strategies to build these layers.

Figure 2-7: Different layering strategies in FFF from US5121329 [16]

At the top left, the typical approach is to print flat, two-dimensional layers of constant
thickness on a flat build plate stacked vertically. It is referred to as 2.5D printing. But
even the original patent foresaw other approaches. Figure 2-7 at the top right shows a
3D approach, where the layers are of constant thickness, but the nozzle moves vertically
as well, while maintaining a constant orientation. Similarly, the bottom left shows ver-
tical nozzle movement but with variable layer height by extruding more or less material.
This can benefit the model's surface quality, with the steps of the layers not being visible
on curved surfaces. Finally, the bottom right shows 5D printing, with the nozzle moving
in all three directions and tilting perpendicular to the layers. This further improves the
finish of the curved surfaces and reduces the need for support. 3D and 5D printing can
improve part strength by aligning load paths with extrusion lines, leveraging fibre ori-
entation, and avoiding loads across weak layer interfaces. In these cases, the slices of
the Computer-Aided Design (CAD) model are not horizontal but follow a guiding sur-
face or are generated across guiding curves.

These approaches have clear parallels to milling strategies, showing the synergies be-
tween these manufacturing technologies.

While the sketches of Figure 2-7 considered a still flat build platform and printing in
mid-air, this is often done by starting flat and increasingly changing orientation, a com-
bination of the bottom left and the two approaches on the right. Or by printing on a non-
flat base body.
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The process parameters set are typically:

e the temperature of the hotend, sometimes in multiple zones,

e the movement speed of the nozzle, also called print speed,

e the layer height

e and the line width, which is determined by the amount of material fed into the
hotend and the movement speed of the nozzle, with material flowing to the sides
under the nozzle.

The feed rate of the material into the hotend is automatically calculated from these.

2.2.2 Large Format Additive Manufacturing

LFAM operates on the same fundamental principles as FFF. However, the extrusion
head is different. By replacing the filament feeding system with a single screw extruder,
LFAM can increase the output from mere grams per hour to several kilograms or even
hundreds of kilograms per hour, as shown in Figure 2-8. This increase is aided by the
use of pellet feedstock, which is directly plasticised and extruded by the screw mecha-
nism.

’'\/\
L /\/

Filament-based Screw-based
Figure 2-8: Sketch of FFF and LFAM type extrusion heads from Gonzalez-Gutierrez [17]

In filament-fed systems, the filaments are typically 1.75 or 2.85 mm in diameter and are
melted and extruded over short distances using conductive heating in the hotend. In con-
trast, pellet-fed systems use pellets similar to those used in injection moulding or con-
tinuous extrusion. These pellets are melted over much longer distances using a combi-
nation of conductive heating from the extruder barrel and shear friction generated by the
rotating screw.
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Using pellets instead of filaments offers advantages to the material range. They allow
the processing of materials too rigid to be coiled into filaments, such as high-perfor-
mance composites and flexible polymers that would deform or compress under the pres-
sure generated between the pinch wheels and the nozzle, clogging the feed.

Pellets also offer cost savings as producing filaments requires tight diameter tolerances,
significantly increasing manufacturing costs. Pellets, by comparison, are readily availa-
ble at a fraction of the cost, making them a more economical choice for large-scale pro-
duction.

Like FFF systems, material oozing from the nozzle is challenging in LFAM. However,
screw extruders cannot pull the material back to prevent unwanted extrusion, as is done
with retraction. Additionally, screw extruders have non-linear behaviour under dynamic
conditions as pressure builds or decreases. Similar to the nozzle-shutting mechanisms of
Figure 2-5 in LFAM, mechanical solutions are also used, and they are easier to imple-
ment due to the larger nozzle sizes.

One of the most effective solutions is the use of a gear pump, a component that addresses
both flow control and nozzle shut-off, as shown in Figure 2-9. The gear pump consists
of two meshing gears housed in a casing, creating a high-pressure outlet and a low-
pressure inlet.

FLOATING BUSHING

HIGH PRESSURE PORT (QUTLET)

BACK COVER

LOW PRESSURE PORT (SUCTION)

(b)

HIGH PRESSURE

SEALING

LATERAL GAP

DRIVEN SHAFT

LOW PRESSURE

DRIVER SHAFT
(@) ()

Figure 2-9: Working principle and model of a gear pump, from Torrent [18]

The movement of the polymer through the gaps between the gear teeth is tightly con-
trolled. The nearly linear volumetric output of the gear pump offers better flow control
compared to the non-linear behaviour of screw extruders under dynamic conditions.
Also, halting the gear rotation effectively stops the flow to the nozzle. The use of a gear
pump also allows the use of high-compression screws, which melt material more effi-
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ciently. However, these screws exhibit more non-linear flow characteristics under vary-
ing extrusion speeds, making the gear pump indispensable for smoothing out material
flow during the typically very dynamic operating conditions of MEX.

Despite these advantages, gear pumps cannot eliminate oozing, as residual pressure in
the outlet line can still drive the material through the nozzle. Retraction is not recom-
mended in LFAM systems with gear pumps, as reverse flow pushing against the extruder
could result in sharp pressure spikes, potentially damaging the system.

Whether FFF or LFAM, the processes share the same foundational principles of layer-
by-layer deposition along a predefined toolpath. Maintaining appropriate temperatures
both in the extrusion head and in the part during processing is critical for material flow,
layer bonding, and dimensional accuracy. While at a much larger scale, material still
flows out of the nozzle and into the extrusion line, orienting fibres and fillers through
the same mechanisms.

For both these processes, the following work will use a coordinate system nomenclature
based on the extrusion as it exits the nozzle at the deposition point:

e X s defined as tangent to the toolpath.
e Y is defined perpendicular to the toolpath tangent to the layer plane.
e 7 is defined perpendicular to the layer plane.

This differs from the machine coordinate system defined in DIN EN ISO/ASTM 52900,
but to explain the process-property relationships in MEX due to extrusion dynamics and
their effect on microstructure and mechanical behaviour, decoupling the coordinate sys-
tem from the machine’s global orientation provides a consistent reference for analysing
material flow and deposition behaviour, irrespective of part orientation within the build
chamber.

2.2.3 Current Challenges

MEX has come a long way since its invention in the 80s, but it still faces several chal-
lenges that hinder its adoption in industrial production. Some of the most frequently
investigated challenges of AM are:

e Anisotropic material properties [7], [9], [19], [20], [21], [22], [23]

e Surface quality and accuracy [2], [8], [10], [11], [23], [24]

e Design constraints like overhangs & feature size resulting in material waste for
supports and postprocessing [7], [10], [11], [24]

e Low production speed [1], [2], [11], [22]

e Quality repeatability issues [1], [2]

e Poor experience resulting in highly skilled labour requirements [2], [9]
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The often-reported challenge of anisotropic material properties and quality repeatability
issues are significant obstacles to the mass adoption of AM in the industry. Unpredicta-
ble material properties make a production process unsuitable for many applications as a
design-to-load approach, enabling lightweight design and efficiency improvements, is
impossible without significant effort for product property assurance. In surveys done by
AM service providers Sculpteo and Hubs in 2021, this was represented in their custom-
ers' answers. 53% of participants answered that quality assurance is the most significant
challenge in their current application [25]. In the other survey, which challenges pre-
vented the use of AM in more applications, 38% answered that high costs for AM, qual-
ity assurance and post-processing were the main challenges, and 29% saw achievable
quality as the limiting factor [26].

The materials used by both these processes will be introduced and explained in the next

chapter before introducing applications that are already viable despite the challenges
faced.

2.3 Thermoplastic Materials and Their Fibre
Composites Used in Material Extrusion
AM

When exploring the relationship between process and property, as well as the influence
of extrusion dynamics on microstructure and mechanical behaviour, it is essential to
recognise that the process is just one part of the equation. The selection and characteris-
tics of materials significantly impact the performance of the resulting parts. These ma-
terials directly and indirectly influence processing conditions, ultimately affecting the
overall outcome.

This chapter focuses on the thermoplastic materials and their composites commonly
used in MEX. It begins with classifying the thermoplastics frequently utilised in MEX
and then examining their composites and functional enhancements. Finally, a high-level
overview of the effects of MEX on material microstructure will be provided, laying the
groundwork for the detailed theoretical analysis in the chapter 3.

Chapter 2.4 will introduce various applications that utilise these materials and highlight
the successful implementations based on currently achievable properties.

2.3.1 Thermoplastics Used in Material Extrusion

A variety of thermoplastics are used in MEX. Figure 2-10 lists examples and classes
them into general-use polymers, engineering polymers and high-performance polymers.
The pyramid's base consists of cheap, high-volume polymers; the further up on the pyr-
amid a polymer is listed, the higher its material properties and price. While general-use
polymers are often used as packaging, engineering and high-performance polymers are
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used as functional materials in applications subjected to mechanical stress, impact, flex-
ure, vibration, temperature extremes, hostile environments, etc. [27]. The left side of the
pyramid shows amorphous polymers and the right side shows semi-crystalline polymers.

High performance

LCP
PES' PEEK

PPSU Pl
T e
PELS  pps

Engineering polymers
PVDF PBT € € poly

PPO Nylon PA PET

. General use
PLA PP b

Amorphous semi-crystalline

Figure 2-10: Classification pyramid for thermoplastics, from [28]

While hobby machines mostly use materials such as PLA, PETG, ASA and ABS, indus-
trial machines often focus on higher-temperature materials. Starting at the pyramid bot-
tom with ABS, upwards to the higher performing PC and PA. Polymers like PEI, PESU,
PAEKs like PEEK and PEKK, or the Low Melting PAEKSs by Victrex plc, Thornton,
UK, are used for applications with the highest performance requirements. Generally,
amorphous polymers are more common in MEX as they are easier to process. For ex-
ample, Airtech International Inc, Huntington Beach, USA, a material supplier that pro-
duces polymer compounds for LFAM, currently has exclusively amorphous polymers
in their portfolio as listed in Table 2-1 below:

Table 2-1: Portfolio of Airtech International Inc. as of December 2024

Product Name Base Polymer Reinforcement Fibres
T-100GF PETG Glass Fiber

S-150CF ABS Carbon Fiber
S-150GF ABS Glass Fiber

C-250CF PC Carbon Fiber
C-250GF PC Glass Fiber

I-350CF PEI Carbon Fiber
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U-350CF PESU Carbon Fiber

The general-purpose products are offered for low-cost and temperature applications. In
contrast, the engineering type, PC, is aimed at high-strength, medium-temperature ap-
plications, and the high-performance types are for high-temperature applications and are
only offered with carbon fibre reinforcement.

In industrial applications, semi-crystalline polymers have often been the materials of
choice in traditional manufacturing. These materials, too, are used in MEX, though they
are much more challenging to process. Polyamides are used in the automotive industry,
and polyaryetherketones (PAEK) are used in medical applications and in aerospace re-
search. Chapter 2.4 will introduce some of these applications.

High-performance polymers have been adapted in their design and formulation for AM,
as their high cost makes AM a desirable manufacturing method due to its high material
efficiency. Victrex has developed PAEK materials with adjustable properties, named
“Low Melting Polyaryletherketones” (LM-PAEK). They are made as PEEK-PEDEK
copolymers [29] and, through the composition, can be adjusted to crystallise slower,
show less shear-thinning viscosity, lower melting point and overall better processability
[30]. This aims to improve the mechanical properties in AM [31].

A similar approach has been undertaken for Polyetherketoneketones (PEKK) by adjust-
ing the ratio of terephthaloyl (T, straight, para substitution) and isophthaloyl (I, kinked,
meta substitution) moieties to modify the crystallisation kinetics and melting point. By
changing the T:I ratio between 60:40 and 80:20, the melting point shifts from 300 to
360°C and crystallisation from extremely slow, or pseudo-amorphous, to extremely fast
[32]. The PEKK and LM-PAEK materials may show complex melting behaviour with
multiple peaks [33]. A similar approach has also been described for the common FFF
polymer PLA [34].

Slowing the crystallisation has been shown to improve the bonding between layers [35],
which is why amorphous polymers have dominated the MEX process. This will be ex-
plained more in detail in chapter 3.1.2 which dives into the bonding mechanisms and
crystallisation.

2.3.2 Function of Fibre Composites in Material Extru-
sion

Composite materials in MEX are typically short fibre, or discontinuous fibre, reinforced
composites as they are easier to process. Fibre lengths are <1 mm and the materials are
prepared by mixing fibres and matrix when making the pellets or filaments, which can
then be extruded together. Fibres are typically glass or carbon. The effects of the fibres
on the properties of the compound have been well documented but are complex. Parts
of the same batch of material may show different properties depending on the flow of
the material, and even within a single injection moulded part, the properties may vary
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from one location to another [36]. Both glass and carbon fibres increase strength and
stiffness with increasing fibre content [37]. As these fibres also have a significantly
lower coefficient of thermal expansion (CTE) than polymers, the composite also shows
a lower CTE [38]. This is desired in end-use applications, such as composite production
moulds, and during processing, where it leads to lower warping. As shown previously
in Table 2-1, all LFAM materials by Airtech contain some fibre reinforcement as, at that
scale, processing unreinforced polymers becomes highly challenging due to warping.

The improvements achieved by adding short fibre reinforcement have been to aid only
along the extrusion paths, often leading to lower properties than the unreinforced coun-
terparts perpendicular to them [38]. This is due to the material flow during extrusion,
which does not fill a mould as in injection moulding but instead follows the toolpath.
This will be explained in detail in the chapter 3.1.

MEX can also process continuous fibres for high-performance applications, though this
is more common in the FFF processes than LFAM. In LFAM, a combination has been
investigated for tooling using a woven continuous fibre tape, which showed that the
improvement along the extrusion direction over short fibres is marginal. Yet, the prop-
erties perpendicular in the layer could be improved by the 90° fibres. Across the layers,
the added fibre leads to an increase in CTE, as mentioned above [39].

Continuous fibres remain the exception in LFAM, and while unreinforced polymers can
be processed in FFF with the help of heated build chambers to minimise warping, short
fibre composites are the standard in LFAM, not only because they are needed in the
applications, but also already during processing.

2.3.3 Process Effects on Mechanical Properties

The layer-by-layer deposition along toolpaths creates processing effects that influence
the material's mechanical properties. This subchapter will introduce the effects before
chapter 3 will outline the methods used to quantify their influence on a detailed level.
Chapter 4 introduces the experimental design to test for the effects and chapter 5 the
results to better understand the process-property relationships.

2.3.3.1 Effect of Material Flow along Toolpath

During extrusion, material flows from a larger channel in the hotend into the narrower
nozzle and is deposited on the build platform. Due to the relative motion along the tool-
path, the material flows along a 90° turn into the extrusion line. This flow of material
with flow velocity and direction changes affects fibre orientation and determines the
fibre distribution within the part. Also, porosity is affected by the extrusion.

Fibres are known to align in flowing polymers due to shear forces. This effect is also
present in moulding processes and has been described in detail. The shear forces rotate
fibres inside a flowing melt until they align with the flow lines in a steady state position.
In MEX, the material flow under the nozzle is the last flow stage and is critical to fibre
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alignment. While the average orientation of fibres is always along the toolpath or X
direction, the individual fibre orientations are affected by the flow, and the overall dis-
tribution of individual orientations describes the fibre alignment. This alignment in-
creases the tensile strength and stiffness and reduces the CTE of the material along the
flow lines. The process settings strongly affect this effect and can thus be designed for.
This will be described in detail in chapter 3.1, the test methods in 4.2 and the results in
5.1

Fibres are distributed within the extrusion line, and fibres in edge regions mostly align
with the toolpath direction. When extrusion lines interact with each other, either within
a layer, contacting in Y, or between layers, contacting in Z, their behaviour resembles
colliding flow fronts during mould filling. This also comes with similar effects, the most
important being that short fibres don’t extend across the weld line, limiting their effect
on strength in Y and Z and that air can be trapped between the fronts, accumulating
porosity between them.

Porosity in MEX can occur in different manners. Herein, two terms are used: mi-
croporosity to describe tiny pores within the extrusion lines and macro pores between
the extrusion lines.

Micropores, as the ones in Figure
2-11, can have different causes, like
moisture in the feedstock, porosity
trapped in the feedstock or vacuoles
caused by material shrinkage, espe-
cially in fibre-reinforced materials.
Previous studies have shown that the
process cannot remove porosity
trapped within the filament feed- :
stock in FFF and will remain within &8

the part [40]. Fibre reinforcements '
have a much lower CTE than the sur-

Figure 2-11: Micro pores between the carbon fibres in
an extrusion line

rounding polymer and will not
shrink during cooling, whereas the
polymer between them will contract and can potentially form vacuoles. Pores tend to be
round if small but become elongated with increasing size.

Macro pores occur when the toolpath stepover in a layer is larger than the width of the
extrusion line or when the rounded edges barely touch. The former results in gaps be-
tween the extrusion lines of an entire layer height and that can stack across layers. The
latter results in triangular or diamond-shaped holes at the edges of the extrusion lines,
but they are contained to one or two layers at most if directly in contact. This can be
avoided by correctly setting the relationship between stepover and extrusion quantity.
Both types of pores and the correct setting can be seen in Figure 2-12 below.
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Figure 2-12: Top: Macropores due to incorrect stepover - extrusion width ratio. Bottom: correct
setting without macropores

As both types of pores can be avoided by proper material handling and extrusion cali-
bration, these effects are not investigated in detail in this work. The occurrence of vac-
uoles may be reduced with the extrusion parameters. However, their occurrence was so
rare that they were assumed negligible.

A square core with semi-circular
sides also called a disco rectangle, Irf' a
can approximate the extrusion line ‘\:
cross-section, as seen in Figure 2-13.
The macropores seen in Figure 2-12 |
are caused by the gaps under the :
semi-circles. This shape of the extru- |
sion lines in layers also results in the w

typical ridged surface of MEX parts.

This rough surface needs to be post- Figure 2-13: Approximation of the extrusion line
processed for applications requiring cross-section shape

smooth surfaces. When left on, the

parts can also act as notches, leading to stress concentrations, further affecting the me-
chanical properties.

Line width is generally at least equal to the nozzle diameter, except when filling gaps
between previously extruded lines. The layer height is typically 50% or less of the line
width. As a result, the material flow when exiting the nozzle is usually stretched along
the X-axis due to the low layer height. It may also be stretched along the Y-axis if the
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line width exceeds the nozzle diameter. In FFF, layers are generally thin, often less than
1 mm; however, in LFAM, layers can be significantly thicker, starting at around 0.5 mm,
with larger machines capable of extruding layers of 5 mm or taller.

2.3.3.2 Effect of Layer-by-Layer Deposition

A key distinction between AM and moulding or casting processes is that material is built
layer-by-layer rather than in a single shot. This creates interface effects between them.
As mentioned before, the flow causes fibres not to cross this interface, but the matrix
polymer is also affected. As consecutive layers are deposited later, the material of the
previous layers cools down and undergoes changes that can affect the following layers.
These interfaces are not present in bulk material solidified from the melt in a single step.

As outlined in chapter 2.2.1 about the Process Principle, the material needs to cool down
to support the subsequent layers. This leads to the thermal gradient from the hot top to
the colder bottom and hot extrusion lines deposited on colder substrate layers. These
inherent temperature gradients can cause warping and dimensional inaccuracy. As
freshly extruded material cools and solidifies, differences in thermal contraction be-
tween layers introduce stresses. As each layer cools and contracts, it builds stresses and
transfers them to the layers below that support it. These stresses are significantly pro-
nounced in parts with large dimensions, high thermal gradients or large CTE, leading to
warping or deformation during or after printing.

This effect of layer-by-layer deposition affects the final part rather than the material,
which is the focus of this work and will thus not be investigated herein.

In semi-crystalline polymers, cooling not only causes warping but also initiates crystal-
lisation. The cooling rate after the material deposition impacts crystallisation behaviour.
Rapid cooling can suppress crystallisation, resulting in amorphous regions with weaker
mechanical properties, while slower cooling promotes crystallisation, enhancing stiff-
ness and thermal resistance. While crystallisation also causes additional shrinkage, it
locks the chains in their molecular structure, restricting their mobility and, thereby, their
ability to weld. As crystallisation is a temperature and time-dependent process, cooling
the layer below and the delay before the next layer is deposited means the layer will
likely have begun to crystallise before the next layer is deposited. As mentioned in the
chapter 2.3.1, an approach to counter this is to slow crystallisation kinetics to make the
polymer behave pseudo-amorphously, meaning that for the duration of a complete layer,
the material will not crystallise. If crystals have formed, extruded material's energy is
generally insufficient to remelt them, and the layer will not weld together. Meanwhile,
the crystals of the layer below may even induce a structure in the layer above. Figure
2-15 shows a lamellar structure in a layer induced by the spherulites of the layer below
as crystals in the melt continue to grow from the crystals at the interface rather than
newly formed nuclei.
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This has been reported in the literature already for compression moulded parts, as seen
in Figure 2-14.

