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Abstract

High performance applications in fields such as aerospace, medical and high
volume automation are demanding products that have an ever lower weight,
greater reliability, a faster time to market, and greater geometric complexity.
However, light-weight structures with both high mechanical properties and
complex geometries are challenging to manufacture. In order to meet these
demands, the 3D printing of continuous carbon fibre reinforced polyether
ether ketone (PEEK) materials is a promising prospect. The advantage of this
manufacturing process is that the high stiffness and strength properties of the
high-performance plastic PEEK reinforced with carbon fibre is paired with the

manufacturing agility of the 3D printing process.

Fused filament fabrication FFF is the most suitable 3D printing process for such
materials as it is capable of processing continuous filament. For the work
presented in this thesis, a novel FFF processing method was developed based
on a comprehensive experimental programme. The research method was
guided by understanding of materials via characterisation and the
development of a number of first-principles models. The overall aim of the
work was firstly to develop a method of manufacturing continuous fibre
reinforced feedstock material for FFF in order to enable the production of a
wider range of products with enhanced printing; and secondly to optimise the
FFF printing parameters to maximise polymer fusion. The project, therefore,
includes two main parts: (i) composite material feedstock development; (ii)
Printing strategy development to optimise the mechanical performances of
the printed parts. This project delivered a methodology to fabricate a printable
carbon fibre reinforced PEEK filament (CF/PEEK filament) with a fibre volume
fraction higher than 57.4%. The value is significantly higher than the 5%, which

has previously been reported in the literature of Stepashkin et al. [1]

In the first part of the work, a high fibre volume fraction commingled carbon

fibre with PEEK (commingled CF/PEEK) was selected as the feedstock material



for the pultrusion process based on its high performances properties and the
potential industrial relevant applications. Prior to the FFF feedstock
development, characterisation of the material was undertaken for both PEEK
and commingled CF/PEEK using Thermogravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC), Scanning Electron Microscope (SEM) and optical
microscopy. Based on the range of potentially viable processable
temperatures revealed by the material characterisation, a comprehensive
experimental programme was undertaken to determine the relevant ranges of
other parameters within this range of temperatures. The optimal processing
parameters were established using a specially constructed laboratory rig. The
manufactured FFF feedstock material was subsequently characterised to
determine the consolidated diameter measured from side view microscopy
images. Porosity, the filament circularity, the PEEK area coverage and overall
void content were estimated by processing microscopic cross sectional views
using ImageJ and GIMP. Finally, the printability of the manufactured CF/PEEK

filaments was demonstrated.

In the second part of the work, in order to understand the microstructure and
mechanical properties of the 3D printed parts, the research was focused on
the rheological aspects of the printing process. Both PEEK printing and carbon
fibre with PEEK (CF/PEEK) printing were investigated, while only PEEK printing
analysis could be accomplished in this project due to the time limitation. Using
dynamic mechanical analysis (DMA), this part of the work investigated
differences in the mechanical properties of a single filament wall of PEEK
constructed using FFF under a range of different printing conditions. Since
PEEK is a semi-crystalline polymer, a non-isothermal quiescent crystallisation
model was employed to understand the findings. This model was informed by
infra-red (IR)-imaging measurements. The predicted crystal fraction was
correlated to a storage modulus from DMA using a classic composite solid
theory. With a single model fitting parameter, it was possible to make
reasonable predictions for the perpendicular and parallel storage moduli

measured via DMA over a range of printing conditions. This work provides a



foundation for optimising crystallisation for the mechanical performance of

the FFF printed PEEK.
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CHAPTER 1

Introduction

1.1 Background

Additive Manufacturing (AM), also known as 3D printing, is increasingly
becoming a process of choice for many applications as it meets many of today’s
manufacturing needs, such as: customisation, fast response to customer
demands, fast time-to-market and short development time. However, these
advantages are currently offset by a number of disadvantages, such as a poor
materials palette and poor understanding of the properties of materials
processed by 3D printing. In this project, an attempt is made to impact both
the functionality of materials available for 3D printing and an understanding of
how such materials differ from those processed by traditional means.
Continuous carbon fibre reinforced PEEK composites were selected as the
feedstock material, since firstly, this composite is highly desirable for
applications requiring good structural and thermal properties. PEEK is a
polymer with outstanding thermal insulation (due to its low thermal
conductivity) and mechanical properties at elevated temperature, and is also

chemically inert with good corrosion resistance [2].

Fused Filament Fabrication (FFF) is an AM process that uses a continuous
filament of thermoplastic material. For this reason, in theory, FFF is the ideal
3D printing process for continuous fibre reinforced material. From an academic
point of view, fundamental research on the 3D printing of fibre composites has
recently received a good amount of attention, but as an industrially applied
technology, it is stillimmature [3]. According to the Scopus database, there are
approximately 150 publications in the period 1980-2019 containing the

keywords “continuous fibre composites” and “3D printing”.
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From an industrial perspective, the development of applications for this
technology can be broadly divided into two categories. On the one hand there
are applications of FFF of composites in the automotive, aerospace and
construction sectors, which focus on large-scale printing. On the other hand,
there are sectors, such as sports and healthcare which focus more on smaller
applications requiring higher precision and accuracy. Although FFF technology-
based manufacturing has made inroads into industry, fibre printing has not
been applied widely to support large-scale and precise manufacturing [3]. The
ultimate goal for developing the 3D printing technology of continuous carbon
fibre reinforced PEEK matrix is to apply this technology to the manufacturing
of high-strength components, thus expanding the potential applications of FFF
from significantly those amenable to unreinforced polymer filaments. These
components can then be applied in demanding industrial areas, such as bone
implants or aerospace components. This project aims to achieve printing
filament with a high fibre volume fraction in order to meet typical industrial
standards. A survey of the current state-of-the-art in carbon fibre 3D printing,
reveals that the fibre volume fraction is typically limited to around 30% to 40%,
whereas, for instance, in the aerospace industry, engineers typically design

applications with fibre volume fractions up to 60% [4].
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Figure 1.1: Current status and future vision for polymer based (PB) Additive
Manufacturing [5]

Figure 1.1 shows that the main difficulties in achieving a production process
with the required quality are perceived to lie with the process and quality
control. The requirements for industrial application of this technology include
high reliability and repeatability, high product lifetime, little post-processing,
and the ability to produce more complicated parts than those achievable with

current manufacturing methods. More specifically, the challenges include [6]:

e The printed parts quality is still low compared to conventional
manufactured parts. Quality problems include voids in printed parts, poor
fibre-matrix bonding and low achievable fibre volume fractions.

e Real time control during the printing process requires fast in-process
monitoring and control solutions. It is therefore a challenge to apply
computationally intensive approaches such as machine learning or big data
analytical methods together with in-situ measurement and process
monitoring.

e [tis not easy to select appropriate measurement to enable optimisation of
process parameters. Process parameters are inputs to the process, such as
the initial process settings, and can be distinguished from process variables,

which are outputs from the process [7]. Process parameters for FFF include
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nozzle temperature, chamber temperature, extrusion speed, process time
etc. The process variables include surface quality, mechanical properties
and density. It is impossible to find a unique method for the in-process
measurement of relevant process variables for all AM processes. Also, it
can be challenge to obtain accurate results from these measurements.

e Another challenge arises from the requirement for a high level of process
and system integration. This requirement includes taking into account the
performance of the produced parts, printer technology, processing and
post-processing into one platform. All these facets consideration of the
additive manufacturing process and their integration can be a set of
research projects on its own.

e PEEK is a semi-crystalline polymer, where molten, fusion and mechanical
properties are temperature and time dependent. When processing the
material, temperature control is of paramount importance since the
properties of thermoplastics change when exposed to a high temperature.
Moreover, this temperature and time dependent relationship is non-linear.

e The FFF process is generally applied to the processing of polymers with a
low melting point, such as acrylonitrile butadiene styrene (ABS), polylactic
acid (PLA) and nylon. PEEK on the other hand, with its high melting
temperature and comparatively smaller processing window, has not found

such wide spread application.

Starting with these considerations, and in order to strive towards the
commercial application of continuous carbon fibre reinforced PEEK printing,
this project first aims to prove the technology concept in a laboratory setting.
The challenges focused on in this thesis are in the low range of technology
readiness levels (TRLs): 1 to 3. In particular, this project considers porosity,
bonding, feedstock production and establishment of a processing window.
Taking into account that there is currently neither any 3D printer capable of
printing continuous CF/PEEK with a high fibre volume fraction, nor the
feedstock material currently on the market, the aim and objectives for the

development of the printing process are described in Section 1.2.
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In this project, the CreatBot F430 (Henan Suwei Electronic Technology Co., Ltd,
Henan, China) [8] was utilised for the printing. The printer is equipped with
two printheads each with a nozzle that can be heated up to a temperature of
420°C. The chamber and print-bed of this printer can both be heated in order
to keep the environment at the required temperature, up to a maximum

achievable temperature of 90°C.

Due to the equipment limitations for the experiments, some of the test
methods in this thesis may not be the conventional methods for establishing
material properties, part properties etc. as usually applied in scientific
institutes and industry or specified in standards. Detailed justifications are
given in the thesis, which defend and explain these choices as the best choice

given the equipment available.
1.2 Aim and Objectives

The overall research challenge of this thesis is to develop a method for
successfully demonstrating the printability of high volume fraction carbon
fibre reinforced PEEK by the FFF process. The definition of the printability is

stated in Section 1.3.
This challenge can be divided into two main aims:

e Develop a process to manufacture high volume fraction continuous
fraction carbon fibre PEEK (CF/PEEK) feedstock material for FFF printing.
e Develop a method to successfully FFF print high volume fraction

continuous carbon fibre reinforced with PEEK.

By investigation of the microstructure of the polymer during processing, this
work is mostly focussed on the fundamental study and analysis of the material
processing, utilising experimentation and analytical modelling. Subsequently,
experiments were designed, to verify and empirically refine the modelling.
Using a model-based process design, the processing parameters, such as

heating rate, cooling rate controlled by different printing speed, nozzle
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temperature and ambient temperature, feed rate can be optimised. Therefore,

the final structure of the printed parts, can also be optimised.

The following objectives were identified to achieve the overall aims of the

research:

e Design and build pultrusion apparatus for the production of continuous
CF/PEEK filaments with a high fibre volume fraction (defined here as
between 55 and 60 weight %).

e Establish the optimal process parameters for feedstock production.

e Characterise the PEEK and CF/PEEK materials, before, after and during
processing, in order to increase understanding and inform the feedstock
production process.

e Modify a commercial 3D printer to enable printing of the high volume
fraction CF/PEEK feedstock material.

e Develop a FFF printing strategy for the fabricated continuous CF/PEEK
filaments, including establishment of suitable printing parameters for the

modified printhead.
1.3 Research Methodology

A schematic of the overall research methodology is given in Figure 1.2.
Following the research aim, this project comprises the development of a
composite feedstock process, and the development of a FFF printing process
using that feedstock. In the development of the composite feedstock process,
both neat PEEK and a CF/PEEK mixed fibre material were investigated, as it was
instructive to first characterise the behaviour of the PEEK on its own. These
materials were firstly characterised by thermogravimetric analysis (TGA) to
determine the upper boundary of the processing temperature, by differential
scanning calorimetry (DSC) to understand the thermal properties, and
scanning electron microscopy (SEM) and optical microscopy studies to
characterise the commingled CF/PEEK morphology. The next step was to

design and build a pultrusion apparatus to produce the CF/PEEK filaments from
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commingled CF/PEEK fibres. The pultruded CF/PEEK filaments were then
analysed in terms of consolidation quality, and porosity. Research into the
PEEK process was split into two separate studies: printing of neat PEEK and
printing of the CF/PEEK composite. This is because firstly, the properties of the
CF/PEEK filaments required a significant modification of the process and
equipment, whereas neat PEEK printing was carried out using a standard
extrusion process. Secondly, different processing parameters were required
since the nucleation and crystal growth of PEEK changes when it is comingled
with carbon fibre [9]. The remainder of the work was focussed on weld
formation (i.e. filament fusion) during the FFF printing of PEEK and CF/PEEK.
The temperature profile was recorded by infrared (IR) thermography
measurement of the processed material in-situ, and the weld time was derived
from these results. Empirical crystal growth models and the IR thermography
measurements and DMA tension testing were linked in the model. Eventually,
the crystal fraction as a function of time was established, and the printing
parameters were optimised to maximise the polymer fusion. In this analysis, it
was also found that slower printing speeds and higher temperatures produced
stronger printed parts. For this aspect of the work, predictive thermal
modelling and simulation of the CF/PEEK printing were also carried out, in

order to accurately control the printing temperature during the process.

The printability of continuous CF/PEEK is defined in this thesis based on the
combination of physical, rheological and mechanical properties that allow the
material to be processed via FFF. Specifically, in order to achieve successful

printing of the feedstock material, the following conditions must be met:

1. The filament should have sufficient stiffness to enable extrusion into the

print head.

2. The filament should be able to withstand the temperature and speed
required for printing without degradation of the PEEK or damage to the carbon

fibre.
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3. The heated filament should be able to be printed with consistent dimensions

without damage to the carbon fibre for an appropriate print path.

4. The heated filament should be able to be printed with a viscosity suitable
for bonding to other filaments to enable 3D models to be printed with

acceptable porosity and dimensional control.
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1.4 Contributions to Knowledge from this

Research

Starting with a “conventional” additive manufacturing process to process

materials which have not been processed previously, required the processes

and equipment to be adapted substantially, in such way that the new materials

can be processed in an optimal manner. This adaptation was carried out based

on the thermo-physical properties of the materials. The development of this

process means an expansion of the FFF processing capabilities in the sense that

continuous carbon fibre reinforced PEEK with a high fibre volume fraction can

now be printed. Application of CF/PEEK material in additive manufacturing has

seen little investigation to date. This work will lead to the following

contributions to engineering science:

Development of a method for high fibre volume fraction feedstock
preparation and analysis. As there was no continuous CF/PEEK FFF filament
available on the market during this PhD research, and no report of printing
with a fibre volume fraction higher than 5% [1], a bespoke process needed
to be designed. This work included the material characterisation of
continuous CF/PEEK with fibre volume fraction up to 57.4% (the existing
reports of CF/PEEK are usually short carbon fibre with fibre volume
fractions up to 50%) prior to the feedstock production. Translation of
process requirements into the mechanical and thermal design of the
feedstock pre-processing apparatus, and an analysis of the filament
morphology and porosity after a full factorial study of the production
process parameters to optimise the feedstock pre-processing process.

Analysis of weld formation with a special consideration of the crystal
growth. It is reported and well known that the mechanical properties of
PEEK and CF/PEEK are highly dependent on the degree of crystallinity in
the polymer (matrix) material. The FFF printing process comes with
conditions which are significantly different from conventional polymer

(composite) processing and a small amount of data is available which can
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be used to tune the mathematical models that exist in the field of polymer
physics. A predictive model was developed based on the heat transfer in
the nozzle and experimental evaluation of the mechanical properties of the
printed parts, the nozzle and deposited material temperatures. This lead
to a method to predict the best printing temperature and will improve the
temperature control for the nozzle. Furthermore, this may also improve
the thermal control in the feedstock pre-process, and improve the control
of heating and cooling down of the material within the printing process.
Ultimately, this will lead to improved control of manufacturing process
during printing, resulting in parts with better properties and manufactured
in a repeatable manner.

e Method for implementation of measurement FFF processing of fibre-
reinforced crystalline polymer material. The processing of CF/PEEK
requires a carefully calibrated process. The FFF-based process for the
printing of CF/PEEK with high fibre volume process had to be fully
developed in this work. The setup, use of IR thermography technology and
its data correction and associated data processing used for this material
under the different processing condition on a standard FFF machine is
demonstrated. As a small / medium sized tensile test machine to evaluate
the strength of printed parts was not available, it was therefore impossible
to obtain the strength of the printed parts as one the most essential
mechanical properties of the bulk material. Instead, alternative DMA tests
were set up to relate the stiffness of the printed parts to the printing
quality. This will lead to new strategies of quantitative measurements of
3D printing.

e Advancement of mechatronic design strategy for 3D printing system
development: the design of a bespoke process for the printing of high fibre
volume fraction CF/PEEK material requires a certain degree of automation
to accurately control temperature, speeds etc. The selected process to
prepare a feedstock material suitable for FFF was pultrusion. To augment
the mechanical design, this lead to the design and control of a mechatronic
device for the production and research of the CF/PEEK feedstock materials.

11
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Normally, the FFF process relies on the melting (liquefying) of its feedstock
material. As the carbon fibre component in the composite does not melt,
this means that the filament for long and continuous fibre composites
remains relatively stiff when it is extruded through the nozzle and
deposited on the substrate. Therefore, adaption of the printhead was
required to extrude the relatively stiff CF/PEEK filament. This will inform

the design of future 3D printer systems in terms of printhead modification.
1.5 Thesis Structure

A brief description of the contents of the remaining chapters is given below:

Chapter 2 Literature Review. This chapter provides a state-of-the-art overview
of the relevant research. It starts with a discussion of the general processing
technologies used in the field of additive manufacturing, then narrows in on
the FFF process with fibre based polymer composites printing. Furthermore, it
studies FFF printing equipment, feedstock processing and the physics of the
printing process to reveal the relevant process parameters. Subsequently, the
influence of PEEK’s semi-crystalline nature and the influence of the presence
of carbon fibre as reinforcement material on material properties are reported.
The material characterisation techniques used for this research are explained

with reference to their use within process optimisation.
Chapter 3 Material and Characterisation Prior to the Experiment.

Starting with material selection, this chapter presents the results and analysis
of the material characterisation experiments. The results from material
characterisation contributed to understanding of the PEEK and CF/PEEK
materials. This knowledge was then used in development of the FFF feedstock

preparation process and optimisation of the FFF printing parameters.

Chapter 4 Development of Composites Feedstock Process. In this chapter,

analysis of the heating element of the pultrusion system is undertaken first to
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enable heating element selection. The design and construction of the

pultrusion apparatus are then described in detail.

Chapter 5 Characterisation of Composite Filaments. Following the pultrusion-
based fabrication, the composite filaments were analysed in terms of their
consolidation quality and porosity. ToF-SIMS was utilised to remove ambiguity
in material identification in the cross-sectional views of the produced filaments.
Automated image processing techniques were applied to analyse the cross-
sectional views of the filament, and density measurements were carried out.
This study lead to the establishment of a suitable processing window for the

filament production.

Chapter 6 Development of FFF Printing Process. In this chapter, both PEEK and
CF/PEEK printing are described. Infrared thermography was utilised to record
the material temperature profile during the printing; quantitative
measurement by the DMA tension tests were carried out and the results were
analysed. There is also a section on the modification of the 3D printing head
for the CF/PEEK printing, with a thermal control analysis for printing CF/PEEK.
This allows for a prediction of the real temperature of CF/PEEK filament during
the printing in order to achieve an accurate temperature control. Preliminary
continuous CF/PEEK printing tests were carried out. Further modelling of PEEK
crystal growth during the printing is presented in order to link the printing

parameters to the mechanical properties of printed parts.

Chapter 7 Discussion. This chapter presents a discussion that links all the

results from the previous chapters.

Chapter 8 Conclusions and Future Works. Conclusions are drawn, and future
work which can improve this technology is also identified, based on the

limitations of the current work.
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CHAPTER 2

Literature Review and Analytical

Techniques

2.1 Introduction

“The composites industry has a tendency to get caught off-guard by metals as
they make progress into more applications. 3D printing is an area where
metals have taken the lead, but a number of developing technologies could

put composites back on top.”[10]

There is a trend in the composites field to adapt Additive Manufacturing (AM)
technology in the manufacturing of specific parts in very small batches such as
the tooling for composites manufacturing, and generic fixturing and tooling
components. For composite structures engineers, AM has the potential to
expand the freedom to design compared with current composite
manufacturing processes. It provides the opportunities to improve the design,
whilst not being tied down to a potentially costly redesign of the
manufacturing process [11]. 3D printing is a new processing technique for the
production of composites. It adds flexible production to achieve rapid
customisable components manufacturing with a “batch size of one”, which
conventional manufacture cannot do. As illustrated in Figure 2.1, this would be
a step change from Fused Filament Fabrication (FFF) printing for prototypes
and usher in a new era for truly rapid, flexible and on demand production of

composite components.
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Figure 2.1: The three ages of industrial 3D printing [11]

In this research, the FFF process is selected for the development of CF/PEEK
printing. This literature review focusses on the aspects of the 3D printing
process which govern its performance. The next section starts with a survey of
the general concepts of AM processes including both polymer and metal
printing. Their state-of-the-art, future potential, the knowledge gaps and
research needs for a selected number of different AM processes are identified.
Subsequently, a more in-depth discussion of the FFF process is provided.
Finally, the feedstock materials, the PEEK semi-crystalline properties and

analytical techniques utilised in this research are reviewed.
2.2 Additive Manufacturing

2.2.1 AM Process in General

Additive Manufacturing (AM), commonly known as 3D printing, represents an
increasingly popular class of technologies in the field of advanced
manufacturing [12-14]. This technology is used to manufacture objects by
adding material layer-by-layer to minimise the need for finishing material
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removal operations whilst achieving satisfactory geometric accuracy [15]. One
of the advantages of 3D printing compared with traditional manufacturing
techniques is that the process does not require templates, moulds or masks.
In addition, 3D printing has the unique ability to fabricate complicated forms
and shapes such as interlocking geometries, shell structures with embedded
features, and multimaterial printing. This technology therefore enables
completely new designs and functionalities [16]. The process flow chart of AM
is presented in Figure 2.2. All the AM processes share the following operational
steps. Firstly, the generation of the 3D model, its subsequent conversion into
an STL file, after which it is sliced and converted into G-code [17] before being
loaded into the memory of an AM machine. After the uploading of the model,
the machine is set up, and the parts are built in the machine, followed by the
removal of the parts from the print bed. Some of the processes also require
postprocessing to enhance the qualities of the printed parts. To unlock the
future potential of AM, Research and Development of AM Technologies,
managing the acceleration of the former through an University-Industry based
Open Innovation, and Education and Training of future workforces [18] are

highlighted as areas for further development of AM.
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1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2.2:Additive manufacturing (AM) process flow chart [16]

The four essential technology elements, and system integration required for
the development of 3D printing processes, are shown in Figure 2.3. Currently
there are many remaining challenges in each of these elements. Generally,

they are [18]:

e Materials: there is a limitation in the materials available for use in 3D
printing. The 3D printing process requires specially designed and optimised
materials for printing. The development of new suitable materials might
take a long time.

e Design: since 3D printing technology enhances the freedom of designers,
there is a call for new design tools that allow easy modelling of product
features enabled by 3D printing technologies. These include the
development of a variety of AM-oriented design tools; transcendence of
the limitations imposed by parameters in current CAD systems for 3D
printing; simulation capability development of composite primitive shapes
to avoid further deformation during manufacture, and the simulation of

materials and material compositions to fit the AM process.
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Modelling, in-situ sensing, controlling and processing: It is said that the
modelling, sensing, controlling and processing of 3D printing are among
the highest priority needs for achieving the technology potential [17].

Characterisation and certification: 3D printing technology is still lacking
qualification and certification methodologies. To allow the use of 3D
printed parts for applications in e.g. aerospace, and medicine and
healthcare, certification is critical to manufacturing processes in order to
proof assurance of the quality and safety of finished parts. Currently, AM
processes are not mature enough to have sufficient control over end-
products to meet requirements for certification. Depending on the
intended function of the designed part and selected printing processes, 3D
printed parts often fail to meet design requirements as their mechanical
properties and dimensional accuracy are insufficient [19]. Therefore, 3D
printing processes currently cannot meet the requirements of some
specific applications. Gibson et al. [16] state that, due to a lack of
consensus in industry for standardised conditions and procedures, material
data reported by various companies is not comparable. Even where the
same AM process or equipment is used, the process parameters favoured
by companies differs greatly so that repeatability of results is low between
different systems suppliers and service bureaus. There are few standard
specifications that end users of equipment can refer on. Overall, this makes

it difficult to ensure that a product will be built to design specifications.

System integration and cyber implementation

Materials
development

Design
methodology
and standards

Modeling,
monitoring,
control, and
processes

Characterization

and certification

and
evaluation

Figure 2.3: Manufacturing system integration of the four key processing
technology areas to enable viable AM [18]
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Hence, at this current stage, further investigations are carried out in order to

mitigate the risks and address these challenges.
2.2.2 Different Types of AM Processes

Since the mid-1980s, AM has been developed through several evolutionary
steps. Figure 2.4 presents the timeline of this evolutionary process. This has
enabled 3D printing to transform from an application for rapid prototyping to
a viable technology for manufacturing, and it leads the AM market towards
fast growth. The 2013 Wohlers Report states that [20] “the compound annual
growth rate of worldwide revenues of all types of AM products and services
over the past 25 years was 25.4%. The rate of growth was 27.4% over the 3-
year period from 2010 to 2012, reaching $2.2 billion in 2012. The unit sales of
industrial AM systems (unit price >5$5,000) increased by 19.3% to 7771 units in
2012, while the unit sales of 3D personal printers (unit price < $5,000)
increased by 46.3% to 35,508 units in the same year”. According to the 2016
Wohlers Report, the AM industry grew 25.9% to $5.165 billion in 2015 [21].
While the 2019 Wohlers Report updates that “there are listing of 107 early-
stage investments valued at nearly $1.3 billion.” [22] These reports show that
the demand for 3D printing has increased dramatically in recent years. Filling
the gaps and needs for AM process knowledge models, as mentioned in
Section 2.2.1, will enable AM to become the driving force behind the so-called

“fourth industrial revolution” and unlock its potential for fully agile production.
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Figure 2.4:The evolution of 3D printing techniques: resolutions and
compatible materials [23]

The ASTM F42 committee classified the AM processes into seven categories
[24], which are listed in Table 2.1. These seven processes are distinguished
based on the deposition strategies. Table 2.1 also provides a list of feedstock

materials for each process, the commercial manufacturers and machine.
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Table 2.1:AM processes and equipment manufacturers [24]

Process category Process/technology? Material Manufacturer Machine
Vat SLA UV curable resins Asiga Freeform Pico
photopolymerization
3D Systems iIPro
3D Systems Projet6000/7000
EnvisionTEC Perfactory
Rapidshape S Series
Waxes DWS DigitalWax
Ceramics Lithoz CeraFab 7500
Material jetting MJIM (multijet modelling) UV curable resins 3D Systems Project 3500
HD/3510/5000/5500
Stratasys Obijet
Waxes Solidscape 3Z
Binder jetting 3DP (3D printing) Composites 3D Systems Z Printer
Polymers, ceramics Voxeljet VX Series
Metals ExOne M-Flex
Material extrusion FDM Thermoplastics Stratasys Dimension
Fortus
Mojo
uPrint
MakerBot Replicator
RepRap RepRap
Bits from Bytes 3D Touch
Fabbster Fabbster Kit
Delta Micro Factory UP
Corporation
Beijing Tiertime Inspire A450
Waxes Choc Edge Choc Creator V1
Essential Dynamics Imagine
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Powder bed fusion SLS

EBM (electron beam

melting)
Sheet lamination LOM
Directed energy LMD/LENS

deposition

EBAM (electron beam AM)
2@roup in this column indicates trademarked terms

Thermoplastics

Metals

Paper
Metals
Thermoplastics
Metals

Metals
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SHS
ProX
SLM
AM250
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Stereolithography (SLA): SLA is a 3D printing technology using photochemical
processes by which light causes chemical monomers and oligomers to cross-
link to form polymers [25]. Then these polymers can make up the three-

dimensional solid body.

MultiJet Modelling (MJM): MJM or Polylet Modelling (PJM) is a 3D printing
process that deposits layers of liquid acrylic polymer onto a build platform with
multiple nozzles. The resulting parts can then be cured by exposure to UV. The
UV lamps are located on the printhead so it can cure the plastic as soon as it is
printed. The intensity of the UV light is adjustable so that the upper most layer
does not cure completely to aid fusion of layers. However, since the entire
component has received several doses of UV light exposure, it can be

completely cured by the end of the printing process.

Binder Jetting: This is a 3D printing process also known as “powder bed and
inkjet”, or “drop-on-powder” printing. In this process, the inkjet printhead
moves across the print bed, which is covered with powder, and selectively
deposits a liquid binding material. Then another thin layer of powder is spread
across the completed section and the process will repeat to finish the complete

part.

Fused Filament Fabrication (FFF) or Material Extrusion: In this 3D printing
process, plastic is usually used as the material, though in some cases the
process can be used for metals and ceramics. In these cases, the process is as
follows. The filament combines metal or ceramic powder and polymeric
binders to print the parts. After the initial print is done, a catalytic debinding
and sintering processes will be applied to remove the binder so that the final
parts can be achieved [26, 27]. In this process, the material is heated and
extruded by an extruder fixed on the printhead. The printhead then moves
simultaneously and builds up the parts layer by layer. More recently, attempts
have been made to improve the material properties of the extruded
thermoplastic polymers by adding short or long fibres to the material. Several

approaches are reported to prepare the feedstock material [1, 28-44]. This

23



Chapter 2 Literature Review

process, which is selected for the development of CF/PEEK printing, is an
extrusion-based process, and its relevant aspects will be discussed in more

detail in Section 2.3.1.

Powder Bed Fusion: This category covers a range of techniques where a laser
or electron beam melts or sinters localised powder bed material in a layer-by-
layer fashion. The common processes are selective laser sintering (SLS) and
selective laser melting (SLM), the latter sometimes also referred to as direct
metal laser melting (DMLM). It is a technique that uses a high power density
laser to melt and fuse metallic powders together. The difference between SLS
and SLM is that for SLM process the metal powder is locally, fully melted to
form a solid three-dimensional part. Whereas for SLS the powder is heated

below the melting point, it forms solid by fusion.

Sheet Lamination: This is a process that involves stacking and laminating thin
sheets of materials layer by layer. Lamination methods used in this 3D printing
process include bonding, ultrasonic welding and brazing. Before the actual
bonding process takes place, the sheets may be cut to near net-shape with
laser cutting. The 3D printer first prints the near net-shaped parts, and the final

shape will be achieved by post-processing with a CNC machine tool.

Directed Energy Deposition (DED): In these processes a focused energy source
directly fuses material as it is being deposited. The materials used in this
technology are mostly blown metal powder or wire source materials. This 3D
printing process potentially can print very large parts, as DED has a rapid
deposition speed and a multi-axis robot arm can be deployed to hold and move
the printhead during the printing process. The use of a robotic arm allows for

the printing of parts with complex geometries.

Overall, the range of AM processes provides a huge potential for commercial
application. However, the manufacturing readiness level for each of the
processes is still low and needs to be improved before it can compete with
conventional manufacture processes. The next section focuses on the FFF

process, which is the AM process used and adapted in this research.
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2.3 Fused Filament Fabrication (FFF) Process in

Additive Manufacturing

2.3.1 Introduction to Fused Filament Fabrication (FFF) Process

The 3D printing technique deployed in this research is the extrusion-based
Fused Filament Fabrication (FFF) process, since theoretically [28] the
technique is capable of processing continuous fibre combined with
thermoplastic matrix material. The FFF process is one of the most popular AM
methods because of its low cost and high production rates [45]. FFF is a
filament-based technology where a temperature-controlled head can extrude
a thermoplastic material onto a substrate layer-by—layer (see Figure 2.5). It
uses the following method to extrude the thermoplastic filament: the filament
is heated into a semi-liquid in the nozzle and when softened, extruded onto
the substrate layer-by-layer where layers are fused together and become the
final parts after solidification [46]. The printability of FFF filaments depends on
their melt viscosity and shear rate [47], two important variables in study of the
flow of melted polymers and soft material. Therefore, the rheological
properties of the polymer (matrix) are important factors determining the size
of the processing window. Consequently, the strength of the FFF printed parts

depends on rheology and heat transfer during the printing [48].
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Figure 2.5:Fused Filament Fabrication. From [12]

The FFF process itself has several advantages such as low cost, fast printing
speed and operating simplicity; it potentially allows diverse materials to be
deposited simultaneously by means of setting up the FFF printer with multiple
extrusion nozzles fed with different materials. This means the printed parts can
be designed to have a multi-functional composition. On another hand, the
disadvantages associated with FFF printing restrict its current applications [46]:
First of all, the limited range of the feedstocks available form a limitation. The
printing material has to be formed into a filament in order to be extruded,
hence, when printing composites, it is difficult to disperse reinforcements
homogeneously and remove the voids formed inside the composites filament
during the fabrication. Secondly, the choice of potential types of thermoplastic
polymer for use as the matrix material is limited by the need for their molten
viscosities to lie within a feasible range. The viscosity of the molten material
should be high enough to resist deformation due to gravitational forces while
also being low enough to enable extrusion. And thirdly, it can be very difficult
to remove the support structure used during printing. Other disadvantages
include the limitations of the 3D printed parts themselves. Currently, rather
than being used as functional components, most of the 3D printed polymer
products are used as conceptual prototypes. For instance, the neat polymer

parts built by 3D printing fall short of the requirements for predicted strength
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and process repeatability. The process outcome cannot achieve reliable load-
bearing parts. Such drawbacks currently also restrict these FFF printed

polymers for application in industry [46].

The temperature of the printhead’s nozzle is one of the most important
process parameters for this printing process. The print temperature should be
set at a point sufficiently close to the material melting temperature (T},) point
to enable controlled deposition. The temperature is used to control the
viscosity of the material to ensure the material can be extruded without just
flow out of the nozzle. So the polymer being extruded should turn soft but not

melted into liquid.

Several process parameters influence the printed part’s quality. Sood et al. [49]
discussed the effect of processing parameters on FFF printing. The five
important process parameters in their discussion comprise layer thickness,
orientation, raster angle which is the angle of the raster tool path with respect
to the x-axis of the build plate when material is deposited [50], raster width
and layer height. These parameters determine the tensile, flexural and impact
strength of the test specimen. Research on AM chiefly focuses on improving
the mechanical properties of printed components, but sometimes also on
thermal properties by optimising the above-mentioned input parameters. The
above parameters can interact with each other and results in the printed
material having a range of possible properties. This interaction
interdependence increases the complexity when optimising the process. The
parameters identified here, along with others, will be discussed in further

detail in the following sections.
2.3.2 Printing of PEEK

There are several reports of using AM for the production of PEEK parts.
Selective laser sintering (SLS) is the most popular AM technology for fabricating
PEEK [51, 52], but, due to the lower costs, easier use and higher production
rate, FFF printing of PEEK and PEEK composites parts has enjoyed increased

popularity in recent years [53]. In 2013, PEEK was first reported to be FFF
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printed by Valentan et al [54]. PEEK is a difficult polymer to print due to its high
melting temperature and high viscosity compared with other easier polymers
such as polypropylene (PP) and acrylonitrile butadiene styrene (ABS) [54-56].
Reports [51, 53] have shown that FFF PEEK printing could cause excessive
thermal stress and cracks compare with polymers which are easier to process
with FFF printing, such as PLA which has a lower melting temperature, and ABS,
which does not have semi-crystalline properties. Yang et al. [57] and Wu et al.
[58] compared the mechanical properties of FFF PEEK printed parts and parts
manufactured traditionally using injection moulding, and found a lower
mechanical strength for FFF printed parts. This proved to be limited by the
processing conditions. Several investigations [55, 59, 60] have shown that
when the printer chamber is above 150°C, the warping and layer delamination
of the 3D printed PEEK parts are reduced by the thermal stresses resulted by
high printing temperature. These indicate that by setting up the chamber
temperature above the glass transition temperatures (T;) of 143°C can lead
to high performance PEEK printing, although the numbers of these high
temperature printers are still limited and are considerably more expensive
than the standard FFF printer [61]. These issues form significant challenges for
the adaption of the FFF printing of PEEK on a large scale. The details of PEEK

material properties will be reviewed in Section 2.4.2.

