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Abstract

This study looks at the development of 3D printing technologies for the purpose of creating
thermally conductive composites using continuous pitch carbon fiber and how various printing
parameters affect thermal conductivity of samples. An initial prototype 3D printer was made with
a custom dual nozzle extruder to print pitch carbon fibers, initial samples were measured with
37.1 W/mK effective thermal conductivity, this was much lower than what was expected of the
samples. Imaging and uCT scanning confirmed fibers were breaking at some point in the process.
A heat flow meter in a vacuum chamber was designed and fabricated to measure thermal
conductivity of individual tows of carbon fibers to characterize breakage. The printing parameters
affecting breakage were diagnosed and it as found that the angle between the nozzle and the
printing bed had the greatest impact on breakage after a new printing system was developed

using a 6-axis robot arm.
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Chapter 1 Introduction

The exponential growth found in the increasing transistor density within electronics has
led humanity to a thermal management crisis. The rapid miniaturization of electronics for handheld
devices and increased power consumption to improve product performance has forced the
creation of many new techniques in improving the cooling systems for such products. Electronics
that consume power dissipate most of the electricity input as thermal energy, the task of cooling
these electronics has been mostly held by heatsinks. Although conventional air-cooled heatsinks
have been doing an adequate job at cooling electronics for the last half of the 20™ century, modern
electronics have strained their usability. In general, electronics using transistors need to be kept
at below 85°C to avoid damaging of the components, with the heat fluxes found in the modern
era, this task is becoming unmanageable by convectional common heatsinks used [1]-[3].
Modern advancements have investigated methods of cooling high performance products more
efficiently whilst reducing weight. The heavy all-metal heatsinks are not desirable for use in
handheld devices, aerospace, and automotive industries as the increased weight of the heatsink
will cause decreases in performance. Weight reduction has been a strategy adopted by airlines
for the past decades, stories exist of companies like United Airlines switching to a lighter paper
which drop the weight of their aircrafts by 11 pounds, going onto saving the company almost
$300,000 a year [4]. CubeSat satellites are standardized method for researchers to send testing
equipment into space, the size and weight constraints of 1 kg set by NASA generates a need for
weight saving for the testers [5]. Furthermore, due to the nature of handheld and wearable
technology, large strides have been made to create light weight heatsinks, such as those for

wearable coolers that use innovative colling methods to cool thermoelectric devices [6], [7].



1.1 Research Motivation

Methods for weight saving in the terms of heat transfer can involve a variety of tactics, one
of the most important aspects of weight reduction is the development of new materials used in
heatsink designs. Aluminum and copper metals are conventionally used as heat exchanging
materials, due to their high thermal conductivity, however their density is one of their greatest
drawbacks. With the influx of high-power electronics, the weight of these materials has forced
researchers to look at alternative materials with low density and higher thermal conductivity. New
carbon-based composite materials with engineered molecular structures such as graphite,
pyrolytic carbon, carbon nanotubes, and pitch carbon fibers have all been investigated [8]—[11].
Ongoing innovations into the field of manufacturing these materials necessitates new
manufacturing methods for composites as well.

Additive manufacturing (AM) is an approach growing in popularity, where rather than
subtracting materials from a stock material, the desired part is built up from scratch through a
variety of techniques. This form of manufacturing eliminates the need for custom tooling for each
part, and allows for designs to be realized much quicker, making it advantageous for use in rapid
prototyping and low volume productions. Electronics in previously stated industries and
experimental setups suffer from the lack of customizability in their cooling systems, as they are
made in a low volume and are complex, requiring extravagant coolers to be produced through
conventional techniques. Many industries have already looked to AM to cut tooling costs for low
volume productions, though its use in the field of thermal management has been limited.

The combination of AM with thermally conductive materials will allow for the development
of high performance heatsinks and heat exchangers to address the shortcomings of conventional
heat sinks. The use of 3D printing will also allow for custom heatsinks to be manufactured with

complex geometries, bespoke to the user’s needs for cooling.



1.2 Research Objectives

Previous work has shown that a viable material to be used in 3D printing for the creation
of heatsinks and heat exchangers is continuous pitch carbon fiber (PCF) [12]. As continuous
polyacrylonitrile (PAN) carbon fiber (CF) has been printed before into mechanically strong
composites, it is hypothesised that PCF can be printed to enhance composites thermally.
Therefore, this thesis will address three main objectives of this project:

1. Develop a 3D printing system which can additively manufacture continuous PCF
polymer composites and quantify the effective thermal conductivity of these
composites.

2. Develop an understanding of factors affecting PCF breakage during PCF processing
and 3D printing, causing reductions in effective thermal conductivity.

3. Develop an improved continuous PCF 3D printing system that addresses the
shortcomings of the original PCF process and helps to mitigate PCF breakage.

By accomplishing these objectives, an understanding of how PCF is affected during the

printing process is developed. The methods are improved and developed which will allow future
researchers to fabricate lightweight, 3D-printed heat exchangers with good PCF continuity and

high effective thermal conductivity.
1.3 Thesis Outline

The thesis is organized into Chapters, with most Chapters corresponding to work done in
several publications (either submitted or in preparation), with the exceptions being Chapter 2
which consists of a literature review and Chapter 7 which are the concluding remarks and outlook
on the technology.

Chapter 3 represents the culmination of the work of several researchers into 3D-printed

PCF composites and describes the primary approach for processing and 3D printing the



continuous PCF polymer composites used in this thesis. This Chapter details materials, PCF pre-
processing, design of the 3D printer, sample fabrication, and initial sample thermal conductivity
measurements. Samples were manufactured with different grades of PCF and with a range of
volume fractions. Results from this Chapter were positive but highlighted the issue of fiber
breakage. The understanding and mitigation of fiber breakage therefore becomes the central
motivation behind the remainder of the thesis. Chapter 3 has been submitted to Additive
Manufacturing Letters as “Thermal Conductivity of 3D-Printed Continuous Pitch Carbon Fiber
Composites” and is currently under review.

Chapter 4 describes the development of a thermal metrology technique for the purpose of
diagnosing how different printing parameters affect the thermal conductivity of individual PCF
tows and printed rasters. This apparatus consists of a bespoke flow meter contained with a
custom vacuum chamber to test individual samples using a single tow of CF. This measurement
technique was required because printing larger-scale samples (such those used in Chapter 3 for
experimenting of each individual printing parameter) was not feasible due to the high costs of the
PCF, and the long printing times for the samples. Chapter 5 presents the results and discussions
for how varying printing parameters affect PCF thermal conductivity, measured using the method
developed in Chapter 4. Together, Chapters 4 and 5 are currently being drafted into a journal
paper entitled “Characterization of Fiber Breakage and Effective Thermal Conductivity of 3D-
Printed Continuous Pitch Carbon Fiber Composites”.

Chapter 6 presents the development and printing of continuous PCF using a revised
extruder and a 6-axis robot arm. This setup was developed in order to vary printing methods,
particularly the nozzle angle. Other printing operations such as printing curvatures with various
radii, and corners with and without turning radii were tested to evaluate the ability to print more
complex PCF composite geometries. The samples printed were also characterized using the
apparatus developed in Chapter 4. Most of the work done in this Chapter was presented at ITherm

4



2022 in a conference paper and presentation entitled “Thermal Characterization of Continuous
Pitch Carbon Fiber 3D-Printed using a 6-Axis Robot Arm” [13], and an expanded study is being

drafted for journal publication.



Chapter 2 Literature Review

As electronics become smaller and power consumption increases, electronics cooling has
become a major bottleneck for many industries. The aerospace, automotive, telecommunications,
and wearable technologies sectors specifically require lightweight, high-performance coolers for
their technology to function well. Because of its low cost, high machinability, and high thermal
conductivity, aluminum has long been the dominant cooling material for many industries. Although
metals such as copper and aluminum are very effective, they have weight limitations and cannot
be used to create complex geometries. As a result, many researchers have explored the usage
of polymer composites [14], [15]. Although polymers have low thermal conductivities, melting
points, and yield strengths (which render them unlikely candidates for use as heat exchangers),
they have other properties, including flexible design and an ability to accommodate fillers, which

make them suitable for use in heat exchange.
2.1 Polymer Heat Exchangers

Pure polymer heat exchangers maintain high performance in low power applications while
also being corrosion resistant, electrically insulated, and easy to manufacture [16]-[18]. Arie et
al. manufactured an air-to-water heat exchanger by laser-melting thin layers (150 um thickness)
of high density polyethylene polymer; their designed heat exchanger had an overall heat transfer
coefficient of 35-120 W/m?K, depending on fluid flowrates [19]. It was generally seen that the thin
polymer walls used for the transfer of heat only accounted for 3% of the overall thermal resistance
of the system, hence the effectiveness of the polymer. Kroulikova et al. compared a commercial
automotive radiator with one manufactured from bundles of thin hollow fibers (1 mm outer
diameter with 0.1 mm thickness) made from Polyamide 612 [20]. The custom polymer heat
exchanger was 10-15% more efficient than the metal heat exchanger and 30% lighter. BroZova

et al. used similar hollow fibers to create a heat exchanger from bundles of the hollow fibers with



overall heat transfer coefficients of 250 W/m?K and 80 W/m?K for forced and natural convection,
respectively [21]. Christmann et al. designed a falling film plate heat exchanger made from PEEK
for use in seawater desalination; PEEK is an attractive choice because it has high corrosion
resistance but is significantly less expensive than the corrosion resistant metal alloys generally

used [22].
2.2 Polymer Composites

Pure polymer heat exchangers require extensive design efforts to accommodate the low
thermal conductivity of polymers. Several methods have been devised by which thermal
conductivity is increased by using thermally conductive fillers [23], [24]. High thermal conductivity
fillers, such as carbon, ceramic, or metal particulates, are dispersed throughout the polymers.
These fillers are in the nanometer to micrometer range, depending on particulate [25], [26]. Many
studies have been carried out to create and characterize the material properties of polymer
composites, because it is a tried-and-tested way to create low-weight, high-performance
composites [15]-[19]. Serkan Tekce et al. investigated the effects of copper particulate, in various
geometries and volume fractions, mixed into polyamide polymer; they discovered that a polymer
filed with 60% copper platelets can increase effective thermal conductivity by up to 12 W/mK [32].
Trojanowski et al. discovered that a tenfold increase in the thermal conductivity of a polymer can
result in heat exchanger effectiveness similar to that of one constructed from stainless steel [33].
The through-plane thermal conductivity of woven fibers was improved 2.8 times by Srinivasan et

al. when they introduced diamond powder into the binding epoxy [34].
2.2.1 Particulate Filler Composites

When metallic and ceramic fillers are used in polymers, they generally only increase
effective thermal conductivities by a factor of up to 10 to 20 times that of the original polymer [27].

Further improvement of the effective thermal conductivity of polymer composites requires the use



of carbon-based high thermal conductivity materials such as graphite, CFs, and carbon
nanotubes. The unique chemical structure found in these materials allows them to have thermal
conductivity values of 600-3000 W/mK, allowing for smaller volume fractions of fillers to greatly
affect the effective thermal conductivity of the composite [26], [30], [35]. For example, Yuan et al.
used multi-walled carbon nanotubes to create a composite polymer that achieved thermal
conductivity of 18.9 W/mK at a relatively small weight ratio of 1% [36]. Jin Gyu et al. created
composites out of stretched sheets of multi-walled carbon nanotubes that had a thermal
conductivity of over 100 W/mK at higher weight concentrations of 60% [37]. Though multi-walled
carbon nanotubes have the highest thermal conductivities found in engineering materials, they
have yet to be adopted by industry due to high levels of impurities found in samples; rather, CFs

dominate the industry at present [38].
2.2.2 Carbon Fiber Reinforced Polymer Composites

CFs are continuous chains of carbon formed into micrometer diameter fibers. Their
chemical composition and orientation allow them to have excellent anisotropic material properties
[39], [40]. There are two mainly used precursor materials when creating CFs which determine the
final product’s properties: PAN and mesophase pitch. CFs made from PAN are have smaller
diameters (1-5 um); they are used in strength reinforcing due to their high tensile strength and
low cost, allowing for low weight yet strong parts [41]. Pitch-based CFs are made from mesophase
pitch; this causes the fibers to form in larger diameters (10-11 um). These fibers are known to
have extremely high thermal and electrical conductivity [42]. PCF only accounts for only 5% of
CFs produced because they have been generally deemed too difficult to handle due to their high
brittleness compared with PAN-based CF. Manufacturing involving the use of CFs can be split

into two groups identified by the usage of continuous or discontinuous fibers as fillers.



2.2.2.1 Discontinuous Carbon Fibers

Discontinuous carbon fibers are CFs that have been respectively chopped or milled
mechanically to small rods or powder in sizes ranging from millimeters to micrometers. Chopped
and milled fibers are simpler to implement because they can be mixed into a polymer matrix as
an additive, with minimal requirements to modify manufacturing. Discontinuous CFs can be added
to a polymer matrix and then extruded with ease for manufacturing methods such as injection
moulding. Flock et al. used injection moulding to create polymer composites of PEEK and CF to
test for wear resistance [43]. Similarly, Yuan et al. created PEEK and CF polymer composites and
tested their thermal and mechanical properties, comparing composites made from PAN and pitch
CFs [44]. Discontinuous fibers are a cheap and simple way to increase the mechanical and
thermal properties of polymers; however, these materials have disadvantages which can result in
only marginal increases for the polymer composite over the values for the base matrix. One issue
most polymer composites face is voids forming within the structure. Miyachi et al. developed a
method to measure thermal diffusivity in CF and resin polymer composites [45]. By comparing
impregnated and non-impregnated samples, they found that impregnated samples had, on
average, double the thermal diffusivity of non-impregnated samples, implying that a large number
of voids exist in the samples. Fibers suspended in the polymer matrix also need to be axially
aligned because the fiber properties only exist in the axial direction. Kuriger et al. developed a
novel method to align fibers during extrusion to increase thermal and mechanical properties, this
method untangled the fibers and aligned them at least £30° from the axial direction [46].