O ‘ ' % ! " ol 41‘);11]1

Figure 2-14: Lamellar crystal structure found in the literature [41]

But it can also be seen in LFAM-produced material, as seen in Figure 2-15 on PP spec-
imens.

Figure 2-15: Crystal structure in a printed sample of Polypropylene, with lamellar crystals growing
from the layer interface from [S20]

Crystallisation modelling and how it is considered in this work in detail will be the sub-
ject of chapter 3.2.

The interface between layers is a critical weak point in MEX-produced parts. The freshly
extruded material relies on thermal fusion to bond with the previously deposited layer
during deposition. The polymer chains on both sides of the interface diffuse across the
interface and return to an entangled state, essentially dissolving the interface on a mo-
lecular level. This process is temperature-dependent. However, due to the cooling of the
substrate layer, complete molecular diffusion rarely occurs, leaving an interface weaker
than the bulk material. Additionally, crystallisation may hinder it, as mentioned above.
This incomplete fusion often results in brittle failure modes at the layer interface, even
after machining the ridges away, in contrast to the ductile failure observed along the
extrusion toolpath.
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This anisotropic behaviour and process-induced weakness at the layer interface is the
core focus of this work, as it is a key barrier to adopting MEX for mechanically func-
tional material.

2.4 Applications of Material Extrusion

MEX has established a strong presence in specialised niches by delivering value with
the available materials and achievable properties. It has found applications across vari-
ous industries by meeting unique geometric and functional requirements. This chapter
illustrates the industries where MEX is already being used for production instead of
prototyping, emphasising their specific needs and the importance of material properties
in fulfilling these requirements. It also highlights a wide range of applications, from
high-precision and sterile production for surgical applications to high-temperature and
chemical-resistant applications in moulds for composites and components for the oil and
gas industry. Additionally, MEX is utilised for volume production in automotive and
wastewater shafts.

2.41 Aerospace Applications

In aerospace LFAM, it has found a niche in tooling applications for composite produc-
tion. While AM often offers advantages in reducing lead times, material waste, and cost
compared to traditional machining processes for R&D tooling, it has also been able to
transition to the first serial production tools.

In aerospace tooling, MEX uses high-performance thermoplastics like PEI or PESU [39]
to produce near-net shape parts post-processed by CNC machining, often on the same
machine in a hybrid setup. Lower-temperature polymers like PA6 have also been inves-
tigated for lower-curing composites [42]. The tooling replaces aluminium or Polyure-
thane block-based tooling for low to medium-volume production. Similar approaches
can be found in other industries working with composites, like marine or high-perfor-
mance automobiles.

The key benefits of MEX-produced tooling are:

e shorter lead times and reduced cost,

e lower waste due to near net shape manufacturing where only the surfaces need
to be machined instead of blocks,

e longer life span compared to PU blocks and composite tools,

e In R&D, there is the possibility of introducing complex custom geometries for
functionalisation, like heating, cooling, resin injection, or handling.

GKN Aerospace has succeeded in developing LFAM-manufactured tooling that is now
used as a serial production tool. The pressure intensifiers used in landing flap production
used for autoclave curing and positioning of the stringers had previously been manufac-
tured by hand layup of tooling prepreg, as a CTE match with the landing flaps is critical
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with part sizes of up to 12 m. The MEX version performs as required while providing
the benefits listed above, cost savings, and a simplified supply chain for the tooling ma-
terial.

R&D efforts are being reported in the direct printing of interior cabin components using
materials like Ultem, a PEI by Sabic, and research into printing on composite surfaces,
focussing on the functionalisation of these structures.

Materials in use are primarily amorphous high-temperature thermoplastics like PEI and
PESU, while research is also looking into semi-crystalline materials, mostly of the
PAEK family with low melting PAEK (LM-PAEK) by Victrex and PEKK by Arkema
both offering tuneable crystallisation kinetics and showing promising results.

The work presented here was financed through two projects looking into aerospace tool-
ing. First, an LM-PAEK-based resin transfer mould for a flaperon for Saab Aerostruc-
tures in a Horizon Europe Clean Sky 2 project, called COMBO3D, under grant agree-
ment number 831851. The aim was to improve the mould's cycle time through integrated
thermal control and reduce its development and lead time while maintaining a similar
lifespan and cost to conventional tooling [43]. Figure 2-16 shows the demonstrator tool
of the project. At the top left is the CAD visualisation of the flaperon, and on the top
right, where these structures are used, by size corresponding more to a flap. The bottom
pictures show the near net shape printed lower shell of the mould on the left and the
finished and assembled RTM tool of over 3m on the right.

Figure 2-16: Demonstrator of the COMBO3D project, top right image from [44]

The second project was the Polyetherimide (PEI) and Polyethersulfone (PESU) based
pressure intensifiers for GKN Aerospace Deutschland GmbH, Munich, Germany, under
the Bavarian Joint Research Program (Bayerisches Verbundforschungsprogramm
(BayVFP) Forderlinie Materialien und Werkstoffe) under project 3DP-MAT. Figure
2-17 shows the project's target application, making tooling for landing flaps. At the top
is the CAD visualisation of the landing flap and the intensifier model. The bottom left
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shows a set of pressure intensifiers, and the bottom right shows a pressure intensifier on
a landing flap after autoclave curing and de-moulding.

Track intensifiers

A350 landing flap
upper cover

U-intensifiers

Figure 2-17: Demonstrators of the 3DP-MAT project, published in [44]

While the complete analysis of the economic benefits remains confidential, GKN has
released a lead time reduction of 80% and a cost savings of 50% for the early versions
of the pressure intensifiers compared to their previous version [45].

2.4.2 Industrial & Automotive Applications

In industrial production and the automotive industry, MEX has niches in pre-production
prototypes that reduce the risk of expensive tooling and jigs and fixtures during produc-
tion [46].

Another application that is, however, dominated by other AM technologies like PBF is
the digital warehousing of spare parts after the end of production, as well as the restora-
tion of older production runs.

The first application in the direct production of interior components has been published
by BMW and Weber Additive for a centre console carrier, with a relatively low produc-
tion volume of 8.000 units per year, a 40% short carbon fibre reinforced polyamide 11
[47]. Figure 2-18 shows the part on the left with the previously assembled part assembled
from seven pieces, and on the right, a close-up still showing the layer lines on internal
surfaces.
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Figure 2-18: MEX manufactured centre console by BMW as published in [48]

Examples of production aids frequently manufactured also include grippers for robots.
A case study by Siemens shows that polymer grippers, in their specific case, weigh up
to 64% less than their conventional aluminium counterpart. This, in turn, improved the
handling and manoeuvrability of robots, enabling the use of smaller robots and extend-
ing their lifespan, reducing energy consumption by up to 54% and the associated CO2
emissions by 82% [49].

Other industrial applications include PAEK materials in the Oil & Gas industry as cor-
rosion-free components such as submersible pumps and impellers, seals, tubing, and
valves [28][50]. PAEKSs are chosen for their high thermos-mechanical properties, corro-
sion resistance, chemical stability and fatigue resistance. However, amorphous polymers
like PSU and PEI have also been investigated [51].

An industrial application often overlooked and does not require high temperatures is
wastewater shafts. Rehau Industries SE, Rehau, Germany, has successfully commercial-
ised MEX-printed and machined shafts that can be designed and manufactured to fit the
local piping grid out of semi-crystalline PP. This, too, is a serial production component
that offers significant volumes through mass customisation.

Figure 2-19: Wastewater shaft by Rehau Industries, from [52]

Materials investigated in automotive research also include polycarbonate for combina-
tion with pre-made sheets or composites [53] and using the serial production polymers
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from injection moulding, like Polyamide 6 [54], typical representatives of engineering
thermoplastics.

2.4.3 Medical Applications

In medical applications, especially implants, PAEKSs stand out and are considered the
most promising materials [55]. MEX offers the possibility to design and manufacture
implants directly at the point of care under the involvement of the treating surgeon [56],
with first solutions offering complete workflows from design to sterilisation of ready-
to-implant parts at the point of care [56]. This offers significant cost savings, especially
lead time savings critical to patient care, while leveraging AM’s capability for complex
geometries and economies of scope to provide patient-specific parts. The benefits of
PAEKSs include their biocompatibility [57] and their ability to withstand steam sterilisa-
tion without being negatively affected [58]. Printing of small implants in a tightly con-
trolled heated build chamber leads to high dimensional accuracy and almost isotropic
behaviour [57]

Other applications include surgical guides, dental, short-term implants that can be steri-
lised up to 500 times, impression trays [58][59] and tissue engineering [46].

Figure 2-20: A three-dimensional cranial implant from [58]

2.4.4 Sustainability Considerations of Applications

MEX offers opportunities to align production efficiency with sustainability goals, ad-
dressing energy consumption, material recyclability, and the role of digital tools in ad-
vancing sustainable practices.

Energy consumption in MEX remains a significant barrier to sustainability, particularly
for large-scale applications. The processes often require substantial energy input to
maintain heated build chambers and operate extruders, especially when processing high-
performance polymers [60]. Despite these challenges, a comparison of MEX with injec-
tion moulding by Kazmer et al. [61] showed that CO2 emissions per part follow a trend
similar to cost per part, which indicates that the economies of scope inherent in AM also
apply to the CO2 produced. This correlation suggests that the relative environmental
impact per unit decreases in injection moulding as batch sizes increase or products are
tailored for specific applications. However, these emissions are constant for MEX at a
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low level, offering lower cost and lower emissions for low-volume production, aligning
sustainability objectives with economic incentives.

AM’s design freedom enables the creation of mass-customised products that optimise
resource efficiency during use. Lightweight, complex geometries reduce material usage
and enhance product performance, such as fuel efficiency in aerospace or automotive
components. By integrating these considerations into production, companies can achieve
sustainable practices that simultaneously reduce costs and carbon footprints, reinforcing
the alignment between sustainability and profitability.

Recycling thermoplastics and composites used in MEX is essential to sustainable man-
ufacturing. The ability to shred failed prints, prototypes, and support structures into
smaller particles for reuse offers a pathway to reducing waste. However, the process of
recycling within MEX is not without its challenges. Contamination from previous ma-
terial residues or part use can degrade the quality of recycled material [60]. Maintaining
consistent mechanical properties in recycled parts is particularly challenging for fibre-
reinforced composites due to fibre damage during shredding and reprocessing.

Despite its limitations, AM offers an accessible opportunity for companies to initiate
internal recycling. For example, MEX can use recycled materials from its processes,
such as support structures or failed builds, to create non-critical parts or prototypes. This
in-house recycling helps reduce waste disposal costs and decreases the demand for vir-
gin materials, fostering a closed-loop system that supports the principles of a circular
economy. Additionally, the growing adoption of pellet-based systems, which are more
effective at processing recycled materials, enhances the feasibility of in-house recycling
by eliminating the need for an extra step in extruding filament feedstock[62].

MEX workflows are inherently digital, a sound basis for informed, sustainable manu-
facturing. First tools that prove real-time insights into the carbon footprint, energy con-
sumption, and material efficiency of 3D printing projects, like the “EcoPrintAnalyzer”,
are available for open source and free CAM software, like Ultimaker Cura, a widely
used slicer [63]. This allows users to make data-driven decisions, optimising production
costs and environmental impacts. Again, aligning them with economic motivators by
making energy costs transparent.

The availability of tools on open-source platforms ensures that sustainability considera-
tions are not limited to large corporations with extensive resources. Instead, these tools
become accessible to smaller enterprises and individual users, accelerating the adoption
of environmentally friendlier practices.

By addressing energy consumption and recyclability challenges and leveraging AM's
design flexibility and economies of scope, MEX has significant potential to align cost
efficiency with sustainability goals. This can be achieved through energy-efficient pro-
cesses, material recycling, and the integration of accessible digital tools. Easy-to-imple-
ment digital tools enable users at all levels to enhance their responsible manufacturing
practices while simultaneously optimising production performance.
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3 Theoretical Considerations

This chapter introduces the theoretical framework used to study the process-property
relationships in MEX. The first subchapter will focus on the extrusion dynamics, the
flow of material inside the extruder until the deposition and its effect on the material.
The second subchapter will then introduce the crystallisation of the material as it cools
after deposition. The third subchapter introduces the fusion bonding process between
the deposited material and the layer below.

3.1 Extrusion Mechanics and Fibre Alignment

MEX deposits thermoplastic or composite materials along a toolpath. The material only
flows until the point of deposition, after which it cools and solidifies. While molecular
diffusion effects on the polymer still occur, the fibre microstructure is set at this point.
The material's deposition temperature also strongly affects the thermal history it will
undergo during cooling. This chapter explores extrusion mechanics and their effects on
material alignment and fibre orientation.

3.1.1 Material Flow and Fibre Orientation in Material
Extrusion

In both FFF and LFAM with single screw extruders, the material is molten and pressed
through a hot nozzle. While similar, the melting and feeding process has a few key dif-
ferences.

In FFF, the filament is pressed by feeding wheels into a hot channel and against the
converging section of the nozzle. Heat is introduced in the material only through con-
duction from the hotend walls. High extrusion speeds, pressing the material through the
nozzle faster, will lead to different temperature profiles and even different but lower
extrusion temperatures, with the material melting later and possibly being extruded at a
lower temperature, requiring higher extruder force [64]. Typical shear rates in the mate-
rial are <1000 s in the extrusion nozzle and <410 s™' at the deposition [65]. Small noz-
zles and low layer height lead to these high shear rates. The volume of the fed filament
sets volumetric output and is theoretically linear. However, filament slippage and com-
pression can lead to time delays, which lead to known issues like under extrusion at line
starts or stringing after line ends [66].

In single screw extruders, the volumetric output is dependent on screw speed and melt
temperature [67], [68], and while output shows a generally linear relationship to the

29
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screw RPM, it can vary between different materials on the same screw [69]. RPM and
screw geometry have a substantial impact on the melt temperature, with low RPMs
mainly relying on conduction from the barrel and higher RPM on shear from the screw
[64]. Changes in screw RPM lead to fast changes in extruder pressure but relatively slow
changes in melt temperature over a few seconds, affecting the output under dynamic
conditions [70]. The typical shear rate in screw extrusion is between 20 and 500 s [71]
inside the extruder, so significantly lower than in filament extruders, mainly because of
the generally larger dimensions. Gear pumps are added to the extruders to reduce surges
and fluctuations in the output rate and melt temperature [72]. Another benefit is that they
can build the necessary extrusion pressure, reducing the backpressure on the extruder
and thereby improving the extruder output rate [73]. The output does fluctuate slightly
with the number of teeth due to the function principle of the gear pump. Shear thinning
of the material can result in a faster reduction of volumetric efficiency [74]. The shear
rate in the gear pump can be calculated according to [74], and for a typical gear pump
size in LFAM of 5 cm?®/RPM, a maximum output of about 12.5kg, a tip radius of 10mm
and 0.1mm clearance, the shear rate is <420 s™', similar as inside the extruder.

While shear thinning is sometimes assumed to help with wetting for intimate contact
[71], investigations on establishing intimate contact during the consolidation of thermo-
plastic tapes for automated fibre placement showed that even at low pressure, the contact
is established very quickly [75]. Due to the effects on output, it is therefore of then
avoided, as mentioned in chapter 2.3.1.

Both processes can process pure or fibre-reinforced polymers. Reinforced materials are
the norm, especially in LFAM, where warping becomes a significant issue with increas-
ing part size. With these materials, the final fibre alignment is of great importance for
the resulting properties of the produced part. The fibres are arranged along the toolpath
along the X direction in the XY plane, and only a tiny portion of the fibres are aligned
perpendicular to the layer plane [76]. With the material flowing along Z while in the
extruder, the fibre orientation changes as it exits the nozzle, and the fibres align in the
plane [77]. However, the flow of filled polymers is complex, with interactions between
the fibres and the flow affecting each other, and the materials contain a large number of
fibres that interact with the flow this way. The highest shear is experienced by the melt
in the narrowest section of the nozzle and as the flow turns under the nozzle [78][79].

The fibre orientation flowing into the nozzle or an inlet strongly affects the final orien-
tation as it exits [80]. Additionally, swirling flows lead to different orientations of fibres
inside the nozzle than non-swirling flow [81], so the extruder screw can affect the fibre
alignment going into the nozzle and, thereby, the final alignment in the part.

The next chapter will examine how the deposition's material flow affects the fibre align-
ment, considered the critical flow stage for the final fibre orientation.
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3.1.2 Fiber Alignment in Fluid Flow

Fibres in a fluid move at their centroid with the fluid velocity, and their rotation can be
described with Jeffery’s equation [82] for different axisymmetric particles, including
fibres. Moving along an orbit, fibres reorient based on velocity gradients in the fluid
[36]. This can be summarised in two simple rules:

1. Shearing flows align fibres in the flow direction.
2. Stretching flows align fibres in the stretching direction.

Stretching flows occur when the streamlines are diverging or converging. This effect is
visualised in Figure 3-1. Two edges of each of the grey fluid elements lie on the stream-
lines. As the flow diverges in the left example, the element is stretched across the flow
direction. As the flow converges in the left example, the element is stretched in the flow
direction to maintain a constant volume. The example is taken from [36], where inter-
ested readers may find more information and detailed descriptions of the mathematical
models. While the book focuses on injection moulding, the theory is transferable.

Figure 3-1: Material deformation in diverging and converging planar flows. Black lines are stream-
lines. A fluid element with a grey initial shape deforms into a magenta shape as it
deforms [36].

Jeffery’s equation has been used to describe the primary shear rate component between
the toolpath and nozzle axis, XZ, during polymer stretching for the flow under the nozzle
in LFAM [83]. With some empirical modifications, the equation can be written as fol-
lows:

. Va=Ve _Va_ .. Ve
ho == =X =09 (3-1)

With the shear rate in XZ y,,, the toolpath velocity of the deposition v,, the average
velocity of the extrudate v, and the layer height h. As mentioned in 2.2.1, the feed rate
of the extruder is calculated automatically from the toolpath velocity and the area of the
extrusion line cross-section as described in Figure 2-13. From this, the nozzle's average
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extrudate velocity v, can be calculated similarly using the nozzle diameter. The area of
the extrusion line cross-section from Figure 2-13 is:

Ag=nxr?+hxw—h) =nx /)2 +hx w-h) (3-2)

With the cross-section area of the deposited extrusion line A4, extrusion line width w

and side radius r = h/ 2

The volume flow out of the nozzle and into the extrusion line must be equal, therefore:

A, X v, = A4 X vy (3-3)
ve = va x4/, (3-4)

With the area of the extrusion nozzle A,, and nozzle diameter D:
Ae=mx (Pfy)? (3-5)

Then (3-1) can be rewritten using just the settable extrusion parameters:

Fer =2 x (1=44/) ) = vg x G - 2 — 220 (3-6)
Evaluating this for an extrusion width of 125% of the nozzle diameter and 50% of the
layer height for typical print speeds of 10 to 100 mm/s and nozzle diameters from 0.4 to
4 mm renders the plot of Figure 3-2. This shows that, as described in the literature, the
shear flow in FFF is much higher than in LFAM, which should lead to higher fibre
alignment in FFF.
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Figure 3-2: 3D Scatterplot of Shear Rate under Nozzle according to Jeffery's Equation for different
Nozzle Diameters and Print Speeds

Evaluating it for a set print speed of 50 mm/s at an FFF typical nozzle diameter of
0.4 mm yields the plot of Figure 3-3. This shows that even if the nozzle diameter is
unchanged, the shear rate can vary from over 400 s™' to negative values. This indicates
that the flow can change from converging to diverging flows, which should change the
orientation direction according to Jeffery’s equation.
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Figure 3-3: 3D Scatterplot of Shear Rate under Nozzle according to Jeffery's Equation for different
Layer Heights and Line Widths

From these plots, it becomes clear that, overall, a higher degree of alignment is expected
from FFF-produced samples, as the shear rate in the most critical flow stage is signifi-
cantly higher than in LFAM. Additionally, the fibre alignment inside the filament feed-
stock is likely higher than after the extruder and melt pump of LFAM. However, the plot
of Figure 3-3 suggests that when printing broad lines on tall layers, the flow conditions
may shift to introduce a crossflow orientation, which should significantly impact the
mechanical properties of the produced material.

This will be part of the experimental design to validate whether the flow conditions un-
der the nozzle can affect fibre alignment as predicted by Jeffery’s equation and if the
process can shift the orientation away from X by achieving a diverging flow.

3.2 Crystallisation

Polymers with a regular chemical composition and geometric structure can form crys-
talline regions. These are formed from molecular chains arranged in parallel orientations
or folding back and forth to form ordered three-dimensional structures. However, due to
the inherent inability of polymer chains to completely disentangle during the crystalli-
sation process, polymers achieve only partial crystallinity, with absolute crystallinity
values remaining significantly below 100%. The non-crystalline portions remain amor-
phous, leading to the naming of such materials as "semi-crystalline” polymers due to
their combined amorphous and crystalline nature [84], [85].
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3.2.1 Nucleation & Growth

The crystallisation process consists of two main stages: nucleation and crystal growth.
Nucleation can be further divided into primary and secondary nucleation, each with dis-
tinct mechanisms and effects on the crystalline structure.

