Development of a Large-scale Continuous Carbon Fiber Composite Additive
Manufacturing System Based on Fused Granular Fabrication

by
Anish Abraham Philip

A thesis submitted in partial fulfillment for the degree of

Master of Science

Department of Mechanical Engineering

University of Alberta

©Anish Abraham Philip, 2024



Abstract

The thesis details the design and development of a method to additively manufacture continuous carbon
fiber in a polyether ether ketone (PEEK) polymer matrix at a large scale. The majority of the additive
manufacturing techniques are limited by size and printing time. Furthermore, the mechanical characteristics
of typically 3D printed polymers are often inadequate for use in industrial settings. The prevalent technique
in polymer additive manufacturing is fused filament fabrication, which necessitates the production of
polymer filaments. This raises the cost of raw materials and confines the process to conventional filament
dimensions. Considering these shortcomings, the study aims to investigate fused granular fabrication (FGF)
based 3D printing which uses polymer in pellet form. A three-axis cartesian gantry based FGF printing
system with a screw-based pellet extruder was constructed for studying the process parameters that
influence the printing of a performance polymer. For this study, PEEK, an engineering thermoplastic
frequently used in the aerospace and medical industry, was used. Employing a design of experiments
approach, a study was conducted on printing temperature, bead overlap, layer height, and material
throughput rate to obtain the optimal parameters to print parts with near zero porosity and minimal surface
deformities. Tensile test was conducted on parts printed with the optimal set of parameters and compared
with other manufacturing processes. During the study a variety of challenges involved with 3D printing
high performance thermoplastics were resolved, such as issues with delamination, warping, and poor bed
adhesion. For the second half of the thesis, a novel nozzle was designed with the capability of 3D printing
in-situ impregnated continuous carbon fiber reinforced polymer (CCFRP). Parametric computational fluid
dynamics analysis was performed on the design to optimize the temperature distribution and flow behavior
of PEEK polymer through the nozzle. In order to utilize the benefits of printing CCFRP by employing
nonplanar printing path, a six-axis robotic arm based FGF printer and components were constructed. A
newly fabricated nozzle was implemented along with the screw-based pellet extruder on the robotic system

and PEEK-CCFRP was printed as a proof of concept.
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Chapter 1 Introduction

Additive Manufacturing (AM) formally encompasses what was previously referred to as Rapid Prototyping
(RP) and commonly recognized as 3D printing. With the progression of this technology, there has been a
notable enhancement in the quality of output, bringing it closer to a finished product. The distinctive feature
of the AM process lies in the addition of material in layers, compared to conventional manufacturing
methods that typically involve material removal to achieve the final part. Furthermore, AM only
necessitates dimensional details, an understanding of the process, and knowledge of the materials to be
used, as opposed to the intricate planning required in traditional manufacturing, involving the sequencing
of machining features, fixture development for support, and various tooling and die needs [1,2]. These
advantages have spurred extensive research into refining the technology, materials, and tools associated

with the AM process.

Throughout this study, we explore the potential of leveraging the AM process particularly in the material
extrusion process for high-performance engineering polymers. We investigate its thermal and mechanical
effects on material consolidation, as well as the impact of process parameters on critical responses. The
goal is to develop a comprehensive understanding that will ultimately facilitate the establishment of a

system for the industrial-scale 3D printing of continuous fiber-reinforced polymer composites.

The present chapter discusses the motivation behind carrying out the studies conducted in this thesis. A
comprehensive literature survey was conducted, detailing the state of the art and supporting the motivation

of the project. Finally, the thesis hypothesis and objectives are defined based on the literature survey.

1.1 Motivation

The flexibility to produce intricate shapes with very short lead times has increased the popularity of AM
techniques in recent years. Especially in polymer product manufacturing, this leads to faster and cheaper
customized part production. While many companies have started to adopt this manufacturing technique,
3D printing still has some significant shortcomings. The additive manufacturing processes are subject to

key limitations, including [3-6]:

e The production speed for 3D printed components is comparatively lower than that of subtractive

manufacturing.
e Parts that can be produced are constrained in size to an average volume of 10°m?>.

e Material feedstock is costly, with an average price of USD$100/kg due to the requirement to

produce preprocessed polymer filaments.



e The majority of the commonly available polymers for 3D printing are not suitable for engineering

applications.

Material extrusion for polymers is frequently constrained by fast cooling rates (resulting from significant
temperature differences between the print and ambient environment), phase transformation, and
delamination issues. Commonly used commercial materials, such as PLA and ABS, have limitations as
they become fluidic at temperatures below 250 °C [7-9], with a tensile strength not exceeding 60 MPa
[10,11]. Although suitable for prototyping, these polymers lack the strength and other enhanced properties
necessary for the production of functional parts. These materials are not suitable for applications in
industries where parts need to survive extreme environments, such as the aerospace, automotive and
biomedical sectors, even though a desire exists to deploy AM in the production. A viable resolution to this
issue involves employing high-temperature engineering polymers in the material extrusion process. These
polymers typically exhibit semi-crystalline characteristics, ensuring thermal stability and toughness.
Nevertheless, a significant challenge arises from the elevated processing temperatures and the consequential
high shrinkage during part cooling, which leads to issues such as warping and delamination from the print
bed [12,13]. Additionally, the crystallization process poses a hindrance to inter-layer adhesion, as the
crystals act as a barrier to polymer chain diffusion [14]. This highlights a research gap in the field,

particularly in the context of scaling up the industrial printing of high-temperature engineering polymers.

Moreover, the addition of fiber reinforcement has been proven to improve the mechanical performance of
additively manufactured parts. It has been reported that the incorporation of carbon fiber into polymer
feedstock results in heightened thermal conductivity, diminished thermal expansion, significantly decreased
warping in larger prints, lowered residual stresses within the part, and an enhanced dimensional accuracy
of the printed components [15]. The majority of the research has been focused on development of short
fiber reinforcement as opposed to continuous fiber reinforcement that avails significantly higher strength
and stiffness [16,17]. Yet, enhancing polymers with continuous fiber in 3D printing presents a more
significant challenge, demanding a distinctive feeding system unlike that used for short fiber reinforcement
printing [15]. This presents another research opportunity to develop a system that can concurrently print
high temperature engineering polymer reinforced with continuous fiber that can be utilized at an industrial

scale.

1.2 Literature review
This section discusses the state of the art in the field of large-scale polymer additive manufacturing, the
advancements in the fused granular fabrication process and continuous fiber reinforced polymer 3D

printing.



1.2.1 State of the art in large scale polymer additive manufacturing

Large scale additive manufacturing is believed to play an important role in the latest industrial
transformation known as Industry 4.0 [18]. It is reported by Frost & Sullivan’s Global Additive
Manufacturing Market that the aerospace, automotive and medical sectors account for nearly 51% of the
3D printing market share by 2025 [19]. There has also been a rapid growth of 3D printing technology in
the construction sector [20]. As a result, improving the built volume and deposition rate of 3D printers has

significant advantage for these industries.

There are a number of additive manufacturing processes that can be leveraged for the manufacturing of

thermoplastic polymers. Figure 1 lists the various AM techniques.

Additve manufacturing
1
I T T T T 1
Binder Direct Energy Material Powder Bed Sheet Vat Photo-
Jetting Depostion Extrusion Fusion Lamination polymerization

Figure 1. Types of AM processes.

1. Powder bed fusion is a printing technique where a laser-based heat source consolidates polymers
in powder form. The heat source is applied to the powder on the print bed that gradually moves
through each layer as powder gets spread for the subsequent layers thus forming a 3D structure.
The primary benefit of PBF technique is that the un-sintered powder material acts as a support
structure eliminating the requirement for a dedicated support structure. The printing technique
comes with its own disadvantages in sustainability unless un-sintered powder material is recycled,
the process requires costly machinery like a laser heat source and this burdens the scaling of this

technology [21-23].

2. Material jetting (MJ) is a printing technique where droplets of the feedstock material are selectively
deposited onto print surface. The deposited material is usually photopolymerized or allowed to
solidify by cooling. The advantage of the technique over others is the ability to print comparatively
thin layers allowing high print quality and lesser stair-stepping effect. Since the polymer is injected
in a molten form, multiple polymers can be combined in a single MJ technology. This is popularly
known as the multi-jetting technique [24]. A crucial gap in the technique is that since the material

used usually has low viscosity, it compromises the mechanical properties of the finished part [25].
3



The laminated object manufacturing (LOM) method lays down individual cross-section layers that
are cut out and laminated together using diffusion binding, low melting point alloys, adhesive
polymers, or ultrasound. A variety of shapes, like honeycomb structures and spherical shells with
holes, can be built using this technology [26]. Additionally, this technique is suitable for printing
continuous fiber reinforced parts. However, the method faces limitations due to material
availability, subpar surface quality, and the need for post-processing to enhance mechanical

properties and dimensional accuracy [27].

Material extrusion-based 3D printing melts the polymer feedstock in a nozzle and deposits on to
the print surface, as depicted in Figure 2. The material extrusion process is usually classified based

on the feeding system of the printer as follows [28,29]:

a) Screw based extrusion or fused granular fabrication (FGF) takes inspiration from the injection
molding where feedstock is in the form of pellets or powder, which is fed into an auger screw
where material is melted and fused to form a molten form that is extruded through a nozzle
onto a print bed layer by layer. The process requires bulkier machineries and multiple heat
zones when compared to fused filament fabrication process (see item ¢) below). But due to the
high pressure exerted by the screw and scalability of the equipment, it is suitable for printing
high temperature and high viscosity polymer at a large scale [31], which will be discuss in

greater detail in Section 1.2.2.

b) Plunger based extrusion also utilizes the feedstock in the form of pellets or powder which are
pre-fed into a reservoir and melted. This molten material is pushed out using a plunger. While
this technique shares the benefits of FGF process in scalability and printing of high viscosity
polymers, it is limited to continuous printing based on the size of the reservoir. This limitation
can lead to poor interlayer adhesion as printed parts may cool down during the delay for
subsequent print cycles [32]. It was also identified that the limitation of continuous polymer

extrusion can hinder the ability to print continuous fiber reinforced polymer parts.

c) Filament based extrusion, also known as fused filament fabrication (FFF) or fused deposition
modelling (FDM), first developed by the Stratasys company [30], is the most popular and
widely used 3D printing process. The method takes in feedstock in the form of filaments that
are melted in a hot end and deposited onto a print bed layer by layer creating a 3D structure.
The major reason for the method’s popularity compared to other polymer manufacturing
system is the ease of manufacturing, cheap components, and process control in the system. A
disadvantage of this process is the required filament fabrication process which adds to
feedstock cost [30]. FFF is also limited in scalability as the material deposition rate depends on
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the size of the filament which is typically limited to 2.85mm in commercially available sources

[317, [33].

Based on the knowledge of various AM techniques employed for thermoplastics, a literature survey was
carried out to understand the various large format polymer 3D printing system currently available in market

or in a research capacity. The survey has been summarized in Table 1.

a Screw-based type b Plunger-based ty| ¢ Filament-based type
ge pe
G Bar/granulated ) . 4 _ Filament
feedstock ‘ feedstock : 7 v feedstock
25
Y
'y Printing g Printing Printing
Feedstock chamber 4 chamher \IL b
Filament
transport

Heater

i

Printing hed Printing bed Printing bed

Figure 2. Types of material extrusion based additive manufacturing: a) Screw based, b) plunger based,
¢) filament based [28].

It is noteworthy to highlight the advancements achieved by the Stratasys company through its "Infinite
Build 3D Demonstrator." This thermoplastic pellet extrusion system has the theoretical capability to print
objects of unlimited length. The system, featuring eight axes, has undergone successful testing by industry
leaders such as Ford Motor Company and Boeing. It has demonstrated efficacy in producing lightweight

components and facilitating the exploration of innovative materials [48].

According to the literature survey, as detailed in Table 1, there have been major advancements in scaling
the polymer additive manufacturing system to incorporate the capability of producing parts at a higher
production rate and industrial scale. But it is also evident that most of the developed large-scale AM system
focus mainly on commodity plastics or at most engineering polymers (polymer classification will be
provided in Section 1.2.3). It is evident that the compatibility to print high performance engineering
polymer at a large scale is limited, which proves the requirement to study and create an understanding of
how process parameters that influence the material extrusion process interact while printing high

performance engineering polymers.



Table 1. Large scale AM systems available in the market (adopted from [34]).

** Proprietary material of the brand.

Build
Model Brand Technology | volume Material compatibility
(m?)
Massivit 1800 [35] Massivit 3D 3.2
Massivit 1500 [35] Massivit 3D MJ 2.5 Photopolymers
3DGD-1800 [35] Mimaki 2.9
. PLA, PETG, PA, ABS, PVA
Jupiter [36] ATMAT 2 (for limited geometry printouts)
?3050] Series Workbench Xtreme | 31y py, gy 1.05 | PLA, PET, PA, PC, ABS, ASA
PA12 CF, PA6, PA66, ASA,
BigRep Pro [37] BgRep FFF 1 PLA, PETG, HI-TEMP**,
BHOV**
ABS, PLA, PETG, PA, PC,
D1000 [38] CreatBot 1 PEL PEEK
Delta WASP 60100 [39] WASP 1.2 PLA, ABS, PETG, PA/Carbon
ABS, PPS, PC, PLA, PEI
Cincinnati Composites of carbon fiber,
BAAM [40] fnemnnat 25 glass fiber, or organic fiber
Incorporated . .
with abovementioned
polymers
PLA, ABS, PETG, PC,
. PPSU, PEI and composites
M P 41 I 1l 4 o
asterPrint [41] ngerso 8 with CF, GF, WF and above
polymers
LSAM 1540 [42] Thermwood g1 | Max print temperature up to
450°C
MILLE-500XL [43] MilleBot 15.36 ABS, PLA, HIPS, PETG etc.
ABS, ASA, PA6, PC, PEEK,
. PEIL, PESU, PETG, PLA, PP
FGF ) ) ) ) s
CFAM Prime [44] CEAD 12 HDPE, Continuous fiber
reinforced polymers
The Box Large [35] BLB . 6 PLA, PET, PA, PC, ABS, ASA
Industries
. CNC Max print temperature up to
Super Discovery [45] Barcenas 3.25 400°C
Titan PEL PEKK, ABS, PA, CF-PEI,
Atlas 3.6 [46] Robotics 3 GF-PEKK
Delta WASP 3MT Industrial 4.0 | o\ oo 1 PLA, ABS, PET, ASA,
[47] ' PLA+Wood, PLASMIX
PLA, PP, ABS, ASA, PET, PC,
Flexbot Industry [146] CEAD 4 PEEK, PESU, PPS combined
with GF, cellulose fiber or CF
.. Massive
MDACS50 additive cell [147] . . 4.2 ABS, PLA, HIPS, PETG
dimension
*SLM  stands for selective laser melting, a process that falls under PBF.




1.2.2 Overview of Fused Granular Fabrication (FGF) process

Single screw extruders were first used for extrusion of thermoplastics material in the early 1930s. The
material inside the barrel is subjected to heat and considerable shear force that fuses the material and pushes
it forward through its flight [49]. The molten fluid is pushed forward by the axial component of the drag
flow created by the motion of the screw, and the transverse flow generated by the drag flow component is
primarily responsible for the mixing action [50]. As briefly described in Section 1.2.1, the FGF printing
technique operates by transferring feedstock material in the form of pellets from the inlet to the nozzle
opening via an auger screw. Prior to extrusion through the nozzle, the molten plastic experiences high
pressure facilitated by the screw, which consists of transport, melting, and mixing zones. The pellets
transition from a solid to a viscous state through a heater that heats the screw and barrel. The motor, linked
to the screw, induces rotation, applying substantial pressure for extrusion, as illustrated in Figure 3. This
screw extruder system is attached onto a manipulator that follows the path generated from a CAD model.
The material is deposited in a layer-by-layer fashion until the desired 3D structure is created.
Conventionally the screw extruders were used for injection molding of polymers and in the food processing

industry, such that the extruder material is pressurized into a die [51,52].