2.3.3 Printing of Fibre Reinforced Polymers

2.3.3.1 Setting the Rationale

For the printing of polymer composites, FFF based 3D printers are most
commonly used [45]. Much of the earlier academic research has been focussed
on the printing of short-fibre composites, since these are significantly easier to
print than long and continuous fibre composites. Since fibres are the primary
material to carry the load in the composites, the mechanical properties of
composites can be improved significantly by maintaining fibre continuity in the
structural design and the manufacturing process. Similar to the printing of un-

reinforced polymers, when 3D printing technology is applied in the production
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of composites parts, the advantages of utilising these materials includes their
high effective production, low cost and ease of complex geometry
customisation, augmented by the high performance of the composite material
[1]. The majority of the publications on FFF with composite materials focus on
comparison of the fibre reinforced polymers with unreinforced polymer
material printed parts. In terms of papers on FFF printing using fibre
reinforcement material, there are publications on polymers reinforced with
short fibres [62-78], fibrils [79, 80], nanofibres [81, 82] and continuous fibres
[29-33, 83-88]. Usually, the matrices are Nylon, polylactic acid (PLA), ABS,
polyphenylene sulphide (PPS) and polyetherimide (PEl), though some

publications report on epoxy resin matrices [70, 74, 78]. These matrix materials

have low melting temperatures or glass transition temperatures. Table 2.2 lists

the processing temperatures of common FFF filament.

Table 2.2:Processing temperature of common FFF filament material [25]

Filament Melting Glass Print Bed
Temperature Transition Temperature | Temperature
(°C) Temperature (°C) (°C)
(%)
ABS (-) 105 210-250 50-100
ASA 136 100 240-260 100-120
FEP 260 80 205-250 75
Glow-In- 111.57 (-) 215 No heated
The-Dark bed needed
HIPS 180 100 210-250 50-100
Lignin (-) 50-100 190-225 55
(bioFila)
nGen (-) 85 210-240 60
Nylon 220 47-70 220-260 50-100
PC-ABS 240-280 147 260-280 120
PEEK 343 143 400 150
PEI 354-399 217 340-380 180-200
PET (CEP) 260 67-81 220-250 No heated
bed needed
PETG (XT, (-) 80 220-235 No heated
N-Vent) be needed
PETT (T- (-) 81 235-240 No heated
Glase) bed needed
Polycarbon 155 147 270-310 90-105
ate
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PLA 130-180 60-65 180-230 No heated
bed needed
PLA Metal 130-180 60-65 195-220 No heated
bed needed
PLA Carbon 130-180 60-65 195-220 No heated
Fibre bed needed
PMMA, 160 105 235-250 100-120
Acrylic
POM, 183 -30 210-225 130
Acetal
PP 173 -10 210-230 120-150
PVA 200 80 180-230 No heated
bed needed
Sandstone 160 (-) 165-210 No heated
(LAYBRICK) bed needed
TPU 190-220 -44 225-235 No heated
be needed
Wax 170 (-) 170-180 No heated
(MOLDLAY) bed needed
Wood (-) 60 195-220 No heated
bed needed

To date, there have been many investigations into the manufacture of 3D
printed parts from carbon fibre reinforced polymers, however, there are not
many publications on the application of PEEK as the matrix material.
Impossible Objects Inc (lllinois, USA) [89] first announced its ability to
manufacture high performance carbon fibre reinforced PEEK filaments
according to Wang et al. [46], and it patented its manufacturing method for
carbon fibre reinforced PEEK [87], but this technology is not reported widely
in other publications. Stepashkin et al. [1] reported the successful 3D printing
of continuous carbon fibre reinforced PEEK matrix composites with fibre
volume fraction of 5% with the co-extrusion approach. The work presented by
Stepashkin et al. [1] focussed on the investigation of thermal properties of the
printed parts. It proved more difficult to FFF process the neat PEEK compared
with other commonly used FFF polymers, since the thermal conductivity is
lower than many polymers, the processing window is generally small, and PEEK

has a high melting temperature. Processing fibre-reinforced PEEK material is
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therefore likely to be even more difficult. All these reasons kept the fibre

volume fraction low in the research of Stepashkin et al. [1].

2.3.3.2 Short Fibre Printing

In short fibre reinforced polymer composites FFF printing, the polymer
material usually takes the material form of pellets, which are mixed with the
short fibres in a blender before being delivered to an extruder to be fabricated
into the FFF filaments. Subsequently, a second extrusion process will be
conducted to ensure a homogeneous fibre distribution [34]. As stated in the
beginning of this section, the performance of short fibre reinforced material is
significantly lower than that achievable with continuous fibre reinforcement.
However, as its mechanical performance is significantly better than
unreinforced polymers that are used as the matrix material, it has been used
for the development of large-scale 3D printing applications, often in the form
of composite tooling, which requires materials with better properties than
pure polymers to achieve the required manufacturing quality. In aerospace,
large-scale 3D printing can print replacements for tooling as a single part,
saving lead and assembly time, and reducing material waste compared to
traditional manufacturing methods. Bell Helicopter (Texas, US) [90] 3D printed
large blade tooling by Large Scale Additive Manufacturing (LSAM). This
technology reduced the tooling manufacture time from months to days [91].
A similar manufacturing technique has been developed and patented by Oak
Ridge National Laboratory (ORNL) (Tennessee, US) [92]. Their technique, Big
Area Additive Manufacturing (BAAM), has been applied in the construction [93]
and automotive [94] sectors. Both BAAM and LSAM rely on the extrusion of
thermoplastic beads (with fillers) using a screw extruder and compacting the

deposited material with a compaction mechanism [95].

2.3.3.3 Long Fibre Printing

The manufacturing of continuous fibre reinforced polymer (CFRP) under FFF is
challenging. Studies show that the process parameters influence the

impregnation quality of the printed parts during the manufacturing [96]. The
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FFF process for CFRP composites is a development of the FFF process for
fabricating unreinforced plastic materials. After adding fibre reinforcements, it
is essential to optimise the process parameters to achieve a good printing
performance (quality) in terms of complete bond between layers and fibres.
Several investigations have been carried out on continuous fibre reinforced
FFF. For instance, Klift et al [29] were using a commercially available Mark One
printer from Markforged, Inc (Massachusetts, USA) [97] and conducted to
evaluate the mechanical properties of CFRC printed parts. The printed part was
a sandwich panel consisting of a CFRP core and nylon polymer skins at the top
and bottom. Dual printheads were employed to print the CFRP and extrude
the nylon independently. Although studies of FFF printing of CFRP have
hitherto focussed on optimising the geometries and mechanical properties of
the printed parts [1], a recent report on CFRP PEEK printing has also explored

their thermal properties [98].

2.3.3.4 Summary

In summary, the matrices used for CFRP printing are usually low melting
temperature polymers. There is some published work on the optimisation of
FFF printing with a PEEK matrix, however, PEEK is still not commonly used as
the matrix because of the difficulties in processing. The forms of the fibres
utilised in CFRP printing includes both short fibres and continuous fibres.
Research on short fibre printing is usually focussed on large scale printing,
while research on continuous fibre printing is mostly focussed on improving
the structural and thermal properties of the designed parts. The challenges for
short fibre printing therefore mainly lie in improving the printing rate, while
for continuous fibre printing increasing the fibre volume fraction and good
matrix penetration of the fibres form the main challenges. Although there have
been significant technical achievements, there are still many gaps in the
fundamental understanding of the physical phenomena that occur in the
process, and addressing these gaps could help with achieving improved quality

of the printed parts [3].
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2.3.4 Description of Elements of Extrusion-based AM Machine

2.3.4.1 Feedstock Production System

Two broad approaches have been employed to create a pre-impregnated
feedstock for CFRP printing. These two approaches are co-extrusion and
pultrusion. Figure 2.6 shows a schematic of the co-extrusion process. In the co-
extrusion device, the thermoplastic polymer filament and the continuous
carbon fibre bundle mix in the guide pipe through a heated nozzle at the
entrance of an extrusion head. The fibres, impregnated by the molten polymer,

and the matrix polymer itself can be printed simultaneously.

Continuous fiber Fibes suPpty o
Thermoplastic polymer
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Figure 2.6: The schematic of a designed co-extrusion device to print
continuous carbon fibre reinforced polymer [30]

This type of in-situ fibre impregnation was used in the printing of continuous
fibre-based polymer composites in a number of studies [28, 31, 32]. In terms
of the improvement in mechanical properties of printed CFRP compared with
the unreinforced matrix material, Matsuzaki et al. [31] reported that for the
3D printed continuous carbon fibre reinforced PLA composites, the tensile
modulus was 19.9 (+2.08) GPa and strength was 185.2 (+24.6) MP , which are
respectively 599% and 435% of the tensile modulus and strength of the neat
PLA specimens. This is a much larger mechanical improvement compared to
that achievable with short fibre reinforced PLA composites. However,

irregularity and fibre discontinuity was still observed. Moreover, although the
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mechanical properties of composites show considerable improvement
compared with those of the neat polymer printed parts, the improvement is
still lower than the calculated theoretical value from the rule of mixtures [29,

31].

During the printing of CFRP, Li et al. [33] conducted similar experiments to
Matsuzaki et al. [31]. Li et al. found that the increase in flexural strength of the
sample was limited to 59 MPa or an increase of 11.3%, which was because of
poor adhesion between the PLA and carbon fibres. Based on the report by Yu
et al. [35] regarding the weak bonding interface between the PLA resin and the
carbon fibres, in the second part of their investigation Li et al. [33] applied
carbon fibre surface modification before the printing to improve the interfacial

strength, and achieved a flexural strength improvement of 164%.

Rietema [36] investigated glass fibre reinforced polypropylene material in
terms of their suitability for continuous fibre FFF. A feedstock material
consisting of a commingled yarn of E-glass and polypropylene filament was
investigated. After consolidation, the theoretically realisable compacted
diameter was achieved. Building on Rietema’s work, Vaneker presented a
pultrusion apparatus [37] for pre-processing commingled yarn using a brass
die with a central hole of a calculated diameter. This apparatus is shown in
Figure 2.7. The heated die, shown top left in Figure 2.8, is shown from another
angle in a detailed photograph of the heat die found in Figure 2.8. In the
pultrusion mechanism of Figure 2.7, the processed yarn is stored on another,

larger spool so it can be used as feedstock for subsequent use in the 3D printer.
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Figure 2.7: Pultrusion mechanism for the commingled yarns of E-glass and
polypropylene filaments production, source: [37]

Figure 2.8: Detailed view of the die in the heater with the commingle yarn
entering from above and the filament leaving at the bottom for the
commingled yarns of E-glass and polypropylene filaments production [37]

Eichenhofer et al. [38] presented a process where the 3D printing was
combined with customized extrusion. The printhead combined the pultrusion
and extrusion processes so that the commingled yarns could be printed
directly. The process was named Continuous Fibre Lattice Fabrication (CFLF),
and Nylon-12 was utilized as the matrix. The schematic and the prototyping

machine are shown in Figure 2.9.
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Figure 2.9: (a) Schematic illustration of CFLF processing head, (b) CFLF
prototyping machine [38]

Based on preliminary investigations of the thermoplastic commingled yarns
[39-44], the speed of the extrusion, outlet die diameter and temperature were
found to be the process parameters to have a main influence on the laminate
quality. After manufacture, the resulting pultruded material was cut into short
rod specimens and analysed with optical microscopy to determine their
morphology and the void content. From the analyses of these specimens, an
ideal processing window for the CFLF extrusion process of continuous fibre

composites material was defined.

2.3.4.2 Liquefier, Printhead and Gantry

In the development of AM-based systems, some attention has been paid to
the development of the HotEnd [99] extrusion process. In the extrusion-based
AM process, the HotEnd is also known as the liquefier, since it is the device to
heat up the thermoplastic feedstock to the target temperature and soften it
into an extrudable state [100]. The HotEnd is usually mounted on a motorized
gantry, driven by a numerically controlled stepper motor to generate a

prescribed speed pattern, as shown schematically in Figure 2.10. Every time a

36



Chapter 2 Literature Review

layer is completed, the HotEnd moves to a controlled height (in some cases,
the substrate moves down to that controlled height), and starts to deposit the

next layer [100].
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Figure 2.10: Schematic of a liquefier representation in the Fused Filament
Fabrication process [100].

Investigating the thermal behaviour of the HotEnd can enhance the accuracy
of the temperature control of the material during the printing process [101,

102], and improve the quality of 3D printed parts.

The FFF system’s thermal process mostly takes place at the HotEnd. The
HotEnd heats the material to attain the desired viscosity, such that the
extruder can extrude it onto the print bed. For the design of the HotEnd, its
thermal capability must meet two conditions [100]. Firstly, the temperature at
the exit of the HotEnd, which is the nozzle, must be kept at a constant
temperature to guarantee the material flow whilst preventing nozzle
blockages. Secondly, there must be a temperature gradient along the HotEnd
axial direction to ensure its entrance temperature is low enough to keep the
incoming unsupported feedstock material solid. Based on these two
requirements, multiple studies have been conducted to understand the
thermal behaviour of the HotEnd [100, 103-105], more details of these

analyses can be found in Section 2.3.4.
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2.3.4.3 Temperature Control Platform

The temperature control is found to be a critical factor that needs to be
considered during the functional design of a HotEnd. The accuracy of the
temperature control plays an important role for the FFF printed material.

There are mainly two reasons:

e The final mechanical properties of the 3D printed parts are proven to be
highly dependent on the bond strength between the deposited filaments.
[106-109].

e Warping deformation observed of FFF printed parts was found to be
caused by the thermal stresses originating from the hot extrusion of the

materials [110-112].
2.3.5 Process Analysis

Bourell et al. [113] described how one major factor hindering the future
growth of AM in general is the limited understanding of the science of AM
extrusion-based process. Figure 2.11 shows a detailed view of the FFF process.
The essential modelling of the FFF process includes flow and fibre orientation,
bond formation, and solidification behaviour. The following sections will

review the modelling of each of these main process elements.

Flow and fiber orientation:
Solidification behavior: = Viscous suspension flow
= Cool down = Flow and fiber orientation
= Viscoelastic behavior mutually dependent
= Gravity effects
= Crystallization kinetics
* Shrinkage Bond formation:
* Residual stresses = Fiber affect surface
tensions and necking
= Effect of crystallization

l Material Flow

Die

Relative Movement

Deposited Material
Printing Bed

Figure 2.11: FFF process illustration and its related physical phenomena [3].
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2.3.5.1 Flow and Fibre Orientation

The modelling of flow and fibre orientation are generally applicable to short
fibre composites rather than to continuous fibre composites in FFF printing.
Much of the effort on the FFF printing of composites has focused on short fibre
composites since they have been proven relatively straightforward to achieve
a high deposition rate compared with continuous fibre composites. For
continuous carbon fibre FFF printing, there is still an issue that fibres are easily
broken due to the shear stress limitation [114]. One of the first publications on
this aspect was by Bellini [115], who modelled the pressure drop in the nozzle,
and resulting different printed bead shapes before and after deposition on the
print bed. Since there is heat transfer from the material during heating, the
print speed and temperature of the material during the deposition were taken
into account. Ramanath et al. [116] modelled the 2D flow of PLA in the liquefier
using ANSYSO (Pennsylvania, US) [117], a commercially available Finite
Element Analysis (FEA) software package. They compared the mathematical
model with the experimental pressure drop and found a reasonable
correlation. They also extended this work and investigated how the flow
behaviour changes with varying the nozzle diameters and exit inner angles
[118]. Another example of modelling using analysis was by Nikzad et al. [119].
Iron powder reinforced ABS material was used in this research. The 2D and 3D
models of the flow through the HotEnd were established taking variations in
the temperature, velocity and the pressure drop at the exit of the nozzle into
account. This model optimised the printing parameters to obtain the best
quality of the composite parts. In the work described in Ref. [120], three nozzle
geometries, convergent, straight and divergent were investigated to see how
these affect the fibre orientation for different extrusion rates and fibre volume
fractions. Carbon fibre reinforced PEI material was used and the software
Moldflow© [121] was utilised. In Folgar et. al [122] the Folgar-Tucker equation
was implemented to study the fibre orientation. However, this paper only
investigated the effect of the nozzle geometries on the fibre orientation, but

did include the fibre alignment in more upstream regions. Heller et al. [123-
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125] in a series of publications investigated the swelling effects on fibre
orientation after the fibre reinforced ABS material exits the nozzle during the
FFF process. In their initial publication [123], COMSOL®© [126] was utilised to
model a Newtonian fluid and velocity field to analyse the flow in the nozzle.
These results helped to compute the fibre orientation using the Advani and
Tucker orientation tensor approach [124]. From these studies, it was observed
that the die swell effect subsequently reduced the high fibre alignment in the
region near the exit where materials stayed in the nozzle. Heller et al [124]
investigated the effect of nozzle geometry on material flow, they also studied
how die swell affects mechanical properties based on the fibre orientation
changes, and how the geometry of the nozzle affects the fibre orientation.
Finally, in their computational study on the deposition flow [125], they used
COMSOL®© [126] to establish a 2D planar model and considered deposition
onto the printing bed. The above researchers all assumed the polymer to be a
Newtonian isotropic fluid. The flow models do not account for anisotropic flow
properties, this leads to lower fidelity in the prediction of the fibre orientation
state. Also, the current modelling approaches require a great amount of
detailed inputs, and are computationally expensive. There is a need to simulate
the anisotropy in flow of the FFF process and also a need to establish

computationally less intensive yet accurate modelling tools.

2.3.5.2 Bond Formation

Inter-filament bond formation, which is also called weld formation in some
papers, e.g. [127], deals with the interface properties between filaments
during the printing process. Note here that some studies consider that welding
is actually the last stage of the bond formation [128]. It has a great influence
on the mechanical properties of the final printed parts [129]. Some other
publications consider the bond formation to happen between two beads when
the material comes out from the nozzle. Thomas and Rodriguez [107] are
among the first authors to investigate the fracture strength between two
extruded beads. In their research, a 2D heat transfer model was developed to

predict the local thermal histories of the weld zone, which in this case, was
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taken as the interface between two beads. According to this model, the
fracture strength was developed at a high temperature when the polymer isin
a molten stage. A decrease of the cooling rate could also increase the bond
strength. Sun et al. [106] investigated the bond formation between two beads
during the FFF process. In Figure 2.12 one can see that when two beads
develop a wetted contact region in the molten stage (1), a further connection
started to establish. During the stage the “neck” grows (2). Bond formation

occurs once the polymer chains diffuse through the interface (3).

2a,

D
N

Figure 2.12: Bond formation illustration during process between two adjacent
filaments [106].

The majority of studies of bond formation in the FFF process used ABS. In the
research by Bellehumeur and co-workers [109, 130, 131], a Newtonian
polymer sintering model was first developed [130], then it was applied to
model the neck growth in the bond formation of ABS during the FFF process.
Later, a lumped capacity heat transfer model [131] was used for temperature
prediction when printing. However, the limitation of this sintering model was
that it only describes the wetting between beads, and it was only able to
predict the fracture strength. The authors found that the necking process
between the beads happened above the defined weld temperature. In other
words, the bond process took place above the weld temperature; the authors

also found there was no complete bond formation due to the fast cooling rate
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during the FFF process. In a related work with ABS, Sun [128] investigated the
same topics. He predicted the degree of welding using a non-isothermal
diffusion model. In this work, the welding process was considered to be the
last stage of bond formation. However, it was not easy to predict the bond
strength with this model due to the sensitivity of the material to temperature.
Later work of Sun et al. [106], focused on investigating the effects of changing
the extrusion temperature and it was found that there was a strong
relationship between temperature history and bond strength. In particular,
decreasing the cooling rate could enhance the strength. At this point, the
sintering temperature was confirmed to play a critical role. Based on this
sintering model, Gurrala and Regalla [132] extended this model with spherical
particles to be applied in a cylindrical geometry. With validation from
experimental data, the extended model could predict the bond strength based

on the computed neck growth.

There are other studies on improving the bond strength focused on the
processing. Kishore et al. [133], conducted research on ABS filament, using
additional heat to re-melt the already laid down material before the deposition
of the next bead. In that work, fibre reinforced ABS material was considered,
and infrared pre-heating was applied to heat the extruding material. It was
found the infrared pre-heating could improve the bond strength, however, at
the same time, degradation of the material reduced the strength. Ravi et al.
[134], investigated in-process laser pre-heating, when printing with ABS. They
reported that the bond strength improved by 50% compared with the strength
without the laser pre-heating. This demonstrated that an elevated interface

temperature could promote fusion between two beads.

Although there are several experimental investigations on bond formation
during the FFF process, no modelling work has yet been reported on the effect
of the fibres on bond strength for the case of fibre reinforced feedstock.
Additionally, since no polymer chains penetrate the fibres during the FFF
process, more constraints are created in the modelling since some parts of the

polymer will not have the chain interfusion. The polymer bond to the fibre still

42



Chapter 2 Literature Review

needs to be understood more. The fibres can also affect the thermal properties
of the matrix in the printing material filament, which in turn may change the
temperature history. In reports of the thermal conductivity of carbon fibre
reinforced polymers, it is shown that the thermal properties are dependent on
the carbon fibre direction and the fibre volume fraction [135, 136]. In the case
of a semi-crystalline polymer, there will be an initial crystallisation reaction and
further neck growth with the interdiffusion. Hence, more details will need to
be considered in the modelling than when modelling an amorphous material
such as ABS. There are still many needs for fundamental research into the

formation of bonds within the FFF process.

2.3.5.3 Solidification Behaviour

Existing research into solidification behaviour has concentrated on the
unreinforced polymers. Yardimci and Guceri [101] published some of the
earlies research on the solidification behaviour of two beads during the FFF
process. They initially built a 1D heat transfer model to estimate the bond of
adjacent beads. In their second paper [137], they extended this 1D heat
transfer model into a 2D quasi-steady model in order to model a continuous
process. The model developed by Rodriguez et al. [107], studied bond
formation as well as prediction of the bond strength between two beads. In an
investigation similar to that of Bellehumeur et al. [109], Sun et al. [131], who
are in the same research team, compared two models established by
Bellehumeur et al. with experimental results and concluded that the 1D
lumped capacity model provides a better fit for the material temperature
subsequent to extrusion, while the 2D model has a better match at lower
temperatures. However, neither of the models could predict accurately the full
heat transfer process in the beads. Going further, Costa et al. [138] developed
a heat transfer model to predict the thermal histories for actual printed parts.
This was a way to establish a full solidification analysis of printed parts. In their
paper, Costa and co-workers developed a Matlab® (Massachusetts, US) [139]
model to describe the thermal contact between adjacent beads. In subsequent

work, they described the implementation and the model structure in more
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details. In this work, the authors were able to model the transient 3D
temperature histories for parts with simple geometries by applying a 1D
solution for each of the bead elements. In the work of Brenken et al. [140]
COMSOL Multiphysics® (Stockholm, Sweden) [126] was used to implement a
2D heat transfer model coupled with a non-isothermal dual crystallisation
model. This model predicted the crystallisation behaviour for a semi-crystalline,
fibre reinforced polymer. Zhou et al. [141] used 3D analyses to model the
behaviour of the printed materials using the thermal analysis platform of
ANSYS (Pennsylvania, US) [117]. In this model, the latent heat associated with
the phase changes, heat conduction and heat capacity were included. This
model could show the temperature profiles for different times during the
process. Costa et al. [142], using another approach, then presented their work
with 3D extruded beads as well. This time, the model was coded in Matlab®
(Massachusetts, US) [139]. Based on the results, the authors found that varying
thermal resistances and the convection conditions were the most important
factors for the heat transfer analysis. In a separate work, Pooladvand and
Furlong [143] derived a model to predict the temperature profile for a printed
cylindrical geometry. A recent paper by Brenken et al. [144] presented a
crystallisation kinetics model and a melting model in Abaqus FEA to describe
the re-melting phenomena. In summary, this existing solidification modelling,
is trying to combine material behaviours with the thermal history analyses.
Additionally, the modelling is extended from the 2D to 3D, and typically also
includes bond formation modelling.

Residual stresses and part deformation resulting from the printing process are
major factors in the part’s final mechanical performance and have received
considerable focus. Several papers [110, 111, 145-150] have investigated how
these issues could be addressed by optimising the part design, machine design
and the process parameters. However, the current models do not take into
account the physics of semi-crystalline polymers. Even though, their
mechanical properties are strongly dependent on the degree of final

crystallinity reducing the accuracy of the prediction.
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In summary, none of the developed models mentioned above could
sufficiently predict the behaviour of bonding and solidification in continuous
fibre reinforced semi-crystalline polymers in FFF. Hence, there is a need for
fundamental understanding of the FFF process and polymer physics to

establish these models.

2.4 Feedstock Material and Properties

2.4.1 FFF Thermoplastic Polymer Filament

Thermoplastic polymer materials such as ABS [151], PLA [152], and
Polycarbonates (PC) [153] can be customized for FFF printing due to their low
melting temperature. Nowadays, the 3D printing of polymers has been applied
to manufacture complex non-load carrying lightweight structures in aerospace
industries [154], small size study models in architectural industries [12], art,
education [155], and as models to study tissues and organs in the medical field
[68]. Due to the limitations of the manufacturing method, the majority of the
3D printing polymer products are still fabricated for prototyping rather than as

functional components.

In this project, PEEK has been chosen as the matrix. As a semi-crystalline
thermoplastic, PEEK has excellent mechanical and chemical-resistant
properties for higher temperature applications than other thermoplastics
currently used for FFF. In the aerospace industry, PEEK is considered as one of
the best materials for airframe structures. One of the reasons for this is that it
can provide significantly higher toughness with long-term resistance to fatigue.
Additionally, at the end of its life, it can be recycled more easily compared to
many other plastics, which makes the product life cycle more environmentally
friendly. Another significant benefit is that PEEK composites show particularly
high resistance to hydraulic liquid and fuel induced corrosion. For instance, the
H160, a medium duty twin-engine civil helicopter manufactured by Airbus,

already has a rotor hub made with PEEK resin matrix composites, because by
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using this material, it potentially reduces the maintenance requirements of the
main rotor hub in the helicopter. This technology was developed by Porcher
Industries (Eclose-Badinieres France) [156], and according to their report, this
carbon fibre PEEK prepreg has already met the quality requirements for safety-
critical applications and hence it received the green light for production by

Airbus Helicopters [157].
2.4.2 Semi-crystalline Material Characteristics of PEEK

The repeat unit of PEEK (Figure 2.13) was found in the 1980s by Dawson et al.
[158] with X-Ray technology. The repeat unit later enabled the ability to

investigate the crystalline packing of the molecule as PEEK crystallisation

| |
{00
I
- N

Figure 2.13: Repeat Monomer unit of PEEK [159]

Since PEEK is a semi-crystalline polymer, its stiffness depends strongly on the
degree of crystallinity [9, 160]. Studies presented in Refs [161-163] show that
in the process of both neat PEEK and CF/PEEK composites, slower cooling rates
can increase the degree of crystallinity and therefore increase the tensile
strength and modulus. By adjusting the thermal processing parameters [159,
164], it is possible to obtain a wide range of crystallinity fractions in the
samples due to the crystallisation kinetics of PEEK. Thus, appropriate design of
the processing conditions will allow PEEK parts with the maximum crystal

fraction of 50% crystallinity [165].

46



Chapter 2 Literature Review

As in the literatures of Ref. [166], majority of the continuous fibre reinforced
PEEK specimens were manufactured by layup and compaction of heated
prepreg material with woven carbon fibre laminates (APC-2, with a CF volume
fraction in the range of 59%-61%). Although the 57.4% fibre volume fraction
as used for the experimental work of this thesis is close to the standard APC-2
grade, the material used in the experimental work is commingled yarn which
is with different physical form of the APC-2. The fibre content used in this
thesis is however the highest and closest to the industry standard APC-2 that
could be obtained during this PhD project. In the discussion of this thesis,
results are compared to the findings in the literature. In addition, the graphs
presented Figures 2.14, 2.15 and 2.17 are with 30% CF volume fraction since
they are the most detailed analyses available. These materials, according to
the literatures, were also manufactured by layup and compaction of heated
prepreg with woven fibre laminates. In the study of Zhang et al. [167], thermal
decomposition of PEEK and PEEK-CA30 (CF/PEEK with fibre volume fraction of
30%) were investigated in both nitrogen and air environments, both of the
results showed a two-step decomposition process, as seen in Figure 2.14 for
the test under a nitrogen environment. Another study from Perng et al. [168]
suggests, that, during the first decomposition step, scission of the main chain
of the ether and ketone groups of the PEEK was the major pyrolysis mechanism,
the ether group scission reaching the maximum value earlier than that of the
ketone group. During the second decomposition step, a new structure with
higher thermal stability contributes to form pyrolysates. As can be deduced
from this, onset decomposition with PEEK occurred at around 575°C, and rapid
significant mass loss occurred just below 600°C. Similar results were also found
by Hay et al. [169]. Their work reported that there is a lower mass loss in the
PEEK-CA30 material test. Additionally, in the test carried out in an air
environment, PEEK-CA30 exhibited complete decomposition, including the
carbon fibres, below 1000°C. The result shown in Figure 2.15 indicates that, in
the second combustion step, the carbon oxidation contributes most to the
thermal decomposition, since the reaction of PEEK-CA30 happens significantly
earlier than PEEK-GL30 and unreinforced PEEK. Within this second step, the
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decomposition took place at a slightly lower temperature for PEEK-CA30 than
for both neat PEEK and PEEK-GL30 (PEEK with glass fibre volume fraction of
30%). So this means PEEK-CA30 was more readily oxidised than that the other
two materials due to the reaction with carbon. In this work, it also pointed out

the main products of the PEEK decomposition have been confirmed to be CO
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Figure 2.14: Thermal decomposition of PEEK and PEEK-GL30 and carbon-CA30
composites under nitrogen [166]
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Figure 2.15: Thermal decomposition of PEEK and PEEK-GL30 and PEEK-CA30
composites in air [166].
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In summary, PEEK based material begin to decompose when the temperature
is lower than 600°C. Carbon fibre is more thermally stable in nitrogen. However,
in the air environment, a higher volume of PEEK can contribute to thermal
stability as carbon oxidation causes carbon fibre-based PEEK to decompose at

a faster rate in the air environment.

Herrod-Taylor [166] tested neat PEEK finely ground powder (150PF) and pellets
reinforced with 30% weight percent short carbon fibre (150CA30) using
differential scanning calorimetry (DSC) with the results being shown in Figures
2.16 and 2.17. He stated that the crystallisation of the material only happens
between the Ty and T,,. All his materials were dried overnight at 120 °Cin a
vacuum chamber before the tests in order to minimise the influence of water
absorption. In this test, the author varied the temperature and cooling rate
and measured the onset temperature of crystallisation for both 150PF PEEK
and 150CA30 CF/PEEK. From his results of 150PF PEEK, it was clear that the
glass transition occurs at 175°C instead of 143°C, which is the accepted T of
PEEK. The explanation for this phenomenon can be found in the later
publication by Cheng et al. [170], namely that the crystalline and rigid
amorphous regions constrain the molecular motion in the truly amorphous
phase. Cheng et al. also found that in the temperature range of 380 °C to
410°C, a 2°C drop in temperature occurred when the crystallisation happened.
This means the crystallisation absorbs energy and the degree of crystallisation
of the PEEK only changes by a small amount when the temperature is above
380°C. In the non-isothermal crystallisation behaviour of 150CA30, above the
melting temperature, the results were similar to those of neat PEEK in terms
of crystallinity change, but additional nucleation of PEEK occurred at the fibre
surface. Other studies as Peggy et al. [163] on the changes of crystallinity in
neat PEEK all show similar results indicating that slower cooling rates can
increase the degree of crystallinity as well as the tensile strength and modulus.
Investigations on the effects of carbon fibre on the crystallisation of PEEK
showed that carbon fibre acts an agent for the nucleation of PEEK on carbon

fibre. Lee et al. [135] found that by increasing the carbon fibre volume fraction,
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the degree of crystallinity occurring during the solidification process decreased.
Several studies [172-175] showed there was a high nucleation density of PEEK
on the fibres when they are coupled together. In summary, reports show that
when PEEK has a higher degree of crystallinity, when combined into carbon
fibre composites, there is a significant property improvement [161, 162, 176].
The crystalline morphology, spherulite size, orientation and interface with the

carbon fibres also affect the mechanical properties of the resulting composites

[177-179].
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Figure 2.16: DSC heating scan of reprocessed amorphous 150PF PEEK [166].
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Figure 2.17: DSC heating scan of reprocessed amorphous 150CA30 PEEK
[166].
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In scanning electron microscopy (SEM) studies, Bassett et al. [180] and Blundell
et al. [181] used SEM for studying the crystalline morphology of PEEK and
carbon fibre reinforced PEEK. Blundell et al. [181] found that sheaflike crystal
structures in the PEEK were formed when the nucleation density was high, and

this limited the development of spherulites.
2.4.3 Carbon Fibre Reinforced Polymer Filament

Using the neat polymer as the processing material, FFF components usually
lack the strength required for a load-bearing part. However, 3D printing of
polymer composites may improve the mechanical properties of printed parts
by combining the reinforcements and matrix to enhance the structural or
functional properties [182]. There has been considerable scientific research
effort focussed on the manufacturing of high-strength products and
prototypes with 3D printed carbon composites. Because of the advantageous
properties of carbon fibre reinforced PEEK, it is considered as a promising

alternative to some metallic materials [183, 184].