Primary nucleation occurs independently of pre-existing crystals. It can be classified as
homogeneous or heterogeneous. During homogeneous nucleation, nuclei form directly
from the melt due to random thermal fluctuations. In contrast, heterogeneous nucleation
is facilitated by foreign particles or surfaces present within the polymer melt.

Homogeneous nucleation is driven thermodynamically by the system's tendency to re-
duce free enthalpy by transitioning from a disordered, high-entropy state, the melt, to an
ordered, low-entropy crystalline phase. The homogeneous nucleation rate highly de-
pends on the degree of undercooling, which is the temperature difference below the
melting point. Increased undercooling increases the driving force for nucleation, form-
ing more nuclei and a higher number of crystals. However, molecular mobility decreases
significantly at very low temperatures close to the glass transition, leading to incomplete
crystal formation [86], [87].

Heterogeneous nucleation occurs when nucleation agents, such as fibres, pigments, or
additives, act as pre-existing sites for crystal formation. This process reduces the activa-
tion energy needed for nucleation, allowing crystallisation to begin at higher tempera-
tures than in homogeneous nucleation. As a result, it enables the growth of more ordered
crystals. The crystallisation extent depends on the cooling rate and the number of nucle-
ation sites. Lower cooling rates produce bigger and more ordered crystals, as the longer
growth periods at elevated temperatures enable better crystal development [88], [89].

Secondary nucleation occurs after a significant portion of the crystalline structure has
formed, usually when the degree of crystallinity exceeds approximately 50% to 75%. At
this stage, crystals come into contact with one another, which limits further growth to
the spaces between them. This leads to slower growth rates and the formation of the
crystalline structure within the constraints of the available space. While secondary nu-
cleation can continue for extended periods, it is less relevant in MEX, where crystalli-
sation is limited to short timescales due to rapid cooling during the printing process.[86],
[90], [91], [92].

After nucleation, crystals grow, and polymer chains reorganise into ordered regions. In-
itially, these regions form lamellae, which later aggregate into larger spherulitic struc-
tures. Spherulites, characterised by their spherical shape, can be easily observed under
optical microscopy and are a common morphological feature of semi-crystalline poly-
mers. Figure 3-4 shows polarised optical microscopy images of crystals in PAEK and
PEEK at different cooling rates. The growth of spherulites typically occurs at a linear
rate until they collide, at which point further growth is limited. The resulting crystalline
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morphology depends on various growth conditions, including cooling rates and the pres-
ence of nucleation agents. [88], [89]. Figure 3-4, from [93], shows from left to right a
1°C/min and 30°C/min cooled crystal structure for PAEK at the top and PEEK at the
bottom. The left images show large crystals that have begun to come into contact with
one another, whereas the right shows spherulites still growing unrestricted in the sur-
rounding amorphous material. Comparing the top and bottom images reveals that PAEK
crystallises slower than PEEK, forming fewer and smaller crystals.

Figure 3-4: Non-isothermal polarised crystal morphology of PAEK and PEEK. (a) PAEK at 240 °C
by 1 °C/min, (b) PAEK at 200 °C by 30 °C/min, (¢) PEEK at 270 °C by 1 °C/min, (d)
PEEK at 230 °C by 30 °C/min from [93]

Figure 3-5 shows the resulting structure of crystals limiting each other's growth in PP.

While the structure appears fully crystalline, the amorphous regions still exist between

the lamellas of the spherulites.
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Figure 3-5: Spherulitic crystals in PP with high impingement on each other from [S20]

Several factors beyond nucleation agents affect crystallisation during MEX. These in-
clude the polymer's molecular structure, pressure, and thermal and mechanical histories.
For example, increased pressure can raise the melting temperature, facilitating nuclea-
tion. While cooling and crystallisation occur in the printed part at ambient pressure, nu-
clei formed before the nozzle at pressures of up to 120 bars for small nozzles in LFAM
may not be dissolved anymore. The duration of exposure to melt temperatures before
deposition can influence the formation of nuclei, while shear forces from extrusion and
deposition may orient molecular chains, affecting both primary and secondary crystalli-
sation [92], [94].

In MEX, high cooling rates, short carbon fibres and shear-induced molecular alignment
under the nozzle could all be relevant. Short carbon fibres have been reported to nucleate
the crystallisation of PEEK, with shorter carbon fibres leading to faster crystallinity [95].
These conditions can lead to a high nucleation rate but may limit the extent of crystal
growth, resulting in a fine crystalline structure. Additionally, interfaces between the pol-
ymer can act as nucleation surfaces, partially because they cool faster. Crystals growing
from a surface will impinge quickly and grow two-dimensionally from the surface [96].
Crystals growing in layers that have been joined while amorphous have been reported
to only grow across the interface if diffusion to entropy happens first [97].

3.2.2 Theoretical Models of Crystallisation

The development of crystals during polymer crystallisation has been extensively stud-
ied, resulting in multiple theoretical models to describe their kinetics and morphology.
Among these, the Avrami equation, the Ozawa model, and the Nakamura model are
widely used in the literature. These models describe the crystallisation process under
various conditions, aiding in understanding how factors like nucleation mechanisms,



38 Theoretical Considerations

cooling rates, and thermal history influence the degree of crystallinity and crystal mor-
phology.

Many of the models build on the Avrami equation. It has been adapted for polymers to
describe isothermal crystallisation and is expressed as:

1—-X, =exp (—k(T) xt") (3-7)

where X, is the relative degree of crystallinity, k(T) is the crystallisation rate constant
at the specific temperature, t is time and n is the Avrami exponent [90].

The Avrami exponent provides information on the nucleation type and crystal growth
dimensionality. Values between 1 and 2 typically correspond to needle-like crystals, be-
tween 2 and 3 lamellar crystals, and between 3 and 4 spherulites. The dimensionality of
crystal growth (n,) and the nucleation type (n,,) are combined to determine n:

n=ng+n, (3_8)

Here, n, ranges from 0 for instantaneous heterogeneous nucleation to 1 for sporadic
homogeneous nucleation, allowing for intermediate values in mixed nucleation scenar-
ios [88], [92].

The Ozawa model [98] extends the Avrami equation to describe non-isothermal crystal-
lisation. It is expressed as:

1—X, = exp (—Ko(T) X ( )’”) (3-9)

(%)

. o dr . .
where Ky(T) is the crystallisation rate constant, d—: is the cooling rate, the amount of

undercooling AT = T,, — T, and m is the Ozawa exponent. The exponent is analogous
to the Avrami exponent, providing insight into the dimensionality and nucleation mech-
anism. When applied to isothermal conditions, the Ozawa model simplifies to the Av-
rami equation [99].

Both models rely on experimental data, often derived from differential scanning calo-
rimetry (DSC), to fit curves and calculate parameters. By plotting results on double log-
arithmic scales, the exponents and rate constants can be extracted from the slope and
intercept of linearised curves. The transition from primary to secondary crystallisation
is therein a deviation from the linear relationship. Limited by spatial constraints, sec-
ondary crystallisation results in a reduced Avrami exponent and a flatter curve [92].

While these models describe crystallisation kinetics effectively under certain conditions,
they are limited in their ability to capture the complete complexity of real-world pro-
cesses [90], [99], [100].
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Nakamura et al. [101] introduced a model based on isokinetic assumptions for non-iso-
thermal crystallisation. Their approach incorporated cooling rates and provided a more
comprehensive description of crystallisation behaviour under dynamic conditions. By
combining aspects of the Avrami and Ozawa models, the Nakamura model reduces to
the Avrami equation under isothermal conditions but extends its applicability to a
broader range of scenarios.

Building on existing theories, Choe and Lee [87] proposed a more detailed model to
describe the crystallisation kinetics of PEEK. Their approach combined two Tobin equa-
tions [100], [ 102] to represent the parallel processes of homogeneous and heterogeneous

: . .od
nucleation. The model expressed the overall rate of crystallisation d—? as the sum of these

two contributions:

da  dape N d®nom

= 3-10
dt dt dt ( )

o . d
The rate of crystallisation due to heterogeneous nucleation % was defined as:

dape: 3XEy 3XYy xXT
— ko x _ X SRAR = AN SV | 11
and for homogeneous nucleation dahom):

dahom
dt

B 4 X E, 3X (W +Yy) XT
_kzxeXp(_RxT)XEXp<_ T x (T — T )
X[1—-a()]x(t—-—w)[1l—-alw)]ldw

(3-12)

where k; and kjare rate constants, E; and E, are activation energies, 1V and 1, are
material parameters and T, is the temperature below which crystallisation stops. These
parameters are adjusted through nonlinear regression to fit experimental data [87],[100],
[102],[103].

Critics have raised concerns about the physical interpretation of some regression tech-
niques and errors in the original equations [104].

To remove inconsistencies between the models and to accommodate different materials
in a single framework, artificial neural networks can be trained from the models to model
the processes from a data-driven perspective [105].
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3.2.3 Practical Determination in the Following Experi-
ments

In the context of MEX process-property relationships, the crystallisation process is pri-
marily relevant for its influence on polymer diffusion across layer interfaces. While the
precise mechanisms and morphology of crystal formation are well-documented, this
work focuses not on how crystals form but on the point at which their formation inhibits
diffusion. Diffusion, driven by entropy, competes with the thermodynamic minimisation
of free enthalpy. Once crystallisation begins, this ceases, as the ordered crystalline phase
restricts molecular mobility and effectively halts diffusion across the layer interface.

Modelling crystallisation under real-world process conditions is challenging. The MEX
process is particularly complex for several reasons, including short fibre reinforcements
that serve as nucleating agents, fibre lengths that vary dynamically due to the process,
high shear forces and high pressures that influence both melting behaviour and molecu-
lar order. Furthermore, the cooling rates experienced during MEX are not constant and
can vary significantly across the part and depending on extrusion line geometry. Com-
bined with using materials specifically designed for slow crystallisation with multiple
crystal phases, these factors complicate the application of existing theoretical models.

Crystallisation in the experiments conducted for this work is not predicted but directly
measured to address these challenges. The thermal history during cooling is recorded in
situ and then replicated in a DSC8500 by Perkin Elmer, Shelton, USA, which allows for
high cooling rates similar to the real process. This method enables precise measurement
of the onset of crystallisation during cooling and the total crystallinity formed during
subsequent reheating at a constant rate. The samples used for these measurements are
taken directly from printed parts to ensure that fibre lengths, orientations, and material
compositions are consistent with real process conditions.

This approach allows for an accurate assessment of when crystallisation begins to im-
pede diffusion without relying on theoretical predictions that may fail to capture the
complexities of MEX. Correlating the thermal history with the observed crystallisation
onset and degree of crystallinity provides a practical and reliable framework for under-
standing the influence of crystallisation on interlayer bonding in MEX parts.

3.3 Interlayer Fusion Bonding

MEX is rarely used for mechanically functional parts, mainly due to the considerable
anisotropy caused by reduced mechanical properties across the layers [106], [107].
While this issue occurs with all polymers, it is most severe for high-temperature poly-
mers and more challenging for semicrystalline polymers than amorphous polymers pro-
cessed at comparable temperatures. The mechanical strength of the final part is highly
dependent on the quality of the bond at the interfaces. This chapter introduces the mech-
anisms governing interlayer fusion bonding, mainly focusing on intimate contact and
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molecular diffusion, known as healing, while modifying Butler et al.’s classic couple
fusion bonding model [108] to reflect the process conditions for MEX.

3.3.1 Fusion Bonding Model

For polymer welding, the coupled fusion bonding model by Butler et al. [108] has been
widely used to describe the joining of polymer parts by chain diffusion across the inter-
face and is used here to describe the bonding processes occurring between the individual
layers and lines of extruded materials.

The model is often used to describe iso-thermal welding processes, where both bonding
partners are brought up to their welding temperature, either just above the glass transi-
tion temperature for amorphous polymers or above the melting temperature for semi-
crystalline polymers. However, in its original publication, the model was also proposed
for non-isothermal processes, and there has been good agreement on non-isothermal,
non-isobaric tape placement processes.

The model describes two phases of polymer bonding, starting with contact development
between the surfaces through the deformation of surface roughness and asperities, fol-
lowed by the diffusion of polymer chains across the interface, returning to entropy and
effectively dissolving the interface to bulk polymer.

The first phase describing the surfaces coming into intimate contact depends on the ma-
terial's viscosity resisting deformation and the pressure applied to deform surface asper-
ities and time. As polymer viscosity is a function of temperature, it is also temperature-
dependent.

For D;. two models are suggested. Asperities must be deformed through pressure and
temperature if the surfaces are rough.

Die(£) = Di(0) % [1+ € X f 72O gy (3-13)

o Hms

With D;.(0) being the initial degree of intimate contact and C a constant function of the
surface structure. Different models have been proposed to model surface asperities
[109], [110], [111], [112], [113]. tyf is the fibre-matrix viscosity. P(t) is the pressure
field function.

For surfaces that are close enough for intermolecular forces to deform asperities and
establish contact, surface wetting was suggested and modelled as nucleation and growth:

d(t) =1 —exp (—kyt™*) (3-14)

With ¢ (t) being the fraction of the surface area that is wetted. kg is a spreading constant

dependent on extrusion temperature and, thereby, viscosity, flow rate and pressure of
the extrudate and the roughness of the surface. The exponent m, describes the spreading
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behaviour with my = 1 or linear spreading and mg < 1 for slower, diffusion-limited
spreading.
The second stage describes chain diffusion and welding or bond formation across the

surface. It depends on the processing time and repetition time, also known as the relax-
ation time, which also is a temperature-dependent material property.

With Dh:
D, (t) = (é)l/‘l for t < t,e, otherwise Dy (t) = 1 (3-15)

The reptation time t,,, corresponds to the welding time necessary for diffusion to com-
plete.

The coupled model can then be described as the achieved degree of bonding D,, at any
given time t, being a function of the degree of intimate contact D;. and the degree of
healing Dy,. All degrees are formulated between zero and unity.

t
Dy(t) = Die(0) X Dp(t) + j Da(t — t) X Dy (t")dt’ (3-16)
0

Building on surface wetting to describe
the extrusion process in MEX, the spread-
ing of the material under the nozzle could
be modelled as a wetting effect. Looking
at the cross-section and assuming a con-
tinuously occurring surface wetting along
the toolpath, the problem becomes one-di-
mensional. With the material coming out

of the nozzle with inner diameter D and
wetting the surface until it has reached its
final contact area a, the process could be

modelled as initial contact or nucleation
of the wetting process. The growth of the
final contact area due to material flowing
to the sides could be considered the wet- L

. . Figure 3-6: Extrusion line shape under nozzle
ting process. Equation 3-14 could then be

reformulated to describe the process as follows:

D+ (a—D)*(1- exp(—k¢tmm¢))
w

P(0) = (3-17)

Or if the ridges are machined away and no macropores inside occur:
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D + (a — D) * (1 — exp(—kyt™))
a

(3-18)

¢(t) =

The material typically does not flow very far to the sides under the nozzle, and the flow
is completed as the nozzle transitions, so the time scale is very short. For a nozzle diam-
eter between 0.4- and 10 mm, print speeds are typically between 25- and 125-mm/s, and
the time for wetting is about 0.4 s for a slow-moving large nozzle and 0.0032 s for a fast-
moving small nozzle. With extrusion widths typically between 100 and 200% of the
nozzle diameter, the initial contact is between 50 and 100%.

The process is, therefore, expected to be dominated by the healing of the interface. For
this, the determination of the reptation time is critical.

3.3.2 Reptation & Approximating its Temperature De-
pendency

The reptation theory describes the diffusion process of polymer chains during healing,
first introduced by De Gennes [114]. The prerequisite for applying reptation theory is
that the molecular weight of the polymer exceeds the critical molecular weight, ensuring
the entanglement of chains. Only large-scale molecular motions that change the topol-
ogy of entanglements contribute significantly to bonding.

In De Gennes’ reptation model, an entangled chain diffuses along its confining tube. The
motion of the chain consists of the diffusion of small loops along the tube. The entan-
glements with surrounding chains hinder this motion less [115]. Figure 3-7 illustrates
this molecular motion:

Minor chain

Initial tube

_______

t,=0 0<t; <ty b=t

Figure 3-7: Molecular movement inside the Edwards tube [115]

ety = 0: The chain is entirely confined by the initial tube, and the minor chain
length is zero.

o 0 <t; <tpep: Asthe polymer softens at a temperature near or above the glass
transition, the chain ends begin to diffuse and form minor chains. The minor
chain length increases with time.
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oty = trep: At the reptation time, the minor chain length equals the entire tube
length, completing diffusion [116], [117], [118].

In the reptation theory, the reptation time is the time required for a chain to escape the
constraints of its initial tube [115]. The weld time is needed to dissolve the bond inter-
face when diffusing across a layer interface.

Applying this concept to the healing process across an interface can be depicted as fol-
lows in Figure 3-8:

Chain ends Minor chains Bond interface
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Figure 3-8: Diffusion of polymer chains across a bond interface
ety = 0: No chain movement has occurred.

o 0 <t; <tpep: Minor chains diffuse across the interface, forming entanglements
with chains from the adjacent layer.

oty = trep: Full entanglement across the interface occurs, achieving maximum
bonding strength [116], [117], [119].

However, it was suggested in the study by Butler et al. [108], referencing Wool [120],
that the relaxation of an entangled network occurs faster than the relaxation of the indi-
vidual chains. In the context of fusion bonding, the reorganisation of chains should not
be considered a large-scale diffusion across the interface. Instead, it should be the relax-
ation of surface molecules from a higher energy surface state to a lower energy bulk
state. With the mechanical relaxation time being related to the reptation time through
the critical molar mass M, of the chain:

M
tm = trep X (1 — Wc)z (3-19)
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PEEK’s rod-like structure has a critical molecular weight, likely in the range of 10 to
20 kg/mol, and the molecular weight of PEEK types 150G, 450G and 650G by Victrex
have been reported [121] as 26, 37 and 44 kg/mol respectively. This indicates that the
fusion bonding of surfaces within t,,, occurs significantly faster than the reptation, lead-
ing to the complete reorganisation of an entangled individual chain, according to De
Gennes, within ty.p. [114], [122].

From here on, relaxation time is used synonymously with reptation time in the context
of healing, and it depends on temperature. While many models assume healing to occur
under isothermal or near isothermal conditions, MEX, with its high cooling rates, should
be considered non-isothermal and modelled.

The relaxation time can be estimated through melt rheology [123], [124] in different
ways:

The experimental relaxation time t,, is the time it takes for polymer chains to start losing
memory of their initial configuration and begin to flow like a viscous liquid. It represents
the minimum time for chains to start diffusing across the interface and for a bond to form
at the molecular level. It is derived from the cross-over point in oscillatory rheology
where the storage modulus G’ equals the loss modulus G"'. The experimental relaxation
time has been successfully used by Bartolai et al. [125] for polycarbonate and acryloni-
trile butadiene styrene.

The mechanical relaxation time t,, is the time required for the polymer chains to fully
relax from their entangled state and move freely. Rheologically, it corresponds to the
peak energy dissipation and full viscous behaviour, resulting in a Newtonian fluid. It
provides a conservative estimate for the welding time, ensuring the bond reaches full
molecular interdiffusion. It corresponds to the peak of the imaginary part of the complex
viscosity "' = G'/w, indicating the maximum energy dissipation due to friction.

Both these relaxation times can be derived from oscillating frequency sweeps in melt
rheology as reciprocal of the frequency at the cross-point or maximum, respectively.
Vega et al. [126] have studied relaxation times for linear polymers with ultra-high mo-
lecular weight and found that these two relaxation times, which were respectively shorter
(t,) and longer (t,,) than the more difficult to determine Rouse reptation time.

As the approach of Bartolai et al. [125] is valid for linear thermoplastic polymers, the
approach can be applied to other MEX materials as well. However, in this work, t,, is
used instead of t,, to gain a conservative estimate.

Measuring the relaxation time at low temperatures is difficult, especially below the crys-
tallisation temperature in semi-crystalline polymers. Therefore, in this work, it is meas-
ured at high temperatures and then extrapolated to lower temperatures using the ap-
proach of Mansfield [127], who used the relaxation time to describe the glass transition
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as the point where the chains become immobile, in this context ending the fusion bond-
ing process. Mansfield used an empirical Vogel-Fulcher-Tammann (VFT) [128],[129]
law fitted to the measured relaxation time:

BxT,
T —T,

Lrep (T) = A X exp( ) (3-20)

A and B are constants, T is the temperature and T, is a threshold temperature at which
the reptation time becomes infinite. In the Mansfield model, this is a temperature below,
yet near, the glass transition temperature. For simplicity, it is assumed that the glass
transition's lower onset is determined from DSC measurements.