Gearbox + Motor

Palymer pellets

Auger screw

Heaters

Replaceable
nozzle

Print bed

Figure 3. Illustration of the working principle and components of FGF extruder.



The auger screw (see Figure 4) is the most significant component in the extruder as the dimensional features
of the screw directly influence the extruder throughput, rate of melting, mixing, melt temperature
homogeneity and process efficiency [53]. The main characteristics that affect these properties of the
extrudate are the length of the screw, length to diameter ratio, the compression ratio, flight width (pitch)
and the channel depth. The length of the screw and the screw rotation speed dictates the residence time of
the polymer in the screw [49,54]. Polymers are not readily sheared and require greater melting by
conduction. The compression ratio correlates between the channel depth in the feeding section and the
channel depth in the metering section, playing a significant role in influencing the mixing process. The

compression ratio plays a critical role while extruding polymer composites or multiple polymers [53,145].

Other critical components in the extruder are the driver motor with a gearbox coupled to the screw which
delivers sufficient torque for material extrusion and mixing. The torque requirement is proportional to the

diameter of the screw. Likewise, the torque requirement is proportional to the screw speed [55].

Another important aspect is the temperature of the extrudate. The main source of energy to melt the
feedstock is from the heat transfer between the heated barrel and the polymer, and viscous dissipation of
mechanical energy into heat inside the polymer material. The rate of heat transfer is proportional to the
amount of contact area between the barrel and the flowing material while heat due to viscous dissipation is
proportional to the volume of the material. Viscous dissipation of mechanical energy dominates especially
at low moisture contents and at high screw speeds [50,56]. The material is gradually heated from the feeding

section to the nozzle. This curb overheating and thus degradation of the polymer [56].

Channel depth Pitch
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Figure 4. Geometric characteristics of an auger screw.



A thorough understanding of the process parameters that influence the FGF process and how they influence
the final printing is required in order to optimize the process for high performance polymers. From the
literature survey on the working principles of the FGF based material extrusion [55,57-62] the parameters
in Table 2 were highlighted to have an influence on the printing process. Figure 5 provides a graphical

illustration of the process parameters that were explored in the present study.



Table 2. Process parameters and their influence on FGF printing [55,57-62].

Parameter Independent/ Influenced parameters Influence on printed part
dependent
Screw speed Determines the rate of material flow through
P Independent N/A the screw flight and ultimately rate of
(RPM) .
material extruded
Material temperature is dictated by the
Extruder . . . . .
Material melting and parameter thus dictating the viscous material
temperature Independent . . ) .
(°C) degradation temperatures properties that influence the mechanical
properties of the finished part.
Nozzle Directly proportional to extrusion velocity
. Independent N/A and influences bead width thus determines the
diameter (mm) .
rate of printing
Mass flow rate Linearly proportional to . L
(ke/hr) Dependent screw speed Determines the rate of printing
Scannin This parameter can be independently
e controlled but it has to be tuned based on
velocity Independent N/A . .
(mm/min) screw speed, layer height and nozzle diameter
to achieve consistent bead widths
Extrusion Llnearslglr gjvoso;‘g((i)nal to
velocity Dependent peee Determines the rate of printing
Inversely proportional to
(mm/sec) .
nozzle diameter
Has a major influence on print quality as it
influences the stair stepping effect. Higher the
Layer height layer height, more significant the stair
(mm) Independent N/A stepping effect. It also dictates the bead
geometry in conjunction with extrusion
velocity and scanning velocity.
Usually determined by the degree of adhesion
Bed between the first layer of polymer and print
temperature Independent N/A surface. For semi-crystalline polymer it is
(°O) maintained slightly above the glass transition
temperature
Influences the cooling rate of the deposited
. material. Insufficient material temperature
Environmental . . .
temperature Independent N/A can lead to poor inter-layer adhesion. Cooling
C) rate of the material dictates the crystallization
rate which in turn dictates shrinkage and
mechanical performance of the polymer
Influenced by nozzle Bead width influences the quality of the
Bead width diameter, extrusion finished parts as it is the resolution of the
Dependent . . . .
(mm) velocity, scanning printing process. It also is used to control the
velocity and layer height bead overlap.
This is a significant parameter that determines
the mechanical performance of the finished
Bead overlap Dependent Calculated from bead part as it directly influences inter-bead

(%)

width

porosity. An optimal bead overlap ensures the
elimination of these porosities.
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Figure 5. Parameters affecting FGF process.

The screw-based extrusion process has key advantages over the other material extrusion-based printing
technique particularly while considering large format additive manufacturing. Since the auger screw, driver
motor and barrel construction can be scaled up and down, the rate and scale of printing can be proportionally
varied [31,33]. Typically, the nozzle diameter for FFF systems is smaller than Imm and the deposition
ranges from 1 to 20mm/s with a maximum print volume of 300mm x 300mm x 300mm. In comparison, for
large scale prints the nozzle diameter ranges from 0.8mm to 10mm with deposition speeds from 20mm/s to
280mm/s with print volumes starting at 800mm x 600mm x 600mm. This shows that in order to achieve
the objective of printing at large scale, screw-based extrusion process is an apt choice of technology based
on its scalability [33]. Similarly, the screw produces much higher pressure compared to the filament feeding
system which allows for the printing of high viscosity polymer and polymer composites. In terms of the
feedstock used, the FGF system provides a cost-effective solution as the polymers are used in the form of
pellets. This eliminates the need to manufacture filaments or fine powder that serves as feedstock for other
AM processes. To put into perspective the disparity in cost, the unit cost of PLA pellets averages at $2/kg
while a filament of the same material can cost an average of $25/kg, which shows a nearly 10x increase in
cost of producing parts comparing FGF and FFF process [64-66]. There are additional advantages to
eliminating an added melt cycle in feedstock production such as reducing the embodied energy, faster
production time, and direct support of recycled polymers [64]. The downside to the FGF technique is the
requirement of higher capacity manipulators as the extruder components are much bulkier than the FFF
components. The temperature control also needs greater analysis and experiments to optimize in FGF as a

lack in understanding can lead to poor material extrusion and material degradation in the barrel.
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1.2.3 Overview of high temperature engineering polymer-based material extrusion

Thermoplastics are primarily used for the material extrusion process due to their melt processability,
rigidity, comparatively high strength and high temperature tolerance, and stability, when compared with
thermosets and elastomers [67]. Some of the most common polymers used with the material extrusion
process are ABS, PLA, PC, PA, TPU, HIPS, ASA, PEEK, PEI, etc. The industry currently utilizes these

thermoplastic parts produced through additive manufacturing for a range of applications [68-70].

As the previous section investigated the process parameters that influence the FGF process, here the
material parameters that influence the machine design, process parameters and print quality are explored.
Figure 6 illustrates some of the material properties and the stages of FGF at which their influence becomes
significant. Another point to note is that most of the polymers exhibit a non-Newtonian shear thinning
behavior which is an important property to consider when selecting the screw speed and extruder
temperature. A printable window for each material has to be determined between the melting point and
degradation temperature [71]. Rheological properties such as viscosity, shear stress, and elastic modulus
have to be monitored to determine the printable window. The printable window is usually determined
through a design of experiments (DoE) process. In order to carry out material extrusion-based 3D printing

the polymer should ideally exhibit following behaviors [72,73]:

e Thixotropy and shear thinning behavior

e Optimal viscosity such that material is extrudable in a continuous filament for dimensional accuracy
e Rapid viscosity increases after deposition to maintain structural integrity

o Sufficient mechanical bonding with subsequent layers to avoid delamination during and after printing
e Minimal coefficient thermal expansion to reduce part shrinkage and warping after printing

If the thermoplastic is semi-crystalline, crystallinity also plays a major role in the material extrusion process,
especially in the solidification phase of the deposited material. While crystallinity enhances the mechanical
properties of the polymer, if the rate of crystallization is not controlled while the extrudate cools down, it
can hinder the interlayer adhesion by restricting chemical bond formation. For this to occur the rate of
crystallization should be sufficiently slow to allow for the delay of the deposition of the subsequent layer.
Crystallization also induces additional shrinkage to the deposited material, inducing residual stresses
[12,74-76]. Crystallization kinetics is a function of temperature and can be slowed down by controlling the
cooling rate of the polymer after deposition [77]. The effect of crystallization and crystallization kinetics
on print quality and mechanical properties of the printed part is a vast research area to be explored and

requires a dedicated study.
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Figure 6. Material properties influencing material extrusion process [71].

In order to elevate the AM process from utilization for prototype parts to functional parts, production using
high performance engineering polymer has to be carried out [72]. These polymers have superior mechanical
performance, thermal stability, chemical resistance, and product quality compared to regular use plastics.
Due to these desirable properties, they are generally employed in critical applications such as aerospace,
defense, industrial and medical applications. These polymers are occasionally used as substitutes for metals
and glass due to their superior strength to weight ratio [78-79]. Processing these polymers also comes with
the challenges of elevated machinery requirement and controlled operational environment to reduce the

residual stresses induced by thermal gradients [76].

The diagram in Figure 7 categorizes polymers commonly employed in the industry. Based on the objective
to study the FGF process for high performance, the focus was on the top section of the pyramid. Based on
various market surveys [81-83] that indicated popular polymers in aerospace [84-87], medical [88-90] and
automotive [91-92] industries, PEEK was chosen as the high-performance engineering polymer for the
present study. PEEK, which chemical structure is depicted in Figure 8, is also used as the matrix material
in fiber reinforced composites, especially in the aerospace industry [86]. As per the material datasheet for
PEEK450G (a high viscous grade of PEEK) from Victrex (Lancashire, United Kingdom) [93], its
continuous operating temperature is 260°C with a Young’s Modulus of 4GPa. Properties of the particular

grade of PEEK used for the study are discussed in detail in Section 2.1.1.
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Figure 8. Molecular structure of PEEK.

To create an understanding about printing PEEK polymer, a review of existing literature was undertaken
summarizing the processing parameters for printing PEEK, addressing the challenges linked to 3D printing
this polymer, and examining the solutions proposed by other researchers. Table 3 details the findings from

this literature review.
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Table 3. Literature review on PEEK 3D printing via material extrusion.

Reference Printing Experimental description Observations and conclusions
technology
Optimal range of L/D ratio for screw is
. . between 18:1 — 24:1
Jian-Wei et Desl,llgq of serew for. printing PEEK Bed temperature was maintained at 280°C
al., (2017) FGF Ad esion testing Wlth. print bed Linearly proportional relation between flow
Tensile and compressive
[57] mechanical testing rate and screw speed
Extruder temperature was varied between
370 —390°C
Nozzle temperature had the most effect
(42%) on tensile strength followed by layer
Process parameter optimization for | thickness and print speed. Bed temperature
mechanical properties and porosity | did not have significant effect.
Tafaoli- evaluation Higher nozzle temperature degraded the
Masoule et FFF Parameters of DoE: PEEK and created micropores from the
al., (2022) Nozzle temperature: 390 - 440°C escaping gas. Lower temperature caused
[94] Bed temperature: 120 — 160°C insufficient bonding leaving inter-bead voids
Print speed: 10 — 50mm/sec Best set of printing parameters: Nozzle
Layer height: 0.1 — 0.2mm temperature at 415°C, bed temperature at
160°C, layer height at 0.1mm and print speed
at 50mm/s
Layer height (41%) and nozzle temperature
(36.1%) had a significant effect on surface
Effect of process parameters on roughness.
mechanical property and surface Nozzle temperature (41.9%) and layer height
roughness (29.7%) had significant effect on elastic
Pulipaka et Parameters of DoE modulus.
al., (2023) FFF Nozzle temperature: 390 - 405°C Infill density (80.5%), bed temperature
[95] Bed temperature: 136 — 143°C (8.9%), layer height (5.9%) and nozzle
Infill density: 70 — 85% temperature (3.5%) significantly affected
Print speed: 15 — 20mm/sec tensile strength
Layer height: 0.1 — 0.2mm No process parameters had significant effect
on hardness, contact creep of the part.
Effect of process parameter and
annealing on dimensional accuracy
of CF-PEEK
(Atatreh et Nozzle dia.meter: 0.4mm Parts printed with a geometric tolerance of
al., 2022) FFF Infill density: 70% iQ.me. . .
"[9 6] Nozzle temperature: 405°C Dimensional accuracy was slightly improved
Bed temperature: 130°C by annealing.
Chamber temperature: 90°C
Print speed: 40mm/sec
Layer height: 0.25mm
Effect of process parameters on
tensile strength Tensile strength of raster angles with 0/90°
Nozzle diameter: 0.4mm have more tensile strength than +45/-45°.
(Rehekampff Infill density:.ZS - 100‘?} . Parts showed slightly higher Fen.sile strength
etal., 2019) FFF Raster angles: +45/-45°, 0/90 when locglly cooled Wh1.le printing. .
[’97] Nozzle temperature: 415°C Lower print speeds provide better tensile

Bed temperature: 260°C for first
layer then reduced to 210°C
Chamber temp: 200°C

Print speed: 7.5 - 15mm/sec

strength for printed parts.
Reinforcing PEEK with chopped CF
improved the tensile strength by 42%.
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Layer height: 0.2mm
Air cooling nozzle: 180°C

Leeetal.,

Effect of convection in built
chamber on material cooling rate,
DOC, and crystalline morphology
was investigated

Raster angles: 0/90°

Independent of convention fast cooling rate
resulted in negligible crystallization of 10%
for single layer and 20% when subsequent
layers are printed on top due to secondary

(2022) [98] FFF Nozzle temperature: 4020 ¢ heating cycle. However, with convection the
Bed temperature: 160°C . S
oo secondary heating cycle is eliminated.
Chamber temp: 90°C . s
. ) Higher degree of crystallization was observed
Print speed: 12mm/scc in slower cooled parts
Nozzle fan speed: 0 — 100% parts.
(controlled chamber convection)
Effect of heat treatment on
crystallinity and mechanical
properties An increase in ambient temperature form 25
Raster angles: 0° —200°C increased the crystallinity from 17 —
Nozzle diameter: 0.4mm 31%. Nozzle temperature was found to
Yang et al., FFF Nozzle temperature: 360 - 420°C influence crystal melting process,
2017 [99] Chamber temp: 25 - 200°C crystallization process, inter-bead adhesion
Layer thickness: 0.2mm and material degradation.
Print speed: 40mm/sec Furnace cooling and annealing produced max
Heat treatment: air cooling, crystallinity of 36% and 38% respectively.
furnace cooling, quenching,
annealing, tempering
Effect of process parameters and
annealing on mechanical
propertics o Optimal parameters for tensile strength:
Raster angles: +45 .
: ] Nozzle temperature, print speed and bed
Nozzle diameter: 0.4mm
] temperature: 420°C, 20mm/s, 100°C
(Zhao et al., Nozzle temperature: 360 - 420°C )
FFF Nozzle temperature had the main effect on
2021) [100] Bed temp: 80 - 140°C :
: tensile and flexural strength.
Layer thickness: 0.1mm .. .
; Annealing improved the tensile strength by
Print speed: 20 - 80mm/sec 28% due to increase in crystallinit
Infill density: 100% ° y Y
Bead width: 0.6mm
Fan speed: 50%
Melt pressure directly affects the surface
morphology and extrusion diameter of the
filament, and higher melt pressure is
beneficial to reducing surface defects of the
Effect of extrusion speed and egtruded ﬁlgmen?. .
rinting speed Linear relationship between extrusion speed
(Geng et al., P ; . and the diameter of extrusion filament within
FFF Extrusion velocity: 0.1 — .
2019) [101] . the extrusion speed range of 5 and
120mm/min .
. 80mm/min.
Print speed: 6.8 — 10.4mm/s . . .
Accuracy improvement of printed samples is
attributed to introducing the relationship of
the extrusion speed and filament diameter
into the extrusion control algorithm
Design and testing of a hot end for | The density and surface quality of printed
(Wang et al PEEK PEEK parts, internal defects, and binding
S ’ FFF Effect of printing parameters on strength between layers and infill filaments

2019) [102]

mechanical properties, surface
quality and microstructure

can be improved at higher temperatures and
by decreasing the layer thickness and printing
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Nozzle diameter: 0.4 — 0.8mm speed. The optimal parameters for printing
Nozzle temperature: 380 - 4400C PEEK were a heating temperature of 440 °C,
Layer thickness: 0.1 — 0.5mm printing speed of 20 mm/s, and printing layer
Print speed: 17 - 26mm/sec thickness of 0.1 mm, respectively, which
could insure the better mechanical properties
and surface quality of PEEK parts.