However, 3D printing of composites with PEEK matrix and other advanced
reinforced polymers is still technically challenging. PEEK, with its high melting
temperature, forms a challenge for the FFF process. Arevo Labs (California,
USA) [185] state they have solved this problem by optimising polymer
formulations with an innovative extrusion technology in order to make it
suitable for the FFF printing process [186]. But they have not proven the
feasibility of producing carbon fibre with PEEK. Han et al. [187] reported using
FFF to print carbon fibre reinforced PEEK composites for orthopaedic and
dental application. The carbon fibre was formed into particles with a volume
fraction of 5%. Their work focused on the improvement of mechanical
properties and microstructures of PEEK and carbon fibre reinforced PEEK
samples. MarkOne [97], reported as the first commercial carbon fibre 3D
printer using continuous fibre, uses carbon fibre with a nylon matrix, however,

this technology is not designed to be compatible with PEEK filament [98].
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Increasingly, research is being carried out on the 3D printing of carbon fibre
reinforced polymer (CFRTP). Various processing techniques have been
proposed. These techniques include impregnation [184], mixing and extruding
[65], and FFF [66]. The goal of this project is to print with CFRP in order to
improve the mechanical properties of the composites parts by maintaining
fibre continuity. It is more difficult to achieve 3D printing of CFRP with
continuous carbon fibres, but the technology has been proven already for
printing with PLA [28]. Prepreg material is chosen as the filament material in
this project. This means that the feedstock are pre-impregnated composite

fibres with polymer matrix.

In the design of fibre-reinforced plastic (FRP) parts, the fibres are orientated in
a particular way as to carry the primary loads by following specially design fibre
path. One can find a considerable amount of research work on fibre path
design, but this is out of scope for this current project. Carbon fibres have been
widely used for many years. They can be obtained by a wide variety of
production methods. It has been proven that the carbon fibre has a high
modulus of elasticity and a high strength, it has advantages of low weight, and
high chemical resistance [188]. Carbon fibres are usually combined with other
materials into composites, greatly increasing the mechanical properties,
achieving very high strength-to-weight ratios. The aerospace, wind energy and

automotive industries are the largest potential markets [157, 189].
2.5 Analytical Equipment

As already mentioned, when processing carbon fibre reinforced PEEK material,
the carbon fibre does not undergo any phase changes, which means that only
the rheology of the PEEK changes. However, the carbon fibre causes the
thermal properties of the composites to differ from neat PEEK. Control of the
temperature level and the heating and cooling rates are critical for the process
to fit the process window of PEEK, allowing for the repeatable and structurally
reliable manufacturing of components [190]. Analytical techniques such as

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC),
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both of which are forms of thermal analysis (TA), can help in understanding
how the control of temperature at different stages of the process will affect
the final quality of the 3D printed part, and aid eventual optimisation of the
processing parameters. The scanning electron microscope (SEM) can help
study the morphology of the PEEK and CF/PEEK. Other analysis methods, such
as time-of-flight secondary ion mass spectrometry (ToF-SIMS) were utilised in
this research after the CF/PEEK filaments were produced, to remove ambiguity
in material identification in the cross-sectional views of the produced filaments.
Thermography was used to record the temperature profile of the material, and
indirectly record the temperature profile of the weld zone during the FFF
process. Dynamic mechanical analysis (DMA) was used for the mechanical
tests of the final printed parts in this research; although it does not provide the
information on the strength, it measures the stiffness of the printed parts

which can still contribute to the mechanical properties study.
2.5.1 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) or thermogravimetry (TG) is a thermal
analysis technique which can measure the amount and rate of change in the
weight of a material as a function of temperature and time in a controlled
atmosphere [191]. The TGA test can be used to understand the flammability
and thermal decomposition properties of PEEK and CF/PEEK [2]. There are
many TA techniques which can be used to investigate the combustion
behaviour of PEEK based polymers and composites. These include oxygen
bomb calorimetry (OBC) [192], microscale combustion calorimeter (MCC)
[193], thermogravimetric/mass spectrometry (TG/MS) [168], pyrolysis gas
chromatography/mass spectrometry (pyGC/MS) [194], a combination of
TG/MS and pyGC/MS [195], and magic angle spinning nuclear magnetic
resonance (MASNMR) spectroscopy [196]. However, TGA is the most popular

TA techniques for this purpose [197].

According to reference [197], the normal commercial TGA apparatus can reach

a chamber temperature up to 1000 °C. Different gases can be inserted, such
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as nitrogen, helium, or argon; oxidising gases, for instance, air or oxygen, or

reducing such as forming gas (8 — 10% hydrogen in nitrogen). During the TGA

test, a polymer generally will show mass loss. Sometimes mass gain is also

observed prior to degradation at low heating rates in an oxidising atmosphere.

Mass loss may be attributed to various reasons during the TGA tests. A typical

TGA instrument consists of a furnace, a thermobalance, a data acquisition

device and a computer to analyse the data. The whole thermogravimetric

analyser is a thermobalance, and it measures sample mass change as a

function of temperature and time. Figure 2.18 is a schematic of TGA. Major

factors affecting TGA results are listed in Table 2.3.
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Figure 2.18: General components in a thermobalance [196].

Table 2.3: Major factors affecting TGA results [196]

Mass

Temperature

Buoyancy and thermal
expansion

Heating rate

Atmospheric turbulence

Thermal conductivity

Condensation and reaction

Enthalpy of the processes

Electrostatic and magnetic
forces

Sample-furnace-sensor arrangement

Electronic drift

Electronic drift
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2.5.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is another popular thermal analysis
techniques. It is a thermoanalytical technique that measures the amount of
heat required to change the sample temperature. As described in Section 2.4.2,
it is important to understand the crystallisation and crystalline state of PEEK in
order to optimise the processing parameters, and maximise the mechanical
properties of the final printed parts. DSC is one route towards gathering this

information.

The DSC technique was developed in 1963 under Perkin-EImer (Massachusetts,
USA) [198]. DSC uses the technique that the difference of the heat amount
affects the temperature of the test sample, and a reference is measured as a
function of time [196]. Figure 2.19 shows a schematic of the DSC. The
important analysis features in DSC include temperature, heat (consisting of
heat flow, and latent heat), enthalpy, entropy, Helmholtz and Gibbs free
energies, heat capacity, phase transitions, melting point and heat of fusion,
crystallisation temperature, and glass transition temperature. The results from
a DSC experiment are normally plotted as heat flow vs temperature, where a
change in the curve can represent a thermal transition. For a semi-crystalline
polymer, a peak in the curve typically represents the crystallisation. A step in
the curve normally represents the glass transition or melting temperature. An
example of a DSC plot showing a crystallisation peak temperature (T,) , glass
transition temperature (T,) and melting temperature (T,,) can be seen in

Figure 2.20.
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Figure 2.19: Schematic of DSC [199].
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Figure 2.20:Example plot of a heat flow vs. temperature plot for a polymer
that under goes Ty, T, and T,,.[200].

2.5.3 Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) is widely used for studying the
microstructures and morphology of materials. In the present research project,
SEM was used to examine the morphology of the raw material before the FFF
processing. In this thesis, only basic function of SEM will be introduced in this

section.
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Compared to studying a sample with a normal, optical microscope this
technique is not limited by the depth of field and can produce a 3D image of
the microstructure, and hence, produce images with more information and

better resolution than optical microscopy.

Decrease the lens aberrations or increase the source brightness can improve
the resolution in SEM [201]. Table 2.4 shows different electron sources as they

were considered to lead the high-resolution SEMS since 1980s [202].

Table 2.4: Comparison of different electron sources at 20kV [202]

Source Brightness | Lifetime | Virtual Energy Beam
(A/cm?sr) | (h) source spread current
size AE(eV) | stability
(%/h)
Tungsten 10° 40-100 | 30-100 1-3 1
hairpin pum
LaBs 10° 200- 5-50 um | 1-2 1
1000
Cold field | 10° >1000 | <5nm 0.3 2
emission
Thermal field | 108 >1000 | <5nm 1 2
emission
Schottky field | 108 >1000 15-30 nm | 0.3-1.0 ~1
emission

2.5.4 Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS)

As the amount and variety of biomaterials dealt with in science has increased,
there is increasing demand for better understanding of the materials’
components, and hence for more advanced microscopy for the analysis of

materials. This triggered the development of the time-of-flight secondary ion
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mass spectrometry (ToF-SIMS) [203]. Not all types of material are suitable for
ToF-SIMS test, but PEEK is one of them. PEEK has a property that it constitutes
a very poor substrate for cell cultivation, and it is extremely reluctant to allow
cellular adhesion. This property of PEEK allows a modified PEEK surface to be
easily detected by ToF-SIMS for its biological responses [203]. Figure 2.22
shows the schematic of the dual beam ToF-SIMS process and apparatus. A
primary ion gun sputters the secondary ions from the sample surface, which is
called the “target” in the schematic. The sputtered secondary ion (SlI) signals
are extracted through the Time-of-Flight tube and the detector obtains the
signal outputs information such as mass spectra, ion images, depth profiles
and the 3D analysis. The advantages of ToF-SIMS among other surface
characterisation techniques is that this method is highly sensitive to the
molecular information such as molecular mass, and it is very restricted to the
upper-most surface layers (0.1-1 nanometres) [171, 204]. For these reasons,

ToF-SIMS is highly suitable for polymer surface analysis [205].
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Figure 2.21: Schematic of the components of a dual beam ToF-SIMS
instrument [203].

In the research of using this technique to identify PEEK constituents, in several

studies PEEK samples were treated with oxygen plasma during the tests [206-
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208]. Henneuse-Boxus et al. [209] combined X-ray photoelectron spectroscopy
(XPS) and ToF-SIMS of chemically modified PEEK films for their tests. These
experimental PEEK fragments data results from Henneuse-Boxus et al. [209]
were used as a PEEK element reference data to the tests described in Chapter

5.
2.5.5 Thermography

Thermography is an in-situ thermal measurement technique that can be used
for analysing the weld formation in the FFF process, see e.g. Seppala et al. [210].
As also mentioned in Sections 2.3.4 and 2.5.2, itis important to understand the
polymer-polymer interface development in the FFF process window. For semi-
crystalline material, crystallisation happens between glass transition
temperature and crystalline melting temperature. In the AM process, it is
unlike traditional polymer manufacturing, where more precise temperature
monitoring and controlling are achievable. In the FFF process, the
instantaneous temperatures are related to a complex control situation
involving nozzle temperature, printing speed, ambient temperature, printing
path etc. Hence, in order to establish accurate material temperature control
during the FFF process, it is important to first understand how the temperature
of the material varies during the printing process, then one can start to
correlate the temperature and the material thermal behaviour with the
properties such as the bond strength of the final printed parts. For polymer
processing, during the heating up phase, the melting temperature holding time
affects the viscosity and degradation rate [211], and the cooling rate affects
the thermal residual stresses [212-214], which in turn affects the mechanical
properties of the printed parts.

Using infrared thermography is one of the best ways to record such material
temperature profiles during the printing. Seppala et al. [210] identified several
reasons to select IR thermography. For instance, it is impossible to place a
thermocouple in a flow of molten material with this level of viscosity, and
usually FFF polymers have low thermal conductivity which can cause a low
accuracy of the temperature measurement. Finally, when a polymer melts, it
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can undergo local heating to a higher temperature by the dissipation of
mechanical shear energy due to the high viscosity.

However, it is still quite difficult to get an accurate temperature during FFF by
thermography. An infrared camera measures the emitted infrared radiation in
the form of an image, but it does not measure the temperature directly. The
temperature is then calculated as a function of the emissivity. Apart from the
emissivity of the object, the measured radiation is also influenced by the
reflected apparent temperature, the distance between the object and the
camera, the relative humidity of the environment, and the atmosphere
temperature [215].

In order to obtain a higher accuracy of temperature recording, instead of using
the temperature as calculated by the IR camera software directly, Seppala et
al. [210] carried out the temperature conversion using Planck’s Law.
Meanwhile, the reflection correction was applied by moving the heated nozzle
without material extrusion, in order to subtract the reflected IR signals from
the heated nozzle. This work led to another publication by the same team [127],
wherein the weld formation of the material extrusion in additive

manufacturing was studied.
2.5.6 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) is a test that can provide the viscoelastic
properties of polymers. It is not common to use DMA as the quantitative
measurement for mechanical strength of the 3D printed part, as DMA only
provides deformation in the elastic region. However, in this project, DMA was
selected since the University of Nottingham does not have a universal testing

machine able to deal with small sized samples.

DMA has proved to be a very useful tool for characterising transition
temperature and viscoelastic behaviour of polymetric materials. DMA has also
been used to tests composites to determine their bulk strength properties
[213]. Usually for these DMA tests of composites, the samples are heated so

the DMA tests can provide not only the polymeric solid mechanical properties,
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but can also provide information on the temperature dependent rheological
properties. In the DMA test, an oscillatory (sinusoidal) input is applied to a
sample, then the material strain and stress responses are measured, and the
phase angle §, which is the phase shift between the input and response, can

be obtained [197]. Figure 2.23 shows a schematic of the DMA machine.
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Figure 2.22: Schematic of the DMA 8000 analytic train [216]

The sample fixture is also the rotation analysis head. This rotational design, for
instance, in DMA 8000 could permit several configurations for the tests. This
fixture design enables 3-point bending, cantilever, compression, shear, and
tension tests [217]. In this project, DMA tension test was selected (more details
can be found in Chapter 6). Among the results of the DMA tension test, the
storage modulus (E’) is the modulus which provides the elastic response of the

material. These data link in turn to the stiffness of the 3D printed parts.
2.6 Conclusion

In summary, unlike traditional manufacturing, AM provides more freedom to
the designers, leads to less material wastage, and reduces the manufacturing
processing time. Composite 3D printing, such as that of continuous fibre
reinforced PEEK material, has great potential. However, in general, the
manufacturing repeatability is still low. In composite FFF printing, there are
many phenomena that are still remain poorly understanding. Initial
investigations of composite FFF printing have been carried. However, the

theoretical understanding of the process is still relatively immature. The
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methodology of combining experiments and modelling is the proposed
approach to increase understanding of composite FFF printing toe enable the

process to be improved. The three main gaps in CFRP printing include:

e Lack of high volume fraction of carbon fibres in prints, especially in CF/PEEK.

e lLack of understanding of PEEK behaviour during FFF, as a semi-crystalline
material and its thermal behaviour, especially when PEEK is used as a
matrix with carbon fibres. This application of using PEEK as the matrix
resulting in poor wetting of the fibres, poor welding quality, and resulting
in overall low part quality.

e Lackof good, processable feedstock material for the 3D printing of CF/PEEK.

These all form an obstacle to further certification of the process and industrial
exploitation, including upscaling of the process to make large size components.
Additionally, the lack of understanding of the microstructural behaviours of
the CF/PEEK material during its formation leads to a difficulty in establishing
high predictive models that can be used for process control. These gaps form
the wider impact of the future work in this field, beyond the achievements that
have been made within this PhD project. In this PhD, to address some of these
knowledge gaps, both PEEK and CF/PEEK materials were first characterised,
then a feedstock manufacturing process was developed, before establishing
both PEEK and CF/PEEK printing processes. In terms of the measures of quality
of the CF/PEEK feedstock material, the consolidation quality and porosity were
explored, while for the printing process, weld formation was a prime focus of

the investigation.
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CHAPTER 3

Material and Characterisation Prior to

the Experiment

3.1 Introduction

Understanding material properties is essential before one is able to set the
necessary parameter values for both optimal feedstock manufacturing and 3D
printing. When processing carbon fibre to form a PEEK composite material, the
carbon fibre does not undergo any phase changes, whereas PEEK will undergo
a thermal phase change. However, the addition of carbon fibre influences the
thermal properties of the commingled fibre based on the direction and the
fibre volume of the carbon fibre. The thermal properties of the material
influence its thermal behaviour and therefore its thermal history during
processing, which further influences the thermal and mechanical properties of
the material, because of the crystallisation of the PEEK polymetric
macromolecules. Hence, it is necessary to study how the heating and cooling
rates affect the material properties during the processing of both neat PEEK
and CF/PEEK composite material. The outcome of these analyses is a process
window that is repeatable and yields structurally reliable components. It can
also help to optimise the process; for matrix penetration crystallinity for

example.

This chapter begins with a study of the morphology of the CF/PEEK composites
in order to understand the physical properties of the processing material.
Subsequently, the thermal properties of neat PEEK and the selected
commingled carbon fibre with PEEK (commingled CF/PEEK) are studied. These
studies help in optimising the processing parameters. In the morphology

studies, optical microscopy has mainly been used since it is a cheaper and
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faster process than SEM: for the latter method, the samples need to be coated
and a vacuum needs required in the test environment, while optical
microscopy studies can be carried out under ambient conditions without any
pre-processing on the sample. SEM was utilised for some samples where the
images obtained from the optical microscope did not clearly show the
morphology due to the limited depth of field achievable. Characterisation of
thermal properties was carried out using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). This chapter describes the thermal
characterisation of both neat PEEK filament and commingled CF/PEEK
materials based on the TGA and DSC results. TGA gives thermal degradation
information while DSC provides the crystallisation information and the
solidifications during the cooling by showing the thermal transition

information of the material during the cooling [200].
3.2 Materials Selection

3.2.1 Polyether Ether Ketone (PEEK)

450G PEEK filament was purchased from iMaker (London, UK) [218]. This is
historically the most commonly used molecular grade of PEEK in industry and
therefore it is considered to have standard flow properties with a medium melt
viscosity. The filament made with this grade is typically used in situations
where high strength, stiffness and resistance to aggressive environments are
required [219]. A typical material property specification for PEEK 450G can be

found in Table 3.1.
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Table 3.1: Victrex PEEK 450G [219] and 150G [220] specification.

Material Properties

Conditions Test Units Typical | Typical
method Value Value
(450G) | (150G)
Mechanical data
Tensile Yield, 23°C ISO 527 MPa 98 105
strength
Tensile 23°C ISO 527 GPa 4.0 4.1
modulus
Compressive 23°C ISO 604 MPa 125 130
strength
Thermal data
Melting point ISO 11357 °C 343 343
Glass Onset ISO 11357 °C 143 143
Transition (Tg)
Flow
Melting 400°C ISO 11443 Pa.s 350 130
viscosity
Miscellaneous
Water Saturation, ISO 62-1 % 0.45 0.45
Absorption by 23°C
immersion Saturation, 0.55 0.55
100°C

3.2.2 Commingled Carbon Fibre — Polyether ether Ketone (PEEK)

Fibre

A commingled carbon fibre PEEK fibre (commingled CF/PEEK), purchased from

Concordia Manufacturing, LLC (Rhode Island, USA) [221], was used as the raw

material for fabricating FFF filament. It consists of 57.4 % volume percent of

Hexcel AS4C 3K carbon fibres [222] and 42.6 % volume percent of Victrex

150G PEEK fibres [220]. The form of the commingled CF/PEEK is as shown in

Figure 3.1.
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Figure 3.1: Carbon Fibre/PEEK commingled fibres (Hexcel AS4C 3K/Victrex
150G) [223].

As illustrated in Figure 3.1, the PEEK is melt spun into a fibre yarn and mixed
with carbon fibre, hence it is called commingled fibres. From the material
datasheet [221], the commingled CF/PEEK used contains 0.5 % — 1.5 % of
sizing material (sizing agent) [224] as an additive material which could aid the
interfacial properties between fibre surface and matrix [225]. 150G type PEEK
has an easier flow at 400 °C compared to 450G due to its lower melt viscosity
of 130 Pa-s, compared with 450G’s melt viscosity of 350 Pa-s at 400°C [220],
hence 150G PEEK is usually used when there are infills. 150G has slightly
stronger mechanical strength in terms of tensile strength, tensile modulus, and
compressive strength tested at 23 °C. Apart from this, the other properties of
150G PEEK, including density and water absorption by immersion are the same
as for 450G. Water absorption at saturation is known to be 0.45 % at a
temperature of 23 °C and 0.55 % at a temperature of 100 °C [220, 221]. A
typical material property specification for PEEK 150G can be referred back to
Table 3.1.

The processing of commingled CF/PEEK, as reported in Chapters 4 and 5, was
with matrix material grade 150G. When the neat PEEK printing was studied, as
reported in Chapter 6, the commercially available PEEK 450G grade filament
was used. Hence, two slightly different data sets, for 150G and 450G PEEK were
used for the corresponding modelling of these different processes. More

details on the processes and the material data can be found in Chapters 4 to 6.
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3.3. Material Characterisation

3.3.1 SEM and Optical Microscopy Experiment, Research and

Discussion

Images were taken of the side view of a single sample of commingled CF/PEEK
using an optical microscope to analyse the structure of the commingled fibres
and investigate the fibre direction, inter-fibre distance and size of carbon fibres
and PEEK fibres. Optical studies were carried out with a Nikon Eclipse Lv100ND
microscope from Nikon UK Ltd (Surbiton UK) [226]. Digital images were
analysed by the associated Nikon image processing software called NIS
Elements [227]. Figure 3.2 shows microscopy images of the commingled

CF/PEEK.

.

! Carbon fibr —

(a) (b)

Figure 3.2: Microscopy images of commingled CF/PEEK (a) under
magnification factor of 50, (b) under magnification factor of 20.

The relative diameters of carbon fibre and PEEK fibre are shown in Figure 3.2.
Due to the depth of field limitations inherent in an optical microscope, the
images taken are focused on individual fibres. In order to understand the
morphology of the commingled CF/PEEK, SEM images of a single sample were
also taken. The SEM images were captured using a Hitachi Ltd (Ibaraki, Japan)

[228]. TM3030 SEM with its associated software [229].

Figure 3.3 illustrates an image of the side view commingled CF/PEEK taken

under a magnification factor of 600. The sample was coated with gold using an
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Agar Sputter Coater (model of MTM-10) [230] in order to maintain high

electrical conductivity of the tested sample and hence to obtain a clear image.

!
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Figure 3.3: SEM image of commingled CF/PEEK indicating relate fibre
diameters.

As can be observed in Figure 3.3, the diameter of the PEEK fibres is between
21 and 22 um, and the diameter of the carbon fibres is between 7 and 8 pum.
The carbon and PEEK fibres are loosely mingled in the form of a tow while
remaining largely parallel. Further investigation was carried out, and it was
found from the cross-sectional views of microscopy images that the fibre
distributions were not homogeneous (as seen in Figure. 3.4). These
commingled CF/PEEK samples were all taken from the same bundle. The
bundle was cut into several pieces to observe the commingled CF/PEEK cross
section at various points. Details of how these cross-sectional samples were

made are described in Chapter 5.
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Figure 3.4: Cross-sectional views of the commingled CF/PEEK in the same
bundle: (a), (b) and (c) illustrations of the non-homogeneous distribution of
PEEK and carbon fibres in cross-sectional views of the commingled CF/PEEK,

with the PEEK fibres clearly visible as the larger white “dots”. (d) close up of a
smaller region in a cross-section shows how carbon and PEEK fibres can be
readily distinguished based on their radial sizes.

3.3.2 TGA Experiment, Results and Discussion

In this research, TGA was used to understand the flammability and thermal
decomposition properties of PEEK and commingled CF/PEEK [2]. The objectives
of this study were (i) to prevent combustion during processing PEEK and
CF/PEEK composites material, (ii) to establish the upper temperature
boundary of the processing window, and (iii) to investigate the thermal

degradation behaviour.

The TA Instrument Q600 SDT [231] was utilised for the TGA test. The software

used to analyse the TGA data was Universal Analysis 2000 [232]. During these
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tests, two pans were placed in a furnace, one of which held the sample, and
the other was empty and used as a reference. The furnace was heated at a
known and controlled rate and cooled with an uncontrolled cooling rate during
the experiment while the mass of the sample was simultaneously monitored
during the experiment. Only the heating stage in the analyses was used to

provided information on phase changes and thermal degradation.

In the TGA tests the temperature was increased from 20°C to 800°C at a rate
of 20°C/min. The chosen testing environment was air at atmospheric pressure,
in order to have a similar environment to the intended 3D printing process.
The TGA test was repeated each time with a new material sample until the
results showed a clear cluster of measured heatflow-temperature curves.
Subsequently, one of the curves that was at centre of the cluster was selected
as representative result and is discussed in this thesis. In the test, the PEEK
sample weight was 13.39 mg, that of the commingled CF/PEEK sample was
1.413 mg due to the nature of loose commingled CF/PEEK fibres which causes
difficulties in preparing the sample and covering the sample pan. Note that the
recommended ideal sample weight should be around 10 mg. The TGA test
result for PEEK is shown in Figure 3.5, and that for the commingled CF/PEEK is

shown in Figure 3.6.
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Figure 3.6: The TGA result for commingled CF/PEEK.
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The results show that commingled CF/PEEK and PEEK have similar thermal

behaviours. This can be seen by the observation that PEEK alone presents two

thermal degradation events, at 574 °C and 602 °C whereas commingled
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CF/PEEK presents two major thermal degradation events at 559 °C and 648 °C,
with a further degradation point at 165 °C not seen in PEEK. Similar results for
450G PEEK were observed in Ref. [2]. This is explained by Ref [124] that
random chain scission of the bonds in the chain is the main mechanism during
the first thermal degradation. A second thermal decomposition stage occurs
at 648 °C where autoignition occurs as shown in Figure 3.6. Further
substantive and conclusive proof that the autoignition temperature is reached
at this temperature is given in Ref. [2]. The first stage of thermal
decomposition of the commingled CF/PEEK (Figure 3.6), occurs at a
temperature lower than for neat PEEK. According to Ref. [233] this is because
the presence of carbon fibre increases the oxidisation in the material, leading
to greater combustibility. Although the TGA of PEEK clearly shows two stages
of the combustion, the addition of carbon fibre to form the commingled
CF/PEEK increased the complexity of the combustion as shown in the
additional stages of combustion observed. The nature of these combustion
stages was considered beyond the scope of this work and not explored further,
however, according to Zhang et al. [9] a possible explanation for this could be
that the temperature range, and hence crystal growth rate of PEEK varies when
adjacent to carbon fibre, thus modifying combustion. When the temperature
reaches around 165 °C, it was observed there was a material weight loss. A
similar observation was made in the DSC test in the first cycle (see Figure 3.8
(a)) with a heating rate of 5°C/min. This indicates there is an additional
material in the commingled CF/PEEK, which matches the statement of the
manufacturer regarding the presence of the sizing agent in the commingled

CF/PEEK [221].

The TGA results of PEEK and commingled CF/PEEK show no significant heat
related weight change at 100 °C, this is the temperature corresponding to the
evaporating temperature of water at atmospheric pressure. Thus, it can be
inferred that the water content of the PEEK and CF/PEEK filament is relatively

small.
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Critically, the TGA results show that the commingled CF/PEEK will be safe to
process in an atmospheric air environment at temperatures below 500°C.
Furthermore, this confirms that the recommended 400 °C processing
temperature will be safe to work at and that the material is safe to analyse in

the DSC at 400 °C.
3.3.3 DSC Experiment, Results and Discussion

DSC is used to determine the heat of fusion, crystallisation points, melting
point and glass transition characteristics of a material [166]. The heat of fusion
study can determine the amount of energy a sample absorbs while melting and
releases during crystallising. This can help to determine appropriate processing
temperatures for a material. For semi-crystalline polymers, crystallisation
points reveal the temperatures at which the polymer crystallises upon cooling.
By identifying these points, one can optimise the mechanical properties of the
final printed parts, as the cooling rate of the material through these points
affects the ratio of crystalline to amorphous material in the final part [9, 160,
234]. The glass transition and melting temperatures indicate at which
temperature range a crystalline polymer transitions into an amorphous
polymer, resulting in the polymer going from a hard brittle state to a soft
rubbery state. Furthermore, it shows the temperature at which the polymer
will melt or recrystallise. Since PEEK is semi-crystalline material, these data
provide a route to understanding when material phase changes take place

during the process.

In this test, the Discovery DSC 2500 machine [235] was used for the DSC test
and the results were analysed using TA Instruments TRIOS [236]. One sample
were tested in each of PEEK and CF/PEEK under the same testing conditions.
In the DSC characterisation, three cycles were set for each sample to check out
the stability and the repeatability of the neat PEEK and commingled CF/PEEK.
The temperatures ranged from 40°C to 400°C. For the initial cycle the heating
rate was set to 5°C/min and increased 10°C/min and 50°C/min respectively

in the subsequent cycles (Figure 3.7 (a) for PEEK and Figure 3.8 (a) for
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commingled CF/PEEK) in order to observe how different heating rates affect
the materials thermal behaviour. The cooling rate was set to 10°C/min and
increased to 50°C/min and 100°C/min in subsequent cycles (Figure 3.7 (b) for
PEEK and 3.8 (b) for commingled CF/PEEK) to study how different cooling rates
affect the thermal behaviour of the materials. The setup of the heating and
cooling rates were adopted from the study carried out in Ref. [166]. The tests
were conducted in nitrogen. Encapsulated aluminium pans were used to
contain the samples during the tests. Sample weights were 5.7 mg of PEEK,
and 4.9 mg of the commingled CF/PEEK in the DSC tests. The DSC tests of PEEK

are shown in Figure 3.7, and the commingled CF/PEEK are shown in Figure 3.8.
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Figure 3.7: (a) The DSC results for the PEEK with heating rates of 5°C/min,
10°C/min, and 50°C/min in three cycles with the same sample. (b) The DSC
result for the PEEK with cooling rates of 10°C/min, 50°C/min, and 100°C/min

in three cycles with the same sample.
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Figure 3.8: (a) The DSC results of the commingled CF/PEEK with heating rates
of 5°C/min, 10°C/min, and 50°C/min in three cycles with the same sample. (b)
The DSC result of the commingled CF/PEEK with cooling rates of 10°C/min,
50°C/min, and 100°C/min in three cycles with the same sample

Table 3.2: PEEK normalised enthalpy at the phase transition of DSC results.

Ramp type | Rate (°C/min) | Peak temperature (°C) | Normalized
enthalpy (J/g)
Heating 5 342 28.84
Heating 10 341 23.27
Heating 50 341 29.26
Cooling 10 295 41.19
Cooling 50 276 39.34
Cooling 100 265 39.78
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Table 3.3: CF/PEEK normalised enthalpy at the phase transition of DSC results

Ramp type | Rate (°C/min) | Peak temperature (°C) | Normalized
enthalpy (J/g)

Heating 5 347 10.6

Heating 10 339 9.77

Heating 50 337 10.13

Cooling 10 292 13.85
Cooling 50 264 13.04
Cooling 100 250 13.85

In Figure 3.7, the DSC test results of PEEK show how different heating and
cooling rates affect the crystallisation peak and occurrence of melting. Changes
to either heating or cooling rates do not substantially change the latent heat
energy absorbed per unit or released during the melting or solidification (Table
3.2). The phase change involves around 50% more enthalpy during the
solidification than the melting process. An increased cooling rate was observed
to shift the solidification temperature to a lower temperature (Figure 3.7 (b))
295°C at 10°C/min, 276°C at 50°C/min and 265°C at 100°C/min cooling
rate; whilst the melting temperatures stayed stable for varying heating rates
(Figure 3.7(a)). All melting temperatures were around 342°C, which agrees
very closely with the melting temperature of 343°C given in the
manufacturer’s specification. This indicates that the cooling rate is the critical
factor affecting the final crystallisation fraction of PEEK and will lead to
different mechanical properties of fabricated parts. This can be explained that
by accelerating the cooling rate the temperature peak will shift, as long as the
DSC system does not modify the material during the testing process [225]. For
the commingled CF/PEEK DSC, the results follow the same trend (Figure 3.8).
However, the melting and recrystallisation enthalpies are much lower than the
results for neat PEEK. This lower quantity of phase change enthalpy for
CF/PEEK when compared with neat PEEK is believed to be due to the

comparatively smaller amount of PEEK per unit volume, the added carbon fibre
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can be assumed as thermally stable below temperatures of 400°C. When
comparing the normalised system enthalpies in Figures 3.7 and 3.8, the
normalised system enthalpy of CF/PEEK is consistently about a third of that of
the neat PEEK. This indicates a non-proportional effect of the fibre volume
fraction on the enthalpy, as the volume fraction of PEEK is 42.6 %. This can be
explained by the changes in the thermal capacity of the material due to the
introduction of carbon fibre into the PEEK. Similarly, the results of the
commingled CF/PEEK (Figure 3.8 (b)) show how increasing the cooling rate
lowers the solidification temperature. The desorption normalised enthalpy as
observed in Figure 3.8 (a) is quite similar for different cooling rates Figure 3.8
(b) and is only on average about 2 Joule per gram higher than the absorption
normalised enthalpy. The data can be seen in Table 3.3. The energies released
from CF/PEEK do not form a proportional match compared to the energy
release in neat PEEK as the CF volume fraction is 57.4 %. Due to the technical
limitations of the available equipment, no further analyses could be made to

obtain a more precise understanding of this behaviour.

In the cooling process at the third cycle for the PEEK with a rate of 100°C/min,
there is a heat flow change around a temperature of 370°C with normalised
enthalpy of 0.87]/g (Figure 3.7 (b)). Similar results were observed with
commingled CF/PEEK result (Figure 3.8 (b)), at a temperature around 370 °C,
however, the normalised enthalpy is 2.34 ] /g, which it is much higher than
that of the neat PEEK. This shows that a high cooling rate (100 °C/min) leads
to additional energy absorption around 370 °C both for neat PEEK, and for
CF/PEEK. From the observation, the infill of carbon fibre leads a greater
enthalpy change in the third cycle cooling process around 370 °C. This can be
explained as due to the additional crystal growth of PEEK on carbon fibre,

according to Zhang et al. [9].

Finally, during the processing of the PEEK and the commingled CF/PEEK,
humidity absorption is a relatively minor issue. This can also be seen in the
findings of both the DSC tests, as there is no significant heat flow and weight

change around 100 °C, the evaporating temperature of water. Additionally, in
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the heating process of the first cycle, a heat flow fluctuation happens at 160 °C.
This result is in agreement with the observation made from Figure 3.6, which
indicates a possible melting point for the sizing agent, which is an additive in

the commingled CF/PEEK.
3.4 Summary

This chapter focusses on characterising the material to be used in the core
experimental research, with experimental test conditions representative of
the conditions present in the initial material processing experiments. Contrary
to what might have been expected, carbon fibre has a significant effect on the
thermal behaviour of PEEK when used with FFF printing, as it affects the

thermal properties of the neat PEEK.

Among these results, the initial morphology studies show that PEEK fibres have
a larger diameter, around 3 times that of the carbon fibres in the commingled
CF/PEEK. Furthermore, it was found that the carbon fibre was not distributed
homogenously in the same bundle of the commingled CF/PEEK. As the PEEK
fibre volume fraction is less than 50 %, a larger PEEK fibre diameter may create
an even less homogenous carbon fibre distribution in the later process, if the
heating time and the geometry of the die (see Chapter 4 and 5) cannot

sufficiently guide the compaction process.