Substituting this into the degree of healing of Equation 3-15 results in:

Dn(t,T) = (#MO))V4 (3-21)

Xex, (T—_T()

Assuming then that the temperature under which the bonding occurs is time-dependent
as the material cools results in:

Dy(t) = fot(m)l/ 4dt (3-22)

(T(t)—To)

Practically, the temperature will be measured during the process, and the temperature
profile will be evaluated afterwards by integrating numerically the increase in healing
over each measurement:

Y, Y4
_ yN-1 tit1 & 3-23
N L S

T(ti41)-To T(t;)-To

Until either D;, becomes 1 or the polymer chains stop diffusing. Either because the tem-
perature is too low and t.., becomes much larger than the time steps, or the chains lose
mobility because of crystallisation, which will be the topic of the following subsection.

3.3.3 Pseudo-Amorphous Behaviour

So far, this work has assumed that relaxation slows because of temperature, and the
threshold temperature is just below the glass transition temperature. This assumes that
the polymers behave as amorphous during the observed time scales. The model by Butler
et al. assumed that welding of semi-crystalline polymers occurs only above the melting
temperature. Still, it has been observed, even for fast crystallising polymers, that the
degree of bonding is underestimated for very high cooling rates when using the melting
temperature as a threshold that stops the healing process [130].
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During crystallisation, polymer chains align to form an ordered crystal structure, which
locks them in position and reduces their mobility, thus impairing their ability to diffuse.
The amorphous regions of the chains near the crystals also become less mobile due to
their physical anchoring to the crystalline areas. Crystallisation in polymers is a time-
dependent process. The nucleation and growth of crystalline regions require time, and
faster cooling or shorter processing times can limit significant nucleation and growth.
Additionally, surfaces can act as nucleation sites, accelerating crystallisation and further
hindering the essential surface relaxation needed for healing.

As mentioned in chapter 2.3.1, polymers developed for AM often have a delayed or
slowed crystallisation kinetic. For these polymers, the effect of healing below the melt
temperature is expected to persist even at slower cooling rates. Some polymers are char-
acterised as pseudo-amorphous, meaning they crystallise less readily, even in conditions
where regular semi-crystalline counterparts would form crystals. If assumed that as long
as the process conditions suppress crystallisation, the polymer will retain the character-
istics of an amorphous material, being able to diffuse even at low temperatures. Sup-
pression of crystallisation can occur either by a high cooling rate or over short periods
until the nuclei have formed and crystals begin to grow.

Assuming that when crystals begin to grow chain, mobility is almost immediately af-
fected, and the onset of crystallisation can be used as a threshold for stopping the healing
process. That means crystallisation is suppressed for all cooling rates higher than the
critical cooling rate.

Using the Avrami equation (3-7) to describe the onset of crystallisation, we can write:

Lonset = . X ( ! )1/11 (3-24)
k (T) X Thr
And the critical cooling rate T,,;; as:
. T, — T,
Terie = ——— (3-25)
tOTlSEt

With the melt equilibrium temperature T, and Ty, or directly using the Ozawa Model
(3-8):

= Ko(T) X AT™ 1

rit — —In (1 — XThr) (3-26)

With the threshold for the crystallinity X7, being set at a low value, for example, 1%.

A semi-crystalline polymer will be assumed to exhibit pseudo-amorphous behaviour for
the following conditions:
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t <tonser OF 7.107‘1't < T (3'27)

Because of the complexity of crystallisation of the extruded materials with carbon fibre
reinforcement, high shear, high and non-constant cooling rates and complex polymer
structure, it is difficult to determine these analytically or numerically. But as described
in chapter 3.2.3, they can be measured relatively easily using fast DSC measurements,
as will be done in the experimental validation.

3.3.4 The Material Extrusion Adapted Fusion Bonding
Model

Summarising the last chapters and condensing it
into the fusion bonding model, the degree of inti-

mate contact is assumed to develop in a wetting
manner under the nozzle in extremely short time
frames and will be assumed instantaneous and
complete. The analogous contact length between
layers is not time-dependent and can be deter-

mined after printing if needed. If the ridges of the
walls are machined away, this also falls out of the
equation.

The degree of healing is formulated in a time and
temperature-dependent form that uses a VFT ap-
proximation to extrapolate to temperatures below
the melting temperature.

This approximation holds for as long as crystalli-

sation has not begun. Figure 3-9: Sketch of a single walled
. . rint
For a single-walled printed wall, the strength prt
across the layers o, should then be described as:
a tonset i 1y
o, =0 X(—)X —— 7 —) /4dt -
7 =00 X (D)X [ (Axexm;jgfgo)) (3-28)

With:

e the strength of the fibre-reinforced polymer perpendicular to the fibre orientation
01,

e wall thickness w and length of contact between extrusion lines a, which becomes
1 for a machined specimen where the ridges have been machined off,

e VFT parameters A and B,

e the threshold temperature T, herein the lower onset of the glass transition and
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e t,nse: the time until the onset of crystallisation, or if T,;; < T, the time until the
onset of the glass transition.

This sets the foundation for the design of experiments, which will need to determine
these parameters during the MEX process.






4 Experimental Design

The experimental design will be introduced to validate the previously made considera-
tions. This chapter will summarise the hypotheses and overall objective, followed by the
materials selected for the experiments, the experimental setup, and the process parame-
ters investigated.

4.1 Research Hypotheses and Objective

This research aims to deepen the understanding of process-property relationships in
MEX, focusing on the influence of extrusion dynamics, crystallisation, and interlayer
bonding on mechanical performance. This study hypothesises that MEX-printed parts'
mechanical performance strongly depends on the interaction between material flow be-
haviour, fibre orientation, crystallisation kinetics, and the conditions under which layer
fusion occurs.

The overarching objective of this research is to systematically understand and quantify
the relationships between the process parameters of MEX and the resulting material
properties, specifically focusing on:

e Material flow behaviour: Characterising the impact of flow dynamics on fibre
alignment across the extrusion line cross-section.

e Thermal and rheological effects: Investigating the influence of the relaxation
time and bonding processes during extrusion.

e Interlayer bonding: Understanding how crystallisation kinetics affect diffusion
and the fusion bonding process at layer interfaces, particularly for high-perfor-
mance thermoplastics and their composites.

This study aims to provide a comprehensive framework that supports the optimisation
of MEX process settings to enhance mechanical performance, thereby advancing the
industrial adoption of MEX for mechanically functional components.

Specifically, the following hypotheses will guide the investigation:
1. Material Flow and Fibre Alignment Behaviour in chapter 5.1:

The fibre alignment during MEX can be predicted using Jeffery’s equation.
Sub-hypothesis: A significant shift in fibre alignment occurs when the material
experiences diverging flows, influencing the mechanical properties relative to
the extrusion direction.

2. Mechanical Relaxation Time and Interlayer Bonding in chapter 5.2:

51
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The mechanical relaxation time of polymers can be used as a reliable approx-
imation for the welding time during interlayer bonding in MEX.
Sub-hypothesis: The relaxation time can be derived from rheological meas-
urements and is temperature-dependent, following a VFT relationship for ac-
curate predictions under cooling conditions.

3. Fusion Bonding of Pseudo-Amorphous Polymers at Low Temperatures in
chapter 5.3:

Pseudo-amorphous polymers can achieve interlayer bonding at temperatures
below the melting point if cooling rates are high enough to delay crystallisa-
tion.

Sub-hypothesis: The threshold temperature for bonding is determined by the
onset of crystallisation, and bonding can persist as long as crystallisation is
suppressed.

4.2 Process Effects, Parameters and
Variables

This chapter outlines the key parameters affecting thermal and flow effects during MEX,
which in turn affect the material properties. Additionally, parameters affecting thermal
and flow-driven phenomena are identified and analysed to comprehensively understand
their combined impact on the final part properties.

4.2.1 Flow Effect Driving Properties along X

Jeffery’s equation has been introduced in chapter 3.1 to describe the shear rate, which is
assumed to be the driving factor for fibre alignment in MEX. Fibre alignment is mainly
expected within the XY plane, and fibres do not cross the extrusion line boundaries, but
their alignment is critical to the material properties along X.

As introduced in Equation 3-6 previously, which is repeated below, the shear rate can
be calculated as follows:

)./xz = vfd X (1 - Ad/Ae) = Vg X (% - % - 4;(:][)—2}1)) (3'6)
This shear rate affects the fibre alignment under the nozzle, meaning it could change
within a single print if the extrusion conditions change. For this work, the conditions
will be assumed constant within a single print. The extrusion process will, therefore, run
as close as possible under stationary conditions whenever possible, avoiding changes in
print speed or extrusion cross-section inside the tested volume.

From equation 3-6, it is clear that these parameters are expected to have an impact on
the flow conditions driving fibre alignment:
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Table 4-1: Parameters affecting the flow effects of the MEX process

Parameter Description

Layer Height h The layer height appears several times in the equation, and
smaller layers cause a higher shear rate and, thus, more align-
ment as the flow becomes more convergent under the nozzle.

Extrusion Width w = Similarly, the layer width forces the material to flow to the
sides under the nozzle, with high widths causing the flow to
diverge and reducing the shear rate.

Deposition Speed The deposition speed, as setting the time frame for the flow,
V4 directly impacts the shear rate, with higher deposition speed
leading to higher shear rates.

Nozzle Diameter D | The nozzle diameter also plays a role, as it determines the ini-
tial conditions before the material flows into the shape of the
extrusion.

These four parameters have been plotted in Figure 3-2 and Figure 3-3 of chapter 3.1.2..

4.2.2 Thermal Effect Driving Properties along Z

In the MEX process, the thermal energy introduced by the deposition is balanced by the
heat loss to the surrounding environment, mainly through convection and conduction to
the lower layers and build platform. This equilibrium determines the temperature of the
top layers, which drives thermal diffusion and crystallisation. The underlying mechanics
determine the effect of layer interfaces and, therefore, the properties along the Z-axis.

The rate at which thermal energy is deposited has been introduced in a previous publi-
cation as “Enthalpy Deposition Rate”, the rate at which the total energy content of the
deposited hot melt, which includes both internal energy and the work done by the mate-
rial, is deposited on the part.

In a simplified assumption that the process runs under quasi-stationary conditions, this
can be formulated as dependent on the volume flow of the deposition V and the temper-
ature difference from the ambient AT':

H=pxVxc,xAT 4-1)

The quasi-stationary conditions assume that the print speed, part cross-section and ex-
trusion line dimensions are constant and that the part is tall enough for the effect of
conduction into the build plate to become negligible.
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With the extrusion line cross-section, as previously introduced in equation 3-2 and
sketched in Figure 2-13, the volume flow can be described as follows:

V=xM)*+hxw-h)xv, (4-2)

With the temperature difference of the extrusion temperature Tg, and ambient tempera-
ture T, the enthalpy deposition rate then becomes:

H=pxcyx(m@x /) +hxW—h)xvgx (Tex — Teo) (4-3)

From this, it is clear that these parameters are expected to have an impact on the thermal
conditions driving layer bonding:

Table 4-2: Parameters affecting the thermal effects of the MEX process

Parameter Description

Extrusion Temper- The effect of extrusion temperature is intuitive, and within the
ature T, process window, it can be controlled. More accurately, this
should describe the temperature of the extruded melt, which is
often the measured temperature and can be affected by the fed-
erate of filament or screw RPM.

Ambient Tempera- The effect of ambient temperature is two-sided. While higher
ture T, ambient temperature decreases the enthalpy deposition rate, it
also reduces the heat loss of the part, with colder environments
leading to faster cooling. It can be controlled to a certain extent
with a heated build chamber. However, this is difficult in
LFAM and will not be considered for this work.

Layer Height h Layer height is an often-used parameter to increase the produc-
tivity of the machines. Taller layers deposit more material at
the same deposition speed. However, the taller layers reduce
the surface quality and lead to deeper ridges that reduce the
relative contact area between the layers in a wall if the part is
not machined. In this work, it will be controlled, but walls will
be machined to eliminate the effect of reduced contact areas.

Extrusion Width w = The effect of the extrusion width is analogous to the layer
height. However, a wider line at a constant layer height would
lead to better contact, which again will be ignored by milling
the surfaces.
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Deposition Speed The deposition speed also directly impacts the volumetric out-
V4 put rate, with higher speed depositing more material and thus
more heat. It can be controlled over a wide range during pro-
cessing but should stay constant to ensure quasi-stationary
conditions.

Volumetric  Heat Finally, the volumetric heat capacity of the material itself is an

Capacity of the Ma- influencing factor, though typically not easily modified with-

terial p X ¢, out affecting the intended application of the part. As standard
reinforcement, carbon fibres have higher density but lower
heat capacity than polymers like PEEK.

All these parameters positively impact the enthalpy deposition rate, except for the am-
bient temperature, which will not be controlled. The volumetric heat capacity of the ma-
terial will also not be varied as it is typically not a process parameter that can easily be
changed. Results are always compared with the same or at least a similar material to
eliminate any impact.

4.2.3 Interactions between Thermal and Flow Effects

From the previous two chapters, it is clear there are several interactions between the
thermal and flow effects. When optimising process parameters for one, there is likely to
be an impact on the other, making the process-property relationships complex.

For example, while designing the fibre alignment at its maximum to optimise for
strength or CTE along X, one would try to maximise deposition speed and minimise
layer height, line width and nozzle diameter. However, this would negatively impact the
enthalpy deposition rate and, therefore, likely the layer bonding.

However, designing the process for both can succeed if the whole picture is considered
and the impact of each process parameter on the flow and thermal effects and their effect,
in turn, on the material properties are understood.

This would give a foundation to design the process to match the requirements of the
process and tailor material properties as needed, contributing to the industrial adoption
of MEX as a production technology.

4.3 Material Selection, Sample Preparation,
Methods & Equipment (MSME)

This chapter will outline the materials, sample geometry and preparation, and equipment
used for each of the experiment sets in chapter 5 separately.

As the work occurred in the context of aerospace research, the material was chosen as a
carbon fibre-reinforced PAEK due to its relevance in current and potential for future
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applications. While initial material flow investigations are done on an easy-to-process
and cheap standard FFF filament material, PETG, the aim is to validate the results on
the PAEK.

4.3.1 MSME for Material Flow and Fibre Alignment Be-
haviour

This study is a combination of work published in studies that have undergone peer re-
view in “Polymers” by MDPI, Basel, Switzerland, [131], [132].

The first part of the study based on FFF used the following setup:

A 20% carbon fibre-reinforced PETG filament by “Formfutura” named “CarbonFil” was
used. High fibre content was chosen to maximise the effect of changes in fibre alignment
on material properties, and an amorphous matrix was chosen to minimise crossover ef-
fects from matrix welding. A high fibre content was expected to give a more accurate
result when measuring fibre misalignment, as more fibres would be visible in the cross-
sections.

The “CarbonFil” material was dried for five hours at 65 °C before printing the specimens
and kept in a box with a moisture absorber during printing. According to the manufac-
turer data sheet, the material has a density of 1.19 g/cm?®, water absorption of 0.13%,
tensile strength of 52.5 MPa, tensile modulus of 3800 MPa and Vicat softening temper-
ature of 85 °C at 0.455 MPa. Print temperatures are recommended at 230 to 265 °C for
the extruder and up to 85 °C for the print bed.

Specimens were printed on a modified delta printer based on a Tevo, China, “Little
Monster” running on a “Duet2” control board by Duet3D Ltd, Peterborough, UK, with
an E3D-Online, London, UK, “Volcano” hot end with 60 W heating power and a type
K thermocouple for temperature control using stainless steel nozzles. The build chamber
was enclosed with 4mm PMMA sheets but not heated. The print bed was heated with a
400 W silicone heater controlled by a 100 k€ thermistor underneath a glass plate. Tem-
peratures were set at 265 °C for the extruder and 75 °C for the print bed, within the
recommended range. The extruder temperature was chosen as high as possible to mini-
mise the viscosity and allow maximum material flow. The bed temperature was high but
below the Vicat softening temperature to ensure bed adhesion and allow the material to
solidify and stabilise the extrusion lines.

Samples were produced by printing one cube of 35 mm sides of a single extrusion line
wall for each of the 30 parameter sets. All parameter sets of the same nozzle diameter
were nested and printed simultaneously. This ensures the previous layer cools suffi-
ciently and maintains its shape before the next layer is extruded, ensuring all samples
are printed under consistent conditions. To identify the cubes after printing, each was
printed with the experiment number embossed on one of the sides by 0.1 mm, which
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was visible after printing. They were printed as single walls to avoid interactions be-
tween the extrusion lines within a layer.

After printing the cubes, the first analysis step was surface scanning using a Keyence,
Osaka, Japan, VR500. This 3D scanner with a measurement accuracy of height profiles
of £2.5 um was used for the extrusion line shapes and wall surface roughness. Width
accuracy was £2 um, used for measuring the actual line width. The extrusion line was
scanned in the XY plane, and the walls of the cubes were in the XZ plane. This method
allows for measuring the width, height profile, shape of the extrusion line, and their
effects on the surface roughness of the walls. The surface roughness is influenced by the
layer height and artefacts that may occur due to unstable extrusion. Using automated
batch analysis and edge detection of the scans to orient the specimens in the measure-
ment ensured that the surface roughness measurements in XZ were always performed
on the same area in the same central region of the wall, leaving space for the corners.
These measurements were performed to ensure process stability when selecting the pa-
rameter sets of highest and lowest fibre misalignment by ensuring the processes were
also stable and repeatable.

3D scans determine height maps. The layer lines influence uneven structure. This is a
repeating surface waviness rather than random roughness. However, surface artefacts
caused by unstable extrusion lines can significantly add roughness. This is an actual
roughness, as the artefacts result from sharp, jagged edges of unstable extrusion lines.
Figure 4-1 shows three examples of surfaces with colour-coded height profiles.

0.2mm

0.16

0.08

-0.08

-0.16

-0.2

Figure 4-1: Examples of surface roughness in scans

After scanning, one of the walls was cut from the cube and embedded in epoxy resin.
This was ground and polished to obtain cross-sections of the XY plane for fibre orien-
tation and the XZ and XY planes to confirm that the fibre orientation was mainly in the
XY plane, as expected and reported in the literature [76]. This was the case.
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The orientation of the individual fibres within the extrusion line was measured to meas-
ure the fibre misalignment. For this, microscope images were taken of the polished
cross-section using 10x magnification and multiple image alignment on an “Olympus
BX41M” incident light optical microscope by Evident, Tokyo, Japan, to show the entire
width of the extrusion line.

A Python 3.9 program was used to measure the orientation of the individual fibres,
which:

e  Transformed the image colours into a grayscale.

e A threshold was applied to transform the grayscale images into a binary of
white fibres and black surroundings.

e Identified objects of white pixels and applied a threshold to delete smaller ob-
jects to filter and remove reflections of scratches or particles. In this case, a
threshold of 21 pm? was used.

e  C(Calculated the object location to calculate the length of the main axis, the
width perpendicular to it and orientation.

e It then classified the objects into fibres and large particles by considering ob-
jects with a length-to-width ratio of 3:1 a fibre and everything else a particle.

e Finally, it outputs the length and orientation distribution of the three classes,
objects, fibres and particles, to create plots of different statistical visualisa-
tions, such as histograms and cumulative curves, and save the data of the ob-
jects.

As the histograms of the individual fibre orientations from the X axis proved to be nor-
mal distributions around the X axis, the misalignment of fibres can be described using
the standard deviation of the distribution. This was repeated at three cube positions to
consider local variations, and the results were averaged for the fibre misalignment.

After the experiments, the parameter sets with the highest and lowest fibre orientation
and a stable extrusion process were chosen to print tensile test specimens for testing
along X and Y using digital image correlation (DIC) to observe the strain. All cubes and
tensile test specimens were printed from the same roll of material to avoid differences
between batches affecting the results. This was to investigate the effect the fibre misa-
lignment can have on the mechanical properties over tensile specimens as a whole, but
also at the level of individual extrusion lines using the strain field to visualise the extru-
sion line interfaces when testing along Y.

Three specimens were printed with each parameter set, and for each testing direction, X
and Y. Specimens were printed without perimeters around the outside using only parallel
lines to avoid having perimeters Y specimens influencing the mechanical properties.
Dimensions were 150 mm % 24 mm X% 2.4 mm in X X Y x Z. Width, and height were
chosen to allow for a whole number of lines and layers to be printed for both parameter
sets. The specimens were smoothed with 240-grain sandpaper. Twelve specimens were
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airbrushed on the surface with a stochastic black-and-white pattern that could be ob-
served using DIC. The universal test machine was a “100 kN UPM” by Hegewald &
Peschke, Neu-Ulm, Germany, using a 10 kN load cell. DIC was performed using a
GOM, later acquired by Carl Zeiss 1QS Deutschland GmbH, Oberkochen, Germany,
“ATOS Capsule” in “Aramis “mode. For the stress-strain curves, a virtual extensometer
was calculated in DIC over a length of 25 mm. The strain field was also calculated and
used to check for local differences in strain of the specimens.