As evident from Table 3, the majority of the research conducted focused on FFF of PEEK and the effect of
process parameter and print strategy on dimensional accuracy and mechanical properties. A small number
of articles investigated laser powder bed fusion for PEEK [103-104]. However, as this technology is not
the focus of the present study, it has been excluded from the table for the sake of brevity. As per this author’s
knowledge, only Jian-Wei et al. (2017) studied the FGF process for PEEK and reported on it. Another
important point to note from the literature review is that all printing carried out is using a <Imm diameter
nozzle, which has inferior material throughput rate. Additionally, due to the small diameter of beads
extruded through such nozzles, the effect of thermal gradient, residual stresses, and melt and crystallization
shrinkage is not highly manifested in the finished parts. This leaves a sizable research gap in terms of
understanding the process parameters and challenges faced in FGF based material extrusion for PEEK

material especially at large scale.
1.2.4 Advancements in continuous fiber reinforced polymer 3D printing

Fibers with high longitudinal strength and modulus are mixed into polymer matrices to form continuous
fiber reinforced polymer (cFRP) composites. The fibers act as the load bearing elements with the polymer
providing structural rigidity and a distribution of load among fibers. The polymers also protect fibers from
environmental interaction and associated damage [105]. The continuously rising need for materials that are
not only lighter but also stronger has resulted in the widespread adoption of cFRPs. These composites
exhibit superior strength-to-weight and stiffness-to-weight ratios compared to metallic materials.
Furthermore, the inclusion of polymers imparts excellent corrosion resistance to these materials [106]. In
terms of impact resistance and fatigue damage tolerance, cFRP composites surpass the performance of
metals [107]. The combination of these highly desirable properties positions cFRP composites as a favored
choice for significant applications in the aerospace, automotive, and sporting goods industries. To
contextualize the progress of composites, particularly in the aerospace industry, the material distribution in
latest commercial airplanes likes the Airbus A350 and Boeing B787 is slightly over 50% composites while
their predecessors like the A340 and B777 contained just 10% to 15% [108]. Figure 9 shows some of the

major components manufactured out of composites in the Airbus A380.
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Figure 9. Components constructed using composite materials on Airbus A380 [108].

Despite the advantages of composites over metals, composites have certain shortcomings. Composites
exhibit significant anisotropy. Except for the fiber direction, their performance is determined by the
properties of the matrix material, which is inferior to the fiber phase. The interfacial interaction of polymer
and fibers determines the load transfer capacity in composites and is a complicated challenge for design
and manufacturing of composites. In laminated structures, the interlayer adhesion is usually weaker than
the bulk of the material and the strength of the interface cannot be predicted during the design phase.
Additionally, the design of these composite materials necessitates an in-depth understanding for utilizing

the mechanical benefits that can be imparted by the fibers.

Conventional manufacturing processes of polymer composites also entails certain challenges and
limitations. Composites are usually manufactured using laborious process like hand lay-up, which slows
down production and drives up the cost of the parts [109]. Large composite parts are typically created using
bulk polymerization which requires large autoclaves for heating and curing [110]. Most of the traditional
composite manufacturing techniques require molds for manufacturing, and lack the capability to produce
intricate geometries, and require post processing to obtain final parts [109], [111]. These challenges make

it worthwhile to explore the use of AM techniques for manufacturing FRP composite parts.

Traditional 3D printers depend on thermoplastic filament or pellets to print parts layer by layer, but these

parts lack the strength for industrial application. Introducing a reinforcement like carbon fiber into the
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polymer can impart high strength and durability to 3D printed parts. Traditional printing nozzles are limited

to the capability of printing chopped fibers, which can be mixed with the stock polymer. Hence, in order to

use cFRP, a focused design change for the nozzle, feeding system for continuous fiber, and a fiber cutting

mechanism is required. To facilitate this design task, a comprehensive investigation into the current state

of the art in cFRP additive manufacturing was conducted. Techniques for continuous fiber-based printing

has been classified based on the fiber impregnation process and consolidation of matrix. In the following,

some notable techniques are summarized [112] and depicted in Figure 10:

1.

In-situ impregnation: Dry fiber is introduced into the nozzle, while a matrix material is injected through
one or more inlets during deposition through co-extrusion. The matrix is subsequently introduced,

heated, and impregnates the fiber in situ before being deposited.

Co-extrusion with towpreg: Rather than using dry fiber, towpreg/thin prepreg tape is supplied to the
nozzle, heated, and co-extruded with additional matrix material. The matrix in the towpreg is typically

identical to that in the co-extrusion process.

Towpreg extrusion: The towpreg which already consists of the polymer mixed into the fiber is directly

deposited without any additional matrix impregnation.

In-situ consolidation: Essentially, it is a reduced-scale adaptation of thermoplastic automated fiber
placement (AFP), wherein the input thermoplastic towpreg/prepreg tape is consolidated in-situ upon
deposition. The feedstock undergoes heating by an external energy source at the nozzle during the

feeding process and is subsequently positioned and consolidated by a pressure roller during deposition.

Inline impregnation: The fiber undergoes impregnation while being transported into the print head, akin
to the process of 3D filament winding. Similar to towpreg extrusion, the deposition occurs through a

nozzle.

repre i
dry fiber towpreg towpreg towpreg prepreg dry fiber

) In-situ . Co-extrusion Towpreg In-situ In-line
Impregnation with towpreg extrusion consolidation impregnation

Figure 10. Illustration of various continuous fiber printing technique [112].
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A literature review on the advances of cFRP based AM was undertaken to understand the various designs

of the system, challenges faced in printing, benefits of reinforcing polymer printed parts, etc. This review

1s summarized in Table 4.

Table 4. Literature review on cFRP additive manufacturing.

Reference t;ﬂ:ﬁggy Experimental description Observations and conclusions
10 wt% carbon fiber reinforced parts were
printed.
. . Printed parts exhibited improved tensile
Design of novel extrusion head and
Yang et al., In-situ mechanical testing of printed parts S:Zl\;[gg z)ni]fslgxu;?gs(127MPa) strength
(2017) [113] | impregnation | Materials: ABS + CF (1K) P pares.

Interlayer shear strength (2.81MPa) was
significantly reduced due to weak
meso/micro scale interface in the 3D
printed composite parts.

Co-extrusion

Interlayer shear strength
determination

Materials: Nylon + CF or GF or
Kevlar fiber

The effects of the type of reinforcement
and fiber content on the interlaminar
bonding performance of reinforced nylon
specimens were of particular significance.

Caminero et Ma;ll:ll;(l)%ge d Layer height of unreinforced layer: | Carbon fiber reinforced composites
al., (2018) MarkTwo 0.1 —0.2mm exhibited the best interlaminar shear
[114] Layer height of reinforced sample: | performance with higher stiffness followed
desktop .
. CF: 0.125mm by glass fiber and Kevlar respectively.
printer GF or Kevlar fiber: 0.1mm Kevlar faced poor wettability.
Infill density: 100% A compaction stage after deposition would
Fiber angle: 0° be desirable to reduce porosity.
Effect of process parameter on
impregnation and laser heat source | Pre-impregnation and laser-based
on interlayer bonding behavior consolidation has improved mechanical
Material: PEEK 150G or PEEK performance.
. 450G + CF Selection of low-viscosity PEEK 150G
Meng et al., In-situ . . . .
(2019) [115] | impregnation 50W fiber laser (1070nm) was 1mpr9ved impregnation and interlayer
used bonding compared to PEEK 450G.
Fiber tow was passed through the ILSS and flexural strength of 35MPa and
nozzle to create a towpreg and this | 480MPa was obtained.
towpreg was again passed through
nozzle for printing
Melt impregnation of polymer into fiber
Development of a system for Egndle happened depending on the local
impregnation of fiber using high igh pressure gnd shear-thinning effect
. between the pin surface and fiber bundle.
ﬂeisu.rel \./1;:111(2:?-?;6\)1\/1( 3K Fiber volume fraction improved from
Liu et al,| Towpreg Sc?eevr;z;ée 1 die diamé or “:J;S )| 31.9% to 50.2% for 3K-CCF/PA12 using
(2020) [116] extrusion ) the impregnation technique.

varied for 1K and 3K fibers

For printing hatch spacing, layer
thickness and printing speed was
varied

Interfacial porosity was reduced to 0.15%
in 1K-CCF/PA12 and 2.62% in 3K-
CCF/PA12

Significantly promoted tensile and flexural
strength

Rimasauskas
et al., (2019)
[117]

Co-extrusion
with
modified

Preprocessing technique to
improve impregnation of polymer
into fiber

Tensile test with impregnated carbon fiber
tow showed that with the solution
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Geeetech Materials: PLA or ABS or PC + concentration increasing the tensile force
MeCreator 2 | CF (1K or 3K) increases accordingly during tension
printer Fibers was per-impregnated by Parts printed with these filaments also
passing them through a polymer exhibited a similar trend. This tendency
bath. was significant in PLA and PC but not in
ABS.

Effect of thermoplastic based
sizing on carbon fiber in
impregnation and mechanical The surface polarity and the activity of the
performance for CF/PEEK prepreg | carbon fibers have more significant
for 3D printing impacts on the interface of the CF/PEEK
PEI sizing with effective composites rather than the impact by the

Qin et al., Towpreg concentration of 20%. Deionized surface roughness of the CFs.

(2022) [118] extrusion water was added to the PEI sizing In comparison to unsized CF-reinforced
in 1:19, 1:19 and 1:15 ratio by PEEK composites, the tensile strength of
weight (PEL:water) PEI-sized CF/PEEK and PEEK-sized
PEEK sizing agent with effective CF/PEEK composites increased by up to
concentration of 2.5%. Deionized 47.6% and 54.0% respectively.
water was added in a ratio of 3:2
by weight (PEEK:water)

im;rré-;rlltallltion . Young’s moduli and strengthlwere
Matsuzaki et with Progess parameter analysis for enhanced qearly 5x for' CF reinforced parts
al (2016) modified tensile properties and 2x for jute fiber reinforced parts
M Materials: PLA + CF 924K or Jute | compared with pure thermoplastic parts.

[119] Hotproceed fib ~40 -50% vol fracti

Blade-1 ibers : o volume fraction parts were

. printed
printer

(Materials mentioned in the table are denoted as Matrix + Fiber format)

From the literature review, some of the challenges in printing cFRP and challenges in obtaining mechanical
performance similar to conventional composite manufacturing techniques were identified. Significant
challenges were poor interlayer adhesion due to poor interaction of matrix material during the layer-by-
layer deposition, and poor impregnation of matrix material into the dry fibers. This was reported primarily
for thermoplastic matrices due to the higher viscosity compared to thermosets. A few other techniques to
improve the impregnation of polymers into fibers have been reported in literature [120,121,126]. Various

mechanisms to tackle these challenges have also been detailed in the literature.

1.3 Thesis hypothesis and research objectives

This thesis work is aimed at developing a cFRP AM system that will be employed to study specially
designed material extrusion-based AM toolpaths. The bird’s eye view requirements for the system to be

developed are,

e (Capability to produce large scale industrial products
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e High material throughput
e Compatibility with high performance and high temperature engineering polymers
e In-situ impregnated continuous fiber printing system

To fulfill the aforementioned criteria, the following objectives were established:

1. Identify and modify a screw-based extruder in order to meet the necessary process parameters for

the selected polymer
2. Integration of extruder and material feeding system with large scale manipulator
3. Process parameter optimization to maximize print quality for basic geometries

4. Design, develop and manufacture a dedicated nozzle capable of impregnating continuous carbon

fiber and polymer in parallel with the printing process
5. Integration of the developed nozzle with the screw extruder.

The thesis hypothesis is that the development of a cFRP AM system will meet the above stated requirements
and will result in a technologically advanced and industrial viable solution for producing large scale

industrial products.

1.4 Thesis structure

The thesis is divided into five chapters. Chapter 1 explains the motivation for the work, including a
comprehensive literature review to understand the latest advancements in this area. Chapter 2 details the
experimental setup and the materials that were used throughout the project. The design of experiments
studies conducted for the process parameter analysis for FGF are discussed in Chapter 3. The design,
development and numerical analysis carried out for the continuous carbon fiber reinforced PEEK printing
system are explained, and the integration and preliminary tests that were conducted, are outlined in Chapter

4. Chapter 5 summarizes the findings from the study and makes recommendation for future work.
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Chapter 2 Experimental setup

This chapter provides an in-depth exploration of the materials employed in the experiments and the
machinery essential for constructing the additive manufacturing system. Section 2.1 delves into the polymer
and continuous fiber utilized in the development of the additive manufacturing process. Section 2.2
provides a comprehensive breakdown of the specifications and configurations of the system's various

components, including the extruder, manipulator, print bed, heating system, and pellet conveying system.

2.1 Materials

2.1.1 Poly ether ether ketone (PEEK)

PEEK pellets of grade PEEK 5600G (JunHua PEEK, Jiangsu, China) were used for conducting the
experiment. Pellets were of an average size of 2.5mm x 3.5mm in diameter and length, respectively. The
material has a density of 1300kg/mm?. The glass transition temperature (7) and melting temperature (77)
of the material are 143°C and 343°C, respectively, as per the manufacturer’s datasheet. PEEK is a high-
performance polymer with high specific strength, heat resistance, and chemical resistance, which makes it
desirable for engineering applications. Tests on PEEK have shown that the polymer has a continuous use

temperature of 260°C.

3.9+ 02mm

wwzo¥ee

Figure 11. PEEK 5600G pellets.

PEEK absorbs moisture from atmospheric air, which causes distortions while 3D printing. To remove the

moisture, PEEK pellets are dried at 120°C for 4hrs in an oven and are stored in an airtight container [122].

Thermal gravimetric analysis (TGA) was carried out on PEEK using Thermo Cahn 400 (Thermo Scientific,

Waltham, Massachusetts, USA) to understand the rate of degradation of the material. TGA was conducted
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in the presence of atmospheric air as it mimics the conditions inside the barrel. The following TGA studies

were carried out:

1. Temperature ramp TGA: Temperature inside the testing chamber was ramped up at a rate of
10°C/min (as per ASTM E2550) from room temperature to 750°C (machine limit). The weight of
the material is measured at a rate of 0.1hz to find the temperature at which the material starts to
degrade and if the material completely disintegrates. Figure 12 shows a plot from the analysis.
PEEK started to degrade at 550°C. The data also shows that at 750°C, PEEK was reduced to 18%

of the initial mass.

2. Isothermal hold TGA: Temperature inside the test chamber was initially ramped up to 400°C at
50°C/min (maximum ramp up rate of the machine). Then, this temperature was maintained up to
10hrs to monitor the degradation of PEEK over time at 400°C. The particular temperature was
selected as this is the maximum print temperature that was planned to be used for the DoE study.
The data from the isothermal analysis also plays an important role in the extruder selection. The
residence time of the extruder at minimum screw speed should be less than the time taken for the
PEEK to degrade. The residence time influences the length to diameter ratio of the extruder screw
and the minimum screw speed, which are critical parameters [123]. Figure 13 shows the plot from

the isothermal TGA testing, where PEEK starts to degrade near 105 minutes.
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Figure 12. Graph plotting weight and weight% vs. temperature from temperature ramp TGA at 10°C/min.
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Figure 13. Graph plotting weight and weight% vs. time from the isothermal hold TGA at 400°C.

2.1.2 Commingled carbon fiber

As the name ‘commingled carbon fiber’ suggests, the fiber tow proposed to be used contains a mix of two
different materials (see Figure 14). Since the polymer used as the matrix material was PEEK, carbon fiber
commingled with PEEK fiber was proposed for this study. Commingled fibers were proposed to be used to

improve the impregnation of matrix polymer into the carbon fiber, thus improving the fiber pull out force.