The most significant disadvantage of discontinuous fibers can be attributed to their
discontinuous nature which introduces breaks in between the fibers where polymer or air voids
exist, causing weak points and discontinuity. Kuriger and Alam manufactured aligned CF polymer
composite samples and found that even at high levels of uniaxial alignment at a volume fraction

of around 23% they showed axial thermal conductivity of approximately 6 W/mK [47]. Others have

9



also noticed this discrepancy: though material properties can be predicted accurately, relatively
high volume fractions only yield slight increases over simple polymer matrices [48]-[50].
2.2.2.2 Continuous Carbon Fibers

Continuous CF composites, as their name suggests, are composites in which the
continuous fiber is incorporated throughout the entire sample without any discontinuities, allowing
for high anisotropic properties. This method is the preferred way of using CF as a composite: the
resulting composite has properties like metal alloys but also decreases the overall weight
significantly. The general manufacturing process for continuous CF composites involves vacuum
bagging or autoclaving continuous fiber patterns in a mould and curing the resin to create a solid
structure; this method is commonly used in the aerospace, automotive, and structural industries
[51]-[54]. Many research studies have been conducted on optimizing and cheapening the
manufacturing methods for continuous CF composites. Park et al. compared the mechanical
properties of samples made from vacuum bagging and the autoclave process and discovered
that, although much cheaper, the vacuum bagging process showed similar results to samples
made by autoclaving [55]. Koushyar et al. further showed that manufacturing parameters such as
temperature, pressure, and time during the autoclaving process can have a large impact on the
sample’s properties [56]. Continuous carbon fibers can also be weaved to make panels. Joven
and Minaie conducted a study in which they measured the material properties of the composite
sample with variations in the weave patterns [57]. Although continuous CF manufacturing has
primarily used PAN carbon fibers because industries such as aerospace and automotive require
lightweight and high-strength parts, these manufacturing techniques have been applied to pitch
carbon fibers as well. Martins et al. used the vacuum bagging process to create a heat-dissipating
electronics container; the container was able to dissipate heat almost as effectively as an identical
aluminum sample while having a weight reduction of 23% [58]. Silva et al. created a pitch and
PAN CF weave and measured the thermal conductivity of the whole sample while varying the

10



angle of the fibers to the direction of heat flow, creating thin plate samples with thermal
conductivities of 150 W/mK [59]. Gaier et al. tested the thermal conductivity of woven pitch-based
CF composite structures and found irregularities between predicted and experimentally obtained
values; however, overall they suggest that weaving low and high thermally conductivity fibers
together in such a way could allow for intricate heat transfer paths [60]. Athanasopoulos and
Siakavellas successfully used pitch carbon fibers to create and test a thermal cloak, using the
high anisotropic thermal conductivity to nullify heat flux and create an isothermal region across a
set area [61]. Northrop Grumman Space Technology undertook an investigation into multiple
materials to be used as thermal radiators to cool down electronics in space-faring satellites and
compared high thermal conductivity carbon fibers composites to one another [62]. Goncharov et
al. manufactured four thermal radiators made from high-thermal-conductivity continuous CF
polymer composites and found that they satisfied Russian space standards in their testing [63].
Automated tape and fiber placement is another method of manufacturing with continuous fibers,
in which tows of fibers are laid into a mould using a tape roller to make lightweight, high strength
parts [64]-[66]. The fiber placement method allows for large scale production of composite parts,
however specific issues are still faced in production that leads to defects, which have been
explored by researchers [67]. Denkana et al. created a monitoring system to inspect for defects
such as gaps, overlaps, twisted tows, and foreign bodies as these were deemed to be defects
that cause structural weaknesses in manufactured parts [68]. Mathematical work has been done
to discover algorithms for proper placement of the fibers, as depending on the stress felt by the
parts, there is need to align with respect to the anisotropic properties of the fibers [69]. As can be
seen, continuous fibers offer many advantages, especially in the use of lightweight high-
performance structures, which has led to many studies adapting them to other manufacturing

methods.
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2.3 Additive Manufacturing

AM is a category of manufacturing that uses 3D printers to easily build complex geometries
with metals, polymers, and ceramics from the ground up. Compared with other manufacturing
methods, AM is a new and still developing field with large amounts of research still ongoing to
facilitate its adoption into industries. Several unique types of AM exist, each with their own
strengths and weaknesses. The most common are binder jetting, directed energy deposition,
material extrusion, material jetting, powder bed fusion, sheet lamination, and vat
photopolymerization [70]. Depending on the process, metal alloys, engineering polymers,
ceramics, composites, smart materials, and bio-inks can all be used as precursor materials for
creating parts. Further research is ongoing into different materials to be used in 3D printing [71].
Several industries have already begun employing AM because it allows rapid prototyping of
bespoke parts with complex geometries. AM is particularly useful in dentistry: vat
photopolymerization methods such as stereolithography are already being used to create resin
orthodontic aligners, and many surgeries can be simulated on a 3D-printed model to avoid
unexpected issues [72]. The aerospace industry benefits greatly from the low production volumes
and high complexity made possible by AM, because these reduce the high costs and time involved
in tool manufacture [73]. Companies like Relativity Space have already introduced metal 3D
printing as an alternative manufacturing method for rockets because of the restrictive tooling costs
associated with large rockets [74]. Other industries are on the cusp of adopting 3D printing as
their preferred manufacturing method; in particular, the enhancement and manufacture of heat
exchangers has been greatly investigated in the past decade. Current manufacturing techniques
for heat exchangers are limited by the conventional machining of metal alloys and their complex
assembly; designs are based on existing models of heat exchangers. Direct metal laser sintering
and laser powder bed fusion manufacturing methods have been widely adopted and investigated

for creating unigue, single-part, metal heat exchangers with complex geometries [75], [76]. These
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manufacturing methods are particularly beneficial for use in heat exchanger manufacture because
of the ability to mathematically optimize designs in a way that is not feasible using conventional
means. 3D printing also further improves heat transfer characteristics in heat exchangers
because of the nature of the manufacturing process: rough surfaces and internal micro channels

greatly increase heat transfer and pressure drop [77], [78].
2.3.1 Fused Filament Fabrication

Although 3D printing is a disruptive technology that has changed how engineers look at
design and manufacturing processes, entry into the field is still prohibitively expensive because
of the high costs associated with the machines. Only Fused Filament Fabrication (FFF) has found
commercial success, owing to its ease of use and low cost [79]. In FFF, an extrusion system is
used to primarily melt a thermoplastic precursor material though other materials; materials most
often used are thermosets, rubber, ceramic, and a wide variety of composites [80]. The extruded
material is guided by a three-axis CNC motion system; its motion is controlled by a Gcode file,
historically used for CNC machining. The extruded material is laid down in layers to additively
built parts. Thermoplastics are the simplest and easiest material to print using this method;
polymers like polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyethylene
terephthalate glycol (PETG) have become the most widely used polymers for FFF. FFF is the
most widely adopted 3D printing solution because of its low cost, ease of use, rapid prototyping
capabilities, and use of open-source hardware and software. FFF has limited usefulness because
it uses thermoplastics which, though easy to print, have low melting points, mechanical strength,
and chemical resistance; this has led to many investigations on how to improve the material

properties of thermoplastics.
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2.3.2 Composites in Fused Filament Fabrication

As with regular polymer structures, the need to improve material properties has yielded
many investigations using both continuous and discontinuous fillers in thermoplastics. Companies
like Markforged have taken many steps to standardize the use of fillers in FFF; their printers,
which can print polymer composites with metallic and ceramic powders as well as continuous
fibers such as glass, Kevlar, and carbon, have led to commercial success [81], [82]. Although
continuous fillers offer far greater capabilities when incorporated into polymer composites, studies
on fillers have been skewed more in favour of discontinuous fillers because no modifications are

needed to the existing 3D printing infrastructure [83].

2.3.2.1 Discontinuous Fillers in Fused Filament Fabrication

In AM, discontinuous fillers and particulates are used in a similar fashion to how they are
used in the conventional manufacturing of polymer composites. Within the extruder in the
conventional FFF process, polymer filament of diameter 1.75 mm or 2.85 mm is inserted into the
extruder. There, it is melted and mixed in the liquefier stage, then extruded out of the nozzle.
Manufacturing filament with different compositions of particulate filler and polymer, then feeding
that through the extruder is simple and requires no modification of the original extruder (though
some hard particulate may damage the nozzle over time, making nozzles made from harder
materials better suited to this method). A wide selection of particulates in different polymer
matrices have been tested; studies show that metal- and carbon-based particulates have the
highest impact on the material properties of manufactured composites [84]. Researchers like
Singh et al. have already developed repeatable methods to improve the thermal performance of
printed samples using chemical and mechanical mixing to create ABS filament with graphene
filler. Zhang et al. investigated the specific heat capacity and thermal conductivity of carbon fibers
chopped to lengths of 5-6 mm with carbon nanotubes grafted onto them, and carbon

nanoplatelets and nanotubes in polyamide 12 at varying filler ratios [85]. Through testing of
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samples produced through FFF, it was discovered that polyamide 12 with 15% carbon
nanoplatelets and 1% carbon nanotubes had the highest thermal conductivity increase from that
of the base polymer. Ferreira et al. conducted experimentation on the mechanical properties of
3D-printed samples made from PLA filled with 15% carbon fibers by weight (PLA+CF, ProtoPasta)
[86]. As the fiber lengths found in the PLA were on average 60 pum, they helped to increase the
tensile and shear modulus of the samples over the pure polymer; however, they had negligible
effects on the strength of the part when tested in the direction of printing—this was attributed to
the extremely short lengths of the fibers. Blanco et al. produced their own filaments, mixing PLA
with 10%, 20%, and 30% PAN-based carbon fibers by weight. On examination, the thermal
properties of the printed samples showed a modest improvement in thermal conductivity from
0.16 W/mK to 0.21 W/mK for the 30% CF by weight sample [87]. Zhu et al. showed that the
thermal conductivity of polyamide 12 with 6% carbon nanoplatelets by weight was 51.4% higher
when printed in the direction of the heat flow than if the same sample was made by compression
moulding [88]. Love et al. discovered that adding 13% PAN-based carbon fibers by weight with
average length of 3.2 mm to ABS polymer resulted in double the tensile strength and quadruple
the tensile modulus for in-plane samples, but the samples were weaker in the z-direction [89].
The lower properties in the z-direction were attributed to the higher stiffness caused by the added
filler. The layers did not conform to one another, resulting in poor adhesion; however, this also
led to less curling and higher dimensional tolerance in prints. Dorigato et al. created their own
composite feedstock out of ABS and multi-walled carbon nanotubes, which they used to make
parts through compression moulding and FFF [90]. They learned that even though the filler
particulate was discontinuous, material modulus and stiffness increased in the direction of
printing. In terms of print quality, Liu et al. discovered that printing PLA with wood fibers and
carbon fibers prints resulted in high formability, while the same polymer with aluminum, copper,
and ceramic had higher amounts of print failure [91]. They also point out that using short fibers
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reduces interlayer bonding, causing the samples to have lower material properties than those of
the virgin PLA. Large area AM also takes advantage of discontinuous fibers; Hassen et al. showed
that by feeding chopped carbon fibers into the screw extruder, along with the polymer matrix,
large polymer composites can be produced. The shear force in the polymer during the process
causes the fibers to mostly align in the direction of printing [92].

These studies on the usage of fillers in polymers for FFF arrive at similar conclusions, and
three main issues can be observed in the final printed composites. First, it is paramount that the
discontinuous fibers align, because multiple researchers have observed that unaligned fibers only
marginally improve properties when compared with aligned fibers. Second, interlayer bonding is
heavily affected by the amount of filler in the polymer: having too much filler results in poor layer
adhesion, mechanically weakening the parts. Third, even when filler fibers are aligned and
interlayer bonding is not an issue, the achieved increases in thermal and mechanical properties
are only marginal compared with what the properties of the filler suggest could be possible.
2.3.2.2 Continuous Fillers in Fused Filament Fabrication

The manufacturing of continuous fiber composites by FFF requires that modifications be
made to the commercial extruder because there are many additional aspects to consider.
Conventional FFF machines have a liquefier stage in which a polymer filament of diameter 1.75
mm or 2.85 mm is inserted, melted and mixed, and then extruded out of a smaller diameter nozzle.
The conventional extruder must be madified to allow for the continuous fiber to pass through the
liquefier stage and out of the nozzle without breaking or mixing, or a second nozzle must be
introduced specifically for the continuous fiber extrusion. In the past decade, many methods have
been devised by both researchers and companies to create continuous-fiber-reinforced polymers
(CFRP) using a modified FFF method, and researchers have looked into how various printing

parameters affect the mechanical properties of the printed samples [93]. Continuous fiber
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extruders also require a cutting and compacting mechanism for better print path controllability and
higher layer bonding, respectively [94].

Due to the nature of the process, three methods exist to implement continuous fibers in
the fused deposition modeling process: before the nozzle, in the nozzle, and after the nozzle
[95],[96]. One of the most successful continuous fiber printers has been the Mark One
(Markforged), which uses a before-the-nozzle approach to print glass, kevlar, and carbon fibers
in a nylon matrix. Parts tested by Dickson et al. showed that samples printed using CF had a
tensile strength 6.3 times that of the pure polymer samples [97]. Zhang et al. used numerical
simulations to develop and optimize a before-the-nozzle extruder that could extrude a continuous
CF composite filament; their nozzle was optimized to limit blockages and increase formability [98].
Before-the-nozzle extrusion requires the fibers used to be coated in the matrix polymer prior to
printing; the coating is required because the matrix polymer will be used to fuse layers and fibers
to each other. Prior coating allows for the fiber filament to be gripped by the extruder gears so
that the fibers may be forced through the nozzle; otherwise, the fiber’s flexibility will cause it to
become pliable and clog the nozzle.