Data from the LFAM process was later collected when the samples for Fusion Bonding
of Pseudo-Amorphous Polymers at Low Temperatures were produced as part of those
samples. A description of the materials and machines is part of 4.3.3 and is included
there.

4.3.2 MSME for Mechanical Relaxation Time and Inter-
layer Bonding

The study was published and has undergone peer review in “Polymers International” by
John Wiley & Sons, Inc., Hoboken, USA, [133]. The description of materials is taken
from there and reduced to the relevant section.

The materials used in this study were supplied by Victrex plc, Thornton Cleveleys, UK,
and have been designed for AM. Compared to PEEK for injection moulding, the PAEKs
for AM have lower melting points and, more importantly, a considerably slower crys-
tallisation behaviour, showing pseudo-amorphous behaviour. A slowly crystallising and
an intermediately fast crystallising PAEK are used as unreinforced filaments for small-
scale trials.

For large-scale printing, the slowly crystallising material is compounded with 20% short
carbon fibre reinforcements and is processed in 3D printing directly from pellets.

As reference materials, Victrex's y : o TR
450G PEEK is used for the unrein- " ’/ i I !‘ Il I \\\\\\“‘
forced filaments, and the 30% car- '
bon fibre-reinforced version
450CA30 is used for large-scale
AM. These reference materials have
been well documented in the litera-
ture, which allows comparability to
previous studies. Figure 4-2 shows,
from left to right, the slow crystallis-
ing PAEK, the intermediate crystal-
lising PAEK and the fast-crystallis-
ing reference 450G PEEK. The
slower the materials crystallise, the more transparent and darker they appear due to the
lower crystallinity. They are described in Table 4-3.

Figure 4-2: Filament materials used for the validation
of hypothesis 2
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In contrast to the AM materials, they have a fast crystallisation behaviour, initially in-
tended to shorten the cycle time for injection moulded parts. The intermediately fast
crystallising material has since been brought to market under the Victrex trade name
AM200.

Table 4-3: List and description of materials used in the study for hypothesis 2

Polymer Crystallisation Melt- Type
speed ing
point

Victrex High 343 °C Commercial general-purpose
450G PEEK grade, in filament form
Victrex High 343 °C | Commercial PEEK compound, with
450CA30 30% chopped carbon fibre, in pellet

form
Victrex Intermediate 304 °C | Commercial AM-specific polymer in
IC-PAEK/ filament form. Based on PEEK-
AMZ200 PEDEK copolymer
Victrex Low (Slow Crys- | 310- Development Type AM-specific
SC-PAEK tallising, SC) 330 °C | polymer, in filament form. Based on

PEEK-PEDEK copolymer
Victrex Low 310- Development Type AM-specific
SC-PAEK- 330 °C | compound, in pellet form. Based on
20%CF PEEK-PEDEK copolymer with 20%
carbon fibre

Comparative DSC measurements of the materials at 10 K/min show a clear difference
in their crystallisation speed in Figure 4-3. The 450G reference (black line) crystallises
at a much higher temperature and in a sharper peak than the intermediate crystallising
(blue), which in turn is at a higher temperature and sharper peak than the slow crystal-
lising PAEK (green). The red line is the 20% carbon-filled slow crystallising PAEK,
showing that the fibres don’t accelerate the crystallisation but reduce the enthalpy as less
polymer is in the same weight. This was unexpected, considering carbon fibres are
known to affect PEEK.
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Figure 4-3: Measured at 10K/min
The characteristic temperatures for the three materials are listed in Table 4-4 below:

Table 4-4: Characteristic temperatures of the materials of Hypothesis 2

SC-PAEK IC-PAEK 450G
T, (Onset) (°C) 152 151 143
Ty (°C) 310 303 343
T, (°C) 238 249 292

All materials were dried before being printed to remove any absorbed humidity, and the
pellet materials were also annealed at 180 °C for at least six hours. The filaments were
dried in a convection oven and removed just before printing while stored in a cardboard
container with a moisture absorber. The pellet materials in a Vismec, Padua, Italy, DP80
dryer and fed directly to the single screw extruder by an air conveyor. As the effects on
the interlaminar strength are expected to be most significant for larger differences in
crystallisation speed, 450CA30 and the fibre-reinforced compound of the slow crystal-
lising PAEK were used for the experiments on the large-scale printer after initial trials
on a filament printer showed promising improvements to the interlaminar bond strength.

The samples used for mechanical testing by three-point bending were produced on two
machines. Initial small-scale tests on the unreinforced polymer were conducted on the
delta-type filament printer mentioned in the previous chapter. A wall of 60 mm width
and 80 mm height by 5 mm thickness is produced, out of which five specimens are cut
in the Z direction and then polished on all sides to avoid effects caused by the surface
roughness. Extrusion line dimensions were 1 mm extrusion width by 0.4 mm layer
height extruded at 450 °C onto a heated printing bed at 150 °C for the first layer, which
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then cooled to 135 °C for the following layers. The deposition speed was set to complete

a layer in 10 s, resulting in a print speed of 40 mm s™".

Specimens from the large-scale system were produced by printing a cube of 300 mm
wall length and 16 mm wall thickness on an AM Flexbot by CEAD Group B.V., Delft,
Netherlands, with a G25 extrusion unit, consisting of a single screw extruder with 25
mm screw diameter and a five cc volumetric gear pump for accurate material dispensing,
using a 6 mm nozzle and printing an 8 mm wide extrusion line with 2 mm layer height
using a Comau, Turin, Italy, “NJ130-2.0” robot run by a Siemens, Munich, Germany,
“Sinumerik 840D” in a 5 X 4.5 m double-walled laser protection cell.

The printing speed was reduced to complete a layer in 60 s to indicate the strength
achievable in larger prints. For this, the printer was programmed with a maximum speed
of 200 mm s—1, but the slicer was allowed to reduce the speed where necessary to ensure
a layer time of 60 s, which resulted in a print speed of 32.5 mm s™! for the walls. The
extrusion temperature was 405 °C on a heated printing bed at 105 °C. The wall thickness
was chosen to increase the printing speed to a more realistic value and to consider the
influence of neighbouring extrusion lines on the temperature. The walls were then cut
into plates that were machined smooth, and specimens were cut from them in the Z di-
rection using a CNC mill to test the interface between the layers. They were tested on
the same universal test machine described in the previous chapter.

Specimens were cut from a cube or wall rather than be printed individually as the result-
ing mechanical properties depend on the print geometry, with a constant cross-section
giving more reliable results [134]. A wall was chosen in the FFF setup as printing an
entire cube would require significantly longer layer times and more material.

All printed parts were annealed at 200 °C for two hours after printing to ensure complete
crystallisation in the specimens and make differences in strength directly relatable to
layer interfaces rather than different degrees of crystallinity, which also influence the
mechanical properties [135]. The already separated walls were placed on an 8§ mm alu-
minium plate, vacuum bagged, and maintained under vacuum the entire time while in
the oven before being machined into the test specimens. Specimens for mechanical test-
ing by three-point bending were 80 mm long, 4 mm thick and 10 mm wide per DIN EN
ISO 178 and tested on a Hegewald & Peschke 250 kN universal test machine with a span
of 64 mm at a testing speed of 2 mm/min using a 20 kN load cell.

The modelling of the degree of healing requires information on three aspects: the inter-
face temperature at which the bonding occurs, the corresponding welding time at this
temperature, and whether the material is amorphous or semi-crystalline, which deter-
mines whether healing can occur. The temperature is determined by a thin type K ther-
mocouple with 0.08 mm wires (Omega SSRTC-TT-KI-40-1M) placed between the lay-
ers during printing.

To measure the onset of crystallisation, a PerkinElmer DSC8500 was used, which can
achieve cooling rates of up to 750 K/min. This allows the crystallisation to be recreated
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at the cooling rates measured during the additive extrusion process of the specimens.
The thermal history measured during printing is used and programmed into the differ-
ential scanning calorimeter.

The welding times are determined by measuring the mechanical relaxation time and fit-
ting the measurements with a VFT law, as previously introduced. The samples for the
rheology experiments had the shape of a disc with a diameter of 25 mm and a height
of 1.1 mm. They were produced by FFF. Oscillatory frequency sweeps in a plate-plate
measuring system with a heated measurement chamber on an MCR302 rheometer by
Anton Paar, Ostfildern, Austria, were used to determine the complex viscosity. The sam-
ples were first heated above the melting temperature, then cooled to the measurement
temperature and the frequency sweep was performed from high to low frequency. This
was done from high to low measurement temperatures, starting at 360°C and reducing
it until the measurement could no longer be completed before crystallisation set in.

The curve fit function of Python’s “SciPy” library was used to determine the A and B
coefficients of the Vogel-Fulcher law; T, was chosen as the onset of the glass transition
during heating.

4.3.3 MSME for Fusion Bonding of Pseudo-Amor-
phous Polymers at Low Temperatures

The study was published and has undergone peer review in “Polymers” by MDPI, Basel,
Switzerland [132]. The description of materials is taken from there and reduced to the
relevant section.

The material used is a 30 wt.% short carbon fibre-reinforced PAEK developed for AM
by Victrex, the same base polymer as in the previous chapter before but with higher fibre
content. The material was dried for at least eight hours at 120 °C in the DP80 dryer and
fed directly to the single screw extruder by an air conveyor. The AM Flexbot, described
previously, was used to manufacture the samples.

An 8 mm brass nozzle was used for printing. The heat zones were set to 330 °C and 350
°C for the first two, with the remaining three zones (extruder zone 3, gear pump, and
nozzle) set to the values of the design of experiments. The print bed was heated to 100
°C, and the machine was enclosed in a protective cell that maintained an average ambient
temperature of 31 °C (minimum 25 °C, maximum 33 °C) during printing; the ambient
temperature for each print was recorded.

Sample geometry was chosen as cubes with 300 mm edge length, and corners rounded
to 50 mm radii in the printing plane, printed in a spiral mode. This yielded 200 mm by
300 mm flat plates on each side for sample preparation and allowed the extrusion under
almost stationary conditions.

For this, the cubes were separated into the four side planes. One was used for coupons
for fibre orientation analysis, and two were used to make coupons for mechanical testing
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by 3-point bending. The coupons for mechanical testing were cut on one along X and
the other along Z. This allowed for testing of fibre-dominated behaviour along X and
matrix-dominated behaviour along Z. The fibre alignment and porosity analysis speci-
mens were cut so the XY and YZ planes were visible, and fibre alignment was deter-
mined in XY and porosity in YZ. The remaining plate had the thermocouple inside and
was used for DSC analysis samples. The crystallisation was then reproduced with the
respective cube's material and approximate thermal history.

Coupons for mechanical testing were machined from the plates by machining both sides
of the plate flat to remove layer lines and then cutting the specimens by contour milling.
The resulting coupons were smooth on all sides to avoid the notch effects of the layers
influencing mechanical characterisation and provide a homogeneous specimen shape
throughout extrusion width and height settings. Flood cooling minimises the tempera-
ture increase during milling, which could weld the layers and affect the measured layer
bonding. Samples were dried and then conditioned at 23 °C and 50% humidity for at
least 48 h and kept in the climate chamber until their testing.

Mechanical testing was performed by 3-point bending on a universal test machine, a
UPM250 by Hegewald & Peschke. The loads were measured using a 5 kN load cell, and
deflection was measured using a DK830SLR extensometer by Magnescale, Tokyo, Ja-
pan. Conditioned specimens were removed from the climate chamber as a set and im-
mediately tested. Six specimens were evaluated per orientation for each parameter set.

For the additional data for the fibre alignment, cross-section microscopy samples were
embedded in transparent epoxy resin for stabilisation before polishing. Polishing was
conducted in steps on a water-lubricated disc grinder using silicon carbide sandpaper in
grit steps of 180, 320, 800, 1200, 2400, and 4000 to achieve scratch-free surfaces for
analysis. The cross-sections were recorded on an Olympus BX41M incident light optical
microscope with a 10x magnification and automatic multiple-image alignment to record
the entire extrusion line width in one image. Five specimens were imaged per parameter
set. Analysis was conducted using the greyscale analysing program previously de-
scribed.

The temperature of the part during the printing process was recorded in two ways. An
infrared camera, a Teledyne FLIR, Wilsonville, USA, a325sc, was positioned to observe
the printed specimens horizontally. Additionally, thermocouples were introduced into
the print by placing them on top of a printed line and holding them in place. At the same
time, the next layer was deposited on top and solidified, fixing the thermocouple in
place. The measurements yielded a surface and core temperature for the printed lines.
They were used subsequently to analyse assumed surface-temperature-based bonding
between layers and core-temperature-based crystallisation of the polymer by replicating
the measured thermal history.
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DSC measurements were performed to accurately recreate the LFAM process’s thermal
history. The DSC measurements were performed to investigate the occurrence of crys-
tallisation during the cooling cycle and determine if the behaviour was pseudo-amor-
phous.

The thermocouples introduced during printing provided time-continuous temperature
data that allowed the replication of the three distinct cooling phases experienced by the
material during printing.

The three cooling phases consisted of the following:

1. Quench-cooling: After extrusion, the fresh molten material immediately comes
into contact with the print surface, leading to rapid quench-cooling. During this
phase, the material was rapidly cooled to an elevated temperature slightly below
the extrusion temperature. In Figure 4-4, this corresponds to the drop in the ex-
trusion temperature of 350 °C to the maximum recorded temperature of 260 °C.
This occurs within 15 s from the first onset temperature increase at —15s and
corresponds to a 360 K/min cooling rate in this example.

2. Fast Cooling: Once the layer was deposited and free on three sides, fast cooling
occurred to a second, lower temperature at time 0 to 90 s in Figure 4-4 to 170
°C. In the example shown, cooling rates during this phase were between 60 and
120 K/min at a relatively low rate of 60 K/min compared to the other experi-
ments.

3. Slow Cooling: After the next layer was deposited, after a short increase in tem-
perature, the cooling rate of the material, now only free on its sides, was reduced.
This slower cooling phase could provide sufficient time for the material to crys-
tallise if the transition to the slow phase occurred at a high enough temperature.
In the example, cooling rates in this phase were lower than 25 K/min, from 120
s onwards at, on average, 15 K/min until 360 s.
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Figure 4-4: Example of a cooling curve in LFAM

To recreate the three observed cooling phases, the PerkinElmer DSC8500 was used
again.

The cooling profiles were set to begin after a five-minute isothermal step at the extrusion
temperature with a so-called “ballistic cooling” step in the instrument settings, which is
uncontrolled cooling at the maximum achievable rate of the instrument to the first target
temperature. From there, constant cooling occurred at the average rate of phase 2 to the
temperature at which the next layer was deposited, determined by the lowest temperature
measured by the thermocouple before the spike in temperature from the deposition. The
last cooling step was conducted with the cooling rate determined by the pre-deposition
temperature and the temperature recorded three minutes later. The sample was cooled at
this rate until 120 °C, below the glass transition temperature. At that point, no more
crystallisation was expected, and it was held there in a two-minute isothermal step, al-
lowing the sample and instrument to settle before beginning a heating cycle at a constant
20 K/min to the extrusion temperature.

During cooling, the temperatures of onset, peak, and end of crystallisation were ob-
served. During heating, the melt enthalpy of crystals formed was determined. As the
DSC is only calibrated for one heating rate, the temperatures determined during the cool-
ing cycles may be less accurate than those specified during heating. However, as crys-
tallisation generally occurred during the last stage of cooling at rates lower than 25
K/min, and the instrument was calibrated for the 20 K/min of the heating cycle, the
expected error is smaller than 1 K, which was accepted.



5 Experimental Results and Discussion

5.1 Material Flow and Fibre Alignment
Behaviour

The first hypothesis was that the fibre alignment during MEX can be predicted using
Jeffery’s equation, with the sub-hypothesis that a significant shift in fibre alignment due
to flow conditions will influence the mechanical properties relative to the extrusion di-
rection.

5.1.1 Fused Filament Fabrication Experimental Re-
sults

The results of the chapter were part of a previous publication [131] and have undergone
peer review, as mentioned in 4.3.1.. A detailed table of all results can be found in the
publication. The identified relevant parameters of chapter 4.2.1 were the nozzle diameter
D, layer height h, extrusion line width w and deposition speed v,. For the first experi-
mental set, these were varied in the FFF process using the described 20% carbon fibre-
reinforced PETG. Extrusion line width and layer height were chosen relative to the noz-
zle diameter rather than in absolute values to avoid extrusion line widths smaller than
the nozzle or layer heights larger than the nozzle.

An extrusion width of 100% of the nozzle diameter results in a flow similar to the planar
flow described in [77], [79], while a 200% extrusion width has a strongly divergent flow.
Based on previous experiments, layer height was chosen by experience, where values
larger than 60% of the nozzle resulted in poor contact with the last layer. The lower limit
was dictated by the printer’s step resolution of 0.08 mm and smallest nozzle of 0.4 mm,
giving a minimum layer height to nozzle diameter of 20%.

Deposition speed was chosen low to ensure even large extrusion lines could be printed
at maximum speed without overloading the extruder or hotend.

The parameter limits were as follows in Table 5-1:

Table 5-1: Parameter settings for Hypothesis 1 experiments

Parameter Lower Limit Upper Limit

Extrusion line widthw /D | 100 % 200 %

67
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Layer height h /D 20 60 %
Nozzle diameter D 0.4 mm 0.8 mm
Deposition speed v. 15 mm/s 25 mm/s

This resulted in a shear rate between -45 and 236 s7!, calculated according to equation
3-6, though the sample printed at 236 s™' failed during printing. The highest shear rate
among successful prints was 157 s

The fibre alignment inside the filament was also measured as inlet orientation and found
to have a standard deviation of only 5.4° from the extrusion direction, indicating very
high alignment.

Scans of the line surface in the XY plane and the cube walls showed that the shear rate
had a visible impact on the extrusion shape. For this, one of the edges was selected, and
a perpendicular height profile was measured and averaged with five offset profiles in
each direction for 11 measurements.

Shear rates <23 s7! lead to a convex top surface of the extrusion line, as can be seen in
Figure 5-1 below.

5,000

Figure 5-1: Example of an extrusion line with a convex shape

This extrusion shape led to walls where the ridges were visible and determined the sur-
face structure, with the height map showing the lines clearly as well as shown in the side
view of the above example shown in Figure 5-2. The surface had regular repeating pat-
terns due to the ridges. Surface roughness S, was 21.26 um.
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Figure 5-2: Side view and height map of a convex line type

Shear rates between 23 and 70 s™' led to a change in extrusion line shape to a concave
top surface, as can be seen Figure 5-3 below:

2,500

Figure 5-3: Example of an extrusion line with a concave shape

This extrusion shape led to walls where the ridges were still visible in the surface struc-
ture, but the height map shows many artefacts that appear, almost as noise. The surface
was still relatively smooth, and the artefacts hid the layer lines, as can be seen in Figure
5-4. Surface roughness S, was 34.6 pm, meaning that, even though the surface appears
more even, it is rougher than the previous example with convex lines and clear layer
lines.
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Figure 5-4: Side view and height map of a concave line type

Shear rates larger than 70 s™! led to another change in extrusion line shape to a jagged
top surface, where material appeared to be torn off the line in regular intervals, as can
be seen in an extreme example in Figure 5-5 below:

0,000 e

2,500
0,000mm

Figure 5-5: Example of an extrusion line with a jagged shape

This extrusion shape led to walls that were covered in artefacts that were very rough and
irregular. The artefacts seemed to accumulate to form diagonal lines, likely where torn-
off material adhered to jagged edges of the layer below. The layer lines were no longer
visible, as can be seen in Figure 5-4. Surface roughness S, was 72.3 um, significantly
higher than in the previous examples.
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Figure 5-6: Side view and height map of a jagged line type
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In the first publication [131], the shear rate was not yet considered, only the process

parameters. Plotting the measured line roughness R, of the walls along the layer lines in
X over the shear rate, as in Figure 5-7, shows a weak trend of higher shear rate leading
to higher average roughness. The line roughness along the extrusion direction is

independent of the layer height.
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Figure 5-7: Line roughness of walls along X over shear rate
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The surface roughness does not trend with the shear rate, as the artefact roughness over-
shadows the layer lines. However, clustering the results by layer height shows two dif-
ferent trends in Figure 5-8. The surface roughness decreases with increasing shear rates
for low shear rates and high layer heights. The surface roughness increases with increas-
ing shear rates for high shear rates and low layer heights. With an apparent optimum
between trends right around the changeover point of convex to concave extrusion line

shapes at ~23 s7'.
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Figure 5-8: Surface roughness of walls over shear rate by layer height cluster

For the measurement of the fibre alignment, cross-section micrographs were made in the
XY plane and the individual fibre orientations were measured from their orientation in
the plane. All orientations were then plotted in histograms, and the standard deviation
of the resulting normal distribution was used to quantify the fibre alignment of the group
of fibres. A high value indicates poorly aligned fibres and a low value indicates high
fibre alignment.