Comfil 57C-PEEK-1400 fiber (Gjern, Denmark), which consists of 12K carbon fiber with a linear density
of 8000 dtex, was used. The specific grade of PEEK polymer was not specified by the manufacturer. The
mix consisted of 49.3% volume of carbon fiber and remaining PEEK fibers. The commingled fiber has a

consolidated linear density of 1400 tex and 1.53 g/cm>hybrid density.
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Figure 14. Commingled carbon fiber.

2.2 Fabrication system
2.2.1 Extruder

A single screw extruder RobotDigg SJ35-Desket-H extruder (RobotDigg Equip Makers, Shanghai, China)
was used to carry out the FGF printing of PEEK. It is capable of max screw speed of 20 RPM. The screw
has the same contour throughout its length as shown in Figure 15. The extruder has dimensions as
mentioned in Table 5. Four heaters were used to heat the barrel as specified in Figure 16. Four different
PT-1000 resistance temperature detectors (RTD) were used to monitor the temperature. The barrel was

heated in three different zones:

e Zone 1: The feeding section was maintained at 150°C. Heat was conducted from the metering

section and cooled using a DC fan to maintain the temperature.

e Zone 2: The transport, melting and mixing zone is where pellets melt, coalesce, and turn into a

molten state. The temperature is taken as an input parameter for the design of experiments study.
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e Zone 3: The nozzle is the final section where the molten material is expelled through a circular
cross-section. The temperature here is also taken as an input parameter for the design of

experiments study.

For the set of experiments with PEEK, the standard nozzle provided by the manufacturer was modified to
increase the nozzle size from 2.8mm to 4mm to achieve a higher material throughput. Additionally, a 200W
cartridge heater was installed to maintain the required temperature as shown in Figure 16. The length of the
barrel section of the extruder was insulated with 1.5” thick fiberglass insulation sheet with an R value of
5.8.

Table 5. Dimension of SJ-35 extruder.

Parameter Value | Unit

Barrel inner diameter 35 mm

Barrel length 280 mm

Length to diameter ratio 8

Net weight 20 kg

Motor rated torque 1.2 Nm

Gear ratio (Motor : Screw) 50

Rated motor RPM 1000 | RPM
5 7 30

AN J AN /AN fA) rﬁ?‘ﬁ? AT 7 ANy AN
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Figure 15. Screw geometry.
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Figure 16. Schematic of extruder barrel.

2.2.2 Manipulator

Section describes the two-manipulator setup used for the extruder. The gantry system shown in Figure 17
was used for the DoE study and six-axis robotic arm for the subsequent experiments.

2.2.2.1 Three-axis cartesian gantry system

For the pilot testing of the capability of extruder to print with PEEK, a three-axis cartesian gantry (FUYU
Automation, Chengdu City, China) was used to move the extruder in cartesian coordinates. The gantry was
driven using NEMA 42 stepper motors. The structure of the gantry was built using 3” x 3” aluminum
extrusions. Detailed specifications of the gantry system are listed in Table 6.

Figure 17. Three-axis cartesian gantry.

29



Table 6. Specifications of the gantry.

Parameter Value Unit
Range of motion, X-axis 1000 mm
Range of motion, Y-axis 1000 mm
Range of motion, Z-axis 500 mm
Positional repeatability 50 um
Load capacity, Z-axis 70 kg
Load capacity, Y-axis 200 kg
Load capacity, X-axis 120 kg
Rated velocity, Z-axis 60 mm/s
Rated velocity, Y-axis 60 mm/s
Rated velocity, X-axis 60 mm/s

2.2.2.2 Robotic system

For the set of experiments #2, the extruder was mounted on a Motoman GP50 (Yaskawa, Miamisburg, OH,
USA) six-axis robotic arm. The robot has a 50kg payload capacity. The robot has a reach of 2000mm x
2000mm x 3500mm in the X, Y, Z axes, respectively. Physical specifications of the robot are listed in Table

7.

Figure 18. Robotic printing system.

| o Motoman GP-50

Pellet storage
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Table 7. Specification of robotic arm.

Parameter Value Unit
Range of motion, X-axis 2000 mm
Range of motion, Y-axis 2000 mm
Range of motion, Z-axis 3500 mm
Repeatability of end joint 30 um
Load capacity of end joint 50 kg
Rated velocity of end joint 50 m/s

2.2.3 Print bed

The print surface was manufactured out of a 0.4” thick AISI 304 stainless steel plate. For the purposes of
the DoE study, a 356mm x 356mm sized bed was fabricated as shown in Figure 19. The surface was heated
using a 1440W silicone heater pad of size 305mm x 305mm, capable of heating the surface up to 250°C.

The temperature of the heated bed was controlled using a PT-1000 RTD sensor embedded into the thickness

of the bed material.

356mm

F 3
L

Print surface >

Aluminum
extrusion structure

Figure 19. Heated print bed.

The print bed was leveled manually using the levelling pad supporting the structure. Additionally, a nano
polymer adhesive (Vision Minor, Irvine, CA, USA) was occasionally applied on the print surface to

improve the bed adhesion with PEEK.
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2.2.4 Heating system

Since PEEK polymer was printed at temperatures above 360°C, ambient conditions had to be controlled to
prevent warping due to uneven cooling. In order to control the ambient temperature, infrared heaters where
used. Three 750W infrared heaters with a heating element length of 19” were placed at 120° with respect
to each other as shown in Figure 20. The heaters were controlled using IR camera Xi 400 (Optris, Berlin,
Germany) that was reading the temperature of the material extruder on the print bed. Based on the

temperature reading, the power to the IR heaters was modulated.

Heater 1

~250mm Typ

Robotic arm

Heater 2

Print Surface Heater 3

Figure 20. Schematic of IR heater setup.
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Figure 21. IR heater setup.

2.2.5 Pellet feeding system

PEEK pellets had to be transported from storage unit to the extruder while printing. The transport had to be
automated based on the material intake rate of the extruder. Following approaches were considered for

feeding pellets:
e Pneumatic pellet feeding
e QGravity feeding
e Vibratory pellet feeding

The feeding system was selected based on a decision matrix. Parameters influencing the manufacturing,
installation, and usage of the feeding system were ranked on a scale of 1 to 10 with 10 being most favorable
based on the research carried out. Based on the score from the decision matrix, pneumatic based pellet

feeding system was selected.
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Table 8. Decision matrix for pellet feeding system.

Pneumatic based

Gravity

Parameter feeder hopper Vibratory feeder
Cost 10 5 2
Ease of design 10 5
Complex machinery 10 2
Ease of installation 10 5 7
Easy of manufacturing 10 5 2
Infrastructure requirement 2 5 10
Ease of pellet refilling 10 2 10

Total score 56 42 38

The pneumatic pellet feeding system was configured based on the compressed air supply available at the

laboratory. A venturi-based system was used to create a suction at the pellet pick up point, and pressurized

air transports the pellets to the deposition point. Figure 22 illustrates the basic workings of the system.

Figure 22. Compressed air flows through the inlet @ into an annular plenum chamber®. It is then
injected into the throat through directed nozzles @. These jets of air create a vacuum at the intake @

which draws material in and accelerates it through it ® at long vertical or horizontal distances [124].
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Model# 6080 Line Vac (Exair, Cincinnati, Ohio, USA) shown in Figure 23 was used for the application. It
has a “4” NPT inlet for pressurized air and a %” diameter material flow cross-section. As per the

specification sheet of the product, it creates a suction pressure of -18kPa from a 550kPa supply of air [125].

@19mm
>

Figure 23. Model# 6080 Line Vac product used in the feeding system [6].

The product was analytically validated for its effectiveness using the PneuCalc software (Hatch,
Mississauga, ON, Canada). The software provided the required pressure (P;) to convey the pellets at a
maximum rate of 25kg/hr (10 times the maximum extrusion rate of the extruder) according to Equation (1).
The components for the feeding system were configured to transfer the material over a tube of 8m split into

three sections.

e Section 1 with a length of 0.5m vertically aligned from the material pick-up point to the Line Vac

unit. This section operates under the vacuum pressure produced by the unit.

e Section 2 with a length of 3m of the horizontal section from the Line Vac unit to the base of the

robot. This section transports material with the help of pressurized air.

e Section 3 with a length of 4.5m routed along the robotic arm to the extruders feeding zone. This
section was taken as vertically aligned for the pneumatic calculations as this condition mimics the
robot at its maximum extended position along the Z-axis. Pressurized air transports material

through this section as well.

epsUf + (1 —€e)psU2 (1)
2

(P1 — Py) — (FrwlL — Fyy L) — psL(1 — €)gsing — prlesing =
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where P; is the pressure (kPa) used to drive the material, i.e., vacuum pressure in section 1, or air pressure
in section 2 and 3; P, is the pressure drop (kPa) at the extruder’s feeding zone; Fy, is the friction factor
between conveying tube wall and air; F;,, os the friction factor between conveying tube wall and PEEK
pellets; ps and py are the density of PEEK (1300kg/m’) and air (16kg/m’), respectively; L is the length of
conveying tube (5Sm); Uy and U are the velocity (m/s) of air and pellets (m/s) calculated via the PneuCalc
software, respectively; € is the void fraction at a cross-section of conveying tube; g is acceleration due to
gravity (9.81 m/s?); and 0 is the angle of inclination of the conveying tube with respect to the horizontal

plane (i.e., 90° for the vertical section and 0° for horizontal tube sections).

The friction terms were negligible compared to the head losses as the inner surface of the tubing was

smooth. These terms were neglected from the calculation.

The calculations showed that an air pressure of 14kPa was needed for material transport through section 2
and 3 and a vacuum pressure of 1.7kPa for section 1. Given that the configured components can deliver air
pressure of up to 550kPa and create a vacuum pressure of 18kPa, they are well-suited for the application,
surpassing the requirements by nearly a factor of 10. A pressure regulator was used in the final system to
control the rate of material flow, and a capacitive sensor in conjunction with a normally closed 5/2 solenoid

valve was used to maintain the frequency of filling the feeding section at the extruder end.
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Chapter 3 Process parameter optimization for FGF of PEEK

Details discussed in this chapter have been presented at The American Society for Testing and Materials
(ASTM) International Conference on Advanced Manufacturing 2023, Washington DC, USA, October 31
— November 3. 2023.

This chapter outlines the methodology employed to enhance the printing parameters for the FGF process,
focusing on achieving minimal surface deformity and near-zero porosity when 3D printing PEEK polymer
components. A mechanical characterization to determine the inter-bead adhesion strength of printed parts

was conducted.

3.1 Parameters influencing FGF

Based on the literature review presented in Section 1.2.2, various parameters affecting the FGF process
were identified. From this list, a subset of key parameters was shortlisted to be optimized based on the
available resources. Table 9 provides an overview of the key parameters affecting the FGF process and the

extent to which the experimental setup can accommodate variations within these parameters.

For all the experiments, the barrel and nozzle temperature were maintained equal in order to reduce the
parameters for the DoE study. So further on, the barrel and nozzle temperature will be referred to as the

extrudate temperature. Values used for parameters for each experiment are listed in the respective sections.

Table 9. Range of controlled process parameters used for various experiments.

Parameter Upper limit Lower limit

Barrel temperature °C 400 Room temperature
Nozzle temperature °C 400 Room temperature
Bed temperature °C 250 Room temperature
Scanning velocity mm/sec 50 0

Screw motor speed (RPM) 1000 0

Nozzle diameter (mm) 4

Layer height (% of nozzle diameter) 60 80
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3.2 Methodology

In order to optimize the parameters to print parts with minimal porosity and surface deformity, a DoE study
was conducted. As the first step in evaluating the extruder, its mass flow rate was measured to analyze
repeatability and stability. The mass flow rate at different screw motor speeds and extrudate temperatures
was measured and formulated using R-square regression to form an equation relating mass flow rate to
screw motor speed at different temperatures. The Excel software was used for the regression analysis
(Microsoft, Redmond, WA, USA). The measurement of the mass flow was done by running the extruder at
a particular screw motor speed for 10sec. Then, the extrudate was weighed. Five samples at each screw
motor speed and temperature were taken and averaged as the mass flow rate for the regression analysis.
The screw motor speed refers to the screw motor RPM. The parameters used for the experiment can be

found in Table 10.

Table 10. Parameter levels for mass flow rate measurement.

Parameters Levels
Temperature 360, 390
Screw motor RPM 300, 500, 700, 900

In order to eliminate the scanning velocity of the gantry as a parameter for the DoE study, Equation (2)
taken from Hu et.al. [127] used to calculate the scanning velocity based on extrusion velocity, layer height

and nozzle diameter.

nD?
Vey = Vy = —— @
4hD + mh?

where V., is the scanning velocity (mm/sec), V, the extrusion velocity (mm/sec) calculated from the mass

flow rate, D the nozzle diameter (mm), and h the layer height (mm).

Once the mass flow rate versus screw motor speed relation and the corresponding scanning velocity was
established, the width of a raster had to be a calculated to help define the degree of overlap between the
rasters. Thus, a DoE study was conducted to measure the variation of bead width with varying extrudate
temperature, layer height and screw motor speed. A full factorial design was conducted, and results were
analyzed using the Minitab software (Lock Haven, PA, USA) to form a relation between the parameters.
The various levels selected for the DoE study are shown in Table 11. The layer height was included as a

percentage of nozzle diameter, which was 4mm for this particular experiment.
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Table 11.DoE for determining optimum bead width.

S1.No. Parameters Level -1 Level 0 | Level +1
O/P | Bead Width (mm) Response variable
A Extrudate temperature (°C) 360 390
B Layer height/Nozzle diameter (h/D) 0.6 0.7 0.8
C Screw motor speed (RPM) 200 500 800

For the full factorial design, 36 samples were printed for the analysis, that is two samples per set of
parameters. The samples featured a single raster of length 150mm, and the width was measured at 75mm
and 125mm lengths of the bead. The two readings were averaged and served as input for the statistical

analysis.

Minitab software also provides a regression analysis, which was employed to formulate a relation between
bead width and the parameters mentioned in Table 11. The formulated R-square regression equation was

further used to calculate the bead width for a set of printing parameters.

With the above-mentioned experiments and formulations, the required data for optimizing the process
parameters for printing parts with minimal porosity and surface non-uniformity were obtained. Layer
height, degree of overlap between adjacent beads, and screw motor speed were the parameters considered
to be optimized. For this purpose, a face-centered central composite DoE study was conducted. Data
obtained from the experimental runs were analyzed with the Minitab software to produce a range of optimal
printing parameters. The parameters are shown in Table 12, where h and D denote the layer height in mm

and nozzle diameter in mm, respectively.

Table 12. Printing parameters are selected to optimize for minimize inter bead porosity and maximize
surface uniformity.

SI.No. Input Parameters Level -1 Level 0 Level +1
A Layer height/Nozzle diameter (h/D) 0.6 0.7 0.8
B Overlap % between beads (mm) 12 17 22
C Screw motor speed (RPM) 400 600 800
O/P1 | Inter bead porosity (volume %) Response variable 1
O/P2 | Surface deformity (mm) Response variable 2

Parameters such as the layer height were entered as a ratio of layer height to nozzle diameter and screw

motor speed as the screw motor RPM. The surface non-uniformity was measured in terms of difference
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between the maximum and minimum height points on the top face of printed samples. Note that the bottom

face was smooth due to the direct deposition over smooth bed surface.

For the experiment, samples of four layers and four rasters were printed and analyzed for porosity and

surface deformity. Samples with length of 200mm were printed as shown in Figure 24 with different

combination of the parameters as listed in Table 13. Layers were printed with length decrement of 16.7mm

to avoid printing over warped section.

200mm

&

&

150mm

Y

Figure 24. Sample printed for DoE.

Y

Table 13. Experimental runs for DoE to minimize inter-bead porosity and maximize surface uniformity.

