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SUMMARY

Fused deposition modelling (FDM) is an additive manufacturing process commonly
used for the 3D printing of continuous fibre-polymer composites. However, a major
limitation of using the FDM process is the relatively low mechanical properties of 3D printed
composites compared to materials made using conventional fabrication processes such as
vacuum bag resin infusion of fabric composites and autoclave curing of prepreg-based
composites. The 3D printed composites have low fibre content and often contain a relatively
high volume fraction of voids and polymer-rich regions at the fusion interface between the
adjacent filaments in a single ply and between ply layers. The voids can act as geometric
stress raisers that can initiate cracks in the polymer matrix phase, resulting in the
susceptibility of 3D printed composites to delamination and matrix cracking under load.
Furthermore, the FDM process can cause other defects including fibre misalignment and fibre
damage that can compromise the dimensional accuracy and mechanical properties of 3D

printed composites with intricate shapes.

This PhD project investigates the causes and effects of microstructural damage in 3D
printed continuous fibre/polymer composites fabricated using the FDM process. The changes
to the microstructure and mechanical properties of continuous fibre filaments used to 3D
print composites is investigated at multiple steps of the FDM process. The FDM steps
investigated spanned from the stock filament material in the as-received (original) condition,
through different stages of the FDM process including heating and extrusion, to the final step
involving deposition of individual filaments in the 3D layer-by-layer printing of composites.
The study was conducted at the fibre, filament, ply and composite length-scales to gain a
complete understanding of the material changes caused by the FDM process. The composite
materials investigated in this PhD project were 3D printed using FDM filaments of
continuous carbon-polyamide, glass-polyamide and aramid-polyamide, which experience
different types and amounts of microstructural and property changes. The expected outcome
of the PhD project is to systematically identify the causes of material damage and the
resultant reductions in the mechanical properties of continuous fibre/polymer composites

during 3D printing using the FDM process.

The literature review chapter in this PhD thesis presents a critical and comprehensive

overview of published research into the microstructural and mechanical properties of 3D
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printed fibre/polymer composites using the FDM process. Included in the review is an
assessment into how these properties are controlled by the 3D printing parameters using the
FDM process. The review considers the effects of the FDM process parameters on the
microstructure of 3D printed composites. The literature review also reports that the
mechanical properties of 3D printed composites can be improved via surface modification of
fibres or adding functionalities. The review considers the effect of voids in 3D printed
composites, including how their size and content can be reduced by optimising the FDM
process. Published research reveals that the mechanical properties of 3D printed composites
are determined by the microstructure and print direction of the filaments and the layup
direction of the ply layers. A research gap analysis presented in Chapter 2 reveals there is
limited understanding of the effect of the multiple stages of the 3D printing process using
FDM on the microstructural damage to composites (matrix, fibres, matrix-fibre interface) and

the resultant reduction to mechanical properties.

The first two research chapters present experimental investigations into the changes to
the microstructural and mechanical properties of FDM filaments using a Markforged®
MarkTwo printer during different stages of the FDM process, from the initial feedstock
filament material to the final deposition of hot filament on the print build platform. Studies
are performed on polyamide matrix FDM filaments containing continuous carbon, E-glass or
aramid fibres. The surface of the FDM filament is abraded when it passes through the stages
of the FDM machine, and it is shown that this damage can be minimised by modifying the
filament feed system in the 3D printer. Damage and breakage to the fibres in FDM filament
occurs as it passes through the 3D printing process, with most fibre damage occurring when it
is bent through 90° during deposition on the print build platform. The degree of fibre damage
and the residual strength of FDM filaments depends on the fibre type. Carbon fibres
experience the most damage resulting in the largest loss in filament strength from the FDM
printing process. Glass fibres are also damaged during 3D printing, but less than carbon fibres,
due to their higher flexibility, fracture toughness and failure strain. Aramid fibres are not
broken in the FDM resulting in the smallest loss in mechanical properties, although they are

crimped by the FDM process.

The next research chapter presents an experimental investigation into the effect of 3D
printing curvature on the microstructure and mechanical properties of FDM filaments

containing continuous carbon, glass or aramid fibres. Studies are performed on filaments with
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printed curved radii between 1 mm and 30 mm. It is discovered that curved printing using the
Markforgered® MarkTwo causes significant deformation and damage to filaments,
particularly at small radius values. Filament folding and twisting occurs at tight curvatures
that cause fibre breakage in the carbon- and glass-reinforced filaments due to the relatively
low bending fracture strain of these fibres. Some carbon fibres also pull away from the main
filament, with longitudinal tearing of the polyamide matrix between fibres. The aramid fibre
filament sustains no fibre breakage during curved printing due to its higher flexibility and
failure strain. The effect of fibre breakage and matrix damage caused by curved filament

printing on the tensile properties of the 3D printed filaments is determined.

The microstructure and tensile properties of 3D printed unidirectional composites
made via the layer-by-layer deposition of carbon, glass or aramid filaments studied in the
previous chapters are investigated. The 3D printed composites are compared against
equivalent composites containing the same filaments, but fabricated using hot moulding
which does not cause the damage of the FDM process (e.g. fibre breakage, voids). Compared
to the hot moulded composites, fibre damage caused by the FDM process is a crucial factor in
reducing the tensile properties of 3D printed carbon-polyamide and glass-polyamide
composites. In addition, cracks and elongated voids occur at the fusion interface between
adjacent printed filaments and ply layers, contributing to the lower tensile properties of 3D

printed composites.

The final research chapter presents an investigation into the microstructure and
mechanical properties of 3D printed hybrid continuous fibre/polymer composites made using
the FDM process. The hybrid composites were 3D printed using the combination of carbon +
glass or carbon + aramid filaments. The composites were 3D printed with the carbon layer
sandwiched between or separated by glass or aramid layers, and the carbon layer ratio was
varied between 11% and 50%. Fibre hybridisation can increase the ultimate failure strain of
the carbon fibre reinforced layer in 3D printed composites. The measured tensile modulus
values for the hybrid composites agree with predictions using rule-of-mixtures. The tensile
strength properties of the 3D printed hybrid composites are similar to the 3D printed non-
hybrid glass-polyamide or aramid-polyamide composites, with the carbon fibres having little
influence. The lower-than-expected tensile strength of the 3D printed hybrid composites
containing carbon fibres is attributed to the poor interfacial quality between the different fibre

layers and their lower failure strain.



The main conclusions and research findings of the PhD project are presented in the
last chapter to the thesis, along with several recommendations for further research into 3D

printed composites made using the FDM process.



CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

Fibre-reinforced polymer composites have wide-ranging applications including in
aerospace, automotive, marine, construction and sports goods due to their high strength-to-
weight ratio, corrosion resistance, good design flexibility and other excellent properties.
However, the high costs of materials and manufacturing are limiting the take-up of
continuous fibre reinforced polymer composites in some sectors when price is a critical factor
in materials selection. For instance, expensive moulds are often needed to form and shape
composite components using conventional manufacturing processes such as resin transfer
moulding [1-8]. These processes often require long production cycle times for heating,
forming and curing of the composite material. Many processes also generate significant
material waste, which can be a major problem when using expensive carbon fibres. Therefore,
new manufacturing processes which can lower the cost, increase production time and reduce

waste are desired.

Additive Manufacturing (AM) has emerged as an alternate processing method for
composites with the potential of being cost-effective by enabling rapid prototyping with high
precision geometry, and simultaneously reducing material waste. AM technologies are
revolutionising many manufacturing industries for producing next-generation high-
performance materials [9]. AM refers to a series of manufacturing processes defined as
'discrete — accumulation’, i.e., building parts by joining materials, usually layer-by-layer,
directly from computer design data to a real product without tooling and often no need for
post-fabrication machining. AM results in much less waste and larger internal shape
flexibility [10] without the need for expensive tooling and moulding. In some instances, the
duration of the design and fabrication process involving AM has been reduced from weeks to

several hours [11].

Fused Desposition Modelling (FDM) is an AM technique for the 3D printing of
polymer matrix composites containing continuous or discontinuous fibres. The FDM process
is a filament-by-filament and layer-by-layer printing process that makes it easier to design
and fabricate composite parts with intricate internal geometries and shapes, which would

otherwise be challenging or impossible to produce using conventional composite



manufacturing techniques. For example, when mechanical fastening is needed to reinforce
composite structures made using conventional processes then the notches and holes require
machining processes such as drilling and cutting. Because continuous fibres in fabrics or
prepregs are aligned in specific directions, such as the 0° and 90° orientations, it is not
practical to deflect the fibres around where cut-outs and holes need to be located. In contrast,
the placement of fibre reinforcements using 3D printing can be optimised to follow the

desired path and thereby reduce or eliminate the need for drilling and machining of holes.

The FDM method is one of the most common AM techniques for 3D printing
continuous fibre-polymer composites. Compared to 3D printed unfilled polymers and short
fibre-polymer composites, the continuous fibre reinforced polymer composites made using
the FDM process have superior strength, stiffness and other mechanical properties. However,
the mechanical properties of 3D printed continuous fibre composite materials are often less
than that expected based on rule-of-mixtures (ROM), indicating that the properties are not
optimum. For example, Figure 1-1 presents published tensile property data for 3D printed
fibre/polymer composites measured in the filament printing direction, and the strength and
modulus are lower (often much lower) than expected from ROM and inferior to composites

made using conventional processes such as RTM or autoclave curing.

@ 2000 : : : :
- - - -RoM (cCF/PAG)
1800 - cCF/Nylon ,—
cAF/Nylon R4

1600 - © cGF/Nylon /,’ _
© cCF/ABS L7
Q 1400} cCF/PLA 7 4
= > SCF/ABS L7
C 1200 ® SWNT/ABS 4
D * VGCF/ABS
% 1000 - * sGF/ABS /,’ i
= o SCF/PLA .
D gopl - SCFIPEI L’ i
Q@ % sCFPPS .~
@ goglL * CNTPEI .- |
z

400 |- -
200 /,;& 7 .
ol >w > Fg ¥ e ¥
0 10 20 30 40 50

Fibre Content (%)



() 120

T T
- - - -RoM (cCF/PAG) .
cCF/Nylon .’
CAF/Nylon e
o cGF/Nylon .,
cCF/ABS ’
cCF/PLA t
sCF/ABS . -
SWNT/ABS .7
VGCF/ABS .
sGF/ABS e
sCF/PLA .
sCF/PEI ’
sCF/PPS .
CNT/PEI - N

100

o
o
T

¥ X + @€ & > @& v

Elastic Modulus (GPa)
S 3

N
o
T

\
|

> »
*

, > !
. > Po 4 *
0 g Py > | | |
0 10 20 30 40 50
Fibre Content (%)

Figure 1-1 (a) Tensile strength and (b) Young's modulus of 3D printed composites using the FDM process. The
dashed line is the calculated values of a carbon-polyamide composite based on rule-of-mixtures [12-30].
Abbreviation: ¢ - continuous, s - short, CF - carbon fibre, GF - glass fibre, AF - aramid fibre, SWNT - single

walled carbon nanotube, VGCF — vapor grown carbon fibre, CNT — carbon nanotube.

The relatively low fibre content, high porosity level and non-uniform microstructure
are the most commonly reported reasons for the lower-than-expected mechanical properties
of 3D printed continuous fibre composites. The stock filament used in the FDM process
consists of continuous fibre and thermoplastic matrix phases. The required viscosity range of
the filament material to avoid nozzle clogging in the FDM machine during 3D printing limits
the fibre content to ~10-30%. Although higher fibre contents have been achieved [18, 21, 28,
31] through filament modification and printing device adjustment, the fibre fraction of FDM
printed composites are still below that of conventionally manufactured composites (Vf~50%-
60%). Additionally, the lack of high consolidation pressure applied to the filaments during
deposition on the print build platform of the FDM machine often leads to a non-uniform
microstructure to the 3D printed composite, with localised clusters of fibres, polymer-rich
regions, and voids of varying shape, size and location [14, 16, 23, 28, 29, 32]. This
microstructural inhomogeneity in 3D printed composites can result in large scatter in the
mechanical properties. Although efforts have been made to optimise the FDM printing

parameters (e.g. print temperature, filament feed rate) and to improve the feedstock material
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quality, 3D printing composites with mechanical properties comparable to composites
fabricated using conventional processes remains a challenge. Therefore, exploring the FDM
process-induced damage on the microstructure and mechanical properties of the filaments —
the basic building blocks of 3D printed composites - and determining the relationship
between filament damage and the microstructure and properties of 3D printed composites is

important.
1.2 Research Aims and Objectives

This PhD project focuses on the causes of damage to continuous fibre/polyamide
filaments and composites and the resultant reduction of the mechanical properties when 3D
printed using the FDM process. The project is conducted at multi-length scales including the
individual fibre level, filament level, ply level and coupon level when continuous fibre
composites are 3D printed using a MarkForged® FDM printer. The Markforged® MarkTwo
printer is one of the most developed desktop printers for 3D printing continuous fibre
polymer composites, which is favoured by small and medium-sized businesses and
individuals for prototype designing and mould manufacturing. The Markforged® company
provides guaranteed quality of the feedstock materials for 3D printing and affordable prices
of the desktop series folders that are lower than other industrial-grade printers for fibre-
polymer composites. Therefore, it is worth investigating the effect of the printing process
using the MarkTwo printer (the latest model) on the mechanical properties of the 3D printed
composites. The research findings from this PhD project can be used for developing further
desktop printers and achieving their potential in fabricating high-quality products. The
Markforged desktop printers do have many restrictions on varying printing conditions.
However, these limitations are necessary for successfully 3D printing the filament materials
provided by the Markforged® company. Furthermore, a constant printing condition can
exclude the device error and improve the credibility of the results in this work that the

damage is caused by the printing process stages.

In achieving the aim of the PhD project, the research work will address the following

specific objectives:

» Investigate the effect of the FDM 3D printing process stages on the microstructural and
mechanical properties of continuous fibre (carbon, glass and aramid)-polyamide FDM

filaments.



> Investigate the effect of 3D printing curvature radius on the microstructure and
mechanical properties of continuous fibre (carbon, glass and aramid)-polyamide FDM
filaments.

> Investigate the effect of filament damage caused by the FDM process on the
microstructure and mechanical properties of continuous fibre (carbon, glass and aramid)-
polyamide composites.

» Investigate the effect of layer ratio and layer distribution on the microstructure and
mechanical properties of 3D printed hybrid continuous fibre (carbon + glass and carbon

+ aramid)-polyamide composites produced using the FDM process.

This PhD project aims to provide new fundamental insights into the relationship
between the FDM process-related microstructure and the lower-than-expected mechanical
properties of 3D printed continuous fibre/polymer composites. The outcome and significance
of this project reveal the opportunities for the FDM process modification to reduce the fibre
damage and thereby enable the 3D printing of continuous fibre composites with improved
mechanical properties. Because this study is focus on the stages of the 3D printing process,
the effects of different process variables including printing speed and temperatures are not

examined by mimicking the Markforged® printer process.
1.3 Thesis Outline

Chapter 2 of this thesis presents an overview of published research into the FDM
process to 3D print fibre/polymer composites. The first part of the literature review explores
the advantages and limitiations of the FDM process in 3D printing continuous fibre/polymer
composites compared to other 3D printing methods. The chapter also presents a
comprehensive review of published research into the microstructural and mechanical
properties of 3D printed composites, and how these are affected by the printing process
conditions. Key gaps in the published research on the fabrication, microstructure and

properties of 3D printed composites are identified.

Chapters 3 and 4 present experimental research studies into the damage caused to
continuous fibre filaments during different stages of the FDM process, from the initial
feedstock filament material to the final 3D printed filament to determine the causes for the
low mechanical properties of 3D printed composites. Chapter 3 investigates the reductions in

the tensile and compressive properties of carbon-polyamide composite filaments caused by
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the different stages of the FDM process. The causes of the damage and resultant reductions to
the mechanical properties of the FDM carbon fibre filament during 3D printing are identified.
The study also investigates a modification to the FDM printer to reduce fibre damage caused
by the filament feeding gears and thereby minimises the reduction to the tensile properties.
Chapter 4 follows the research work presented in Chapter 3 to assess the effect of the
different FDM stages on the microstructure and mechanical properties of continuous glass-

polyamide and aramid-polyamide filaments.

Chapter 5 presents an experimental investigation into the effect of 3D printing
curvature on the microstructural and mechanical properties of FDM filaments. The study was
conducted on polyamide-based filaments containing continuous carbon, glass or aramid
fibres that were 3D printed as curved filaments with different radii between 1 mm and 30 mm.
The causes of the curvature-induced damage to the FDM filaments are identified, and the
effect of the damage on the tensile properties of the filaments printed at different radii is
determined. The limits on the maximum curvature that can be applied to FDM filaments

during 3D printing to avoid damage and property loss are identified.

A study is presented in Chapter 6 into the microstructural and mechanical properties
of the 3D printed continuous fibre/polymer composites using the FDM process. A
comparative assessment between 3D printed composites and composites made using hot
moulding containing the same FDM filaments of carbon-polyamide, glass-polyamide and
aramid-polyamide composites is conducted. The hot moulded composites have the same
material composition as the 3D printed composites, but do not contain FDM-induced damage
(e.g. fibre breakage, voids, cracks). The tensile properties and fracture mechanisms of the 3D
printed and hot moulded composites are compared, and the study identifies the effect of the
microstructural defects on the tensile properties of 3D printed composites.

Chapter 7 presents an investigation into the mechanical properties of 3D printed
hybrid composites made using the FDM process. The carbon fibre/polyamide layers in the 3D
printed hybrid composites were sandwiched between or separated by glass or aramid
fibre/polyamide layers. The study determines the effect of the carbon layer ratio and layer
distribution on the tensile properties of 3D printed hybrid continuous fibre/polymer
composites. The hybridising effect on the tensile modulus, failure stress and failure mode of

the 3D printed composites are determined. The study also evaluates the efficiency of using

10



the FDM process to fabricate the hybrid continuous fibre/polymer composites through

normalising the tensile properties by the density and cost of materials.

Chapter 8 summarises the major research findings and conclusions of the PhD project.
Several recommendations for future research work into 3D printed composites to deepen

further our understanding of these materials and the FDM process are given.

11



CHAPTER 2: LITERATURE REVIEW

The initial concept of 3D printing continuous fibre composites is generally attributed
to Coeur d’Alene, CEO of Continuous Composite®, and it is based on the stereolithography
(SLA) process [33]. The first published research study on 3D printed continuous fibre-
reinforced composites, which used the FDM process, was reported in 2016 by Matsuzaki et al.
[20]. Due to a rapid rate of innovation and the diverse amount of research in the field of 3D
printing of polymer composites using the FDM process, it is challenging to provide a
comprehensive and wide-ranging review of the field. There are many review papers that
discuss the mechanical properties, applications, opportunities and challenges of FDM printed
composites [9, 24, 34-37].

This chapter presents a literature review focused on state-of-the-art 3D printing using
the FDM process and the mechanical properties of FDM-printed continuous fibre composites.
The review focused on published research related to 3D printing processes, microstructure
and mechanical properties of continuous fibre composites. The first part of this literature
review provides an overview of the different AM processes used to manufacture continuous
fibre composites, with a focus on the FDM process. In the following two parts, the
mechanical properties of FDM-produced continuous fibre-polymer composites as well as the
methods used for maximising the properties of these materials are reviewed. This review also
identifies key research gaps that need to be addressed to solve the research problems being
investigated in this PhD project. In the final section, the advantages of hybrid composites are
presented as a reference for widening the novel application of the FDM process.

2.1  Overview of 3D Printing Techniques for Continuous Fibre-Polymer

Composites

Parts fabrication and properties of polymer composites made using AM can vary
based on different process method, which includes binder jetting, material jetting, direct
energy deposition, powder bed fusion, sheet laminations, material extrusion and vat photo-
polymerisation, as per ASTM International Technical Committee F42 on AM technologies
[38]. The last three categories can be used to produce continuous fibre-reinforced polymer

composites, which are discussed in this section.