Pultrusion methods have also been developed by researchers. Vaneker developed a
coating system for comingled fiber which involved feeding the fibers through a bath of molten
polymer (in this case polypropylene) and out of a nozzle that created filament with diameters of
1.76 mm and 1.23 mm [99]. Similarly, Ming et al. coated fiber tows in UV curing resin prior to
printing; the cool hardened resin was then extruded through a nozzle and cured on the print bed
with UV lasers [100].

In-nozzle implementation is a popular method for the FFF of continuous fibers because it
does not require any preprocessing of the continuous fibers and it is easy to change the matrix
polymers. Matsuzaki et al. popularized this method of printing; they created a secondary port in
the liquefier stage of the extruder where CF tows could be inserted, coated with the polymer
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matrix, and coaxially extruded out of the nozzle [101]. PruR and Vietor also developed a novel
extruder; the fibers were fed down the center port of the extruder and two ports from the sides
were used to feed polymer filaments into the liquefier [96]. The dry continuous fibers are sucked
down with the flowing polymer through the nozzle. As the fibers had no rigidity to be extruded on
their own, the fiber feeding could not be controlled, and this is deemed to be disadvantageous for
3D printing. Ibrahim et al. also worked on a wire 3D printing setup, which allowed them to create
metal wire reinforced polymers, polymers with wires arranged in varying orientations within can
then be used for various applications such as sensors or heating elements while increasing
mechanical strength [102], [103].

The last method of continuous fiber implementation involves using a secondary
mechanism to implant the continuous fibers after printing the polymer matrix. Mori et al. were
among the first to experiment with this idea: they added continuous carbon fibers in between
layers by hand during printing. The samples were then placed in an oven to fuse the CF to the
polymer matrix [104]. Baumann et al. tried several approaches for post-nozzle implementation
such as laying continuous fibers between layers of polymer by hand, using a heated needle to
press fibers into the polymer, and using chemical solvents to melt fibers into the polymer matrix
[95]. Although post-nozzle implementation of fibers gives the most direct control for continuous
fiber placement, this method is more akin to technigues not considered to be AM; it also does not
take advantage of many of the strengths of AM.

Testing has been carried out across the many processes used to integrate continuous
fibers in FFF to see if material properties comparable to those conventionally produced can be
achieved in composites. Araya-Calvo et al. measured the flexural and compressive properties of
3D-printed polyamide 6 reinforced with continuous CF produced by Markforged. The samples
they tested were comparable to parts made from compression moulding [105]. Giarmas et al. 3D

printed glass-fiber-reinforced nylon honeycomb structures using a Mark Two (Markforged) printer
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to investigate the effects of differing fiber orientations; the final printed samples were deemed
good replacements for the same structures manufactured using conventional methods [106].
Heidari-Rarani et al. manufactured their own extruder and CF filament. They printed CF-
reinforced PLA samples to test bending and tensile strength, and found that the addition of
continuous fibers increased the properties greatly when compared with pure PLA [107]. A large
factor that causes poor results for the continuous fiber reinforced samples is the appearance of
voids between the fibers and matrix. Zhang et al. show that by infusing samples with epoxy the
samples had 29.3% and 22.1% higher stiffness and strength, respectively [108].

The effects of various parameters found in FFF on the properties of continuous fiber
composites have been studied extensively. Chacon et al. studied the effects of varying fiber
volume fraction, build orientation, and layer height for nylon reinforced with various continuous
fibers [109]. Unconventional printing methods for continuous fibers, such as variable layer

thickness and non-flat layers, have also been studied and found to be effective [110][111].

2.3.2.3 Continuous Pitch Carbon Fiber in Additive Manufacturing

Although many studies have been carried out on continuous fibers in AM, most of these
studies compare the various mechanical properties found in polymers reinforced with either
natural fibers or PAN-based carbon fibers. Examination of thermal properties has largely been
restricted to polymers with discontinuous fillers, with no studies or work carried out to date on
additively manufacturing thermal conductive composites using continuous fibers. Comparing to
other metals and polymer composites with respect to thermal conductivity and density (specific
thermal conductivity), a large opportunity presents itself as PLA with 20% volume fraction scores
higher on this figure of merit then other materials, as seen in Figure 2-1. Compared to other
composites using graphene-based fillers, higher thermal conductivities with lower weight and filler

volume fraction can be obtained.
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Figure 2-1: Specific thermal conductivity (thermal conductivity divided by density) of varying metals and graphene polymer
composites [29].

Pitch-based carbon fibers have only been used as chopped or milled fibers mixed into
polymer matrices to improve thermal conductivity; little to no work has been done to investigate
continuous pitch carbon fibers (PCF) in FFF. This is likely because of the extreme brittleness of
pitch carbon fibers; the harsh 90° angle the nozzle makes with the printing surface is hypothesized
to cause large amounts of breakage. Initial studies by Ibrahim et al. determined that if a continuous
PCF-reinforced polymer composite could be printed, with PCF making 20% of the volume fraction,
polymer composite thermal conductivity would rival that of aluminum alloy 6061 which is

commonly used in heat sink applications [112].
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Chapter 3 Continuous Pitch Carbon Fiber 3D Printing

The lack of literature investigating continuous PCF 3D printing has led to the investigation
of discovering a method to 3D print high effective thermal conductivity samples. The use of fused
deposition modeling to extrude continuous PCF would allow for samples with directed heat flow
paths. The use of AM would also allow for higher volume fractions of PCF as the extrusion will be
much more controlled than what can be achieved by hand laying. This study explores the creation
of the continuous PCF printing setup and the testing of samples effective thermal conductivity
produced by the new 3D printer. The effective thermal conductivity was compared to the parallel

analytical model to withess how effectively the continuous PCF was printed.
3.1 Methodology & Experimental Set-up

PCF produced by Mitsubishi Chemicals were chosen and used in the 3D printing process
as seen in Table 3-1 due to their high thermal conductivity and commercial availability. The
polymer matrix used throughout the composites produced in this study was limited to PLA, this
polymer was used due to its ease of printability and low cost, later on different polymer matrices

should be looked into, especially if the outlook tends towards high temperature settings.

Table 3-1: Material properties of continuous PCF (Mitsubishi Chemicals).

Propert Densit Yield Tensile Tensile Thermal Electrical Fiber Fiber Tow
perty y Strength Modulus Conductivity | Resistance Diameter Count
Units g/cm3 g/1000m MPa GPa W/mK HQmM um Fibers

K13D2U

2.21

365

3799

938

765

15

11

2000

K1392U

2.15

270

3700

760

210

5

10

2000

K1352U

2.12

270

3600

620

140

6.6

10

2000

3.1.1 Modified 3D Printing Process

Before 3D printing with the PCF listed in Table 3-1, the fibers had to be coated with the
polymer matrix, this was a necessity as the CF did not have the rigidity required to be fed through
a direct drive extrusion system. This coating was done using a custom pultrusion device, the

apparatus included a polymer bath which the CF would be passed through. After the polymer
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bath, the CF would be pulled through a nozzle, the nozzle diameter was set to 0.8 mm, this
diameter was chosen as smaller diameters meant it was harder to initially feed the carbon fibers
through, while larger diameters would mean that the filament produced would be too thick to
extrude. After the PCF was pultruded through the nozzle, it would be laid on an aluminum cooling
rack, which in the end resulted in 2 m long PCF filaments that could be fed into the extruder.
Rolling the PCF filament was not possible has the hardening of the PLA as it cooled immediately
after leaving the polymer bath meant that the new filament was far too brittle to be rolled up. The
process of coating the PCF can be seen in Figure 3-1.

Pitch Carbon Pultrusion

Fiber Spool Nozzle

Aluminum Cooling
‘ Rail
Molten

2 PLA Bath Coated Pitch CF

Figure 3-1: Diagram of the pitch carbon fiber filament creation process.

As the higgest problem with 3D printing of continuous PCF was the high brittleness of the
fibers, a new nozzle was designed and fabricated to amend for this inconvenience. In other
studies, the continuous printed wires or fibers are extruded from the nozzle at a 90° angle to the
printing bed. This sharp angle can exacerbate fiber breakage during the extrusion of pitch-based
CF due to its lower flexural strength, especially compared with metal wires and PAN fibers used
in previous studies. Breakage of the continuous fibers must be avoided as this reduces the
effective thermal conductivity of the fabricated composite due to the discontinuity in the heat flow

paths.
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In the present study, an open-source FFF printer (Prusa MK2 i3, Prusa Research) was
modified to print with the pre-coated pitch-based CF filaments described in Figure 3-1. To help
address the challenge of PCF breakage, a custom printing head angled at 45° to the printed bed
was designed to prevent fiber breakage by reducing the bending stress on the CF filament during
extrusion. The custom heating block was made of aluminum and designed to allow for the use of
dual extrusion nozzles as shown in Figure 3-2. The right nozzle was used to extrude the polymer
matrix at 90° to the bed, while the left nozzle printed the pre-coated fibers at 45°. In doing so, the
fibers were subjected to less shear stress during extrusion, and the use of dual nozzles allowed
for more control over the fiber-to-polymer ratio and print quality.

A second feed motor was used to control the independent extrusion of the fibers and the
polymer. The fiber feed motor was fixed directly in front of the fiber printing heat sink, allowing for
optimal control in feeding the fibers into the printing nozzle, with the shaft of the motor wrapped
in rubber to ensure feeding traction. The fibers were fed all the way through the heat sink with a
PTFE tube to guide the filament until it was extruded,; this insulated the fiber filament to ensure it

did not melt and clog inside the nozzle.

<—— Polymer filament

Pitch carbon

fiber filament <—— Modified hotend holder

Fiber feeding gear

<

Printing direction

Figure 3-2: Diagram of the initial continuous pitch carbon fiber printhead.
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The polymer was fed separately using the conventional Bowden extruder mechanism
specified by the Prusa multi-material expansion kit. Standard 30 mm cooling fans were used to
cool the polymer and fiber filament heat sinks. Also, while the figure shows both nozzles extruding
simultaneously, in practice only one nozzle was used at a time for a given layer, as explained
below. The angled printhead however resulted in restrictions for printability as the 45° angle was
only a factor in decreasing breakage when printing in the positive X-direction, which meant that
the PCF could only be printed in a single direction. Future innovations seen in Chapter 6 amended

this issue, resulting in far less restrictions when it came to 3D printing.
3.1.2 Printing Properties

The printing parameters are summarized in Table 3-2. For the approximately 1 mm
diameter coated fiber filament, a nozzle diameter of 1.5 mm was used to help minimize friction
between the fibers and the nozzle. A polymer nozzle of 1mm was selected to match the filament
diameter; however, it can be changed to any size. The printing temperature was set to 200°C
which is recommended for PLA. The lower printing speed was selected (800 mm/min) to allow for
the solidification of the PLA within the fiber filament while printing; it also helped the geometrical

quality of the printed components.

Table 3-2: Printing parameters for samples produced.

Fiber Filament Diameter 1 mm
Fiber Nozzle Diameter 15 mm
Fiber Printing Speed 50 mm/s
Polymer Filament Diameter 1.75 mm
Polymer Nozzle Diameter 1 mm
Polymer Printing Speed 20 mm/s
Extruder Temperature 200 °C
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To facilitate full control over fiber and polymer layers, a fiber cutting mechanism is usually
implemented. However, for the unidirectional samples printed in the present study, the fiber was
sufficiently brittle such that inclusion in the printing code of a sudden movement of the printing
head in the reverse direction was sufficient to break the fibers. This allowed for the printing of

different fibers and polymer rasters in the same printing layer.
3.1.3 Sample Preparation

To vary the PCF volume content of the samples, the amount of PLA layers in between
layers of PCF were controlled, the construction of the sample scan be seen in Figure 3-3. The
Gcode, which defines to motion taken by the printer to create the samples, was set to 3 different
settings in which the number of PLA layers were between each layer of PCF layers, N, was set
to 2, 3 and 4 layers. Controlling N was a simple and functional method in controlling volume
fraction of the samples, giving a good variety of volume fractions while being able to keep all other
parameters identical for all the samples. Nine samples in total were produced, the same volume

fraction control method was used for the other two fiber grades discussed in Table 3-1.

Layer pattern is repeated until
sample is 40 mm in height

40 mm Pitch CF Layer (0.8 mm thick)

Direction of heat flo:
and conductivity
measurement

PLA Layers (N x 0.4 mm thick)

Figure 3-3: Schematic of how layers are built using the Gcode, with a photograph of a sample for context/

For each grade of CF used and stated in Table 3-1, three samples with varying PCF

content were prepared. Figure 3-4 shows the photographs taken of these samples, the plane in
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which the heat would be flowing was set to 40 mm by 40 mm, with the thickness being set to
approximately 25 mm. The layer height for the PLA layers were set to 0.4 mm, with the layers of

PCF being set to 0.8 mm.

SYLESBARYY JEEREN FEAELP FRREEE g
B e L AR e =

40 mm
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N=3 N=2
(16 layers of CF) (19 layers of CF) (25 layers of CF)

Figure 3-4: Images of the cross-sectional areas of the samples with varying fiber content.