The 23 s-1 window for convex extrusion was assumed as a both-sided ideal state from -
23 to +23 s, even though the lower bound did not directly affect surface roughness or
shape. However, the side walls of experiments with lower shear rates did show noise-
like artefacts, similar to high shear rate samples. This can be seen in Figure 5-9 below
for the two low shear rate experiments with -45 and — 27 s7!, respectively:

Figure 5-9: Side view of both experiments with a shear rate <-23 s*

Figure 5-10 shows two examples of the images and resulting fibre distributions of ex-
periments having a shear rate of +17 s™! and -16 s™!, both having a convex shape and
being within the £23 s window.
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Figure 5-10: Examples of highly aligned and more random fibre aligned fibre distributions in mi-
crographs and the resulting distribution

Extracting the fibre orientations of all experiments and plotting them over the shear rate,

clustered by their extrusion shape, yielded Figure 5-11, showing again three different

behaviours.
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Figure 5-11: Fiber orientation over shear rate in extrusion-shape clusters

While the convex-shaped extrusion lines showed a high correlation with the shear rate,
the convex ones showed only moderate correlation and an increased fibre misalignment
at the 23 s mark. The jagged extrusion lines showed no correlation with the shear rate
at an almost constant level. The standard deviation increases noticeably for negative
shear rates. This may be due to different fibre alignments inside the extrusion line over
its height, leading to different results based on the cross-section position.

The absolute minimum of all measurements was 5.5°, only slightly above the filament
at a shear rate of 61 s™'; the minimum measurements of low positive shear rates ranged
between 6.6 and 8.7 s7!, also indicating excellent fibre alignment. The highest measured
misalignment value was 39.6°, representing almost random distribution at a shear rate
of -22 s™! at the edge of the considered window.

The change in correlation and extrusion shape may indicate that while Jeffery’s equation
1s valid at low shear rates, other effects come into play at high shear rates. This limit will
likely depend on the material viscosity and the shear forces introduced by the passing
nozzle and the material being sheared between the fixed layer below and the moving
nozzle above. As the viscosity of thermoplastics decreases with increased melt temper-
ature, a higher extrusion temperature may allow for higher shear rates. On the other
hand, this may also affect fibre orientation, reducing the alignment at lower shear rates.

A setting at -16 and +17 s! was selected for mechanical testing, almost symmetrically
inside the window and with an average length weighted fibre alignment of 30.1 and 8.2°,
respectively. Both parameters’ sets were printed with a 0.8 mm nozzle, eliminating in-
fluence factors from different internal shapes. These are the samples also previously
shown in Figure 5-10.

The parameter sets are listed in Table 5-2:
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Table 5-2: Parameter sets for tensile test specimens

Width Layer Height Deposition Nozzle Diam-
Speed eter
Aligned 100% x D 60% x D 25 mm/s 0.8 mm
Random 200% x D 60% x D 18.3 mm/s 0.8 mm

The resulting stress-strain-curves are shown in Figure 5-12.
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Figure 5-12: Stress-strain curves of the highly aligned (8.2°) and almost random (30.1°) parameter
sets

The highly aligned specimens have significantly improved stiffness and strength along
the extrusion direction compared to the almost random specimens, with the strength of
the aligned specimens being 70% higher and stiffness 117% higher than the random
specimens. Strain at break is significantly larger for the random specimens, with aligned
specimens achieving, on average, only 57% of the average strain at break for randomly
oriented specimens. The toughness along X of both samples interestingly was much
closer together with 953.85 and 1051.29 J/mm? for the highly aligned and random spec-
imens, respectively, the aligned achieving about 93% of random specimens. The vari-
ance between specimens was very small, indicating that both process parameter sets
were stable.

The effect in Y, however, shows almost no difference, with the random fibre orientation
not contributing to stiffness or strength along Y and both values lower than their highly
aligned counterparts.
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Table 5-3: Results of tensile tests on FFF specimens

Strain at Strength in Modulus in Toughness in

Break in % MPa MPa J/mm?
Aligned in X 2.17 56.80 7328.39 954.85
Random in X | 3.81 33.47 3375.88 1051.29
Aligned in Y 1.51 20.74 1759.86 180.68
RandominY | 1.95 19.58 1750.65 253.66

The results are visualised with their standard deviations in Figure 5-13 below:
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Figure 5-13: Results of tensile testing on FFF specimens
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While DIC of the strain field showed homogeneous strain along X in Y it showed local
strain patterns that are shown in Figure 5-14.

(%)
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Figure 5-14: DIC of Strain fields of highly aligned (top) and random (bottom) specimens at 1%
total strength

The strain fields both show local maxima and minima along the edges of the toolpath,
but while the highly aligned specimen at the top is overall close to the average value of
1% strain, the lower specimen shows significantly more differences in local strain, with
some of the maxima and minima reaching across the entire width almost uninterrupted.
Figure 5-15 shows a sketch of the toolpath that aligns with the maxima and a close-up
of the edge region, clearly showing the turnaround points of the toolpath and regions of
lower strain between the extrusion lines.
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Figure 5-15: Sketch of toolpath and close-up of maxima on edge

In the highly aligned sample, this continuity of strain maxima is not visible. The maxima
also align in parallel lines, but the occurrence is much more sparsely distributed and
never continuous across the sample width. Also, turnaround points on the edge are not
clearly visible. This may, however, be due to the strain difference being smaller.

Edge effects in the near-random specimens lead to higher fibre alignment at the edges
of the extrusion line. This local difference in alignment appears to translate onto the
strain field, with the aligned fibres restricting the matrix at the extrusion line edges and
the near-random distribution in the core, allowing the matrix to stretch more freely.

Extrusion parameters clearly impact fibre orientation and, thereby, material properties
significantly. The parameter sets selected for tensile testing differed only in extrusion
line width and material flow velocity, tripling the misalignment. Thereby reducing the
stiffness by more than half and strength by just over 40% but increasing strain at break
by over 75%, slightly increasing the material toughness when tested along the extru-
sion direction X. Perpendicular to the extrusion lines within the layers along Y, the dif-
ference in fibre alignment had less impact on the mechanical properties on a macro-
scopic scale. However, the strain fields showed that the local elastic moduli were af-
fected, and fibre misalignment led to a much more inhomogeneous strain field. Macro-
scopically a higher fibre misalignment reduces the anisotropy between X and Y, yet
this is achieved by sacrificing strength and stiffness in X without improvement along
Y.

5.1.2 Large Format Additive Manufacturing Experi-
mental Results

As introduced in chapter 3.1.2, Fiber Alignment in Fluid Flow, and visualised in Figure
3-2, the typically larger nozzle diameters used in LFAM and lower deposition speeds
result in much lower shear rates. The underlying process, however, is the same, and the
same relationship observed for FFF is expected to apply. The chapter results were part
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of a previous publication [132] and have undergone peer review, as mentioned in 4.2.1.
A detailed table of all results can be found in the publication. The factor range for the
LFAM experiments was as follows in Table 5-4 below, with deposition speed and shear
rate not actively varied but resulting from the other factors, and nozzle diameter con-
stant:

Table 5-4: Factor range of the LFAM experimental results on fibre alignment

Parameter Lower Limit Upper Limit

Line Width w 8 mm (100% D) 120 mm (150% D)
Layer Height h 2 mm (25% D) 4mm (50% D)
Extrusion Temperature 350°C 400°C

Tex

Layer Time t; / (Deposi- | 40 s (27 mm/s) 120 s (9 mm/s)
tion Speed v,)

(Nozzle Diameter D) 8 mm 8 mm

(Resulting Shear Rate y) 0.25s™ 9.5s!

The extrusion temperature was added as a factor to investigate the effect of reduced
viscosity at higher temperatures on the fibre alignment. Instead of the deposition speed,
the layer time was set, as the experiments also served to produce results for quasi-amor-
phous polymer bonding, which will be presented in 5.3. The shear rate resulting from
the parameter sets was always larger than 0, as the previous results showed that, while
diverging flow can cause near-random fibre orientation, it does not benefit the Y direc-
tion. The maximum shear rate was 9.5 s™', well below the range at which the extrusion
line shape changes in FFF, though this range may be different for the used polymer, a
30% fibre-reinforced LM-PAEK, due to the higher viscosity.

Accurate assessment of the fibre orientation within the prints is crucial for understanding
the resulting mechanical properties. Computed tomography is a proven precise method
for determining the fibre orientation; however, to achieve a high resolution and identify
the individual fibres, specimens must be small, and substantial amounts of data must be
generated. This makes it impractical for the screening of sets with a high number of
parameters and large specimens. For this reason, the previously described image analysis
of cross-section micrographs was used. The core assumption is that fibres are mostly
oriented in the XY plane, and cross-sections can be made parallel. While this was the
case for fused filament fabrication printed specimens with low layer heights, it became
evident that the approach is less effective for LFAM, as the significantly higher layer
heights result in more out-of-plane fibre orientation. With regions within the extruded
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line showing significantly different fibre alignment, highly aligned around the edges of
the line and highly randomised in the core, the resulting distribution of the measurements
is strongly affected by the cross-section position inside the line. This resulted in a very
high variance in measurement results of repetitions on the same specimen and would
only have been possible to remedy with a significant additional effort to ensure precise
positioning of the cross-section, defeating the purpose of being able to analyse a large
number of samples quickly.

Determining the fibre alignment through micrographs proved susceptible to measure-
ment errors. Therefore, the results should be seen as indicative values and are only in-
cluded for completeness. A trend to more aligned fibres with higher shear rates was
noticeable and agrees with the determined fibre-dominated mechanical properties in X.
For completeness. This trend is shown in Figure 5-16 over the shear rate.
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Figure 5-16: Fibre alignment over shear rate

Overall, the experiments agree with the expectation that a higher shear rate leads to
lower fibre misalignment. However, because of the flawed measurement technique, no
conclusion should be drawn due to the high variance of measurement results. Logarith-
mic trendlines have been added for the highest and lowest extrusion temperature exper-
iments, respectively, 400 and 350 °C, which have a difference in viscosity. The trend for
lower temperatures points towards better alignment at high temperatures, which is plau-
sible, as the higher viscosity would lead to higher stress and larger aligned edge regions
in the extrusion line.

As the measurement of fibre alignment was inaccurate and unreliable, the mechanical
properties were not correlated to these measurements. Figure 5-17 and Figure 5-18 il-
lustrate that a correlation between the shear rate and the mechanical properties exists,
with high shear rates leading to high strength and stiffness. This is assumed to be due to
a higher fibre alignment. Linear trendlines were added for the experiments at 350 and
400 °C again to indicate the effect of lower viscosity. The trendline for the cooler and,
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thereby, more viscous material shows higher material strength and stiffness, possibly
due to more fibres being aligned through thicker edge regions with high alignment or
higher shear forces.
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Figure 5-17: Flexural strength along X over shear rate in LFAM
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Figure 5-18: Modulus along X over shear rate in LFAM

High shear rate values were shown to improve the flexural strength and modulus, sug-
gesting that it also helps align the fibres inside the extrusion lines. This trend fits well
with the mean values of the observed fibre misalignment.

The results show a correlation between the shear rate and material properties along X in
LFAM. Fibre misalignment was expected to strongly affect the material's mechanical
properties, but it could not be accurately measured using only microscopy. However,
high fibre misalignment leads to lower stiffness and strength along the extrusion lines.
The highest achieved strength was 51% higher than the lowest, and modulus increased
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by 103% and strain at break of the highly aligned specimens only 67% of the unaligned
specimens. This shows a strong relationship between the material properties through
different process conditions.

5.1.3 Conclusion for Hypothesis 1

The experimental results supported Hypothesis 1, demonstrating that fibre alignment
during material extrusion (MEX) can be effectively predicted using Jeffery's equation,
with shear rate as a key determinant of the final fibre orientation within the extrusion
line. The findings confirmed that the type of flow, particularly diverging and converging
flows, directly influences fibre distribution and alignment, thereby impacting the me-
chanical properties of the printed parts.

The investigation revealed distinct extrusion line shapes that corresponded to specific
shear rate ranges in FFF, convex, concave, and jagged. Convex extrusion lines formed
at shear rates below 23 s™', resulting in highly aligned fibres along the extrusion direc-
tion, with minimal misalignment. These samples exhibited superior mechanical perfor-
mance along the extrusion direction, with tensile strength and modulus improvements
of up to 70% and 117%, respectively, compared to samples with near-random fibre ori-
entations. Conversely, shear rates exceeding 70 s™' produced jagged extrusion lines,
where the extrusion process became unstable.

The data also highlighted the potential for flow-induced misalignment at negative shear
rates, confirming that converging flow conditions can lead to significant fibre reorienta-
tion perpendicular to the extrusion direction. This behaviour aligns with predictions
based on Jeffery’s equation, emphasising the sensitivity of fibre alignment to complex
shear flow interactions. While convex-shaped extrusion lines showed consistent fibre
orientation patterns, concave and jagged profiles demonstrated increased variability,
suggesting additional influences such as extrusion instability and surface effects at
higher shear rates.

The comparative analysis of different nozzle diameters, layer heights, and extrusion
widths reinforced the conclusion that interdependent factors, including flow geometry
and material rheology, govern fibre alignment. Introducing a high-fibre-content PETG
composite facilitated clear visualisation of alignment changes, confirming that fibre mis-
alignment within the extrusion line correlates strongly with mechanical anisotropy in
printed parts. These findings suggest that achieving optimal shear rates and producing
convex extrusion profiles can significantly improve mechanical properties while main-
taining process stability.

In LFAM, the significantly lower shear rates inherent to larger nozzle diameters were
associated with weaker fibre alignment trends. The experiments showed that raising ex-
trusion temperatures to reduce viscosity may reduce shear forces and, thereby, fibre
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alignment, though the effect is small over the possible range. This indicates that increas-
ing the extrusion temperature may broaden the 23 s process window for convex line
shapes.

Despite challenges in precisely measuring fibre orientation through micrograph analysis
at higher layer heights, the mechanical testing results substantiated the hypothesis,
demonstrating a clear link between increased shear rate and improved flexural strength
and modulus.

Overall, this study validates that fibre alignment can be controlled through careful mod-
ulation of extrusion parameters, particularly shear rate, as predicted by Jeffery’s equa-
tion. The experimental results underscore the importance of maintaining controlled flow
conditions to enhance the mechanical performance of MEX-printed components. These
insights provide a foundation for optimising MEX process settings to produce mechan-
ically robust parts with tailored fibre orientations, advancing the broader industrial ap-
plication of fibre-reinforced thermoplastic composites in AM.

5.2 Mechanical Relaxation Time and
Interlayer Bonding

The second hypothesis was that the mechanical relaxation time of polymers can be used
as areliable approximation for the welding time during interlayer bonding in MEX, with
the sub-hypothesis that it can be approximated over temperatures below the melting
point from measurements of the melt using the VFT relationship.

5.2.1 Experimental Results

The results of the chapter were part of a previous publication [133] and have undergone
peer review, as mentioned in 4.3.2.. Experiments began by printing the specimens for
mechanical testing and introducing the thermocouples in the printing process to capture
the thermal history. In the case of LFAM, this resulted in a cube of which three remain-
ing walls could be used for mechanical testing. For FFF, the single wall had to be re-
printed to prevent the thermocouple from interfering with the test specimens. As a re-
minder to avoid confusion, the materials are identified by a prefix SC for slow crystal-
lising, IC for intermediate crystallising and FC for fast crystallising, followed by the
chemical structure, the fibre and fibre content, e.g. SC-PAEK-CF20 is a slow crystallis-
ing PAEK with 20% carbon fibre content.

5.2.1.1 Thermal History

The thermocouple measurements are shown in Figure 5-19. Time is normalised to begin
at the first temperature peak the sensor registers when the nozzle passes over for the first
time. In later chapters, the thermal history of the large-scale printer specimens will be
approximated using the green line labelled ‘DSC Curve’.
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Figure 5-19: Interface temperature from thermocouple measurements

FFF measurements are shown in dashed lines, and LFAM measurements are in contin-
uous lines.

The large-scale printer samples SC-PAEK-CF20 and FC-PEEK-CF30 (450CA30) cool
down much more slowly than the filament-based printer samples SC-PAEK and IC-
PAEK AM?200, shown with dotted lines. This gives the large-scale printer samples up
to 10 min above the glass transition temperature, almost three times as long as the fila-
ment-based printer samples. The cooling rate from the highest temperature at deposition
to glass transition is, on average, 10 K min~! for the large-scale and 35 K min~! for the
filament-based specimens, yet the initial cooling rates between the dips and peaks are

much higher at around 100 K min™".

The initial peak temperature is lower for the large-scale samples than for the FFF sam-
ples. This is due to the shorter layer times of just about 10 s compared to the 60 s layer
time for the larger specimens. For the large-scale printer specimens, most of the time is
spent at temperatures lower than 230 °C, where the crystallisation of the polymer should
slow down again. The filament-based specimens remain between 280 and 230 °C for the
first minute.

The slower crystallising polymers cool down more slowly than their faster crystallising
counterparts; while barely visible for both the slower crystallising filament-based spec-
imens SC-PAEK and IC-PAEK, the difference is more significant for the large-scale
samples between the fast-crystallising injection moulding grade FC-PEEK-CF20 and
AM grade SC-PAEK-CF20. This is clearly visible in the large-scale printer specimens
after 5 min. However, shortly after the glass transition, the temperatures equalise. This
is probably due to crystallisation happening during the entire cool-down, releasing heat
in the AM polymer, whereas the injection moulding grade releases its crystallisation
enthalpy already at higher temperatures where the increased temperature gradient to the
environment leads to faster dissipation. This could also explain why the AM polymer
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has much more pronounced peaks and dips to lower temperatures. The large-scale curves
also show a difference just after deposition: while the slow-crystallising material has a
deep dip in temperature before rising again at 30 s when the nozzle passes the thermo-
couple for the second wall of the layer, the fast-crystallising material shows a sharp peak
between the two, at about 15 s, possibly caused by crystallisation releasing heat.

These curves will be used to further interpret bonding and crystallisation. The thermo-
couple readings are used for the lower, cooler layer as one of the bonding partners. Es-
sentially the bonding process begins when the consecutive layer is deposited on top.
Thermal imaging showed a slightly lower surface temperature in the filament-based
specimens and cooler edges of the print. The edge regions were consequently discarded
during mechanical testing.

5.21.2 DSC

The next step was to measure the crystallisation behaviour of the used materials under
constant cooling conditions. Figure 4-3 already showed the DSC curves and Table 4-4
the summarised characteristic temperatures of the feedstock materials.

By using DSC also on the printed specimens before annealing, the differences in crys-
tallinity formed in 3D printing compared to the measurements are found; they are sum-
marised in Table 5-5. The enthalpies of the fibre-reinforced materials have been cor-
rected to the polymer content. While the injection moulding material FC-PEEK-CF30 is
nearly unaffected by the increased cooling rates, the AM materials show clear changes
in crystallinity content. Hspecimen 1s the melting enthalpy of specimens after printing, Hio
K min-1 the melting enthalpy after being cooled at 10 K/min, 7w the melting temperature
and T¢ the crystallisation temperature.

Table 5-5: DSC results of printed specimens

Material T: Tm in °C (for Tcin°C Hspecimen in  Hi1o Kmin-1 in
in°C  each melting Jg 1 (erys- Jg!' (crys-
peak if multi- tallinity in tallinity in
ple) %) %)
SC-PAEK 154.21 | 293.03 233.337 | 16.44 23.43
311.24 (13%) (18%)
327.21
IC-PAEK 152.34 | 304.75 253.64 | 323 40.14
(AM200) (25%) (31%)
SC-PAEK- 153.16 | 290.73 233.10 | 26.76 23.13
<0CF 312.99 (21%) (18%)
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328.19
Reference 145.86 | 339.9 292.15 | 41.63 42.74
LFAM  FC- (32%) (33%)
PEEK-30CF
450CA30

The materials designed for AM show lower melting and crystallisation temperatures and
higher glass transition temperatures. The SC-PAEK further shows a lower overall crys-
tallinity than the IC-PAEK and FC-PEEK-CF30 after controlled cooling at 10 K min'.
The FC-PEEK-CF30 is the only material with nearly the same crystallinity after printing
compared to that after controlled cooling. In contrast, the SC-PAEK-CF20 shows a
slightly higher crystallinity after printing than after controlled cooling. The SC-PAEK
used in small-scale printing shows a very low crystallinity after printing, which is visible
in the parts as a darker, more transparent colour, indicating amorphous material. It is the
only material which shows a cold crystallisation peak in the first heating after printing
during DSC measurement.

Additionally, the large-scale printed samples were then subjected to a DSC run that em-
ulates the temperature curve measured by the thermocouple in large-scale printing from
Figure 5-19. The DSC program would heat the sample to 405 °C, hold it for 5 min and
then rapidly cool it to 230 °C using PerkinElmer's ‘ballistic cooling’ function of the
DSC, which applies the maximum available cooling rate (the effective sample cooling
rate measured was about 375 K min™! ) from 230°C onward it would do a temperature
scan at 10 K min! to 100 °C, the average cooling rate after deposition. This would give
an indication of whether the material begins to crystallise before the next layer can be
placed on top and if the material bonding can be considered amorphous during fusion
bonding, as the thermal history showed that the material remains below the melting tem-
perature once deposited.