2.1.1  Vat photo-polymerisation
12



Vat photo-polymerisation selectively cures liquid photo-polymer in a vat using
ultraviolet (UV) light. Stereolithography (SLA, Figure 2-1) is a vat photo-polymerisation
process used for the 3D printing of polymer composites with continuous fibre bundles or
fibre mats [39]. The choice of materials is limited by the curing process for SLA, and the
polymers are usually epoxy- or acrylic-based. The addition of continuous fibre
reinforcements is achieved via two methods: (i) manual laying [40, 41] and (ii) incorporation
fibre laying [42]. In the manual laying method, the continuous fibre tows or mats are placed
manually on the build platform and then impregnated with the photosensitive resin. Once
cured, fresh fibre tows or mats coated with resin are added successively on top to
manufacture composites with multiple fibre layers. In contrast, incorporation fibre laying
enables an in-situ addition of fibre tows during the process. It has been reported that the
addition of continuous fibre promotes a 1.5x to 3x improvement to the tensile properties of
the printed pure polymer [39]. However, the inclusion of fibre tows in the SLA process can
lead to incomplete resin curing due to scattering and attenuation of the UV radiation, causing
poor fibre-matrix bonding and relatively low matrix properties [41]. The continuous fibre
volume content that can be achieved in the composites produced using this process is
typically limited to less than ~20%. Furthermore, improper placement of the fibres may cause
air entrapment, thereby reducing the printing resolution and weakening the interlayer
properties. Some efforts have been made to improve fibre/matrix interfacial bonding via
thermal treatment and post-UV curing [41, 42]. However, regions with uncured (liquid)
polymer cannot be completely eliminated due to the UV blocking effect of the fibres.
Additionally, post-curing of these parts can lead to internal stresses which can cause

shrinkage and warpage of the printed composite [43].
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Figure 2-1 Scheme of the SLA process [38].
2.1.2  Sheet lamination

Sheet lamination (SL), as the name implies, bonds sheets of material together to form
the composite product [44]. The material used in SL is in the form of either prepreg sheet,
fibre mat or any other fibrous preform which makes it self-supporting. SL is based on two
processes: laminated object manufacturing (LOM) and composite-based additive
manufacturing (CBAM). LOM is a commercial process used to make full-scale models and
prototypes. The sheets of heat-activated material are laser cut, stacked layer-by-layer, and
then all the layers are consolidated using adhesive, pressure and heat to form a final
composite part [45]. The fibre content of composites produced using LOM can be relatively
high. For example, using prepreg sheets containing 55 vol% unidirectional E-glass fibres in
an epoxy matrix, a study [46] reported tensile and flexural strengths of 716 MPa and 1.19
GPa, respectively, for the LOM composite. However, the quality and microstructure of the
composites are dependent on a combination of factors including the adhesive type, sheet

thickness and consolidation pressure.
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Figure 2-2 Scheme of the LOM process [47].

In the CBAM process, which is different from the LOM, the composite structure is
controlled by selective deposition of the adhesive [48]. An aqueous-based solution is first
deposited on each fibrous sheet layer using an injection method. Thermoplastic powder is
subsequently added onto the sheet which adheres to the aqueous solution. The excess matrix
powder is removed, and the sheets are stacked layer-by-layer, followed by compression and
heating in an oven to fuse the fibres and polymer matrix in the multiple sheets. The
consolidated part is then subjected to finishing processes including machining, sanding, etc to

achieve the desired form and dimensional tolerance of the final product [48].

Deposition
- / of epoxy ink
’ s O e

‘//i Layer pattern

Stack of fiber sheets
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Figure 2-3 Scheme of the CBAM process [9].

2.1.3 Material extrusion

In material extrusion (ME), a filament, which is either in a semi-solid or soft paste-
like state, is selectively deposited through the nozzle onto a print bed. Fused deposition
modelling (FDM, Figure 2-4c, d) is a commonly used ME process to melt, extrude and bond

the filament materials in a filament-by-filament and layer-by-layer process. ME-based
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processes are popular for their relatively high printing speed, compatibility with a wide
variety of materials, and low-cost of printers compared to other AM processes [49]. In
general, the FDM process uses a thermoplastic as the matrix phase since they can be easily
converted from a solid filament to a soft molten paste-like state through rapid heating at the
desired temperatures, followed by rapid cooling upon contact with the print bed which
facilitates the reshaping and layer-by-layer build-up of the part. Two methods have been
developed for the FDM process to add the continuous fibre reinforcements to the polymer
and realise the fabrication of 3D printed composites, which are (i) in-situ fusion [20, 50-54]
and (ii) extrusion of pre-impregnated FDM filament [23, 27-30, 32, 55-60].

(a) Continuous fiber Ee suPply o
»

Thermoplastic polymer

] Extrusion head,_[*

Nozzle«—_-

Filament supply coil Building platform

(b) Extrusion head with
feeding mechanism

Building
platform

Support | Material
spool pool [

Figure 2-4 Schemes of the (a) FDM in-situ and (d) FDM pre-impregnated processes [22, 47].

When using the in-situ fusion process, the viscosity of the polymer and the material
feed speed can affect both the volume content and distribution of the fibres [61]. In-situ
fusion can fabricate functionally-graded composite parts by varying the material systems and
fibre content during deposition. In comparison, the utilisation of commercial FDM filaments

provides a more controlled material quality in terms of fibre content and orientation.
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The Markforged® desktop printer is the first commercially available 3D FDM printer,
and it uses thermoplastic impregnated fibre reinforced filaments for printing composite parts.
It has separate printing nozzles for the thermoplastic matrix and pre-impregnated fibre
filaments. The filaments are fed through the Bowden mechanism which uses a set of gears to
force them into the FDM printer nozzle, where they are rapidly heated to ~260<C to soften
the thermoplastic matrix. As the filaments exit the nozzles, they come in contact with the
nozzle tip which simultaneously heats them to the desired deposition temperature and
compresses them into a flat ribbon on the print bed to the FDM machine. This deposition
process promotes matrix fusion between adjacent printed filaments/layers. The continuous
fibre composites printed using the FDM process can have tensile properties about five times
higher than the unreinforced polymer [27]. However, the fibre loading that can be achieved
using FDM process is generally limited to 10-30% due to the clogging of the nozzle that

occurs at higher fibre loading.

2.2 Physical and Mechanical Properties of Continuous Fibre-Polymer

Composites Produced by FDM Process

The quality, dimensional accuracy, microstructure and properties of composite parts
produced using the FDM process depend on many factors which can be generally classified

into two groups: (i) material parameters and (ii) printing parameters.
2.21 FDM material parameters

The FDM process uses thermoplastics (rather than thermosets) as the matrix phase
since they can be melted and re-solidified at the high rates needed for 3D printing.
Thermoplastics such as PLA, ABS, polyamide and phosphorylcholine [62-67] are often used.
For high temperature applications, thermoplastics such as PEEK [68-70], PEI and UL-
TEM1000 are used, but they require higher FDM processing temperatures. The most
commonly used continuous fibre reinforcements are carbon, glass and aramid [27, 29, 55-58,
71], while other reinforcements such as natural fibres are rarely used [72]. The flexibility of
the FDM process offer the functionality to print hybrid continuous fibre reinforcement

materials with a combination of carbon, glass and/or aramid [73].

The mechanical properties of FDM continuous fibre composites are superior to the

neat polymer or short fibre-polymer composites with an equivalent fibre content. For
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example, Matsuzaki et al. [20] reported that continuous carbon fibre/PLA manufactured using
the in-situ fusion FDM process had a tensile strength that was 6 times higher than the
unreinforced PLA polymer. As another example, continuous carbon fibre reinforced
polyamide fabricated using pre-impregnated FDM filaments achieved 12 fold increase in the
flexural strength of neat PA [74]. Tensile strength values for FDM continuous fibre

composites comparable to some aluminium alloys have been reported [21].

The commercial pre-impregnated FDM filament consists of a thermoplastic matrix
and unidirectional continuous fibres, as shown for example in Figure 2-5. The as-received
FDM filament has a circular-like cross-section with continuous fibres dispersed in the matrix
phase. The filaments often show material inhomogeneity with fibre clusters and polymer-rich
regions, and micro-voids can occur along or near fibre/matrix interfaces. The selected fibre
and polymer must be compatible physically (good wettability of polymer to fibre),
chemically (no chemical reaction occurs between fibre and polymer) and thermally (similar

thermal expansion coefficient of fibre to polymer) [75].

Figure 2-5 Cross-section of an as-received FDM filament consisting of continuous carbon fibre and polyamide
matrix [58].

Limited research has been reported on the use of different materials and additives for
improving the mechanical properties of FDM printed fibre-polymer composites. Additive
materials are commonly used in 3D printed composites reinforced with short fibres or fillers
to control the rheological and/or thermal properties. A lower melt temperature and higher
glass transition temperature (Tg) and degradation temperature is ideal [76, 77]. In contrast,
fibre surface treatment is an alternative for improving the fibre/matrix interfacial strength in
3D printed continuous fibre polymer composites. Studies have reported an improvement in

the bond strength by replacing the epoxy-based sizing commonly applied to carbon fibres
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with a more chemically compatible thermoplastic-based sizing [21, 67, 78]. Alternatively,
Luo et al. [79] used plasma treatment of carbon fibres before the dry fibre bundle was
impregnated with PEEK to form an FDM filament. Lou and colleagues measured an
improvement to the interfacial bonding between the carbon fibres and PEEK matrix due to
the plasma treatment, which also reduced micro-voids formed along the fibre/matrix interface
(void content decreased from 4.6% to 3.0%) and thereby improved the interlaminar shear

strength (ILSS) of the 3D printed composite, as shown in Figure 2-6.
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Figure 2-6 Effect of plasma treatment on the ILSS of 3D printed CF/PEEK composite. Data point in the circle is

the composite without plasma treatment [79].

2.2.2  FDM printing parameters

The FDM process has the flexibility to adjust multiple printing parameters to control
the microstructure and mechanical properties of 3D printed composites, and significant effort
have been dedicated to this research topic as reported in numerous studies in the literature.
The printing parameters can be classified into three types: environment, process and

equipment.

Humidity is one of the most important environmental parameters, as the moisture
sensitivity of the thermoplastic polymer matrix could limit the application of 3D printed
continuous fibre-polymer composites, especially in environments with frequent changes in
temperature and moisture. It has been reported that moisture-induced orthotropic hygroscopic
swelling can cause mechanical property degradation in the direction transverse to fibres in a
unidirectional 3D printed composite, as shown in Figure 2-7 [58]. When employing the
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moisture-sensitive polymer as the matrix to the FDM filament, specimens with higher resin

content are more susceptible for application in humid environments.
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Figure 2-7 Hygroscopic swelling (a, b), transverse tensile modulus (c) and ultimate strength (d) of continuous
CF/PA and continuous GF/PA, respectively, as a function of moisture content. The moisture content of the

tensile specimen was controlled by the relative humidity of a saturated solution in the storage chamber [58].

Process parameters include resin infill pattern (e.g. rectangle, hexagon, triangle, etc)
and density (i.e. percentage coverage), printing direction and build orientation. The infilled
resin is the matrix material deposited within the outer contour of a printed part to maintain the
overall shape of the structure; with examples shown in Figure 2-8. The infill pattern controls
the amount of filament material being added to the part which in turn governs the mechanical
properties of the 3D printed composite [80-83]. For example, Mei et al. [54] reported that
polyamide parts made using a rectangular infilled pattern have higher tensile properties at
low fibre content compared to the hexagonal or triangular infilled patterns, as shown in
Figure 2-9. This is possibly due to the high load-bearing capacity of the rectangular infilled
structure in the longitudinal direction. Pertuz et al. [84] reported that the triangular 20% infill
pattern exhibits better energy dissipation and improved fatigue properties of 3D printed
carbon-polyamide composite compared to triangular 50% and hexagonal infill patterns.
Additionally, the material costs, weight of the printed structure, and printing time should also
be considered [85].
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Figure 2-8 3D printed composite specimens with concentric fibre rings, fibre layers, and various complex

polyamide in-fill of (a) rectangular, (b)hexagonal and (c) triangular filled patterns [54].
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Figure 2-9 (a) Tensile modulus and (b) tensile strength of 3D printed carbon-, glass-, and Kevlar-polyamide
composites with different polymer infilled patterns. ‘Rec’, ‘Hex’ and ‘Tri’ are rectangular, hexagonal and
triangular infilled patterns, respectively. The first number is the number of fibre rings in the layer. The last
number is the number of layers in the printed composite. The carbon-polyamide composite has 32 layers in each

sample while the glass and Kevlar composites have 40 layers [54].

Due to the layer-by-layer building process where the filaments can only be laid in the

in-plane direction, 3D printed composites exhibit anisotropic microstructural and mechanical
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properties and are susceptible to damage in the through-thickness direction. The optimum
design can be achieved by maximising the content and placement of the fibre reinforcement
and their orientation. This can be achieved by varying the print direction (i.e. filament
deposition direction and layer build-up direction) and increasing the fibre content (i.e. the
number of fibre filaments in a ply and/or the number of fibre layers in a part). Figure 2-10
shows schematics of specimen conditions with different 3D printing build orientations. Take
a dog-bone shaped specimen as an example: ‘flat’ is the condition of a composite laid-up in
the thickness direction; ‘on-edge’ is laid-up in the width direction; and ‘upright’ is in the
length direction. Caminero et al. [59] reported that the glass-polyamide ‘on-edge’ sample
exhibited the highest Charpy impact toughness of the three build orientations. High
performance sandwich composite parts can also be created by depositing fibre reinforced
layers on the top and bottom surfaces of a porous polymer-based core with an infill pattern.
Fibre orientation is another key factor controlling the mechanical properties, which is similar
to the ply orientation of traditional fibre-reinforced composites. For instance, Justo et al. [28]
showed that the tensile strength of a 3D printed [909 glass-polyamide composite was only
1/60 that of the [0 composite.

Figure 2-10 Building orientation definitions: (a) flat, (b) on-edge, (c) upright [86].

Equipment parameters are related to the FDM printer settings, including filament
feeding speed, printing speed, nozzle temperature, build platform temperature, etc. When 3D
printing with continuous fibre filaments using the FDM process, the printing speed and
filament feeding speed should be set at the same value for successful printing. The printing
speed is expected to have limited influence on the mechanical properties. At present, however,
there are no published studies into the effect of printing speed on the mechanical properties of
3D printed composite materials using impregnated fibre filaments. It is expected that low
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printing speed can prolong the contact time of the melted filament to the deposited material
and thereby promote adhesive bonding, however it will reduce the production rate and
thereby increase the part cost. When employing the in-situ fusion process, the optimum
combination of printing and feeding speeds is critical for achieving complete melting of the
polymer to promote impregnation of the fibre tows, which will in turn controls the matrix-to-
fibre ratio in a deposited layer and the fibre distribution throughout the printed composite

structure.

The nozzle temperature, which can also be referred to as the material extrusion
temperature, depends on the Tgq and melt temperature of the polymer matrix. The heat
distribution in printed filaments is illustrated in Figure 2-11. A freshly deposited filament
with high temperature can heat the previously laid-up filaments through conduction. Enough
heat energy combined with low polymer viscosity allows adjacent filaments to fuse, and the
polymer chains can intermingle in the fusion zone before the polymer matrix cools. An
optimum nozzle temperature is required to allow the polymer matrix to the filament to soften
and fuse to the previously deposited filaments in a layer without degrading the polymer.
During printing, heat conduction through the deposited layers can enhance the bonding
between adjacent filaments and layers [87]. In addition, the printing temperature can affect
the chemical structure of the polymer matrix. It is reported that increasing the print
temperature increases the crystallinity of the printed PLA (due to the faster cool-down rate)
and thereby increases the tensile strength [62]. However, excessively high temperatures can
lead to excessive and rapid flow of the melt polymer through the nozzle thereby
compromising the accuracy of the printed geometry of continuous fibre-polymer composites
[64]. Also, Ning et al. [87] reported that a completely melted state of the polymer could
increase the void content in the printed material, which can reduce the strength of printed

parts.
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The ambient and print bed temperatures are used to control the cooling rate of the
deposited materials. Yang et al. [69] reported that heating of the ambient and print bed to
temperatures below the Ty of the material could increase adhesion between the printed
structure and the build platform, increase the crystallinity of the PEEK polymer, improve the
fusion between filaments and layers, and relieve the residual heat stress upon cooling.
However, there is no published study investigating its effect on the microstructure and

mechanical properties of 3D printed continuous fibre-polymer composite.
2.2.3  Process-induced microstructure

The mechanical properties of 3D printed continuous fibre-polymer composites using
the FDM process reported in the literature are summarised in Figure 1-1. As can be seen in
this figure, the improvements to the Young’s modulus and tensile strength of these
composites with increasing fibre volume fraction does not follow the rule-of-mixtures (ROM).
As expected, the reported increases to the tensile properties of 3D printed short fibre
reinforced polymer composites are significantly lower than expected from ROM. This is
likely due to the length of the short fibres being less than the critical length necessary for
effective stress transfer to promote high load-carrying capacity. Continuous fibre reinforced
composites also exhibit on average ~20-35% lower tensile properties compared to the RoM
for the range of fibre volume contents. One of the possible attributing factors is the high
porosity level. On the one hand, the fibre reinforcement with a higher thermal conductivity
than the polymer matrix could improve the heat transfer rate between the adjacent printed
filaments and layers, thereby lowering the void content and increasing the properties. On the

other hand, however, the reinforcing phase can cause micro-cracks and voids at the
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fibre/matrix interfaces due to poor compatibility of the polymer matrix to the fibres [23, 88],

thereby increasing the probability of crack initiation and propagation under external loading.

In the in-situ fusion process, the void distribution and content are both highly
dependent on the impregnation of matrix to fibre bundles during printing and the interface
formation between adjacent printed lines during deposition, which are commonly affected by
the combination of polymer feeding rate, printing speed and nozzle temperature (i.e. liquefier
temperature). In this process where dry fibre tow is extruded through a polymer liquefier
contained in a heated chamber which is located above the nozzle, a moderate-to-high polymer
feed rate and fibre filament print rate (e.g. 80-100 mm/min for CF/PLA in [64]) can increase
the inner pressure in the liquefier and overlapping contact pressure between adjacent
deposited lines due to large unit volume of extruded polymer matrix, leading to better
impregnation of matrix to fibre bundles and improved bonding between printed lines.
However, further increasing the feed and print speeds reduces the dwell time available for
impregnating the fibre tow with polymer, which may result in an inhomogeneous distribution
of polymer in the fibre tow causing dry spots in the printed composites. The nozzle
temperature can affect the flow and viscosity of the melt thermoplastic and thereby influence
the impregnation process of the polymer to fibres. Tian et al. [64] evaluated the flexural
strength of 3D printed continuous CF/PLA composites manufactured at different
temperatures using the in-situ FDM process. As shown in Figure 2-12, delamination
occurred in a fractured specimen fabricated at a lower nozzle temperature of 180<C whereas
the composite with a temperature of 240<C had better fusion between layers. The higher
temperature also increased the melt flow index from 2.0 to 35.6 g/10 min, which significantly
improved the impregnation of matrix to fibres, leading to fibre breakage instead of fibre pull-
out during loading and thereby increasing the flexural strength of the 3D printed composite.
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Figure 2-12 Microstructures of fractured cross-sections of carbon/PLA composites with temperature in the
printing head of 180<C (a, b, c¢) and 240<C (d, e, f), respectively: overall cross-section (a and d), interface (b
and e) and fracture pattern (c and f) [64].

Employment of in-situ pressure is another strategy to improve the quality of
impregnation and decrease the void content in 3D printed composites. Liu et al. [31]
proposed a micro-screw in-situ extrusion process to increase the impregnation of dry carbon
fibre tows with molten PA12; Figure 2-13 illustrates the 3D printing device. The micro-
screw reduces the viscosity of the melt polymer via shear-thinning. The tensioned fibres
generate high pressure at the pin surface, assisting the melt polymer to infiltrate the fibre
bundle. The device increased the fibre volume fraction from 32% to 50%, with only 2.6%
porosity due to good impregnation, resulting in high in-plane tensile properties [31]. By using
pre-impregnated FDM filaments, the fibre/matrix bonding of the material could potentially be
improved. However, internal porosity of ~2% in fibre-dense regions is common in pre-
impregnated FDM filaments (Figure 2-14) [58], which can be entrapped after being 3D

printed into a composite structure.
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Figure 2-13 Schematic of micro-screw in-situ extrusion based device for 3D printing continuous fibre
reinforced composites [31].

Figure 2-14 Cross-sectional optical images of (a-c) glass- and (d-f) carbon fibre filaments exhibiting irregular

outer lines (a and d), regular circumference (b and e) and magnified views (c and f) [58].

Large voids can occur at the edges of 3D printed continuous fibre composites due to
variations to the print direction. As shown in Figure 2-15, as the printer head changes
direction at the extremities of the ply it forms a hairpin loop, which often results in a large
void at the edge. These loops are an artefact of the printing process, and concentrated at the
outer edges. Goh et al. [29] showed that the loop size can vary between different filament or
fibre tow materials due to the differences in the fibre diameter and filament sizes. These loops
can also affect the inter-filament distance within a ply further away from the periphery, which
will be expected to reduce the filament fusion and strength of the printed composite [32].
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Figure 2-15 Optical images of a single printed layer of (a) continuous carbon/PA and (b) continuous glass/PA,

showing the fibre breakage and loop surface near the edge [58].