3.2 Thermal Conductivity Characterization

Prior studies have shown that the best model for estimating thermal conductivity when

dealing with composites is the use of the parallel model described by equation (3-1).

keff = ”fkf + (1 — Uf)kp (3'1)

Using this model in which the fiber volume fraction v, is used along side the polymer and
fiber thermal conductivities k, and k; respectively to calculate the effective thermal conductivity
k.sr of the samples. k,, was set to 0.2 W/mK as this was discovered in previous experimentation
to be the thermal conductivity of the polymer in the given orientation [113]. k; was set to 800

W/mK as stated by the manufacturer in Table 3-1. Volume percentage of CF in each sample was

calculated by finding the sum of the cross-sectional area of all the individual fibers and dividing
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by the total cross-sectional area of the samples. A layer of CF found in the sample consisted of
40 rasters, with each raster theoretically containing 2000 fibers as stated by the manufacturer.
Three separate G-code files were created as discussed earlier, with 16, 19, and 25 layers of CF
evenly distributed through the sample. With knowledge of the cross-sectional area of a single fiber
and the total number of fibers in the sample, the volume percentage of the fibers could be

calculated.

3.2.1 Metrology Technique

A guarded heat flow apparatus was used, designed and built by Elkholy et al., to measure
effective thermal conductivity of samples, the device will measure the steady state thermal
resistance and calculate thermal conductivity through Fourier’s law [113], [114]. A schematic of
the apparatus is shown Figure 3-5. Input power is conducted from the primary heating block,
through the sample, to the primary cooling block. Two calibrated thermocouples are embedded
10 mm apart within each sample (denoted by T, and T}, in Figure 3-5). This removes contact
resistance from the conductivity measurement. The thermal power is provided electrically by four
cartridge heaters embedded in the main heating block, as shown in Figure 3-5. To achieve a one-
dimensional heat flow through the sample and eliminate heat loss to the ambient, the primary
heating block was enclosed by a secondary heating block which served as a guard heater. The
power supplied to the guard heater block was independently controlled to achieve the same
temperature as the primary heating block, ensuring that all input power to the primary heating
block flowed through the sample. Consequently, at steady-state conditions, the sample thermal

resistance R,,.q,s Was measured using equation (3-2).

(Tq — Tp) (3-2)
Rieas =
Q
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T, and T}, denote the measured temperatures within the sample, and Q is the input power
to the primary heating block measured electrically (Q= 1V). Thus, the thermal conductivity can be

calculated by simplifying equation (3-2).

L (3-3)

Equation (3-3) shows the simplified for of the equation used to solve for the effective

thermal conductivity k,,,.4s in which L is the length between the two Thermocouples, and A is the

cross-sectional area of the samples.

(~ Thermocouple F
e RTD
(O Cartridge heater

Load Cell

Secondary
cooling block

Primary
cooling block

Sample

Insulation

Primary
heating block

Secondary
heating block

Figure 3-5: Schematic of the guarded heat flow meter used for testing of samples.
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3.3 Results

The three grades of PCF listed in Table 3-1 were each printed at three different volume
fractions using the layer configurations shown in Figure 3-4. Their effective thermal conductivity
as a function of volume fraction is shown in Figure 3-6. Generally, the samples with higher fiber
conductivities tended to have higher measured effective thermal conductivities at a given volume
fraction. Also, broadly speaking, the effective conductivity of the samples tended to increase with
volume fraction. The highest measured thermal conductivity was 37.1 W/mK for the D2U sample
with a volume fraction of 9.5% PCF. That said, the effective conductivities tended to plateau (and
slightly decrease in the case of the K13D2U fiber) at the highest volume fraction. Here, only two
layers of polymer existed between each of the CF layers and visual observation suggested that

the print quality of subsequent CF rasters was somewhat poorer, leading to fiber breakage.
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Figure 3-6: Sample thermal conductivity (measured and predicted by the parallel model) as a function of fiber volume fraction for

fiber grades a) K1352U, b) K1392U, c) K13D2U, and d) a comparison of measured thermal conductivity of all three fiber grades.
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The corresponding thermal conductivity predicted using the continuous parallel thermal
model is also plotted in Figure 3-6. The model predicts a linear variation in effective thermal
conductivity as a function of volume fraction. For all the samples tested, their measured thermal
conductivities are lower than that predicted by the parallel model: The K1352U samples had
average k. values that were 33% lower than predicted by equation (3-1), the K1392U samples
were on average 38% lower, and the K13D2U samples were on average 61% lower.

It is important to note that the parallel rule-of-mixture model represents an idealized
thermal model where there is no breakage of fibers and therefore no discontinuity in the
conduction path. Because pitch-based carbon fibers are relatively brittle compared with PAN
fibers, the deviation between the model and the experimental results is conjectured to be caused
by fiber breakage during the coating and/or printing process, causing discontinuities in the fibers
of the 3D-printed CFPC samples. In addition, the deviations from the model’s predictions suggest
that the relative degree of fiber breakage depends on the grade of fiber used: The pitch-based
CF grades with lower thermal conductivities and tensile modulus exhibit less breakage than the

samples printed with CF with higher thermal conductivity and tensile modulus.
3.3.1 Fiber Breakage Analysis

Micro-computed tomography (LCT) was used to investigate the morphology of the printed
samples and assess the existence and degree of fiber breakage. Methods similar to those by
Melenka et al. used to identify quality of braided fiber composites can allow for better
understanding of created composites and the fibers within [115]. An 8mm x 8mm x 20mm section
of the 3D-printed K13D2U sample (9.5% vf) was cut from the larger 3D-printed sample for
microCT scanning. A Bruker SkyScan 1272 MicroCT was used to image the sample. Images of
the printed samples had a resolution of 4904 x 3280 pixels with an individual pixel size of 0.5um
in length. In total, 3600 images were captured at rotational steps of 0.1°, with the full scan taking

5 h to complete. Sample images were then reconstructed into cross-sectional scans using
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NRecon (Bruker-MicroCT) to create 500 images perpendicular to the z-axis. These images were
used to reconstruct a 3D representation of the sample in which only the fibers were visible; this

could be further examined for printing errors. Images of the 9.5% vy K13D2U sample are shown

in Figure 3-7. Here, fiber breakage and misalignment are distinctly visible. This provides a

reasonable explanation for the somewhat lower k. measurements than predicted by the parallel

rule-of-mixture model. Analysis of the images revealed that breakage of the PCF tended to occur
more on the upper side of the CF layers, which is hypothesized to be due to forces exerted by the
polymer extruder passing over the layers and pushing down on the previously printed CF layer.
Although the images show breakage, it should be noted that detailed analysis would be a more

accurate way of determining and quantifying breakage

Printing
Direction

Figure 3-7: MicroCT images of sample K13D2U at 9.5% fiber volume fraction showing fiber breakage.

3.3.2 Comparison with Other 3D-Printed Carbon Composites

Several previous investigations have 3D-printed polymer composites which contain some
type of carbon-based filler; however, most of these have focused on the mechanical properties of
the printed components. Only a handful of studies have characterized the thermal conductivity of
3D-printed composites, and the maximum thermal conductivity from these investigations are

summarized in Table 3-3.
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Table 3-3: Summary of Thermal Conductivities of 3D-Printed Carbon-Based Composites

: : : : Max. Thermal
Vaterial(e) | Materia Filer Type | Eraction | Conductivity | Ref.
(W/mK)
Acrylonitrile o
Carbon fiber butadiene Discontinuous 1.7% by 0.22 | [116]
vol.
styrene (ABS)
0,
Graphite ABS Discontinuous 3’(‘)?/0 by 0.37 | [116]
, Polyether ether . . 30% by o
Carbon fiber ketone (PEEK) Discontinuous WL 0.61 (at 25°C) | [117]
0,
Carbon fiber Polypropylene | Discontinuous \%gl/o by 0.869 | [118]
0,
Graphite ;ﬁSd/Z)%E/
nanoplatelets EPON 862 Discontinuous =70 1183 (at 25°C) | [119]
, graphite
and carbon fiber
by wt.
Graphene 15% GNP
nanoplatelets and
(GHIPs) and (PF?AylazT'de 12| biscontinuous 0.73 (at 30°C) | [85]
1% CNT
nanotubes by wt
(CNTSs) y WL
12% CF
Carbon fiber . : . and 30%
and alumina Silicone rubber | Discontinuous alumina 7.36 | [120]
by vol.
0
PAN carbon Nylon Continuous 32.2% by 2.97 | [112]
fiber vol.
Eltch carbon PLA Continuous 9.5% by 371 Present
fiber vol. Work

In all cases, the thermal conductivity of the 3D-printed composite was higher than the base
matrix material. Most previous studies used discontinuous filler particles which were premixed
with the matrix materials in the desired volume fraction prior to extrusion. This allowed for good
control over the filler fraction and generally required minimal modification to the printing hardware
itself. Investigations which combined CF with other filler materials, such as graphene

nanoplatelets (GNP) or alumina exhibited somewhat higher measured thermal conductivities
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(e.g., up to 7.46 W/mK measured by Ji et al.) [119], [120]. In the study by Ibrahim et al., 3D-
printed composites which used continuous CF yielded a maximum effective thermal conductivity
of 2.97 W/mK but required a volume fraction of 32.2% because of the relatively low thermal
conductivity of the PAN fibers used [112].

The present work differs from previous work done by using nominally continuous PCF,
which have significantly higher thermal conductivities than PAN fibers and therefore require less
fiber volume fraction filler to achieve 3D-printed composites with higher effective thermal
conductivity. However, the main drawback of this approach is the increased brittleness of the
fiber, which results in a significant degree of breakage during printing and limits the thermal
conductivity of the samples. However, despite having lower than predicted values, the thermal
conductivities measured herein are significantly higher than any previously 3D-printed carbon-
based composite and show promise for potential heat transfer applications. For example, the
thermal conductivities of the D2U 3D-printed composites are significantly higher than those of

stainless steel (k=18 W/mK).

3.4 Discussion and Conclusion

A method for 3D printing pitch-based continuous CF using a low-cost, open-source 3D
printer was developed and used to fabricate unidirectional PCF and PLA composites. The
effective thermal conductivities of 3D-printed CFPC samples fabricated from fibers of different
conductivities and at different volume fractions were characterized experimentally and compared
to the parallel rule-of-mixture model. The key findings are as follows:

o Effective thermal conductivity increased with pitch fiber conductivity.
¢ Sample thermal conductivity generally increased with fiber volume fraction; however, for

the highest volume fractions, k. tended to plateau.
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¢ A maximum effective thermal conductivity of 37.1 W/mK was measured using a 9.5%
volume fraction of pitch carbon fiber.

e The parallel thermal model overpredicted the effective thermal conductivity of the samples
due to suspected fiber breakage occurring during the printing process.

¢ MicroCT analysis confirmed a degree of breakage in the printed fiber rasters.

The next Chapters will address improving the thermal conductivity of the printed parts by
developing a better understanding of factors affecting fiber breakage and to improve the PCF
extrusion process to mitigate fiber breakage. In the future, more work should be done to quantify
breakage in samples through software used in uCT imaging, which could accurately describe the
amount of breakage within samples. K1352U and K1392U polymer composites should also be
imaged to compare the amounts of breakage. Software analysis can show what exactly is
happening within the samples 3D printed, showing whether it is breakage, misalignment, or some

other mechanism that is present causing a decrease in thermal conductivity.
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Chapter 4 Tow Thermal Conductivity Measurement Apparatus

Work done in the previous Chapter has presented an issue when it comes to 3D printing
of PCF: the main issue being the breakage that occurs due to the brittleness of the fibers. As
found in Figure 3-7, it is known that fibers break at some point during the printing process. Many
different printing parameters exist that affect the integrity of the fibers, requiring a new method to
understand the effects of the parameters, as they are varied. Visual techniques such as
microscopy and uCT scanning exist to visualize the breakage of fibers at a micro-scale; however,
these methods present difficulty when comparing two samples with similar levels of breakage and
they only offer a qualitative look at the samples. Different methods of measuring breakage
guantitatively in continuous fiber composites were researched, however, thermal conductivity
measurement was deemed to be the best way to measure the level of breakage. Although thermal
conductivity measurements do not directly correlate to the amount of breakage, by using these
measurements, an estimate of how much disruption to the fibers is occurring can be achieved by
individual printing parameters. The high thermal conductivity found in the PCF yields high
sensitivity in measurement whilst having low amounts of heat loss to surroundings. Other methods
were also used to investigate breakage, Hu et al. used microscopy on printed fibers at different
stages to determine the degree of breakage caused by that stage of printing with success [121].
The microscopy method was able to see the breakage, yet it could not quantify breakage, hence
Hu et al. had to do mechanical tensile and compressive tests to quantify the breakage. The
Caminero et al. research group looked at non-destructive ways to see breakage in samples, using
a scanning electron microscope to adequately examine the areas of breakage, this method was
able to show the breakage in a detailed manner [122]—-[124]. Liao et al. showed that uCT scanners
could be used to examine the individual fibers, this process however was found to be a slow
method as each scan can only look at a small volume while taking a long time to process [125].

This Chapter describes the design, manufacturing, and commissioning of a low-power thermal
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conductivity measurement apparatus for quantifying the degree of fiber breakage in single tows
(coated or uncoated) of PCF or PCF rasters after printing. Such a device will allow for
guantification of fiber breakage along a raster of fibers, which will provide the ability to diagnose

breakage in the fibers.
4.1 Thermal Conductivity Measurement

Ascertaining the degree of breakage after the tow found in the AM method devised,
requires for a robust apparatus to measure the thermal conductivity of a single tow of carbon fiber.
Long samples need to be measured with minimal heat loss and good accuracy. The testing
apparatus is also expected to be of simple construction and easy to use, as many samples must
be tested, and a steady state measurement is desired. Apparatuses such as the 3w technique
initially seem ideal as they neglect heat loss from samples, giving the best accuracy. However,
this method would be hard to implement for continuous wire samples, as it is believed that the
high thermal conductivity of the samples would result in low heat loss from the sample during
testing [126], [127]. More complex techniques such as Raman spectroscopy and laser flashing
have been used by others to measure thermal conductivity of carbon fibers, but were deemed
unreasonable due to lack of resources [128], [129]. T-type probe methods have been used to
measure thermal conductivity of thin fibers in a simple manner, however these methods are only
tested for singular fibers with no coating; 3D printed PCF exist in a matrix, which is hypothesized
to cause issues [130]-[133]. Several direct heating techniques were found, and eventually, a
method akin to those by Piraux et al. and May et al. was chosen. The utilized method requires
temperature sensors to be placed along a suspended wire to measure the temperature gradient
in a vacuum chamber [134], [135]. Such a design would allow for troubleshooting of printing
systems and understanding of how different printing parameters affect thermal conductivity of the

fibers in the future.
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4.1.1 Description of Measurement Process

The steady state approach devised for this project would be conceptually close to Figure
4-1, in which two temperature sensing elements will be used to measure a temperature gradient
across samples. Samples will be clamped on either end, a small copper clamp will be used to
apply heat power through the samples and a cold block kept at a constant temperature will be

used to promote heat flow.