The resulting curves show that while the 450CA30 begins to crystallise already during
the ballistic cooling, the slow crystallising material had its crystallisation onset after
122.5 s with a standard deviation of only 1.26 s and peaked at 237.5 s with a standard
deviation of 3.24 s, tested on three specimens. This shows that the crystallisation onset
is very repeatable.

Because of the onset of crystallisation of the FC-PEEK-CF30, it was assumed that it
would not fuse its layers due to already having crystallised and any interlaminar strength
developed is purely adhesive or due to micromechanical interlocking of the rough layer
surfaces. The calculated degree of healing would always be 0 as the threshold is reached
before the next layer is deposited.

The SC-PAEK-CF20 is considered amorphous for the first 122.5 s and then considered
crystalline, ending the bonding process.
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The small-scale materials were not checked by DSC due to the very short layer time and
higher temperature, resulting in less supercooling and ensuring the next layer could be
deposited before crystallisation occurred. Also, crystallisation was visible during print-
ing several layers below the printed layer by changing the colour of the unfilled polymer.

5.2.1.3 Mechanical Relaxation Time

To estimate the developed bond strength from the thermal history, the relaxation time of
the polymers needed to be determined. As mentioned above, this was done by melt rhe-
ology at temperatures above or just below the melting point, as crystallisation would
otherwise occur. The curve fit function of Pythons SciPy library was used to determine
the 4 and B coefficients of the Vogel-Fulcher law; T, was chosen as the onset of the
glass transition during heating. The parameters are shown in Table 5-6.

Table 5-6: VFT equation fitting parameters

Material A B T,
AM200 0.01383748 4.52652234 145.8
SC-PAEK 0.00787024 3.90514159 152.46

The resulting equation was then evaluated over the temperature range. Figure 5-20
shows the data points and resulting fitted curves on two scales to show both the fitting
of the points and the curve extrapolation to lower temperatures.
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Figure 5-20: Data points for relaxation times from rheological experiments and the resulting fitted
VFT curves left, detailed on the fitted points; right, extrapolation over the bondable
temperature range.
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Figure 5-21 shows the fitted curves over the process relevant range from 7,to 300°C.
Showing that the healing during the LFAM process occurs in a temperature range where
the welding process takes several minutes, whereas the FFF specimens should complete
healing within seconds or even fractions of a second. Below 200°C the welding is com-
pleted in hours and after 190°C the timescale becomes days. This illustrates how critical
the lower top layer temperature is to layer bonding, even if crystallisation can be su-
pressed.
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Figure 5-21: Fitted VFT curves on a logarithmic scale over the process-relevant temperature range

Even though the IC-PAEK has a lower glass transition temperature, the relaxation times
are longer at high temperatures giving the slower crystallising material a more favoura-
ble curve in the temperature range above 200 °C, below which the relaxation times ex-
ceed the relevant time scales. As these results were gathered before moving to large-
scale testing and the slow crystallising SC-PAEK showed both a more favourable weld-
ing time curve and slower crystallisation onset, the polymer was selected as the base for
the large-scale compound SC-PAEK-CF20 with carbon fibres. Up to this point, a very
small amount was sufficient for the material characterisation, while large-scale printing
requires significantly larger amounts even to fill the extruder.

5.2.1.4 Interlayer Healing Model

The degree of healing can be evaluated from the thermal history and fitted relaxation
times, using equations 3-24, repeated below, by integrating the increase in bonding nu-
merically and integrating overall measurements.

4 Ya
_ yWN-1 tita S D S 3-24
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Thermal history was used from the second layer onward, as the thermal influence for the
first layer on the thermocouple from the nozzle passing for the next extrusion line in the
same layer caused the temperature to peak and the degree of bonding to jump to 100%.
For the next layer, the direct nozzle influence was lower.

The crystallisation was used as a stopping criterion, ending the bonding process of the
slow crystallising SC-PAEK after 122.5 s, starting from the initial material deposition
of the layer below. Figure 5-22 begins with # = 0 when the next layer is deposited on top,
the crystallisation onset is accordingly offset by the 60 s layer completion time to 62.5 s.

100%

80%

60%

40% s e i

Degree of Healing

20% .

0%
0 25 50 75 100 125 150
Timeins
—— SC-PAEK (FFF) — IC-PAEK (FFF)
— -SC-PAEK-CF20 - SC-PAEK-CF20 (w/o cryst. threshold)

Figure 5-22: Evolution of degree of healing from the thermal history and relaxation times

The degree of bonding development without the crystallisation onset as a stopping
threshold was also calculated for completeness.

From the graphs in Figure 5-22 the following observations are made.

The slow crystallising PAEK in small-scale AM completely fuses the layers together,
achieving a 100% degree of bonding within one layer completion time of 10 s, in about
7s.

The intermediately fast and slower bonding IC-PAEK AM200 rises to about 50% degree
of healing in the first layer with bonding speed decreasing, but the heat from the nozzle
depositing the consecutive layer on top boosts the healing process, which then quickly
rises to 100% as well with the additional heat after 15 s, taking twice as long.

The large-scale samples are also influenced strongly by the heat of the nozzle, which
passes every 30 s as a layer consisted of two walls with the degree of healing increasing
steps of 30 s. These steps correlate with the peaks in the thermal history of Figure 5-19
where the temperature briefly passes over the relaxation time curve.
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After 122.5 s crystallisation ends the bonding processes at 42.54% degree of bonding. It
is also noteworthy that the second step, caused by the material deposited a layer above
the bonding interface, is larger than the initial step. This is probably due to a fast heat
loss by convection initially and then insulation by the consecutive layer. If crystallisation
is neglected, the degree of bonding will rise to 52.32%; if considered only after the crys-
tallisation peak, the degree of bonding will rise to 52.18%.

5.2.1.5 Mechanical Testing

Mechanical testing by three-point bending was chosen to evaluate the degree of bonding.
Additional to the previous AM polymers unreinforced 450G samples were printed.
These were meant to confirm that the early onset of crystallisation could not be compen-
sated for with shorter layer times or higher temperatures.

The results are shown with their standard deviations in Figure 5-23. Five specimens were
tested for each, except for the large-scale 450CA30 samples, where only three specimens
were tested because layer bonding was so low that delamination occurred in several
specimens during sample preparation. This already correlated well with the previously
made assumption that layers are not welded together but rather held together by adhesion
or surface roughness.

D

Flexural Stren

Figure 5-23: Flexural strength in Z of all printed specimens

An increase of 300% in layer strength is observable for the small-scale printer specimens
for the AM polymers compared to the 450G reference. The Z strength is as high as the
tested in-plane strength, achieving the expected 100% bonding strength. A 650% in-
crease compared to the 450CA30 reference is observable for the large-scale samples,
where the strength is lower than in the small-scale printer specimens. The 450CA30
failed adhesively between the layers, as was to be expected due to the onset of crystalli-
sation before the next layer could be deposited. As fibre alignment is mostly in the ex-
trusion direction, or at least in the layer plane, nearly the same maximum strength for
the Z direction can be achieved in FFF with the slow crystallising material. This results
in a 42.07% relative maximum strength based on the averages and 44.76% based only
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on the maximum values, which is very close to the previously calculated 42.54%. degree
of healing. The slow-crystallising material achieved higher strength on the LFAM ma-
chine than the fast-crystallising injection moulding material 450G on a small scale, even
though the temperatures were much more unfavourable.

The added carbon fibre in the compounds should have very little effect in this orientation
as the tested direction is perpendicular to the layer plane. Carbon fibres were added to
the compounds not to improve the mechanical properties between the layers but rather
to constrain thermal expansion and warping during the cool-down of the LFAM speci-
mens. For the FFF specimens, this was not necessary as the samples were smaller.

Due to the welding times increasing rapidly at lower temperatures, as seen in Figure
5-21, the FFF samples of IC-PAEK and SC-PAEK benefit much more from the higher
temperatures, even though they are subjected to higher cooling rates than the LFAM
samples. Even without the healing stopped by crystallisation, assuming fully amorphous
behaviours, and with the relatively slow cooling rate of only 10 k/min, the LFAM spec-
imens would not achieve their full strength as the low temperatures shift the welding
times to exponentially larger time scales.

5.2.2 Conclusion for Hypothesis 2

The second hypothesis stated that the mechanical relaxation time of polymers could
serve as a reliable approximation for the welding time during interlayer bonding in
MEX, with the sub-hypothesis asserting that this relaxation time could be derived from
rheological measurements and approximated over temperatures below the melting point
using the VFT relationship. The objective was to assess whether this approach could
accurately predict the degree of healing across bonded layers, thereby improving the
understanding of interlayer fusion dynamics, particularly for polymers with differing
crystallisation kinetics.

The experimental findings support the hypothesis, demonstrating that the relaxation time
obtained from rheological data is an effective parameter for approximating the molecular
interdiffusion time necessary for achieving optimal bonding. The results confirmed that
the relaxation time is highly temperature-dependent and follows the expected VFT be-
haviour, with the fitted parameters showing strong agreement with measured data. No-
tably, the derived relaxation times effectively captured the differences in bonding per-
formance observed during FFF printing with SC- and IC-PAEK.

The thermal histories recorded during printing revealed distinct cooling behaviours for
slow-, intermediate-, and fast-crystallising polymers. The relaxation times derived from
the rheological measurements correlated well with the observed degrees of healing, par-
ticularly for the slow-crystallising PAEK. This material exhibited lower relaxation times
at lower temperatures and delayed crystallisation, allowing for greater healing before
crystallisation onset.
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For the slow-crystallising SC-PAEK-CF20, the thermal analysis showed that the onset
of crystallisation occurred after 122.5 seconds, providing a sufficiently long window for
the interlayer fusion process to reach a significant degree of bonding. As a result, SC-
PAEK-CF20 achieved a degree of healing of approximately 42.54% before crystallisa-
tion halted further diffusion, closely aligning with the predicted values.

The flexural strength tests validated the modelled bonding predictions. For the large-
scale SC-PAEK-CF20 specimens, the measured Z-direction strength reflected the cal-
culated degree of healing, confirming that the VFT-based relaxation time approximation
accurately predicts mechanical performance. Conversely, the fast-crystallising FC-
PEEK-CF30 exhibited negligible interlayer strength, as expected due to its rapid crys-
tallisation kinetics, which prevented molecular interdiffusion.

The extrapolated VFT curves showed that below 200°C, the relaxation times increased
exponentially, requiring impractically long durations for complete healing. This empha-
sises the critical importance of maintaining sufficiently high interlayer temperatures dur-
ing MEX to ensure that the relaxation times remain within feasible bonding timeframes.

The results also highlighted the limitations of using conventional isothermal welding
assumptions for MEX processes, where non-isothermal conditions dominate due to the
rapid cooling and temperature gradients inherent in layer-by-layer deposition. By inte-
grating the thermal profiles with the VFT-derived relaxation times, this study demon-
strated that accurate interlayer bonding modelling requires precise thermal monitoring
and an understanding of material-specific crystallisation behaviour.

Overall, the findings confirm that the mechanical relaxation time derived from rheolog-
ical measurements and modelled using the VFT relationship provides a robust approxi-
mation for welding time during interlayer bonding. The hypothesis is validated, with the
sub-hypothesis substantiated by both empirical data and theoretical modelling. The abil-
ity to predict interlayer bonding based on relaxation time offers significant potential for
optimising MEX process settings, particularly for high-performance polymers with tai-
lored crystallisation kinetics.

5.3 Fusion Bonding of Pseudo-Amorphous
Polymers at Low Temperatures

The third hypothesis was that pseudo-amorphous polymers can achieve interlayer bond-
ing at temperatures below the melting point if cooling rates are high enough to delay
crystallisation, with the sub-hypothesis that the threshold for bonding is determined by
the onset of crystallisation.
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5.3.1 Experimental Results

The results of the chapter were part of a previous publication [132] and have undergone
peer review as mentioned in 4.3.3. A detailed table of all results can be found in the
publication.

In the experiments, cubes were printed on the LFAM machine, and the thermal history
was recorded during processing to be able to link the material properties back to the
process conditions. Parameters were as described in 5.1.2.

5.3.1.1 Thermal History and Crystallisation

Thermal history was measured as before with an embedded thermocouple and with an
IR camera. Particularly the temperature to which the previous layer had cooled when the
next layer was deposited was of interest.

The direct extrusion parameters showed no correlation, only a very weak correlation,
and high variance between the resulting layer temperatures during processing. Only the
layer time was found to have a strong negative correlation with the substrate tempera-
ture. A longer layer time leads to lower temperatures as the material has more time to
cool. However, the substrate temperature varied by almost 100 °C for identical layer
times, depending on the combination with the other parameters of extrusion height, ex-
trusion width, and extrusion temperature, as can be seen in Figure 5-24.
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Figure 5-24: Correlation of substrate temperature over layer time.

The enthalpy deposition rate, introduced in equation 4-3 and repeated below, showed
much higher correlation with the resulting layer temperature just before deposition of
the next layer, as can be seen in Figure 5-25.

H=pxcyx(mx /)2 +hxW—h)xvg X (Tgx — Teo) (4-3)
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A comparison of temperature measurements during printing by thermography and intro-
duced thermocouples is included in the same figure. The thermocouple readings show
slightly higher temperature than the thermography since they measure the inside of the
deposition rather than the free surface. The difference between readings is demonstrated
by the one-side error bars in Figure 5-25. This difference is most prominent in the range
between about 180 and 260 °C, which is close to the crystallisation window of the ma-
terial of about 180 to 245 °C.

While the difference indicates that the temperature gradient within a single layer is small,
mostly less than 10 °C, outside of the crystallisation window, it can reach up to 35 °C
when the layer is completed just as the crystallisation reaches its peak.
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Figure 5-25: Measured substrate temperature by thermography and overprinted thermocouple

Substrate surface temperature correlates with the enthalpy deposition rate, and experi-
ments with very different process parameters achieve similar layer temperature if the
aggregate is similar, as can be seen in the pairwise examples of Table 5-7.

Table 5-7: Pairwise comparison of experiments with similar deposition powers but different extru-
sion parameters.

Number in Extrusion Extrusion Layer Layer Time Enthalpy Surface

Figure 5-26 Tempera- Width Height in ins Deposition Tempera-
ture in mm mm Rate ture
in °C inW in °C

1 350 8 4 93 142.1 170.3

2 400 9 4 120 141.9 172

3 400 12 2 40 301.6 257.7

4 350 12 4 67 301.8 236.9
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Figure 5-26 shows the side IR image of the prints. It shows that for the observed tem-
perature, not just the last layer is similar, but the temperature distribution in the material
below.

300°C

Figure 5-26: IR images of examples of Table 1, numbers 14 indicating the corresponding row of
Table 3

This is independent of the extrusion height, width, and temperature if the enthalpy dep-
osition rate is similar. A higher enthalpy deposition rate leads to a higher substrate tem-
perature at contact with the deposition but also shifts the thermal profile along Z to a
higher level, as can be seen in Figure 5-27.
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Figure 5-27: Temperature distribution in images of Figure 5-26 from top layer down along Z
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The difference of the readings of the surface by the IR camera and internal thermocou-
ple, as shown in Figure 5-25, increases when transitioning below about 260 °C, at which
point the internal thermocouple reading seems to plateau in the 300 to 400 W range
before achieving higher temperatures at higher enthalpy deposition rates. This matches
the measured onset of crystallisation during DSC, shown in the histogram of Figure
5-28, which could explain the relative increase in temperature of the thermocouple read-
ing inside the material against the IR reading of the surface. Of the experiments, 18
showed crystallisation; for the remainder, it was fully suppressed.
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Figure 5-28: Crystallisation onset histogram in DSC measurements recreating experiment cooling
rates

The DSC measurements also showed that the achieved crystallinity was highest for ex-
periments where consecutive layers were deposited when the layer had cooled to tem-
peratures slightly above the window of crystallisation onset. A higher layer temperature
showed lower crystallinity, as is shown in Figure 5-29. This is likely due to the two-
staged nature of crystal growth, with nucleation preceding crystal growth. Supercooling
the melt causes a higher nucleation rate but decreases the crystal growth rate.
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Figure 5-29: Crystallisation enthalpy over substrate temperature

An optimum for crystallisation seems to exist at which a supercooling to the crystallisa-
tion onset temperature causes a high nucleation rate and seeds crystals which can grow
in the subsequent slower cooling phase. Higher layer temperature may either result in
less nuclei being formed or nuclei being dissolved by the temperature increase caused
by the deposition of the next layer. Another plausible explanation could be the increased
formation of a higher enthalpy crystal phase, as indicated by the multiple melting peaks
[136], [137], [138]. The crystallisation was almost suppressed if the layer had cooled
below ~200 °C.

All specimens remained amorphous for at least 79 s after the consecutive layer was de-
posited, meaning all experiments happened under conditions where the material behaved
as pseudo-amorphous as previously defined.

5.3.1.2 Mechanical Properties Matrix and Thermal History
Dominated in Z

Three-point bending tests were used to confirm the effect of thermal history on the me-
chanical properties across the layer interface. As the substrate temperature depends
strongly on the enthalpy deposition rate and substrate temperature influences strength
and stiffness; a correlation between deposition power and mechanical properties was
also found, as seen in Figure 5-30. However, as fusion bonding is also a time-dependent
process, cooling rates from the substrate temperatures will also have an effect that is not
captured by this metric.

A similar dependence was found for the determined modulus of the specimens. As fibres
align mostly in the layer plane, this increase is expected to be due to a higher crystallinity
of the matrix [139].



98 Experimental Results and Discussion

(e}
o
[ (e}
o

® ®
o o
g 80 L 80
£ £
LY ~ 70
£ £
< 60 < 60
2 2
© 50 050
n »
T 40 ® 40
2 2
@ 30 ¥ — Linear Fit 3 30 £ — Linear Fit
t R2=0.62 - R2=0.55
20 20
100 150 200 250 300 0 200 400 600
Substrate Temperature in °C Enthalpy Deposition Rate in W
4,000 4,000
< 3,900 < 3,500
o o
= =
£ £
v 3,000 N 3,000
£ £
52,500 32,500
= =
g g
= 2,000 _ _ = 2,000
1 x% —Linear Fit x% —Linear Fit
I Rz=042 I R2=042
1,500 1,500
100 150 200 250 300 0 200 400 600
Substrate Temperature in °C Enthalpy Deposition Rate in W

Figure 5-30: Three-point bending strength and modulus in Z over substrate temperature and en-
thalpy deposition rate

Figure 5-31 shows that samples with high crystallinity have high mechanical properties;
however, the correlation is weak. Results above 70 MPa strength and 3000 MPa stiffness
occurred only at high crystallinity. However, the presence of results with lower mechan-
ical properties at high crystallinity indicates that other influencing factors are present.
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Figure 5-31: Strength and stiffness over crystallisation enthalpy

The healing model was applied to these experiments as well. However, it was unsuc-
cessful in correlating the thermal history and cooling of the material to the achieved
strength. The underlying problem is likely the measurement of the interface temperature.
While overprinting, the thermocouple was pushed onto an already solidifying layer and
overprinted with the melt. This means a large portion of the thermocouple surface is in
contact with the fresh melt, and the reading is closer to the melt temperature. The tem-
perature read when the consecutive layer was deposited was lower and correlated well
with the strength after testing and the readings of the IR camera. However, this under-
estimates the contact temperature with the hot melt. Averaging the substrate and extru-
sion temperature resulted in values even higher than the readings of the thermocouple.
The problem may be due again to the larger extrusion line dimension compared to the
previous experiment.

While the model gave results that, in pair-wise comparison, gave a reasonable relation
to the tested strength of individual parameter sets, no metric for the temperature was
found for which a large portion of the results fitted well.

Figure 5-32 shows the test results over the interface temperature read by the thermocou-
ple and the surface temperature, and the fitting of the mechanical relaxation time. While
the substrate temperature is low, and most experiments should show no welding, the
interface temperature is high, and all experiments should be fully healed. While the sub-
strate temperature correlates strongly with the resulting flexural strength, the interface
temperature does not.
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Figure 5-32: Test results over substrate and interface temperature with fitted mechanical relaxation
time

The cooling rates measured by the embedded thermocouple when the melt was deposited

were in the range of 44 to 123 K/min as the average cooling rate from deposition to the

consecutive layer, even higher in the first moments after contact.

It is assumed that this quench cooling leads to very high-temperature gradients at the
interface, possibly resulting in part of the molecular chains still being less mobile than
the immediate contact surface. A microscopic simulation of the heat transfer from the
melt into the layer below may yield a better understanding of the processes at play.