In the filament-by-filament and layer-by-layer build-up process, the lack of sufficient
heat and/or pressure can lead to imperfect fusion between the filaments (Figure 2-16) which
increases porosity in the 3D printed composite. Studies have proposed the use of an in-situ
laser heating system to increase the local surface temperature of the printed part above Tq for
better interlayer adhesion [52, 79]. Another study reported the use of a compaction system in
the printing process which resulted in a ~30% improvement in the tensile modulus and
strength of the composite [89]. Post-processing the 3D printed composite using hot-pressing
[90, 91] can double the mechanical properties by increasing the fibre volume content and
reducing the void size and content. For instance, He et al. [91] reported that post-processing
of printed parts using compression moulding increased the tensile strength in the longitudinal
and transverse directions by 22% and 78% respectively, whereas the flexural strength and
mode | interlaminar fracture toughness increased by 93% and 90%, respectively. He and
colleagues showed that compression moulding reduced the void content of the printed part
from 12% to 6%. However, the compacting process is not always suitable, particularly for

printed structures that feature complex 3D geometry (e.g. lattice). Moreover, the use of
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moulds in the post-processing also eliminates the rapid prototyping capability offered by the

3D printing process.

Figure 2-16 Cross-section of 3D printed glass-polyamide composite. (b-c) are magnifications to highlight the

non-overlap between filaments and voids within filaments.

Fibre alignment is another critical factor affecting the mechanical properties of 3D
printed composites. In conventional composites manufactured by stacking unidirectional plies,
the desired mechanical properties are achieved through a combination of ply orientation
angles [92-94]. In conventional composite structures, the drilling of fastener holes results in
fibre discontinuity which reduces the failure stress, thereby requiring a conservative design
approach for safety critical structural applications. Similarly, fabrication of complex-shaped
structures with double curvatures can cause defects such as reduced dimensional accuracy,
fibre waviness and ply wrinkling in traditional composite lay-up process. In the FDM process,
a complex-shaped structure with arbitrarily curved fibre reinforcements can be produced
more accurately by active control of the fibre path at the filament level. Several studies have
reported the development of specialised algorithms using finite element analysis (FEA) to
identify the most optimum fibre tow deposition directions within a ply [95-98]. It is important
to simplify the optimisation of the fibre paths when using FEA, considering the practicability
in the real 3D printing process. As shown in Figure 2-17, this process was used for 3D
printing of composites with fastener holes without the fibre discontinuity [97] which occurs
in conventional manufacturing. This study investigated the effect of fibre placement paths
and fibre volume fraction on the mechanical properties of 3D printed composites with an
open hole. The mechanical properties of the composites were improved by adopting

maximum or middle principal stress trajectories for the placement of continuous fibres
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around the fastener holes. The FEA results predicted an improvement to the open hole
strength under uniaxial and biaxial loading of the composite utilizing the optimum curved
fibre placement method. However, stress concentration still occurred near the fastener hole,
albeit at a lower level. This concept was experimentally investigated by Andrew et al. [41],
who 3D printed an open-hole carbon/polyamide composite emulating a weft-warp
construction. By printing a 0/90 structure into one layer, fibre continuity was maintained
around the hole aiding in the stress distribution (Figure 2-18). The tensile strength of the 3D
printed composite was 93% of the unnotched material, and nearly double that of the

traditional die punched sample.

Figure 2-17 FEM models of (a) conventional and (b) optimised CFRP plate with an equivalent volume fraction
of fibres (V+=27.2%) [97].
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Figure 2-18 'Tailor Woven' sample (left hand-side) and 'Die Punched' sample (right hand-side). Red lines

represent typical fibre paths near the hole [41].

Some studies have investigated a range of fibre alignment strategies to generate
special print patterns by controlling the printer head and tool geometries [99-101]. Figure
2-19 and Figure 2-20 illustrate the 3D printing of various core configurations for sandwich
structures. Liu et al. [100] investigated a novel print process making use of FDM to produce
parts with free-hanging 3D features. While the process used by Liu and colleagues was
successful in printing complex free-hanging features using continuous fibre filaments, the
dimensional accuracy of the printed part was poor when printing out-of-plane features. It was
reported that the dimensional inaccuracy was more pronounced in regions with large
curvature, i.e. tight radius or large fibre bundle size, and the printed radius turned out to be
lower than the FDM machine set value. Matsuzaki et al. [102] developed a model to predict
the nozzle path for the printed radius by accounting for the twist and path length difference of

the inner and outer edges using data collected from 3D printing experiments.
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Figure 2-19 Free-hanging 3D printing process of pyramidal lattice structure [100].
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Figure 2-20 Schematic of printing a wide bridge space using fibre tension [103].

3D printing of curved features using the FDM process results in several types of
microstructural defects, including filament waviness, filament peeling, twisting, folding, or
even breakage (Figure 2-21) [29, 58, 97, 101, 102, 104-107]. For example, Ishii et al. [104]
investigated the bending fracture mechanisms of a carbon fibre FDM filament in curved
profiles with different radii. The study proposed that each fibre in the filament after curved
printing would be in the state where the tensile and compressive stresses are generated in the
outer and inner surfaces. Under the maximum strain rule, the minimum print radius was
predicted to be 0.16 mm, below which the carbon fibres in the filament will fail by tensile
fracture or compressive rupture. Ishii and colleagues therefore concluded that no fracture
could occur during curved printing, as such a small radius is not printable using the typically
filament diameter of ~0.37 mm. However, the curved filament specimens investigated by
Ishii and colleagues were fabricated without a 3D printer, and the FDM-induced defects such
filament folding and twisting were not considered. Shiratori et al. [105] attributed the folding
of the filament to the twisting torque generated by two forces: adhesive force to the build
platform and tensile force from the printer head. Fibre breakages were observed on the
filament surface at the curved section after the polyamide resin was removed by laser
processing. Shiratori et al. [105] evaluated the fibre damage via electrical resistance
measurements of the filaments, which showed a nonlinear increase with the decrease of the
inner radius. Using X-ray computed microtomography, Zhang et al. [106] characterised fibre
misalignment and breakage in printed filaments with various turning angles and curvatures.
The stress distribution in a printed filament was also investigated using FEA. However, only
the elastic properties of the filament were considered in the FE model, and therefore no fibre
damage could be predicted using modelling. The literature review reveals that the effect of

printing radii size on the mechanical properties of 3D printed composites is yet to be fully
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determined, which is the basis of understanding the performance of 3D printed structures

with complex geometry.

(2) (®)

fibre twisting ___gpzas
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Figure 2-21 Microstructural defects of (a) filament folding, (b) fibre twisting, (c) filament peeling from the base,

(d) fibre breakage and fibre waviness in 3D printed filaments with curvature [106].

2.3 Mechanical Properties of Continuous Fibre-Polymer Composites
Produced by FDM Process

Maximising mechanical properties is one of the main reasons for using continuous
fibre reinforcement in the 3D printing of composite materials. Research efforts have been
focused on the use of different types of continuous fibre filaments, printing parameters,
process conditions, and structure design on the mechanical properties. This section presents a
review of published research towards maximising the mechanical properties of 3D printed

composites using the FDM process.
2.3.1  Tensile properties

A large number of experimental studies have been published on the tensile properties
of 3D printed continuous fibre composites [17, 20, 30, 52, 53, 64, 75, 87, 91, 108-119].

Figure 2-22 and Figure 2-23 from [74] present data on the tensile strength and modulus
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values for unidirectional composites obtained from various studies. As can be seen, material
selection, fibre content and the printing process all influence the tensile properties, resulting
in a wide range of tensile property values. The highest tensile strength (of 1400 MPa) yet
reported is for a 3D printed composite using conventional carbon fibre filament combined
with hot pressing as the post-processing step [90]. The highest reported tensile modulus (of

161 GPa) is for a 3D printed carbon fibre-thermoset matrix system [119].

The filament fusion process without in-situ assist processing or post-processing
usually results in relatively low tensile properties; often lower than 250 MPa and 20 GPa for
tensile strength and modulus, respectively, for 3D printed carbon fibre composites fabricated
using the FDM in-situ impregnation process [21, 120]. However, the mechanical properties
of some 3D printed unidirectional composites are comparable to aluminium and titanium
alloys [58], although they are still lower than the properties of composites manufactured
using conventional processes such as hot moulding or autoclave curing. This is partly due to
the limitation to the maximum fibre content of ~30 to 40% that can be achieved using the
FDM process, as opposed to the higher fibre contents (of up to ~60%) for conventional
composite. Even worse, the maximum fibre content that can be achieved using the in-situ
impregnation process is very low (typically under 10%). Moreover, in 3D printing the dry
spots and voids increase with the fibre content because fully infiltrating the fibre filament
with the polymer filament becomes increasingly difficult at higher fibre content, which limits
the improvement to the mechanical properties. Process-induced defects such as dry spots and
voids have a larger impact on the tensile properties of 3D printed composites in the direction
transverse to the printed filaments, in which the matrix properties and interfacial bond quality
are more crucial [121, 122]. For instance, the transverse tensile strength and modulus of a 3D
printed continuous glass-polyamide [909 composite was reported to be only 30% and 12%,
respectively, compared to the values for a conventional E-glass/epoxy composite with a fibre

volume fraction of 65% [28].
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Figure 2-22 Tensile property map of 3D printed continuous fibre-reinforced composites. Properties for

conventional composites and aluminium and titanium alloys are shown for comparison [74].
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Figure 2-23 Tensile strength vs fibre volume fraction plots of 3D printed continuous fibre-reinforced

composites and conventional composites [74].
2.3.2  Compressive and flexural properties

For materials used in structural engineering applications, a high resistance to
compression and bending loads is desired. Therefore, the compressive and flexural properties
of 3D printed composites have also been investigated. The flexural strength increases when
continuous fibre reinforcement is added to the 3D printed polymer, which is expected. For
example, Andrew et al. [23] measured a flexural strength and modulus of 250 MPa and 13
GPa, respectively, for continuous carbon-polyamide composite [23], which are 6 times and
12.3 times higher than the pure polyamide polymer. By increasing the carbon fibre content to
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around 40%, Goh et al. [29] achieved the flexural strength of 430 MPa and modulus of 38
GPa. The flexural properties of continuous carbon fibre composite are more than double
compared to the short carbon fibre-reinforced polymer at a similar fibre content of ~15% [32].
The published results show, however, that the improvements to the flexural properties with
increasing fibre volume content does not conform to RoM. A larger percentage improvement
to the flexural properties is achieved at low-to-moderate fibre volume contents, and as the
fibre volume content is increased further the rate of improvement is reduced [123]. The
flexural strength and modulus values of 3D printed continuous fibre composites are often
much lower than composites fabricated using conventional processes because of poor
interfacial adhesion caused by the filament-by-filament and layer-by-layer deposition process
together with other process-induced defects (e.g. voids). This is evident from the
delamination/de-bonding dominant fracture mode resulted from shear kinking and matrix

failure in the compressive layers observed for flexural loading of 3D printed composites [29].

Only a few studies have investigated the compression properties of 3D printed
composites [28, 56, 100]. Delamination, fibre-matrix debonding and local fibre buckling are
the common damage modes for 3D printed composites subjected to axial compression
loading [122]. The effects of fibre type, fibre infill pattern, fibre distribution, fibre content,
and print orientation on the compressive properties have been evaluated [28, 56]. It is
reported that the equidistant layer distribution, where reinforced layers are placed evenly
through the specimen and separated by polymer layers, can improve adhesion resulting in an
improvement to the compressive properties of 3D printed parts [56]. Other studies have
investigated the effects of modifying the nozzle, printing path and printing parameters on the
print accuracy for producing unique geometries, such as composites with in-build fastener
holes and truss core sandwich structures. For instance, Liu et al. [100] investigated a free-
hanging continuous carbon-PLA lattice truss core sandwich structure which had an average
dimensional error of 1.9% compared to the CAD model. This sandwich structure had a

relatively high specific out-of-plane compression strength of 0.042 MPa-m3/kg.
2.3.3 Interlaminar shear, impact and interlaminar fracture toughness properties

A significant disadvantage of 3D printed continuous fibre-polymer composites is their
low through-thickness mechanical properties due to the lack of fibre reinforcement in this
direction. As 3D printing is a layer-by-layer process, the filaments are usually laid in the in-

plane direction. The strength of the final printed composite in the through-thickness direction
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depends largely on the bonding quality between adjacent printed layers. Delamination is
likely to occur in FDM composites produced without post-process of uniform heating and

pressing (Figure 2-24).
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Figure 2-24 Decohesion between adjacent layers/beads in FDM unidirectional composites [66].

The interlaminar shear strength (ILSS) is often measured to evaluate the interlayer
properties of composites. A few studies have investigated the effects of fibre type and fibre
content on the ILSS of 3D printed composites. Caminero et al. [57] reported an ILSS of 32
MPa for a 3D printed carbon-polyamide composite, which was 213% higher than the 3D
printed polyamide-only material. The improvement to the ILSS as a function of increasing
fibre content is low to moderate due to a higher level of defects induced by high fibre volume
content, as discussed previously. Since the ILSS is dependent on tow waviness and the
interface region, process modification such as surface treatment and laser heating can

increase the interfacial strength of 3D printed composites [52, 78].

High resistance to impact damage is necessary for composites used in aircraft
structures, where accidental impact from hailstones, bird strikes, tool drops, runway debris,
etc., can cause delamination, matrix cracking and fibre fracture leading to a significant
knockdown in the mechanical properties. Few studies have investigated the impact resistance
of 3D printed continuous fibre composites made using the FDM process [59, 60, 124].
Caminero et al. [59] experimentally investigated the energy absorption efficiency of
composites printed with various fibre reinforcements, fibre contents and build-up orientations
using the Charpy impact test. Generally, the ‘on-edge’ (laid-up onto the edge of the specimen
on the print bed; see Figure 2-10) specimen condition had higher impact energy than ‘flat’

(laid-up in the thickness direction of the composite), even with lower fibre content
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(approximately 35% vs 55%). In a subsequent study, Caminero et al. [60] evaluated the
impact damage resistance of these 3D printed composites. Higher damaged areas occurred in
the 3D printed glass-polyamide composites compared to conventional carbon-epoxy
composites, which is indicative of inferior impact damage resistance. This is believed to be
due to the low through-thickness strength of 3D printed composites due to the weak interlayer

bonding caused by the layer-by-layer build-up process.

Interlaminar delamination resistance of composites depends mainly on the fracture
toughness of the matrix material and the fibre-matrix interfacial bond strength, although
toughening mechanisms such as fibre bridging and crack bifurcation can increase the
delamination resistance at longer crack lengths. At present, very few studies have
investigated the interlaminar fracture toughness properties of 3D printed continuous fibre
composite systems. Iragi et al. [121] reported that fibre bridging under mode 1 loading is one
of the main toughening mechanisms in 3D printed composites. Unlike the composites
manufactured using conventional processes, the lack of high pressure consolidation in 3D
printing using the FDM process can lead to a high level of porosity between filaments in a
ply and between neighbouring layers in a composite, resulting in lower interlaminar fracture
toughness properties compared to composites made using conventional processes [125]. He et
al. [91] investigated the effect of voids on the mode | interlaminar toughness of 3D printed
carbon-polyamide composites. In this study, post-process using hot pressing decreased the
void content of the composite from 12% to 6% which resulted in a 90% increase in the strain
energy release rate for crack initiation (Gic_initir). HOwever, the steady-state fracture
toughness (Gic_propagation) Of the unprocessed 3D printed composite was only 1/3 lower than
the processed composite, which was due to the reduction in the amount of fibre bridging
during delamination growth for the hot-pressed specimens. He and colleagues also reported
that the mode Il interlaminar fracture toughness of FDM continuous carbon-polyamide
composite is lower than the mode | toughness, which is unusual considering the mode 11

delamination properties for conventional composite is typically higher than mode I.

Goh et al. [125] investigated the effect of printing parameters on the microstructure
and mode | fracture toughness of 3D printed continuous carbon fibre-polyamide composites.
It was found that an optimum combination of print speed with high nozzle and bed
temperatures can increase the mode | toughness properties due to increased fibre bridging
along the delamination crack. The study highlighted the necessity of improving interfacial
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bonding and reducing void content for improving the resistance of 3D printed composites

against delamination crack initiation and propagation.

2.4 Mechanical Properties of 3D Printed Hybrid Composites Using
FDM Process

Composites reinforced with continuous carbon fibres are commonly used for
structural application requiring high specific stiffness, strength and fatigue resistance. In
contrast, aramid fibre reinforced composites are generally preferred for structural applications
requiring high impact resistance and in-plane fracture toughness. Glass fibre composites are
often used when low material cost and high strength is required. Therefore, hybrid
composites containing two or more fibre types to overcome the limitations of a single fibre
type are sometimes used; balancing the mechanical and other properties of the fibre types for
a given structural application. It is also possible to provide specific properties such as impact
or fatigue resistance via fibre hybridising, offering more design freedom for applications. The
hybridisation of fibres can be achieved using three configurations [126, 127]: intrayarn (fibre-

by-fibre), intralayer (yarn-by-yarn), and interlayer (layer-by-layer) (Figure 2-25).

(a) (b)

(c)

Figure 2-25 Three different hybrid fibre configurations: (a) intrayarn, (b) intralayer and (c) interlayer [126].

The extensive design freedom of hybrid fibre composites challenges traditional
manufacturing processes. Conversely, the FDM process becomes outstanding with its design
flexibility and simplicity of achieving multi-material printing. However, very few studies
have investigated the effect of fibre hybridisation on the mechanical and other properties of
3D printed composites. Wang et al. [128] explored the feasibility of simultaneously
enhancing the strength and ductility of polyamide-based composites using the combination of
short carbon + continuous carbon + continuous aramid fibre reinforcements. They determined
the effect of fibre layer distribution on the indentation force and energy absorption capability

of the 3D printed hybrid composites. The highest indentation force was obtained when
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placing the continuous carbon layer at the front side, while the highest energy absorption was
achieved with the aramid layer at the front side. Yavas et al. [129] evaluated the ILSS of 3D
printed continuous carbon/short carbon-polyamide composites. They discovered that the
ILSS increased by varying the stacking sequence and increasing the number of consecutive
short carbon fibre layers. This was accompanied with a transition in the failure mode from
brittle matrix cracking of the short carbon fibre-reinforced layers to the interfacial cracking
between the continuous and short carbon fibre-reinforced layers, resulting in improved ILSS.
Huang et al. [73] investigated the potential of FDM printed hybrid composites with carbon-
polyamide layers sandwiched by fibreglass-polyamide layers to exhibit a pseudo-ductile
response under tensile loading. 3D printed composites with the carbon layer thickness
between 100 and 200 um were determined to be desired for exhibiting a pseudo-ductile
response, which is higher than that required in composites manufactured using thin-ply
prepreg (29-84 pum ply thickness). This was attributed to the low fibre volume fraction and
tensile failure strain energy of 3D printed carbon plies. Wang et al. [124] enhanced the
energy absorption capabilities by hybridising continuous carbon and Kevlar fibres in the
polyamide matrix. However, the effect of fibre types, fibre layer distributions and fibre
fractions on the 3D printed hybrid continuous fibre-polymer composites have not been

investigated.
2.5 Summary and Outstanding Research Gaps

The additive manufacturing of continuous fibre-polymer composites has the potential
to increase the production rate and reduce material waste. FDM is one of the simplest and
commonly used AM processes to 3D print near-net-shaped composite components with high
dimensional accuracy. The FDM process involves extruding polymer filament and co-
mingled filament of fibre-polymer via two nozzles within a heated FDM printer device. The
filaments are deposited onto the build platform, where they fuse together as they cool rapidly
from the extrusion temperature to ambient temperature. The printing head of an FDM
machine is typically designed to move laterally (i.e. X-Y directions), and the build platform
moves vertically (i.e. Z-direction) to build the composite filament-by-filament and then layer-
by-layer. Additive manufacturing of composites via the precise placement of continuous
fibre-thermoplastic filaments in an automated build-up process eliminates some of the
problems associated with conventional techniques, such as the high amount of manual labour
and the potential risk of incorrect ply alignment.
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However, a major limitation of using the FDM process is the relatively low
mechanical properties of 3D printed composites compared to materials made using
conventional processes such as vacuum bag resin infusion of fabric composites and autoclave
curing of prepreg-based composites. Although factors including fibre type, matrix type,
printing parameters, structural design and material modifications have been considered, the
improvement to the tensile properties [23, 28, 32, 56, 59, 130] are lower than expected. This
has been attributed to defects that form during the FDM process, such as a high level of
porosity and material heterogeneity. Microstructural analysis [95] shows that 3D printed
composites made using the FDM process often contain a relatively large volume fraction of
voids and polymer-rich regions at the fusion interfaces between adjacent filaments and layers.
However, the literature only revealed the effect of void content on the mechanical properties
through the comparison of 3D printed composites with and without post-process such as hot
pressing. As the post-process can compromise the advantage of the FDM manufacturing and
is not suitable in cases where complex geometry is required, understanding the process-
induced microstructural features on the fracture behaviour of 3D printed composites is critical
for structural design in industrial applications. Additionally, fibre damage incurred during the
FDM process is another potential cause of the low mechanical properties of 3D printed
composites. Although a few studies have reported fibre waviness and breakage [30, 33-36, 60,
102, 104, 105], limited published research has explored the effect of fibre damage induced by

the FDM process on the mechanical properties of composite.