PCF Sample

T. R - contact 1 R — contact 2

Q- loss
Figure 4-1: Heat flow apparatus configuration.

The thermal resistance Rggmpie Of the sample is measured according to:

T,-T, (4-1)

RSample = Qinout
inpu
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where T, and T are the measured temperatures across the sample and Qjnp, is the electrical

input power to the heater. This approach relies on the assumption that heat loss via convection
and radiation from the sample, and the heating clamp are minimal. Otherwise, measurements will
result in overestimation of the thermal conductivity due to the relatively high surface area of
samples and clamp as compared to the cross-sectional area of the sample. To address this issue
a vacuum chamber is proposed, which would limit the amount of heat being lost to the
environment. Although extremely high vacuum systems would be necessary to reduce all heat
leakage, by reducing to a sufficient vacuum, a heat loss calibration can be done to accurately
measure thermal conductivity of samples.

A thermistor (GAG22K7MCDA419, TE Connectivity) probe was embedded tightly into a
small, machined copper clamp, which was then used to clamp on the end of the PCF tow. A
Keithley 2400 Sourcemeter was used to control and measure the electrical power applied to the
thermistor probe. The opposite end of the tow was clamped to a copper water block which was
kept at a constant stable cold temperature using a PID thermoelectric water chiller. The
temperature drop between the two sensing thermistors is measured using a Lakeshore Model
370 AC Resistance Bridge, to accurately measure the resistance of the two thermistor probes
with minimal self-heating in the four-wire configuration. These two sensors were calibrated
together by finding resistance values corresponding to the temperature measured by an accurate
RTD (5606 Full Immersion PRT, Fluke) in an insulated box with controlled ambient temperature,
such that the resistors were found to show the same temperature reading with a maximum
uncertainty of approximately 0.02 K. During sample testing, typical temperature differences were
approximately 3-5 °C (depending on thermal conductivity of the sample) for input powers of on
the order of 102 W. Temperature and input power measurements were collected and displayed
by a MATLAB script. All tests were run until steady state was achieved. The set-up and
experimentation process are visualized in Figure 4-2.
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Figure 4-2: Image of fiber thermal conductivity measurement apparatus.

4.1.2 Vacuum Chamber Design

The vacuum chamber was constructed, as seen in Figure 4-3, using a metal plate and a
glass bell jar to house the heat flow meter. A bell jar was used as multiple tests were needed to
be done and other chamber set ups using ISO or CF fixtures do not allow for quick replacement
of samples inside the set-up. Electrical and fluid feedthroughs were used to measure and control
the thermistor probes for the heat flow meter, and to cool the copper water block. All mating
surfaces were polished and checked for micro scratches, to ensure there were no leakages that
could harm the quality of the vacuum. Vacuum was achieved using a rotary vane pump (Edwards
V5), this pump was used as it can create a vacuum in the 10~3 mbar range. A Pirani gauge
(EDWARDS APG-L-NW16) was used to measure the vacuum within the chamber. Outgassing
was minimized by thoroughly cleaning and heating up the inner surfaces of the chamber to
remove any contaminants. Measurements only took place once the chamber had reached

2 x 1073 mbar for consistency of measurements. It was determined that a vacuum of 2 x 1073
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mbar is required as at this level of vacuum, thermal conductivity of air is lowered to 4% of what
the thermal conductivity at atmospheric pressure (0.0011 W/mK) [136]. 10~ mbar was chosen
as between 1 and 10~2 mbar, the thermal conductivity decreases significantly (100% to 4% of air
at atmospheric pressure), however this decrease plateaus and from 1073 to 10~°> mbar (4% to
0.1%). Reducing the vacuum any further would require for a much more complex design involving
a turbo or molecular pump with higher rated fittings, for a marginal decrease in heat loss. The
vacuum of 10~3 mbar was also found to be in the same range for tests done by other researchers

such as May et al., Wang et al., and fuji et al. among others [128], [135], [137].
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Figure 4-3: Diagram of the vacuum chamber constructed.

4.1.3 Uncertainty Analysis and Calibration

To measure the thermal conductivity of the samples, power is applied to the hot clamp

thermistor. As the sample is heated, a temperature gradient is measured, as visualized in Figure
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4-1. The length between the thermistors was measured using a vernier caliper, and the cross-
sectional area was determined using the diameter of a single fiber which was then multiplied by
the number of fibers (approximately 2000) to find the total cross-sectional area. 2000 fibers was
an accurate estimation, as when the measurement was done with a tow of CF that had not been
modified, the original thermal conductivity of 765 W/mK was measured.

The measured temperature values were used to solve for the resistance of the sample in

equation (4-1), which was then used to find thermal conductivity k of the fibers calculated as:

L

kp= ————
! (RSample)Af

(4-2)

where L is the length between thermistors, T, and T, are the temperatures for the two
thermistors placed on the samples, Qi iS the electrical power applied to the heating clamp, which
was measured through the current and voltage measured with the Source Meter (Q=VI), and A,

is the cross-sectional area of the conducting fibers.

Table 4-1: Uncertainty error values for testing apparatus.

Parameter Symbol Uncertainty Measurement Technique
Voltage, V Oy +0.02% Keithley 2400 SourceMeter
Current, | o] + 0.02% Keithley 2400 SourceMeter
Sample Length, L o} 1 mm Vernier Caliper

Fiber Diameter, ds o4, + 0.5 pm [138]

Temperature 0T, +0.02K Lakeshore 370 AC Resistance
Difference, AT Bridge

As stated before, the two thermistors had an uncertainty of 0.02 K after calibration, with

the Lakeshore model 370 being used to measure the resistances having an accuracy 0.03%. This
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calibration as achieved through inserting the thermistors prior to testing into a temperature-
controlled environment with an accurate RTD (5606 Full Immersion PRT, Fluke). Resistance
readings of the thermistors were recorded along with the temperature reading shown by the RTD
at 10°C, 20°C, and 30°C, these resistance readings were then used to solve for the Steinhart-
Hart coefficients which bound temperature values to resistance readings [139].

The uncertainty of the power applied was determined by the Sourcemeter uncertainty for
voltage and current, both being 0.02%. The individual fiber diameters were identified by the
manufacturer to be 11 ym, however, Naito et al. showed the same fibers were found to have and
uncertainty of approximately 0.5 pm [138]. The number of fibers in each tow was based on the
properties given by the manufacturer at 2000 fibers. Image processing techniques used
previously, showed good adherence between theoretical CF volume in a tow, based on 2000
fibers and 11 um diameter, and experimentally determined CF volume [140]. Error propagation
was done with values found in Table 4-1, to determine relative measurement uncertainty in
equation (4-3) [141]. On average, this was found to give CF samples a relative uncertainty of

around 8%.

(4-3)

O (¢ (2 (L)

I L ds dr

Equation (4-3) shows how the error propagates, with V, |, L, d; and dr being the values for
voltage, current, length between thermistors, individual fiber diameter, and temperature difference
respectively and the corresponding ¢ being the measurement uncertainty for that parameter from
Table 4-1. K and o, were the measured thermal conductivity and the uncertainty of the thermal
conductivity for the samples, and all subsequent graphs in this thesis use the measurement

uncertainty for the error bars.
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4.1.2 Heat Loss Calibration

The quality of the vacuum induced in the testing apparatus does not eliminate all lateral
heat loss, a miniscule amount of convection and radiation will occur, which establishes the need
for heat loss calibration. In numerical and analytical modelling done, it was found that the large
surface area of the copper clamp will result in the heat loss. To eliminate heat loss from the copper
clamp, testing was done in which the copper clamp was suspended within the vacuum with power
being applied to the hot thermistor. A second thermistor measures the ambient temperature within
the vacuum chamber. A third thermistor was attached to the surface of the copper clamp as
resistances between the hot thermistor and the surface of the copper clamp meant that hot
thermistor temperature was not an accurate representation of surface temperatures.

The amount of heat power lost was measured with respect to the temperature difference
of the surface and atmospheric temperatures, to create equation (4-4) representing heat loss at
different surface temperatures. The calculated lost power was then subtracted from the power
input to create an accurate representation of heat power entering the sample. For most samples

this heat loss varied between 25%-35%.

QLoss = 0.0006129(Tsyrface — Too) (4'4)

As stated, heat loss from the sample itself was found to be negligible due to the small
surface area of tested samples. When analytically calculating the heat loss from lateral radiation
away from the sample using the Stefan-Boltzmann law, the amount of power lost was below 1%.
Testing was also done to validate the negligible thermal radiation from the sample, by testing two
different copper wires of same diameter, length, and thermal conductivity, but with different
emissivity's. One sample was prepared with a light coating of black spray paint, to give it a high
emissivity, the second samples surface was kept the same, as copper has a low emissivity

(emissivity of 0.05). Both samples had near identical (within the range of uncertainty for samples)
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thermal conductivities. Convection from the samples was also found to be negligible due to the

short sample lengths and low temperature difference across the sample.
4.2 Experimental Validation

The accuracy of the thermal conductivity test rig was verified, by measuring the thermal
conductivities of different metal wires with known thermal conductivities over a range of input
powers. Figure 4-4 shows the measured thermal conductivities of a 28 AWG Copper 110 wire, an
18 AWG Aluminum 1100 wire, and a 1.5 mm diameter 99% tin solder wire as a function of heater
input power. The average measured thermal conductivity of the aluminum and tin samples was
214.7 W/mK and 64.8 W/mK respectively, which agrees well with the accepted values of 220
W/mK and 66 W/mK respectively, the measured values being only 2.45% and 1.9% off of the
known values. For the coper wire sample, the average measured thermal conductivity was 409.8
W/mK which is about 5% higher than the accepted value 390 W/mK.

500

A Aluminum 1100 - 18 AWG
450

] l 1 ® Copper 110 - 28 AWG

Expected Copé)er l
350 99% Tin - 1.5mm

)

Y
o
o

300

250

200  Expected Aluminum

150

Measured Thermal Conductivity (W/mK

100 r

50 Expected Tin

0 L L L L
0.01 0.015 0.02 0.025 0.03 0.035

Power (W)

Figure 4-4: Measured thermal conductivity of varying metal wires.

44



The uncertainty of the measurement apparatus derives from the fact that it is a custom-
made heat flow meter, therefore, its repeatability needs to be determined. Through testing of the
same material multiple times and showing that the test rig can attain the correct known thermal
conductivity every time, the uncertainty in testing can be diminished. Repeatability testing was
done by resetting the samples by replacing the aluminum with another piece of the same exact
wire, different distances between the thermistors were used to show length independence and
identical power input of approximately 35 mW was used. Test results are presented of thermal

conductivity for 1100 aluminum, as seen in Figure 4-5.
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Figure 4-5: Repeatability testing of thermal conductivity of Aluminum 1100 with varying length between thermistors, red line

indicates expected thermal conductivity of samples.

Length between thermistors varied from 11.6 mm to 25 mm, the calculated thermal

conductivity was found to be independent based on the absolute measured length. Samples were
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compared to the known thermal conductivity of the 1100 aluminum, a mean thermal conductivity
of 206 W/mK and a standard deviation of 11.42 W/mK was measured. The lowest accuracy was
found in a sample that was off by 32 W/mK form the expected 220 W/mK, which is an error of
14.4%. In the future one-way ANOVA tests could be used to further prove the accuracy and
validity of the testing apparatus build confidence in the results, however due to the length taken
for each measurement (around 3 hours per measurement), it was deemed impractical for the

study.
4.3 Conclusion

In this chapter, a tow thermal conductivity measurement apparatus was designed,
fabricated, and validated to be used in measuring the thermal conductivity of 3D printed PCF
tows. The apparatus uses a heat flow meter approach to send heat power through the samples,
with thermistors placed along the sample to measure the thermal conductivity of the sample being
tested. The heat flow meter was placed within a vacuum chamber, reducing the heat lost to the
surroundings of the sample, resulting in a more accurate measurement. The validate the
measurement apparatus, metal wires with known material compositions and thermal
conductivities were experimented with. Copper, Aluminum, and Tin wire had their thermal
conductivities measured with varying input powers and thermistor distance. The apparatus was

validated and was deemed to be usable for measurement of thermal conductivity of PCF tows.
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Chapter 5 Characterization of Carbon Fiber Breakage

The pitch carbon fibers initially explored in Chapter 3 (K1352U, K1392U, and K13D2U
manufactured by Mitsubishi Chemicals) are continuous carbon fibers with some of the highest
thermal conductivities seen in the industry. Of these, K13D2U has the highest thermal conductivity
(765 W/mK), however this grade of PCF also has the highest tensile modulus and is extremely
brittle. For the grades with lower thermal conductivity (92U and 52U), lower tensile modulus is
reported, and the thermal conductivity results from Chapter 3 suggest K1352U and K1392U
grades to be far less brittle than the K13D2U samples. The occurrence of breakage in 3D printed
samples lowers the overall effective thermal conductivity, which was seen in initial tests and prints.
The issue of breakage can be circumvented by increasing the volume fraction of the CF filler in
sample. Though increasing filler content in samples increases the thermal conductivity, it is
unappealing as it increases the cost and weight of the samples. Aluminum alloys such as 6061,
6062, and 6063 have thermal conductivities of approximately 150 W/mK; to be on par, a fiber
volume fraction of 20% of K13D2U is needed assuming no fiber breakage occurs while printing.
Breakage that occurs which yields in only half of the expected thermal conductivity would require
that double the CF would be needed to attain required thermal conductivity, with the PCF having
almost double the density and many times the cost of the polymer matrix (PLA), this would not be
economical to use in this state.