Runs Screw motor RPM h/D Overlap%
1 400 0.6 12
2 800 0.6 12
3 400 0.8 12
4 800 0.8 12
5 400 0.6 22
6 800 0.6 22
7 400 0.8 22
8 800 0.8 22
9 400 0.7 17
10 800 0.7 17
11 600 0.6 17
12 600 0.8 17
13 600 0.7 12
14 600 0.7 22
15 600 0.7 17
16 600 0.7 17
17 600 0.7 17
18 600 0.7 17
19 600 0.7 17
20 600 0.7 17
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For the measurement of the surface uniformity, a laser profilometer, together with the Pro2 Navigator
software (SICK, Minneapolis, MN, USA) with a 25um repeatability was mounted on a three-axis gantry.
Four measurements at intervals of 25mm along the Y-axis were taken as shown in Figure 25. The relative
difference in height from the tallest point to the shortest point was recorded as shown in Figure 26. This
surface non-uniformity is created either by an excessive overlap between parts leading to over extrusion on
to the previous raster or vice versa where sufficient overlap was not achieved leading to deeper valleys

between layers. Thus, an optimal range of parameters were to be obtained to minimize this non-uniformity.

9 125mm
5 100mm
p 75mm
" 50mm

mf 2
L (1. N .
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Figure 25. Point of measurements for surface deformity.
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Figure 26. Measurement of maximum and minimum point of top face of sample.

For measuring inter-bead porosity, the samples were cut across the X-Z plane to create cross-sections at
positions of 75mm, 100mm and 125mm along the Y-axis. Samples were cut using a waterjet cutting
machine in order to avoid debris covering the pores. The cross-section was photographed under an
A3RDF50 optical microscope camera (OMAX, Kent, Washington, USA), and the relative area of void to
cross-section area was measured using the IC Measure software (The Imaging Source, Charlotte, NC,

USA). Figure 27 shows the cross-section of a sample magnified under an optical microscope.
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Figure 27. Cross-section of sample magnified under optical microscope.

The Minitab software was used for the response optimization of data collected from the experiments. The
goal was set to minimize both the response variables with a target of zero for porosity and 0.99mm for
surface uniformity, which was the least measured surface deformity. The importance factor was set to unity
for both the response variables. Porosity and surface uniformity were given an equal weighting of unity.
The larger the weighting, the higher the emphasis on the predicted response closer to the specified target
values [134].

3.3 Challenges in 3D printing PEEK

During the initial stages of conducting the experiments, various deformities were observed in the 3D printed
samples. Aspects of developing the high-performance polymer additive manufacturing system involved

addressing and resolving these problems.
3.3.1 Bed adhesion

Different bed materials were tested, like aluminum 6061-T6 and stainless steel 304, to check the adhesion
of PEEK polymer with the bed while printing. A range of bed temperatures ranging from 100°C to 250°C
were explored to find the optimal bed temperature for PEEK adhesion with each of the prior mentioned bed
materials. The PEEK material started sticking to the bed above 150°C. But once the layer cools down it
starts separating from the bed which does not provide sufficient time for printing subsequent layer for

support (see Figure 28).

It is reported that the adhesion of PEEK and metal was highly influenced by the wetting characteristics of

the metals [128] and that different microscale surface structures could change the wettability of metals,
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especially generating superhydrophobic surfaces [129]. Since PEEK is a non-polar polymer, it will have
enhanced adhesion to a hydrophobic surface [130].

Figure 28. Part separating from the print bed due to poor bed adhesion.

In order to create the laser texturing on the selected AISI 304 stainless steel print surface, FabLight FL4500
laser cutter was used (FabLight, Oakland, CA, USA). The machine employs a 4500W IPG pulsed fiber
laser as the heat source. The print surface was textured with a peak and valley pattern by running the laser
in parallel lines on the printed surface. Since the manufacturer reported a kerf value of 0.127mm, parallel
lines were spaced at 0.250mm apart. Six engrave passes (the machine was running an engrave setting for
0.4” thick AISI304 material) with same settings were done on the print surface. The resulting surface
deformity was measured using the profilometer; the resulting profile is shown in Figure 29. A surface of

average maximum height (Ry) of 0.37mm was obtained.
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Figure 29. Laser textured AISI304 printing surface.

The print surface was heated and tested by printing a single rectangular layer and measuring the time it took
for the print to separate from the bed on its own, thus disallowing subsequent layers from printing. Sufficient
adhesion was found while testing at nearly 200°C to 220°C as the printed rectangle did not dislodge from
the print bed on its own and allowed for printing subsequent layers. Adhesion with the bed was found even

after the layer cooled down.
3.3.2 Material oozing from nozzle

Another major challenge was material oozing from the nozzle due to gravity. The material that occupied
the conical section of the nozzle tends to flow down through the nozzle during downtime between prints.
This reduced the print quality of the parts especially while switching between layers or the nozzle traversing
to a location without extrusion. Additionally, the material that oozed out left a void in the nozzle leading to
delayed material dispensing while starting prints. The figure below shows the severity of material oozing
from the nozzle. Moreover, the material, if not cleared on time, would sometimes solidify and clog the

nozzle.
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Figure 30. Material oozing from the nozzle.

As the objective was to print PEEK and optimize the parameters associated with PEEK printing, a special
mechanism was not put in place to prevent oozing. But special measures were taken while printing, like
timely cleaning of the nozzle, cleaning the nozzle tip between each layer, and printing an extra 100mm
raster for priming the nozzle before printing the actual part. These measures reduced the effects of material

oozing on the part, improving print quality and dimensional accuracy.

While designing a new nozzle for continuous fiber reinforced polymer printing, the issue of material oozing
was considered and the vertical section through which molten polymer flows was minimized to reduce the
effect of gravity on the molten polymer, thus reducing material oozing while printing. More details on the

nozzle design for continuous fiber reinforced polymer printing can be found in Chapter 4.
3.3.3 Delamination

Since PEEK is a high temperature polymer that melts at 343°C, the effect of ambient temperature had a
significant effect on interlayer adhesion. When printed at room temperature, the layers at times exhibited
spontaneous delamination as shown in Figure 31. To prevent this, a controlled environment around the

printed part was required.

Because the project goal was to print at a large scale with a robotic arm, it was impractical to enclose the
entire print area with an environmental chamber suitable for printing PEEK. This meant that the deposited
material had to heated in a targeted manner. Infrared heaters were installed for this purpose directed at the
print bed as explained in Section 2.2.4. The IR heating system was validated for its effectiveness by
measuring the cooling rate. Temperature readings were taken via an IR camera. Molten PEEK at 370°C

equivalent to a five-layer height (15mm) was deposited onto the heated print bed and temperature readings
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were recorded over a period of 4 minutes. Table 14 lists the temperature readings recorded by the IR camera
at an interval of Imin. The IR heaters proved effective since at the end of 4 minutes the PEEK material
subjected to IR radiation was at an average of temperature of 237°C while the material subject to room

temperature was at 185°C.

Delamination

Figure 31. Delaminated layers after printing.

Table 14 . Temperature readings highlighting the effect of IR heating system.

Temperature readings from IR camera

Time Without IR heater With 3 IR heaters
min °C °C
1 273 287
2 247 280
3 214 258
4 185 237

3.3.4 Warping of printed parts

PEEK experiences a high shrinkage during cooldown [130]. As the scale of the printed bead is
approximately 10-time larger than in conventional FFF printers [1], the shrinkage also tends to increase
with the increase in the wall thickness. PEEK is a semi-crystalline polymer, and hence, crystallization is
also a significant factor that causes shrinkage. The rate of crystallization in polymers tends to define the
rate of shrinkage [103], see Figure 32. Due to this property, the parts warp while cooling down after printing.
Significant warping was experienced in the preliminary stages of the project as seen in Figure 33. In order

to mitigate the warping of prints, the bed adhesion was improved through the above-mentioned methods.

46



This allowed the part to cool in place and not freely change shape while cooling down. The addition of IR

heaters also aided in reducing warping.
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Figure 32 .Shrinkage characteristics of semi-crystalline polymers due to temperature change [103].

3.4 Results and

Figure 33. Printed parts warped from uneven cooling of material.

Discussion

3.4.1 Mass flow rate measurement

Experiments were conducted at extrudate temperatures of 360°C and 390°C to understand the effect of

temperature on flow rate from the extruder. Table 15 and 16 show the mass of the extrudate over a period

of 10 seconds at 360°C and 390°C extrudate temperature, respectively.
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Table 15. Flow rate measurement at an extrudate temperature of 360°C.

RPM | Triall Trial 2 Trial 3 Trial 4 Trial 5 Average | Std Dev
/min kg/hr kg/hr kg/hr kg/hr kg/hr kg/hr kg/hr
300 0.65 0.73 0.72 0.71 0.70 0.705 0.032
500 1.19 1.24 1.19 1.22 1.25 1.216 0.028
700 1.85 1.64 1.79 1.75 1.64 1.733 0.092
900 2.23 2.18 2.34 2.17 2.20 2.224 0.067

Table 16. Flow rate measurement at an extrudate temperature of 390°C.

RPM Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average Std Dev
/min kg/hr kg/hr kg/hr kg/hr kg/hr kg/hr kg/hr
300 0.66 0.67 0.65 0.70 0.71 0.679 0.026
500 1.22 1.18 1.30 1.29 1.32 1.260 0.060
700 1.85 1.83 1.76 1.85 1.98 1.853 0.077
900 2.30 2.45 2.36 2.39 2.45 2.389 0.066

The averaged mass flow rates from Table 15 and Table 16 were plotted against the respective screw motor

speeds and are shown in Figure 34. The maximum deviation of flow is within a band of 5%, which confirms

the stability of flow rate from the extruder. This flow stability is comparable with those reported in technical

literature [57,132,133]. Since the working range for the screw motor speed in subsequent DoE is 200 —

800RPM, the variation in flow rate at different temperatures is not significant as the variation lie within the

error range of the measurements.
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Figure 34. Plot of mass flow rate measured at different screw motor speed at 360°C and 390°C.

Data points in Figure 34 were fitted using linear R-squared fitting. An R? value of 0.99 for both curves
shows a linear increase in mass flow rate with a linear increase in screw motor speed. Equations were
extracted for the R? fitted lines for the respective temperature data relating mass flow rate with screw motor

speed. Following are the equations obtained:
For extrudate temperature of 360°C: MFR = 0.0025(RPM) — 0.0524 3)
For extrudate temperature of 390°C: MFR = 0.0029(RPM) — 0.1715 4)

where MFR and RPM are the mass flow rate (kg/hr) and screw motor speed defined in terms of screw motor

speed (RPM), respectively.

Based on Equations (3) and (4), the extrusion velocity (mm/sec) of the material was calculated using the
material density and cross-sectional area of the nozzle tip. Extrusion velocity was further used to calculate
the scanning velocity of the manipulator. These equations were used in the Python script to generate the

GCODE for the custom experimental setup.
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3.4.2 Bead width calculation

A regression equation correlating the parameters used for measuring the bead width as shown in Table 17
is given by Equation (5). The data shown in the table are plotted to understand the variation of bead width
with changing parameters in Figure 35. The equation has an R-square fit of 98.13%, which provides an
excellent fit for predicting the bead width for any set of parameters within the range of values used in the
analysis. This ability to predict the bead width aids in calculating the overlap required for the printing

parameters and in generating the GCODE files for printing parts rather than using manual adjustments.

Table 17. Bead width measured for the statistical analysis.

Sample 1 Sample 2

Bead Bead Bead Bead Overall | Std
Run | Tempe Screw | Width Width Width | Width Av dev

# ratuf‘)e h/D motor @ @ Avgl @ @ Avg2 i

75mm 125mm 75mm | 125mm

°C RPM mm mm mm mm mm mm mm
1 360 0.6 200 8.22 8.14 8.18 8.21 8.22 8.22 8.20 0.04
2 360 0.6 500 6.54 6.98 6.76 6.73 6.65 6.69 6.73 0.19
3 360 0.6 800 6.84 6.57 6.71 6.4 6.35 6.38 6.54 0.22
4 360 0.7 200 8.6 8.51 8.56 8.56 8.8 8.68 8.62 0.13
5 360 0.7 500 7.17 7.33 7.25 7.44 7.18 7.31 7.28 0.13
6 360 0.7 800 7.09 7.17 7.13 7.06 7.04 7.05 7.09 0.06
7 360 0.8 200 9.51 9.45 9.48 9.19 9.32 9.26 9.37 0.14
8 360 0.8 500 7.51 7.32 7.42 7.75 7.77 7.76 | 7.59 0.21
9 360 0.8 800 7.19 7.34 7.27 7.51 7.28 7.40 7.33 0.13
10 390 0.6 200 10.42 10.31 10.37 9.78 9.85 9.82 10.09 0.32
11 390 0.6 500 7.82 7.77 7.80 7.6 7.57 7.59 | 7.69 0.12
12 390 0.6 800 7.39 7.32 7.36 7.24 7.33 7.29 7.32 0.06
13 390 0.7 200 10.97 10.97 10.97 | 10.01 10.32 10.17 | 10.57 0.48
14 390 0.7 500 8.5 8.35 8.43 7.79 8.07 7.93 8.18 0.31
15 390 0.7 800 7.7 7.35 7.53 7.43 7.77 7.60 7.56 0.20
16 390 0.8 200 10.98 11.09 11.04 | 10.79 10.89 10.84 10.94 0.13
17 390 0.8 500 8.73 8.64 8.69 8.63 8.76 8.70 8.69 0.06
18 390 0.8 800 7.9 8.04 7.97 7.97 7.92 7.95 7.96 0.06
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Figure 35. Plot of average bead width data from the DoE runs.

2

h h
Bead Width = —30.4 + 23.4 (5) +0.0262 (RPM) + 0.1004 (T) — 1.31 (B)

+0.000009 (RPM)2 — 0.0202 (%) (RPM) — 0.0424 (%) ) )

h
—0.000098 (RPM) (T) + 0.000047 (E) (RPM) (T)
Where (%) is the ratio of layer height (h) in mm to nozzle diameter (D) in mm; RPM is the screw motor
speed in RPM; and T is the extrudate temperature in °C.
Since only two levels of temperature were selected for the experimental runs, the T2 term is not estimated
in the regression analysis. An analysis was carried out to check the significance of each of the terms in
Equation 5. From the analysis it was observed that removing a term from the equation had significant

change in the predicted bead width compared to measured value. The analysis is tabulated in Table 18 with

each bead width calculated with the removal of each term. Moreover, the R? predicted value of the equation
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reduces further if terms are omitted. Pertinent data relating to the regression analysis yielding Equation (5)

are summarized in Table 19.

Table 18. Anaylsis to determine the validaty of terms in Equation 5

Omitted term
Temp | hid | RPM Megs“;,red bai‘:lvon WD | RPM T (h;D) RI;M 1111/11’)1\2 b/ IT) X RxPr 1111/1?1\2
Eqn 5 (/D) | RPM xT
360 | 0.6 | 200 8.2 8.3 5.7 3.1 278 8.8 7.9 10.7 17.5 15.4 6.3
360 | 0.6 | 500 6.7 6.9 72 6.2 -29.3 74 4.6 12.9 160 | 245 1.8
360 0.6 | 800 6.5 7.1 -7.0 -13.9 -29.1 75 13 16.8 16.2 353 -1.0
360 0.7 | 200 8.6 8.9 1.5 3.6 273 9.5 8.5 11.7 19.6 15.9 6.5
360 | 0.7 | 500 7.3 7.4 9.0 5.7 -28.8 8.0 5.1 14.4 18.0 25.0 1.4
360 | 0.7 | 800 7.1 7.5 8.9 -13.5 -28.7 8.1 1.7 18.8 18.1 35.7 2.0
360 08 | 200 9.4 9.4 9.3 42 26.7 10.3 9.1 12.7 21.6 16.5 6.7
360 08 | 500 7.6 7.8 -10.9 5.3 283 8.7 5.6 15.9 20.0 25.5 1.0
360 08 | 800 7.3 7.8 -109 | -13.1 283 8.6 2.1 20.7 20.0 36.0 3.0
390 | 0.6 | 200 10.1 10.1 3.9 49 -29.0 10.6 9.8 12.6 20.1 17.8 7.9
390 | 0.6 | 500 1.7 8.1 6.0 -5.0 311 8.6 5.8 14.1 18.0 27.2 26
390 0.6 | 800 7.3 7.6 -6.4 -133 315 8.1 1.9 17.3 17.6 38.2 -1.1
390 0.7 | 200 10.6 10.6 -5.8 5.4 -28.5 113 10.3 13.4 22.2 18.3 8.0
390 0.7 | 500 8.2 8.5 -1.9 4.6 -30.7 9.1 6.3 15.6 20.1 27.6 2.1
390 | 0.7 | 800 7.6 8.0 8.4 -129 | -3l 8.7 2.3 19.3 19.6 38.6 22
390 | 0.8 | 200 10.9 11.1 1.7 5.8 -28.1 11.9 10.7 14.3 243 18.7 8.1
390 08 | 500 8.7 8.9 9.8 4.2 -30.3 9.7 6.7 17.0 22.1 28.0 1.6
390 08 | 800 8.0 8.4 -104 | -12.6 -30.8 92 26 213 21.6 38.9 3.4

Table 19. Model summary for the regression Equation 5.