As an efficient process of improving the mechanical properties of fibre-polymer
composites, fibre hybridising was reviewed in this chapter. Hybrid fibre reinforcement can
alleviate the drawbacks of one type of fibre reinforcement while keeping the benefits of the
other fibre type [131-134]. The hybridisation can also lead to synergetic effects or the
properties that neither of the constituents possess [135-141]. However, few studies have
employed the FDM process in hybrid fibre composite manufacturing and determined the
effect of fibre hybridising on the specific mechanical properties of 3D printed continuous

fibre composites.
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CHAPTER 3: EXPERIMENTAL CHARACTERISATION OF
CARBON FIBRE FILAMENT DAMAGE DURING THE FDM
PROCESS

Abstract

The damage caused to continuous carbon fibres during different stages of the FDM process
from the initial feedstock filament material to the deposition of the filament on the build
platform is systematically investigated to determine the causes of the low mechanical
properties of 3D printed carbon fibre composites. The effect of the process stages on the
damage and mechanical properties of continuous carbon-polyamide filament material is
determined. Fibre damage occurs at multiple stages of the FDM process due to abrasion and
bending, with most damage occurring in the final deposition stage when the FDM filament is
bent to ~90<and flattened on the build platform. The average strength of carbon fibres within
the FDM filament evaluated in this study is reduced by ~33% by the FDM process. The
tensile strength and compression kinking stress of the FDM filament are reduced by ~44%
and ~25%, respectively. The causes of the damage and the resultant reductions to the
mechanical properties of the FDM filament during 3D printing are identified. In this study, a
modification to the printer was also employed to mitigate abrasion damage caused by the
material feeding gears on the FDM filament. The carbon-polyamide filament using the
modified feeding system experienced almost no reduction in tensile strength compared to the

value of the initial feedstock filament.
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3.1 Introduction

The tensile [23, 28, 32, 56, 59, 130], compressive [28, 29, 56], flexural [29, 32] and
other mechanical properties [57, 59, 88, 97, 142] of laminates made using the FDM process
are much lower than laminate made using conventional manufacturing processes such as
vacuum bag resin infusion of fabric laminates or autoclave curing of prepreg-based laminates.
As described in the previous chapter, published research has proven that defects and damage
to the laminate caused by the FDM process, such as relatively low fibre content of no more
than 40% [18, 21, 28], high porosity level, and large volume fraction of polymer-rich regions
[14, 16, 23, 28, 29, 32], are often the causes of low mechanical properties. These studies,
however, have only investigated the properties of the 3D printed laminate, and not identified
what aspects of the FDM process control the creation of defects and other damage. In
particular, the effect of the FDM process on the integrity of the fibres has not been

investigated.

The study presented in this chapter investigates the damage caused to a carbon-
polyamide filament by the FDM process. The filament is a commonly used stock material for
the 3D printing of continuous carbon fibre laminates using FDM. The damage caused to the
FDM filament, including to the carbon fibres within the filament, as it progresses through the
different process stages of a Markforged® FDM machine, starting from the original stock
material to the final printing deposition, is determined. The effect of damage incurred in the
different FDM process stages on the tensile properties and compressive kinking stress of the
FDM filament is determined. The study identifies the stages of the FDM process which cause
the most damage and the largest reductions to the mechanical properties of the FDM filament
and the carbon fibres within the filament. In addition, a process modification to the material
feeding system of the FDM machine is employed in this research to minimise damage to the
fibres and filament. The efficiency of the modification towards reducing damage and thereby

retaining the tensile properties of the carbon-polyamide FDM filament is evaluated.

3.2 Materials and Experimental Methodology
3.2.1 Material

The filament investigated was a continuous carbon fibre-polyamide material which is
representative of a carbon fibre-thermoplastic matrix stock material used for the 3D printing

of laminates using the FDM process. The FDM filament was supplied by Markforged®, and
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had a nominal diameter of 0.38 mm. A cross-sectional view of the filament in the as-received
condition is shown in Figure 3-1. The carbon fibres are unevenly distributed in the FDM
filament, and the average fibre volume fraction measured using phase-contrast imaging
(ImageJ) is 34%. The filament also contains voids, which are typically less than 20 pm in
size, and interfacial cracks between some of the fibres and the matrix phase. The
manufacturing defects of the feedstock filament in terms of the non-uniform fibre distribution
and voids have been reported in other studies [58, 143]. The feedstock filaments were stored

in a dry box supplied by Markforged® kept in the laboratory with the humidity at ~35%.

Carbon

Polymer

Air (Voids)

Figure 3-1 Optical micrograph showing cross-section of the feedstock carbon/polyamide FDM filament in the

as-received condition.
3.2.2 FDM process

A Markforged MarkTwo® FDM printer was used to print a single filament of the
carbon-polyamide feedstock. The FDM printer and the printing process are shown in Figure
3-2. This FDM printer has a single print head that houses two separate nozzles: one for
printing polymer filament material and the other for the fibre-polymer filament material. The
print head can only operate one nozzle at any given time, and there is no interaction between

the polymer and fibre-polymer filaments.
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Figure 3-2 (a) MarkTwo® printer and (b) schematic of the FDM process (@ filament stock, & print head [(@
serrated driving motor, & guide PTFE tube, @ heating element], @ printing nozzle, @ printing bed, &

printed composites, & deposited filament).

The FDM process consists of four consecutive stages performed continuously to print
a single FDM filament, which forms the basic ‘building block’ of a 3D printed laminate using
a filament-by-filament, layer-by-layer approach. The stages are summarised in the flowchart

in Figure 3-3, and each stage is briefly described.
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Stage 1
Raw FDM filament feedstock 20°C

Stage 2

Through gear pulling mechanism 20°C

Stage 3

A 4
e

Through heating element ~260 °C

Stage 4

Flattened by heated nozzle on build platform 20°C

Figure 3-3 Flowchart of the main stages to the FDM process using the MarkTwo® printer.

Stage 1: As-received (stock) carbon-polyamide FDM filament.

Stage 2: FDM filament (20<C) is drawn at a feed rate of 15 mm/s into the printer head device
using two counter-rotating metal wheels, one of which has serrated teeth (as indicated in the

schematic in Figure 3-4).

Figure 3-4 Schematic of metal wheels for filament feeding in the MarkTwo® printer, one of which has serrated

teeth on the surface. (Note: Schematic is from the website of Markforged® company).

Stage 3: The filament is drawn into and through the printer head, where it is rapidly heated to
254<C to soften the polyamide matrix phase. This temperature is fixed for the MarkTwo®

printer, and is set by the Markforged® company for polyamide-based filaments. The filament
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is guided by a PTFE tube that passes through the full nozzle length, exits the nozzle tip and is
then extruded downwards towards the build platform of the printer (Figure 3-5). The nozzle

has a diameter of 1 mm, which is wider than that of the filament.

Printer

Carbon-polyamide filament

Figure 3-5 Filament extrusion process in which a filament is heated and pushed out of the printer head.

Stage 4: The filament is deposited onto a flat build platform, which can move vertically. The
gap between the moving nozzle and platform was set at 0.13 mm, as recommended by the
printer supplier. This is important because the feedstock filaments used in the research are
very thin, any small deviation in the spacing between the printer head and build platform
could cause unacceptable printing quality or even failed printing. The printer head drags the
FDM filament as it is being deposited and assists in its compaction on the build platform
(Figure 3-6). The gap between the printer head and the build platform (0.13 mm) is smaller
than the initial diameter of the filament (0.38 mm), so the printer head applies pressure onto
the filament changing it to a flat shape. The build platform is at room temperature, causing
the FDM filament to cool rapidly and thereby solidify the polyamide matrix phase. For the
research presented in this chapter, only a single FDM filament was deposited, and layer-by-

layer printing was not performed.
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Figure 3-6 Material deposition process in which the fibre filament is flattened on the build platform.

3.2.3  Feeding system modification

When the filament feedstock is gripped and drawn into the FDM printer by two
counter-rotating metal wheels, the serrated teeth on the metal wheel may abrade the filament
surface. Therefore, rubber rings with different diameters were used to replace the metal gears,
as illustrated in Figure 3-7. Three rubber rings covered each side of the rotating spindles,
with the middle creating a groove to guide for the filament through. Slight pressure was
applied from the rubber wheels to the filament by adjusting the distance between the two
spindles so that the filament could be steadily driven to the printer head. Note that the results
and discussion presented below are for the FDM machine containing metal serrated gears,

and the modified rings are discussed later in the chapter.

Fibre filament

—
Three rubber rings to guide filaments

Figure 3-7 Schematic of material feeding system modification with Marktwo® printer.
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3.2.4  Microstructural examination of FDM filament

The effect of each stage of the FDM process on the damage to the carbon fibres was
evaluated by interrupting the printing to extract the filament for examination and mechanical
testing. Physical damage to the FDM filament was examined using optical and scanning
electron microscopy (SEM). The SEM was performed using an LEO 1530VP-21-32, with the
FDM filament coated with a thin iridium film before examination to avoid electron beam

charging effects.

3.25  Mechanical property testing

3.2.5.1 Tensile testing of single carbon fibre

The tensile failure stress of single carbon fibres extracted from the FDM filament
(following removal of the polyamide matrix) was measured at the start (Stage 1) and end
(Stage 4) of the FDM process. Single fibres were extracted from the as-received FDM
filament (Stage 1) and the printed FDM filament (Stage 4) by heating in a vacuum oven for 5
hours at 500<C to decompose and vaporise the polyamide matrix, thereby creating a bundle
of loose fibres. Individual fibres were carefully extracted from the bundle and then mounted
on a thin cardboard support frame containing a 65 mm long rectangular cut-out, which
defined the fibre specimen gauge length (ASTM C1557 [144]). Figure 3-8 illustrates the
mounted single carbon fibre for the tensile test. The ends of the cardboard frames were
gripped by a 2.5 N load capacity Instron (Model 4501). Each fibre was tensile tested at room
temperature at a 1 mm/min cross-head displacement rate until failure. Thirty carbon fibres
were tensile tested for the as-received FDM filament (Stage 1) and the printed FDM filament
(Stage 4).
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Figure 3-8 Schematic of specimen preparation for the single fibre tensile test.

3.2.5.2 Tensile testing of single carbon-polyamide FDM filament

Tensile tests were performed on the carbon fibre-polyamide filament after being
extracted from Stages 1 to 4 of the FDM process. The filament was also extracted from the
FDM machine with the modified rubber gears at Stage 2 (designated Stage 2_M). The tensile
properties of the FDM filament were determined using test specimens that were 200 mm long
with a gauge length section of 100 mm. The specimen ends were reinforced within 50 mm
long, 1.5 mm thick glass-epoxy tabs to avoid damage when the FDM filament was gripped in
the tensile machine. All the filament specimens were marked at the gauge area for measuring
the elongation during testing using a high-speed camera. The picture frame rate of the camera
was set as 2 Hz. Figure 3-9 shows the test setup with a schematic of the marked filament
specimen on the right. The cross-sectional shape of the FDM filament was approximately
cylindrical (e.g. Figure 3-1) with a diameter of ~0.38 mm from Stages 1 to 3 of the FDM
process. The FDM filament had a flattened rectangular shape after being printed (Stage 4)
and was about 0.13 mm thick and 0.90 mm wide. For each stage, the shape and cross-
sectional dimensions of the FDM filament used for tensile testing were evaluated using an

optical microscope. The results are given in Table 3-1.

The FDM filament was tensile tested at room temperature at an extension rate of 0.5

mm/min until failure during a 10 kN load capacity Instron machine (Type 5569). The tensile
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modulus of the FDM filament was calculated from the strain values obtained using the digital
image correlation (DIC) method through GOM Correlation software. The images were taken
using a MER2-2000-19U3M-L industrial digital camera with a lens of HN-2520-20M-C1/1X
(Daheng, China). A minimum of fifteen FDM filaments taken from each stage were tested

under identical conditions to determine the average and scatter to the tensile properties.

Table 3-1. Shape and dimensions for the FDM filament for each stage.

FDM Stage Cross-sectional Shape Dimension (mm)
1 Circular 0.38 +0.02
2 Circular 0.38 £0.02
3 Circular 0.37 £0.04
4 Rectangular 0.13 +0.04 =<0.90 £0.15

High speed camera

Figure 3-9 Setup for the filament tensile test.

3.2.5.3 Compressive testing of single carbon-polyamide FDM filament

To evaluate the effect of fibre damage on the compressive properties of the 3D printed
continuous fibre composites, it is necessary to first investigate at a tow level, which does not
have defects such as weakened fusion interfaces and large voids. It is not possible to directly

compressive test the FDM filament due to its very high shape aspect ratio, which causes
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buckling. Therefore, a modified axial compression tests were performed on the FDM filament
taken from the different stages of the FDM process. A single FDM filament was mounted in
the centre of an epoxy polymer block (which is much softer than the filament itself), as
shown in Figure 3-10. The polymer was used to provide lateral support to the FDM filament
to prevent buckling under the compressive force. In the preparation of the compression
samples, a very slight tensile force was applied to the FDM filament to ensure it was straight,
and then liquid epoxy resin (105 epoxy resin®/ 206 slow hardener®) was moulded around the
filament. The resin was cured at room temperature for at least 24 hours before compression
testing. The FDM filament bonded to the epoxy with no cracks or other flaws at the interface
between the materials. The single FDM filament was then axially compressed at room
temperature at an end-shortening rate of 1 mm/min using a 10 kN Instron machine. The test
was stopped when cracks appeared at the filament/epoxy interface, which always coincided
with compressive failure of the FDM filament. The polymer block was elastically deformed
under the load, but did not plastically deform due to the low compressive failure strain of the
FDM filament. A minimum of five samples containing a single filament taken from each
FDM stage were tested under identical conditions.

This test method does not provide a direct measure of the compressive failure load of
the FDM filament, although it can be used as a qualitative ranking of compression strength
for the different stages of the FDM process. For comparison, the compressive response of the
polymer block without a filament was measured to determine the difference in applied load

between this specimen and those specimens containing a single FDM filament.
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\

Epoxy
Block \

53



(b)

Figure 3-10 (a) Schematic and (b) photograph of compression specimen for a single FDM filament.

Acoustic emission (AE) was used to monitor the filament damage during the
compressive test. A single acoustic transducer (Physical Acoustic Corporation, R15 a
SNAKG67) was mounted on the side of the specimen. The acoustic signals measured by the
transducer were amplified and analysed using an AE system (Physical Acoustic Corporation,
LDiSP™). The acquisition parameters of the AE system were set at an amplitude threshold of
40 dB, peak definition time (PDT) of 25 ps, hit definition time (HDT) of 150 ps, and hit
lockout time (HLT) of 300 ps.

3.3 Results and Discussion
3.3.1 Effect of FDM stages on damage to carbon-polyamide filament

The FDM filament underwent significant physical changes during the FDM process,
from the as-received (stock) material to being printed as a single strand on the build platform
before 3D layering. Figure 3-11 shows the surface texture of the FDM filament for Stages 1-
3. The surface showed elongated groove marks as it progressed through the stages, which is
attributed to abrasion, particularly caused by the teeth of the gears used for pulling the
filament through the machine. The surface showed severe damage as it passed through the
hot nozzle (Stage 3), with regions that appear to have been severely abraded (Figure 3-11c).
It appears that the internal surface of the nozzle orifice abraded the FDM filament, which was
in a thermally softened condition. The surface wear resistance of carbon fibre-thermoplastic
composites was reduced at the high temperature due to softening of the matrix phase and

fibre/matrix interfacial region. Thermal softening of the polyamide matrix of the FDM
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filament as it passed through and out of the FDM printer device made it more susceptible to

abrasion.

(a) Stage 1

e

S00pm

Figure 3-11 Surface texture of the FDM filament at stages (a) 1, (b) 2 and (c) 3.

Figure 3-12 shows the upper (contacted with the nozzle) and lower (in contact with
the build platform) surfaces of the FDM filament in Stage 4. The surface texture changed
abruptly after the filament was flattened by the printer head on the build platform. Fibres with
waviness were exposed on the surfaces, and lacking resin can be seen in the fibre clusters.
The X-ray CT image in Figure 3-12c shows the fibre distribution throughout the filament,
where considerable fibre waviness was observed. The thermally softened matrix could not
provide sufficient lateral support to the fibres causing them to spread out under the pressure
and thereby become wavy. Additionally, fibre breakage occurred at the upper filament
surface that was in contact with the nozzle (Figure 3-12a).
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Figure 3-12 (a-b) SEM and (c) X-CT images of carbon-polyamide FDM filament showing the surface texture
and fibre distribution in the longitudinal direction in the as-printed (Stage 4) condition. The brightest regions in
(c) are fibres. The circle in (a) indicates where fibres are broken. Upper and Lower indicate upper and lower

surfaces, respectively.

Damage sustained by the FDM filament was investigated by burning off the
polyamide matrix to expose the carbon fibres. Carbon fibres at the FDM filament surface for
each stage are shown in Figure 3-13. The broken carbon fibres at the filament surface for
four stages were counted using the SEM images. Five samples with a gauge length of 30 mm
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for each stage were examined. The fibre breakage in each stage was evaluated using the
number density of broken fibres at the filament surface, which is the number of the broken
fibres divided by the examined area. The result in Figure 3-14 show that the number density
of broken carbon fibres increased as the FDM filament progressed through the different
stages, with a significant increase when the filament exited the printer nozzle (Stage 3). The
abrasion to the hot FDM filament as it passed through the printer nozzle in a matrix softened
condition broke many carbon fibres. A much greater number of fibres were broken when the
FDM filament was finally printed (Stage 4), which was due to the increased fibre/device and
fibre/fibre interactions caused by the involved printing device pressing and sliding against the
filament. The filament being bent through an angle of 90° is another reason. As shown
schematically in Figure 3-15, the fibres bent with the filament at the nozzle tip. The surface
strains have been calculated to be as high as ~1.6% [10], which exceeds the failure strain of
carbon fibre (~0.5%). Therefore, bending the filament through a tight angle broke some fibres,

particularly those close to the surface where the strains are the highest.
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Figure 3-13 Longitudinal images of the FDM filament (with the matrix removed) in stages (a) 1, (b) 2, (c) 3 and
(d) 4. The circles indicate where fibres are broken.
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Figure 3-14 Surface density of broken fibres for the FDM filament for each stage determined from five samples.

The gauge length of a filament specimen is 30 mm.
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Figure 3-15 Schematic showing bending and compaction of the filament in Stage 4 of the FDM process. (Note:

Schematic created by Dr. Joel Galos, RMIT University).

The internal microstructure of the FDM filament also underwent changes as it
progressed through the FDM machine. Typical cross-sectional images of the FDM filament at
each stage are presented in Figure 3-16. As mentioned, the as-received FDM filament
consisted of a non-uniform distribution of carbon fibres within the polyamide matrix, which
itself contained voids (as shown in Figure 3-1). This microstructure was retained through the
different stages of the FDM process before the filament was deposited onto the build platform
(Stage 4), with many small voids in the fibre clusters caused by insufficient rein infiltration.
The fibres were spread out and voids were reduced when the filament was deposited on the

build platform (Stage 4) due to the consolidation pressure applied by the printer head.