Therefore, the objective of this Chapter is to characterize the effect of several printing
parameters on thermal conductivity of the resultant fiber to understand the mechanism of
breakage during the fabrication process. By understanding the causes of breakage, the 3D
printing process can be improved and refined to minimize fiber breakage. The initial coating
process was suspected of causing breakage; therefore, the first step will be to determine if the
coating process causes any reduction in the thermal conductivity of the PCF. In the 3D printing

process, the printing speed has shown to be an important factor with its effects on continuous
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fiber composites studied in great depth [142]-[144]. Generally, an increase in printing speed is
known to cause more errors in layer adhesion and X-Y accuracy whilst causing the continuous
fibers to cool down much faster, which adds stress on the fibers. Another mechanism of breakage
to be examined is raster spacing, when printing continuous PAN CF composites, the spacing
between rasters is generally ignored, with more emphasis going into examining the voids formed
by the continuous fiber rasters, and looking into raster orientation and its effects [145], [146].
When printing continuous pitch carbon fiber, it was noted and observed that although the PCF
filament had a diameter of approximately 0.8 mm, when rasters were laid next to one another at
1 mm intervals, the layer would become overcrowded and disorganized, resulting in breakage.
Finally, although the angle of the nozzle to the printing bed is suspected to be a large
factor in fiber breakage, it was not feasible to develop a system for varying nozzle angle on the
setup described in Chapter 3. Chapter 6 will look at nozzle development for a new printing system

and the effects of angle of extrusion in terms of fiber breakage.
5.1 Characterization Methods

As discussed, PCF coating, samples printing speed, and raster spacing are thought to be
the most important factors when dealing with conventional printing parameters, each one of these
methods to determine the amount of breakage occurring. The testing plan is shown in Table 5-1,
in which each one of these parameters will have a combination of tests done to identify and
express the levels of breakage happening due to the process.

The PCF coating technigue will have coated and uncoated samples compared using the
single tow thermal conductivity technique developed in the previous Chapter. By comparing the
measured thermal conductivities, breakage could be observed if occurring due to the coating
process. This process was also done for varying print speeds, as printed tows of CF can be tested

equally well once the ends of the sample were burnt off.
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To further analyze fiber breakage, imaging methods were used to qualitatively explore the
breakage occurring at various steps during the printing process. Though the thermal conductivity
testing will allow for quantitative results, a qualitative look at the fibers would give insight into what
the fibers go through after each process of the printing. To Image the fibers through microscopy
the PLA and other epoxies around the fibers need to be burned off first. Hu et al. were able to use
this technique to identify which stage of printing for FFF 3D printing of PAN carbon fibers caused
the most breakage [121]. Using this technique will allow examining of fiber breakage within a tow
due to fiber coating and 3D printing processes.

Thermal imaging was also used to better understand how the thermal variations were
experienced by the samples. Samples were viewed with an FLIR A6700 MWIR infrared camera
to analyze the temperature of the PCF as they leave the extruder nozzle. Unlike conventional FFF
printers, the PCF extruder has no stage in which the molten polymers are mixed and passed
through a smaller diameter nozzle; instead, the PCF is heated and passed through the extruder
heating section. If samples are not heated to a high enough temperature where the polymer has
fully melted, the stress caused from the sharp angle at the nozzle could induce breakage.

The process developed by Elkholy et al. was also used for macro 40 mm by 40 mm
samples to determine the bulk effective thermal conductivity of samples with varying raster

spacing [112], [114].
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Table 5-1: Techniques used to characterize fiber breakage occurring due to the selected processes.

Process Characterization Methods

Pitch Carbon Fiber Coating - Single Tow Thermal Conductivity

- Microscopy Imaging

Varying Print Speed - Single Tow Thermal Conductivity
- Microscopy Imaging

- Thermal Imaging

Raster Spacing - Macro Sample Thermal Conductivity

- Microscopy Imaging

5.2 Effects of the Fiber Coating Process

For all three grades of CF examined, uncoated and coated samples had their thermal
conductivities measured to evaluate if the coating process (described above) caused any
breakage. K13D2U, K1392U, and K1352U samples of 60 mm length had their thermal
conductivities measured before and after passing through the polymer bath, the thermal
conductivity measured was then compared to manufacturer specifications. Samples were
measured using the heat flow meter developed and discussed in Chapter 4. Coated samples had
adequate rigidity to be suspended midair for measurement, whilst uncoated tows were adhered
to a polymer bar. The ends of the samples were melted off to ensure the heating clamp had good
contact with the samples, which would decrease heat excursions from the clamp and promote
heat flow through the sample. The first measurements were done to understand if, and how, the
coating process affects breakage of fibers. The fiber coating process is a necessary process that
the fibers must go through before being extruded. For the three grades of carbon fiber, thermal

conductivity was measured after the fibers were coated, which were then compared to the original
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uncoated fibers. Figure 5-1 shows that the samples incur no breakage because of the coating,
with samples showing nearly identical thermal conductivities prior to and after the coating process,
within the uncertainty error based on error propagation.
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Figure 5-1: Measured thermal conductivity of varying grades of pitch carbon fiber before and after the polymer coating process,

thermal conductivity prior to coating was provided by manufacturer.

Figure 5-2: Microscope images taken of K13D2U PCF after burning out the polymer matrices, a) uncoated samples directly from the

roll, b) fiber filament that had been coated in PLA polymer.
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Microscope images shown in Figure 5-2 compare the fiber integrity and quality before and
after the coating, showing almost no difference from one sample to the other. The thermal
conductivity measurements along with the microscopy imaging results show that no breakage

happens because of the coating process.
5.3 Effect of Printing Speed

The second round of testing involved examining how printing speed affects the integrity of
the carbon fibers. Initially, print speed settings were chosen based on printing parameters found
in commercially available products. The extrusion of the PLA polymer was done at 800 mm/min,
whilst for the PCF the printing speed was chosen to be 3000 mm/min. As the PCF does not have
a liguefaction and mixing stage, it was believed that printing at the average printing speed for a
Prusa i3 Mk2 would be satisfactory. Print speed for the PLA polymer was chosen to be 800
mm/min to promote well structured layers of polymer. Single tows of CF of the three grades were
prepared by printing at speeds between 800 mm/min and 3000 mm/min to see if lowering the
speeds would be beneficial in lowering breakage, all printing was done with the nozzle and bed
being 215°C and 60°C respectively. Samples with the length of 100 mm were printed, 20 mm
from either end were cut off to eliminate any effects from the print start and end.

Prior to measuring thermal conductivity of samples printed at varying printing speeds,
repeatability for the printing process was developed by printing several CF tows at the same
speed and measuring their thermal conductivity. Samples of K13D2U were printed at 1500
mm/min and their thermal conductivity was measured as seen in Figure 5-3. On average the
thermal conductivity of the samples 478.8 W/mK and the standard deviation of the samples were
19.27 W/mK. Similarly to the repeatability testing done for the metal wires in the previous section,
a one way ANOVA test should be done to improve confidence for the printing process, however

due to the long testing times, this was not done.
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Figure 5-3: Thermal conductivity of K13D2U tows printed at 1500 mm/min.

Thermal conductivity of the different grades of CF were measured and presented in Figure
5-4. For lower conductivity samples, only three speeds were tested due to a lack of breakage,
whilst for the K13D2U samples, two additional speeds were examined. Measurements for the
K13D2U samples show that at speeds between 800 mm/min to 2500 mm/min little to no change
in the amount of breakage is observed, as measured thermal conductivity is in the range of 448.3
W/mK to 479.9 W/mK, with average measurement uncertainty of 8.5 % to 11.9%. An outlier for
K13D2U can be seen at 3000 mm/min printing speed, in which the thermal conductivity decreases
greatly, with the tow thermal conductivity measuring at only 110.9 W/mK. This outlier was found
to be repeatable in both thermal conductivity measurements and microscope images, which was
determined to be a product of an error in the printer’s software. It is believed that acceleration
profile within the printer firmware follows a different profile after the print speed is set to 3000

mm/min: this harsher acceleration profile results in greater breakage than is seen at lower speeds.
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Specifically, it is observed that the PID of the 3D printer that controls the speed overshoots the

desired target, resulting in an oscillation of the speed around to the desired speed set in the

Gcode. Samples of K1392U which have lower conductivity and tensile modulus were found to be

mostly intact in terms of thermal conductivity. The outlier from the acceleration profile is also seen

to a lesser extent, mainly due to the CF being less brittle. Samples of K1352U were seen to have

no change in thermal conductivity at any printing speed, this is expected due to the elasticity of

this CF (the outlier at 3000 mm/min is not seen). Further printing with the K1352U samples would

benefit from a fiber cutting mechanism, as it was found often, that the whipsaw motion of the

extruder to break off fibers occasionally does not yield in a clean break.
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Figure 5-4: Measured thermal conductivity of printed tows of K13D2U, K1392U, and K1352U, colour of lines corresponds to the

expected thermal conductivity of the fibers for each grade.

One interesting aspect seen in these tests, specifically for the K1352U and K1392U, is

that the thermal conductivity measured does not correspond to the measured thermal conductivity
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of full samples printed and tested previously. This indicates that for the lower conductivity
samples, the catalyst of breakage is dictated by the macro-interactions happening between layers
of PCF and polymer, rather than the micro-interactions between the fibers and extruder. Inversely,
the large amount of breakage seen for the K13D2U samples indicate that a large portion of the
breakage is happening due to the micro-interactions in the nozzle, most likely hypothesized to be

an aspect of the nozzles angle to the bed.

Figure 5-5: Samples of K13D2U that have been printed at various speeds and had their polymer matrices burned off, samples were

printed at a) 800 mm/min, b) 1500 mm/min, and c) 3000 mm/min.

Microscope images show similar results to thermal conductivity measurements, Figure
5-5 presents the average sections of printed samples of K13D2U CF at multiple speeds. Samples
printed at 800 mm/min and 1500 mm/min show similar amounts of breakage as expected, whilst
those printed at 3000 mm/min clearly show the outlier breakage, with most of the fibers being

destroyed and turned into long/short fibers.
5.3.1 Printing Temperature Analysis

Print extrusion temperature is generally an important print parameter to inspect, for most
polymer extrusion processes, large diameter filaments enter a liquefier stage, meltdown, and mix,
and then are extruded out of a smaller diameter nozzle. When looking at continuous fiber

extrusion, there is no liquefier stage as it is desired for the polymer matrix of the fibers to melt
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without affecting the continuity of the fibers. As the polymer used for layer and raster adhesion
becomes molten, the rigidity of the filament will decrease allowing for the PCF to melt at the
nozzle. However, as can be seen in Figure 5-6, the temperature of the extruded filament drops
significantly after the printing has begun. This is because before the extrusion has begun, the
filament remains in the heated nozzle, reaching a steady state temperature close to the
temperature of the nozzle. Once extrusion has begun, the process turns into transient heating,
even if the extrusion speed of the filament is 800 mm/min. This means that any point along the
filament is only heated for a maximum of 1.5 seconds. Due to the transient heating process within
the extruder, the filament is heated for a time dependent on the printing speed and then extruded,;
hence, the temperature drop is higher in faster printing speeds. The nozzle was viewed with a
FLIR A6700 MWIR infrared camera to analyze the temperature of the PCF as it left the extruder

nozzle, print speed was set to 1500 mm/min.

(85, 121) 131.19

(272, 127) 169,

Figure 5-6: Thermal images taken with a FLIR A6700 MWIR infrared camera of the pitch carbon fiber printing process, third number

in the white box indicates temperature of filament as it leaves the nozzle, in degrees Celsius.

Analyzing Figure 5-6, shows that the temperature of the extruded PCF filament drops by
40 °C to around 130 °C, three seconds into the printing process. When printing with PLA polymer
it is optimal to print at temperatures between 180 °C and 220 °C. To see if this temperature drop

has any bearing on breakage, microscopy was done to inspect samples for their entire lengths.

56



Figure 5-8: Images of carbon fiber printed at 1500 mm/min, a) fiber integrity at x = 20mm b) x = 60 mm.

100 mm long samples were printed at 800 mm/min and 1500 mm/min. 20 mm of the
sample was cut off from either end to neglect the effects of the cutting mechanism. The samples
had their polymer matrices burned off; the samples were inspected at 2.5X zoom. Figure 5-7 and
Figure 5-8 shows images of PCF that have been printed at 800 and 1500 mm/min and had their
polymers burned off. The images show the quality of fibers at the beginning of printing compared
to at the end of printing. Figure 5-7a and Figure 5-8a show fibers at 20 mm into the extrusion

process, while Figure 5-7b and Figure 5-8b show the integrity of fibers approximately 60 mm into
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the extrusion. Though samples printed at 800 mm/min do not show much change in quality or
breakage of fibers, samples printed using the same printing parameters as those for Figure 5-6,
clearly show that far more breakage occurs at 60 mm into printing. Further imaging showed that
this increase in breakage along the length was repeatable. Samples printed at 3000 mm/min did
not show a visible increase in breakage due to the high amount of breakage along the entire
sample. Longer samples printed in the future can better show how the extended printing duration

harms fiber quality.
5.4 Effect of Raster Spacing

Full samples, with the cross-sectional area of 1600 mm?, were also manufactured for the
K13D2U samples, and had their thermal conductivities measured. Full samples were
manufactured mainly with the purpose of understanding the effects of how the polymer and PCF
layers interact with one another. Samples were printed at different volume fractions, which was
done by adjusting the ratio of PLA polymer layers to PCF layers. During previous printing, it was
observed that the PCF rasters, when printed at 1 mm intervals, caused overcrowding and
misalignment in the layers. Although the PCF filament has a diameter of 0.8 mm, when printed,
the carbon fibers are pressed down into a rectangular shape, with a width greater than 0.8 mm.
The raster spacing was increased from every 1 mm to every 1.5 mm to understand whether the
raster spacing is a catalyst for fiber breakage.