Standard deviation R-square R-square (adjusted) R-square (predicted)
0.202mm 98.13% 97.49% 96.51%

Equation (5) was used to calculate the bead width and also the overlap percentage between beads in the
process used to generate the GCODE for the custom experimental setup. Based on this bead width
estimation equation and required overlap between beads, a Python script was written that takes the printing
parameters from Table 9 as inputs to generate the GCODE for printing rectangular blocks and circular

features.
3.4.3 Statistical analysis for optimizing inter-bead porosity

Table 20 shows the measured values of total cross section area for four layers and four beads widths and
the area of the pore in this measured area for each of the DoE runs as listed in Table 13. The porosity

percentage is calculated from these values. Cross-section #1, #2 and #3 in Table 20 refers to the cross-
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section at the Y-axis position of 75mm, 100mm, 125mm, respectively as shown in Figure 27. Note that the

total area of the cross-sections with no visible pores were not measured and denoted as ‘not applicable’

(n/a) as it is not necessary for the porosity percentage calculation.

Table 20. Porosity measurement for each run of the DoE.

Run # 1 Run # 2
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) 11485.8 | 11513.8 | 11638.6 Total area (mm?) 9088.14 | 9362.81 | 9203.07
Pore area (mm?) 363.72 | 334.37 | 447.41 Pore area (mm?) 67.47 119.77 97.65
Pore area % 3.17 2.90 3.84 Pore area % 0.74 1.28 1.06
Average 3.30 Average 1.03

Run # 3 Run # 4
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) 16710.8 | 16326.2 | 16282.7 Total area (mm?) 14278.7 | 14459.6 | 13891
Pore area (mm?) 228.63 113.93 | 166.48 Pore area (mm?) 123.7 183.98 | 12245
Pore area % 1.37 0.70 1.02 Pore area % 0.87 1.27 0.88
Average 1.03 Average 1.01

Run # 5 Run # 6
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) n/a 11882.5 n/a Total area (mm?) n/a n/a n/a
Pore area (mm?) 0 29.69 0 Pore area (mm?) 0 0 0
Pore area % 0.00 0.25 0.00 Pore area % 0.00 0.00 0.00
Average 0.08 Average 0.00

Run # 7 Run # 8
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) n/a n/a n/a Total area (mm?) n/a 12226.1 n/a
Pore area (mm?) 0 0 0 Pore area (mm?) 0 15.31 0
Pore area % 0.00 0.00 0.00 Pore area % 0.00 0.13 0.00
Average 0.00 Average 0.04

Run # 9 Run # 10
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) 15520.8 | 13812.3 | 14981.5 Total area (mm?) | 11053.4 | 11601.7 | 11524.6
Pore area (mm?) 87.24 67.97 88.24 Pore area (mm?) 42.74 26.79 74.42
Pore area % 0.56 0.49 0.59 Pore area % 0.39 0.23 0.65
Average 0.55 Average 0.42

Run # 11 Run # 12
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) | 9281.25 | 9096.99 | 9504.65 Total area (mm?) 13400.8 | 12863.8 | 12576
Pore area (mm?) 37.15 21.18 31.65 Pore area (mm?) 115.05 91.15 126.33
Pore area % 0.40 0.23 0.33 Pore area % 0.86 0.71 1.00
Average 0.32 Average 0.86




Run # 13 Run # 14
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) 11852 | 11783.9 | 11881.6 Total area (mm?) n/a n/a n/a
Pore area (mm?) 94.09 | 60.14 86.99 Pore area (mm?) 0 0 0
Pore area % 0.79 0.51 0.73 Pore area % 0.00 0.00 0.00
Average 0.68 Average 0.00

Run # 15 Run # 16
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) | 11432.7 | 12152.6 | 11574.5 Total area (mm?) | 11496.4 | 11750.5 | 12691.3
Pore area (mm?) 10.94 9.08 21 Pore area (mm?) 13.89 4.33 7.08
Pore area % 0.10 0.07 0.18 Pore area % 0.12 0.04 0.06
Average 0.12 Average 0.07

Run # 17 Run # 18
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) | 13245.7 | 12390.1 | 12552.5 Total area (mm?) | 12263.8 | 12086.9 | 12630.4
Pore area (mm?) 18.76 43.31 39.96 Pore area (mm?) 31.75 21.35 47.19
Pore area % 0.14 0.35 0.32 Pore area % 0.26 0.18 0.37
Average 0.27 Average 0.27

Run # 19 Run # 20
Cross-section # 1 2 3 Cross-section # 1 2 3
Total area (mm?) | 12305.7 | 12356.1 | 12024.1 Total area (mm?) n/a 12327.1 | 122114
Pore area (mm?) 37.56 7.78 64.19 Pore area (mm?) 0 38.62 13.78
Pore area % 0.31 0.06 0.53 Pore area % 0.00 0.31 0.11
Average 0.30 Average 0.14

Table 21 presents the analysis of variance for the parameters affecting inter-bead porosity. Figure 36(a)
plots the fitted mean effect of each individual input variables screw motor RPM, layer height to nozzle
diameter ratio and bead overlap % on inter-bead porosity. Figure 36(b) shows the 2-way interaction of the
input variables and their fitted mean response on the inter-bead porosity. Considering a confidence interval
of 95%, it was concluded that overlap percentage was the only parameter that has a significant effect on
inter-bead porosity. Figure 36(a) and 36(b) reinforces this conclusion that overlap percentage has the most
significant effect on inter-bead porosity. Until the optimal degree of overlap between the beads, inter-bead
porosity will be present and beyond the optimal overlap percentage, there is no significant effect on

porosity.
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Table 21. Analysis of variance for inter-bead porosity versus screw motor RPM, h/D, overlap%.

Source DF AdjSS | AdjMS | F-Value | P-Value
Model 9 9.0791 1.00879 6.59 0.003

Linear interaction of input parameters

Linear 3 5.7264 1.90879 12.48 0.001
RPM 1 0.6093 0.60927 3.98 0.074
h

) 1 0.325 0.32497 2.12 0.176
OL% 1 4.7921 4.79213 31.32 0.000

Second order interaction of input parameters

Square 3 13716 | 045721 | 2.99 0.082
RPM * RPM 1 0.1241 | 012406 | 0.3l 0.389
%*% | 02774 | 02774 181 0.208
OL%*OL% 1 00125 | 001248 | 008 0.781

2-Way interaction between input parameters

2-Way Interaction 3 1.9811 0.66036 4.32 0.034
RPM *% 1 0.7079 0.70788 4.63 0.057
RPM *OL% 1 0.6377 0.63768 4.17 0.068
%*OL% 1 0.6355 0.63551 4.15 0.069
Error 10 1.5299 0.15299

Lack-of-Fit 5 1.4834 0.29667 31.88 0.001
Pure Error 5 0.0465 0.00931

Total 19 10.609
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Figure 36. Factor effect plots and surface plots for porosity: a) Main effect plots, b) interaction plots.



3.4.4 Statistical analysis for optimizing surface uniformity

Table 22 shows the surface uniformity measurement obtained from the profilometer as mentioned in
Section 3.2. The surface deformity measured at 5 different line segments on the top face is averaged and

used as the response variable in the statistical analysis listed in Table 13.

Table 23 presents the analysis of variance for the parameters affecting surface uniformity. Figure 37(a)
plots the fitted mean effect of each individual input variables screw motor RPM, layer height to nozzle
diameter ratio and bead overlap %. Figure 37(b) shows the 2-way interaction of the input variables and their
fitted mean response on the surface deformity. Considering a confidence interval of 95%, it was concluded
that overlap percentage and 2-way interaction between overlap percentage and layer height to nozzle
diameter ratio were the parameters that have significant influence on surface uniformity. Figure 37(a) and
37(b) reinforces this conclusion that overlap percentage and 2-way interaction between overlap percentage
and layer height to nozzle diameter ratio has the most significant effect on surface uniformity. It was
observed during the printing process, as the overlap percentage was increased the uniformity of the top
surface was increasing until a particular degree of overlap. Beyond this, the interface of the beads was
forming ridge like geometry due to over extruded material. Similarly, the layer height along with the
scanning velocity defines the aspect ratio of the beads when the extrusion velocity is held constant. It was
observed that lower aspect ratio beads produced a bead overlap into the rectangle section of the bead
geometry creating ridges and the higher aspect ratio beads did not provide sufficient overlap thus creating

valley like pattern on the top face.
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Table 22 . Surface uniformity measurements for the DoE samples.

Sample Reading
No. 1 Reading 2 | Reading 3 | Reading 4 | Reading 5 | Average | Std dev

mm mm mm mm mm mm mm
1 6.856 1.785 1.621 6.002 6.104 4.474 2.551
2 2.909 3.224 3.305 3.241 3.171 3.170 0.154
3 2.108 1.914 1.689 1.769 1.807 1.857 0.162
4 2.434 2.289 2.185 2.376 2.336 2.324 0.094
5 0.909 0.91 1.145 1.358 1.193 1.103 0.194
6 1.082 1.34 1.451 1.5 1.802 1.435 0.261
7 1.35 1.344 1.164 1.3 1.322 1.296 0.076
8 2.238 1.943 1.995 1.99 2.028 2.039 0.115
9 1.272 1.221 1.066 0.901 1.208 1.134 0.151
10 1.61 1.799 1.98 1.88 1.97 1.848 0.152
11 1.06 1.102 1.057 0.79 0.95 0.992 0.126
12 1.934 1.875 1.957 1.795 1.7 1.852 0.106
13 1.442 1.381 1.33 1.36 1.279 1.358 0.060
14 1.673 1.303 1.448 1.475 2.504 1.681 0.479
15 1.736 1.594 1.707 1.167 0.96 1.433 0.349
16 1.33 1.777 1.561 1.278 1.276 1.444 0.220
17 1.119 1.177 1.235 1.137 1.21 1.176 0.048
18 1.123 1.257 1.324 1.35 1.446 1.300 0.120
19 1.122 1.085 1.087 1.003 1.334 1.126 0.124
20 1.499 1.224 1.388 1.161 1.227 1.300 0.139
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Table 23. Analysis of surface uniformity versus screw motor RPM, h/D, overlap%.

Source DF AdjSS | AdjMS | F-Value | P-Value
Model 9 10.2218 | 1.13576 4.07 0.02

Linear interaction of input parameters

Linear 3 3.5861 1.19537 4.28 0.035
RPM 1 0.0906 0.09063 0.32 0.581
% 1 0.3258 0.3258 1.17 0.305
OL% 1 3.1697 3.16969 11.36 0.007

Second order interaction of input parameters

Square 3 33169 | 1.10562 | 3.96 0.042
RPM * RPM 1 02992 | 029921 | 1.07 0.325
%*% 1 0.1876 | 0.18755 | 0.67 0431
OL%*OL% 1 03537 | 035374 | 127 0.286

2-Way interaction between input parameters

2-Way Interaction 3 3.3189 1.10628 3.96 0.042
RPM *% 1 0.5946 0.5946 2.13 0.175
RPM *OL% 1 0.4569 0.45687 1.64 0.23
%*OL% 1 2.2674 2.26739 8.13 0.017

Error 10 2.7905 0.27905

Lack-of-Fit 5 2.7064 0.54127 32.18 0.001
Pure Error 5 0.0841 0.01682

Total 19 13.0123
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Figure 37. Factor effect plots and surface plots for surface uniformity: a) Main effect plots, b) interaction
plots.
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3.4.5 Validation of optimized response

From the central composite design carried out for inter-bead porosity and surface uniformity, the response

optimization function in Minitab was used to generate a range of parameters to minimize both the responses.

Screw motor RPM, layer height and overlap percentage were the parameters optimized.

The optimized set of parameters and the predicted response are tabulated in Table 24. Through the

optimization of the parameters, zero porosity parts with an average surface uniformity of 1.25mm were

printed. There was a 0.3% positive difference and a 0.08mm negative difference for inter-bead porosity and

surface uniformity respectively between predicted and measured values. A sample part printed with

optimized parameters is shown in Figure 38.

Table 24. Optimized set of process parameters for printing minimal porous and surface deformity parts,
the predicted and measured value.

wwig'yt

"
el

Screw Predicted Actual Residual
E Overlap motor
D % RPM . Surface . Surface . Surface
P°f,‘/’s‘ty Uniformity P°ro‘/’s‘ty Uniformity P°ro‘/’s‘ty Uniformity
° (mm) ° (mm) ° (mm)
0.77 17 500 0.3 1.17 0 1.25 0.3 0.08
E
=
<
=

Figure 38. Cut piece of PEEK sample printed with optimized parameters.
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3.5 Mechanical characterization

In order to test the strength of the inter bead adhesion of the parts printed from the AM system developed,
tensile testing was conducted on tensile test coupons produced according to the optimized parameters
identified from design of experiments. Figure 39 shows the samples printed for machining out the tensile
test samples. The red box in the figure denotes the area from which the samples were machined. Five tensile
test coupons were produced and machined on CNC router to the dimensions according to ISO 527-2 Type
1B, with a total length of 150 mm, a gauge length of 60 mm, a width of 10 mm at the gauge and a thickness
of 4 mm, as shown in Figure 40. The tensile tests were conducted with a test speed of 1 mm/min with an
Instron 5966 Universal Testing Machine (Instron, Norwood, Massachusetts, US) and strain was measured

with an Epsilon ONE optical extensometer (Epsilon Technology Corp., Jackson, Wyoming, US).

Tensile force application direction

~20mm

Figure 39. Geometry of sample 3D printed for machining out tensile test coupons.

RIFO 4

] L e |

Figure 40. Dimensions (in mm) of tensile test coupons according to ISO 527-2 Type 1B.

The examined specimens demonstrated ultimate tensile strengths ranging between 72.2 and 92.2 MPa, with
Young's Moduli between 3.54 and 3.70 GPa. It was noted during testing that Sample 2 contained an inter-

bead void due to inconsistencies in the printing process, leading to fracture at this specific site, which
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accounts for its lower ultimate tensile strength relative to the other samples. The stress-strain curves for the
samples are depicted in Figure 41. Table 25 provides detailed values for ultimate tensile strength, and
Young's modulus of the samples, along with a comparative analysis of the mechanical properties of PEEK
components fabricated using various manufacturing methods. The findings of this study indicate that the
parts produced in the current work exhibit similar strength compared to those created by other 3D printing

methods, yet they still fall short of the strength levels seen in injection molded parts.
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Figure 41. Stress strain curve for the PEEK printed samples.
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Table 25. Tensile test comparison data for PEEK parts

e Extruder Raster
Printing . . . Us E
Author . Material temperature orientation
technique C) ©) (Mpa) (Gpa)
Present work FGF Broos 390 90 84.9 3.60
Jian-Wei et al., EGF PEEK 90G 370 0 64.0 391
(2017) 1] 390 0 94.0 4.13
Rehekampff et
al., FFF RN 415 0/90 83.4 .
(2019) [2]
McLauchlin et Injection
al., (2014) [3] molding PEEK 450G 380 N/A 100 -

3.6 Conclusions

A robotic arm based FGF 3D printing system was realized for printing high temperature engineering
polymers with processing temperatures up to 400°C. PEEK polymer, which is popular for industrial
applications, was used for this study. The system provides a large print volume of 2000mm x 2000mm x
3500mm and a maximum material throughput of 2.3kg/hr with a 4mm nozzle opening. The study to
optimize the process parameter optimization for minimizing inter-bead void and surface deformity was
conducted. From the study, it was found that based on the relations considered between parameters, the
degree of bead overlap was the major parameter that affected both the inter-bead voids and the surface
deformity in printed parts while the layer height and extrusion velocity did not have significant effects.
Tensile test was conducted on printed parts which showed comparable strength to 3D printed PEEK parts

reported in literature. Some of parts printed using the system can be seen in Appendix 1.