The results from the TGA and DSC both for the PEEK and for the commingled
CF/PEEK are generally in good agreement with the data from the literature.
However, when looking at the details of the commingled CF/PEEK TGA and DSC
results, contrary to what might have been expected, carbon fibre has a
significant effect on the thermal behaviour of PEEK when used with FFF
printing, as it affects thermal properties of the PEEK in thermal conductivity
and latent heat, and possibly crystal growth. This will be explored further in
Chapter 6. This also shows that from the TGA result, that under air, carbon
fibres introduce a lower resistance to oxidation when commingled CF/PEEK is

compared to PEEK since the material degradation occurs at a lower
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temperature. Another particular observation from both the CF/PEEK and PEEK
DSC analyses is, that when the cooling rate is higher than 100°C/min, an
additional energy absorption occurs around 370°C. This can refer to the later
research on both filament feedstock production (in Chapter 5) and the 3D
printing process (In Chapter 6). As there is no heating chamber in the feedstock
manufacturing, the cooling rates of CF/PEEK filament when it comes out from
the feedstock die is higher than 1000 °C /min . This is suggested by the IR
measurements in Chapter 6. Likewise, as the chamber of the 3D printer used
in this PhD project cannot reach a higher temperature than 100 °C (detail
description is in Chapter 6), cooling rates of the CF/PEEK and the PEEK in the
printing is evaluated more than 1000 °C /min . This might have impacted the
production window for both of the feedstock manufacturing and 3D printing

process. More testing around this temperature will be performed in Chapter 5.
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CHAPTER 4

Development of a CF/PEEK FFF

Feedstock Production Process

4.1 Introduction

This chapter describes the design and development of the feedstock
manufacturing process, including analysis of the HotEnd as the heating
element of the pultrusion system, the design of the pultrusion apparatus, the
electronics and controller setup and the processing of the comingled CF/PEEK

using this pultrusion apparatus.

The selected CF/PEEK material for this investigation is a strand of very fine
fibres with a low bending stiffness which is impossible to extrude directly
through a 3D printer nozzle, as the strand will buckle and jam the supply tube
when it is pushed into the HotEnd by an extruder. Therefore, a pre-processing
stage for the feedstock has been developed to convert the tow of commingled
fibres into a FFF 3D printing filament. This pre-processing stage transforms the
commingled fibres into a single consolidated strand of semi-stiff material,
which will be easier to print than the strand consisting of many fibres. For this

purpose, an inverted extruding process, known as pultrusion, was utilised.
4.2 Selection of the HotEnd

4.2.1 Introduction

A schematic illustration of the E3D (Oxfordshire, UK) HotEnd [99] is shown in
Figure 4.1. From the definition of RepRap Wiki [237], a HotEnd is the term for
a subsystem of the print device that contains the heating method for the
plastic filament, and the print nozzle of the printer. An all-metal HotEnd usually
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includes a heater block (heatblock) to hold the thermocouple and a nozzle. A
heatbreak is made from a high thermal resistant material to avoid too much
heat going from the heatblock to the upper side of the HotEnd. A heatsink
joined with a cooling fan can be used to prevent excessive heat at the entrance
of the HotEnd, in order to stop the filament melting before it reaches the

heatblock.

The purpose of the analysis of the HotEnd in this work was to determine an
appropriate heating system to process the PEEK and CF/PEEK materials used
in this investigation based on the thermal analyses of the previous chapter. An
all-metal HotEnd with a fan cooled heatsink was selected for the commingled
CF/PEEK processing. After the thermal analysis, this HotEnd was confirmed as
suitable for use in the pultrusion process. The thermal analysis of the HotEnd
forms the first stage of the pultrusion apparatus development, and a further

study on mechanical design is presented in Section 4.3.

In the thermal analysis of the HotEnd, the energy input and the material
properties of the HotEnd are established as the dominant parameters. The
framework of this model is then built up by establishing a thermal resistance
ladder network model based on electrical circuit analysis methods [238]. This
model could be utilised as a universal method for the thermal analysis of all-
metal HotEnd-heatbreak-heatsink assemblies (i.e. E3D V6). During the analysis,
the heatblock and nozzle are considered to have reached a steady state
temperature equal to the desired operating temperature, and the heat flow
conducts through the heatbreak to the heatsink. The model is benchmarked
and validated against the paper by Jerez-Mesa et al. [100], and a similar result
was obtained compared with the output of their finite element analysis (FEA).
This model was used to predict the performance of the HotEnd which was

selected, and gave confidence the PEEK would not melt at the inlet.

Figure 4.1. is a scale sectioned view of the HotEnd which illustrates the heat
flow with the red arrows. Since the initial selection of the HotEnd is E3D V6,

the illustration scale uses the selected HotEnd as the example.
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Figure 4.1: A scaled sectioned view of the HotEnd heat flow using example of
E3D, modified from Ref. [239].

The thermal resistance of this HotEnd behaves as an adjustable resistance to
the environment as the fan speed governs the heat transfer coefficient. The

fan velocity of the heatsink can be adjusted as to ensure that:

e the nozzle can be heated up to the designed high temperature;

e the upper part of the HotEnd can remain at a temperature below the
PEEK melting point. In this case the material will not melt when it
comes in contact with the heatsink where it enters the HotEnd through

the inlet at the top of heatsink.

As can be seen in Figure 4.1, the HotEnd system includes a heatblock (to hold
the heat cartridge for heating up the nozzle), nozzle, heatbreak (a thermal
“break” in the circuit that connects the heatblock and heatsink), and a heatsink
with a fan. The model is established based on the various materials and
dimensions of the constituent components of the HotEnd used in the
pultrusion rig. The heatblock is considered as a heat source. Since the heatsink
geometry is axisymmetric, it can straightforwardly be dissected into smaller
elements based on the geometric features which are known to have an
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analytical solution for the heat flux analysis. Based on the electrical analogue
of heat transfer, the thermal resistances can be derived. When the thermal
resistances of the individual features are subsequently combined into a single
system, modelling of the HotEnd with the thermal network approach can be

achieved.

4.2.2 Ladder Network Model — Universal Model

The HotEnd system used in this work is an all-metal HotEnd of a general
geometry. Itincludes a heatblock (for heating up the nozzle), nozzle, heatbreak

(thermal break), and a heatsink with a fan.

A thermal network model was built for the HotEnd after calculating the

thermal resistances of the heatsink and the other system components.

The main heat flow is assumed to be from the heatblock, through the
heatbreak, as shown in Figure 4.2, and subsequently to the heatsink where the
heat is transferred into the surrounding air and dissipated, as depicted in
Figure 4.3. Since the regions with free and forced heat convection, the thermal
model of heatsink needs to be divided into two parts. The Part i is the
heatbreak and heatsink conjunction where free air convection occurs. And the
Part ii is the heatsink region where forced air convection occurs. Table 4.1 lists
the key features and corresponding equations for calculating the heat flow in
each of these parts. The thermal resistance in all the features are calculated

based on the classical heat transfer functions [240].
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Table 4.1: List of key features and corresponding equations: source, Ref.

[240].

Feature

description

Equation

Symbol description

Heatbreak: thermal resistance

Part | and Part ln:—z Reypr and Ry pypn

1] Renp :ﬁ are obtained as the
cylindrical wall of the
conduction thermal
resistance.

Part Il L Ry, it is obtained

Ry ppn = %A ' .

as thermal resistance
for conductionina 2D
plan.

The total | Reyp = Rempr + Reypn + Rewpin | Renp includes three

value parts of the
calculation.

Heatsink: thermal resistance:
Thermal ln;:—z Riconar is obtained
1

resistance of a
slice of the
cylindrical

inner core of

the Heatsink

Rt,cond,R = 2Lk

as the cylindrical wall
of the conduction

thermal resistance.

Thermal 1 Ry fin is obtained by
Ry fin = WA

resistance of rif the classical annular

each fin fin analytical

convection model

Thermal 1 R¢ pase is obtained by
Rt,base = H

resistance of b the classical

each base cylindrical pin
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analytical convection
model
The total Obtained by
effective assembling the ladder
value network

The heatbreak can be divided into three regions: Part | is where the heatbreak
is mounted onto the heatblock; Part Il is non-connector part where expose to
the air; Part Il is where the heatbreak is mounted onto the heatsink, as can be
seen from Figure 4.4. The reasoning underpinning this assumption is as follows:
Assume that the heatblock is at a set, constant temperature, T's, then the edge
of the heatbreak connecting with the heatblock is at the same temperature as
the heatblock, T's. The heating cartridge which is the source of the heat is
approximately located below the heatbreak. The heatbreak is used as a
thermal barrier, to hinder heat going to the supply entry hole, where the
plastic supply tube is attached to the all-metal HotEnd system. For this reason,
the heatbreak is usually made of stainless steel, which has a low thermal
conductivity and can be considered working as a thermal isolator material to a
certain degree. The portion of heat coming from the heat cartridge that flows
to the heatsink will mostly take the path with lowest resistance and flow
around the heatbreak. It will then take the “shortest path” through the
heatbreak to the heatsink as it provides the lowest thermal resistance.
Similarly for the heat flowing out, most of the heat will take the “shortest path”
through the heatbreak into the heatsink which is usually made of aluminium,
as a better conductor than stainless steel. Therefore it can be deduced that the
contribution of the two ends of the heatbreak is negligible and the total
resistance of the heatbreak is determined and can be calculated by the thermal
resistance of Part Il and the parts of the two mounting stubs which are

positionally close to Part Il.
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Figure 4.4: Heat flow path of heatbreak.

Hence, the thermal resistance of the heatbreak equation is obtained as below:
Rt He=R¢HeI+Re HBI+R: HBIN (4.1)

From the heat flow path, Rixei and Ry n1einare obtained as the cylindrical wall of

the conduction thermal resistance [240]. The equation is as below:

For the R:na, it is obtained as thermal resistance for conduction in a 2D plane.

Rt nei= ,:—A (4.2)

The heatsink can be divided into two parts, Part | is where forced air convection
occurs (with fins and covered with a fan); Part Il is the part where there is free
air convection (without fins) on the top of the heatsink. Some heatsinks may
only have part | and operate under only a forced convection regime. The
assumption of the heat flow path for the heatsink is, when heat goes up from
the heatbreak, it goes to the first fin and first base directly from the heatbreak.

Figure A.5 shows one side of the heatsink with the heat flow path.
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Figure 4.5: Heat flow path of the heatbreak and heatsink conjunction.

Hence, the heat flow is not going up, instead it is going to the side. The thermal

resistances of Ry conq r1 and R¢ cong r2 are obtained as:

In’2
R =—1 (4.3)
t,cond,R — 2Lk .

Where ri1and r; are decided by the radius of the bottom of the heatsink.

Above the bottom of the heatsink and heatbreak conjunction, the heat goes
up first, then turns in the direction of each fin and base. In this case, the heat
flow path of Ry cona.a1 and R cona a2 are going in a different direction than
Ri cona.r1 and Reconarz2 - Figure 4.6 shows part | of the heatsink with a

qualitative sketch of the heat flow path of one side.
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Figure 4.6: Heat flow path of the heatsink region where forced air convection
occurs.

In this model, R; cona.a1, Reconaaz and R¢conaaz, are used to model the
conduction resistance as seen by the heat flow when it is moving to the tip of
the heatsink where the entry hole for the filament supply is. These resistances
are the thermal resistances of a slice of the core of the heatsink, each with the
thicknesses of the fin and the exposed “base” (core) respectively. Hence these
are obtained with the following equations to account for these different

vertical lengths of fin and base:

Ly
Rt,cond,Ai = XA (4.4)

90



Chapter 4 Development of a CF/PEEK FFF Feedstock Production Process

For the Ry rin and Ry pase, they are treated as if they only have convection

resistance. Thus, for each fin, the fin resistance is calculated as:

1

— 4.5
hAfT]f ( )

Rifin =

Where the efficiency of annular fins of rectangular cross section 1y can be
established based on the fin size, heat transfer coefficient and the thermal
conductivity (the efficiency takes the thermal conductivity of the fin material

into account).

For all the Ry 45, they are calculated as:

1
Rt,base = h_Ab (4.6)
Using these assumptions, this heat path flow can now be modelled by a
standard thermal network model in order to allow for an analytical calculation
of the temperature distribution on the HotEnd. Following this, the thermal
resistance circuit diagram of heatbreak and heatsink part | obtained is given in

Figure 4.7:
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T,heatsink,top
Rt,cond,A3
’Rt,cond,AZ Rt,base
Rt,cond,A3 . . . Rt,cond,A3 Rt fin :
Rt,cond,A2  Rtbase .
’ Rt,cond,A3 Rt.fin
’ Rt,cond,A2 Rt,base
Rt,cond,A3 Rt fin
’Rt,cogd,AZ Rt,base
Rt,cond,A1 Rtfin
AW W
Rt,cond,R2 Rt,base
O W W
Tset  RtHB RtcondR1  Rtfin Tambient

Figure 4.7: Heatblock and heatsink part | thermal resistance circuit diagram.

This thermal resistance circuit diagram, is equivalent to the more familiar ladder network model which is given in Figure 4.8.

Tset Rt,HB Rteond, Al Rt.cona, A2 Rtcond, A3 Rt,cond A2 Rt,cond A3
AN ' ' AW AN M "/ a AN AN
Rt,cond,R! 2 2 Rt,cond,R2 l L
- 5 ~ *
| 2Rt fin 2 Rtbase 2 Rufin
Rtfin 2 2 Rtbose ‘ 2 Rt.base
/a | S
Tambient I,heatsnkTop

Figure 4.8: Heatbreak and heatsink part | thermal resistance circuit ladder network model version.
The heatsink part Il, is modelled as a pin. Therefore, the final thermal resistance circuit of the HotEnd can be described as shown in Figure 4.9:
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Tset Rt,HB Rt,cond,A1 Rt,cond,A2 Rt,cond,A3 Rt.cond,A2 Rt.cond A3
W\ t AMA AN MA .
Rt,cond,R1 Rt,cond,R2 L | |
2Rt fin 2 Rtbase 2 Rtfin

Rt,block 3 Rt,nozzle§>

Rt.fin Rt,base § Rt base Rt,pin
Tambient
Figure 4.9: Thermal resistance circuit of the HotEnd.
The last step is to apply a mesh analysis for the thermal circuit, shown In Figure 4.10.
Tset Rt,HB Rt,cond,Al Rt,cond,A2 Rt,cond,A3 Rt,cond,A2 Rt,cond,A3
AW - AMY AWV AWV ia A
—end,R1 Rt,cong;
Rt,nozzle Rt fin
Rt.Blo k§ § tfin Rt base f § Rt,base § Rt.fin § Rtfin Rt base
Delta_T
//
7/
Tambient
Qo Qi Q2 Q3 Q4 Q5 Q6 Qi

Figure 4.10: Circuit as mesh currents of the thermal resistance.

Setting up the equations:
Mesh 1: AT = QO X Rt,block — Q]. X Rt,block

Mesh 2: 0 = —Q0 X R¢ biock + Q1 X Re nozzie
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Mesh 3: 0 = —Q1 X Rt nozz1e + Q2 X (Rt,nozzle + Renp + Reconar1 + Rt,fin) = Q3 X (Rt conar1 + Refin)

Mesh 4: 0 = —Q2 X (Rt,cond,Rl + Rt,fin) + Q3 X (Rt,cond,Rl + R fin + Reconarz + Rt,base) — Q4 X (Reconarz + Repase)
Mesh 5: 0 = —Q3 X (Rt,cond,RZ + Rt,base) + Q4 X (Rt,cond,RZ + Rt pase T Reconaa1r + Rt,fin) — Q5 X Ry fin

Mesh 6: 0 = —Q4 X Ry fin + Q5 X (R fin + Reconaaz + Repase) — Q6 X Re pase

Mesh 7: 0 = _QS X Rt,base + Q6 X (Rt,base + Rt,cond,A3 + Rt,fin) - Q7 X Rt,fin

Mesh i+1: 0 = _Qi—l X Rt,fin + Qi X (Rt,fin + Rt,cond,AZ + Rt,base) - Qi+1 X Rt,base
Meshi+2: 0 = _Qi X Rt,base + Qi+1 X (Rt,base + Rt,cond,A3 + Rt,pin) (4-7)

Hence, the mesh analysis matrix of the thermal resistance circuit of the HotEnd can be established as below:
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[ Replock  —Repiock
_Rt,block Rt,nozzle
—Ry¢ prock Rtnozzie + Renp + Reconarr + Repin - —(Reconart + Refin)
—(Reconar1 + Refin) Riconart + Refin + Reconarz + Repase —(Retconarz + Repase)
—(Reconara + Repase) Reconarz + Repase T Recona,a1 + Refin —Rtfin
—Ryifin Re fin + Rt cond,az + Rt pase —Rt pase
_Rt,base Rt,hase + Rt,cond,A3 + Rt,fin _Rt,fin

—R¢ fin

o1 | [%7]
2| |o
| |o
0| lo
es|_|o
6| jo
AR
Q;'L_l g
1Q;+1] 0

Rt,fin + Rt,cand,Az + Rt,base _Rt,base

_Rt,base Rt,base + Rt,rond,A3 + Rt,pin_

(4.8)

In the construction of the mesh analysis matrix, following on the numbers of the fins, the red circled part has periodicity, and thus can be

repeated for the number N fins in the heatsink as seen from Figure 4.11. A favourable way of numbering is an ascending numbering of the

elements in the ladder network from left to right, which results in a tridiagonal band matrix containing a structured part.
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Rt.bfack 7Rt.blo:k
—Repiock  Renozzte i NI 5 T I T
_Rr.b!ark R:mo:zia + RLHB + R:.cand.Rl + efin _(Re.cond.m + R:‘ﬂn)

~(Reconar1 + Refin) Reconar1 + Repin + Reconarz + Rebase ~(Reconarz + Rebase)
: —(Rf,con,;_qz + Rmasg) Ricondr2 + Repase + Ricona.a1 + Re fin —Ryfin X :
—Resin Ry pin + Ricond.az + Repase —Repase i
o —R¢ base Repase + Recond.az + Rt.]m 7Rr.fm

~Repin  Regin + Riconda2 + Repase —Repase
i _Rt.base R:‘base + Rt,cond‘AE + Rr‘pm

Figure 4.11: Repeatable part of the mesh analysis matrix.

Then vector Q can be obtained by solving the T = RQ. After obtaining the solution for the Q vector, the individual heat flow vector g can be

obtained. And finally the value of AT as a potential drop over each individual thermal resistance of the HotEnd can be obtained.

Tset Rt,HB Rt,cond,Al Rt,cond,A2 Rt,cond,A3 Rt,cond,A2 Rt,cond,A3
: AN AN . AN . . AW .
q0 ql q2 g3 a4 g5 a6 qi qi+l
—end,R1 Rt,cong;
Rt,nozzle Rt fin .

Rt.Block Q /?r:St,ﬁn Rt base fi Rt,base Rt.fin Rt base t pin
Delta_T
Tambient

Qo a1 Q2 Q3 Q4 Qs Q6 o Qi

Figure 4.12: Circuit as mesh currents of the thermal resistance.
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As shown in Figure 4.10, the equations to calculate g and AT are obtained:
1. qO = QO - Ql, At0 = qO X Rt,block

2. ql = Ql - QZ, Atl = q1 X Rt,nozzle

i.qi = Qi — Qi—1; At; = q; X Rt pase
i+1. qiy1 = Qix15 Atiy1 = Qiv1 X Repin (4.9)

The benefit of this model is its generality. Using the building blocks derived for
this model, the working of any type of annular finned HotEnd heatsink can be
described, not just the E3D HotEnd. This is because the parameters in the
model, such as the part dimension, HotEnd materials (e.g. some of the
heatblock models for all-metal HotEnds are made by aluminium, while others
are made of copper, etc.), the number of the fins and fan flow velocity of the
heatsink can easily be adapted in order to accurately describe the HotEnd

design.

4.2.3 Model Verification

As mentioned in Section 4.2.1, this model has been verified against the 3D
numerical study by Jerez-Mesa et al. [100]. In their paper, Jerez Mesa et al.
used the Finite Element Method (FEM) to model the temperature distribution
in an all-metal HotEnd of a BCNozzle liquefier and compared this with
experimental results. They used thermocouples attached onto a number of
discrete points on the heated HotEnd while the fan was turned on and a
steady-state temperature distribution was attained. The experimentally
obtained temperatures for these points on the HotEnd were subsequently
compared to the temperatures for these locations as predicted by the FE
model. The obtained experimental were found to be similar to those predicted
using the FEM modelling. Their modelling and experimental results are shown

in Figure 4.13.
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Figure 4.13: Comparison of temperature distributions along the nozzle for
different fan velocities ladder network model calculated (coloured lines) with
the experimental results (grey markers) and RDA results (grey lines) by Jerez

Mesa et al. [100].

Table 4.2 shows the materials of each of the components in the HotEnd

assembly in the Jerez-Mesa et al. paper [100].
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Table 4.2: The materials from which the individual components in the HotEnd
assembly in the Jerez-Mesa et al. [100] are made.

Part description Material
Heatsink Aluminium AW-3003-H18
HeatBreak Stainless steel 1.4306
Heatblock Aluminium AW-3003-H18
Nozzle Brass EN CW614N

The CAD drawings of their components can be found on the GitHub page for
the manufacturer of BCN3D[241]. The diameters of each of the components

are given in Table 4.3.

Table 4.3:Diameters for each part in the Jerez-Mesa et al [100].

Part description Size (mm)
HeatBreak, Part I, 75, 2.6
HeatBreak, Part |, 1y, 1.7

HeatBreak, Part Il Ill, length 3.2
HeatBreak, Part Il, length 0.95
HeatBreak, pin Il, 7, (side) 2
Heatsink, pin |, length 3.1
Heatsink, pin |, d ¢ 5.4
Heatsink, pin Il, 7.+ 4.7
Heatsink, pin Il, 1, 1.7
Heatsink, pin I, length 1.9
Heatsink, pin lll, d .+ 5
Heatsink, fin, total d 23.8
Heatsink, fin, bottom base d ¢ 9.4
Heatsink, fin, top base d 6.2
Heatsink, fin, d;, 5.2
Heatsink, fin, thick 1.3
Heatsink, base, short length 1.9
Heatsink, base, long length 4.4

The next step is to obtain the value of each of the thermal resistances and build
the thermal resistance circuit and the corresponding thermal resistance matrix.
This assembled matrix is found to be a diagonal matrix as can be found in
Section 4.2.2, Figure 4.11. Subsequently, the heat flow matrix Q can be
obtained by Q = R™! - AT after which the temperature distribution of the

HotEnd can be obtained by calculating heat flux g through each thermal
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resistance. In Figure 4.13 in colour lines, a plot of the temperature distribution
of the BCNozzle HotEnd based on the ladder network model can be found. This
temperature distribution is from where the heatbreak is attached to the
heatblock up to the top of the heatsink where the filament enters the HotEnd.
The scale uses the same horizontal scale as Jerez-Mesa et al. in Figure 4.2 (with
grey lines). This plot shows the temperature distribution for different values of
heat transfer coefficient h, since h is largely dependent on the ambient air
velocity. The results for h = 5 to 20 W/m?K, are very similar to the results
from the finite element analysis presented by Jerez-Mesa et al. [100, 242] at
the airflow velocities defined in their numerical analysis; where 0.25 m/s
corresponds to h = 5 W/m?K, 0.40 m/s to h = 10 W/m?K and 1.00 m/s to
h =20 W/mZK. However, it is not straightforward to relate the h with the fan
speed. Ideally, there should be future experiments to correlate the fan speeds
with the air forced convection coefficient h. However, this is out of scope for

this work.

4.2.4 Ladder Network Model on E3D All-metal HotEnd

Now take E3D V6 all-metal HotEnd [99] as an example to verify this model.

Table 4.4 is the materials set up for each part of the HotEnd:

Table 4.4: The build-up materials of the HotEnd in each part.

Part description Material
Heatsink Aluminium 6061
Heatbreak Stainless steel 303
Heatblock Copper
Nozzle Brass

The assumptions are as follows:

e The system is under steady-state conditions;

e The heatblock with the nozzle has a constant thermal property;

e The system has a negligible radiation exchange with surroundings;

e The heatsink has a uniform convection coefficient over outer surface

(with or without fins).
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Based on the ladder network model established for the HotEnd in Section 4.2.2,
with the equations that describe the thermal resistances given in Table 4.1, the
numerical values of these thermal resistances of each part are calculated

below:

1. Calculation of the heatbreak (k=16.2 (W/mK)):

T_2
Rt,HBI = L — 5.6278(K/W) (410)

2mlk

Where r, = 2.725mm, which is half way of the M6 thread, r, = 1mm, L =
1.75mm.

Reppn = — = 35.0983(K /W) (4.11)

Where L = 2.1mm, A = %(dz2 — dlz), d, = 2.95mm, d; = 2mm.

r2

L= 4.4777(K/W) (4.12)

21

Renpr =
Where r, = 3.125mm,r; = 1mm, L = 2.5mm.
Hence,

Rt,HB = Rt,HBI + Rt,HBII + Rt,HBIII = 56278 + 350983 + 44’777 =
45.2038 (K/W) (4.13)

2. Calculation of the heatsink (k = 167(W/mK), h = 200(W/m?Kk),)

r
In-2
T

Reconari = 5= = 0.5388(K/W) (4.14)

Where r, = 5.5mm, r; = 3.125mm, L = Imm.

-
In-2

Rt conarz = 5% = 0.3592(K/W) (4.15)

Where r, = 5.5mm, r; = 3.125mm, L = 1.5mm.

L
Rt,COTld,Al - é - 0.0448(K/W) (4.16)
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Where L; = 0.5mm, A = %(dz2 — dlz), d, = 11mm, d; = 6mm.

Recondaz = = = 0.0738(K/W) (4.17)
Where L, = 1mm, A = %(dz2 - dlz), d, = 11mm, d; = 4.2mm.

Recondas == = 0.1106(K/W) (4.18)
Where L; = 1.5mm. 4 = g(dz2 — dlz), d, = 11lmm, d; = 4.2mm.

1
Rt,fin = m=87029(K/W) (419)

Where Af = 2m(ry2 — ;%) = 0.00060476(m?), since r,c =1, + (£/,) =
0.0115(m), h = 200(W/m?Kk), L. = L +§ = 0.0055 (m), then obtain A4, =

Le X t = 0.0000055(m?), hence, L, /2(h/kA,)*/* = 0.1903. Hence, from
Figure 3.19 of Introduction to Heat Transfer [243], the fin efficiency isI]f =
0.95.

R pase = h—;b = 96.4575(K/W) (4.20)

Where A, = ndL = 0.000051836m?.

3. Calculation of heatsink (h = 5(W/m?k),)

1
Rt,pin = hA_fr]f = 610.9991(K/W) (4.21)
Where L, = L + (g) Ar = DL, = 7D (% + L) = 7.389 x 10~*(m?), 1) =

tanhmlL, — 0.443

mL.

4. Calculation of heatblock

Since it is assumed that the temperature of heatblock and nozzle are
constantly the same, and there is no temperature distribution of these parts,
hence in the calculation, only convection thermal resistance is considered, and

the heatblock and nozzle can be considered as the unique one part.
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1
Rt,heatblock A 117-6471(K/W) (4.22)

4.2.5 Experimental Verification of the Thermal Network Modelling

with the Selected HotEnd

The next stage was to conduct experiments in order to obtain results against
which to assess the accuracy of the results from the ladder network model. An
additional purpose of the experiment was to optimise the speed of the
heatsink fan to obtain a target heatsink temperature distribution, since this
greatly affects the heat dissipation. In this analysis the E3D V6 HotEnd was
studied as this was the most likely candidate for the designed pultrusion rig’s

heating element, and also to verify the calculations in Section 4.2.5 .

Comparison of the analytical, ladder network model results against
experiment results allowed the model to be refined. The experimental
comparison was made against the temperature distribution predicted by the
model, since the distribution is calculated in addition to the heat flow. In order
to measure the temperature distributions experimentally, a FLIR T400-series
infrared camera [244] was utilised. The experimental set up is shown in Figure

4.3.

Heat cartridge

Black
painted

Thermometer

IR camera

Figure 4.14: HotEnd IR measurement experimental set-up.

In the experiment, the HotEnd was painted black in order to come as close as

possible to an ideal blackbody surface. When an object is painted black, the
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amount of reflection from the object and the reflection signal captured by the
IR camera are significantly reduced and the spectrum of the emitted infrared
radiation depends almost solely on the temperature of the object, as described
by Planck’s law [245], and not on its shape or composition. Painting an object
black with the standard lab paint used resulted in an object emissivity of 0.86,
so accordingly the standard setup procedure of the IR camera to read the
HotEnd temperature was used, as outlined in Ref. [12]. The distance of
measurement was 0.3 m. The measurement was taken after the HotEnd
reached a stable target temperature as indicated by the connected
thermocouple, so that a steady-state temperature was measured without the
filament loaded. The experimentally found temperature distribution at the
nozzle with a set temperature of 420°C is shown in Figure 4.15 (a). The
temperatures calculated with the ladder network model for this setup and set
temperature is given in Figure 4.15 (c) and 4.16 (note that in 4.15 (c) the x-axis
is converted from length to pixel in order to compare the result with Figure
4.15 (a). The IR captured temperature distribution is illustrated with the thick
purple line in Figure 4.15 (c)). In the modelling, the temperature distribution
starts at the upper edge of the heatblock, and ends at the lower edge of the
heatsink top pin, whereas the placement of cursors during IR analyses shows
small variation due to the accuracy with which this could be achieved with this
experimental set up. However, the model can still be validated by the similar
trends from the experimental results. Note that in Figure 4.15 (b), 11.25 mm
and 46.85 mm mark the beginning and the end of the modelled range in the
results and these two points are overlaid with the two points in the
experimental results to obtain the pixel numbers from the experimental

results in the plot. The associated HotEnd model can be found in Section 4.2.4.

Usingq = RA—T, the thermal power loss is calculated as 8.85 W.
HB
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Figure 4.15: (a) Infrared capture and temperature distribution of heatsink at
nozzle 420°C. (b) modelling domain of the HotEnd, starting with the heatblock
on the left to the heatsink on the right, all lengths in mm. (c) Ladder network
model result at nozzle high temperature to compare with the IR measurement

result (in thick purple line).
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Figure 4.16: Ladder network model result at nozzle high temperature.

The experimental result for the case when the nozzle is heated up to a
temperature of 224°C is shown in Figure 4.17 (a). The result calculated by the
ladder network model of this intermediate temperature imposed on the nozzle
is shown in Figure 4.17 (b) and 4.18 (note that 4.17 (b) the x-axis is converted
from length to pixel in order to compare the result of Figure 4.17 (a) using the

same length scale of 4.17 (b). The IR captured temperature distribution is
illustrated with the thick red line in Figure 4.17 (b)). Using q = RA—T, the thermal
HB

power loss is calculated as 4.42 W.
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Figure 4.17: (a) Infrared capture and temperature distribution of heatsink at
nozzle 224°C. (b) Ladder network model result at nozzle low temperature to
compare with the IR measurement result (in thick red line).
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Figure 4.18: Ladder network model result at nozzle low temperature.

4.2.6 Conclusions

The main findings of this analytical and experimental study are:

The experimental data are found to be a good fit to the calculated
results assuming a value of forced air convection heat transfer
coefficient of 20 W/m?2K. This is a reasonable and realistic value for h,
which can be compared to Ref [240].

These experiments validated the calculated result with the ladder
network method. This is especially clear in the trends of the
temperature distribution with a large temperature drop (and gradient)
over the heatbreak. The physical explanation for this is that the thermal
resistance of the heatbreak is very large and therefore only a small
amount of heat is flowing through the heatbreak and is almost directly
dissipated into the surrounding air.

Experimental and analytical studies confirmed the suitability of this
E3D HotEnd for the heating system for pultrusion apparatus, since the
temperature drop over the heatbreak is good enough to have (nearly)

the whole heatsink region operating at a lower temperature than 65°C,

109



Chapter 4 Development of Composites Feedstock Process

which is sufficiently low for the PEEK to be fed into the HotEnd without
melting.

e As can be seen in Figure 4.15 (c) and Figure 4.17 (b), the IR
measurement closely matches the calculated distribution for h =
20 W /m?K with approximately 10% error for the 24 — 43 mm range
of the z coordinate. The analytical model developed to analyse the
HotEnd is a useful tool, since this tool is simpler, and computationally
faster than the FEA HotEnd evaluation of Jerez-Mesa et al [100], and it
obtains the similar results. This tool can quickly evaluate the suitability
of a HotEnd for a particular application and/or to design a HotEnd and

select a suitable operating temperature.
4.3 Design of the Pultrusion Apparatus

As mentioned previously, since the selected feedstock material has very little
flexural stiffness, it is difficult to extrude this material directly to the 3D printer
nozzle as it will buckle when it is pushed into the HotEnd by the extruder. This
is the reason a process has been developed in order to convert the
commingled CF/PEEK into a filament suitable for FFF 3D printing. This pre-
processing will convert the commingled fibres into a consolidated semi-stiff
material; which will be easier to print using the FFF process. An inverted
extrusion process is used which involves pulling the material through a die,
known as pultrusion [37]. In the following subsections, the design of the
pultruder is presented. Firstly, based on the functional analysis of the
pultrusion process, the system architecture is established. Subsequently, the
conceptual design is worked out and its components are sized. Thereafter, the
control design is explained, and finally, the steps taken to get the process

running are discussed.
4.3.1 Functional Analysis and System Architecture

The architecture of the pultrusion system includes four subsystems: the

support to hold the supply of commingled fibres; a heating system with the
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dies to consolidate the commingled fibres, a traction system to pull the
filament, and the final spool to store the filament and transfer it to a high
temperature 3D printer. Figure 4.19 shows each of these subsystems required
to execute the pultrusion process. In the diagram the thick arrows symbolise

the material flow and the thin arrows the function of each of the modules.

5 Heatin
Commingled s Filaments
] system with Pultruder
fibres spool : spool
the die

A A & &
Support to hold Pull the Transfertoa
P Thermal ; :
supply of the s filament high
commingled .g (consolidated temperature
: the material A i
fibres material) 3D printer

Figure 4.19: Pultrusion system diagram.

The support of each of the modules is designed to keep the filament
horizontally aligned during the process. After the thermal analysis of the
HotEnd described in the previous section, it was found that the E3D high
temperature HotEnd may be utilised without alterations to its thermal design
as the heating system for the die. The standard thread and diameter of the
nozzle mounting hole also allows for the mounting of a specially designed die.
This die has a stepwise tapered entry followed by a 0.5 mm diameter section
where the PEEK matrix material can melt. As shown in Section 4.3.3, Figure
4.21, the final diameter determines the final consolidated diameter. Different
controllers were used to control the temperature and stepper motors in order

to have fully independent control of the variables during the experiments.
4.3.2 Conceptual Design and Its Evolution

Once the functional requirements for the designed pultrusion apparatus had
been established, the next step in the design cycle was the conceptual design
and its iterations. The pultruder-bracket assembly design went through several
iterations. The pultruder includes a pulling wheel controlled directly by the
stepper motor, and a pushing wheel which is in contact with the pulling wheel

and can be rotated by it. A Stratesys OBJET printer [246] was used to print both
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wheels on a single build platform with a one-step process. OBJET technology
is capable of multimaterial jetting, enabling functionally graded materials.
Wheels were printed with a tough material in the centre and a flexible rubber
ring on the outside. On the radial centre line of the pulling wheel’s running
surface, a groove was designed to work as a guide to keep the consolidated

filament in the centre.