100um
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Figure 3-16 Cross-sectional images of the FDM filament in stages (a) 1, (b) 2, (c) 3 and (d) 4. Dash lines
indicate the filament boundary.
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Multiple (30) single fibre tensile tests were performed on carbon fibres extracted from
the as-received feedstock FDM filament (Stage 1) and following the printing of the FDM
filament (Stage 4) to investigate further the damage caused by the FDM process. As
mentioned, these fibres were removed from the filament following thermal decomposition of
the polyamide matrix in the vacuum oven. Plots of the failure stress distribution and the
Weibull strength distribution for the carbon fibre in its original and printed conditions are
shown in Figure 3-17. The average value (o,y¢) and standard deviation value (S¢) for the

fibre failure stress were calculated using:

Gavs = 0o (1 + ) and (1)

=0 |M(1+2) -2 (1+2)] )

where I' is the statistical I" -function. The subscript f signifies a single fibre. The Weibull
strength for the single fibres was calculated based on the two-parameter Weibull strength
distribution:

Pr=1—exp (— (Gi)m) 3

0

where Ps is the failure probability and g, and m are the Weibull parameters. The failure stress
of the fibre following printing (1191 174 MPa) was much lower than the original strength
(1792 £57 MPa). This reduction shows that significant fibre damage is caused by the FDM
process, in addition to the breakage of fibres within the FDM filament (Figure 3-13). Figure
3-17b shows that the carbon fibres in both the as-received and printed conditions have a two-
parameter Weibull distribution. This indicates that the strength is controlled by a single type
of flaw (e.g. crack) in the fibre. The m value for the fibre following printing (2.7) was lower
than in the original condition (6.8), indicating that the FDM process increases significantly

the distribution of failure stress values for the fibres, which is also observed in Figure 3-17a.
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Figure 3-17 Failure stress of single carbon fibres in the original (Stage 1) and printed (Stage 4) conditions. (a)

Histogram and (b) Weibull distribution of fibre strength. The Weibull parameters of o, and m are given in (b).

Examination of the broken ends of the original and printed carbon fibres using SEM
indicates that tensile fracture was initiated at the surface rather than from within the fibre.
The flaw type could not be reliably identified using SEM because of its small size. However,
the critical flaw size (c) in carbon fibre can be calculated from the measured fibre strength (of)

using linear elastic fracture mechanics:
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where Kic is the mode | fracture toughness, which for PAN-based carbon fibre is ~1.0
MPa.m®° [145]. Y(c,R) is the geometric stress concentration factor. Y(c,R) equals 2/ for a
semicircular surface flaw, provided it is much smaller than the fibre radius. Using this
analysis, Figure 3-18 shows the calculated distribution of critical flaw sizes (assuming a
semi-circular surface crack) for the carbon fibre in the original (Stage 1) and printed (Stage 4)
conditions. The average critical flaw size of the fibre in the original condition is calculated to
be 177 =88 nm, which is typical for as-received carbon fibres. After printing, the average
critical size is calculated to have increased to 1018 313 nm. The calculations reveal that
only relatively small increases in the surface flaw size (<800 nm), which can be caused by
abrasion from the FDM process, are needed to account for the large reduction in fibre
strength. However, in this nanometer-size range, the concept of a sharp crack with a
semicircular shape most likely does not hold, and therefore the calculations of the flaw sizes
should not be considered highly quantitatively accurate. However, the calculations do
indicate that a very small increase in the flaw size due to surface damage can account for the

large reduction in fibre strength that occurs in the FDM process.
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Figure 3-18 Calculated distribution of critical flaw sizes in single carbon fibres in the original (Stage 1) and
printed (Stage 4) conditions.
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3.3.2  Effect of FDM stages on tensile properties of carbon-polyamide filament

The tensile properties of the FDM filament were reduced as it proceeded from the
original stock material through the FDM machine to be printed on the build platform. Tensile
stress-axial displacement curves for the FDM filament taken at the different stages are shown
in Figure 3-19. The tensile stiffness, ultimate strength and elongation-to-failure of the
filament are reduced by the FDM process. The changes to the tensile modulus and failure
stress of the FDM filament at the different stages of the process are shown in Figure 3-20.
The modulus of the FDM filament remained constant (within the bounds of experimental
scatter as defined by the error bars) as it proceeded through the stages until it was heated and
exited the printer nozzle (Stage 3), when a small but significant reduction occurred (~10%).
A further reduction (another 11%) occurred when the FDM filament was deposited on the
build platform (Stage 4). The FDM filament strength shows a different dependence on the
process stages than that measured for modulus. The failure stress dropped (by ~8%) after
being drawn into the printer head (Stage 2). After the FDM filament was contacted with the
nozzle of the FDM machine (Stage 3), the strength dropped by 14% compared to the original
value. The failure stress dropped even further (another 30%) after the FDM filament was
printed on the build platform. These results reveal that no single stage of the FDM process
caused the reduction in the tensile properties of the FDM filament; instead, multiple stages

are responsible.
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Figure 3-19 Tensile stress-displacement curves for the FDM filament at the different stages.
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Figure 3-20 (a) Tensile modulus and (b) tensile strength values of the FDM filament at the different stages.

Figure 3-21 shows a typical fracture surface of the failed FDM filament in Stage 1
and Stage 4. From Figure 3-21a, textured microflows indicating crack growth direction in
the resin-rich areas of the Stage 1 filament are present. The arrows indicate the local crack
growth directions. The defects such as voids, microcracks at the fibre/matrix interface and
broken fibres appear to initiate the fracture, which spreads through the filament. Fibrillation

patterns (shown in the red circles) reveal the typical ductile-type fracture in a thermoplastic
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matrix. Fibre breakage with some fibre pull-out occurs on the fractured surface of the Stage 1

filament. The fracture surface of the Stage 4 filament (Figure 3-21b) was similar to Stage 1.

(@) CF-Stage 1

Figure 3-21 Failure surface of the FDM filament at (a) Stage 1 and (b) Stage 4. Images with red border on the

right are the closer inspection showing the fracture growing through the resin.

3.3.3  Effects of feeding device modification on tensile strength of carbon-polyamide

filament

As reported above, the serrated metal gear mechanism used to draw the filament into
and through the FDM printer causes some fibre damage which reduces the tensile failure
stress. It is believed that the hard tip of the gears abrade the filaments during the gripping
action which damages and breaks fibres at the surface. To overcome this problem, the gear
was replaced in the FDM machine with a rubber device (Figure 3-7). The effect of the
modified gear mechanism on the tensile strength of the carbon-polyamide filament following
Stage 2 of the FDM process (material feeding process) is shown in Figure 3-22. The tensile
strength of the FDM filament in Stage 2_M (i.e. using the rubber device) was the same as the
original filament, and ~7% higher than the standard Stage 2 filament (i.e. serrated steel gear).
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The flexible contact surface (rubber) in the modified feeding system eliminated abrasion to
the FDM filament in Stage 2. The results demonstrate that the modification strategy on the
printer in this study can stop abrasion and thereby improve the tensile properties of 3D
printed filaments.
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Figure 3-22 Tensile strength of the Stage 2 filament using modified material feeding system. The original (Stage

1) filament strength is shown for comparison.

3.3.4  Effect of FDM stages on compressive properties of carbon-polyamide filament

The effect of the different stages of the FDM process on the compressive failure stress
of the FDM filament is shown in Figure 3-23. In all cases, the FDM filament failed by
carbon fibre kinking within a well-defined kink band, as shown for example in Figure 3-24.
Failure by kinking indicates that the compression test method provides a measure of the
material strength, and is not determined by geometric effects such as global buckling of the
filament. Furthermore, the AE technique did not detect any fibre failures until the onset of
kinking, when the FDM filament failed instantaneously with an immediate and large rise in
the recorded number of AE events. This suggests that the kinking process was unstable, with
all the fibres failing at the same time as the kink band propagated rapidly across the load-

bearing section of the filament.
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Figure 3-23 Compressive kinking load of the FDM filament at the different stages.

Figure 3-24 Optical micrograph of filament kink band.

Figure 3-23 shows that the kinking failure load for the FDM filament dropped as it
came into contact with the gear mechanism (Stage 2). The scratches caused by gear abrasion
can act as geometric stress raisers to initiate the kinking failure process. Therefore, it is
believed that the abrasion caused by the gears is responsible for the reduced kinking load of
the FDM filament. Following this reduction in Stage 2, the failure load of the FDM filament

remained constant (within the bounds of experimental scatter) for the remainder of the FDM
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process. It appears that the large increase in fibre breaks that occurred in Stages 3 and 4 does

not significantly reduce the compressive load limit.
3.4  Conclusions

This study has demonstrated that the FDM process using a Markforged® printer
causes significant damage to the carbon fibre-thermoplastic filament used for 3D printing of
continuous fibre laminates. The surface of the FDM filament is abraded when it passes
through the different stages of the FDM process by the gripping action of the serrated gear
mechanism used to pull the filament (Stage 2) and during contact with the nozzle (Stage 3).
Damage is also caused when the FDM filament is bent through 90° and pressed onto the build
platform (Stage 4). Abrasion grooves are formed on the FDM filament, which includes
broken and damaged carbon fibres. Abrasion and bending effects cause a rapid increase in the
number of broken fibres in the filament towards the end of the FDM process (Stage 4). Also,
surface damage to fibres by the FDM process increases the flaw size. This damage is
sufficient to reduce the average failure stress of single carbon fibres within the FDM filament
by about 33%. FDM-induced damage also reduces the tensile and compressive kinking stress
values of the FDM filament studied here by ~44% and ~25%, respectively. It is worth noting
that this modified compressive test is a qualitative method to compare the response of fibre
filament at different stages under compressive loading. However, the results can also be
affected by the specimen shape (Stage 1-3 filaments are circular and Stage 4 is flat), which is
difficult to be excluded using experimental methods. Therefore, this test was not further
conducted on other fibre types investigated in the following chapters, and only on the carbon

fibre filament (which have more significant fibre damage caused by 3D printing process).

The study also employed a feeding system modification to the printer to mitigate
abrasion to the FDM filament in Stage 2. The tensile strength of the filament was not reduced
in Stage 2 using the modified feed device. Opportunities also exist to modify the FDM
process to reduce filament damage and thereby 3D print continuous fibre laminates with

improved mechanical properties.

The study shows that the spacing between the printer head and the build platform is
critical as it deforms the circular cross-section of the filament into a flat ribbon. The effect of
the distance between the printer head and built platform on the mechanical properties of the

3D printed composites is an important research topic if the gap spacing can be precisely
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controlled. Decreasing the distance can help the matrix to spread out and improve the
fibre/matrix interface due to the higher consolidation pressure, but might cause more damage
to fibres due to more serious compaction and abrasion from the printer and fibres themselves.
Also, if the distance is too small, the filament is unable to be extruded out of the nozzle. If the
distance is large, the interaction between fibres and the device and fibres themselves can
decrease and thereby decrease the fibre damage. Also, the printed materials cannot stick on
the platform when the distance is too large. For this reason, the gap spacing used in this
research was set to a constant value as recommended by the MarkForged company, and was

not varied.

Additionally, the non-uniformity of the fibre distribution, polymer-rich areas and
voids within the composite filament used in this study are also factors governing the
mechanical properties of the 3D printed composites. These imperfections might be reduced
during the manufacturing process for the pre-impregnated filament. For example, an
appropriate tension force applied to the fibre bundle can control the distance between fibres
and thereby improve the fibre distribution after polymer impregnation. The pressure for the
resin to infill the fibre bundle is another critical factor, with higher pressure expected to
reduce the void content. Furthermore, it is also possible to improve the fibre distribution
during the printing process when the filament is flattened onto the build platform. Methods
like using a thinner nozzle, adjusting the printing temperature, and adjusting the
nozzle/platform distance might help in improving the fibre distribution through matrix spread

out, as well as decrease the void content.

While the research findings presented in this chapter are specific to the Markforged®
machine used in this study, the FDM-induced damage to the carbon fibre-polyamide filament
indicates that other types of filament materials may be damaged using the FDM process. To
explore this further, the next chapter presents a study into the effect of the FDM process on
the microstructural and mechanical properties of polyamide filaments containing continuous
glass or aramid fibres. The effect of the FDM process on glass and aramid filaments is
compared to the carbon filament studied in this chapter.
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CHAPTER 4: DAMAGE TO GLASS AND ARAMID FIBRE
FILAMENTS USING THE FDM PROCESS

Abstract

The previous chapter presented an experimental investigation in the damage and tensile
properties of continuous carbon fibre-polyamide filament during the 3D printing of
composites using the FDM process. In this chapter, damage to and changes to the mechanical
properties of continuous glass-polyamide and aramid-polyamide filaments caused by the
FDM process using a MarkForged printer are determined. Using a similar experimental
approach to that used in the previous chapter, it was found that glass fibre damage occurs at
multiple stages of the FDM process with the final stage, in which the filament is extruded
from the printer nozzle and deposited on the built platform, causing the most severe damage.
The average tensile modulus and strength of the glass-polyamide filament decreased by 15%
and 32% due to fibre damage caused by the FDM process. In contrast, no fibre damage
occurred to the aramid-polyamide filament, including in the final deposition stage, and this is
due to the high toughness, high failure strain and flexibility of Kevlar fibres. As a result, the
3D printed aramid-polyamide filament experienced a relatively small loss in tensile
properties in the FDM process. The causes of the fibre damage and other defects introduced
by the 3D printing process and the resultant reductions to the mechanical properties of the
glass and aramid filaments are identified, and compared to those of the carbon filament (as

investigated in the previous chapter).
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4.1 Introduction

Several studies have investigated the mechanical properties of 3D printed continuous
glass- and aramid fibre-polymer composites fabricated using the FDM process, including the
tension [23, 28-30, 54, 55, 58, 99], compression [28, 56], interlaminar shear [57], fatigue
[146] and other properties [29, 59]. The mechanical properties of these composites are
usually much lower than glass and aramid fibre composites fabricated using conventional
techniques, such as autoclave processing and vacuum bag resin infusion, as reported in
Chapter 2. The effect of the 3D printing process on the microstructure and resultant property
changes of FDM composite materials have also been investigated. For instance, Chabaud et
al. [58] reports 8x higher porosity in 3D printed composites than in the stock filament used in
the FDM process, and attributes the reduction in composite properties to the higher void
content. Cagri et al. [99] identified multiple types of microstructural defects in 3D printed
continuous fibre-polymer composites which reduce the properties, including imperfect
interfaces between printed layers, voids and incomplete fill density. Despite these studies, the
effect of the 3D printing process on the microstructure and mechanical properties of polymer-

based filaments containing continuous glass or aramid fibres is not fully understood.

The previous chapter presented an experimental study characterising the fibre damage
to continuous carbon-polyamide filament during different stages of the FDM printing process,
starting with the original stock filament to the final deposited filament. In this chapter, the
damage caused to continuous glass-polyamide and aramid-polyamide FDM filaments as they
pass through the different stages of the Marktwo® FDM printer are determined. The effect of
fibre damage caused by the different FDM process stages on the tensile properties of the
filaments are determined. The study compares the microstructural damage and tensile
properties of the glass and aramid-based filaments to those of the carbon filament presented

in the previous chapter.

4.2 Materials and Methodology
4.2.1 Materials

The FDM filaments used in this study were continuous glass fibre-polyamide and
aramid fibre-polyamide, which are the stock materials for the 3D printing of composite
laminates. The filaments were supplied by MarkForged® company. The nominal diameters of

the as-received glass- and aramid-fibre filaments are 0.32 mm and 0.33 mm, respectively,
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although they are not perfectly cylindrical in cross-section. Cross-sectional images of the as-
received stock filaments before FDM printing are presented in Figure 4-1. The number of
fibres within the glass and aramid filaments are ~400 and ~270, with the single fibre
diameters measured to be 9 pm and 12 pm, respectively. The glass-polyamide filament
shows uneven fibre distribution, with localised regions of high fibre density and other regions
that are polyamide-rich. The aramid fibres are more evenly distributed within the FDM
filament, although regions rich in fibres or polyamide exist. Microcracks at fibre/matrix
interfaces occurred in both filaments. The average fibre volume fraction of the glass-
polyamide filament, which was determined by the polymer burn-off test performed in a
vacuum furnace under 500<C, was ~32%. The fibre content of the aramid-polyamide filament,
measured by phase-contrast imaging (ImagelJ), was ~41%. (The pyrolysis method was not
employed to measure the aramid fibre content because of the temperature used is close to the

degradation temperature of the aramid [143]).

s Glass fibre
- Polyamide resin

100 pm
(b)

aramid fibre

Polyamide resin

100 pm

Figure 4-1 Optical micrographs showing the cross-section of (a) glass- and (b) aramid-polyamide filaments in
the as-received (Stage 1) condition.
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4.2.2  FDM printing process

The continuous carbon fibres within the FDM polyamide filament are weakened
during the 3D printing process, and this was investigated in the previous chapter for the four
stages. The four stages in order are: (i) as-received filament is fed into the FDM machine by
(ii) gear mechanism consisting of a serrated roller which grips the filament and then (iii)
draws it into the heater chamber to soften the polyamide matrix and is then extruded through
a circular nozzle to be (iv) printed onto the flat build platform. The effect of these stages on
fibre damage and the tensile properties of the glass and aramid filaments was determined.

4.2.3  Filament specimen preparation

The glass and aramid filaments retained their quasi-cylindrical shape throughout the
FDM process until the final print stage, when they were flattened by the printer head on the
build platform (as described for carbon filament in Chapter 3). In this study, the gap between
the exit point of the nozzle and the build platform was set at 0.1 mm, as recommended by
Markforged®. The gap is smaller than the filament diameter, and so the printer head flattened

the filaments into a rectangular-like cross-sectional shape when printed on the build platform.

The printing parameters are fixed in the Markforged® Marktwo printer for specific
polymer and fibre materials, with the extrusion temperature set at ~260<C, the filament print
rate at 15 mm/s, and the printed single filament thickness at ~100 um for glass- and aramid-
polyamide due to the gap set between the nozzle head and build platform. Dynamic
mechanical analysis (DMA) and thermogravimetric analysis (TGA) [147] reveals that the
glass transition temperature of aramid fibre is ~240-260<C and decomposition temperature is
~510-560<C (both in nitrogen and air atmospheres). Therefore, the aramid undergoes glass
transition softening during printing but does not experience any decomposition. The width of
a single filament after being printed on the build platform is ~1 mm. The build platform was
at room temperature, leading to a rapid solidification of the matrix phase as the hot filament
(~260<C) exited the printer nozzle.

424 Microstructural examination

The effect of each stage of the FDM process on damage to the glass and aramid fibres
in the FDM filaments was evaluated by physical examination and mechanical testing. The

FDM filaments were examined using optical microscopy and scanning electron microscopy
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(SEM). The SEM was performed using a TM4000PLUS (HITACHI), with the FDM
filaments coated with a thin iridium film prior to the examination to avoid electron beam
charging effects. To expose the fibres inside, a resin burn-off test was conducted on the glass-
polyamide filaments. Filaments were heated at 500<C in a vacuum furnace for 5 hours, and

then the recovered fibres were examined using SEM.
4.2.,5  Mechanical property testing

Tensile tests were performed on the FDM filaments after being extracted from each
stage of the FDM process. The filament preparation and tensile test method were the same as
that described in Chapter 3. At least fifteen filament specimens from each of the four stages

were tensile tested.

In this study, the acoustic emission (AE) system (MISTRAS-2001, China) and a
wide-band transducer (R15, China) with a frequency range of 20-1000 kHz were used to
monitor the glass and aramid filaments from different stages during the tensile tests. AE
monitoring was used so that the differences in the fracture of the composite filaments with or
without fibre damage can be identified. The AE signals detected by the transducer were
magnified using a preamplifier with a gain of 40 dB and additional amplification of 20 dB
using the AE system. A viscous coupling agent (silicone gel) was used to ensure transmission
of acoustic waves from the filament specimen to the transducer with minimal attenuation at
the interface. The acquisition parameters of the AE system were set at an amplitude threshold
of 50 dB, peak definition time (PDT) of 30 s, hit definition time (HDT) of 150 s, hit
lockout time (HLT) of 300 s, and the waveform data point recording rate of 3 M/s. A single
transducer was held on the tab during tensile testing. The gauge length of the filament
specimens used in this case was 150 mm. A minimum of five FDM filaments from Stage 1
and 4 were monitored using AE.

4.3 Results and Discussion

4.3.1 Effects of FDM stages on damage to glass- and aramid-polyamide filaments

Figure 4-2 and Figure 4-3 show respectively the surface texture of the glass and
aramid filaments at Stages 1-3 of the FDM process. Many fibres are visible on the filament
surface in Stages 1 and 2, and the filaments underwent changes to the surface texture as they

passed through the hot printer nozzle (Stage 3). From Figure 4-2c, resin with a fish-scale
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pattern can be seen along the glass-polyamide filament with small holes left due to melting of
the matrix. The aramid fibres within the filament showed waviness due to the fibre softening
(Figure 4-3c).