In addition, challenges associated with printing the high temperature semi-crystalline PEEK polymer were
addressed. Controlling the cooling rate of the deposited beads improved the problem of delamination of
parts while printing and helped in reducing the effect of warping. This can be attributed to the higher energy
state of the already deposited layer while printing subsequent layers and the delayed onset of crystallization
while cooling, respectively. The problem of warping still pertains to particular geometries and infill patterns
which we believe will be curbed on the addition of carbon fiber to the polymer. Laser texturing the printing
surface significantly improved the bed adhesion of PEEK to AISI 304 bed surface while printing thus
improving the print quality. Oozing of material was taken a design consideration for the new nozzle, details

are discussed in Chapter 4.
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Chapter 4 Design of a continuous carbon fiber/PEEK co-extrusion
nozzle

The chapter explains the design process undertaken for the continuous fiber printing nozzle. Section 4.1
details the design consideration based on the factors influencing the printing of continuous fiber. Sections
4.2 and 4.3 runs through the different nozzle design iterations. Lastly, Section 4.4 discusses the numerical

analysis conducted on the nozzle designs.

4.1 Nozzle design considerations

The nozzle was designed to function with a screw based thermoplastic extruder. Parts were modelled in
SolidWorks 2022 (Dassault Systems, Waltham, MA, USA). An innovative strategy to impregnate the
carbon fiber with polymer matrix inside the nozzle was designed and analyzed. The nozzle has a channel
that feeds carbon fiber to the polymer melt, which is deposited by the viscous drag force from the polymer
flow. The nozzle was primarily designed for PEEK polymer in conjunction with continuous carbon fiber
3D printing, but the system can be used to print any continuous fiber with a suitable polymer matrix. The

nozzle sections were designed to fit the RobotDigg SJ-35 extruder.
4.1.1 Factors influencing nozzle design

A study was conducted on the factors influencing the functioning of the nozzle. The following factors were

taken into consideration as guidelines for the design.

1. The mass of the nozzle assembly should not exceed Skg. The load capacity of the robotic arm is
50kg. A capacity of 10kg was reserved for forthcoming projects and developments. Details for the

mass of components mounted on robot arm are given in Table 26.

2. The designed nozzle should work in conjunction with the Robotdigg SJ-35 extruder. This requires
a seamless assembly with the extruder, and the screw motor should be capable of pushing the PEEK

through the entire channel length of the nozzle.

3. The nozzle should have a modular design for ease of cleaning the nozzle in case of clogging. The

nozzle tip should be interchangeable to study the effects with different nozzle sizes.

4. Change in section diameters should be minimal to reduce the pressure drop along the flow direction.
According to [133], a change in nozzle diameter can significantly influence the pressure drop along

the liquefier thus impacting the quality of the final product.

65



10.

11.

Flow of molten PEEK polymer into the carbon fiber feeding channel needs to be avoided. The
geometry at the point of carbon fiber entry was designed such that the pressure of the molten

polymer at the point was comparable with atmospheric pressure.

Due to the viscosity of the molten polymer, a viscous drag force is applied on the surface it flows
over [133]. The carbon fiber feeding should be through the viscous drag force exerted by the

polymer on the carbon fiber.

The temperature distribution should be uniform with minimal cold spots in the polymer flowing
channel. Any temperature sensor placement must ensure that the temperature reading from the
metal material in which it is embedded mimics the polymer temperature closely. The heater

placement should ensure a uniform heat distribution.

Material used to manufacture the nozzle should withstand temperatures up to 750°C, as cleaning
of the nozzle might have to be carried out by decomposing PEEK. From the thermogravimetric
analysis for PEEK shown in Section 2.1.1, it is known that the material degrades to 18% of initial
mass at 750°C. Carbon steel (AISI 1020), stainless steel (AISI 304), aluminum (Al-6061-T6) and
brass (C360) were considered for manufacturing the parts. Most commonly available alloy grades

were selected for each material. Material was selected based on the decision matrix detailed in

Table 27. Materials were rated out of 10, where 10 being most desirable and 0 being least. Material

was chosen based on the total score. As indicated in
Table 27, AISI 304 stainless steel was selected based as it received the maximum score.

The velocity profile of the polymer from the point of carbon fiber entry should be increasing or
maintained constant to avoid mass accumulation inside nozzle which in turn leads to spooling of

the fiber inside the nozzle.

Table 26. Mass of components mounted on robot arm.

Sl.no. Part Weight (kg)

1 Extruder net weight 20

Extruder gross weight (with material and insulation material) 23

Mounting plates connecting extruder to robot 8

ESNLYSHI S

Carbon fiber feeding system 4

Subtotal 35

Total allowable weight on robot excluding reserve load 40

5 Allowable weight for carbon fiber printing nozzle 5
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Table 27. Decision matrix for material selection for nozzle parts.

Parameters Carbon Stainless steel | Aluminum Brass
steel
Temperature capability 10 10 0 5

(Recrystallisation above 750°C) [134]

Material density 5 5 10 5
Ease of machining [135, 136] 7 5 10 10
Corrosion resistant [137-140] 5 7 7 7
Cost [131] 10 10 7 5
Total score 37 40 32 32

4.2 First design iteration

Based on the design considerations mentioned above, the initial design concept was created. This design

concept consisted of five parts with overall assembly dimensions in mm as seen in Figure 42 to 44. Note

that fasteners were omitted in the CAD model as it was created primarily for preliminary computational

fluid dynamics (CFD) analysis. The internal sections through which the PEEK and carbon fiber flows is

the computational domain. The results from the computational fluid dynamics analysis conducted on the

initial design are explained in Section 4.5.5. A parametric study was conducted on the external geometry

of carbon fiber feed portion, i.e., referred to herein as ‘CF nozzle’, and the internal geometry of the fiber-

polymer flow portion of the nozzle, i.e., ‘PEEK+CF nozzle’, to achieve a geometry that prevents molten

PEEK from leak through the carbon fiber feed feature while fiber is fed through the system.

Items listed in the bill of materials in Figure 42 are explained as follows:

1.

The nozzle side mount is in place to connect the PEEK pipe from the Robodigg SJ35 extruder
with the PEEK+CF nozzle.

PEEK+CF nozzle is where the molten material mixes with the feed of continuous carbon fiber.

Impregnation nozzle serves the purpose of ensuring proper penetration of molten PEEK into
the carbon fiber strand. As the viscosity of PEEK is comparatively higher than most polymers,
it was found that for proper impregnation sufficient time and pressure was required as
mentioned in Section 1.2.4. The impregnation nozzle has a protruding nozzle in place to
increase the time the fiber is mixed in molten PEEK. The order of impregnation was to be

determined experimentally as modelling the problem is quite difficult.

The PEEK pipe with flange is the section that transports molten PEEK from the Robodigg SJ-
35 extruder to the PEEK+CF nozzle.
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180.45

5. The CF nozzle is the part that feeds carbon fiber into the section. This part was designed in

such that PEEK does not flow back through the carbon fiber entry point.

145.72

ITEM NO.

PART NUMBER

Nozzle Side mount

PEEK Pipe with
Flange

PEEK+CF Nozzle1

CF NOZILE

=[] M2

Impregnation nozzle|

Figure 42. Sideview of the initial nozzle design concept with overall dimensions in mm.
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70

SECTION A-A

Figure 43. Side view and cross-section view of the initial nozzle design concept.
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Figure 44 Exploded view of the initial nozzle design concept.
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4.3 Second design iteration

From the preliminary CFD analysis, it was discovered that a large amount of PEEK was occupying the

nozzle flow chamber which can possibly lead to cold spots and mass accumulation for the initial design

concept. Another disadvantage was the cost of manufacturing parts like the nozzle side mount and PEEK

pipe with flange.

Referring to Figure 45 and 47 for the revised and final design, a plug screw was used to close the blind hole
drilled for PEEK flow in the PEEK block part. A dead zone is created at the 90° bend near the plug screw
in the PEEK block that forms a fillet which facilitates the further flow [133]. Figure 45 and 46 shows the

overall dimensions in mm and a cross-section view of the final design.

160.00

90.00

N

ITEM NO.

PART NUMBER

PEEK BLOCK

IMPREGNATION
NOZILE

5 ©

CF NOZILE

E S S S T

92015A177 Plug
screw

Figure 45. Final nozzle design with overall dimensions in mm.
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SECTION A-A

Figure 46. Side view and cross-section view of the final nozzle design.
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Figure 47. Exploded view of the final nozzle design.

4.4 Numerical analysis of PEEK flow in nozzle

The operation of the nozzle was simulated using the SolidWorks Flow Simulation package to understand
the various parameters, such as flow trajectory, temperature distribution, and pressure field. The study was
performed to maximize the impregnation length of the nozzle with the PEEK material flowing through the
carbon fiber feeding section. Since the boundary conditions, computational domain and meshing was kept
the same for both the initial and final nozzle design, these features are illustrated only for the final nozzle
design. For solving the fluid regions of the nozzle, SolidWorks Flow Simulation solves the Navier-Stokes
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equations, which formulates mass, momentum, and energy conservation laws, see Equations (6) to (9)

[141].

ap

at + a(pul) (6)
dpu; 0 dp 0 . o
ot a_xi(p”i”f) T ox ox; (zij+ ) +Sii=123 o
8)
apH dpu; H op e (
ot tox 0x; (uJ(Tl]+Tl])+ql)+at_ T”a + pe + Siu; + Qg
H=h+ = )

where u is fluid velocity; p the fluid density; S; a mass-distributed external force per unit mass due to a
porous media resistance (Sip oToUSy " a buoyancy (Sigmmy ) =pgp » where g; is the gravitational
acceleration component along the i -th coordinate direction), and the coordinate system’s rotation
(Sretatiomy je., S; = SPUTU + 57 ravity 4 grotation. p he thermal enthalpy; Qy a heat source or sink per
unit volume; 7;; the viscous shear stress tensor; g; the diffusive heat flux; and i, j, k subscripts used to

denote the summation over the three coordinate directions.

Molten PEEK polymer behaves as a non-Newtonian fluid and the SolidWorks Flow Simulation is capable
of computing laminar flows of inelastic non-Newtonian liquids. For this, the viscous shear stress tensor is

defined as follows:

B ) c’)ul au,
75 = 1Y) c’)x] axl (10)
. 2 ou; auj
where the shear rate, y = [dj; —dy; ~djj , d;j = T o
] L

For specifying the viscosity function based on shear rate u(y), five models are available in SolidWorks

Flow Simulation for inelastic non-Newtonian viscous liquids, i.e.,
1. Herschel-Bulkley model

2. Cross-William-Landel-Ferry model
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3. Carreau model
4. Power-law model
5. Polynomial regression model
4.5.1 SolidWorks Flow Simulation setting and computational domain

The green highlighted portions in Figure 48 denote the computational domain for the flow simulation. The
computational domain included all the internal geometry through which molten PEEK can flow and faces
on which boundary conditions in the assembly. The initial design concept encompassed a similar
computational domain including all the internal geometry through which molten PEEK flows and faces on

which boundary conditions were applied.

Figure 48. Computational domain for simulation: a) Top view, b) front view, c) isometric view, d) side
view.
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4.5.1 Material model for non-Newtonian PEEK material

In order to define an inelastic non-Newtonian liquid in SolidWorks Flow Simulation, material properties
are required, such as density, specific heat capacity, thermal conductivity, and viscosity. These properties
were supplied to the model as a function of temperature as the properties of PEEK polymer change with
temperature. The following sub-section details each material property and their source used for the

simulation.

4.5.1.1 Density

A relation of density versus temperature of PEEK was taken from [26] as illustrated in Figure 49.

4.5.1.2 Specific heat capacity
Specific heat capacity as a function of temperature for PEEK is illustrated in Figure 50 [26]. The peak in
the specific heat capacity plot denotes the melting point of PEEK and measures the latent heat capacity of

the material.

4.5.1.3 Thermal conductivity
The thermal conductivity of PEEK as function of temperature was taken from [27] and is depicted in Figure
51.

4.5.1.4 Viscosity and Viscosity data set

The polynomial regression model for inelastic non-Newtonian viscous liquids in Solidworks flow
simulation was used to input the viscosity data for PEEK. Since there is a lack of data about the viscous
behavior of PEEK 450 at various temperatures, the CFD analysis was carried out with an isothermal
boundary condition of 350°C for which viscous data was available. A polynomial regression model was
chosen for simulating the PEEK flow behavior in SolidWorks Flow Simulation as the viscosity behavior of
PEEK 450, which is similar in molecular weight and flow properties as PEEK 5600, was available in [25].
Viscosity data for molten PEEK 450 at 350°C was extracted from the plot in Figure 52. As illustrated by
the plot in Figure 52, the maximum shear rate for the Newtonian cut-off for the molten PEEK material is

0.02 1/s.
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Figure 49. Temperature dependent density of PEEK [26].
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Figure 50. Specific heat capacity of PEEK as a function of temperature.
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Figure 51. Thermal conductivity of PEEK as a function of temperature [27].
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Figure 52. Viscosity behavior of PEEK with increasing shear rate [25].




4.5.2 Boundary conditions

Figure 53 shows the coordinate system used in the simulation. Gravity was taken as 9.81m/s? along the
negative Y-axis. The Y-axis was taken as the reference axis for simulation. The ambient temperature was
set at 300K and all walls were given a default natural convection coefficient of 10W/m?K in the general

setting of the simulation. Further, the following conditions were prescribed for the simulation.

Figure 53. Simulation coordinate system.

1. Inlet mass flow rate (kg/s): This condition was set based on the experimental flow rate measurement
at the extruder opening at 360°C. An initial analysis was conducted with a S00RPM motor speed
which gives a mass flow rate of 1.26kg/hr (see Table 28). The inlet mass flow rate was applied on
the opening that interfaced with extruder, see Figure 54. Solidworks flow simulation takes mass
flow rate in the units of kg/s, so the experimental mass flow rate values obtained were converted

from kg/hr to kg/s for this purpose.

78



Table 28. Mass flow rate boundary condition for various screw motor speeds.

Screw motor speed Mass flow rate
(RPM) (kg/hr)
200 0.45
300 0.71
400 0.97
500 1.26
600 1.49
700 1.76
800 2.02
900 2.27

0.00034 ko's

Figure 54. Intel mass flow rate and the face it is applied to.

2. Environmental pressure (Pa): All other outlets open to the atmosphere were set to atmospheric
pressure of 101325Pa. It was applied on the inner face of the lids covering the fiber feeding hole

and the extrusion tip. Figure 55 shows the faces on which this pressure was applied.
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101325 Pa

Figure 55. Environmental pressure and the faces it is applied to.

3. Outer wall 1: All the walls on which the heaters were designed to attach on were given an isothermal
wall condition of 623.15K as the PEEK material properties are available for this temperature.

Figure 56 shows the faces on which the isothermal condition was applied.

Figure 56. Faces in the assembly that will be heated.

4. Outer wall 2: Since the opening that interfaces with the extruder does not interface with the

environment, it was not given a convective heat transfer boundary.
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Figure 57. Faces on which there is no heat loss through convection.
4.5.4 Meshing

The mesh generated for the simulation is shown in Figure 58. The section of interest was the impregnation
length, carbon fiber feeding opening, and flow around the CF nozzle. As shown in the figure, the mesh in
this section has been refined to capture flow behavior in great detail. Mesh refinement was carried out until
a higher refined mesh did not produce a variation in the flow properties of PEEK. SolidWorks Flow

Simulation uses tetrahedral shaped elements for meshing.
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Figure 58. Mesh generated for the simulation.