Microscope images were also taken for a single layer of PCF layer, show in Figure 5-9.
These images were the main instigator in examining the effect of raster spacing. Figure 5-9a and
b clearly show large amounts of breakage, which is hypothesized to occur mainly because of the
raster spacing; the rasters being spaced too closely to one another, resulted in the nozzle
damaging the new raster while it is laid next to the previously printed raster. Fiber damage can
also be seen from the rasters overcrowding, which has led to carbon fibers being lifted. When the

PLA layer passes over the PCF to print a purely polymer layer further breakage is caused.
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Thermal conductivity of full samples with a length and width of 40 mm and 25 mm thick were
measured, in which the fibers were oriented to promote heat flow in the thickness direction. The

samples had varying volume fractions to compare to the parallel model.

Figure 5-9: Images of a layer of pitch carbon fiber printed at a raster spacing 1 mm, the samples were printed at a) 800 mm/min, b)

1500 mm/min, and ¢) 3000 mm/min.

The method of testing involved the usage of a guarded heat flow meter developed in the
TF-lab, previously discussed in Chapter 3 by Elkholy et al. [114]. The guarded heat flow meter,
seen in Figure 3-5, applies a controlled heating load onto the bottom of the sample, where the
heat travels through the sample to the cold block on top of the samples. Two holes are created in
the sample in line with the heat flow along the sample, in which high calibrated RTD’s are placed
to measure the temperature gradient along the sample. Fourier's law was used to back out
effective thermal conductivity values of the samples and graphed in Figure 5-10.

Samples that had the PCF extruded with greater raster spacing were found to have
thermal conductivities of 18.51, 20.70, and 32.09 W/mK for fiber volume fractions of 5.5%, 6.4%,
and 8.0% respectively, as seen in Figure 5-10. These samples were shown to have a large
amount of breakage, compared to the thermal conductivity that is expected from the rule of
mixtures parallel model; however, the amount of breakage is similar to that found in single raster
prints, as can be seen in Figure 5-11. Samples printed using previously used raster width again
showed a great amount of breakage, with the thermal conductivity values around 19.45, 22.60,

and 36.96 W/mK at fiber volume fractions of 7.6%, 9.5%, and 11.7% respectively.
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Figure 5-10: Comparison of the measured effective conductivity for composite samples manufactured (K13D2U and PLA) with 1 mm

and 1.5 mm raster spacing.

Around 10% less breakage is happening with the new printing parameters as seen in
Figure 5-10. Furthermore, the new samples have breakage like the measured single raster
breakage seen in Figure 5-4. Single rasters of K13D2U printed at 800 mm/min at the same
temperatures had breakage of around 45%. This indicates that the breakage found now is based
on only the micro-interactions within the nozzle, such as printing angle and internal roughness of

the hotend, rather than the interactions between layers and rasters as they are printed.
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Figure 5-11: Comparison of measured thermal conductivity of a) 1 mm raster spacing, and b) 1.5 mm raster spacing with respect to

the thermal conductivity of fibers, kf, based on measurements in Chapter 4.

5.5 Conclusion

This study has shown that the initial printing process, developed for printing of PCF
composites, still needs to be improved to reduce the breakage experienced by the PCF within the
extruder. Printing parameters such as speed, extrusion length, raster spacing, extrusion
temperature, and breakage mechanism was found to affect print quality, however, results show
that most of the breakage is caused by other parameters such as interactions within the nozzle,
like friction and nozzle angle to the bed. Print speed was found to affect breakage only when the
speeds rose to 3000 mm/min. Print angle is hypothesized to be the origin of most of the breakage
the PCF experiences, yet due to the nature of the 3D printing platform, this can not be easily
changed or experimented with. Though the question of the cause of the breakage remains,
samples with low volume fractions of 8% were printed and shown to have an effective thermal
conductivity of 32.09 W/mK, which is significantly higher than any other 3D printed composite
investigated in literature [83], [85], [116], [117], [147]. Scanning electron microscope imaging
could also be used in the future similarly to the microscope imaging to view the fiber tows more

in depth to understand how the individual fibers are being affected.
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Chapter 6 Development of Robot CFRP Printer Capabilities

The previous investigations of 3D-printing of continuous PCF composites explored their
thermal conductivity and tensile strength. These tested samples were 3D-printed using the
K13D2U (Mitsubishi Chemical Corporation) grade of pitch carbon fiber. These studies used the
FFF printing setup, where a custom manufactured dual nozzle hot end was used to print a coated
PCF filament with the first nozzle, and PLA polymer with the second nozzle. The nozzle used to
print the PCF filament was angled to the bed at 45°, as seen in Figure 3-2, to help reduce fiber
breakage. However, previous samples were found to have far lower effective thermal
conductivities and strength than theoretical models predict with the 3D-printed samples having
thermal conductivities on average 55% of what is expected from the parallel rule-of mixture model.
It was also discovered that printing parameters such as printing speed, and raster spacing, along
with the coating process, had minimal effect on the breakage seen. Therefore, to better
understand and mitigate this fiber breakage, a new extruder and printing system was developed.
The extruder was designed to print the continuous PCF filaments in various ways that could not
be done with the prior extruder, which allowed more in-depth characterization of fiber breakage
in terms of thermal conductivity based on these printing methods. This new printing system, along
with testing various print angles, will allow for the PCF to be printed in multiple directions, creating

composites with multi-directional heat flow paths.
6.1 6-Axis CFRP 3D Printer Design

In previous investigations, the 3D printer used a fixed angle hotend, which resulted in the
PCF being extruded at a constant 45° relative to the print bed. The fixed angle limited the printer
to only printing unidirectional samples along the x-axis, severely limiting the complexity of printed
parts. To overcome these limitations, a new extruder has been designed and fitted on a 6-axis

robot arm, which allows the nozzle to be angled freely in any direction and for full articulation of
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the nozzle during printing. The larger working surface and high accuracy and repeatability of the
robot arm used, will also help in reducing imperfections in printing and creating larger sized
components. Other researchers have used 6-axis robotics for 3D printing, the usage of robots
with higher degrees of freedom allow for larger print areas, better control of fiber alignment, and
more complex geometries [148]. Yao et al. determined that using the greater mobility of the 6-
axis robot can result in better print quality due to print scheduling decreasing the amount of
stringing [149]. The greater mobility yielded by the robot also helps in accomplishing true 3D
prints, rather than the 2.5D printing often found on commercial prints. 2.5D printing is the concept
in which planar xy-layers are printed on top of one another. This method causes what is known
as the staircase effect and promotes mechanical shearing at the interface between layers. Full
3D printing, as the name suggests, involves creating non-flat planar layers, removing the
staircasing effect found in curves. ipekgi and Ekici use a 6-axis robot arm to 3D print CFRP, and
successfully print hollow tubes with bends without any staircasing [150]. Hack et al. also
developed a novel printing process in which continuous fibers were printed with success in a large
volume [151]. Due to the low speeds required when printing the continuous pitch carbon fiber,
print times are generally high for printing even the smallest parts. Hack et al. got around the print
speed issue by using a process like the tape winding process. Automated fiber placement also
generally uses the mobility of robot arms to create parts, the 6-axis of the robot were found to be
a good method for aligning fibers in various directions dependent on the use of the part and the
stresses it is to experience [64], [65]. Various types of print heads exist for robot 3D printing, with
most designs leaning towards the usage of a pellet extruder design, which allows for faster printing
with greater material variety [152]. For the purposes of this project, which is to explore the
mechanisms of breakage experienced by the PCF composites, a simple filament extruder design

was used.
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6.1.1 New Extruder Design

The extruder designed for this project is shown in Figure 6-1. The extruder was required:
to be able to extrude the continuous PCF filament manufactured using previous techniques, be
able to print at various angles, and to avoid clogging of the nozzle. An all metal V6 extruder (E3D-
Online) was chosen as the basis for a customized extruder. Although the same heatsink, hot-end,
heat-break, heater, and thermistor were used, a new nozzle had to be manufactured as the
original extruder nozzle was found to have several incompatibilities with the printing setup. The
largest diameter of nozzle provided by the manufacturer is 0.8 mm, at this diameter the PCF
filament would experience friction as it passes through the nozzle, although this might improve
the heating of the filament. Previous prototypes found that friction at the nozzle led to high
amounts of clogging and breakage. The second problem faced by the nozzle is its low profile,
causing for the extruder to crash into the printing bed when angling the extruder. The new nozzle
was manufactured with these issues in mind, the diameter of the nozzle was set to 2 mm such

that in addition to the PCF filament, other sized filaments made in the future could be extruded.

Figure 6-1: Image of new extruder mounted on robot arm, in the 45° orientation.
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The nozzle was elongated to allow for the angle between the extruder and normal line
from the print bed to go up to 65°. This elongation will help in heating of the filament, as the fiber
heating length will be longer than that of the previous extruder. To decrease friction between the
filament and extruder walls, the internal walls of the extruder and nozzle were coated with a
polytetrafluoroethylene (PTFE) spray. PTFE is a polymer primarily used reducing friction, more
commonly known by its commercialized name of Teflon, that has a melting point of 327 °C,
allowing for it to be used as a surface coating within the extruder. PTFE has found success in the
FFF industry, a tube of PTFE is often inserted within the extruder prior to the liquification stage
such that the polymer filament can be guided to it with reduced friction. Replacing the tube with a
coating will ideally allow for greater heating of the filament, as the polymer tube acts as a thermal

insulator.
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Figure 6-2: CAD diagram of new extruder a) cross sectional, and b) isometric.
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Figure 6-2 displays the new extruder, in addition to the V6 extruder, an additional filament
guide was made to make sure filaments inserted into the nozzle passed into the nozzle with ease.
A Nema 17 stepper motor with gripping gears were used to feed the filament into the extruder

accurately.
6.1.2 6-Axis Robot Arm and Printing Test Cell

The robot arm chosen for this project was an IRB1200-7/0.7 (ABB Ltd.) as seen in Figure
6-3. This robot was chosen for specifically for its excellent accuracy of 0.2 mm and rigidity, with
its high speeds and weight bearing of up to 7 kg, offering good expandability for future projects.
The accuracy and rigidity are particularly important, as vibrations that occur during the printing
process will decrease print quality, this the print head vibrating could also cause breakage in the
printed samples [153]. As continuous PCF printing needs to be done quickly to be applicable in
industry, the high speeds of this robot arm will not limit research functionality. The large working
space provided by the robot arm will also aid in not hindering research efforts in the future if large

volume printing is desired.

IRB 1200-7/0.7

Extruder

Printing Bed

Figure 6-3: Robot printing setup, robot and extruder controllers are placed in the below portion of the table.
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The 6-axis robot arm was placed on a custom constructed table, the image can be seen
in Figure 6-3 made form welded square tubes. The design was chosen to limit the footprint of the
system and to have ease of portability. A printing bed was fabricated into the table, the print bed
levelling was done by using four compression springs adjusted with screws. Simple print patterns
were performed by the robot and the print bed was calibrated such that the first layer adhesion
was sufficient. The printing bed was coated in a thin layer of polyethyleneimine (PEI), to promote
adhesion of the first layer on the bed, this polymer was chosen as it is known for its adhesive

properties to other polymers.
6.1.3 Software and Control

The stepper motor, heater, and thermistor on the extruder were managed using a RAMPS
1.4, which is a modified Arduino board specifically fabricated for 3D printing applications. To 3D
print with the robot arm used for this project, a method to convert the 3D printing instructions
found in common Gcode into a format that the robot could understand is required. Robots
manufactured by ABB Ltd. use a proprietary language called RAPID. Coding in this language is
not user friendly, hence the offline robot simulation software of RobotStudio was used.
RobotStudio allows for teaching of motions and instructions to a simulated robot offline. These
instructions can then be turned into RAPID code and then transferred to the real-world platform.
RobotStudio contains a 3D printing plugin, which allows for Gcode to be uploaded onto the
software, this Gcode is then converted to the RAPID code, with many settings available. Options
like robot speed, tool orientation, the use of additional axes, and print quality can all be adjusted
prior to the conversion. Software integration between the Robotstudio and the extruder Ramps
1.4 controller was attempted, however this was a long process that did not result in a complete
product due to the differences between the control protocols. Future work will need to devise a
control system in which a feedback loop between the extruder and robot can be created and used

such that accurate printing can be done for more complex geometries.
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The printing process involved first creating Gcode to be printed. Commercial slicer
software can not be used for this process as they disregard fiber orientation and do not take into
consideration the custom filament and nozzle sizes. FullControl Gcode Designer was used as it
allows for print parameters to be quickly turned into a Gcode without the need of any CAD models

or slicer software [152].
6.2 Comparison of Extruders

Using methods developed in prior Chapters, samples were created and had their thermal
conductivities measured. First, samples were created with the same parameters as the old
extruder to understand if the new design decisions for the new extruder had much effect on
breakage. The new extruder, with its PTFE coating, larger nozzle, and longer heating zone is
expected to provide higher thermal conductivities at the same print angle. Samples were printed
using the same printing parameters with the only difference being the extruder itself as seen in
Figure 6-1. The first of the tests involved measuring the thermal conductivity of a raster, printed
at a 45° nozzle orientation on both the old and new printing system. This was done to examine
the effects the new nozzles design decisions had on fiber breakage and thermal conductivity.
Samples were printed at the same printing parameters of 800 mm/min printing speed, 215°C for

nozzles, and 60°C for the print bed. Figure 6-4 shows the comparison between the two samples.
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Figure 6-4: Measured thermal conductivity of K13D2U samples printed at 45° nozzle orientation using the old and new printer.