The second design iteration slightly improved the push head of the pultruder,
however, it was not effective enough. For the third version, and final, version,
spacers were introduced on each side of the wheels to achieve better wheel
alignment. This version also introduced a spring on the top in order to push the
pushing wheel into contact with the pulling wheel. The first version of the
pultruder assembly is shown in Figure 4.20 (a) and the final version is shown in

Figure 4.20 (b).

(a) First version pultruder (b) Third version pultruder

Figure 4.20: Pultruder Prototypes.

4.3.3 Calculation of the Pultrusion Die Diameter for Full

Consolidation of the Filament

The diameter of the die is calculated based on the assumption of preservation
of mass and density throughout the process. This ideal of mass preservation

however, does not exist in reality as small amounts of PEEK leak out from the
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die. Additionally, there is some degree of die-swell, also known as extrudate
swell or Barus effect, caused by the elastic springback of the polymeric
macromolecules undergoing a reorientation when passing through a narrow
orifice, such as a pultrusion die [124]. This effect increases the outgoing

diameter of the filament and creates porosity.

The consolidation diameter is calculated with the following relation [36]:

D=2 TEX

(4.22)

PcombT

Where D is the diameter of the consolidated filaments. TEX is the linear mass
of the commingled fibre, 307.7 TEX (g/km), and p.omp is the density of the
CF/PEEK commingled fibres. The densities of carbon fibre and neat PEEK are
pcr = 1780 kg/m3, ppprx = 1300 kg/m3 respectively; with a volume fraction
of carbon fibre of 57.4%, the combined density of the commingled fibres is
then pcp/pgex = 1575.5 kg/m3. This yields a diameter of the consolidated
filament of 0.4987 mm of 0.5 + 0.0013 mm.

Initial work to create a start point on the unconsolidated strand revealed that
a gradual reduction of the diameter is required for smooth entry of the
commingled strand. Therefore, a die with a stepwise, gradual reduction was
designed and manufactured within the university, as acquisition of a smoothly
tapered die which is designed and manufactured specially by an external
supplier would be expensive and time consuming. This die design with a
stepwise gradual reduction of the diameter, however, can conveniently be
made by machining a standard sized bolt (M6). The material selected to make
the pultrusion die out of a bolt was stainless steel as its hardness prevents
excessive wear of the die, to keep the diameter stable. Since the surface of the
nozzle, which is exposed to the air, did not have any additional cooling, the
stainless steel nozzle could still reach the designed temperature when in the
steady-state status. A cross section of the die nozzle is given in Figure 4.21. The

final 0.5 mm diameter hole in the die, seen at the right hand side of the figure,
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protrudes a further 5 mm, meaning there is a further 5 mm fully wetted inner

diameter in this die.

Méx 1

Figure 4.21: Cross section of pultrusion die (unit: mm).

4.3.4 Mechanical Design and Component Sizing

Before the mechanism design could be designed, a theoretical torque required
to pull the commingled fibres was calculated, making the following

assumptions:

e Irrespective whether a pultruder or just a pulling wheel is used in the
pultruder apparatus, the energy required to pull a length of material
from the spool of commingled fibres through the pultrusion die is the
same.

e Asthe power required to pull the commingled fibres through the die is
independent from the power required to wind up the consolidated
filament, these two power requirements can be superimposed onto
each other and a bending moment of the filament can be used to

estimate the required filament winding torque.

For the mechanical design and sizing of the components, only the shafts are

considered here, since the 3D printed support brackets and wheels are already
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over-dimensioned in terms of thicknesses. To determine the minimum shaft
diameter two failure scenarios were considered due to shear stress. The first
considered was the shaft to be in double shear. This double shear happens
when the pulling forces on the shaft-reel interface and the reaction forces on
the shaft-bearing interface act as a shear force on the shaft. The second
scenario considered the shear stress perpendicular to the radius of the shaft,
which resulted from the applied torque that twists the shaft. Hence, Section
4.3.4.2 is divided into two subsections to calculate each scenario. However,
before investigating these scenarios, the drive torque was first calculated since
this is the torque that twists the shaft and it is also proportional to the pulling

force that brings the shaft in double shear.

4.3.4.1 Required Torque Calculation

The required torque for the actuation of the winding spool is the torque that
is required to overcome the mechanical forces and moments needed for the
processing in each of the modules discussed in Section 4.3.1. These are
illustrated in Figure 4.22. Firstly, there is the commingled strand wound around
the reel in the left hand side of the system. When the commingled strand is
unwound, the bending stiffness of the commingled fibre strand was negligible.
When the consolidated filament is wound around the reel on the right hand
side in the picture, the filament needs to be bent around the reel, requiring
another bending moment. For ease of modelling, the commingled fibres can
be considered to be a bundle of loose fibres and the consolidated material a
solid strand of mixed fibres. In the die there is a region where dry friction
occurs due to the weight of the commingled strand. This friction force will be
relatively small and will form a negligible contribution to the overall required
pulling forces. Where the die diameter approaches the consolidated diameter,
it is assumed there is no melt and the increased temperature does not affect
the friction coefficient. In this region some “squeezing” of the fibres occurs and
the fibres in the strand will be pushed into a new arrangement. This depends
on factors which are hard to quantify, as the arrangement and twist of the

individual fibres is not known a priori. The ‘squeeze’ will increase the
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contacting force between the strand and the die and hence increase the
friction and also the rearrangement of the fibres will require a certain amount
of force, both which are hard to quantify. Because of these unknown
behaviours, it is in turn difficult to make quantitative predictions on the size of
the ‘squeeze’ affected region. Additionally, some melting will occur in this
region, of unknown size, causing the presence of viscous friction. Although the
pulling force in this region will have a more significant contribution on the
entire pulling forces in the system, these are very hard to quantify without
further tests. It was assumed that the melting of PEEK starts 3 mm ahead of
the final stage of the die and this region will be dominated by viscous friction.
This is well away from the final stage in the die, as can be seen in Figure 4.21.
Finally, there are the viscous friction forces caused by the (almost) pure shear
flow (also known as the Couette flow) of the molten PEEK in the outer layers

of the strand.

consolidated

bending moment filament

loose strand

bending moment
consolidated strand

commingle strand

consolidated
filament

wet friction

dry friction

squeezing &
dry friction driving torque
bearing

bearin
friction (2x) &

friction (2x)

supporting brackets

Figure 4.22: Sources of friction to be overcome by the driving torque.

To reduce unnecessary complexity in these calculations the pultruder is
assumed to be driven by the pulling spool wheel only. Under steady-state
conditions, the power for a rotating shaft is proportional to the torque and the

angular velocity:

Pt =Tw (4.23)
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Furthermore, under steady-state conditions, the power required for a system
undergoing linear motion holds that it is proportional to the force and the

linear velocity:
Pirans = Fu (4.24)

These equations show that the pulling forces in the die are easily related to the

torque required for the motor to drive the pulling wheel.

The sources of friction shown in Figure 4.22, are all seen by the motor driving
the pulling wheel as a torque, T;ytq;- However, the viscous friction and dry
friction are calculated as forces, but the bearing friction and bending moments
of the filament for winding and unwinding are calculated directly as torques.
Finally, the total pulling force, Fy,yj1ing, is the force that is seen by the pulling
wheel and it creates a reaction force on the shaft, that acts as a shearing force,
as will be shown later. The remainder of Section 4.3.4.1 is devoted to the
calculation of the friction to provide reasonably accurate estimates to calculate
the total pulling force and total torque, which in turn allows calculation of the

minimum allowable shaft diameter.

4.3.4.1.1 Viscous Friction in the Die

Firstly, the viscous friction in the die is calculated. As mentioned above, the
main assumption is that the friction all occurs due to shear flow in the die.
Since molten PEEK has a high viscosity, it is assumed here that PEEK residing in
between the carbon fibres has no relative velocity with respect to the carbon
fibres. For simplicity, it is furthermore assumed that there are no carbon fibres
in contact with the die and therefore all fibres are wetted, which is the
objective of the pultrusion process in the first place. Consequently, this means
that the shear force occurs solely at the outer layer of the strand, which
consists of purely molten PEEK. This flow velocity profile is schematically

(materials not to scale) in Figure 4.23.
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Figure 4.23: Velocity profile of CF/PEEK filament in the pultrusion die (not to
scale).

The next step is to make a reasonable assumption about the film thickness
where the shear flow occurs. The ideal consolidation would be where the
carbon fibres are all wetted equally and distributed evenly after the pultrusion.
In reality, the entropy increase in the system, difference in adhesive forces
between PEEK and carbon fibre, and the adhesive forces between PEEK and
the stainless steel die mean that the fibres will assume a random distribution.
It should be noted here that the theoretical maximum fibre fraction is limited
to touching fibres in the closest possible packing, namely 90.69 % [247]. The
57.4 % volume fraction is well below that theoretical fraction. In reality, it can
be assumed, as also later microscopy tests revealed in Figure 5.4 in Section
5.4.3.1 Chapter 5, there will be regions in the cross section of finally formed
filament with a relatively high density of fibres and regions with a lower density.
Therefore it is not unrealistic to use a unit cell with a larger average spacing
between the fibres, for which reason a representative elementary volume with
square fibre arrangement is used to calculate the inter fibre distance. The

shear region is assumed to be half of the inter-fibre distance.

In the unit cell (UC) used in these calculations, the space between the carbon
fibres in this model is s. Furthermore, it is assumed that all friction in the
system is due to the shear between PEEK and the inner side of the nozzle. This
assumption requires that all carbon fibres are fully wetted by the PEEK, and
the carbon fibre distribution is homogenous. This assumption can be
considered reasonable to obtain the upper estimate of the friction forces since

the viscous friction is considerable larger than the dry friction, although in
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reality there may be areas where dry friction occurs, as can be seen in for
instance Figure 5.4. This was also confirmed by the later investigation that
established the outside area of the filament consists mostly of PEEK. The
schematic drawing of a UC with square arrangement [248] is shown in Figure
4.24. The blue part with radius r represents a quarter carbon fibre and the

white colour is PEEK after consolidation from the die.

L4}

L

< memsssm———
L

Figure 4.24:Unit cell of consolidated material.

Based on simple geometric relationships shown in the figure, from this unit cell
the unknown inter fibre distance s can be worked out as follows. The following
equations are from Ref [248]. The length L of the unit cell equals two times

radius  and the inter fibre distance s.
L=2r+s (4.25)
Since the unit cell is square, its area A, can be worked out as follows:
Aye =12 = 2r+5)2 =412 + 4rs + 52 (4.26)
The total amount of carbon fibre, A in the unit cell covers an area of:
A =1’ (4.27)
Relating this to the carbon fibre fraction @ one gets: A;f = @Ay,

Rearranging gives:
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1
BACf = Auc (428)

Substitution of the expression for A, back into the equation and bringing

every component in the equation to one side:

s?2 +4rs + 4r? — riTn=0 (4.29)
Then an expression with known @ and r is established and s can be calculated.
All the material data used in this section, were taken from the Cocordia
Technical Data Sheet [221], and Victrex Data [220] as the material comes from
these suppliers. With r=3.07-10"°m and
® = 0.574,s = 10.40 - 10~° m is obtained.

Now that the inter fibre distance is found and therefore the assumed thickness
of the shear film is known, the approximate shear stress and the viscous
friction force can be calculated. Assuming molten PEEK behaves as a
Newtonian fluid, the expression for the shear stress becomes [249]:

_ du Upultrusion
T= ~MHpeex 5, = ~MpEpk = 1 (4.30)
2

So, when the pulling speed is 5mm/s , the shear stress 1T =
—1.2495 x 107 N/m?. Now that the shear stress is known, the friction force

can be calculated as:

Ffriction,wet = deA (4.31)

Since T is constant, this integral reduces to multiplying the shear stress by the

wetted area in the die.
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Figure 4.25: Schematic showing the dimension of the consolidation die.

In the assumption, the die is considered to be a cylinder shape. The length of
the die is L4;., the diameter of the die is d4;.. The wetted area in the die is
then: Ayetted = Laie " T - dgie- As shown in Figure 4.125. To account for the
friction in the ‘squeezing’ region, 8 mm was used as the length of the die. From

the datasheet [220], the melt viscosity of PEEK 150G is upggx = 130 Pa - s.

With a die diameter of 0.5 mm, dictated by the theoretically specified
consolidation diameter in Section 4.3 and a die length Ly, of 8 mm,

Ffriction,wet = —15.7N.

4.3.4.1.2 Dry Friction in the Die
Taking standard dry friction solely based on the weight of the commingled
fibres going through the die, the contribution is almost negligible, as the

weight per unit length is low:

L
Ffriction,dry = udry EAcrosspcombg (4-32)

Where pi4r is the dry friction coefficient, which is around 0.2 [250], L / 2 is
the half the length between the two spools, A.,ss is the cross sectional area
of the filament, p.omp is the combined density of the filament, see Section
43.3, and g is the gravitational constant. The numerically evaluated
magnitude of the dry friction Frriction,ary = 3.0 - 107% N, which is negligible
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compared with the viscous friction. The total friction force, the sum of the wet

and dry friction can be related to the load as seen by the actuated spool as:

Ffriction = Ffriction,dry + Ffriction,wet ~ Ffriction,wet (4-33)

4.3.4.1.3 Bending Moment

Following the usually safe assumption that the linear prediction for the
bending moment results in a higher numerical value for the bending moment
then applying plasticity and geometrically nonlinearity, a linear calculation for
the bending moment represents the worst-case scenario for the estimation of
the bending moment. Using the Euler-Bernoulli theory (small rotation
assumptions) for beam bending there is the well-established linear

relationship between bending moment M and radius of curvature:
M== (4.34)

Where E is the Young’s modulus, also known as the modulus of elasticity, of
the material and [ is the second moment of area. The value p = 55 mm, the

radius of the spool. The formula to calculate the second moment of area is:

4
=2 (4.35)
64

For the loose case (module 1 in Figure 4.19), the bending moment is composed
of the individual contributions of the individual fibres in the commingled fibres
and for the filament it is the combined modulus of elasticity and the

consolidated diameter that gives the bending moment.

Ecrl E I
CFICF + np PEEK!PEEK (436)

Mbending,loose = Ncr EEK

Where ngor = 3000 and npggx = 2226 are the number of carbon fibres from
the data sheet and the PEEK fibres based on the volume fraction and the
average diameters of both fibres as discussed in Chapter 3 in the commingled
fibres respectively. Also, from the data sheet and from Figure 3.3, the average
diameter of the carbon fibre is 7.5 um and the estimated average diameter for

a PEEK fibre is 22.5 um; and Epggx = 3.85 GPa, E.r = 288 GPa. For the
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bending of the filament (module 4 in Figure 4.19), the following relationship
describes the relation between the bending moment, the second moment of

area, the combined modulus of elasticity and the radius of curvature:
Ifilamen
Mpenaing, fitament = (PEcp + (1 — @) Epgpk) % (4.37)

Where @ is the carbon fibre volume fraction of 57.4 %. For the bending
moment at module 1, the bending Mpenging,ioose is Obtained as 4.5 - 107 Nm,
and in module 4, Myenging fitament is 0.0096 Nm. The bending Myenging iosse
is negligibly small compare with Myenaing, fitament Since the Mpenging iosse 1€S

than 0.05% than Mpenaing, ritament-

4.3.4.1.4 Friction in the Bearings in Modules 1 and 4

There are two bearing pairs used in this pultrusion system. The first pair is
utilised to support the spool with the commingled fibres, the other pair is for
the pulling wheel. The diagram shown in Figure 4.26 helps in understanding

the calculation of bearing friction torque.

Commingle fibre

— Bearing

s

II‘I.-A 'ﬂl I"‘.__.. '_\ ] /.
f I'1 -

Y d
(a) (b)

Figure 4.26: Diagram of friction moment for bearing calculation.
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For bearing set 1, drawn in the left hand side in Figure 4.26, which include two
times two bearings, the calculation of the frictional torque T}, ¢ in the bearings

is as:

dm
be,l = mspoolg/'LT (4.38)

Where the friction coefficient p = 0.002 for a standard ball bearing. mgy,,; is
half of the material mass and further includes, shaft and wheel, which was
assumed to be 0.5 kg, g is the gravitational constant and d,, is the pitch
diameter (20 mm) in the bearings, see Figure 4.26 (a). The frictional bearing

torque for module 1is9.81 - 10> Nm.

The bearings in set 2, at the right hand side in Figure 4.26 (b) are loaded most
heavily, since these bearings have to take the horizontal reaction force equal
to the pulling load. As the horizontal force is perpendicular to the vertical force
cause by the weight of the wheel, with Pythagoras’s theorem the frictional

torque in the second set of bearings becomes:

2 T fricti T M i
be,Z = <(mspoolg) +( frictiontThf1t bendlng,loose))MdTm (4.39)

Tspool

Numerical value for the second set of bearings in the right hand side of Figure

4.26 is 0.00033 Nm, still negligibly small.

4.3.4.1.4 Total Force and Torque Requirements for the Pulling Wheel

The total pulling force, i.e. the tension in the filament between the die and the
pulling wheel, is:

F _ Mbending,loose+be,1
pulling —

+ Ffriction (4-40)

Tspool
Since contributions to the pulling force from the bending moment and bearing
friction are negligibly small, this is equal to the 15.7 N viscous friction force

caused by the viscous friction of the molten PEEK in the die
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The total torque, which needs to be overcome by the pulling wheel, is the sum

of all the torques and moments, and it is calculated:

dspool 2
Ttotal = Ffriction 2 + Mbending,loose + Mbending,filament + Zi=1 be,i(4-41)

Which, when evaluated numerically, gives a torque of 0.85Nm . The
contribution of the viscous friction is 0.84 Nm, which is 98.8% of the total
torque. It is therefore safe to say that within what can be assessed numerically
without further, cumbersome, experimental tests on the ‘squeezing’ effect,
the viscous friction is the main contributor to the torques and forces to be

overcome by the pulling wheel.

4.3.4.2 Minimum Shaft Diameter

In this section, the minimum shaft diameter is calculated based on failure due
to twist. Shear stresses in a shaft can occur due to being subjected to torque

and bearing loads.

4.3.4.2.1 Minimum Shaft Diameter for Direct Shear Load

Figure 4.27 shows a schematic of how the spool is attached to the support by
the shaft. As the wheel hub is solidly attached to the shaft, the main failure
mechanism would be overloading due to the shearing force. From this figure it
is clear the shaft is in the so-called double shear condition, and the bearing
load V consists of two components: half the weight of the spool and
commingled fibres of filaments in y-direction and half of the pulling force in
the x-direction. Using Pythagoras’s theorem and the standard calculation to
find the average shear stress [251]; and equating the average shear stress to
the maximum allowable shear stress, bearing load V to the half of the
maximum weight of the spool and yarn, then the minimum shaft diameter

dsnafe can be calculated as follows:
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((%mspoolg)z +(%Fpulling)2)
0.5777ay

dshase = = |2 = 0.66231 mm (4.42)

In the equation above V denotes the shear force and 7,,,, the ultimate shear
stress, which the Von Mises yield criterion relates to tensile yield stress gy, as
0.57770, . Recall that %mspool is half of the material mass, Fpyying is the total
pulling force. The value of gy, is 340 - 1000 MPa for steel. The worst case is

taken by using the yield stress as 340 MPa in the calculations.

lg
spool

gravity

ball bearing

shaft

bearing load V

bracket

support

Figure 4.27: Schematic cross section of support and spool.
4.3.2.2 Minimum Shaft Diameter Due to Twist
For shaft selection, a steel shaft was selected. Based on the maximum torque
calculated in the preceding section, the minimum shaft diameter based on the
shear stress yield criterion can now be calculated. For the maximum shear

stress the following relationship between torque and shear stress holds:

TR
Tmax = (4.43)
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Where R is the outer radius of the shaft and J is the polar moment of inertia,
T is the total torque including Trriction, Mpending and Tps. For a solid shaft

with circular cross-section the polar second moment of area is defined as:

] = T (4.44)
Substituting (4.14) into (4.13) gives:
2T
Tmax = ﬁ (445)

The maximum occurring shear stress 7,,,, should be lower than the shear
stress value for which plasticity occurs. The plasticity mechanism for shear due
to twist is different from that of the plasticity occurring under a tensile loading.
The yield stress found in tensile tests for a material has been found by Von

Mises to be empirically related to the yield shear stress [251]:
Tmax = 0.5777 X g, (4.46)

With the torque calculated in the preceding section, the minimum diameter of
the shaft is 2.8 mm. This means that the failure due to shear force I is the
dominant mode of failure, which consequently should govern the sizing of the
shaft. Doubling the diameter, equating to a safety factor 8, and rounding it off
to obtain a standard value for the shaft diameter for ease of assembly, a

diameter of 6 mm is adopted in the design.

4.3.4.3 Final Pultrusion System Design and Assembly

The brackets and supports were designed to keep the spool, the loose
commingled fibres and filaments levelled horizontally. The 3D CAD drawings

of each of the supports are shown in Figures 4.28 (b) and (c).
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(a) Drawing of pultruder (b) Drawing of spool wheel (c) Drawing of support

Figure 4.28: Drawing of pultrusion system supports.

All the parts were 3D printed either by the SLS process with nylon, the FFF
process with PLA or the jetting process with acrylic. Based on the above design,

the pultrusion system setup is shown in Figure 4.29.

PID Spool to hold the filament
Temperature

Control

| HotEnd with mould |

_ o

V.

P - ‘ Pultruder
# Commingle p g Heating —r
Fibres \ System 7 E

Computer for PID control Thermometer as in situ
and temperature monitoring temperature sensor

‘ Stepper motor controller \

Figure 4.29: Final pultrusion system setup.

The full setup consisted of the two wheels and supporting bracket, the
commingled fibre reel, the die, heater and support bracket and a pultruder.
Additionally, there were the electronics and the controllers used to drive the
stepper motors and control the heating system. The settings of the electronics

are described in more detail in Section 4.3.5.

The pultruder in Figures 4.28 (a) and 4.29 was driven by a NEMA17 stepper
motor. The pultruder wheel had a diameter of 40 mm. At 5 mm/s pulling

speed, the motor was with a revton = 2.4 RPM. The torque caused by the
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pulling by this motor is 15.7x0.02 = 0.314 Nm, which was sufficiently lower
than its holding torque of 0.44 Nm.

4.3.5 Electronics and Controller Setup

For the temperature control, an Arduino Mega 2560 board and RAMPS 1.4
extension board [252] were used. The RAMPS board was used as it has a
MOSFET module. PID control was utilised for temperature control. A K-type
thermocouple and associated amplifier board were connected via an analogue
pin. The heating element was connected with a digital pin as it is driven using
pulse width modulation to achieve an approximation to an analogue output.
In the temperature control loop, the thermal sensor first detects the
temperature, which was subsequently compared with the target temperature,
after which it was decided if the heating element needs power input. While
the computer could monitor the temperature through the controller board, a
thermometer with K-type thermocouple was also used as an in-situ
temperature monitor. For the stepper motor control, A4988 stepper drivers
were used to drive two NEMA 17 stepper motors, each with a holding torque
0.44 Nm, which was higher than the calculated total torque in Section 4.3.4.1.
The drivers are capable of microstepping and were set to 16 pulses per
complete step in order to provide a high angular resolution of the stepper
motors. When the system was running, the code was called to first heat the
die up to the target temperature. When this was achieved, the stepper motors
could be started so that they pulled the filament using the pultruder and drive
the take-up spool against the opposing torque from the tendency of the stiff

filaments to uncoil.
4.3.6 Initial Pultrusion Start-up Steps

Since the loose commingled fibre has a 2.2 mm width and the calculated
consolidated diameter is 0.5 + 0.0013 mm, this poses a challenge to the
feedstock processing because of the factor of 4.4 in diameter between the

commingled CF/PEEK and consolidated CF/PEEK filament. In order to feed the
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commingled fibre into the special designed pultrusion die, the same starting
procedure as Rietema et al. [36] was applied. Three ready-made standard
brass nozzles with size 0.8 mm, 0.6 mm and 0.5 mm were used to consolidate
the commingled fibres via the pultrusion process and reduce the diameter of
the filament gradually in order to feed the commingled fibre into the specially
designed pultrusion die. During the starting process, the die was heated to
400°C, and the commingled fibres were pulled manually. The nozzles used in

the starting process are shown in Figure. 4.30.

Figure 4.30: Different types of nozzles for starting process.

After pulling the material through each of the three nozzles, each having a
successively smaller diameter, eventually, the material could be fed into the
specially designed pultrusion die. Photographs and microscopy pictures of the

side view CF/PEEK filaments are shown in Figure 4.31, 4.32, 4.33 and 4.34.

130



Chapter 4 Development of Composites Feedstock Process

500 pm

Length = 675.21 ym

0.8mm nozzle

Length = 6.18 ym

Figure 4.31: 0.8 mm nozzle showing CF/PEEK fibres before and after
consolidation, along with micrograph of consolidated CF/PEEK filament.

0.6mm nozzle

Length = 610.27 pm

Figure 4.32: 0.6 mm nozzle showing CF/PEEK fibres before and after
consolidation, along with micrograph of consolidated CF/PEEK filament.
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I

0.5mm nozzle

Figure 4.33: 0.5 mm nozzle showing CF/PEEK fibres before and after
consolidation, along with micrograph of consolidated CF/PEEK filament.

Designed Nozzle

Length = 588.21 pm

Figure 4.34: Designed pultrusion die showing CF/PEEK fibres before and after
consolidation, along with micrograph of consolidated CF/PEEK filament.
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After each stage of processing, the diameter of the filament swelled after the
material was out of the nozzle. When the commingled CF/PEEK was pulled
from the specially designed pultrusion die, a higher pulling force was required
than for the 0.5 mm diameter brass nozzle because of the greater length of
the 0.5 mm diameter region. The lack of clarity of the images is because the
depth of field of the optical microscope is insufficient to contain the radius of
the filament. A similar scenario was stated in Chapter 3. However, these
images provide sufficient information to obtain measurements of the filament

diameter.

Ten diameter measurements were taken for each of the samples. Up to ten
samples were investigated for each set of pultrusion conditions. The standard
deviation, as a measure of the error, was taken among each set of ten samples
with their ten measurements. The error plot of each group of samples are
shown in Figure 4.35. When the diameter of the nozzle reduces, the average
diameter of the filament reduces and tends to be close to the diameter of the
nozzle. The standard deviation reduces when the nozzle diameter reduces. The
specially designed nozzle has a longer 0.5 mm constant diameter section than
the standard brass nozzle of 0.5 mm diameter. Relative to processing with the
standard brass nozzle, the filament diameter error bar becomes smaller when
the specially designed die is utilised for processing the commingled CF/PEEK.
This indicates that reducing the die size and increasing the die length can
improve the consolidation quality. This is due to the higher compaction force
during the heating process, giving a better and more stable shape of the
filaments. The results show that with increased compaction force and
processing time, the filament size can be closer to the consolidation size with

a smaller standard deviation.
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Figure 4.35: Error plot of CF/PEEK size based on different nozzles.

During the priming process, it was found that some material leakage occurred.
Microscopy pictures of the inside of the nozzle revealed, that there was some
PEEK and carbon fibre remaining in the die. In addition, when the nozzle size
reduces, the average pulling force increases since there is more contact with
the die and hence higher shear stresses occur in the Couette flow dominated
flow of the molten PEEK near the wall of the die. This, however, leads to a
better carbon fibre distribution in terms of more straight carbon fibres along
the direction of the CF/PEEK filament. The length of the die is also one of the
factors which affect the pulling force as it affects the total area where fluid
friction due to shear stress occurs in the flow. Figure 4.36 gives a side-by-side
comparison of microscopy images taken of filament created with a 0.5 mm
standard FFF brass nozzle on the left and the specially designed pultrusion die

on the right.
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(a) (b)

Figure 4.36: Microscopy image of the CF/PEEK filament consolidated by (a)
0.5 mm brass nozzle and (b) specially designed pultrusion die. Both images
were taken with a magnification factor 10.

4.4 Conclusions

In this chapter the design and construction of the pultrusion apparatus have
been described. The work includes both the thermal analysis of the HotEnd
and the mechanical analysis of the apparatus. The initial HotEnd analysis,
validated by means of IR measurement, confirmed that the E3D V6 HotEnd was
appropriate to be selected as the HotEnd for the pultrusion apparatus. The
next stage of mechanical analysis helped to ensure the components were
designed and sized properly for the filament fabrication. The initial pultrusion
start-up process of reducing the diameter of the commingled yarn in three
steps leads to the next stage of the pultrusion process, so that the filament
fabrication process could be carried out, as described in Chapter 5. This
chapter also describes the die priming and the die-swell after the initial
pultrusion start-up process based on observation of the microscopy images. It
was found that the diameter of the filament was closer to specification and
showed less variation when the 0.5 mm specially designed pultrusion die was
used rather than the standard 0.5 mm nozzle. This indicates that the die
compaction length is critical to the pultrusion process. With the design and
build of the pultrusion apparatus having been completed, the relevant process
parameters were investigated in the experimental programme described in

Chapter 5, where the filament produced is also characterised.
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CHAPTER 5

Characterisation of Composites

Filaments

5.1 Introduction

Characterisation of the CF/PEEK filament is a necessary procedure before
commencing the 3D printing of the filament. This is because the filament
impregnation quality may influence the printed part quality. It is necessary to
investigate, firstly, whether any material degradation occurred during the
pultrusion process used to fabricate the feedstock, and secondly, whether the
compaction of the CF/PEEK filament was good enough to ensure a sufficiently
low void content before the 3D printing. Within the framework of this study
this is a particular priority since the current 3D printer used does not include a
compaction system. Hence, the void content of the 3D printed parts could not
be easily reduced after the printing of components. The analysis is to identify
the processing window for fabrication of the CF/PEEK filament, and

subsequent optimisation of the pultrusion process parameters.

In this programme of experiments, the influence of process parameters were
investigated, namely the die temperature and pultrusion speed. Firstly, the
filament consolidation quality was studied by analysing the side view of each
of the filaments fabricated under the specified variations in process conditions.
Subsequently, a filament porosity study was carried out with cross-sectional
image analysis and density measurement. After this, the results were
compared and summarised, and the pultrusion processing window could

finally be established based on further analysis of the results.
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5.2 Processing Conditions

A parametric study of temperature and pultrusion speeds was carried out. A
full factorial combination of 32 processing conditions was investigated for the
production of FFF CF/PEEK filament. Pultrusion speeds were set to 0.5 mm/s,
1 mm/s, 3 mm/s and 5 mm/s. Temperatures were set from 350°C to 420°C
in steps of 10°C. Table 5.1 summarises the complete set of processing

conditions investigated.

Table 5.1: Processing conditions investigated.

Pultruding .
Pultrusion temperature
speed
0.5 mm/s 350°C, 360°C, 370°C, 380°C, 390°C, 400°C, 410°C, 420°C
1.0 mm/s 350°C, 360°C, 370°C, 380°C, 390°C, 400°C, 410°C, 420°C
3.0 mm/s 350°C, 360°C, 370°C, 380°C, 390°C, 400°C, 410°C, 420°C
5.0 mm/s 350°C, 360°C, 370°C, 380°C, 390°C, 400°C, 410°C, 420°C

5.3 Filament Diameter Analysis

Using the method outlined in Chapter 4, Section 4.3.6, ten samples were
investigated, with ten measurements being taken on each sample. Figure 5.1
shows the side view mean values of filament diameter (d,,) and the standard

deviation as error bars.
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Figure 5.1: Diameters of the CF/PEEK filaments as a function of temperature
and pultrusion speed.

It can be seen from Fig 5.1 that the filament mean diameters reduce when the
pultrusion speed is lowered. However, varying the temperature between
350 °C to 420 °C does not show a particular trend. Instead, there are two
separate temperatures (370°C and 400°C) that appear to be local minima for
the filament diameter for all four pultrusion speeds investigated. The values of
0.51 mm at 400°C and 0.5mm/s are very close to the calculated
consolidated diameter of the CF/PEEK filament. Ten measurements were
taken of the filament fabricated under each of the specified pultrusion
conditions (measurement methods can be found in Chapter 4 Section 4.3.6).
The results suggest that there is a dependent relationship between filament
diameter and the two investigated filament processing parameters, die
temperature and pultrusion speeds. The result shows a trend that when the
pultrusion speed is reducing, the mean diameter size reduces. This can be
explained as being because increasing residence time in the die allows more
time for viscous flow of the polymer molecules, reducing the amount of elastic

recovery, also known as springback.
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5.4 Filament Porosity Study

Porosity analysis is one of the ways to investigate the quality of the fabricated
CF/PEEK filament since it allows for the quality of impregnation of the carbon
fibre in the PEEK to be evaluated. The most popular method is by investigating
the cross-section of the filaments [36, 37]. The advantage of this method is
that it establishes the local void content through the cross-sectional view of
the filaments. However, since this is a 2D image analysis, it can only give the
information of the filament porosity of that particular cross-section. Density
measurement [253], is commonly used in composites porosity studies. The

method of measuring density used in this work is described in Section 5.4.2.

5.4.1 Cross Section Analysis

5.4.1.1 Sample Preparation

Up to 7 filaments fabricated under the different investigated process
conditions were embedded in resin (EpoFix, Struers, USA [254]) within
mounting cups of diameter 30 mm. The samples were ground using silicon
carbide paper (Buehler, UK [255]), starting from P240 (coarse) to finish with
P1200 (fine) and subsequently polished using a diamond polishing pad
(Buehler, UK [255]) from 6 um to 1 um in order to obtain an optically smooth
cross-sectional area. Using the procedure outlined in Chapter 3, Section 3.3.1,
optical studies were carried out with the Nikon Eclipse Lv100ND microscope
and analysed using NIS Elements software. All the cross-sectional views were
taken with top illumination and an optical magnification factor of 10. Selected
images of the cross-sectional views are presented in the following sections and

a full set of images for all conditions can be found in Appendix A.

5.4.1.2 Application of ToF-SIMS to differentiate cross-sectional

materials
There is a severe limitation to using light microscopy images of the cross
sections for investigating the porosity of the cross-sectional samples, since it is

not possible to distinguish clearly whether the regions surrounding the carbon
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fibres are PEEK or the embedding resin, which may penetrate into air gaps in
the filament during sample mounting. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) was employed in order to resolve this ambiguity. The
ToF-SIMS images were captured by Dr. Gustavo F. Trindade who is a research
fellow at the university. Based on one prepared cross-sectional sample and
aided by reference data of the embedding resin, Dr Trindade utilised the ToF-
SIMS test to associate the appearance of each region with the material making
up that region, so that the same association could be made on the optical
images of all the remaining samples to allow their void content to be analysed

accurately with confidence.