4.5.5 Results and discussion

An abbreviated discussion of the CFD analysis for the initial design is provided in Section 4.5.5.1. A more
elaborated discussion of the CFD analysis is included for the final nozzle design as this embodiment was

manufactured in response to the modeling work.

4.5.5.1 CFD analysis for Design 1

Figure 59 and 60 shows the flow trajectory of molten PEEK for the initial design concept. As indicated by
the velocity profile, the velocity of the PEEK flow in the PEEK pipe with flange part and around the CF
nozzle part is nearly stagnant. This can lead to mass accumulation of PEEK in a real-life scenario causing
clogging in these parts. The primary rationale behind the later design alteration was to transition to a
significantly more compact flow orifice. In addition, there was a necessity to ease the nozzle assembly by
reducing the number of components. The geometry of both the PEEK pipe with flange part and the PEEK
+ CF nozzle part needed to be modified to facilitate simpler manufacturing, assembly, and integration of

heaters. These inputs were taken into consideration during the development of the final design.
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Figure 59. Flow trajectory with color gradient representing fluid flow velocity.
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Figure 60. Velocity plot along the cross-section of the flow orifice.

4.5.5.2 CFD analysis for final nozzle design
Three aspects of the design were simulated using the SolidWorks Flow Simulation package: Flow
trajectory, extrusion velocity, and fiber pulling force. The following sections elaborate on these aspects and

respective results.
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Flow trajectory:
The geometry of the CF Nozzle part was altered through iterations to achieve the following goals:

e Increase the flow rate at the point where fiber starts interfacing with molten PEEK, such that the
fluid pressure at that point is minimal to eliminate an upward flow through the fiber insertion

channel.
e Ensure an even flow around the conical section of the CF nozzle part.
o Ensure the elimination of mass accumulation around the conical section of CF nozzle part.

The length of the impregnation nozzle part was fixed at 30mm in order to reduce the vertical section through
which PEEK flows to reduce the oozing of the molten material, a challenge of printing using the FGF

method discussed in the previous chapter.

A parametric investigation into the geometric design of the nozzle components was performed. Table 29
provides a comprehensive overview of this study, focusing on three pivotal sections: the gap facilitating the
flow and convergence of PEEK, the length of molten PEEK flow facilitating CF impregnation, and the tip
angle of the CF nozzle. The table delineates the range and incremental steps for each parameter under
examination, details the impact of varying geometries on flow parameters, and ultimately highlighting the

optimal values selected for each.

Figure 61 shows the flow trajectory of molten PEEK through the channel with the color gradient for velocity
profile. Figure 62 depicts a cut plot for the velocity profile for the central cross-section. Similarly, Figure
63 illustrates the pressure profile. The fluid velocity along central axis of the impregnation nozzle as shown
in Figure 64 was plotted to find the convergence point of fluid flow at the carbon fiber entry. From the plot
in Figure 65, it is evident that the flow converges at 0.37mm from the tip of the CF nozzle part which leaves

an effective 26.63mm of impregnation length.
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Table 29. Parametric study for study on the nozzle components

Changed
geometry

Variation

Geometry

Effect of variation

Optimal
Value

Gap around
conical
section
around CF
nozzle

1 —3mm
Analyzed in
steps of 0.5mm

N

./’

If the gap was too wide,
mass accumulation was
noticed with insufficient
flow to all around the
conical section. If the gap
was too small, the PEEK
exhibited a high-pressure
section at tip of CF nozzle
part leading to flow in fiber
insertion channel

2mm

Impregnation
length*

24 —27.5mm
Analyzed in
steps of 0.5mm

"
|
|

Ideally, the length should
be maximized for better
fiber impregnation, but if
the length is increased
beyond optimal value,
polymer flows into the
fiber insertion channel and

27mm

Tip angle of
CF nozzle

65-90°
Analyzed in
steps of 5°

Lz

o

4 4

{

The higher the angle the
convergence point of the
polymer moves away from
the tip of the fiber insertion
point. The angle cannot
reduce below an optimal
value for manufacturing
feasibility.

80°

*Drawing shown is a snippet of detailed view from assembly. Refer Appendix 2 for the complete drawing.
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Figure 61. Flow trajectory of polymer in the final nozzle design.
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Figure 62. Velocity profile of polymer at cross-section in final nozzle design.
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Figure 63. Pressure profile of polymer at cross-section in final nozzle design.

Figure 64. Illustration depicting the axis along which velocity is measured.
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Figure 65. Velocity plot along the central axis of the impregnation nozzle.

Extrusion velocity:

After finalizing the geometry of the parts, a prediction of the extrusion velocity at the nozzle tip for various
screw motor speeds was carried out. A comprehensive analysis of the flow trajectory was conducted,
considering fluid pressure and velocity flow trajectories for each of the screw motor speeds, see Table 30.
This analysis is essential to ensure the absence of mass accumulation points and to verify that there was no
unintended flow through the fiber insertion channel. The surface goal function for average velocity through
a surface [141] was used to calculate these values. Due to the small input mass flow rate at 200 and 300RPM
screw motor speed, these is a quasi-stagnant fluid flow section in the flow channel. From the analysis, it is

recommended to use the nozzle above 400RPM screw motor speeds with the current extruder.

Table 30. Predicted extrusion velocity for Smm nozzle with varying screw motor speed

Screw motor Mass Avg extrusion Flow through Mass

speed flow rate | velocity at nozzle tip | fiber insertion | accumulation

(RPM) (kg/s) (mm/s) channel in flow
200 0.000124 3.5 No Yes
300 0.000198 5.5 No Yes
400 0.000270 7.5 No No
500 0.000350 10 No No
600 0.000415 11 No No
700 0.000490 13 No No
800 0.000560 15 No No
900 0.000630 17 No No
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4.5.5.2.3 Fiber pulling force

As per the design concept, the fiber feeding should take place primarily through viscous drag force the
molten PEEK material exerts on the fiber tow. To ensure there will be sufficient pulling force on the fiber,
a simulation was carried out to measure this force. For this, a carbon fiber tow was introduced into the
assembly as shown in Figure 66. The material for the tow was assigned as the carbon fiber material available
in the SolidWorks Engineering Database and the size of the tow was roughly estimated from the 24K carbon
fiber tow available for the experiments. To simplify the problem, impregnation of the fiber was not
considered at this point. The viscous drag force on the peripheral surface of the tow was measured along

the length of the tow in the simulation.

Referring to Table 31, Surface Goal Force (SG Force, refers to the force calculation on a surface for the
solver to calculate the forces applied on the surface in Solidworks Flow Simulation) denotes the resultant
force applied on the fiber tow and SG Force (Y) denotes the component of force applied along the Y
direction. A force of ~16N was found to be applied on the fiber tow, since only a slight pulling force was
required the resultant force was deemed sufficient to feed the fiber during printing [148]. Additionally, if
the commingled fibers are preprocessed to make the tows stiff by melting the PEEK, a pushing force can
be applied to aid the fiber feeding force. Since the resultant force and force along Y direction are the same,
there is no force component in X and Z directions, this means that the fiber tow will be centered during the

extrusion process.

Carbon fiber tow
_—~ inserted for measuring
viscous drag force

Figure 66. CAD model with the carbon fiber tow used for viscous force calculation simulation.
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Table 31 . Surface force measured along the fiber surface.

Goal Unit Value Avg Min Max Progress Use in Delta | Criteria
name value value value [%] convergence

SG [N] 16.017 16.051 16.008 16.098 100 Yes 0.035 0.045
force

SG [N] -16.017 | -16.051 | -16.008 | -16.098 100 Yes 0.035 0.045
force

¥)

4.6 Integration of nozzle with extruder

All the parts of the nozzle were manufactured out of AISI 304 stainless steel. Manufacturing drawings for
all the parts of the final design is available in Appendix 2. A sleeve heater was designed and manufactured
for heating the PEEK block part. The heater is a 1200W coil heater embedded into a sleeve that fits snugly
on the slot shape of PEEK block. An RTD sensor was placed in the PEEK block to measure the PEEK
block temperature and control the heater. The impregnation nozzle is fitted with a coil heater of 200W. The
coil heater has a thermocouple embedded into it to control the heater temperature. The Figure 69 shows the

assembly of the nozzle with the extruder.

As an initial test print, extrusion with commingled fiber failed as the fibers did not have any rigidity thus
had difficulty feeding through the CF feeding channel. Instead, a strand of carbon fiber reinforced in PEEK
was extruded as shown in Figure 69 using a Synergex 24K CF tow with Polyurethene coating provided by
COATS (London, UK). The polyurethane sizing provided adequate rigidity to the fibers and kept the fibers
intact during the feeding process. Table 32 shows the set of parameters that were used to extrude the carbon
fiber. Parameters were chosen by trial and error for the initial test print. Printed strands had a fiber volume
fraction of 5.3%. A variation in volume percentage was found in the measurement which can attributed to
inconsistencies in the diameter of the bead extruded. Further optimization of parameters is required to
control the fiber volume fraction. The low volume fraction is due to the low fiber count tow used for

extrusion due to the limited availability of the higher fiber count tows at the time of the experiments.
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Nozzle block

Smm nozzle

Coil heater

Figure 68. Coil heater assembly on Smm nozzle

Sleeve heater
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24K Carbon fiber

Newly designed nozzle

PEEK + Carbon fiber \

Figure 69. Extrusion trial using newly designed nozzle

Table 32. Parameters used for initial testing of nozzle.

Parameter Value
Extruder temperature (°C) 370
Screw motor speed (RPM) 500

Nozzle diameter (mm) 5
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4.7 Conclusions

A novel nozzle was designed to print continuous fiber reinforced thermoplastics. CFD analyses were
conducted on design concepts to optimize flow channel geometries. The analysis conducted gave
confidence that molten PEEK can flow through the intended channel and produce sufficient pulling force
to feed the fiber. The nozzle was manufactured and integrated with the extruder. An initial test print of
carbon fiber reinforced PEEK was performed, resulting in a fiber volume fraction of 5.3% for the extruded

bead at a screw motor speed of SOORPM with a 5Smm nozzle at 370°C.
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Chapter 5 Conclusions and future work

5.1 Conclusions

In the initial phase of this research, an exploration of the feasibility and challenges associated with additive
manufacturing of high-performance engineering polymers was undertaken. Building on this foundation, the
study delved into the feasibility of printing continuous fiber-reinforced polymers. Technical insights
pertaining to large-scale additive manufacturing, high-performance thermoplastic 3D printing, continuous
fiber-reinforced polymer additive manufacturing, and mechanisms and designs for CFRP printing were

reviewed, drawing guidance from the available literature.

A large-scale material extrusion based additive manufacturing system was developed to print high-
performance engineering thermoplastics. For this specific work PEEK polymer was employed. The system
uses a screw-based extruder commonly used for injection molding for extruding material. The extruder has
a capability of a maximum 2.5kg/hr throughput while coupled with a 4mm nozzle. The screw extruder was
modified to maintain a continuous operating temperature up to 400°C. The extruder has a rated torque of
60Nm sufficient for commonly used thermoplastics in engineering applications. The screw extruder was
assembled onto a six-axis robotic arm capable of 2000mm lateral motion and 3500mm vertical motion.

Thus, the AM system has an effective build volume of ~14m3.

In order to facilitate printing with the system, a thorough investigation into the process parameters
influencing the fused granular fabrication process was conducted. All experiments were executed using a
4mm nozzle. The initial step in the parametric study involved establishing a relationship between mass flow
rate and screw motor speed. The scanning velocity was calculated using layer height, nozzle diameter, and
extrusion velocity based on the equation from [127]. Additionally, the bead width was measured by varying
layer height, extrusion velocity, and extruder temperature. An empirical relation between these parameters
and the bead width was established through a regression analysis. To minimize inter-bead voids and surface
deformities, a design of experiments study was conducted. The layer height, extrusion velocity, and bead
overlap were varied during the experimentation. Statistical analysis of the DoE data revealed that bead
overlap was the most significant parameter affecting both inter-bead void formation and surface deformity.
Utilizing the response optimization tool in the Minitab software, an optimal set of process parameters was
determined for a 4mm nozzle to be a screw motor speed (extrusion velocity) of 400 RPM, a layer height of

3mm, and an overlap percentage of 17%. The predicted response, with 0.3% inter-bead void and 1.17mm
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surface uniformity, was evaluated and demonstrated successful printing with 0% inter-bead void and an

average uniformity of 1.25mm.

The study provided a comprehensive understanding of the challenges associated with printing high-
performance semi-crystalline polymers such as PEEK. Delamination between layers and warping were
significant issues encountered in the initial stages of the research. To address these challenges, three 750W
IR heaters were strategically installed around the print area to regulate the cooling rate of the deposited
bead, effectively eliminating delamination and mitigating warping. While warping persists for specific
geometries due to the rate of crystallization of PEEK polymer, further exploration into the crystallization
behavior is deemed necessary for a more nuanced understanding. Bed adhesion posed another substantial
challenge, given the non-polar nature of PEEK, requiring a superhydrophobic surface for adhesion. To
address this, a laser texturing process was employed to create a parallel peak and valley pattern on the AISI
304 stainless steel print surface, with an average maximum height of 0.37mm. Additionally, the print
surface was heated between 200°C and 220°C. Molten PEEK oozing out of the nozzle under the influence
of gravity presented another obstacle. This occurrence was considered a design requirement for the
development of the nozzle for printing polymer with continuous fiber reinforcement. The issue was
successfully resolved by optimizing the nozzle design, specifically by reducing the vertical section through

which PEEK material flows.

Leveraging insights into the critical process parameters influencing the fused granular fabrication process,
the viscous material characteristics of PEEK, and diverse impregnation techniques for fiber composites, a
pioneering nozzle was conceptualized. Computational fluid dynamics (CFD) analysis was executed on the
design to refine the flow channel geometry, optimizing the fiber impregnation process, controlling the
trajectory of polymer flow along the intended path, and ensuring consistent polymer flow. The analysis also
confirmed that the viscous forces exerted by the polymer flow were sufficient for the fiber feeding

mechanism.

Subsequently, the designed nozzle parts were manufactured using AISI 304 stainless steel material. The
fabricated components were assembled and integrated with the extruder. In an initial trial, a 24K carbon
fiber tow was extruded, employing parameters selected by train and error, including a screw motor speed
of 500 RPM, material temperature of 370°C, and an impregnation nozzle size of Smm. The outcome of this
trial was the successful extrusion of carbon fiber reinforced PEEK, with a volume percentage of
approximately 5.3%. This marked a significant milestone in validating the functionality of the designed

nozzle for continuous fiber reinforced polymer printing.
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5.2 Future work

The printing system developed ties into an umbrella of a project that aims at developing effective printing
strategies for continuous fiber reinforced polymer and will be used as the experimental setup for the studies
that are to be conducted for the same. Additionally, the continuation of the study can be taken through

various avenues such as:

e Studying the crystallization behavior of PEEK polymer while 3D printing in order to eliminate the

challenges of warping.

e Mechanical characterization of the printed parts can be carried out for validation and prediction of

performance.

e In-situ process inspection of printing is another possibility to continue the study where process
parameters are altered for subsequent layers based on the previously deposited layers to improve

print quality.

e The system designed for printing continuous fiber reinforced polymer has to be further optimized
for consistent extrusion and bead width. Furthermore, a higher volume percentage of fiber has to
be achieved in order to be industrially applicable. For this, a process parameter study with the

nozzle has to be conducted to obtain optimal printing parameters.

o The fiber impregnation characteristics of the nozzle can be studied, and design improvements can

be brought about to produce parts suitable for industrial application.
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Appendix 1

Figure 70. Rectangular geometry of 100mm x 70mm x 11mm 3D printed using PEEK.

Figure 71. 3D printed PEEK block of 200mm x 70mm x 1Imm.

L]

Figure 72 . Tensile test samples machined out as per ISO 527 from 3D printed PEEK block.
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Appendix 2

Engineering drawing for cFRP Nozzle
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A2.1 cFRP Nozzle assembly
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A2.2 Drawing for PEEK Block
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A2.3 Drawing for CF Nozzle
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A2.4 Drawing for Impregnation Nozzle
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