(a) Glass-Stage 1

</

Figure 4-2 Surface of glass-polyamide filament in Stages (a) 1, (b) 2 and (c) 3.
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(a) Aramid-Stage 1

(c) Aramid-Stage 3

Figure 4-3 Surface of aramid-polyamide filament in Stages (a) 1, (b) 2 and (c) 3.

Figure 4-4 and Figure 4-5 show respectively the cross-section and surface texture of
the flattened glass- and aramid-polyamide filaments in Stage 4. When the filament is bent 90
during deposition onto the build platform, the upper surface undergoes compression and the
lower surface (in contact with the platform) experiences tension (Figure 3-15). Figure 4-4
shows broken glass fibres near the upper and lower filament surfaces indicating fibre fracture
occurs under compression and tension. Many of the aramid fibres buckled over a relatively

short length (< 500 pum) near the surfaces, but there was no evidence of fibre breakage
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(Figure 4-5b). The waviness angles of the aramid fibres at buckled area on the filament
surface was measured between approximately +15<using ImageJ (Directionality).

(a) Glass

Figure 4-4 (a) Cross-section and (b) upper and (c) lower surfaces of the glass-polyamide filament in Stage 4.
Fibre breakages on the upper surface are circled in (b).
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Figure 4-5 (a) Cross-section and (b) upper and (c) lower surfaces of the aramid-polyamide filament in Stage 4.

Fibre buckling on the upper surface is circled in (b).

Damage sustained by the glass-polyamide filament was investigated by burning off
the polyamide matrix to expose the fibres. Glass fibres at the FDM filament surface for each
stage are shown in Figure 4-6. Five 30 mm long filament specimens for each stage were

scanned in the longitudinal direction to count the number of broken fibres. The density of
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broken fibres was determined from the total number of broken fibres divided by the scanned
area of the filament surface. Figure 4-7a shows the number density of broken glass fibres
increased as the FDM filament progressed through the different stages. Abrasion to the FDM
filament as it passed through the serrated gears broke glass fibres (Stage 2), however no
further fibre breakage occurred in Stage 3. The number of broken fibres doubled when the
FDM filament was deposited on the build platform (Stage 4), which involved the FDM
printer head pressing and sliding against the filament as well as the filament being bent by
90°. However, the measured number of broken glass fibres was much less than for carbon
fibres following the FDM process (Figure 4-7b). The measurements indicate that about 30x
more carbon fibres are broken in the FDM process compared to glass fibres, with aramid
fibres not experiencing any breakages. This can be attributed to the higher strain-to-failure of
glass, and particularly aramid fibres. When the filament is bent into a sharp angle, the fibres
near the upper and lower surface experience significant compressive and tensile failure strain.
Fibres with high failure strain can undergo bending without being damaged due to the tensile
and compressive stresses. Fracture toughness is another factor affecting the damage of fibres
during deposition. Table 4-1 shows the fracture toughness values for single carbon, glass and
aramid fibres [148, 149]. The glass and aramid fibres with higher fracture toughness can
hinder the surface crack from propagating through the fibre under loading, minimising the
fibre breakage after 3D printing. As mentioned in Chapter 3, abrasion caused by the printing
device to the composite filament during the FDM process can cause surface damage,
including to the fibres. The fibre with higher fracture toughness, like glass fibre and, in
particular, the aramid fibre, which shows a tendency to fibrillate and thereby dissipate higher
fracture energy, resulting in a higher resistance to damage during loading compared to the
carbon fibre. Furthermore, the glass fibres (9 um) and aramid fibres (12 um) are slightly
wider in diameter than the carbon fibres (7 um), which will also provide some additional

resistance to fracture during the FDM process.
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Figure 4-6 Longitudinal SEM images of glass-polyamide filament with polymer burn off in Stages (a) 1, (b) 2,
(c) 3 and (d) 4. The circles indicate where fibres are broken.
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Figure 4-7 (a) Surface density of broken glass fibres for four stages. (Determined from five sample, with each
sample 30 mm long). (b) Comparison of surface density of broken carbon and glass fibres for the four stages.
No aramid fibres were broken, and therefore they are not included.
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Figure 4-8 Tensile stress-strain curves of single carbon, glass (E-glass) and aramid (Kevlar KM2) fibres. The

values of carbon fibre is from Chapter 3, the other two are from the literature [148].
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Table 4-1 Fracture toughness of single carbon, glass and aramid fibres from the literature.

Fibre type Crack length (um) Fracture toughness (MPa.m'?)
Carbon IM 600 [149] 0.1 1
E-glass [148] 0.1 1.08
Kevlar KM2 [148] 0.1 6.63

4.3.2 Effects of FDM stages on tensile properties of glass- and aramid-polyamide

filaments

The FDM process reduced the tensile properties of the glass-polyamide and aramid-
polyamide filaments as shown in Figure 4-9. Included in the figure are the properties for the

carbon filament (which were reported in the previous chapter).

Table 4-2 presents the percentage knock-down to the tensile modulus and strength
for the three types of filaments at different stages compared to the initial values in the as-
received condition (Stage 1). The tensile modulus and strength of the glass-polyamide
filament were reduced as it proceeded from the original stock material through the FDM
machine to be printed on the build platform. The average modulus value of the glass filament
decreased progressively stage-by-stage, with a final reduction of ~15% following stage 4
which is attributed mostly to breakage of glass fibres by the FDM machine during its
deposition on the build platform. The failure stress of the glass filament showed a different
dependence on the process stages to that measured for modulus. The average failure stress
dropped by ~4% (Stage 2) after being drawn into the printer head, although the reduction is
not statistically significant. After the glass-polyamide filament was contacted with the nozzle
of the FDM machine under high temperature (Stage 3), the strength dropped by a further 8%,
although there is large scatter in the measured filament strengths for this stage. The failure
stress dropped further after the glass FDM filament was printed on the build platform, and the
residual strength was ~68% of the initial value. These results reveal again that multiple stages
of the FDM process are responsible for reducing the tensile properties of inherently brittle
FDM filament materials such as glass. The less severe tensile property degradation for glass

than for carbon is due to fewer fibres being broken by the FDM machine.

The tensile modulus and failure stress of the aramid filament did not change

significantly following Stage 2 of the FDM process, and was reduced slightly in Stage 3. Due
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to thermal softening of the aramid fibres, which has a glass transition softening temperature
similar to the print temperature, some of the fibres became wavy when passing through the
heater section of the FDM machine. In Stage 4, the tensile properties of the aramid filament
were reduced further, and this was due to increasing fibre waviness when bent by 90° and
then deposited on the build platform. Unlike the carbon and glass fibres which were broken in
the FDM process, causing a reduction of the tensile properties of their filaments, the aramid
fibres were not broken and instead the properties were reduced due to increased fibre
waviness caused by glass transition softening of the aramid fibres and polyimide matrix.

Table 4-2 Percentage reduction to the tensile modulus and strength for the three types of filaments at different

stages compared to initial values of the as-received condition (Stage 1).

Carbon-Polyamide Glass-Polyamide Aramid-Polyamide

Modulus Strength Modulus Strength Modulus Strength

Stage 2 7% 3% 4% 4% 3% 6%
Stage 3 14% 5% 11% 12% 8% 10%
Stage 4 21% 42% 15% 32% 24% 16%
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Figure 4-9 Tensile (a) modulus and (b) strength values of carbon-, glass- and aramid-polyamide filaments in
different stages of FDM process.

During tensile testing of the FDM filaments, AE monitoring was used to track the
initiation and accumulation of damage events (which are mostly fibre breakages) leading to
final failure. AE monitoring was performed on filaments from different stages of the FDM
process. However, little difference was measured using AE due to the small number of fibre
damages caused by Stages 2 and 3. Considering that Stage 4 specimen is the ‘building block’
of the 3D printed structures, the properties of which are the most important for industry, in
this study only the AE results of Stage 1 and 4 specimens are presented. Table 4-3 presents
the total number of AE event counts for the three types of filament in Stage 1 and Stage 4.
The reduction in the number of AE events for the carbon and glass filaments in the printed
condition (Stage 4) is due mostly to a significant number of fibres having been broken during
the FDM process before tensile loading. The AE count number for the aramid filament shows
no statistically significant difference in the two stages considering the scatter. The curves of
normalised applied tensile stress to the normalised number of cumulative AE events for the
three filament types are shown in Figure 4-10. The AE event count is normalised to the total
number measured in a test while the stress is normalised to the ultimate failure stress of the
filament. The curves for the three types of filament in the original (Stage 1) condition are
similar, with the initial AE events occurring when the applied stress reached ~80% with these
events indicating onset fracture of the weakest fibres in the filament. Following the initial

onset of fibre fracture, the AE hits increased nearly exponentially with increasing stress to
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final failure for the three filament types in the Stage 1 condition, and this trend is common for
unidirectional tows and laminates in which the AE events are dominated by fibre fracture.
For the Stage 4 filaments, the onset of fibre breakage occurred at lower stress (~30-40%) for
the three fibre types. When the filament is processed by the FDM mahine, the abrasion to the
filament can also damage the fibre surface, especially for carbon and glass fibres. This
surface damage does not completely fracture the fibres, but can reduce their fracture stress, as
described in Chapter 3. These weakened carbon and glass fibres break at a relatively low
stress and thereby cause the early onset of AE events. Aramid fibres are less susceptible to
surface damage from the FDM process due to their high fracture toughness and resistance to
abrasion, but the increased fibre waviness observed for the printed aramid filaments will
result in an early onset of AE events during loading. The rate of increase of AE events for the
carbon filament was greater than for the glass and aramid, which were similar, indicating

more damage occurs to the carbon fibres during the FDM process.

Table 4-3 AE count number for the carbon-, glass- and aramid-polyamide filament in Stage 1 and Stage 4.

Stage 1 Stage 4
Carbon-Polyamide 1045541774 857941343
Glass-Polyamide 485746525 42944508
Aramid-Polyamide 15314238 16154396
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Figure 4-10 Curves of normalised percentage tensile stress to normalised percentage AE event counts for the

carbon-, glass- and aramid-polyamide filament in Stage 1 and Stage 4.

Figure 4-11 shows the AE hit frequency distributions for the three types of filament
at Stages 1 and 4. Symmetric frequency distributions were measured for the filaments over a
similar range of 200-550 kHz. A slightly wider frequency range with a lower mean frequency
was measured for the Stage 4 filaments compared to Stage 1. The more recorded signals in
the carbon-polyamide filaments is attributed to the larger number of fibres and fibre/matrix
interfaces within the filament, leading to more damage events. A bell-shaped symmetric
frequency distribution is indicative of a single damage mechanism prevailing in the
composite [150], which in the case of the filaments is dominated by fibre fracture. In other
words, fibre rupture in the filaments reinforced with carbon-, glass- or aramid generates
acoustic waves with frequencies of 200-550 kHz, with the median value of ~370 kHz. The
values are in the range of the frequency results between 350-700 kHz for the fibre breakage
obtained from conventional carbon, glass and aramid fibre composite systems (frequency
signature was similar for the fibre types) [151-158]. The relatively low frequency median
value for the fibre fracture determined in this study can be attributed to the different fibre
type and lower fibre volume fraction of the composites produced by the FDM process. The
frequency analysis of the AE signal showed efficiency in distinguishing the fracture mode of
fibre breakage. The results will be referred to in the study presented in the next chapter to
investigate the failure mechanism of the composite laminates, considering the specific

microstructure relative to the FDM process.
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Figure 4-11 AE frequency centroid distributions of Stage 1 and Stage 4 filaments for (a) carbon, (b) glass and

(c) aramid. (d) Comparison of three types of Stage 4 filament.
4.4  Conclusions
To use 3D printed composite materials in load-bearing structures, the microstructure

and its effect on the mechanical properties must be established. This study has demonstrated
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that the degree of fibre damage and the residual strength of FDM filaments depends on the
fibre type. The surface of the FDM filament is abraded when it passes through the different
stages of the FDM process, such as by the gripping action of the gear mechanism used to pull
the filament (Stage 2) and during contact with the nozzle (Stage 3). Filament abrasion could
damage brittle fibres such as carbon and glass. Damage is also caused to the fibres as the
FDM filament is bent through 90° when deposited on the build platform (Stage 4). This
bending causes a large increase in the number of broken fibres in the carbon and glass
filaments and crimped fibres in the aramid filament. FDM-induced damage reduces the
tensile strength and modulus values of the glass-polyamide filament studied here by ~32%
and ~15%, respectively. The reductions are less than measured for the carbon filament, which
IS due to its lower failure strain and the lower fracture toughness of the carbon fibres. The
aramid filament showed the least reduction in mechanical properties due to the FDM process,
and this was because of its higher failure strain and toughness. However, the ductile aramid
filaments were warped and crimped in Stage 4 of the FDM process, which reduced the

modulus and failure stress (albeit less than that experienced by the carbon and glass).
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CHAPTER 5: PHYSICAL AND MECHANICAL
PROPERTIES OF CURVED FDM COMPOSITE FILAMENTS

Abstract

An advantage of 3D printing continuous fibre composites using the FDM process is the
ability to bend and curve the filaments during deposition to create intricately shaped products.
However, little is known about the effect of bending on the properties of FDM filaments
when printing curved sections. This chapter presents an experimental investigation into the
effect of 3D printing curvature on the microstructure and mechanical properties of the FDM
filaments. FDM polyamide-based filaments containing continuous carbon, glass or aramid
fibres were printed as curved sections on the build platform of the FDM machine with
different radii ranging between 1 mm and 30 mm. Straight FDM filaments without any
curvature were also studied as the benchmark condition. It is found that curved printing using
the MarkForgered® MarkTwo machine lacks high dimensional accuracy, particularly at small
radii, causing the machine set radius and the actual print radius to be different. The effect of
the curved printing process on the microstructure and tensile strength of the FDM filaments is
determined. Significant fibre breakage occurred in the carbon- and glass- filaments when the
radius was smaller than ~10 mm due to the relatively low bending fracture strain of these
fibres. In comparison, the aramid fibre filament sustained no fibre breakage, even when
printed at very tight radii, due to its higher flexibility and failure strain. However, the aramid
fibres sustain kinking and micro-buckling damage when 3D printed at a tight angle. It is also
found that internal longitudinal tearing of the polyamide matrix occurs at tight angles. The
fibre and matrix damage caused by printing at tight radii reduced the tensile strength of the
filaments. For example, the tensile strength values of the carbon-, glass- and aramid-
polyamide filaments with a radius under 5 mm were just 31%, 40% and 64%, respectively,
compared to the straight printed filaments. The causes of the damage and the resultant
reduction to the tensile strength of the FDM filaments during curved 3D printing are
identified.
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5.1 Introduction

Traditional manufacturing methods for composites typically use prepregs or fabrics in
which the continuous fibres are aligned in specific directions, such as the 0° and 90°
orientations. Notches and holes often need to be created in these composites by drilling and
cutting because it is not practical to deflect the fibres around where the cut-outs need to be
located. The machining of notches and holes causes local damage to the fibres and thereby
weakens the composite material. Notches and holes also create a geometric stress
concentration which can reduce the failure stress. The automated fibre placement method can
be used to deposit thin strips of prepreg with complex curvatures to avoid or minimise the
need for notches and holes [159, 160]. However, AFP technology is limited by the
dimensions of the fibre tow, compaction roller and placement head. Attempting to fabricate
composites with a tight bend radius can cause fibres to wrinkle, twist and peel, thereby

damaging the material [161].

It is possible to introduce curvature into continuous fibre composites by bending
filaments using 3D printing through the FDM process. Studies have proven that by bending
the filaments during printing it is possible to control the internal stress distribution [28, 56, 59,
130] or fabricate three-dimensional core shapes [23, 99, 100]. However, errors in the printing
path can occur during printing curved sections of filament, as shown for example in Figure
5-1a. Also, filament undulation, twisting, peeling from the base, and fibre breakages can
occur, especially when the curvature radius is tight, as shown in Figure 5-1b [29, 101]. These
defects affect the microstructure, quality and properties of 3D printed composite products,
although only a few studies have investigated the effect of curved printing using the FDM
process. Ishii et al. [104] bent a curved FDM filament to fracture and proposed a failure
model for the filament with different curvature radii. The fracture criterion defines the
behaviour of the fibre bundle using bending beam analysis. However, the filament curvature
studied by Ishii and colleagues was created through heat treatment to the filament in the as-
received condition without FDM printing, and damage caused directly by the FDM process
was not investigated. Matsuzaki et al. [102] determined the printability of continuous carbon
fibre-ABS composites with curvature under 20 mm using the FDM process. Fibre bundle
sizes of 1K, 4K and 8K in the ABS matrix filaments were studied. It was found that the
increased bundle size reduced the minimum achievable radius for printing. Matsuzaki and
colleagues also investigated the folding mechanism that occurs in the curved section of the
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filaments and evaluated fibre damage via electrical resistance measurements [105]. The fibre
damage and stress distribution of a FDM printed carbon-polyamide filament with curvature
radii ranging from 2.5 to 20 mm were investigated by Zhang et al. [162] using
microstructural analysis and FE modelling. However, only the elastic properties of the
composite were considered, and therefore no fibre damage could be predicted using FE

analysis.

Fiber breakage

(@) (b)
Figure 5-1 Curved FDM carbon filaments at corner showing microstructural and fibre damage. [29, 32]
The effect of the printing curvature radii on the microstructure and mechanical
properties of 3D printed composites have yet to be fully studied, which is essential to
understand the properties of 3D printed structures with complex geometry containing curved

and bent filaments.

This chapter presents an experimental study into the microstructure and tensile
properties of FDM filaments printed with different curvatures. The study was conducted on
carbon-, glass- and aramid-polyamide filaments printed using the FDM process. Damage to
the continuous fibres and filament structure when printed at different curvatures was
determined. The effect of curvature damage on the tensile strength of the filaments printed
with different radii was also determined. The study identifies the limits to bending of

different filament types during FDM printing of continuous fibre composites.

5.2 Methodology

5.2.1  Filament specimen preparation
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The FDM filaments used in this investigation are carbon-, glass- and aramid-
polyamide filaments supplied by Markforged®. (These are the same filament types studied in
the previous two chapters). The microstructure of the filaments in the as-received and straight
printed conditions have been described in detail in the previous chapters.

In this study, a single FDM filament with a set curvature radius was deposited on the
build platform of the Markforged MarkTwo® printer at the temperature of 254<C and print
rate of 15 mm/s. These are the same conditions used for printing the straight filaments
described in Chapters 3 and 4. The schematic in Figure 5-2 shows the curvature of a single
filament desposited on the printer build platform as well as specimen preparation for tensile
testing. The printing path was a 90 mm =90 mm four-sided frame with round corners having
a defined, constant radius. The three filament types were printed with radii of 1 mm, 3 mm, 5
mm, 8 mm, 10 mm and 30 mm. The filament was printed in a concentric pattern following

the frame outline, as shown in Figure 5-2, with the blue line indicating the path.

filament

F|bre
i ‘ Cardboard tabs
Oven heating

Figure 5-2 Schematic of curved filament sample which is straigthened for tension testing. R is the specimen

radius before straigthening, x is the set printing radius of 1. mm, 3 mm, 5 mm, 8 mm, 10 mm or 30 mm.

The curved sections were cut at the points marked A and A’ in Figure 5-2, which are
the middle points of the adjacent edges. The ends of the curved filament were then bonded to
20 mm %20 mm cardboard pieces using an adhesive, and these were used as tabs for tensile
testing. The filament specimens were heated in an oven at ~220<C for 10 seconds to soften
the polyamide matrix in order to straighten the curved section to enable axial tensile testing,
which is not possible when curved. The specimen was hung up on one side with a three-gram
weight on another side. (The heat treatment was also performed on the straight printed
filament specimens). The tensile properties of the Stage 4 filaments (in the straight condition)
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with/without heat performed in an oven was compared, and the results showed no statistical
difference. Therefore, the heating treatment had no effect on the tensile properties of the
filament specimens when straightened. Additionally, the weight applied to the specimens to
straighten the filaments was very low, which is unlikely to cause additional damage to fibres
within the filament; all damage was caused during the original printing process and no further

damage by straightening.
5.2.2  Experimental methods

Tensile tests were performed on the curved and then straightened FDM filaments with a
gauge length of 50 mm at an extension rate of 0.5 mm/min until failure using a 10 kN load
capacity Instron machine (CSS 88010, China). The cross-sectional area of each filament was
determined at the fracture surface following tensile testing using optical microscopy images
processed with ImageJ software. This was necessary because of variations in the cross-
sectional area of the filaments after 3D printing (as described later). A minimum of ten FDM
filaments for each radius value were tested under identical conditions to determine the

average and scatter to the tensile stiffness and strength.