ToF-SIMS analysis of positively charged secondary ions was carried out using a
TOF.SIMSIV system from IONTOF GmbH (Miinster, Germany). Each secondary
positively charged ion 2D map was acquired using a 25 keV Biz* primary ion
beam operated in the burst alignment mode (high lateral resolution) delivering
0.12 pA and raster scanned cover areas up to 500 X 500 um?. A low-energy
(20 eV) electron flood gun was employed to neutralise charge build-up. Prior
to analysis, the samples were cleaned in-situ using a pulsed 20 keV Argon gas
cluster ion beam delivering 1.5 nA . Cleaning was performed until the
maximum mapping contrast of the ToF-SIMS images between carbon fibres
and surrounding areas was reached. ToF-SIMS maps were obtained for three
cross-sectional samples: unprocessed commingled CF/PEEK; processed
filament and pure embedding resin. This provided the identification of
characteristic signals coming from each of the three materials of interest and
enabled a clear identification of their spatial distribution within the filament
cross-section. To achieve such identification, all mapping data as the chemical
elements of PEEK and carbon can be potentially derived. These were processed
by means of unsupervised machine learning (non-negative matrix
factorisation), with its performance improved by a row-wise matrix
augmentation of the data matrices using the simsMVA software

(www.mvatools.com) [256] multivariate analysis tool of ToF-SIMS datasets.

These chemical element to identify PEEK material were referenced and
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compared with the data of Henneuse -Boxus et al [209]. Carbon fibre was
identified by checking for the single element carbon, while rest of the chemical
elements were considered as linked to the resin. The method seeks to reduce
the dimensionality of a dataset down to a few factors, which enables the
interpretation and visualization of the surface chemistry by providing data that
can be directly assigned to fingerprint mass-spectra of “pure” compounds and
their distribution maps. Details of the data processing methodology can be

found in Ref. [257].

Figure 5.2 shows the results of all analysed cross section maps with an overlay
of the relative intensity and the characteristic ToF-SIMS signal of each of the
individual compounds identified: resin (red), carbon fibre (green) and PEEK

(blue).

Resin

Unprocessed Processed )
CF/PEEK filament Pure resin

b

NETERE N LU TS Fow—e—.

mz

(a) (b)

Figure 5.2: ToF-SIMS mapping of filament cross sections before and after
processing to unambiguously identify voids in a processed filament.
Characteristic signals for each compound (carbon fibre, PEEK and embedding
resin) were identified by means of unsupervised machine learning. (a)
overlays of maps for unprocessed fibres (left), processed filament (centre) and
pure resin (right) with the relative intensities identified for three compounds:
resin (red), carbon fibre (green) and PEEK (blue). (b) characteristic mass
spectrometry signal identified for each compound (left) and their individual
intensity maps (right) used to create the overlay map in (a).

141



Chapter 5 Characterisation of Composites Filament

With the confirmation of the spatial distribution for both PEEK and the
embedding resin for a cross-sectional view of one of the processed filaments,
it was found that the overall void content clearly included the embedding resin
and the air void. It was then possible to create a visual correlation between
light microscopy images and ToF-SIMS map, as shown in Figure 5.3, and
evaluate with high confidence the distribution of filament materials for the
various processing parameters, in a high throughput fashion using only
contrast observed in light microscopy images. ToF-SIMS analysis also provides
a detailed characterisation of the chemical composition in the sample, but this
was not investigated further, as it is out of the scope of the work presented in

this thesis.

Figure 5.3: (a) Visual correlation between light microscopy images, (b) The
ToF-SIMS maps for the identification of distribution of filament materials.

5.4.1.3 Method of Image Processing

The cross-sectional images were analysed statistically for the CF/PEEK
filaments prepared under the 32 processing conditions listed in Section 5.2,
Table 5.1. As mentioned in Chapter 3, Section 3.3.1, carbon fibre distributions
in the commingled CF/PEEK bundle are not homogeneous. This results in non-
homogenous carbon fibre distributions of the CF/PEEK filaments after the

pultrusion process.

By comparison with the ToF-SIMS images presented in Section 5.4.1.2, the
constituents in the cross-sectional views of the CF/PEEK filaments could be
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identified, as seen in Figure 5.4 (processing condition, 1 mm/s, 400 °C as an

example).

Carbon Fibre g8

Figure 5.4: Cross-sectional view of filament under processing condition of
1 mm/s pultrusion speed and 400°C operation temperature.

The voids in the filament included both air and resin, the latter originating from
penetration by the embedding resin. From observation, the volume of air voids
was higher than that of the resin filled voids. Based on the results of the
identified areas, imaging analyses were performed to determine the filament
properties of circularity, roundness, PEEK area coverage, and overall void
content (includes air voids and resin voids). In the tests, up to 7 cross-sectional
samples were analysed for each processing condition. ImageJ [258] was used
for the initial image editing with a pre-programmed code. The calculation of
filament circularity and roundness was carried out with the built-in circularity
and roundness function of Imagel [259]. As certain images contained different
grey scales after the automated processing with ImagelJ, GIMP [260] was used
for further manual editing. Subsequently, the calculation of the area coverage
percentage of PEEK, the total void content and the air void content are carried
out by extracting the numbers of pixels in GIMP. A list of cross-sectional images
of samples obtained from each of the pultrusion conditions can be found in

Appendix A.
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As the circularity and roundness were analysed by Imagel, the definition of

circularity in Imagel is [259]:
Circ.= 4w * area/perimeter? (5.1)

Where the area is the number of pixels in the shape and the perimeter is the
distance between the pixels in boundary of the shape. As defined here, when
the Circ. has avalue 1, the image has a perfect circle circumference. Likewise,
if the value approaches 0, it indicates an increasing presence of roughness of
outside of the filament. Based on the defined equation, the circularity indicates

how smooth outside of the filament is.
The definition of roundness in Imagel is [259]:
Round = 4 * area/(m * majorays”) (5.2)

Where the area is the same area as defined above and the major axis is defined
by the coordinates of the two endpoints of the longest line that one can draw
through the shape. When the Round value approaches 1, the cross-sectional
area approaches perfect roundness. When the value approaches 0, it indicates
an increasingly elongated shape. Therefore, the difference between circularity
and roundness is that circularity is more focussed on the smoothness of the
circumference, the outer boundary of the filament’s cross section, while

roundness looks more at how evenly the axes or diameters are distributed.

An example of the image extraction procedure in GIMP outlined above is given
in Figure 5.5 below. After setting the thresholds, the image was converted into
a 1-bit binary (black and white), used to identify the whole filament area
(Figure 5.5 (b)). The PEEK area coverage (Figure 5.5 (c)), the overall void area
(Figure 5.5 (d)) and the air void area (Figure 5.5 (e)) were then extracted and
guantified by counting the pixels. After image extraction for each of the
filament samples, the number of pixels for the PEEK area coverage (Figure 5.5
(c)), and the air void area (Figure 5.5 (d)) were counted, then divided by the
number of pixels for the whole filament area (Figure 5.5 (b)). This step was

repeated for the other samples (up to 7) for each processing condition, after
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which, the mean values for each processing condition were obtained. The
accuracy of this technique is limited by the judgement of the operator in
setting the threshold between the colours of the filament material, which are
limited in contrast. However, the threshold sensitivity is not very high, since by
varying the threshold below or above the setup value does not change too

much value of the grey scales.

(a) (b)

(d) (e)

Figure 5.5: (a) Image of filament, (b) the binary black and white of the whole
filament area, (c) PEEK area coverage, (d) the whole voids area, (e) the air
voids area. This filament is under processing condition of 400°C die
temperature at Imm/s pultrusion speed.
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5.4.1.4 Results and Discussion
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Figure 5.6: Filament circularity.
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Figure 5.7: Filament roundness.

Note that insufficient data were captured to establish error bars as the
standard deviation for the pultrusion at a speed of 5mm/s under
temperature conditions of 350 °C, and 370 °C to 400 °C in Figures 5.6,5.7, 5.8

and 5.9. The circularity and the roundness of the filaments are shown in Figure
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5.6 and Figure 5.7 respectively. The average value of the roundness of the
filament samples (0.9) indicates that roundness is quite close to the perfect
roundness which is 1.0. However, the filament circularity only lies between 0.6
to 0.8, which indicates that the outside of the filaments is not very smooth.
Another observation from these figures is that the pultrusion speed and die
temperature have little effect on the achieved circularity. The error bars are
set as standard deviations. The error bars are greater for the printing speed of
0.5 mm/s in both circularity and roundness. Results in both Figure 5.6 and
Figure 5.7 show that the error bars are the smallest when the pultrusion speed
is 1 mm/s. This can be explained by the fact that the slower pultrusion speed
leads to a longer exposure time of the PEEK above the melting temperature,
and this potentially creates CF/PEEK degradation. However, further

investigation should be carried out as future work to confirm this.
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Figure 5.8: The filament PEEK area coverage.
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Figure 5.9: The filament overall void content.

As can be seen in Figure 5.8 and Figure 5.9, although there is some overlap of
information, overall the PEEK area coverage increases when the pultrusion
speed decrease, while the overall percentage area of the voids reduces when
the pultrusion speed is lowered. Compared with the result in Figure 5.1, which
indicates a larger mean diameter resulting from a higher pultrusion speed,
Figure 5.8 shows a higher PEEK area coverage resulting from a lower pultrusion
speed. Similarly in Figure 5.9, reducing the pultrusion speed results in a
reduction in the overall void content. Based on the results and standard
deviations, it can be seen that voids create excess filament diameters even
though the pultrusion die has a diameter close to the theoretical consolidation
diameter. These voids could lead to a lower structural integrity of the final
printed parts if retained after extrusion in the FFF process. In order to minimise
the voids, these results show that reducing the pultrusion speed is the most
effective appropriate approach, having a more significant impact than

increasing the temperature.
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(a) (b)

Figure 5.10: Carbon fibre distribution comparison by different PEEK
impregnation: (a) is under 0.5 mm/s 360°C temperature, (b) is under 0.5
mm/s 380°C.

As an observation from the images, even though the original carbon and PEEK
fibres are not distributed in a homogeneous manner, when the amount of
voids reduces, the infusion of the molten PEEK into the carbon fibres improves,
and the carbon fibres become more evenly distributed in the PEEK matrix
material as can be seen in Figure 5.10. Recall that the circularity and roundness
data in Figure 5.6 and Figure 5.7, Figure 5.10 also indicates that the outside
smoothness of the filaments is poor. For a pultrusion speed of 0.5 mm/s, a die
temperature of 360°C yields a better circularity than setting the die
temperature to 380°C. However, the roundness of the filaments shows less
variation for the speed range of 0.5 mm/s to 3 mm/s and for temperatures

between 350°C to 400°C.
5.4.2 Density Measurement

To mitigate the limitation of only considering a relatively small amount of cross
sections that provide very local information, a further density analysis was
carried out. A procedure for density measurement was developed in this work
that is expected to obtain similar results as standard density measurement
method. The density measurement equipment accessible in the author’s
research institute uses the buoyancy (Archimedes) Method [261]. This method

is based on the Archimedes’ principle [262] that the object, totally or partially
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immersed in a fluid or liquid, is buoyed up by a force equal to the weight of the
fluid displaced by the object. Note that some of the voids in the filament may
be isolated, i.e. they are not connected to the filament’s outer surface,
therefore they potentially may not be reached by the liquid, resulting in
incomplete wetout by the immersing liquid. The idea of the alternative density
measurement pursued in this study is to follow the same principle as the
buoyancy method. This gives the void content information based on a
comparison of the density established by dividing the sample mass by the
measured volume of the specimen assuming it to be a solid, and comparing it
with the calculated consolidated CF/PEEK density. Subsequently, this
measurement was converted into void content to enable a direct comparison
with the results of the cross-sectional analysis. The hypothesis of weight
measurement is based on a number of reasonable assumptions for the
geometries and other topological values, resulting in a certain error margin in

the analysis.

5.4.2.1 Methodology of the Alternative Density Measurement

All sample lengths were around 30 mm. The measurements were carried out
on samples fabricated under the 32 processing conditions. For each of the
filament fabrication process conditions, up to 5 samples were measured and
the standard deviation was calculated as a measure of the error. The DSC
sample weighing scale (accuracy + 0.01 mg) was used for the weight
measurement. A digital calliper (accuracy + 0.05 mm) was used for length
measurement. The length of the short filament samples can be measured

accurately enough with the digital calliper since they are almost straight.

The filament mean diameter (d,,) was obtained by microscopy measurement.
Details of the measurement method are described in Chapter 4, Section 4.3.6.
A schematic is shown in Figure 5.12 and measurement, values are shown in

Figure 5.1.

The filament real length (l,-) was measured using digital caliper. The following

equations were derived by the present author.
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The filament real volume (V) is calculated by d,,, and [,.:

V=1 (d—m)z T (5.3)

2

The filament real mass (m,.) is the filament mass measured by the sample

weighing scale.

The filament theoretical consolidation diameter (D) refers to the D calculated
in Chapter 4, Section 4.3.3 as 0.4987 mm (or 0.5 + 0.0013 mm). A schematic

of this is shown in Figure 5.11.

The filament theoretical volume (V;) was calculated from [, and D:
D 2
Vi=1,-(2) -m (5.4)

The filament theoretical density (p;) refers to the pcp/ppgx calculated in

Chapter 4, Section 4.3.3 as p; = 1575.5 kg/m?.

The filament mean consolidation diameter (d.) based on the real mass was

, 4m,
dc = m . (5.5)

The filament void content (e.) (Figure 5.14) based on the mean consolidation

calculated as:

diameter (d,,, of Figure 5.1) is calculated as:

dm?—d?
ec =" (5.6)
The filament theoretical mass (m;) is calculated by as:
m; =V p;. (5.7)

The filament volume difference-based on optical imaging mean diameter

measurement (4V) (Figure 5.13) is calculated as:

AV =V, —V,. (5.8)
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The filament void percentage based on optical image measurement calculation

(em) is:

AV AV
T Ve—av vy

(5.9)

€m

The filament relative density (RD) using the theoretical density as a reference

is calculated as:

RD =%, (5.10)
Pi
Where:
Py = ’;— (5.11)

is the real density of the filaments.

Commingled fibres Theoretical consolidated filament

Figure 5.11: Schematic of the pultrusion process. Commingled fibres become
consolidated (fully compacted) after the pultrusion process. It leads to a
theoretical consolidated diameter D of the filament.
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Figure 5.12: Schematic of a filament. The actual cross-section of the produced
filaments is closer to an ellipse (oval) shape than a circular shape. The
hypothesis of the density analysis assumes the cross-section is circular. The
filament mean diameter d,,, is obtained by microscopy measurement based
on this assumption. The filament real length l,. is the measured length.

Figure 5.13: Schematic of the filament volume differences. AV is calculated by
the volume differences of the real filament (light blue) and the theoretical
consolidated filament (white).

5.4.2.2 Results and Discussion

The calculated results are shown in Figure 5.14, 5.15, 5.16 and 5.17.
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Figure 5.14: The void content e, (Eq. 5.6) based on the mean consolidation d,.
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Figure 5.15: Void percentage e, (Eq. 5.9) based on optical image measured
mean diameter in Figure 5.1.
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Figure 5.16: The relative density RD (Eq. 5.10) of the filaments.
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Figure 5.17: The density p, (Eq. 5.11) of the filaments.

The next step is to look at the void content e, and void percentage e,,. Figure
5.14 shows the void content by calculation based on the mean diameter using
the data from the density measurement. Figure 5.15 shows the void
percentage calculated based on the mean diameter using the data from Figure

5.1 in Section 5.3. The results obtained from e, and e,,, in both figures show
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similar trends. The CF/PEEK filament voids content e,, reflects similar trends
to side view mean diameter data. The local optimum die temperatures are
370 °C and 400 °C. Both e, and e,,, are at their local lowest points for a die
temperature of 400 °C and a pultrusion speed of 5 mm/s. Although there are
some overlaps of data under different sets of parameters, the general trends
show that lower pultrusion speed results in smaller e. and e,,, , meaning that
the void content over the cross section reduces. In Figure 5.14, the standard
deviations are smaller for the temperature range 380 °C to 400 °C, this
indicates that the process in this temperature range is more stable than at

other temperatures.

The relative density RD and density p,- of the filaments can be found in Figure
5.16 and Figure 5.17. The lower the pultrusion speed, the higher the density
pr of the filament, and the closer the RD of the filament is to unity.
Temperatures of 370 °C and 400 °C are the local optimal points. However, the
filament fabricated at 370 °C with 0.5 mm/s shows significantly lower RD

and p, than was found for other speeds and processing temperatures.

5.5 Discussion

The measured diameter was compared with the theoretically calculated
diameter of the material based on full consolidation of the commingled
CF/PEEK. As expected, the void content becomes small and the percentage of
cross-sectional area covered by the PEEK increases as the theoretical diameter
is approached and compaction approaches its theoretical maximum. It is seen
from the results of the investigation that the filament diameter consolidation
quality is temperature and time dependent. Moreover, better compaction
appears to result in more even distribution of the fibres in the PEEK matrix.
The dependence of filament quality upon processing parameters (processing
temperature and pultrusion speed) has been demonstrated. There is mainly a
monotonic dependence of filament quality upon pultrusion speed, with slower
speeds nearly always resulting in lower void content and smaller diameter.

However, there is no such unique relationship between filament quality and

156



Chapter 5 Characterisation of Composites Filament

temperature, this is believed to be due to multiple trade-offs between
improved wetout, ease of relaxation to an uncompacted state, and thermal
degradation as temperature increases. The local optimal temperatures are
seen as 370°C and 400°C in the results. The explanation can be from the DSC
results of Chapter 3, Section 3.3.3, which show that there is an additional
energy absorption around 370 °C when the cooling rate is high (higher than
100 °C/min). Note that the cooling rate of the pultruded CF/PEEK filament
may reasonably be assumed to be higher than 100 °C/min as to the IR-image
measurement results of PEEK printing in Chapter 6 captured this order of
magnitude for the cooling inside the printing chamber. This indicates there
might be an extra thermal reaction related to the melting of crystals happening
when the temperature is 370°C, which leads it to be one of the local optimal
temperatures. Above 400°C, it is likely that the reduced viscosity of PEEK will
result in improved matrix flow. Furthermore, it was found that the CF/PEEK
filament diameter never reaches the theoretical consolidation diameter of
0.50 mm. The surface adhesion between PEEK and carbon fibre are different
depending on the conditions of processing temperature and time [263]. Note
that for the pultrusion process, the speed is inversely proportional to the die
residence time. Similar phenomena were also observed by Zhang et al [9], who
found that the nucleation and crystal growth of PEEK on carbon fibre depend
on different combinations of processing temperature and time. This means,
that the processing temperature and residence time result in different
penetration of PEEK in the distributed carbon fibre, and hence different PEEK
coverage. A further explanation is, after the CF/PEEK filament comes out from
the die, the CF/PEEK filament diameter does not have a linear relationship with
temperature and speed, since PEEK post-process relaxation and recovery does
not have a linear relationship with temperature and time. Each of these
phenomena mentioned above brings difficulties in predicting the trend of
filament diameters with different pultrusion die temperatures and speeds. It
was therefore not possible to identify a single unambiguous optimum

processing window, though a possible local optimum of 400 °C and 0.5 mm/s
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was observed to give a diameter close to the theoretical minimum of 0.5 +
0.0013 mm. In general, it was found that the apparent optimum temperature
of 400 °C presents the best trade-off between ease of compaction (as
temperature increase results in a lower viscosity), and the ease with which a

molten pultrusion can disintegrate.

When comparing the void content results of cross section analyses in Figure
5.9 with density measurement in Figure 5.14 and Figure 5.15, the latter results
show higher void content than the former one. This is because the density
measurement takes into account the material leakage, while the cross section
analysis does not. If there is no material leakage during the process, from the
assumption in the density measurement, d. equals D, therefore, void content
of e, and e,,, should be same. However, results in Figure 5.14 and Figure 5.15
are different. This indicates the occurrence of material leakage during the
process. It can also be observed that although the trends shown in Figure 5.9,
5.14 and 5.15 for the filaments produced with a 5mm/s are similar, the
guantitative values for the voids content in Figure 5.9 deviates significantly
from Figures 5.14 and 5.15. This is likely to be for the following reason. Figure
5.7 shows that the roundness level of filaments pultruded at 5 mm/s is
significantly lower than the filament roundness produced at other pultrusion
speeds. This implies that under 5 mm/s pultrusion rate, the major axes of the
filament cross sections are larger, which in turn leads a larger measured
diameter D. The reason for this is because the second moments of area taking
the minor axes as reference axes are larger than the second moment of area
about the major axes. As the second moment of area is the bending resistance,
bending will occur preferentially in the direction of the minor axis. The slightly
curved filament samples will therefore lie on the microscope table with the
major axes perpendicular to the table surface. As the filament diameter is
measured as it rises from the microscope table, this leads to an overestimation
of D and therefore consequently leads to higher calculated voids contents for
the results e, in Figure 5.15 and e in Figure 5.14 than the voids content in

Figure 5.9. This means that when the filament roundness becomes poor, the
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methods that rely on weighing the sample are less reliable and need some
alternative ways of measuring the filament diameter, such as results obtained

by using the calipers in Figure 5.15.

Moreover, during the pultrusion process, the filament real temperature may
not reach the pultrusion die temperature. A more detailed analysis of CF/PEEK
filament real temperature during heating can be found in Chapter 6. It should
be noted that in all the data of Chapter 5, the temperatures presented relate

to the die temperature rather than the filament real temperature.

The trade-off between improved polymer flow and increasing degradation at
high temperatures presents a challenge in terms of the narrow processing
window for PEEK compared with polymers with lower melting points such as
PLA and nylon, requiring accurate control of temperature and pultrusion speed.
A further complexity in understanding this trade-off is the influence of carbon
fibre as a potential substrate for PEEK crystal nucleation, meaning that the
semi-crystalline behaviour of bulk PEEK is not necessarily representative of
PEEK’s behaviour in the composite material, making theoretical modelling
difficult [9]. This led to further investigations into the polymer physics, which

are described in Chapter 6.

5.6 Conclusion

Based upon the pultrusion process established in Chapter 4, this chapter
describes the validation of the pultrusion based filament fabrication process
for use within an FFF printer for the production of continuous fibre composite
parts, and to enable subsequent optimisation of fabrication. A parametric
study was undertaken to determine the effects of pultrusion speed and
temperature on the final filament diameter (measured from transverse views
in @ microscope), the void content and distribution of fibres and polymer
within the pultruded filament product. The major output of this chapter were
the optimal pultrusion operating parameters in terms of reducing voids in the

filament.
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Future work will need to take more complete account of the complex semi-
crystalline nature of CF/PEEK and the influence of the carbon fibres upon the
PEEK’s behaviour and gain a better understanding of the trade-off between
improved flow and worsening degradation at high temperature. Further
approaches that could improve the filament consolidation quality include the
treatment of commingled CF/PEEK before the pultrusion process, introduction
of an intermediate heating stage with compacting die systems, or by adding
solution chemical agent as the treatment of the CF/PEEK to improve the

wetout of carbon fibre by PEEK during the process.
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CHAPTER 6
Development of FFF Printing Process

6.1 Introduction

As was observed in Chapter 3 where the characterisation of PEEK and CF/PEEK
was carried out in order to determine the material properties, the presence of
the carbon fibres greatly influences the thermal properties of PEEK during
printing. For further discussion on the influence of carbon fibre on the
composite’s thermal conductivity refer to Reference [248], Chapter 10. In
order to investigate the formation of polymer macro-properties, it is therefore
necessary to look at the crystal growth, which is in turn dependent on the
process parameters of the printed PEEK. In order to obtain a better
understanding of PEEK crystallisation for these two different FFF feedstock
materials, the printing was divided into the printing of PEEK and CF/PEEK.
Based on the observations from the Dynamic Mechanical Analyzer (DMA)
experimental results obtained for the printed parts, a hypothesis was
proposed to find the relationship between the storage modulus and the
layered filament crystal fraction. Part of this work was carried out in
collaboration with Dr. Claire Mcllroy, who employed a non-isothermal
quiescent crystallisation model, informed by the infra-red (IR)-imaging
measurements carried out in this research, to better understand the printing
process. This helps to establish the relationship between printing parameters
and printing quality, and then optimise the printing parameters in order to

maximum the polymer fusion in the weld.

The 3D printer used in this work was selected because of its suitability for the
printing of PEEK. However, modification of the printer was therefore required

for the printing of CF/PEEK. This is described in Section 6.4.1.
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DMA testing was used to measure the mechanical performance of a specimen
built up from single passes of filament wall. In this way, the disparities between
properties in the bulk of the filament and at the weld between the printed
filaments could be investigated. In order to understand these properties, a
numerical quiescent crystallization mode was employed. As this model
requires knowledge of the thermal history, infra-red (IR) thermography was
carried out to analyse how cooling varies with print speed and print
temperature [127]. Using classical multi-phase composite solid theory [264], it
is possible to relate the degree of crystallinity predicted by the model to a
storage modulus, and consequently the results of the DMA testing results. This
is therefore a method which can relate printing parameters to printed parts
mechanical properties, and therefore it is a foundation for optimising
crystallisation for mechanical performance. During the printing analysis, the
temperature analysis of temperature control for printing CF/PEEK filament has
also been done in order to link the real temperature of the CF/PEEK filament
when it exits the nozzle with the printing parameters which influence it. This
temperature control analysis could help to more accurately temperature

control the printing CF/PEEK filament during the process.

The PEEK and CF/PEEK material input information used in this chapter are from
the material characterisations of Chapter 3 and data from the literature.
Chapter 6 builds on the work presented in Chapter 4 and Chapter 5 by using

the feedstock material described in these chapters for 3D print tests.

6.2 Design of the Samples and FFF Printing

Parameters

The FFF printer used in this work is equipped with two printheads. Either nozzle
can be heated up to a temperature of 420°C. The chamber and printbed of the

printer can be heated up to 90°C.

In order to facilitate thermography measurements using IR-imaging, as in Ref.

[128], a rectangular sample that a single filament thick was chosen to be
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mechanically tested. The DMA tension test fixture accommodates samples up
to 5 X 10 mm. Thus, to create the test sample, the print path was designed to
print a hollow rectangular box, with walls consisting of a single filament, as
shown in Figure 6.1 (a). The test samples were then cut by a pair of sharp
scissors from the walls of the box, as shown in Figure 6.1 (b). Note that the
height of the box in the z-direction was varied according to the test direction;
a height of 5 mm (33 layers) was used for the parallel test of longitudinal
properties, whereas a height of 15 mm (97 layers) for the perpendicular test

of transverse properties. This is shown schematically in Figure 6.1 (c).

The data obtained by the IR-imaging measurements allowed for updated
parameters that would lead to a more accurate prediction model than Mcllroy
et al’s idealised model based on parameters deduced from data in the
literature [264]. This is discussed in Section 6.6.5. An illustration of a printed
sample can be found in Figure 6.2. During the printing, it was found that only
certain combinations of printing parameters could yield printable parts. In
practice, this means that two adjacent layers cannot be bonded with either a
fast printing speed or a low printing temperature. For this reason, only samples
printed in this feasible window were investigated. Samples were printed in the
nozzle temperature range between 390°C and 420°C at 10°C intervals and a
set of printing speeds of 3 mm/s, 6 mm/s and 18 mm/s in the xy-plane. The
printing speed in the x-direction is defined as the speed of movement of the
nozzle along the x-axis, V,.. For PEEK printing, within the above print speed
range, the width of a deposited filament is consistently 0.5 mm with
approximately 2% error. This window for which the road width is independent
of print speed has previously been considered in Ref [265]. The machine
control data G-code was initially generated using CreateWare 6.4.7 which is
software associated with the CreatBot F430 printer. Subsequently the printing
path G-code was modified using the Repetier-Host by HotWord GmbH & Co.
KG (Willich, Germany) [266]. The G-code was modified to enable printing of
the single filament walls shown in Figure 6.1. Note that deposition occurred in

the same direction from layer to layer (rather than back and forth) to ensure

163



Chapter 6 Development of FFF Printing Process

consistent cooling profiles in the form of temperature distribution of the x-
direction. For the ease and reliability of printing at the start, the printing
platform adhesion type was selected as raft in the CreateWare 6.4.7. The
primary purpose of a raft is to assist with bed adhesion [267]. Essentially it is a
horizontal surface that sits under the printed sample and is removed and
disposed when the product is printed and cooled down sufficiently for further
handling. The nozzle had a set print temperature (Ty) of 420°C and V. was set

to 6 mm/s to maintain the raft adhesion of the PEEK printed parts to the build

plate.
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Figure 6.1: Fabrication of DMA test samples from a printed box with walls
that are a single filament thick, with (a) the printing direction, (b) cutting
lines, and (c) final sample dimensions.

(a) (b)

Figure 6.2: An illustration of printed sample in the designed geometry: (a) the
top view; (b) the side view.

The printer chamber was closed and the chamber and printbed were heated
until a steady-state temperature of 90°C was reached, then the printer front

door was opened to allow the IR measurements to be taken.
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6.3 Parametric Study of PEEK FFF Printing Process

6.3.1 Infrared Thermography Measurement

Obtaining the temperature history of the printed filament is an important
input to understand the PEEK crystal growth. It is also the input for the non-
isothermal quiescent crystallization model described in Appendix B. Infrared
thermography was used to measure two-dimensional surface temperature
profiles for the material in the FFF process. Following the notation of Seppala
et al. [127], the top filament being actively printed is L;; 1, and the adjacent

sub-layer is L;.

The emissivity has been determined using the same method as described in
Section 4.2.5. Temperature profiles of these filaments were measured with the
FLIR SC7600 IR camera [268] from FLIR Systems (Oregon, U.S.) [269]. The frame
rate was set to 100 Hz for the recording. The IR signals were converted into
temperature directly using the standard thermographic measurement
techniques with the setting of the emissivity of the object, the reflected
apparent temperature, the distance between the object and the camera, the
relative humidity, and the temperature of the atmosphere [270]. Figure 6.3

shows the IR camera setting in equipment setup window.
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Figure 6.3: IR camera setup.

The region of interest (ROI) is a window of three by three pixels and was placed
at the centre of each layer during the printing process. The ROI cursor (shown
in Figure. 6.4 (a)) was used to take the temperature of the first filament L;
and was kept at the same position for in all printing conditions. Since
crystallisation ceases at the glass transition, the IR measurement was
terminated once the temperature decreased below T, . The reflection IR
signals (see Figure 6.4 (b)) were corrected using the same method outlined by
Seppala et al. [210]. This reflection-correction method requires subtraction of
the signal obtained from a pass of just the nozzle without material deposition.
In order to make the FFF process work, the amount of heat transferred from
the nozzle into the filament should be quite low compared to the power input

from the HeatBlock. Therefore, the nozzle temperature can be safely assumed
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to be the same in both cases. The heat dissipated by the filament was
investigated and quantified in Section 6.4.3.2. The IR measurements were
made for both actual printing of the material and for a nozzle without any
material being deposited (see Figure. 3.2) to obtain the surface temperature

evolution at the filament mid-point. The results can be found in Appendix C.

Reflection IR
signal

(a) (b)

Figure 6.4: IR image of printing (a) printing with loaded nozzle (b) printing
without loaded nozzle

The mid-point between adjacent filaments is termed the weld line W;. Due to
the curvature of the filament surfaces, it would not be correct to give the IR-
imaging measurement at the weld line directly. Thus, the weld temperature is
calculated as the average value of the temperatures of these adjacent

filaments as [127]:

— LivatLi

w; 5

(6.1)

A representative result after this correction can be found in Figure 6.5.
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Figure 6.5: Corrected temperature profile of PEEK at 18 mm/s 410°C.

The lines Ly, L,_, and L,,_,are the thermal histories of the printed filament
measured using IR. Here index p denotes the top layer and the subsequent
layers below which are denoted by descending values. W, , W, and W5 are the
calculated weld temperatures. T, is the glass transition temperature. The
measurement stops at L,,_, since the temperature of the next filament drops
below T. This result shows that with the current print setup, the cooling rate
of PEEK filament during printing is quite high due to the fact that the maximum
achievable chamber temperature of the printer used was below 90 °C. This will
affect the crystal fraction of the final printed parts, which will be further

discussed in Section 6.5.

6.3.2 DMA Tension Tests as Quantitative Measurement

6.3.2.1 Sample Preparation and Test Setup

DMA was used to measure the mechanical stiffness of the samples. The
PerkinElmer Inc. (Massachusetts, US) [198] DMA 8000 [217] was utilised for
this test. A sinusoidal displacement was applied and the strain in the material
was measured. The temperature was kept constant at 23°C and the frequency

was set at 1 Hz (note that the storage modulus has the same magnitude as the
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modulus of elasticity at low frequency [271]). Six samples were tested under
each condition, and each of these tests lasted for 5 minutes. The standard
deviations of the storage modulus of each of the 6 samples were calculated
and used as the errors. The test mode executed was the tension test. The
measurements were carried out in two orientations with respect to the print
direction, and hence the filament orientation. These are parallel to the print
direction (each sample having 33 layers), and perpendicular to the print
direction (each sample having 97 layers). By applying the tension force
perpendicular to the direction of the printed layers of filament, E,, was
measured, whereas applying it parallel to the direction of the printed layers,
Epqr of the sample could be measured, as is illustrated in Figure 6.6. As
mentioned in Section 6.2, the samples were cut into a width <5 mm, and

length between 15 mm and 20 mm in order to fit into the DMA fixture.

I Ftenaiun I Ftansinn

— 10 mm — 10 mm

—_ Weld zone |'
i between
> mm filaments 5 mm
(a) (b)

Figure 6.6: Schematic of DMA test samples. The valid test size is less than 5
mm width and 10 mm length. (a) test sample with parallel load direction. (b)
test sample with perpendicular load direction.