68



The previously used extruder was limited to printing at 45° due to the fabricated design,
limiting the thermal conductivity of printed samples to 442 W/mK. When printing with the new
nozzle, a thermal conductivity of 521 W/mK was measured. For the newly manufactured samples,
a thermal gradient was measured with a change in temperature of 4.8 K across a length of 20.5
mm. The high uncertainty of these samples is a result of the uncertainty of the diameter of the
fibers as discussed previously; Naito et al. saw that the 11 um diameter PCF varied in their
diameter by 0.5 um [138]. This increase in thermal conductivity shows that having a nozzle in
which the fibers are heated for longer and can pass through easier results in less broken fibers

overall.
6.3 Nozzle Orientation

Samples were then examined for their thermal conductivity with varying print angles, which
is the angle between a line normal to the print bed and a line through the center of the nozzle as
seen in Figure 6-5. A single raster was extruded onto the printing bed, each tow of the K13D2U
sample has around 2000 individual fibers, with each fiber approximately 11 ym in diameter. The
same printing speed of 800 mm/min, hot end temperature of 220 °C, and bed temperature of 60
°C was used when printing all samples. All samples were printed using the same parameters and
g-code settings, except for the angle of the nozzle to the bed, with the tested angles between the
nozzle and normal being 45°, 50°, 55° and 60°. Samples were printed to a length of 100 mm,
however had 20 mm removed from each end to eliminate errors because of nozzle acceleration

or the cut-off method used.
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Figure 6-5: Angle identification for new robot extruder.

Throughout this project, it was hypothesized that the nozzle orientation with respect to the
printing bed was the main contributor to breakage seen in all the samples that have been tested
so far. Samples were printed at 5° intervals from 45° to 60°, the angle could not be increased
anymore as parts of the extruder came into contact with the printing bed. Furthermore, when
printing at such angles, the printed PCF did not adhere to the bed, resulting in failed prints and
inconsistent print quality. During experiment, the cold block was held at 14 °C and the hot clamp
was supplied with approximately 40 mW. The ambient temperature in the chamber was kept at
22°C. The distance between thermistors T1 and T2 on the samples was approximately 20 mm

apart for each sample such that a large enough temperature difference could be measured.
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Figure 6-6: Measured thermal conductivity of pitch carbon fiber samples 3D printed at varying nozzle orientation angles.

The extruder from previous investigations was limited to printing at only at 45° angle. This
printing limitation yielded a measured thermal conductivity of 442 W/mK (when printing at a linear
speed of 800 mm/min) representing only 58% of the specified thermal conductivity of the original
pitch carbon fiber. The new extruder printed three different samples at 45°, 50°, 55°, and 60°,
which yielded thermal conductivity values of 521, 578, 581, and 621 W/mK, respectively, shown
in Figure 6-6. This demonstrates that shallower print angles between the heated bed and nozzle
results in less breakage in the fibers, and thus resulting in higher thermal conductivities (closer to
original fiber values). The sample printed at 60° showed the best result at 82% of the original

thermal conductivity of the PCF (K13D2U).
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6.4 Radius of Curvature

Tests were also done to discover what the smallest radius of curvature on the XY-plane
could be printed before causing additional breakage. This testing was done as the future of this
project would involve printing fibers along the heat flow paths, which requires a curving motion
from the extruder to be able to print. Previously, the extruder used could not accomplish this radial
motion as the PCF extruding nozzle had a constant orientation. Using the 3D printing plugin in
RobotStudio, the nozzle could be made to have a consistent orientation with the direction of
printing, resulting in the nozzle always being angled at a given angle in the direction of printing.
Radius of curvature of these samples were varied from 50 mm down to 10 mm as seen in Figure
6-7. All prints were done at same printing speed of 800 mm/min, hot end temperature of 220°C,
and bed temperature of 60°C. Prior to and after the curvature portion of the prints, the samples

had 10 mm of straight printing to allow for the samples to be fully adhered to the bed.

50mm Radius

40mm Radius

.30mm Radius

20mm Radius

Figure 6-7: Images of printed samples at varying radius of curvatures.

When printing samples with radius of curvature, an issue was encountered with the

Robotstudio software, similar to 3D printers, the RAPID code generated by the software instructs
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the robot to travel between discrete points rather than continuous motion, specifically when below
1 mm. The minimum distance between points was set to 1 mm and the Gcode was made such
that each curve was made of segments greater than 1 mm. The samples tested were printed at
a nozzle orientation of 55°, although 60° is the max angle that can be printed at yielding the
highest of thermal conductivities, print bed adhesion was more desired in these samples.
Samples were printed and tested with all other parameters kept the same; the results were
compared to the thermal conductivity of linear samples printed at 55° as if the thermal conductivity

is lower than this value then it can be interpreted that more breakage is happening to the samples.
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Figure 6-8:Thermal Conductivity of samples printed at varying radius of curvatures.

Figure 6-8 shows the measured thermal conductivity of samples with respect to the radius

of curvature they were printed at. Samples could not be printed at a radius of curvature of less
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than 15 mm; an attempt to print at a radius of 10 mm was made, however, this curve was too
tight, and the sides of the nozzle were observed to be clearly cutting into the CF tow during the
extrusion. Samples printed with a radius between 30 and 50 mm had their thermal conductivities
ranging from 556 W/mK to 593 W/mK, being within the error of the expected thermal conductivity
of 581 W/mK. The sample printed at a radius of 20 mm was the first to show degradation in
thermal conductivity, having a thermal conductivity of 483 W/mK. A radius of 15 mm was also
attempted, and lower thermal conductivities were seen: the thermal conductivity of the sample

being 376 W/mK.
6.5 Angular Printing

Corners and turns are also an important aspect of 3D printing, hence samples were printed
and visually examined to qualitatively identify how thermal conductivity decreased from the
differently angled corners. Thermal conductivity tests were done on samples printed in which the
nozzle simply turned, and samples where a small curvature of radius of 20 mm was used, as seen
in Figure 6-9. A curvature radius of 20 mm was used as it gave the highest resolution for the
corner without increasing the breakage, as known from the previous radius of curvature testing.
Similar to radius of curvature when it comes to 3D printing, the printing of corners is an important
aspect of creating complex geometries. It is expected that corners will result in breakage as the
angles created in the XY-plane are the same as those created between the nozzle and normal of
the bed. To counter act this breakage, a radius of curvature is experimented with; 20 mm was
chosen as Figure 6-8 shows that this radius introduces more breakage. After testing, the fibers
only degraded by approximately 17% from what is expected when printing at 55°, with the angle

still looking sharp.
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Figure 6-9: Images of 3D printed samples at varying corner angles, with and without a turning radius.
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Figure 6-10: Sample measured thermal conductivity when printed at varying corner angles with no radius of curvature.

When printing to create a sharp corner, any angle for the corner was found to cause

additional breakage as seen in Figure 6-10. Although the expected thermal conductivity was set
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to what was found in Figure 6-6 when printing at a 55° (581 W/mK), samples showed a steady
decline in thermal conductivity. When the corner angle was set to 150° and 120°, additional
breakage was observed with the thermal conductivity being measured at 501 W/mK and 334
W/mK respectively. Corners with an angle of 90° or less were found to result in completed
detachment of fibers, as seen in Figure 6-9. The breakage observed when printing corners is
attributed to the edge of the nozzle at the internal corner, damaging the fibers when the rotation

is being performed.
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Figure 6-11: Sample measured thermal conductivity when printed at varying corner angles with a radius of curvature of 20 mm.

Figure 6-11 explores that when printing corner angles, using a turning radius prevents
additional breakage from occurring. The expected thermal conductivity line is based on the
thermal conductivity of samples in Figure 6-8, specifically of the samples printed at a 20 mm
radius of curvature. All the samples printed are within the uncertainty error of 483 W/mK, from

150° to 90° corner angle.
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6.6 Conclusion

The hypothesis of hozzle angle contributing the most to lowering thermal conductivity was
verified. Samples of PCF tows were 3D printed using a custom extruder and IRB 1200-7/0.7 and
had their thermal conductivities measured with respect to the nozzle angle they were printed at.
Compared to 3D printing with the initial extruder in Chapter 3, printing at a 60° nozzle angle with
the new extruder led to increase of thermal conductivity from 440 W/mK to 621 W/mK (81% of
the original thermal conductivity of the K13D2U). Other printing method were also investigated
such as printing curvatures with varying radii and sharp corners, as these are important aspects
of 3D printing complex geometries. It was found that the smallest radius of curvature that can be
printed without inducing any additional decrease in thermal conductivity was 30 mm, 20 mm and
15 mm radii saw a sharp decrease in thermal conductivity. When extruding sharp corners, any
angle chosen for the corner was found to decrease thermal conductivity, with acute angles
causing complete discontinuity in the PCF. Using a curvature for the corners was found to amend

this issue, resulting in no visible decrease in thermal conductivity.
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Chapter 7 Summary, Conclusions, & Future Work

The work done through this project has revealed several important aspects behind the 3D
printing of continuous PCF reinforced polymer composites. First, it was shown that continuous
PCF can be 3D printed, the resulting composites had thermal conductivities much greater than
others in literature. The resultant samples however had excessive amounts of discrepancy in
effective thermal conductivity between what was expected and what was achieved, which was
believed to be a factor of the breakage of fibers during the printing process. To identify how
different 3D printing parameters affect the fiber breakage, a heat flow meter in a vacuum chamber
was designed and fabricated to measure thermal conductivity of fibers after processes were done
on them. Initially, one process that was suspected of causing breakage was the fiber coating
process, however this was disproven, and the process was shown to cause no breakage. The
next element analyzed was printing speed, as this is a common parameter to examine in 3D
printing, again this process was shown to have little effect on fiber breakage except in outlier
cases where the firmware of the 3D printer caused excess breakage. The last parameter
examined on the old extruder and printing system was the raster spacing, this parameter was
investigated as overcrowding was observed when printing. Through creation of large samples
and testing with a guarded heat flow meter used in previous projects, overall total breakage was
reduced. Sample thermal conductivity was found to be what was expected when using fiber
thermal conductivity discovered from previous testing when using a raster spacing of 1.5 mm,
whilst samples with 1 mm raster spacing had more breakage than that caused by the extruder
design.

The experimental setup and testing performed, yielded knowledge that breakage was
occurring due to nozzle design rather than printing parameters, necessitating the need for a new
nozzle design. Furthermore, a new printing system had to be created to allow for multi-directional

printing, which was missing from the initial printer, due to printer extruder angling. A new design
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for an extruder and printing system was made, using a 6-axis robot arm and a custom extruder,
which allowed for better control of the nozzle during printing. The printing system was compared
to the original prototype and found to decrease the amount of breakage seen through thermal
conductivity measurements. Nozzle orientation was examined, and samples were printed to test
the effects of nozzle orientations on breakage. The angle between the nozzle and a normal from
the printing bed was varied, to understand how much this angle affected CF quality. Common
printing practices such as printing curves and corners was also tested to find the limitations of the
new printing system.

In conclusion, it was found that nozzle angling had the largest impact on breakage. The
sharp corner caused when the PCF leaves the extruder onto the printing bed induces significant
fibre breakage. Through angling the nozzle such that a 60° angle was formed between the nozzle
and the normal of the bed, a thermal conductivity of 621 W/mK was achieved out of the expected
765 W/mK. The printing of curves did not result in additional breakage until the radius of curvature
was set to 20 mm. The printing of sharp corners caused high amounts of breakage; this breakage
could be avoided using a small radius of curvature.

A lot has been learnt about effective printing techniques for pitch carbon fibre that can help
progress current endeavours in 3D printing of CF heatsinks. The basic building parameters such
as coating, raster spacing, and nozzle angle provided insight into better pitch carbon fibre printing

practices. This work can help continue towards building effective PCF heat exchangers.
7.1 Future Work

The main mechanisms for breakage are now well understood for continuous PCF 3D
printing, with this knowledge, future work will need to be done to show its capabilities and
applications while making it a viable form of manufacturing. Updating the process to be able to
print faster will allow for higher volume production for heat exchangers 3D printed. With stronger

heaters production can be sped up, a stronger heating system will allow for the temperature
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decrease withessed in Chapter 5 to not be as prevalent. Printing speed can be increased further,
as testing has shown that printing speeds does not increase fiber breakage if printer firmware
parameters are given respect.

Additional work with extruded design is also desired, Chapter 6 showed that the breakage
varies linearly with the nozzle’s orientation with the bed. Printing at a 90° angle with the current
type of extruder is not practical, hence it is believed an extruder using a roller, like the tape winding
process, is believed to be the next evolution for the printer. Designing a roller with a radius large
enough to not cause additional breakage, would allow for printing to be done with the extruder
being normal to the printing bed. The use of a roller would also help in print adhesion and linear
alignment of rasters, as the melted polymer matrix of the PCF filament would be pressed against
each other.

Research should also be done on the performance of 3D printed PCF for applications for
large scale samples. Through the 3D printing of samples such as heat sinks and heating blocks,
the viability of continuous PCF printing can be proven. The polymer matrix of the samples means
that high temperatures can not be used. To amend this, future work should also be done on using

a polymer matrix of PEEK or PEI, otherwise refrigerant use cases should be investigated.
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