The microstructure of the filaments was examined using optical microscopy and
scanning electron microscopy (SEM). Optical microscopy was performed using an
OLYMPUS GX41 microscope. SEM was performed using a TM4000PLUS (HITACHI). The
SEM inspection parameters were 61 pA and 15 kV for emission current and accelerating
voltage, respectively. The SEM working distance was 12 mm. Before SEM examination, the
filament sample was coated with a thin film of iridium to avoid electron beam charging
effects. The inside (Rinner) and outside (Router) radius values of the curved filaments were
measured from SEM images. The mean value was the print radius at the mid-plane line of the
filament, and was used for evaluating the printing accuracy.

Polymer burn-off tests were conducted on the curved FDM filaments to expose the
fibres and thereby observe any fibre breakages. The curved section of the filament was cut
and then held on a 25 mm = 25 mm aluminium sheet. Clips were used to maintain the
filament curvature during the burn-off process. Carbon- and glass-polyamide filaments were
heated at 500<C in a vacuum furnace for 5 hours to remove the polyamide matrix, while the

temperature was lowered to 400<C for the aramid-polyamide filament due to the relatively
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low degradation temperature of the aramid fibres. Although the aramid fibres appeared brown

due to partial degradation, this had no influence on the fibre shape integrity.

5.3 Results and Discussion

53.1 Microstructure of filaments with different curvature radii

Table 5-1 presents the radius values set for the MarkForged FDM printer and the
actual mean radius values measured using SEM analysis. The percentage difference between
the machine set and actual values depends on the filament type, and increases in the order:
aramid, glass, carbon. The inaccuracy of the printing path is likely due to the different path
lengths of a printed strip at the inner and outer edges (which is described below) and the
mismatch in the diameters of the printer nozzle (~1 mm) and the filament (~0.38 mm).

Table 5-1 Measured curvature radii following the equation of R,cqsure = Mfor the three filament

types compared to the radii set for the FDM machine.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide
(mm) (mm) (mm)
1 mm 0.56 +0.16 1.08 +0.12 1.41 +0.07
3 mm 1.22 £0.27 2.03 £0.27 241 +0.34
5 mm 3.25+0.88 3.75 x0.74 4.13 +0.95
8 mm 6.73 £1.04 6.75 £0.04 7.33 £0.72
10 mm 8.61 +£0.55 9.11+041 9.25 +0.67
30 mm 21.83+1.73 27.77 £0.69 28.32 £0.72

Figure 5-3 compares the microstructure of the three filament types for the different
radius values. The SEM images show that when the radius increases then the folding angle,
which is the angle between the inner and folded outer edge at the folding point, decreases.
The measured values of the folding angle for three filament types are summarised in Table

5-2. With the tightest radius of ~1 mm, a noticeable folding over of the filament occurs for
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three fibre types accompanied by a complete switch of the inner and outer filament edges. A

schematic of filament folding is shown in Figure 5-4.

Table 5-2 Measured folding angles of the three filament types for the different set radii.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide

(mm) (mm) (mm)

1 mm 80 %5 25 +*5 23 *3

3mm 50 7 19 +4 19 +3

5 mm 21 3 16 +3 11 +2

8 mm 10 +4 10 2 /

10 mm / / /

30 mm / / /
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Figure 5-3 FDM filaments with the printer set radius of R = 1, 3, 5, 8, 10, 30 mm from (a) to (f) for three fibre
types. The value in parenthes is the actual (measured) radius. Images with red border on the bottom of (a) are
the closer inspection showing the damage in the matrix phase.
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Figure 5-4 Schematic of filament folding during curved 3D printing.

The carbon-polyamide filament, in which the fibres are much stiffer than the glass and
aramid fibres, results in more fibre waviness and breakage near the inner side due to the
compressive strain created from the bending during curved printing. Additionally, when the
composite filament bent through a tight radius, some carbon fibres on the inside of the
filament pulled away from the main filament, with longitudinal tearing of the polyamide
matrix appearing between some of the carbon fibres, as shown in the closer inspection of
Figure 5-3a. This is caused by the through-thickness stress generated in the filament during
fibre bending and twisting. Because the carbon fibre is stiffer and does not bend as easily as
glass and aramid fibres (the Young’s modulus of the three fibre filaments are given in
Chapter 4), it will pull away when the bend radius is tight, which can generate the through-
thickness stress leading to the tearing within the matrix. This matrix tearing damage will be
retained within the 3D printed laminate as localised voids in the matrix, increasing the
porosity level. Also, the fibre architechture of the structure will not necessarily follow the
bend with some of the fibres pulled away in the curved section, compromising the
dimensional accuracy of the 3D printing process for curved sections. Furthermore, the folding
process reduces the average width of the printed filament at the curved section (Table 5-3),
leading to the gaps inside the printed filaments [32], which act as a potential local weakness.
For the machine bend radius of 10 mm, the folding back of the printed filament does not
occur although the fibres are still twisted at the curved section. For the machine radius of 30
mm, the local fibre alignment is very close to that of a straight printed filament, and the
filament width is roughly consistent along the printed section.
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Table 5-3 Percentage of the filament widths at the bend radius point compared to the straight filament section

for the different printer radius values.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide
1 mm 55% 73% 60%
3 mm 68% 83% T71%
5 mm 70% 85% 78%
8 mm 87% 90% 84%
10 mm 91% 96% 94%
30 mm 94% 99% 99%

Filament twisting and folding was caused by the movement limitation set to the
printer nozzle of the FDM machine, with which only translation and no rotation is allowed.
This forces the inner and outer sides of the filament to inverse or flip in order to form a
curved section with a tight radius. For this reason, folding was more severe with the smaller
print radius. The folding was the most severe for the carbon filament, due to the higher
stiffness of the fibres, and was the least severe for the aramid filament due to the higher

flexibility of these fibres which are printed at the glass transition softening temperature.

The cylindrical-shaped filament is flattened into a thin sheet by the printer during
deposition on the build platform. During the curved printing process, the difference in the
path lengths between the inside and outside of the filament induces an uneven stress field at
the cross-section. When the turning section becomes sharp, in other words, the printing
curvature radius becomes tight, the tensile force at the outer edge of a filament increases
beyond the adhesion force to the build platform and this generates a torque peeling the

filament from the build platform and twisting it.
5.3.2  Fibre damage within printed FDM filaments with various curvature radii

Fibre damage to the FDM filaments during curved printing was investigated by
burning off the polyamide resin to expose the fibres. SEM images presented in Figure 5-5 to
Figure 5-7 show the fibres for the three types of filament for different bend radii. Fibre

breakage was the most extensive in the carbon-polyamide filament, with many broken fibres
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near the outer edge of the curved section when the radius was under 10 mm. Crushed carbon
fibres occurred near the inner edge of the folded segment to the filament for the tightest
radius values of 1 mm and 3 mm. Fibre breakages also occurred at the outside edge of the
glass-polyamide filament with radius of 1 mm, 3 mm and 5 mm. In contrast, no fibre
breakage was detected in the aramid-polyamide filament, even at the tightest curvature of 1
mm. However, the aramid fibres sustained local buckling/kinking at the folded region for the

radius of 1 mm and 3 mm.

()

TM4000 15kV 12.4mm x20 BSE M 2.00mm J TM4000 15kV 12.3mm x20 BSE M 2.00mm

(c) (d)

TM4000 15kV 12.6mm x20 BSE M 2.00mm TM4000 15kV 13.7mm x20 BSE M 2.00mm

(€) ®

TM4000 15kV 13.2mm x20 BSE M 2.00mm TM4000 15kV 12.7mm x20 BSE M 2.00mm
102




Figure 5-5 Curved carbon fibre filament (a-f) with FDM machine set R values = 1, 3, 5, 8, 10, 30 mm after
polymer burn-off. (g-i) are magnified images of R = 3, 8, 30 mm. The circles indicate where fibres are broken.
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Figure 5-6 Curved glass fibre filament (a-f) with FDM machine set R values = 1, 3, 5, 8, 10, 30 mm after
polymer burn-off. (g-i) are magnified images of R = 3, 8, 30 mm. The circles indicate where fibres are broken.
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Figure 5-7 Curved aramid fibre filament (a-f) with FDM machine set R values = 1, 3, 5, 8, 10, 30 mm after
polymer burn-off. (g-i) are magnified images of R = 3, 8, 30 mm. The circles indicate where fibres are twisting

and buckling.

When the filaments were formed into a curved shape during the 3D printing process,
the material was still hot although it cooled rapidly on the build platform. In the hot, soften
condition, the polyamide matrix to the filaments cannot effectively transfer the bending stress
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between fibres. Furthermore, every single fibre within the soften matrix can effectively bend
independently when following the curved printing path, with tensile and compressive stresses
generated within the fibres located at the outer and inner edges of the filament, respectively.
The rapid cooling of the filament on the build platform effectively locks-in residual stresses
caused by bending and (at tight radius when folding occurs) by twisting [163]. The axial
elastic compressive and tension strains in a single fibre in a printed curved filament can be

approximated using elastic beam theory:

1

~dfibre
€c L= s T = €Lcyy 1)
maxfibre Rinner"'zdfibre fibre
1
~dfibre
— 2
€tmax_fibre — 2 ELtfibre (2)

1
Routert5@ribre

where dg;pre is the fibre diameter, Ripper and Royeer are the inner and outer radii of the
filament, and €,¢ fipre aNd €, ripre are the compressive and tensile failure strains of the fibre.
In the case of 3D printing using the FDM process, the maximum compressive strain
€c,arfibre 1S generated at the inside edge of the curved filament whereas the maximum
tensile strain €, ripre IS at the outside edge. Table 5-4 gives the calculated bending strain
values at the inside and outside edges of the three filament types with different curvature
values. Taking carbon fibre, whose failure strain is the lowest of the three fibre types, as an
example, d¢ipre = 0.007 mm, ELCfibre:O'S% and €Lt ripye = 1-0% [164, 165] in equation (1)
and (2), then the fracture radius values are calculated to be Ripper, . = 0.70 mm and
Router,,;, = 0.23 mm, which means that any printed radius size below these values will cause

fibre fracture. The limit sizes are much lower for glass and aramid fibres because they have
higher failure strains and larger fibre diameters (Table 5-5). However, carbon fibre breakage
was observed experimentally for radius values up to 10 mm, which is much higher than the
calculated critical radius. This is because the fibre twisting and folding are not considered in
the calculation using elastic beam theory. The intense geometric deformation increases the
strain on the fibres at the curved section and thereby raises the critical radius value to cause
fibre fracture. For instance, for the carbon-polyamide filament with the set radius of 1 mm,
the measured actual radius of some fibre paths in the folded region are as small as ~0.1 mm,
which is lower than the calculated critical values to cause fibre breakage. The results agree

with the microstructural features observed using SEM.
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Table 5-4 Measured bending strains at the inner and outer surfaces of the three filament types for the different

FDM radius values.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide

inside Outside inside Outside inside Outside
1 mm 1.05% 0.51% 0.62% 0.31% 0.87% 0.28%
3 mm 0.52% 0.20% 0.24% 0.17% 0.27% 0.23%
5 mm 0.14% 0.09% 0.14% 0.10% 0.18% 0.12%
8 mm 0.09% 0.04% 0.08% 0.07% 0.10% 0.09%
10 mm 0.05% 0.04% 0.05% 0.05% 0.06% 0.06%
30 mm 0.02% 0.02% 0.02% 0.02% 0.02% 0.02%

Table 5-5 Critical radius of the three filament types for the different measured curvatures. The values in

parenthesis are the fibre failure strains from the literature [164, 165].

Critical radius Carbon-Polyamide Glass-Polyamide Aramid-Polyamide
(mm) (mm) (mm)
Compressive to fracture 0.70 (0.5%) 0.40 (1.1%) 0.39 (1.5%)
Tensile to fracture 0.23 (1.5%) 0.11 (3.8%) 0.22 (2.7%)

5.3.3  Tensile strength of curved fibre-polymer filaments

Figure 5-8 presents the tensile force-displacement curves of the carbon-, glass- and
aramid-polyamide filaments with curvature radii of 1 mm, 5 mm, 10 mm and 30 mm. The
curve of the straight filaments are also shown. All the curves are linear elastic to tensile
failure, which always occurred at the curved section due to weakening and fracture of the
fibres caused by the curved printing process. The curves show that the stiffness and failure
stress of the three filament types is dependent on their initial curvature. It is worth noting that
the force-displacement slopes presented here can only show a qualitative relation between the

curvature radius value and filament tensile properties. This is because the specimens with
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different printing radii in this study had different curved section lengths, which significantly
influence the recorded values of displacement and thereby the stiffness. Figure 5-9 shows the
tensile properties of the carbon-, glass- and aramid-polyamide filaments in the straight and
curved conditions after 3D printing. Table 5-6 and Table 5-7 gives the percentage reductions

to the filament stiffness and strength due to curvature relative to the straight filament.
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Figure 5-8 Tensile force-displacement curves of the (a) carbon, (b) glass and (c) aramid filaments with print
radius of 1 mm, 5 mm, 10 mm and 30 mm and straight.
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Figure 5-9 Effect of FDM machine print radius on the tensile (a) stiffness and (b) strength of the filaments.

Table 5-6 Percentage reduction to the filament stiffness due to curvature relative to the straight filament.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide
1 mm 13% 14% 9%
3mm 16% 19% 21%
5 mm 26% 24% 26%
8 mm 30% 27% 19%
10 mm 31% 27% 11%
30 mm 34% 19% 6%
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Table 5-7 Percentage reduction to the filament strength due to curvature relative to the straight filament.

Set radius value Carbon-Polyamide Glass-Polyamide Aramid-Polyamide
1 mm 71% 60% 37%
3 mm 70% 59% 36%
5 mm 68% 54% 34%
8 mm 63% 45% 24%
10 mm 60% 43% 22%
30 mm 39% 18% 12%

The tensile stiffness of the curved filaments were lower than that of the straight
filament for the three fibres. The result of the curved carbon-polyamide filament decreased
with increasing the curvature radius. The tensile stiffness highly depends on the length of the
specimen going through extension during loading. For the 3D printed filament with curvature,
the weakening and geometric deformation can raise the stress concentration at the curved
section, restricting the extension of the material to a region much shorter than the overall
length. The tighter the printing radius is, the shorter the curved section is. Therefore, although
the fibre fracture at the curved section is more severe for the carbon fibre filament with a
tight curvature radius, as shown in Figure 5-5, the extension of the filament can be the
crucial factor leading to higher tensile stiffness than filaments with lower curvature. A similar
trend was found for the glass-polyamide filament with a curvature radius lower than 10 mm,
as well as for the aramid-polyamide filament with a curvature radius lower than 8 mm. The
increased stiffness of the glass and aramid fibre filaments printed with a loose curvature
radius can be attributed to the increased load-bearing capacity benefiting from less sensitivity
of the flexible fibre to the twisting.

The tensile strength of the curved filaments are relatively low and constant when the
radius size is below ~5 mm. When the radius was below 5 mm, the average filament strengths
were only 30%, 41% and 64% compared to the straight printed filament for the carbon-,
glass- and aramid-polyamide, respectively. The strengths of the filaments increased with the
radius above ~5 mm, although the rate of increase was dependent on the fibre type. For
example, the tensile strength of the carbon-, glass- and aramid-polyamide filaments with the
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radius of 30 mm was 61%, 82% and 88%, respectively, of that of their straight filament. Two
factors are responsible for the reduction in the measured tensile strength: fibre breakage and
fibre twisting. As reported above, the amount of fibre breakage and twisting decreased with
increasing radius and therefore the filament strength was reduced less.

5.4 Conclusions

The study presented in this chapter reveals that the FDM process to 3D print curved
filaments using a Markforged® printer can cause significant deformation and damage,
particularly at small radius values. Microstructural analysis of curved filaments printed at
various radii reveals that folding and twisting occurs at tight curvatures. The folding angle
decreases with increasing print radius for the three filament types. When the print radius
exceeds ~10 mm, the folding process does not occur and instead fibre twisting occurs within
the curved section of the filament. Additionally, the radii of some fibre printing paths at the
folded region are lower than the calculated limit value to fracture in the case of a small set
radius (1 mm and 3 mm), causing carbon fibre breakage.

The fibre damage and twisting in the curved section reduces the tensile stiffness and
strength of the printed FDM filaments. Longitudinal tearing of the polyamide matrix at tight
curvatures may contribute to the reduced strength. The fibre twisting occurred in a curved
geometry induces considerable shear stress to the fibre under longitudinal tensile load,
leading to a premature failure of the filaments for all three fibre types. The tensile strength
values of the carbon-, glass- and aramid-polyamide filament increases with the print radius.
With a radius lower than 5 mm, the residual strength values obtained here are only 30%, 41%
and 64% for the carbon, glass and aramid filaments, respectively, compared to the straight
printed filament, revealing that a complex geometry with a tight curvature radius should

always be avoided in 3D printed load-bearing composite components.

It is worth noting that the printing speed and temperature were not varied in this study
because they are fixed for the MarkForged printer used. While the speed and temperature
may affect the folding and twisting of the filament, these were not studied. These process
parameters could influence the amount of filament twisting and, in particular, the filament
folding as well as the curvature radius value when these occur. It is also possible that the
critical radius value at which twisting and folding occurs is dependent on the fibre content of

the filament. Increasing the fibre content, and therefore the stiffness, of the filament is likely
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to increase the critical radius value, however this was not explored due to the fibre content of
the filaments used in this study being fixed. The effect of printing parameters and fibre
content on the curvature of 3D printed filaments, including the amounts of twisting and fibre
damage, is a topic worthy of investigation
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CHAPTER 6: EFFECT OF 3D PRINTING DAMAGE ON THE
TENSILE PROPERTIES OF FDM CONTINUOUS FIBRE-
POLYMER COMPOSITES

Abstract

The damage caused to continuous carbon, glass and aramid fibres in the 3D printing
process using an FDM printer was investigated in Chapters 3 and 4. The research revealed
that the amount and types of fibre damage caused by the FDM process and the resultant
reduction to the tensile properties of the FDM filament are dependent on the fibre type. This
chapter presents an experimental study to determine the tensile properties and damage
mechanisms of 3D printed unidirectional composites containing multiple filaments made
using the FDM process. Investigations were conducted on carbon-, glass- and aramid-
polyamide composites made by the layer-by-layer deposition of filaments using a
MarkForged® printer. The microstructural and tensile properties of the three types of 3D
printed composite are investigated. For comparison, hot moulded unidirectional composites
fabricated using the FDM filaments, but without being subjected to the FDM printing process,
were also investigated. The hot moulded composites had the same fibre type and similar fibre
content and fibre orientation and the same polyimide matrix as the FDM printed composites.
This comparison enables the effect of 3D printing-induced microstructural defects on the
tensile properties of FDM composites to be quantified. The microstructure of the 3D printed
composites contained a higher void content as well as more micro-cracks and broken fibres
than the hot moulded composites with the same composition. As a result, the tensile modulus
and failure stress properties of the carbon-, glass- and aramid-polyimide composites produced
using the FDM process were lower than the composites made using hot moulding. The tensile

failure mechanism of the composites was also altered by 3D printing.
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6.1. Introduction

The layer-by-layer filament deposition process of additive manufacturing makes it
possible to fabricate continuous fibre composite parts with intricate geometries, which would
be challenging or impossible using conventional manufacturing techniques such as manual
layup, pultrusion, hot compression moulding and resin transfer moulding. However, the 3D
printing process can affect part quality, including creating large voids, high void content,
uneven fibre distribution, and poor bonding of the filaments [14, 16, 23, 28, 29, 32], as
reported in Chapter 2. Several studies have characterised the mechanical properties of FDM
printed composites under various load conditions, and attributed the lower-than-expected
properties to voids and imperfect filament fusion. As reported in Chapter 2, factors such as
poor compatibility between the polymer matrix and fibres and the lack of high pressure
during filament deposition are responsible for the high porosity of composites made using the
FDM process. Many efforts have been made to reduce the void content by fibre surface
modification [21, 166] or post-processing of the 3D printed composite using heat treatment
[167] or compression forming [91]. Several studies [28, 29, 32, 99] have reported fibre
fracture and pull-out as the most critical failure processes in 3D printed continuous fibre
composites under tensile loading. However, the tensile failure mechanisms related to printing
process-induced defects and consequently the tensile properties are still not fully understood.
Such an understanding is essential to maximise the microstructural quality and mechanical

properties of 3D printed composites fabricated using the FDM process.