6.3.2.2 Results and Discussion

Figures 6.7 and 6.8 show the results of the DMA test for the printing conditions
listed in Section 6.2; Figure 6.7 shows the storage modulus measured in the
perpendicular direction that corresponds to Ej,p,, Whereas Figure 6.8 shows

the storage modulus measured in the parallel direction that corresponds to
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Epqr . Error bars represent the standard deviation from the time-averaged

mean, averaged over the 6 samples.
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Figure 6.7: Storage modulus for PEEK DMA tested in perpendicular direction.
This corresponds to E,.,,. The printable conditions are: 3 mm/s, 6 mm/s
and 18 mm/s at 420°C; 3 mm/s and 6 mm/s at 410°C; 3 mm/s at 400°C.
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Figure 6.8: Storage modulus for PEEK DMA tested in parallel direction. This

corresponds to E, .. The printable conditions are: 3 mm/s, 6 mm/s and

18 mm/s at 420°C; 3mm/s, 6 mm/s and 18 mm/s at 410°C; 3 mm/s,
6 mm/s and 18 mm/s at 400°C; 3 mm/s and 6 mm/s at 390°C.
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Firstly, it is noticed that both the perpendicular, E, ., and parallel, Eq;,
storage moduli are greater than the storage modulus of PEEK in its amorphous
state (E, = 0.07 GPa [272]). It is also found that E,,,, is, on average, between

24% to 40% greater than E

perp- Similar anisotropy has been observed by

Capote et al [273] for acrylonitrile butadiene. Here tensile, compression and
torsion tests were performed to calculate a failure envelop. Considerable
interactions were found between the shear stresses applied in directions
perpendicular and parallel to the deposited filaments in a typical dog-bone
specimen. Secondly, one can see that both E),, and Ey,;-, depend on the print
temperature, with higher print temperatures yielding greater storage moduli.
Finally, it is observed that on average there is little dependence on print speed

for Eyqr, Whereas E,,, decreases with increasing print speed.

Since PEEK is a semi-crystalline polymer, it is known that an increase in storage
modulus may originate from an increase in crystal fraction [9, 160, 234]. This
is found in the results that both E),, and E),,, are greater than E,, and a
change in transparency was observed during the printing, which indicates that

the filament crystallises to some degree during the cooling.
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6.3.3 Microscopy of the Sample Surface

Table 6.1: Microscopy of the PEEK sample surface.

Parameter 3mm/s 6 mm/s 18 mm/s

S (Text ’

V)

400°C

410°C

420°C

Microscopy images were taken for the side view of the DMA samples before
testing. All the pictures were taken on the Nikon Eclipse Lv100ND microscope
with a magnification factor 10. For more information on the microscope, refer
to its description in Chapter 3. It can be clearly seen in the figure in Table 6.1
that the surface of the printed sample becomes smoother when the print
speed reduces and the temperature increases. Surface roughness studies
would have been carried out with more laboratory time availability, however,
here only a qualitative study of the surface roughness is conducted and further

guantitative investigation can be future work of this research.

6.4 Carbon Fibre Reinforced PEEK FFF Printing

Process
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6.4.1 Adaptation of Traditional 3D Printing Process

The two head printer used in this work was designed for use with PEEK and
other polymer filaments and had to be adapted to enable orienting of the
CF/PEEK filaments produced by the pultrusion process described in the
preceding two chapters. During the printing, an oversized nozzle, 0.8 mm
diameter, was used. The filament detection sensor was disabled by putting a
small piece of PLA filament in as shown in Figure 6.9. After disabling the
filament sensor, the printer was capable of printing the CF/PEEK filament

through the oversized nozzle.

Filament sensor

Gear extruder

Figure 6.9: Disabled filament detector sensor to ensure the printer work
properly with an oversized nozzle.

The CreatBot F430 printer has 2 nozzles. During the printing, Nozzle 1 was
assigned to print the raft, the initial layer to assist adhesion, using the same
procedure as described in Section 6.2. Nozzle 2 was then used to print the
CF/PEEK filament. After the printing, the filament was manually cut. Figure
6.10 shows a final printed CF/PEEK part.
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Figure 6.10: lllustration of a printed CF/PEEK part in the final step.

6.4.2 Preliminary CF/PEEK Printing tests

The preliminary trials of the printability of the manufactured CF/PEEK FFF
feedstock material using the modified printer described above involved
printing conditions of 1 mm/s printing speed and a print temperature of
420°C using CF/PEEK filament fabricated under conditions of 0.5 mm/s
pultrusion speed and an operation temperature of 400°C. The ability to print
successfully was initially tested experimentally. It was then further confirmed
by the predictive model of nozzle performance of CF/PEEK in Section 6.4.3.2.
As can be seen in Figure 6.11, these conditions enabled successful printing of
the manufactured CF/PEEK filament based on the printability criteria stated in
Section 1.3 Chapter 1.
e The feedstock material had sufficient stiffness to be successfully
extruded through the modified print head. This fully meets criterion 1.
e The selected printing temperature and speed allowed the filament to
be heated above the melting temperature, without reaching
temperatures where material degradation occurs. Using the oversized
nozzle for better deposition on the print path, the processing forces are

relatively low and did not affect the filament and fibre integrity in any

174



Chapter 6 Development of FFF Printing Process

observable manner in subsequent inspection. This fully meets criterion
2.

e The modified nozzle allows for a sufficiently large bending radius to
prevent the carbon fibres from cracking, and to enable deposition of
fibre tracks with 90 degree angles without failure. A reasonable
uniformity in thickness of the printed CF/PEEK was achieved based on
visual inspection as the overlaid layers bond reasonably well with a
fixed incremental printing layer height. This fully meets criterion 3.

e The printed CF/PEEK adhered to the printed PEEK substrate and the
overlaid layers reasonably bond well. The density of the printed track
also appeared high from visual inspection with no obvious porosity.
However, since the ambient temperature of the chamber was not able
to be set sufficiently high, solidification will occur rapidly and the
opportunity for bonding between successive layers to occur is relatively
short-lived. This results a lower degree of bonding between the
polymer regions on the two side of the layer interface. A higher
ambient temperature can give a lower temperature gradient of the
filament during printing and therefore the welding zone remains for
longer at the temperature range where bonding can occur and this
would result stronger bonds between layers. Hence, with the current
experimental setup, criterion 4 can only be partially met.

Unfortunately, a full characterisation of the printed material and further
examination of the effect of printing conditions and performance of printed
could not be carried out as access to the laboratory was Covid restricted. The
emphasis of the investigation, therefore, switched to a theoretical analysis of
printing, as described in the following sections of this chapter. However,
further research into the CF/PEEK printability to attain a good printability and
ultimately to optimise the printing process should be carried out when possible.
This would comprise a consolidation study of the printed material. In this
investigation the printed material should be compared with the fabricated

filament. Further tests should include finding the maximum number of layers
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of a single layer wall that can be printed and the strength of the material with

mechanical tests, etc in order to establish the achievable structural integrity.

PEEK substrate

CF/PEEK

Figure 6.11: FFF CF/PEEK printed part.

6.4.3 Temperature Control for Printing Carbon Fibre with PEEK

Filament

As mentioned above, for the CF/PEEK filament FFF printing, an oversized
printing nozzle was used, hence, there was an air gap between the nozzle inner
wall and the filament. In order to accurately control the filament temperature
during the printing, and then further optimise the printing, a model that can
be used to study the steady-state heat and temperature distribution during
printing was developed that made it possible to effectively control the CF/PEEK
filament temperature during the printing. Concurrently, Dr. Claire Mcllroy
carried out a calculation based on the 1D heat equation, for completeness this
is provided in Appendix D. The equation requires the input of CF/PEEK thermal
diffusivity (Section 6.4.3.1), then the non-dimensionalised 1D heat equation
can be established as presented in Appendix D. The results contributed by Dr.
Claire Mcllroy are compared with the predictive nozzle performance modelling

in Section 6.4.3.2.
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6.4.3.1 Establishing the Thermal Diffusivity of Carbon Fibre with
PEEK

The specific heat capacity (c,) of the CF/PEEK filament was determined by
means of the dual furnace DSC 8000 using the traditional 2-Curve method
[274]. This is a method to subtract the baseline curve from the sample curve,
and further calculate with the sample mass and the heating rate used for the
test. With care, specific heat data with around 1.5% absolute error or slightly
better accuracy should be obtained. The sample was heated to 350°C first and
held for 5 mins. Then the sample was heated from 350°C to 420°C with a
heating speed of 10°C/min, and the sample was finally held at 420°C for 2
mins. Five tests were executed, and among these, there were two tests with
similar value of ¢, results. However, when the test temperature was above
410°C, the calculated specific heat signal provided unreliable ¢, information
as there was a fluctuation in the ¢, value. The unstable heat flow indicates that
the CF/PEEK thermal properties are changing. This unstable heat flow is
possibly due to degradation of the CF/PEEK since this was previously
mentioned in Ref [1]. However, a precise study and understanding of the high
temperature degradation behaviour of CF/PEEK was out of scope for this work
and therefore will be part of the proposed future work. Figure 6.12 gives two
of these results. When the temperature raised above 350 I, the value of
cpwent to plateauing which provides a value of the ¢, as 1.5]/g-K with an

error of approximate 6%.
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Figure 6.12:DSC results by traditional 2-Curve method, which provides a value

of specific heat capacity as 1.5 ] /gK.
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The transverse thermal conductivity of CF/PEEK is calculated using the Nielsen
theory [275], since it is known to give the best predictive results, e.g. Refs [134,
276, 277], where medium length CF/PEEK is investigated. Using the notation
by Lee et al [135] for two-phase systems, the conductivity k. of the composite

materials as predicted by the Nielsen equation is as follows [275] :

ke _ 1+AB9Q

km  1-@B® (6.1)
Where B = Z/m™1 14 =1+ 0Pmax)? \here, A = f (the geometry of
kf/km‘l'A’ (Z)max2 ’ ’

particles), and @,,4, is the maximum packing fraction. Here kr = 400 (W/mK)
and k,,, = 0.29 (W/mK) which is from Ref [136].

Based on [Table I, 275], the values of 0.5, 0.84 and 1 were all applied for
constant A, which depends on the shape and orientation of the dispersed filler
material. The reason to select these values is the following: A = 0.5 is for
dispersed aligned fibres. Identical to the commingled yarn utilised in this work,
the fibres used in conventional polymer composites are generally yarns made
up of many fibres in a bundle, so the proper value of A for aggregated fibres is
approximately 0.84 [Table |, 275]. Nielsen [275] also states that, if the fibres
are perfectly aligned, the experimental data should be bounded by values of A
between 0.5 and 1. Also from Nielsen [275], @4« is selected as 0.82 for
random packing of aligned fibres. Recall that the commingled CF/PEEK does
have a non-homogenous carbon fibre distribution (Chapter 3), this is the
reason for the @,,,,, to be chosen here. Substituting in the values for @,,,4, A,
ks and k, into Eq. (6.1) makes it possible to calculate the value of the thermal
conductivity for CF/PEEK composite as a function of the fibre volume fraction
@ as shown in Figure 6.13. Details of the calculation can be found in Appendix
E. The results show the volume fraction of carbon fibres versus the value of
thermal conductivity. For the case of 50% carbon fibre volume fraction, the
thermal conductivity is around 0.82 to 1. These results could also provide the

thermal conductivity value with different carbon fibre volume fraction.
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A=05
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Figure 6.13:Predicted thermal conductivity CF/PEEK in lateral direction as
function of fibre volume fraction.

6.4.3.2 Predictive Modelling of Nozzle Performance
One of the important factors that determines the capacity of the printer in
terms of print speed is how well the nozzle can transfer the heat generated in

the heatblock into the filament.

If the temperature gradients on the nozzle itself can assumed to be negligible
(the power output of the heat cartridges is an order of magnitude larger than
the power consumed by the exiting filament heat), then the nozzle can be
considered to have a constant surface temperature, and therefore is a heat
exchanger with a constant surface temperature heat flux. This type of heat
exchanger has a well-established solution in the form of a lumped parameter
model [240] to obtain the average or bulk temperature of the mass flow in the
pipe based on the surface of the nozzle surface temperature. Note that Ty, is
the surface temperature of the nozzle pipe. T, ; is the bulk temperature of the
ingoing mass flow. P is the perimeter of the pipe. m is the amount of mass in
the z-coordinate. h is the average convection coefficient, and Cp is the heat

capacity of the mass flow [240].
—TN_T“(Z_) = exp (—,P—Zi_l) (6.2)

Rearranging Eq. (6.2) gives:
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To(2) = Ty — (Ty — Tay)exp (— %E) (6.3)

Which is the well-known exponential distribution, as shown in Figure 6.14.

v Ty = constant

Figure 6.14:Temperature variations in axial direction for heat transfer in a
pipe with constant surface temperature. Source Ref. [240], Fig. 8.7 (notations
have been adapted).

Eqg. (6.2) is the well-known solution for a heat exchanger with a fluid going
through a tube. The material going through the nozzle is not a liquid, but a solid
filament. Therefore, to model the heat exchange capacity of a nozzle, a value
needs to be established for the average convection coefficient h. From Dr.
Mcllroy’s numerical model, described in Appendix D, one can see that heat
conduction is a significant contribution in the total heat transfer. It is therefore
paramount to capture the heat conduction and establish a heat transfer

coefficient based on the heat flux due to conduction.
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Figure 6.15:Schematic cross sectional view of nozzle and filament, not to
scale.

In Figure 6.15 one can see the schematic view of a nozzle shown horizontally
rather than in its usual vertical orientation in a 3D printer. The left hand side
of the figure shows a cut-off view where the nozzle is fastened by its screw
thread into the heatblock. The filament is pushed through the nozzle by the
extruder mounted on top of the HotEnd. From the CAD drawing of the nozzle
[99], one learns that the filament arrives in the nozzle through a 2 mm
diameter entry hole. As mentioned above, the temperature through the nozzle
is constant and further denoted as Ty, which is set at 400 °C. The filament
exists the nozzle through an orifice, as shown in Figure 6.15. The 60° tapered
transition between the 2 mm diameter bore hole and the orifice is not shown
in the drawing. This is because for the CF/PEEK filament FFF printing process
design, the nozzle is chosen to be oversized and there is no contact between
the wall and the filament. However, during printing, the CF/PEEK filament will
touch the edge of the nozzle when it just exits from the nozzle. This is a very
brief contact and the size of the contact area is difficult to determine or
estimate without further complex modelling and or experimentation as the
model does not consider any deformation of the filament. Hence, this model
does not include this heat source, causing the calculated temperatures for the

exiting filament therefore to be lower .
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In case of printing the PEEK filament, the filament diameter is 1.75 mm, and
melting occurs in the tapered section, hence printheads includes the nozzles
are often known as liquefiers as mentioned in Chapter 2. As the nozzle orifice
has a diameter of 0.4 mm and a length of 0.6 mm, the average diameter in the
tapered section is 1.08 mm, which is taken as the average between 1.75 and
0.4 mm. With simple goniometric relations, the length of this tapered section
as seen by the filament is 1.17 mm. The print speed in the results is the exit
velocity of the extruded filament. The filament velocity in the nozzle sections
depends on the squared ratio of the diameters, so the average speed in the
tapered section is a factor 0.05 slower, or just over 19 times slower than the

print speed.

The consolidated diameter of the CF/PEEK filament is approximately 0.5 mm;
for CF/PEEK printing, the nozzle has an oversized 0.8 mm orifice diameter, and
an axial length of 1.6 mm. As the orifice has an oversize diameter, there is a
small air gap between the wall and the filament. The total length of the nozzle
is 12.5 mm, hence the length of the 2Zmm diameter bore can easily be

calculated to be 10.9 mm.

Given that there is a transfer of heat from a fluid and air, the average heat
transfer coefficient can be taken as h = 10 — 40 W/m?2K [240], with the

lower value of 10 taken as the conservative case and 40 as the optimistic case.

When using the geometry to calculate the resistance of the air to conduct heat
to the filament, the same method that was applied to establish the heat
transfer coefficient for the oversized nozzle in the modelling of CF/PEEK
filament, its numerical value becomes 36.6 W/m?K, which is very close to the
optimistic case of 40 W/m?K. Therefore in the results both the most

conservative and optimistic cases are studied.
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Figure 6.16:Cylindrical control volume of a cylinder with infinitesimal
thickness dz in the cylindrical coordinate system, with Ty (as the set
temperature as the surface), T,(z) (the local average temperature of the
cross section, and T, the centreline temperature

For a correct thermal analysis of a heat transfer system, firstly the heat balance
must be established. As the filament is being pushed in the axial direction by
the extruder, the mass flow is in the same direction. Ignoring the thermal
contact resistance at the interface between orifice and filament, for a small
control volume as shown in Figure 6.16, one can assume that the heat goes
into the control volume is firstly the heat stored in the material that comes as
a small slice of the filament moving into the control volume. And secondly, the
heat that is conducted from the hot surface into the material, shown as g, in
Figure 6.16. For the normal heat exchanger model where a fully developed
laminar flow is assumed, and for a model describing the heat of a moving,
continuous solid (the filament), it is reasonable in both cases to assume
negligible heat conduction in the axial direction. Using Fourier’s law, this

conducted heat can be mathematically described as:

q, = ""'dAfT: = —anRdzZ—: (6.4)
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The energy exiting the control volume is all going out by means of “convection”
when the small slice of filament departs the control volume. When following
the steps outlined in Section 8.3.1. in Ref. [240], the energy coming into a heat

exchanger by convection from the hot surface is:
qr = hdAAT = h2rnRdz(Ty — T,(2)) (6.5)

By equating the two expressions Eqgs. (6.4) and (6.5) for q,-, a suitable
expression for heat transfer coefficient h depending on conduction coefficient
k can be established. However, firstly a suitable expression for the
temperature gradient % needs to be found. The temperature gradient at the
outer surface of a solid cylinder is determined by the solution of the heat
equation. If for simplicity the heat dissipated by means of convection (the
extruding of the filament) is modelled as a sink term and the system is

axisymmetric, then the heat equation given by [240], Eq (2.24):

10 aT 10 aT a (, dT . aT
T (k5 + g (ko) + 5 (k5) +a=pa5  (66)
Reduces to [240], Eq. (3.49):

1d daT q _
;E(TE)-F;— 0 (6.7)

When the sink term is assumed to be a uniform dissipation and after separating
the variables, the expression above can be integrated twice. Applying the

boundary conditions as the set surface temperature at r = 1, T(r,) = Ty and
. . .. dT .
the axisymmetric condition o 0 at r = 0 the solution for the temperature

distribution is found to be parabolic, as illustrated in Figure 6.16 with the
dashed line, where the minimum temperature is found on the centreline,
denoted as T, . Further details of the solution can be found in Ref. [240],

Section 3.5.2.
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linear and parabolic temperature distributions
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Figure 6.17:Comparison of normalized linear and parabolic temperature

distribution.

As the temperature distribution is parabolic rather than linear, it could
potentially make it more difficult to find the temperature gradient at the
filament surface. The mathematical properties of parabolas give a good
starting point. Be f(r) an arbitrary linear function translated such that it
crosses the origin: f(r) = ar and be g(r) an arbitrary quadratic function with
the origin as the vertex of the parabola: g(r) = br? and {a,b € R|a, b > 0},
then the coordinates where the two functions intersect each other can be

calculated as:
ar = br? (6.8)
Moving the right hand side of the equation to the left hand side:
ar — br? =0 (6.9)
Factoring of this polynominal allows to find the zeros as follows:

r(a—br)zOforrzOUrz% (6.10)
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When the gradients of these two functions are considered at the second (non-

trivial intersection point:

ffr)=al._a=a; g'(r)=2br| _a=2a (6.11)
b b

Therefore, at the surface of a cylinder, the temperature gradient for a
parabolic temperature distribution is always two times larger than for the

linear temperature distribution, as schematically illustrated in Figure 6.17.

The calculation of the average temperature in a circular domain, where the
temperature distribution is a (3D) paraboloid, is well known. Considering the
parabolic distribution shown in Figure 6.18, which is actually the inverse of the

inverse of the distribution as calculated from the heat equation, the integral

fA TdA = gTR2 [278, 279], which is half of the volume of the cylinder that

envelopes the paraboloid. This means that the average temperature T, is
halfway between the maximum temperature occurring in the centre of the
cylinder. Now an expression of the heat flux due to conduction can be

established.

R

Figure 6.18:Volume of a paraboloid, adapted from [280].

Recall Figure 6.16 shows an assumed linear temperature gradient between the
minimum temperature in the cylinder and the surface temperature. The ‘real’,

virtual linear temperature gradient between the minimum temperature and

(Tn—To)

" is twice as a steep as the temperature
f

the surface temperature
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gradient between the average temperature and the centreline temperature
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Figure 6.19: Assumed mode of heat transfer from oversized nozzle to CF/PEEK
filament: (a) geometry, (b) equivalent thermal circuit.

Based on the finding that air can still conduct a significant amount of heat in
Appendix D, it is also relatively straightforward to establish the heat transfer
coefficient in case there is an air gap between the nozzle and the filament. The
finding reported by Dr. Mcllroy is based on the assumption that free convective
heat transfer in the air is only a minor contribution in the total heat transfer
between two concentric cylinders. An illustration of heat flow between two
concentric cylinders is shown in Figure 6.20. The flow pattern will most likely
be a rather complex shape, given potential instabilities in the flow, fluid
escaping and entering the cylinder at either end of the cylinders. In Figure 6.20,
when considering the order of magnitude for the free convection, the Egs
(9.59), (9.60) and (9.23) describe free convection in horizontal concentric
cylinders in conjunction with the properties for air in Appendix A4 in Ref [240].
Further to assume air behaving as an ideal gas, thus § = 1/T, where T =
673 K is used. Note that as these equations describe empirical correlations for
long, horizontal coaxial cylinders will predict incorrect values for the vertical
case, as the flow pattern will be different from the horizontal case. However,
filling in these equations results in a negligible convective heat transfer

coefficient for the air gap. This is inline with Dr. Mcllroy’s finding in Appendix
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D that the amount of heat transferred through conduction transfer is
significantly larger than the amount of heat transferred through free

convection.

filament, T}, (2)

BN
,ﬁ:}‘&’#’t‘t‘%‘&%”c

convection cell with
convective flow

nozzle, T

Figure 6.20:Free convection flow pattern in the air gap between the nozzle
and the filament, note that as the gravity is perpendicular to the plane, the
flow would rise upwards when it comes close to the hotter nozzle and go
downwards as it approaches the colder filament.

Following the approach from the previous subsection — ignoring the thermal

1
resistance arising from the nozzle — air layer is given by: In(ra/ry) [240]. The
2Tk ,irdz
total heat flux g,is given by:
_ Ts_Tm(Z)
q, = (rly). - (6.12)
2mkyipdz szfdz‘*kCFr/;EEK

Equating Egs. (6.5) and (6.6) allows then to find the expression for the average

heat transfer coefficient h :

o 4kairkcr/PEEK (6.13)
n(4ln(r/7f)kcr/pEEK*Kair) .

The material properties utlised in the simulation can be found in Table 6.2 and

6.3.
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Table 6.2:Variation in material properties neat PEEK filament.

Parameter Lower bound | Reasonable Higher Bound

Case

Heat transfer coefficient | 10 W/m?K 10 W/m?K | 40 W/m?K
nozzle entry h, based on

free air convection value

h =10 — 40 W/m2K

kpgexk = 0.25—-093W | 0.25W/mK | 0.59W/mK | 0.93 W/mK
/mK

Cp,PEEK = 1545 k]/kg - K

ppeex = 1300 kg/m®
T, = 400 °C

Table 6.3:Variation in material properties CF/PEEK filament.

Parameter Lower bound Higher Bound

Heat transfer coefficient 10 W/m?K 40 W/m?K
nozzle entry h, based on
free air convection value
h = 10 — 40 W/m?K

T, = 400 °C

Calculated using the
Nielsen formula in Chapter
6, Section 6.4.3.1
kcr/pEEk = 2.364 W/mK

Cp,cr/pEEK = 1545 K]/kg
‘K

Pcr/peEk = 1780 kg/m?

The geometric dimensions are described in the beginning of Section 6.4.3.2.

Energy input in terms of enthalpy required for the solid-liquid phase transition
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of PEEK is not taken into account in this model. Furthermore, the values
entered into the Nielsen formula as found in the fourth row in Table 6.3 are
calculated with the average values of the thermal conductivities of carbon fibre
and PEEK. For the case of CF/PEEK printing, filament contact with the oversized
orifice due to the relative motion between the nozzle and the filament being
pulled and the printing bed has not been taken into account. Additionally, the
effect of the eccentricity due to the CF/PEEK filament being pulled when

printing is assumed to be averaged out.

400
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o
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z
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100 lower bound heat transfer 1
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S50F 1T T -Tglass 1
Tmelt
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Figure 6.21:Print speed dependence of filament temperature when PEEK exits.

Figure 6.21 shows the filament exiting temperature for the different simulation
setting in terms of print speed and heat transfer coefficient. The glass
temperature Ty is marked with a dashed, horizontal line and the melt
temperature T,,, is marked with a black, horizontal line. Once the filament’s
desired nozzle exiting temperature has been specified, the intersection point
of the temperature curve the maximum feasible printing speed is found from
the intersection point of the temperature curve with the horizontal line

defining the desired temperature. In Figure 6.21, the lower bound or most
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conservative case crosses the melting temperature T,, at 50 mm/s printing

speed.

This however does not mean that this is an achievable printing speed, as this
filament temperature is only achieved at the very end of the nozzle (z =
12.5 mm). To find out what the achievable range of print speeds is, one must
consider the filament temperature in the tapered section of the nozzle to
predict where the melt front is. This is where the filament reduces its diameter
from 1.75 mm to 0.4 mm as the nozzle diameter. It is therefore logical to
assume that this can only be achieved if the filament is completely molten.
Furthermore it is crucial that this melting occurs in the tapered section and not
before, otherwise the extrusion forces will generate insufficient pressure and
the extruded mass rate will be too low for the relative speed between the
nozzle and the printbed. The best location for the melt front will therefore be
in the entry of the tapered section. Figure 6.22 shows the print speed
dependent location where the filament exceeds the melting temperature. The
tapered section is highlighted by the space between the two horizontal,
dashed lines. It can readily be seen that in order to reach the T, early in the
tapered section, and have the melt front location there, the printing speed

needs to be around 10 mm/s for all cases.
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Figure 6.22:Print speed dependence of location where PEEK filament
temperature starts to exceed the melting temperature; tapered section in
nozzle is marked by the space between the two dashed horizontal lines.

Figure 6.23 shows the thermal power, or heat, absorbed by the filament for
certain printing speeds. It can readily be seen that the required thermal power
which is required to heat up the filament is quite low. Since the practical
printing speed depends on getting the filament temperature to exceed T;, in
the tapered section of the nozzle, which is around 10 mm/s, the required
power consumed by the filament remains below 2 W. This is an order of

magnitude lower than the power output of the heat cartridges in the HotEnd.
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Figure 6.23: Rate of thermal energy absorbed by the PEEK filament for
different print speeds.
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Figure 6.24:Temperature variation of the PEEK filament in the nozzle (with
diameter 0.4mm) for the reasonably anticipated case.
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Figure 6.25:Transient PEEK filament heating curve for a cross section going
through the nozzle.

The temperature variations over the axial length of the nozzle can be found in
Figure 6.24. The schematic diagram of the nozzle can be found in Figure 6.15.
As followed from the description of the results found in Figure 6.21, the first
conclusion from Figure 6.24 is that when the print speed decreases, the
temperature gradient increases. Additionally, it can be seen that most of the
heat transfer occurs in the orifice which is the edge of the nozzle exit after
tapered section. The length of orifice is 1.6 mm [99]. This is because there is a
larger increase in temperature in the tapered section, where the filament is
direct contact with the nozzle wall. Figure 6.25 shows nearly the same
information as Figure 6.24, but as a temperature variation in time.
Furthermore it can be clearly seen that the heat transfer rate is temperature
dependent as different print speeds follow the same curve for the same

residence time.
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Figure 6.26:Maximum achievable CF/PEEK filament temperature plotted as a
function of the printing temperature.

Figure 6.26 shows the final filament temperatures for the CF/PEEK filament
with a low and a high convective heat transfer rate in the exit section of the
nozzle. The CF/PEEK filament temperature drops faster when the print speed
increases. As variation of the conductivity of the CF/PEEK filament is not taken
into account, these values are slightly closer to each other than they would
have been if the variation of the conductivity had been considered in the
simulation. Compared with Figure 6.21 of PEEK results, the trend is quite clear.
Since during the CF/PEEK printing process, there is no direct contact between
nozzle and CF/PEEK filament the application of the oversized nozzle (0.8 mm
diameter) to create an air gap to accommodate the lower mechanical flexibility
(compliance) of the CF/PEEK significantly reduces the achievable printing

speed.
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Figure 6.27: Rate of thermal energy transferred into the CF/PEEK filament for
different printing speeds.

Figure 6.27 shows the required thermal power to print 0.5 mm diameter
CF/PEEK (see the print speed requirement in Figure 6.26) is below 0.3 W. This
means, during the printing, the CF/PEEK filament does not take too much

energy, so the nozzle temperature can be considered as constantly stable.
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Figure 6.28:Temperature variation of CF/PEEK filament in the nozzle for a low

heat transfer rate in the nozzle.
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Figure 6.29:Transient heating curve of CF/PEEK filament for a low heat
transfer rate in the nozzle.

Figure 6.28 shows the temperature variation in the nozzle with a low heat

transfer rate. Figure 6.29 shows temperature variation with the time changes.
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As the required residence times take longer than for the PEEK printing because
of the air gap created by the oversized nozzle, this causes the temperature

variation in the exit section to show a more distinct exponential nature.
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Figure 6.30: Temperature variation of CF/PEEK filament in the nozzle for a
high heat transfer rate in the nozzle.
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Figure 6.31: Transient heating curve of CF/PEEK filament for a high heat
transfer rate in the nozzle.

The same holds for Figures 6.30 and 6.31, where the same variables are plotted,

but then for the case with a high convective heat transfer in the exit section.

6.3.2.2 Discussion and Observations

In this section, a simple lumped parameter model for the heat transfer has
been established. As it uses an exponential curve to establish the temperature
variations in the nozzle, a prediction for the exiting temperature can be made
without calculating the temperature in the whole nozzle. This makes the model

an easy tool to predict the filament exiting temperature.

In addition, when the filament undergoes a diameter reduction, the
temperature in the tapered section of the nozzle also needs to be considered.
It is paramount that the filament temperature reaches the melting
temperature very early in the tapered section. In this particular case, the
10 mm/s print speed determined from the thermal analysis coincides with the
print speed which is advised by the 3D printer manufacture. To achieve lower
or higher print speeds, the set temperature Ty needs to be decreased or

increased respectively.
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The transverse conductivity of the CF/PEEK filament proves to be very
important for how quickly the filament can heat up. In order to make the
printing of CF/PEEK commercially viable, the higher the output the better.
Hence, print speeds as high as possible are desirable. The effect the filament
diameter has on the heat penetration rate, and therefore the amount of heat
that is actually transferred from the nozzle into the moving filament is not
taken into account in this analysis. For a proper analytical calculation of the
heat transfer rate for the nozzle-filament system, and the calculation of the
rate of change in temperature in the filament requires the Fourier and Biot
numbers to be established. The Fourier number signifies a dimensionless time
constant related to an object's thermal diffusivity and its dimensions, and the
Biot number represents the ratio of the thermal resistances of an object's
internal conductive heat flow and convective heat transfer between the object
and its surroundings. Both these dimensionless numbers reduce the number
of independent variables that exist when solving the transient heat equation
analytically [240]. These analyses lead to an optimisation of the process which
also requires the combination of materials to be chosen appropriately and the

geometrical interfaces in the nozzle to be properly designed.

From Figures 6.21 and 6.26 it can be deduced that for low printing speeds the

filament temperature exiting temperature is as high as the set nozzle

. dr, S
temperature Ty, and the gradient d—; = 0, however, for a certain printing
z=L

speed, the maximum filament temperature reduces from Ty, and the gradient

AT,
av lz=p,

< 0. This printing speed is still lower than the maximally achievable
print speed, for which the exiting temperature becomes the minimum
desirable exiting temperature. Consequently, increasing the nozzle
temperature Ty and printing in the speed range where the exiting
temperature is lower than Ty will allow for higher print speeds with minimal

thermal degradation of the PEEK material.

Another insight from the thermal analysis is that, introducing the air gap to

accommodate for the inflexibility of the CF/PEEK filament significantly reduces
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the heat transfer. This significant drawback can be overcome by the following

design improvements:

e Increase the axial length of the orifice section (bespoke nozzle design).

e Pre-heat the filament in the printhead by means of electromagnetic
radiation (laser, IR, microwave), ultrasound or increasing the
convection by actively blowing hot air in the printhead.

e Introduce additional degrees of freedom in the printhead motion:
ROTX and ROTY, or roll and pitch. This would also allow for full
contact between the filament and the nozzle in the orifice section. The
adaptation for the filament deposition angle will achieve positional
accurate deposition of the filament for the required geometrically

accuracy and structural integrity in the same layer and between layers.

Note that making a bespoke design with a longer orifice section would improve
the heat transfer of the nozzle in general and would allow for higher print
speeds, but will also affect the friction on the filament, the required extrusion
force and likelihood of filament buckling. Clearly a balance needs to be made

between these competing requirements.
6.5 Modelling of PEEK Crystal Growth

The modelling of PEEK crystal growth was developed by Dr. Claire Mcllroy
based on the experimental results of the author of this thesis. The modelling
of PEEK crystal growth gives insight into the existence of disparities between
weld and bulk mechanical properties in FFF of PEEK, by investigating the
differences between the weld and bulk properties in the samples of PEEK
constructed using the FFF technique under a range of printing conditions using
DMA. The accuracy of the results predicted by the model depends on both the
IR measurement data, and the selection of the fitting parameters of the
filament thermal diffusivity time scale [281]. Since PEEK is a semi-crystalline
polymer, a non-isothermal quiescent crystallisation model was employed,

updated using the IR-imaging measurements, to understand the findings. The
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working hypothesis was proposed that the increase in E,,. with print
temperature in Figure 6.8 is due to an increase in the degree of crystallinity.
Furthermore, since Epq, > Eperp, it was proposed that the core of the
filaments achieve a greater degree of crystallinity than that of the weld regions
during cooling. The non-isothermal quiescent crystallisation model was used
to predict the growth of the crystalline matter in PEEK. This is a process that is
dependent on the thermal history. When the printing temperature is higher,
the printed layers stay above the T} for a longer time, which allows for more
crystal formation. Note that PEEK can undergo a heat treatment process to
optimise or maximise crystallinity, this is called annealing. Dr. Claire Mcllroy
has modelled the temperature decay for steady state printing as a function of
time. The IR-imaging thermography results discussed in Section 6.3.1 have
been used by Dr. Mcllroy to update her thermal model of the printed PEEK.
The thermal model is in turn used to establish the thermal history of the
printed PEEK, which then can be used in the non-isothermal quiescent
crystallization model to predict the amount of crystalline material that has

been formed after the PEEK material has been deposited.

The Halpin & Kardos model [160] predicts the modulus of elasticity for the
PEEK based on the crystalline and amorphous fractions, and is presented in
Appendix F. With known moduli of elasticity for the weld region and for the
filament region, the crystal fraction can be determined based on the Halpin
equation. This makes it possible to compare the experimentally obtained
amount of crystallinity with the amount of crystallinity predicted by the non-
isothermal quiescent crystallization model. The predicted crystal fraction is
then corrected by the calculated data of bulk storage modulus, which agrees
guantitatively with the DMA measurements. The theory of the model and the

finding results can be found in Appendix B.
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Figure 6.32: (a) Epyep and (b) Epq, predicted by the model (lines) compared to
the DMA measurements (points) for the prescribed printing conditions.