Overall, it can be concluded that higher deposition rates leading to higher processing
temperatures improve the matrix-dominated material properties across the layers. How-
ever, there is a limitation to this. One of the experiments, with an extrusion temperature
of 400 °C, line width of 12 mm, layer height of 4 mm, and layer time of 40 s, resulting
in a deposition power of 579 W and a substrate layer temperature of 311 °C, was on the
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limit of collapse and substrate layers were pushed aside during printing. Testing was
only possible as the line width was high enough to machine deep enough into an uncom-
promised layer stack.

The part's thermal history during printing strongly influences the matrix material, affect-
ing the welding process between the layers, the crystallisation, and the warping of the
part. This temperature strongly correlates with the deposition power of the process, with
different extrusion settings resulting in similar thermal conditions when the aggregates
are similar. Higher deposition powers lead to higher substrate temperatures during dep-
osition. This also suggests that the common approach of using a set layer time is invalid
if the layer height or line width is changed.

Perpendicular to the layer plane, the matrix dominates the mechanical properties. The
strength developed during the bonding of the layers through chain diffusion is a temper-
ature-driven process. The substrate layer temperature during deposition is a key factor
affecting the final part strength. Higher substrate temperatures strengthen bonding and
improve mechanical performance [140], [141].

Layer temperature and cooling rates are also critical for the crystallisation behaviour,
and the experiments demonstrate that higher layer temperatures lead to higher crystal-
linity. However, there is an optimum temperature range for crystallisation, and exces-
sively high layer temperatures can result in lower degrees of crystallinity. Highly crys-
talline samples showed high stiffness compared to samples with low crystallinity.

AM materials with a slower crystallisation kinetic and quasi-amorphous behaviour, like
the investigated PAEK material, show significantly enhanced strength between layers
compared to materials designed for injection moulding with faster crystallisation kinet-
ics [142], [143]. For end-use applications, crystallisation must be completed to ensure
the desired material properties. Yet, the experiments have shown that for a wide range
of layer temperatures, a high degree of crystallinity can be reached [144], [145]. This
would make post-processing annealing necessary. The transition to full suppression is
fast when the material cools fast enough to affect the crystallinity developed.

5.3.2 Conclusion for Hypothesis 3

The third hypothesis proposed that pseudo-amorphous polymers could achieve inter-
layer bonding at temperatures below the melting point, provided that cooling rates were
sufficiently high to delay crystallisation. The sub-hypothesis asserted that the onset of
crystallisation would determine the threshold for bonding and that bonding would persist
as long as crystallisation was suppressed. This chapter aimed to evaluate whether the
bonding dynamics during MEX are governed primarily by the suppression of crystalli-
sation and to quantify the effect of cooling rates on interlayer fusion.
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The experimental results support the core premise of the hypothesis. Thermal history
measurements confirmed that the substrate temperature during deposition, influenced by
the enthalpy deposition rate, critically affects interlayer bonding. It was observed that
high cooling rates, particularly during the quench-cooling phase, delayed the onset of
crystallisation, resulting in extended diffusion times for polymer chains across layer in-
terfaces. This was further evidenced by the suppression of crystallisation in experiments
where the layer cooled below the crystallisation window at rates exceeding the critical
cooling threshold.

The DSC analysis validated that the crystallisation onset was effectively delayed for the
PAEK material used. The polymer exhibited pseudo-amorphous behaviour in such con-
ditions, allowing for significant healing. Importantly, even at temperatures substantially
below the melting point, molecular diffusion occurred, supporting the sub-hypothesis
that the onset of crystallisation serves as a limiting factor for interlayer bonding.

The mechanical testing results corroborated this finding, with specimens printed at
higher substrate temperatures and faster cooling rates demonstrating improved flexural
strength in the Z-direction. Even though the specimens’ temperatures all fell within the
crystallisation window, the interlayer strength achieved up to 82.7 MPa, indicating sub-
stantial molecular entanglement.

The comparison of thermocouple and IR camera measurements highlighted a key limi-
tation: the difficulty in accurately capturing the true interface temperature during depo-
sition. The disparity between surface and internal temperature readings, particularly near
the crystallisation window, suggests that significant temperature gradients exist within
the material. This may partially explain the variance in mechanical performance, as lo-
calised regions within the bond interface could experience different cooling and diffu-
sion conditions.

Overall, the findings validate Hypothesis 3 and its sub-hypothesis. The experimental
evidence confirms that pseudo-amorphous polymers can achieve robust interlayer bond-
ing at temperatures below their melting point if cooling rates are sufficient to delay crys-
tallisation. The onset of crystallisation can serve as a critical threshold, beyond which
molecular diffusion ceases and can be effectively suppressed by slow crystallisation ki-
netics for pseudo-amorphous material behaviour. By optimising cooling rates and dep-
osition power, the interlayer bonding process can be extended, leading to enhanced me-
chanical performance. However, the results also underscore the need for precise thermal
control and monitoring.

These results contribute to the broader understanding of MEX process-property relation-
ships and highlight the potential for tailoring cooling profiles to optimise bonding in
high-performance polymers. Future work should focus on refining in-situ thermal meas-
urements and developing predictive models that account for internal temperature gradi-
ents to further enhance control over interlayer bonding and crystallisation dynamics.



6 Discussion

6.1 Linking Theory and Experimental
Findings

The relationship between the theoretical framework and the experimental findings high-
lights the critical role of material flow, crystallisation, and interlayer bonding dynamics
in influencing MEX-produced parts' mechanical performance. This chapter integrates
key theoretical considerations introduced in chapter 3 Theoretical Considerations with
the experimental results outlined in 5 Experimental Results and Discussion, reinforcing
the validity of the hypotheses and providing insights into process and machine optimi-
sation potentials.

The theoretical predictions based on Jeffery’s equation provided a robust foundation for
understanding fibre alignment behaviour during material extrusion. The hypothesis that
shear rates primarily govern fibre alignment at the extrusion nozzle was substantiated
through empirical evidence. The experimental results for FFF demonstrated clear corre-
lations between extrusion parameters and fibre orientation, with distinct flow regimes
corresponding to convex, concave, and jagged extrusion line shapes.

Convex extrusion lines formed at shear rates below 23 s™! displayed minimal fibre mis-
alignment, confirming Jeffery’s prediction that shearing flows align fibres parallel to the
flow direction. Concave extrusion lines exhibited an inflexion point at approximately
23-70 s', indicating transitional flow dynamics like swirling flow begin to influence
fibre reorientation. Jagged extrusion lines at shear rates above 70 s™! demonstrated cha-
otic flow conditions, contributing to highly randomised fibre orientations.

The significant increase in tensile strength (up to 70%) and modulus (117%) for samples
with low misalignment highlights the mechanical impact of controlling shear rates
within the optimal range. These findings align with prior studies on shear-driven fibre
alignment, confirming that Jeffery’s equation, despite its idealised assumptions, remains
a valid predictor for MEX when shear rates are controlled within the observed thresh-
olds.

However, deviations at higher shear rates suggest the influence of additional factors such
as viscosity changes due to temperature variations and mechanical forces introduced
possibly by the nozzle shearing the material between the layers below. There is a re-
search gap left to account for non-linear shear effects in polymer-fibre composites.
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In the LFAM experiments, where shear rates were significantly lower (<9.5 s™"), the
alignment trends persisted, however, with weaker correlations. This can be linked to the
larger nozzle diameters and slower deposition speeds characteristic of LFAM, which
reduced the magnitude of shear stresses. Nonetheless, the observed improvements in
flexural strength and modulus in LFAM specimens at higher shear rates underscore the
consistency of fibre alignment behaviour across scales, provided that the process tem-
perature and material rheology are optimised.

The hypothesis that pseudo-amorphous polymers could achieve interlayer bonding at
temperatures below their melting point if cooling rates were high enough to delay crys-
tallisation was empirically validated. The DSC measurements showed a delayed crys-
tallisation onset for SC-PAEK-CF20, confirming its suitability for maintaining molecu-
lar mobility during the bonding phase.

The measured cooling rates of 44 to 123 K/min successfully suppressed crystallisation
in multiple specimens, maintaining pseudo-amorphous behaviour. In contrast, FC-
PEEK-CF30 crystallised rapidly, resulting in negligible molecular diffusion across layer
interfaces.

The fusion bonding model adapted from Butler et al.’s framework accurately captured
the dynamic interplay between intimate contact and molecular diffusion. The mechani-
cal relaxation time, derived from rheological measurements and modelled using the VFT
relationship, provided a reliable approximation for predicting the welding time.

The experimentally determined VFT parameters for SC-PAEK and IC-PAEK reflected
the expected trends in relaxation times:

The shorter relaxation times at higher temperatures supported faster bonding kinetics,
achieving near-complete healing within seconds for FFF specimens. The extended re-
laxation times at lower temperatures illustrated the rapid deceleration of chain mobility,
consistent with the theoretical limitations of healing when approaching the glass transi-
tion.

The resulting interlayer bonding strength in SC-PAEK-CF20 specimens reached 42.54%
of the bulk polymer strength before crystallisation, closely aligning with the predicted
degree of healing.

The observed pseudo-amorphous behaviour of SC-PAEK-CF20 at high cooling rates
reinforces the theoretical proposition that suppressing nucleation extends the window
for molecular diffusion. The polymer maintained interfacial chain mobility by prevent-
ing crystallisation during the critical bonding phase, achieving significant mechanical
interlayer strength even at temperatures far below its melting point.

In LFAM, the slower cooling rates necessitated longer relaxation times, yet the thermal
gradients recorded during layer deposition highlighted the challenge of achieving uni-
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form bonding. The discrepancy between surface temperatures measured by infrared ther-
mography and internal thermocouple readings suggests that localised quench-cooling
effects may lead to more complex diffusion conditions than assumed initially.

This emphasises the importance of accurate control over temperatures during deposition,
as even marginal changes in cooling rates can dictate whether the material retains suffi-
cient chain mobility for effective diffusion. Post-processing annealing may be necessary
to achieve uniform crystallinity when pseudo-amorphous behaviour occurs to optimise
mechanical properties, as crystallisation is suppressed or reduced in most experiments.

6.2 Implications for Process and Machine
Design

6.2.1 Process Design Consideration

The experimental findings and theoretical framework provide valuable guidance for op-
timising the MEX process to enhance mechanical performance. Key metrics such as
shear and enthalpy deposition rates can fine-tune process parameters, balancing fibre
alignment and interlayer bonding strength.

The shear rate during extrusion is pivotal in aligning fibres within the printed line. The
results showed that shear rates resulted in highly aligned fibres along the flow direction,
enhancing mechanical performance when kept inside the window where Jeffery’s equa-
tion described flow. For this, the following guidelines can be recommended:

1. Minimise flow divergence: Avoid excessive expansion of the extrusion line
width beyond the nozzle diameter to preserve fibre alignment along the extrusion
direction.

2. Small extrusion lines and high print speeds: To maintain optimal shear rates,
select a narrow line width close to the nozzle diameter and increase the print
speed.

3. Avoid excessive shear: High shear rates lead to chaotic flow and fibre misalign-
ment, which reduces strength and stiffness and results in rougher surfaces and
even unstable extrusion.

By controlling these parameters, the process can achieve a high degree of fibre align-
ment and strength along X. Conversely, if more isotropic behaviour is required, large
extrusion widths and low print speeds can create converging flow and induce random
fibre orientations. This, however, comes at the expense of the properties along X and
does not improve the properties along Y or Z.

The bond strength between layers is influenced by the substrate’s temperature at the
moment of contact with the subsequent layer, which depends strongly on the enthalpy
deposition rate. Higher enthalpy deposition rates maintain higher substrate temperatures,
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promoting interlayer diffusion. However, this must be managed to avoid overheating
and slumping of the part. For this, the following guidelines can be recommended:

1. Maximise enthalpy deposition: Increase the deposition rate through either high
extrusion temperatures, high deposition speed or larger extrusion lines.

2. Avoid overheating: Excessive enthalpy can lead to deformation, particularly in
LFAM, where larger deposition lines can introduce high amounts of thermal en-
ergy.

3. Control layer time and temperature: Optimise layer times to prevent excessive
cooling of the deposited layer while maintaining high enough cooling rates to
delay crystallisation onset.

Both the shear and enthalpy deposition rates have been shown to positively impact the
mechanical properties until they reach a tipping point at which behaviour changes. Ex-
trusion lines change shape, and high substrate temperatures result in unstable parts. If
these limits are known, the process can be optimised by maximising both metrics.

The results demonstrated that pseudo-amorphous polymers allow molecular diffusion at
temperatures below the melting point. Materials with slower crystallisation kinetics pro-
vide a wider processing window for achieving bonding. This behaviour can be harnessed
to extend layer completion times and maintain interlayer fusion:

A heated build chamber may help maintain a uniform substrate temperature, but further
studies are needed to understand the interplay between chamber heating and the pseudo-
amorphous behaviour. Fine-tuning these parameters could suppress crystallisation while
maintaining the required interface temperature for optimal bonding.

The results of the LFAM fibre alignment measurements also suggest that similar to
guidelines in injection moulding for maximum wall thickness, the extrusion line dimen-
sions should be constrained to avoid excessive out-of-plane fibre misalignment: Avoid
designs where the extrusion height and width result in a thick flow core, as this increases
the likelihood of random fibre distribution. Implementing a maximum layer thickness
should improve the predictability of fibre alignment and ensure uniform mechanical
properties across the part.

6.2.2 Machine Development Potentials

Building on the process considerations, machine design enhancements can further sup-
port the optimisation of MEX through advanced temperature control, real-time monitor-
ing, and active heating mechanisms. Implementing machine-level improvements en-
sures consistent bonding conditions and can complement the full potential of pseudo-
amorphous materials.

An online process monitoring system that tracks real-time substrate temperatures can
significantly improve process reliability. By correlating measured temperatures with
predicted relaxation times and interface temperatures, the system ensures that bonding
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occurs under optimal conditions and can provide real-time feedback. This approach of-
fers early detection of deviations that could impact mechanical performance, enhancing
quality assurance in small-scale and large-scale MEX applications.

Research has demonstrated the effectiveness of using active heating to raise the substrate
temperature during layer deposition:

Some studies have shown that lasers positioned ahead of the nozzle can effectively in-
crease substrate temperatures. This prevents excessive cooling and can heat the material
beyond the melting point to facilitate interlayer diffusion [146], [147].

Similar experiments with IR emitters demonstrated that pre-heating the substrate, even
if only by a small temperature difference, can improve bonding conditions and mechan-
ical strength [ 148].

These methods can eliminate the critical challenge of balancing suppressing crystallisa-
tion and maintaining a sufficient interface temperature to support molecular diffusion.
By reintroducing heat just before deposition, active heating systems enable the diffusion
and even re-melt crystals that have formed.

An integrated system that combines real-time monitoring with active heating can sub-
stantially enhance MEX capabilities. When writing this chapter, the results had already
been implemented to establish a company that develops such hardware, LEAM Tech-
nologies GmbH.

The system can adjust substrate heating dynamically in response to measured cooling
rates, maintain consistent interface temperatures across complex geometries, and ensure
that relaxation times are short, completing healing in fractions of a second.

This approach has been shown to improve layer bonding strength significantly in prac-
tice. Developing hardware that integrates real-time temperature tracking and active sub-
strate heating has demonstrated substantial gains in interlayer strength, supporting its
viability as a commercial solution. Such advancements pave the way for enhanced me-
chanical properties, even in high-performance fibre-reinforced polymers, by maintain-
ing precise control over the thermal history during deposition, enabling the use of even
fast crystallising materials, as shown in Figure 6-1.
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7 Conclusion and Outlook

7.1 Research Objectives in the Context of the
State of the Art

This research aimed to advance the understanding of process-property relationships in
MEX, focusing on the influence of material flow, crystallisation kinetics, and interlayer
bonding dynamics on the mechanical performance of printed components. This work
aimed to bridge the gap between theoretical modelling and practical process optimisa-
tion, addressing the persistent challenges of fibre misalignment, mechanical anisotropy,
and insufficient interlayer adhesion that limit MEX's industrial adoption.

Compared to the state of the art, this dissertation provided a comprehensive approach
that integrates flow dynamics, fibre orientation theory, and rheological models to predict
and enhance mechanical properties. The results demonstrated that fibre alignment could
be controlled through shear rate modulation as predicted by Jeffery’s equation and that
the mechanical relaxation time could be an accurate predictor for interlayer fusion bond-
ing under non-isothermal conditions. Additionally, this study advanced the understand-
ing of how pseudo-amorphous thermoplastics, particularly LM-PAEKS, can achieve
high interlayer bonding strength at temperatures below their melting point through de-
layed crystallisation.

This research builds upon and extends current methodologies in MEX, contributing orig-
inal insights into how material rheology and process parameters can be strategically ma-
nipulated to produce high-performance, fibre-reinforced parts.

7.2 Relevance and Originality of Findings

The findings of this study are highly relevant to academic research and industrial prac-
tice. The novel combination of Jeffery’s theoretical framework for fibre alignment with
experimental validation under MEX-specific flow conditions significantly contributes
to understanding printed parts' anisotropic mechanical behaviour. The research also es-
tablished that mechanical relaxation time, when modelled using the VFT relationship,
provides accurate predictions of bonding strength across a range of temperatures and
crystallisation conditions.

The exploration of LM-PAEK composites demonstrated that the crystallisation onset is
a critical threshold for interlayer diffusion and molecular entanglement. This under-
scores the potential of slow-crystallising thermoplastics to extend the bonding window

109



110 Conclusion and Outlook

during layer-by-layer deposition. Additionally, this work introduced practical guidelines
for achieving optimal shear rates and enthalpy deposition rates, offering actionable rec-
ommendations for enhancing both small-scale and large-format MEX processes.

This research is original in its multi-scale approach, combining theoretical modelling,
process optimisation, and industrial implementation. By demonstrating that material-
specific process design can significantly improve the mechanical material properties,
this dissertation lays the groundwork for improved process and machine design. It sup-
ports the broader application of MEX in high-performance sectors.

7.3 Materials and Methods

A significant contribution of this research is its focus on high-performance thermoplas-
tics, particularly LM-PAEKSs, which are gaining relevance in the AM sector and critical
aerospace and medical applications. Due to their exceptional thermal and mechanical
properties, these materials are considered promising candidates for next-generation
composite matrix systems, with ongoing evaluations in European research programs
such as Clean Sky for their potential use in lightweight aircraft structures.

The experiments conducted in this study used rheological and thermal analysis to char-
acterise flow behaviour, crystallisation kinetics, and interlayer bonding strength. The
methods employed ensured a highly detailed view of the material formation processes,
allowing for robust validation of the proposed hypotheses. This research's materials and
methods framework provides a reproducible approach for future studies to optimise
MEX for structurally demanding applications.

7.4 Perspectives for Research Exploitation

This research has identified key academic opportunities for further exploration. One sig-
nificant research gap relates to the non-linear shear effects observed at higher extrusion
speeds, which warrants additional modelling and experimental validation. Further work
could explore real-time monitoring approaches to precisely capture interface tempera-
ture variations and internal diffusion behaviour during deposition.

The progressing industrialisation of MEX opens new needs for research, such as material
circularity, process standardisation for serial production, and the combination of MEX
with other manufacturing techniques like subtractive and post-process surface treat-
ments. These interdisciplinary efforts will be crucial for addressing the challenges of
integrating MEX into broader manufacturing workflows.

By continuing to investigate these aspects, the research community can build upon the
advancements presented here to enhance sustainability, efficiency, and versatility in
AM.
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In addition to academic exploration, the practical implications of this research have al-
ready extended into commercial development. The findings related to active heating
strategies for improved thermal control have been directly applied to establish a com-
pany dedicated to developing and commercialising active heating hardware for MEX.
The company has successfully brought these innovations to market, demonstrating the
viability and impact of the proposed solutions.

This active heating system enhances interlayer bonding by maintaining optimal substrate
temperatures during deposition, overcoming one of the key limitations of MEX for high-
performance parts. The commercialisation of this technology underscores the potential
for further industrial adoption, particularly in sectors such as aerospace, defence and
energy, where mechanical reliability is paramount.

7.5 Resonance in the Research Community

The research presented in this dissertation has resonated within the AM community,
contributing to ongoing discussions on improving mechanical performance and expand-
ing the capabilities of material extrusion technologies. Publications from the underlying
work have been cited, reflecting the interest and relevance of the findings among peers.
Conference presentations have facilitated knowledge exchange and fostered collabora-
tions with industry stakeholders and research institutions.

The experimental validation of theoretical models, combined with the practical demon-
stration of active thermal control, has positioned this research as a reference point for
future studies on interlayer bonding and anisotropic mechanical behaviour in MEX. The
engagement with large-scale projects, looking into aerospace tooling applications, fur-
ther demonstrates this research's alignment with international efforts to advance sustain-
able and high-performance composite manufacturing.

In conclusion, this dissertation contributes to the field of MEX by addressing fundamen-
tal process-property challenges and proposing a cohesive framework for optimising
MEX. The combination of theoretical insights, experimental validation, and industrial
application emphasises the significance and applicability of this work, laying the
groundwork for further innovations in high-performance AM.
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