Figure 6.32 shows the model predictions using a suitable model fitting
parameter for all printing conditions. Recall that not all the printing conditions
were successful due to the poor bonding between each layers. Six samples
were taken from each printing condition to be DMA tested. The model results
are in reasonable agreement with the DMA measurements since the predicted
and experimental trends consistently match each other. Specifically,
differences between model and experiment are observed which are up to
maximum of 20% for the parallel tensile modulus and up to maximum 60% for
the perpendicular tensile modulus at certain combinations of processing
temperatures and speeds. However, further investigation can be carried out

into the choice of model fitting parameter for the filament thermal diffusivity
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time scale to improve the accuracy of the modelled predictions. From only a
single parallel and perpendicular DMA measurement, it is possible to predict
for the perpendicular and parallel storage moduli Ep,, and E,,, across a
range of printing conditions, thus enabling to optimize the printing conditions

for a required mechanical performance.
6.6 Summary

This chapter describes the dynamic thermal analysis of both neat PEEK printing,
and CF/PEEK filament printing.

In the study of neat PEEK printing, DMA was used to investigate the mechanical
properties of a wall of PEEK printed using FFF with a single filament. The
findings are that the storage modulus increases with print temperature, and
that there is a difference between the properties measured perpendicular and
parallel to the printing direction. Based on the crystalline nature of PEEK, the
hypothesis proposed is that these disparities arise due to the differences in the
degree of crystallinity achieved under typical FFF conditions. From the
experimental investigation, the PEEK processing window is found to be
relatively small compared with polymers such as ABS, PLA and nylon. This
means that, under the same FFF printing conditions, there is little time above

the glass transition temperature for crystals to grow.

In summary, the model presents a framework for understanding the effect of
thermal history, and hence crystal formation in FFF printed PEEK. This method
relates printing parameters, specially the print temperature and print speed,
to mechanical properties of semi-crystalline polymers. Therefore it provides a
foundation for optimising crystallisation for the mechanical performance of

the FFF printed PEEK.

Unfortunately, the planned research into CF/PEEK printing could not be
completed due to limited laboratory access. However, initial trials indicated
that the CF/PEEK feedstock material developed in this work could be

successfully printed using the adapted printer. The logical next step would be
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to characterise the effect of FFF process parameters in the quality of printed
parts. The previous crystal modelling of PEEK printing could also be usefully
applied to give an initial understanding of the printing of the CF/PEEK and
modifications made to the model to account for the effect of the presence of
the carbon fibres in the feedstock. These would be very fruitful areas for future

research.
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CHAPTER 7

Discussion

7.1 Introduction

The motivation for this project is to combine the manufacturing advantages of
3D printing with the high mechanical performance of continuous fibre polymer
composites, requiring the development of a novel 3D printing feedstock
material with a high fibre volume fraction and high strength polymer matrix.
For this reason, carbon fibre reinforced PEEK was selected as the processing
material. In this chapter, the identified knowledge gaps, and the applied
methodology and workflow of this project are recapitulated. Subsequently,
how these knowledge gaps were addressed by this research and the
significance of the work done in the context of both existing literature and
industrial application is discussed. The limitations to the current work are
determined, and this will lead to the formulation of future work. Finally, the

most important contributions are summarised.

7.2 Contributions

7.2.1. Identified Knowledge Gaps

This work aimed to develop a method to FFF print CF/PEEK composite material
with a high fibre volume fraction. It was found that the challenges that needed
to be overcome to develop an AM process in general and the FFF process in

particular were:

e Llack of understanding of the behaviour of unreinforced and fibre
reinforced polymers (PEEK) in the FFF process.

e Lack of real-time control solutions for the processing parameters.
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e Lack of appropriate in-situ measurement during the process.
e Llack of standardisation of the process, which makes it hard to certify for

industrial applications.

A review of the current state-of-the art of the FFF processing of PEEK and its

carbon fibre reinforced composites revealed the following main knowledge

gaps:

e Characterisation and explanation of difficulties of FFF printing carbon fibre
reinforced PEEK with high fibre volume fraction. This is related with lack of
understanding on how to effectively mix PEEK and high volume fraction
carbon fibre before the process.

e Lack of understanding regarding PEEK thermal and mechanical behaviour
during printing. This involves how PEEK thermal behaviour influences on
the mechanical properties of both PEEK and CF/PEEK FFF printed parts.

e A method to make good quality CF/PEEK filaments for the FFF process. This
means there is still limitations to reduce the void contents of CF/PEEK

filaments based on the current technology.
7.2.2 Workflow and Methodology

The project comprised firstly the development of a CF/PEEK composites
feedstock process, followed by the development of the FFF process. As stated
in the overall methodology (Chapter 1, Section 1.3 Figure 1.2), each step
included development and design, and subsequent experimental verification
and process optimisation. For the development of the composites feedstock
process, material characterisation was carried out prior to the design and
development of process and apparatus. Filament analyses and optimisation of
the feedstock pre-process were carried out posteriori. Finally, the filament was
proven to be printable as shown in Chapter 6, Section 6.4.2, Figure. 6.11. The
development of the FFF process required analyses of the thermal history of the
printed layer, the crystal fractions and establishment of an optimised process

window.
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The results of this project include the characterisation of the feedstock
materials, pultrusion apparatus design, filament analyses, pultrusion process
optimisation, printing analysis and printing process optimisation. The
remainder of this section is organised along the two main steps in this work,

the feedstock pre-processing and the printing process.

7.2.3 Contributions in the Work

The knowledge gap on the ‘characterisation and explanation’ of difficulties of
FFF printing carbon fibre reinforced PEEK with high fibre volume fraction has
broadly been covered by successfully printing CF/PEEK with a high CF volume
fraction. The printing of CF/PEEK as outlined and discussed in this thesis meets
the criteria of FFF printability as outlined in Section 1.3 Chapter 1. Successfully
printing CF/PEEK with a high CF volume fraction depends on the processing
window of both the pultrusion and FFF processes. The CF/PEEK filaments must
have low porosity, good consolidation and sufficient stiffness in order not to
buckle during processing and to achieve good inter-layer bonding and
desirable material properties. Printing with this volume fraction has not been
reported previously in the literature. The pultrusion process as an
intermediate step to produce filament was selected rather than dual extrusion
of the commingled strand. This selected process has overcome the low limit
for allowable CF volume fraction of printing observed by Stepashkin et al [1],
who reported a continuous CF volume fraction of 5% in the printing.
Additionally, a lumped parameter model of the heat transfer in the oversized
nozzle helped to determine the required print temperature for a selected print
speed. The novelty of this model is that it relies on the conduction to estimate
the heat flux, rather than assuming hundred percent efficiency in the heat
transfer as done by other authors in the engineering field, c.f. [Eq. (10), 282].
The selection of an oversized nozzle is not standard in the FFF printing. An
approach similar as Markforged’s CF/nylon printing process was adopted for
this fabricated CF/PEEK filament printing. This modelling approach can also be
used to predict the melt front in the extrusion section of the nozzle. It also
predicted that it was possible to heat up the CF/PEEK filament to the melting
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temperature within our current PEEK machine setup. This was proven by the
successful printing of the developed CF/PEEK filament. This analysis can
predict the real temperature of the CF/PEEK filament, hence it can assist the
nozzle temperature control more effectively during the printing. It will
contribute to the future work of CF/PEEK printing if this project will continue.
This model did give a good prediction for the exiting temperature, which was
measured experimentally and the predictions for the achieved print speed
were inline with the recommended speed. As this model is a lumped
parameter model, it provides an easy and fast tool for practitioners compared
to some of the more computationally demanding models reported by Turner

et al [282].

To address the knowledge gap on lack of understanding regarding PEEK
thermal and mechanical behaviour during printing, firstly, the TGA and DSC
analyses of the feedstock material showed that the CF/PEEK filament
consolidation quality depends on the pultrusion temperature and speed. This
implies that the cooling rate of the CF/PEEK is critical to the pultrusion process,
and will also have an impact on the printing quality. The obtained results of
the TGA and DSC analyses are in line with previous findings reported in the
literature, such as Refs [166-179]. These results helped to find the boundary of
the CF/PEEK filament manufacturing processing window. Secondly, a
crystallisation analysis of PEEK has been carried out. This involved obtaining
the thermal history of the deposited material by means of IR thermography,
followed by a DMA analysis. The thermal history was fed into a non-isothermal
guiescent crystallisation model adapted for FFF PEEK processing by Dr. Mcllroy.
Using IR-measurement with corresponding correction is a novel method to
obtain the thermal history of printing filament. The method was adapted from
Seppala et al [210]. The predicted crystallisation was linked to the modulus of
elasticity. The DMA tests analysed the stiffness of printed samples parallel and
perpendicular to the printing direction. This made it possible to find the crystal
fractions in the filament’s core and in the weld regions. The practical outcome

of this study is that PEEK based FFF material has a very narrow processing
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window due to its sensitivity to the cooling rate. A high cooling rate means less
time for the crystals to form, leading to a lower crystal fraction. This implies by
increasing the chamber temperature heating capacities or reducing the print
speed capacities can lead to stronger printed PEEK and CF/PEEK FFF printed
parts. This approach have not been taken in the literature before. This model
can be used in FFF process optimisation on PEEK related printing. With an
appropriate fitting parameter, this model can also be used to optimise FFF

process with other semi-crystalline materials.

To address the knowledge gap on developing a method to make good quality
CF/PEEK filaments for the FFF process, firstly, the quality of the produced
filament was judged on the porosity. It was found that the pultrusion speed for
the range examined had an influence on the quality, that is a lower speed did
have better results, but the temperature proved to have a monotonic influence
only between 370°C to 400 °C. Furthermore, the findings of the porosity
studies showed that the relatively inexpensive density measurement carried
out with standard engineering equipment resulted in almost the same results
as the image processing based study of material analyses with optical and ToF-
SIMS microscopes. The main drawback of using microscopes is that one
analyses a particular cross-section, rather than a whole sample. This means
that multiple cross-sections need to be analysed in order to get a reliable result.
ToF-SIMS microscopy has one advantage over optical microscopy in that it can
unambiguously distinguish between the materials in the sample as it proves
hard to distinguish the resin from the PEEK in a sample studied with an optical
microscope. The density measurement method used in the thesis is much
cheaper, and takes much less time than the conventional image processing
method which used to analyse the cross sectional view of the filament. The
proposed density measurement method could be used to save research time
and expense of would avoid the need for (smaller) manufacturers to invest in

expensive equipment for quality control.

Other contributions in the work include firstly, the founding of a thermal

analysis that could verify whether the standard heatbreak and heatsink of the
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E3D V6 HotEnd could be used in the design. As the heatbreak/heatsink system
consists of a series of relatively simple geometries, each of which has a well-
known analytical solution the heat transfer, the whole system can be analysed
by means of a 1D lumped parameter model. The thermal network in the form
of a ladder network model can easily be set up and analysed. This analysis was
benchmarked against the FE analysis by Jerez-Mesa et al [100] and
experimentally verified by an IR measurement. The temperature distribution
found in both cases using a forced heat transfer coefficient h = 20 W/m?K
proved to be good match for the fan running on full speed. This means that a
relatively simple analysis can be used to study the thermal behaviour of a
heatbreak/heatsink system, limiting the need for more time consuming FE
analyses in the early stages of design. This ladder network model provides a
quick method of evaluating the HotEnd in the pultrusion design, which can
easily be converted into a design tool for (small) manufacturers in a MS Excel
spreadsheet, GNU Octave or Scilab. Secondly, in the printing process
development, it was concluded from the DSC results that the cooling rate is
the critical factor affecting the final crystallisation fraction of PEEK. This
phenomenon was the motivation for the crystallisation modelling in this
project. The final crystallisation fraction of the PEEK leads to different
mechanical properties in fabricated parts. This analysis feeds into the further
weld formation studies conducted in Chapter 6 where the crystallisation model
was built to optimise the printing parameters and the mechanical properties
of the printed parts. Based on the thermal history that could be created in the
printer, the numerical model that describes the crystallisation of the PEEK
material predicts that the mechanical properties at the weld are largely
determined by those of PEEK in its amorphouse state due to rapid cooling at
that location. Conversely, the storage modulus at the filament core is much
larger than at the weld due to the slower cooling and greater crystallinity. A
typical example is when printing condition is 420 °C at 3 mm/s, the storage
modulus at the filament core Ef is two orders of magnitude larger than the
storage modulus at the weld E,, .This model relates print temperature,
ambient temperature in the chamber, and print speed to mechanical
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properties of the semi-crystalline polymer processed using FFF. It is also shows
that PEEK crystallisation process is more sensitive in cooling rate than other
semi-crystalline polymers such as PLA and nylon by applying the same cooling
conditions. This means that PEEK has a narrow processing window. This work
provides a novel method for predicting mechanical properties of FFF-printed
PEEK, as well as a new framework to optimise FFF crystallisation for printed
parts performance. All the results in the printing process development could
help to further design the process to optimise the mechanical properties of the

FFF printed PEEK.
7.3 Limitations of Current Work

In the feedstock process development, a pultrusion apparatus was designed to
have two adjustable process parameters: the pultrusion temperature and
pultrusion speed. Due to the high void content of produced CF/PEEK filament,
ideally a further compaction process would be required, however, this will be

part of the future work discussed in Chapter 8, Section 8.3.

The 1D lumped parameter model of the heat transfer in the nozzle during the
PEEK and CF/PEEK printing does not provide an accurate prediction of the
temperature at the material nozzle interface and it does not take melting into
account. Incorporating the melt enthalpy into the model or conducting a more

accurate 3D FEA study would be required to model the melting process.

In the filament analyses, for each processing speed, the temperature
dependency of the voids content revealed there were two local minima were
found to be 370 °C and 400 °C. 370 °C was linked to the DSC testing results
when there was a high cooling rate (around 100 °C), there was additional heat
flow fluctuation around 370 °C. However, the reason for the 370°C
corresponding to a local minimum has not been investigated due to the limited
time available for this project. Although unlike reports in the literature that
there is no material degradation of CF/PEEK when processing temperature is

higher than 400 °C, it was actually found in this project that when processing
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temperature was higher than 400 °C, the CF/PEEK might undergo very slight
material degradation in one of the DSC tests. This was aligned with the results
of the DSC analysis conducted to establish the heat specific capacity (C,) of
CF/PEEK in Chapter 6. However, further investigation should be carried out on
confirming the lowest temperature at which CF/PEEK starts to degrade in an

atmosphere of air.

In the crystallisation modelling, the limitations were related to the
experiments conducted during the printing process development. The
measurement method of the cooling rate recording has a limited accuracy as
the reflection infrared signals introduces noise into the measurement, which
is not easy to be filtered out. The heating capacities of chamber and the
printbed should be improved so the ambient temperature can reach to an
appropriate temperature (ideally higher than T) to help the crystallisation

process by reducing the cooling rate.

Finally, the use of an oversized nozzle of CF/PEEK filament printing limited the
print speed and bound quality, a better designed nozzle is required to increase
the print efficiency. Recommendations described in Chapter 8, Section 8.3 as
part of the future work. Unfortunately, a comprehensive parameter study of

CF/PEEK filament printing could not be accomplished.
7.4 Summary

In summary, the biggest challenge of this project was understanding PEEK and
CF/PEEK material properties related to the processing of the materials. In the
porosity studies of CF/PEEK filament, it indicated a method of ToF-SIMS has
advantage to identify unambiguous materials as for carbon fibre and PEEK.
Then it was confirmed that a novel method of a bespoke pultrusion apparatus
was built to manufacture the CF/PEEK filament. The first time continuous CF
high fraction with 57.4% reinforced PEEK matrix composites was developed. It
was also found that the work at the crystallisation of the PEEK and PEEK on

carbon fibres greatly influences the process outcome in terms of the printed
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parts’ final mechanical properties. From the final finding, a reduction of the
cooling rate of the deposited material could improve the mechanical
properties of the printed parts of both PEEK and CF/PEEK. This can be achieved
by increasing the ambient temperature and reducing the printed speed. In this
part of the work, DMA was innovatively used to test very small FFF samples. A
new analysis combines polymer crystallisation and composite
micromechanical theory was used. IR thermography was used to validate non-
isothermal analysis. And the model provided a new framework to optimise FFF
crystallisation for PEEK FFF printed parts performance. The development of
carbon fibre reinforced PEEK printing could potentially contribute to the
industrial field of automobile, aerospace, construction where strength design
need to be applied, and medical application where functional 3D printing is

required.

In this project, due to the limitations of the technical equipment, some of the
material properties required as inputs for the process design could not be
obtained using the university’s facilities. Specifically, the rheology tests could
not be carried out due to the limited capabilities of the testing equipment in
the lab. The rheology behaviour of the processing material was instead
calculated from the data available in the literature. Also, in general, more
theoretical studies will need to be carried out to understand the observations

made during the experiments.
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CHAPTER 8

Conclusions and Future Work

8.1 Introduction

Recall that the aim of this project was to develop a composites feedstock
process and FFF process, the aim and objectives of the research, as stated in
Chapter 1 Section 1.2, have largely been successfully achieved in terms of: (i)
development of a feedstock process to feed the loose commingled CF/PEEK
into FFF printer; and (ii) successful printing of CF/PEEK parts and investigation
of the relationship between printing parameters and FFF printed PEEK
mechanical properties. The conclusions and recommendations for future work

are presented below.
8.2 Conclusions

The main conclusions of this research are as follows:

e Compared with previous reports, in this project a significantly higher CF
volume fraction CF/PEEK composites has been initially successfully printed.
The meaning of the word printed here follows the definition of printability
in Section 1.3 Chapter 1. Additionally, a pultrusion process to manufacture
the feedstock has been established, and a processing window has been
established.

e The effects of process parameters on the CF/PEEK filament quality have
been studied. A parameter combination of pultrusion temperature and
speed was investigated in this project to establish the above-mentioned
processing window.

e A novel method for predicting mechanical properties of PEEK FFF-printed

parts has been presented.
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The detail technical conclusions include:

e |t was shown that the material characterisation carried out initially gave
the outcome to predict that the cooling range of the PEEK and CF/PEEK
during the process is a critical factor that strongly influence mechanical
properties of the final printed parts.

e It was shown that the pultrusion apparatus designed and built as part of
this project was capable of manufacturing the CF/PEEK form commingled
yarn to form into CF/PEEK filament.

e |t was confirmed that the E3D HotEnd is an appropriate choice as the
heating element for the pultrusion apparatus. Here a thermal analysis of
the HotEnd and a mechanical analysis of the apparatus have been carried
out to ensure the pultrusion apparatus works functionally. The HotEnd
analysis was validated by IR-imaging measurement.

e It wasfound the CF/PEEK filament quality is dependent on the temperature
and speed of the pultrusion process. Within a pultrusion temperature
range, higher pultrusion temperature and slower pultrusion speed lead
better filament consolidation.

e |t was shown that by adaptation the printhead of a commercial PEEK
printer, the manufactured high carbon fibre volume fraction CF/PEEK
filament is capable to be printed.

e |t was presented that a crystallisation model of PEEK printing is established
based on the IR-image measurement and DMA tests results.

e |t was shown an established lumped parameter model, which analyse the
heat transfer from the nozzle to the filament, helped to establish the actual
exiting temperature of the CF/PEEK filament and informed the achievable

range of printing speed.
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8.3 Recommendations for Future Work

The quality of the produced feedstock was optimised as far as possible within
the constraints imposed by the current equipment. However, in the future, it
would be beneficial to improve the filament consolidation quality further and
to investigate even higher fibre volume fractions. Future approaches could
include the treatment of commingled CF/PEEK before the pultrusion process,
inserting an intermediate heating stage with compacting die systems, as well
as chemistry solutions by adding more additive materials before the pultrusion
process to improve the wetout of carbon fibre bundles into the PEEK. These

chemistry solutions are similar to the treatment of PLA in Li et al [33].

Further investigation is still required to establish a more definite and
quantitative model for the CF/PEEK degradation as a function of print
temperature and print speed. It was observed that during the DSC tests to
obtain the specific heat capacity ¢,, when testing temperature was above
410°C, the signal provides an unstable reading for heat flow. This unstable heat
flow might be due to a possible degradation of the CF/PEEK material based on
the discussion in Ref. [1]. However, a more detailed study in order to
understand the influence on the degradation of CF/PEEK of high temperature,
in combination with a certain values of processing (or residing) time
corresponding to slow printing or pultrusion speed, will be part of the
proposed future work. For instance, this can be carried out by Fourier

Transform Infra-red Spectrometry (FTIR) [1].

The surface roughness of parts printed with PEEK, when analysed using the
optical microscope, had different visual appearances depending on different
printing conditions. More investigations of surface roughness of FFF printed
PEEK should therefore be carried out to find out how the printing parameters
influence the surface roughness of the printed parts, and how the surface
roughness can be linked to the mechanical properties of the printed parts. This

could potentially be carried out using a profilometer [283].
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The crystallisation model of FFF printed PEEK provides a foundation for
optimising the crystallisation for the mechanical performance of FFF printed
PEEK. Further exploration of the mechanisms of interdiffusion and residual
anisotropy when FFF printing PEEK filaments is needed to better understand
the amorphous properties in the weld, which will require measurement of a
linear viscoelastic properties of the specimens. Additionally, an independent
measurement of crystallinity is required, for instance using Raman
spectroscopy, to compare to the model predictions and to investigate the
possibility of flow-enhanced crystallisation. Furthermore, the correction of IR-
imaging measurement by means of a more accurate measurement data of the
relationship between crystal fractions with material cooling rates coming from
flash DSC will improve the accuracy in-situ crystallinity measurement. Finally,
studying the effect of a thermal post-treatment would provide an avenue for

achieving higher levels of crystallisation in the weld regions.

Although this work demonstrated that the manufactured high volume fraction
CF/PEEK FFF feedstock filament cold be successfully printed using the modified
printer, there was insufficient laboratory time to optimise the printing process
or to characterise the printed material. The next step should be to characterise
the printed filaments. Comparison of the fibre distribution and presence of
porosity, and there dependence on processing parameters would be an
obvious next step. A comparison with the feedstock material would provide
an interesting insight into the effect of the printing process, and process
parameters, on the filament. Next steps should be to print test parts to enable
property measurements. Comprehensive mechanical testing of the CF/PEEK
printed specimens will also need to be part of the future work. Based on the
established FFF printed PEEK crystal growth model, with the DMA test, Ej ¢y
and Ejq, will be predicted to investigate the mechanical properties of the
anisotropic composites printed parts. The nucleation and crystal growth rates
of semi-crystalline PEEK matrix will be explored based on the influence of
carbon fibres. The printed part tensile and flexural properties can be

established by following the standards regarding printing specimens [284]:
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{ISO 527 or ASTM D638 for neat PEEK and ASTM D3039 for CF/PEEK} and {ISO
178, 1SO 14125, or ASTM D790 (neat PEEK and CF/PEEK) and ASTM D7264
(CF/PEEK)} respectively.

There can be some expanded work based on this research, includes increasing
of the axial length of the orifice section requiring some bespoke nozzle design.
This design modification will consist of introducing initial contact between the
filament and the nozzle in the orifice, followed by a gradual widening of the
orifice section, which allows for the filament to be draped gradually into the
deposition direction tangential to the printbed. Pre-heating of the filament in
the printhead can be employed to allow for higher deposition rates. This can
involve the integration of electromagnetic radiation (laser, IR, microwave),
ultrasound or increasing the convection by actively blowing hot air in the
printhead. The expanded work can also include introducing additional degrees
of freedom into the printhead motion, namely roll and pitch rotations of the
printhead about the the x — and y —axes of the machine. This would also
allow for full contact between the filament and the nozzle in the orifice section.
This development also allows an adaptation of the nozzle for the filament
deposition angle to achieve a more accurate positional deposition, which could

improve the geometrical accuracy and structural integrity between layers.

In this project, based on the lab research and development proof of printing
concept and process development, the knowledge challenges addressed in
porosity, bonding, feedstock production, processing window, and
crystallization studies to optimise the processing parameters can contribute to
the future industrial system enhancement and optimisation on pre-
commercial scale. The next routes will be more focus on the high deposition
rate of the continuous carbon fibre with PEEK printing. The required
development of the nozzle and printhead for higher deposition rates has been
discussed above. Another further requirement would be formed by the
development of more accurate in-situ measurement in temperature control,
surface roughness monitoring, layers bonding monitoring etc. These will

improve the manufacturing readiness level, printed parts quality control.
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Finally, development of printing strategies that yield a controllable and
repeatable thermal history resulting in a consistent and controllable degree of

crystallinity would be an important step towards parts certification.

Another interesting follow on work would be to look at the geometrical
freedoms and constraints of printing the CF/PEEK filaments, such as tightest
radii without filament damage achievable, and then to use this knowledge to
design fibre paths to optimize reinforcement for particular applications. This
would move the work from a materials and process project to one looking at
component design and analysis using the materials and processes enable with
this work, with the ultimate aim of demonstrating new and improved methods

of manufacturing continuous CF reinforced parts and products.
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Appendix B

A Numerical Model Theory of Crystal

Growth

B.1 Overview

The model is introduced based on the work of Mcllroy et al [264]. In line with
the hypothesis, a model is developed to predict the crystallisation kinetics of a
singly-deposited filament of PEEK under typical printing conditions, based on
the Schneider rate equations. Since the process is non-isothermal, the spatial
variations are accounted for in the temperature evolution via the axisymmetric
heat equation, together with a boundary condition informed by the IR-imaging

measurements.

In particular, the predictions are made of the final crystal fraction at the centre
of a deposited filament, ¢¢, and at the surface of a deposited filament, ¢,,,
which corresponds to a weld region within a fully constructed wall. These
predictions of crystallinity are related to the storage moduliin the filament and
in the weld, denoted Ef and E,,, respectively, via the composite solid theory

of Halpin & Kardos et al [160].

In order to compare the DMA measurements to the crystallisation model we

must relate Er and E|, to the sample-averaged measurements Ej, 4, and Ep,¢prpp-

By considering the stiffness of heterogeneous structures, it can be formed as:
Lt

=- (2 +, (B.1)
Eperp z° Ef  Ey

and

1
Epar = - (Ef(z —-2z,)+ EWZW), (B.2)
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where z is the height of a single filament and z,, is the height of a single weld
region. Note that since the samples are single-filament walls, the porosity here
is neglected. Also, Egs (D.1) and (D.2) highlight how variations in z,, along the

print direction may lead to significant deviations within a sample.
B.2 Modelling Quiescent Crystallisation

This model considers the homogeneous growth of spherulitic structures via the
Scheneider rate equations. To account for space filling, the Avrami equation is
employed. The Schneider rate equations are solved via Euler’s method with a
non-isothermal temperature evolution measured via IR-imaging measurement.
The temperature dependence of the crystal growth and nucleation rates are

informed by experimental measurements found in the literature [9].
B.3 Modelling Temperature Profile

The IR-imaging technique discussed in Chapter 6, Section 6.3.1 provides a
surface measurement of the filament temperature. Whilst this is sufficient to
make predictions for the crystallisation kinetics in the weld region,
understanding properties within the filament requires knowledge of the
temperature evolution at the filament centre. The axisymmetric heat equation
is employed to make a prediction of the temperature evolution at the filament
centre. In this way, the temperature evolution profile at the centre of the
filament is obtained. This temperature profile can then be employed in the
Schneider rate equations to make predictions of the degree of space filling at
the filament centre and consequently the properties originating from the
filament core (Ef). Note that the temperature profile at the weld is provided
directly by the IR-imaging measurement, whereas the temperature at the

centre of the filament is obtained from the calculation described above.
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C.1 Temperature profile loaded with PEEK
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Figure C.1: Temperature profile of loaded PEEK at 3 mm/s 390°C
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Figure C.3: Temperature profile of loaded PEEK at 3 mm /s 410°C
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Figure C.5: Temperature profile of loaded PEEK at 6 mm /s 390°C
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Figure C.7: Temperature profile of loaded PEEK at 6 mm /s 410°C
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Figure C.9: Temperature profile of loaded PEEK at 18 mm/s 400°C
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Figure C.10: Temperature profile of loaded PEEK at 18 mm/s 410°C
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Figure C.13: Temperature profile without loaded PEEK at 3 mm/s 400°C
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Figure C.14: Temperature profile without loaded PEEK at 3 mm/s 410°C
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Figure C.15: Temperature profile without loaded PEEK at 3 mm/s 420°C
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Figure C.16: Temperature profile without loaded PEEK at 6 mm/s 390°C
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Figure C.17: Temperature profile without loaded PEEK at 6 mm/s 400°C
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Figure C.18: Temperature profile without loaded PEEK at 6 mm/s 410°C
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Figure C.19: Temperature profile without loaded PEEK at 6 mm/s 420°C
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Figure C.20: Temperature profile without loaded PEEK at 18 mm /s 400°C
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Figure C.21: Temperature profile without loaded PEEK at 18 mm/s 410°C
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Figure C.22: Temperature profile without loaded PEEK at 18 mm /s 420°C

C.3 Temperature profile with correction
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Figure C.23: Corrected temperature profile of PEEK at 3 mm/s 390°C
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Figure C.24: Corrected temperature profile of PEEK at 3 mm/s 400°C
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Figure C.25: Corrected temperature profile of PEEK at 3 mm/s 410°C
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Figure C.26: Corrected temperature profile of PEEK at 3 mm/s 420°C
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Figure C.27: Corrected temperature profile of PEEK at 6 mm/s 390°C
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Figure C.28: Corrected temperature profile of PEEK at 6 mm/s 400°C
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Figure C.29: Corrected temperature profile of PEEK at 6 mm/s 410°C

283



Appendix C IR-Imaging Measurement Results

" | ‘ : . T T T T
—_
220 ]
---------- Lp_g
_____ L
200 ||
) T
] g
2. v
o 180 _
3 2
S w
3
8 160 - _
IS
@
140 £ \;o.u“".,...-.....---u..-....----::-.F..".‘: |
| T L TR
ARG
100 | J | L 1 1 1 1
: ; " 3 4 5 6 7 8

Time [s]

Figure C.30: Corrected temperature profile of PEEK at 6 mm/s 420°C
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Figure C.31: Corrected temperature profile of PEEK at 18 mm /s 400°C
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Figure C.32: Corrected temperature profile of PEEK at 18 mm/s 410°C
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Figure C.33: Corrected temperature profile of PEEK at 18 mm /s 420°C
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Appendix D

Temperature Control Correction of

CF/PEEK
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Figure D.1: Schematic printing nozzle of CF/PEEK

Based on the schematic of the printing nozzle of CF/PEEK in Figure D.1, the 1D

axisymmetric heat equation describing the heat flow in the nozzle is given by:

Ez (Z—_(Ta_r) (Dl)
With the boundary conditions of:

(1) T = TN atr = Ro,
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where Ty is the print temperature, and R, is the hotend radius which is

1 mm here.

(2) Tis finite at r = 0 (symmetry condition).
v = {aﬂ”, 0<r<Rpy
Agir» Rpin <17 <Ry
Where a5y = 4.2 X 1077 m?*s™! is the thermal diffusivity of the CF/PEEK
filament calculated based on the thermal conductivity, specific heat capacity
and the CF/PEEK density (obtained from Chapter 4). ag;,- = 1.9 X 10™°m?s™!
is the thermal diffusivity of the air. Ry, is the filament radius which is

0.25 mm.

The relationship between temperature and material distance to the exit of the

nozzle at fibre volume fraction of 50% is shown in Figure D.2:
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Figure D.2: Effect of print speed and the filament temperature

This result can be used as a comparison of this PhD thesis, Chapter 6, Section
6.4.3.2 and Appendix F. as to control the operation temperature when print

the CF/PEEK filament.
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Appendix E

On the Nielsen Model for the

Prediction of Thermal Conductivity of

Composites
Using the equations states in Section 6.4.3.1:
A
B= ’;_;nM (E.1)
km
g =1+0meR (E2)
As the composites thermal conductivity is defined as [285]:
ke = (1 -0k, + Ok (E.3)
Plug (E.1) and (E.2) into (E.3), k. is obtained as:
> (E.4)

_ km (A(kp—km) @+ Akm+K ) Bmax”
(_1+®max)(kf_km)<l’_omax2(kf_km)(l’+(Akm+kf)®max

ke
Input the selected values states in Section 6.4.3.1. The CF/PEEK thermal

conductivity in lateral direction can be predicted shown in Figure 6.13.
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Appendix F

Halpin & Kardos Theory

In the theory of Halpin & Kardos [160], semi-crystalline polymers are assumed
to behave as a multi-phase composite solid to develop an equation to link the
crystal fraction to the storage modulus of the material. It is shown that the
modulus of a semi-crystalline polymer is comparable to that of a randomly-
reinforced polymer, where the geometry of the reinforcement is similar in
structure to the crystal morphology. Morphology ranges from spherulites
consisting of extended fibrils at low volume fractions, to densely packed

lamellae at high volume fractions.

Consider a volume fraction of reinforcement fibres, vy, with aspect ration l/d,
stiffness S,,, modulus E,., and Poisson ratio v,.. The fibres sit within a matrix of
stiffness S,,, modulus E,,, and Possion ration v,,. Typically S,~103S,, and

E, = 103E,,.
The stiffness of the material in the fibre direction, S;, is given by

S11 _ 1+2(l/d)nsior

Sm 1—73s1 0 (F.1)
Where
_ Sf/Sm—1
1= s/ (F.2)
Furthermore, the in-plane shear modulus, E;,, is given by:
Eﬁ — 1+nsy 0 (F 3)
Em 1—7752117,' )
Where
= Er/fm=1 (F.4)

T E.JEp+1’
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The stiffness transverse to the fibre direction is given by

522 _ 142 7752 Uy
Sm 1-nSup’

where

_ S¢/Sm—1
NS, = Lm—
Syr/Sm+2

The Poisson coefficient is given by the rule of mixtures

V12 = UpVp + Uy (1 — 0p).

Where
Sr
Vr =325 Y
T
S
Uy = 2 —
2Em

(F.5)

(F.6)

(F.7)

(F.8)

(F.9)

It is shown that the elastic coefficients for a randomly reinforced solid can be

expressed as

4Us(U1—Us)
Uy

S =

)

Uy -2Us
Uy

<
Il

)

E:US,

Where the invariant terms are given by

1
U, = §(3Q11 + 3Q22 + 2Q12 + 4Q¢6),

Us = %(Qn + Q2 — 2012 + 4Q66)-

With
Q — S11
1 1-v12V21
Q — S22
22 1-v12V2,
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(F.10)

(F.11)

(F.12)

(F.13)

(F.14)

(F.15)

(F.16)
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Q12 = V12022 = V21011, (F.17)

Qes = G12- (F.18)
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