This chapter presents an experimental study to investigate the microstructure and
tensile properties of 3D printed unidirectional composites made by the layer-by-layer
deposition of carbon-, glass- or aramid-polyamide filaments using the FDM process.
Composites containing the filaments were also made by hot moulding to avoid damage
caused by the FDM process, and their properties are compared to the 3D printed composites.
The filament types and processing temperature used for hot moulding the composites were
consistent with FDM manufacturing, and their fibre content was similar to the 3D printed
composites. Using microstructural analysis techniques, the study identifies process-induced
defects during the 3D printing of continuous fibre composites using the FDM process. The
tensile modulus, strength and failure mode of the 3D printed composites are determined, and
compared to the composites made by hot moulding. Acoustic emission (AE) is used to
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monitor fracture initiation and progression as well as to identify the damage types during

tensile testing of the 3D printed and hot moulded composites.

6.2 Materials and Experimental Methodology

6.2.1 Materials and specimen conditions

The composite materials were fabricated using the same FDM filaments studied in the
previous chapter, i.e. unidirectional carbon-, glass- and aramid-polyamide filaments supplied
by Markforged®. The physical and microstructural properties of these filaments were
described in detail in Chapters 3 and 4. The individual 3D printed filament consisting of
fibrous tow in polyamide matrix represents the 'basic building block' of the 3D printed
composites using the filament-by-filament, layer-by-layer deposition process illustrated in
Figure 3-2. Unidirectional [0 carbon-, glass- and aramid-polyimide composites fabricated
using the 3D printing and hot moulding methods were used to compare the microstructures,
mechanical properties and tensile fracture modes. The two manufacturing processes are
described below in the next two sub-sections.

The fibre volume fractions of the 3D printed [016 composites containing carbon-,
glass- or aramid-polyamide was ~29.1%, ~26.5% and ~35.7% and for the hot moulded
composites was ~30.6%, ~30.7% and ~38.6%, respectively. The slightly higher fibre volume
contents to the hot moulded composites were caused by the higher consolidation pressure
applied during the composite manufacturing, which decreased the void content and thereby
increased the fibre volume fraction. However, the fibre contents of the hot moulded
composites were still lower than the Stage 1 filaments (as-received condition) with 34%, 32%
and 41% for carbon, glass and aramid FDM filament, respectively, as presented in Chapter 3
and 4. The void contents of the different composites are discussed later in the chapter. It is
worth noting that the difference in fibre content (under ~4%) is within the range of scatter in

the measured tensile properties of the composite materials, as reported later.

The fibre contents of the carbon- and glass-polyamide composites fabricated using
the 3D printing and hot moulding methods were determined in accordance to ASTM D3171-
15 [168]. Burn-off test was performed in a vacuum furnace to remove the polymer matrix.
The materials were heated at the constant rate of 5C/min to 500C and kept at the
temperature for 8 hours. The mass of the material before and after the burn-off test were

measured using a gas pycnometer (Ultrapyc 3000) to within an accuracy of 0.1 mg. The fibre
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contents of the aramid-polyamide composites were measured by phase-contrast imaging
(ImageJ). As mentioned in Chapter 4, the pyrolysis method was not employed to measure
the aramid fibre content because of the temperature used is close to the degradation

temperature of aramid.
6.1.1.1. 3D printed composites

3D printing of the unidirectional carbon-, glass- and aramid-polyamide composites
was performed using the Markforged® printer described in Chapter 3. The printer settings
were the same as those used in Chapters 3 and 4 to print the single filaments, with the
extrusion temperature set at 254 <C and the filament deposition rate at 15 mm/s. The filaments
were deposited onto the build platform (which was at room temperature) of the FDM printer
in a unidirectional pattern. The printed single ply thickness was ~125 um for carbon-
polyamide and ~100 um for glass- and aramid-polyamide, as fixed in the FDM printer setting.
The 3D printed unidirectional composite specimens used for tensile testing were designed
according to ASTM D3039 [169]. The specimens contained 16 unidirectional layers of the
fibre-polyamide filaments deposited side-by-side and layer-by-layer, with the external
polymer-rich surfaces and sides [23] removed after printing. The specimen dimensions are
given in Table 6-1. Figure 6-1 shows top-down views of the three types of 3D printed
composite showing the filament-by-filament pattern. The filaments were looped backwards at
the edges to enable a continuous printing process, however these loops were removed from
the tensile specimens. Fibre waviness and elongated voids between adjacent filaments can be

observed at the specimen surface.

N\

' filament turns )
around:at the end ¢

'0°fibre direction |

Figure 6-1 Top-view of 3D printed (a) carbon-, (b) glass- and (c) aramid-polyamide composites. The
longitudinal direction is parallel to the 0<fibre orientation in the unidirectional specimen and the transverse

direction is normal to the 0<fibre orientation.
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Table 6-1. Tensile test specimen dimensions and fibre contents.

Composite Material Dimension Measured fibre volume content

(L xW xT, mm)

3D printed [0916 carbon 200 x<15 <2 29.1%
glass 200 <15 x1.6 26.5%
aramid 200 <15 x1.6 35.7%
hot moulded [0916 carbon 200 %15 %2 30.6%
glass 200 <15 x<1.6 30.7%
aramid 200 <15 x1.6 38.6%

6.1.1.2. Hot moulded composites

Hot moulding of the undirectional composites involved the use of heat and pressure
in processing the FDM feedstock filaments in the as-received (i.e. Stage 1) condition. Figure
6-2 indicates the process stages to the hot moulding method. The as-received filaments were
cut into 220 mm lengths. Then fifteen filaments were arranged side-by-side in a
unidirectional orientation and then fused slightly using hot gun heating to form a rectangular-
shaped sheet (Figure 6-3). Sixteen sheets were then laid up in layers in a [0 ply pattern
inside a steel mould which was pre-heated to 254°C. The internal dimensions of the mould
were 200 mm long, 15 mm wide and 2 mm deep for the carbon-polyamide composite. The
depth of the mould for the glass-polyamide and aramid-polyamide composites was 1.6 mm.
(The mould was thinner for these materials to match the thickness of the 3D printed glass-
polyamide and aramid-polyamide composites). The mould was then bolted close and heated
to 254°C (identical to the FDM print temperature) in an oven for 15 minutes to melt the
polyamide matrix and fuse filaments. The mould was bolt tightened to reach the target
thickness of the composites. The hot moulded composite was held in the mould until cooled
to room temperature to limit the shrinkage and deformation. Excess material was cut-off once

the coupon was fabricated (Figure 6-5).
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Raw FDM filament feedstock; Cut to length 20°C
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Hold in the mould; Air cooling 20°C

Figure 6-2 Flowchart of the hot moulding process stages.

glass

carbon

aramid

Figure 6-3 Unidirectional sheets of carbon-, glass- and aramid-polyamide with filaments arranged side-by-side.
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before moulding

0<fibre direction

Figure 6-5 Top-view of hot moulded (a) carbon-, (b) glass- and (c) aramid-polyamide composites. The
longitudinal direction is parallel to the 0<fibre orientation in the unidirectional specimen and the transverse

direction is normal to the 0<fibre orientation.

6.2.2 Microstructural examination of composites

The microstructures of the 3D printed and hot moulded composites were examined
using X-ray Computed Tomography (CT) and Scanning Electron Microscopy (SEM). The X-
ray CT was performed using a GE Phoenix Vo | tome | xs high resolution system with a

tungsten X-ray tube. The CT inspection parameters were 140 pA and 50 kV for current and
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voltage, respectively. The composite specimens used for the X-ray CT scanning were 10 mm
long x 10 mm wide, and contained 16 filament layers. SEM was performed using a
TMA4000PLUS (Hitachi), with the samples coated with a thin film of iridium prior to
examination to avoid electron beam charging effects. The SEM inspection parameters were
55 pA and 15 kV for emission current and accelerating voltage, respectively, and the working

distance was 16 mm.

The fibre waviness in the composites was measured from X-ray CT images using the
ImageJ (NIH) post-processing software (using the orientationJ plugin), with a minimum of 15

images per sample (6.0 mm long x 4.5 mm high).
6.2.3  Tensile property testing of composites

The 3D printed and hot moulded composites were tensile tested with AE monitoring.
The tensile properties of the composites were measured in the fibre direction [0 using a 50
kN load capacity universal testing machine (Wance TSE504C, China) operated at an
extension rate of 0.5 mm/min until failure. The tensile tests were conducted at room
temperature. The specimens were 200 mm long (with a gauge length of 150 mm), with the
ends reinforced with 25 mm long x 2 mm thick glass—epoxy tabs to avoid damage when
gripped in the tensile machine. The tensile modulus of composites was measured using an
extensometer with a gauge length of 50 mm. At least five specimens of each composite type

were tested to determine the average and scatter to the tensile properties.

The AE system (MISTRAS-2001, China) and a wide-band transducer (R15, China)
with a frequency range of 20-1000 kHz was used to monitor the composites during tensile
testing. The AE signals detected by the transducer were magnified using a preamplifier with a
gain setting of 40 dB and additional amplification of 20 dB using the AE system. A coupling
agent (silicone gel) was used to ensure transmission of acoustic waves from the specimen to
the transducer with minimal attenuation at the interface. The acquisition parameters of the AE
system were set at an amplitude threshold of 50 dB, peak definition time (PDT) of 30 s, hit
definition time (HDT) of 150 s, hit lockout time (HLT) of 300 s, band-pass of 100-1000
kHz and recording rate of 3 M/s. A single transducer with a diameter of 8 mm was held

against the coupon at the mid-point of the gauge section during the tensile test.
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6.3 Results and Discussion

6.3.1 Effects of 3D printing on microstructure of continuous fibre-reinforced

polyamide composites

This section describes and compares the microstructures of the 3D printed and hot
moulded composites. The SEM images presented in Figure 6-6 show the 3D printed
composites in cross-section. The composites show significant material inhomogeneity with
distinct fibre clusters and resin-rich regions. Voids of different sizes also occurred in the 3D
printed composites; Figure 6-7 and Figure 6-8 present histograms of the shape (aspect ratio)
and size of voids obtained from X-ray CT imaging. The porosity contents to the 3D printed
composites were 11.9%, 10.6% and 5.5% for carbon-, glass- and aramid-polyamide,
respectively. The measured porosity contents of the carbon and glass composites are similar
to those reported in [29, 58]. However, there is no previously published information on the
void content of aramid-polyamide composites manufactured using the FDM process. The
higher porosity content for the 3D printed carbon composite can be explained by the larger
number of small voids within the filaments. As shown in Figure 6-6a, small voids (under
tens of microns) and micro-cracks mostly appeared in the carbon fibre clusters, and larger
voids (up to ~500 um wide) occurred in the polymer-rich fusion zones between filaments and
layers. The porosity content of the 3D printed glass composite is mainly due to large-sized
voids between the non-overlapped filaments, which even extended through multiple layers
(maximum void volume of up to 6108 pm®), as shown in Figure 6-6b. In comparison, the
aramid composite contained fewer micro-voids within the filament and the gaps between the
filaments were narrower (maximum void value of up to 5x<10% pm®) than those in the glass
composite. Therefore, the 3D printed aramid composite had the lowest porosity content.
Figure 6-7 presents the shape of voids in the 3D printed composites. The void shape is
represented by the aspect ratio, which was calculated by dividing the void length (measured
in the longitudinal [0] direction) by the void width (measured in the transverse direction). A
void with an aspect ratio above 1 represents a void elongated in the fibre and/or through-
thickness directions. It is shown that void cross-sections for the carbon composite were
mostly in circular or elliptical shape, with an aspect ratio between 0.5-1.5. In comparison, the
3D printed glass and aramid composites contained fewer voids with an aspect ratio no more
than 2 but much more elongated voids with a large aspect ratio (up to ~8 and ~6, respectively,
Figure 6-7b and c).
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Micro-cracks and voids within fibre clusters inside the 3D printed carbon composite
are caused by insufficient impregnation of polymer into the carbon fibre clusters. During 3D
printing, the melted polymer cools rapidly below the T4 and solidifies shortly after the
filament is deposited on the build platform. The slight pressure applied by the nozzle to the
filament is not enough for the melt polymer to completely fill in the fibre clusters, especially
when the fibres are tightly compacted. Cracks may possibly be caused by the rapid cooling
and solidification generating thermal residual stresses due to the mismatch in the coefficient
of thermal expansion between the fibres and polymer matrix. As shown in Figure 6-8, small
voids with the volume of thousands of cubic micrometres most commonly occurred in the 3D
printed composites. However, larger-sized voids (volume over 1x10° um?®) between the
printed adjacent filaments represented the major part of the global void content, which was
around 44% for the carbon, 91% for glass and 75% for aramid. The significant filament non-
overlap in the glass and aramid composites is due to their smaller FDM filament diameters
(0.32 mm and 0.33 mm, respectively) compared to the carbon composite (0.37 mm). When
the as-deposited filament is flattened by the nozzle during 3D printing, an FDM filament with
a smaller diameter will be deformed into a sheet with a smaller width, leading to less overlap
between flattened filaments. Additionally, because the build platform is levelled manually
according to the user guide provided by Markforged®, it is challenging to precisely adjust the
gap opening between the nozzle and build platform to the optimum setting. Any tens of
micrometres variance from the optimum gap opening can significantly affect the flattening
and width of the filament during deposition. As measured from SEM images, the width of a
single glass filament (in the printed condition) in the bottom layer was only ~0.6 mm, while
that of aramid and carbon composites was ~0.7 mm and ~0.8 mm, respectively. The less
overlap between adjacent filaments in the 3D printed glass- and aramid-polyamide
composites compared to 3D printed carbon composites has also been reported in previous
studies [29, 58] using a Markforged® commercial desktop printer. The temperature of the
build platform is another factor affecting the fusion between filaments. Because the build
platform is at room temperature, the material printed on it experiences a very fast cool down

to the solid state, which can cause insufficient fusion between filaments leading to large voids.
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Figure 6-6 Cross-sections of 3D printed (a) carbon-, (b) glass- and (c) aramid-polyamide composites. The
processing-induced defects, including voids and microcracks, are indicated.
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Figure 6-7 Histogram of void aspect ratio for 3D printed (a) carbon-, (b) glass- and (c) aramid-polyamide
composites. The aspect ratio is the void length (L, in the longitudinal direction) divided by void width (W, in the
transverse direction). The high value represents an elongated void/crack. X-ray CT image inserted in the plot is
the cross-section of the analysed region, with the voids colored. (Note: X-CT images are taken by Huanxin
Zhang).
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Figure 6-8 Histograms of void size for 3D printed (a) carbon-, (b) glass- and (c) aramid-polyamide composites.
Large voids with volumes over 100000 um?® are not presented in the plots due to their very low occurrence. The
insert plot shows the volume percentage (void volume divided by total porosity volume) of the small (d under 20

um), intermediate (d between 20 and 100 xm) and large voids (d above 100 um), where ‘d’ is the void diameter
if regard the void as a sphere.
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The cross-sections and void analysis of the hot moulded composites are shown in
Figure 6-9, Figure 6-10 and Figure 6-11. As shown in Figure 6-9, the fibre distribution was
more even than for the 3D printed composites. However, resin-rich areas still occurred due to
the inhomogeneous distribution of the fibre and matrix phases in the FDM filament.
Furthermore, the uniform heat and pressure applied during the hot moulding process aided
better compaction, consolidation and fusion of the filaments, reducing the porosity content to
0.5%, 1.5%, and 0.7% for the carbon, glass and aramid composites, respectively. Microcracks
and voids, which were much fewer in number, were mainly in fibre clusters for the hot
moulded carbon composite while the glass and aramid composites had voids and microcracks

in both the resin-rich regions and at fibre/matrix interfaces.

The average void size in the hot moulded composites was also smaller than the 3D
printed composites. As shown in Figure 6-10, the maximum void aspect ratios of the hot
moulded composites for the three fibre types (no more than 4) were lower than 3D printed
composites. This is because the hot moulded composites do not have the filament non-
overlap issue (thereby no elongated voids in the through-thickness direction). Figure 6-11
presents histograms of the volume percentage of voids with different sizes for the hot
moulded composites. Benefiting from the uniform pressure and longer heating period applied
during the hot moulding process, the probability of the medium- to large-sized voids (volume
over 2x10* pm®) was much lower compared to the 3D printed composites (Figure 6-8) and
the maximum void volumes of the hot moulded carbon, glass and aramid composites were

two orders of magnitude smaller than their 3D printed counterparts.

SEM images in Figure 6-9 show that voids in the resin-rich regions were larger in the
hot moulded glass composite than in the carbon and aramid composites. This agrees with the
results presented in Figure 6-11, which show that the volume percentage of voids over 1108
um® was higher in the hot moulded glass composite (~7%) than in the carbon (~1%) and
aramid (0%) composites. This may be attributed to the lower thermal conductivity of the
glass-polyamide composite which hinders filament fusing, particularly in the centre of the
composite. It is well known that the standard carbon fibre has higher thermal conductivity (of
up to 180 W/mK) that exceeds that of glass (~1 W/mK) and aramid (~3 W/mK) fibres [96,
170-172]. Therefore, heat transfer occurred more effectively through the carbon composite
compared to the glass and aramid composites, resulting in better filament fusion and fewer

voids in the resin-rich area. The smaller void size and lower void content in the aramid
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composite can benefit from the highest fibre volume fraction and higher thermal conductivity

of aramid fibres compared to glass fibre.

Figure 6-9 Cross-sections of the hot moulded (a) carbon-, (b) glass- and (c) aramid-polyamide composites. The

dark regions are voids.
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Figure 6-10 Histograms of void aspect ratio for hot moulded (a) carbon-, (b) glass- and (c) aramid-polyamide composites.
The aspect ratio is the void length (L, in the longitudinal direction) divided by void width (W, in the transverse direction).
The high value represents an elongated void. X-ray CT image inserted in the plot is the cross-section of the analysed region
with the voids coloured. (Note: X-ray CT images were taken by Huanxin Zhang).
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Figure 6-11 Histograms of void size for hot moulded (a) carbon-, (b) glass- and (c) aramid-polyamide
composites. The large-sized voids with volumes over 100000 um?® are not presented in the plots due to their very
low occurrence frequency. The inserted plot shows the volume percentage (void volume divided by total porosity

volume) of the small, medium and large voids, and ‘d’ is the void diameter if regard the void as a sphere.

To investigate the effect of the 3D printing process on fibre alignment in
unidirectional composites, X-ray CT images of the 3D printed and hot moulded composites in
the longitudinal [0] direction were post-processed by ImageJ software to measure the fibre

alignment. Figure 6-12 presents the reconstructed X-ray CT images and the fibre
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misalignment probability distribution for the 3D printed and hot moulded composites.
Because the distributions of the fibre alignment for the three types of composite materials
were similar, only the carbon fibre composite is presented as an example. The X-ray CT
revealed higher local fibre waviness in the 3D printed composites. The alignment of fibres to
the 0° direction is not as close for the 3D printed composite (waviness angles between
approximately +15° and -15°) compared to the hot moulded composite (angles within 10°),
as shown in Figure 6-12c. The fibres in the 3D printed composites are wavier due to the low
tension applied to the filament and insufficient adhesion force from the build platform during
deposition. When the printing device bent and squashed the filament at the nozzle tip, the
fibres spread out in the molten matrix and tended to become wavy without the filament
tension provided by the nozzle. Fibre waviness caused during the FDM process has been
reported in the literature [106, 164, 173]. However, only Galos et al. [164] quantified the
fibre waviness using the fibre deviation angle measured from X-ray CT images. The
deviation angle reported in the paper is smaller (within 35°) than the results in this study.
Additionally, the local waviness of fibres in 3D printed composites can be caused by slight
vibrations of the printer head when moving across the build platform. In contrast, the
filaments used in the hot moulding process are laid-up together and pressed uniformly,
resulting in smaller deviation angles (within #10<. The fibre misalignment in the hot
moulded composite probably results mostly from the local heating using a hot gun and the

manual handling process.
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Figure 6-12 X-ray CT images of the (a) 3D printed and (a) hot moulded carbon composites showing alignment
of fibres. 1 and 2 refer to the longitudinal (0 and transverse (909 directions, respectively. (¢) In-plane fibre
misalignment probability distribution of unidirectional composites made by 3D printing and hot moulding.
Fibre misalignment angles were measured relative to the longitudinal direction of the composite. (Note: X-CT

images taken by Huanxin Zhang).

6.3.2  Effects of 3D printing on tensile properties of continuous fibre-reinforced

polyamide composites

Figure 6-13 presents tensile stress-strain curves measured in the longitudinal
direction for the 3D printed and hot moulded composites. All of the composites showed
linear elastic deformation to tensile failure. This behaviour is similar to that observed for the
single FDM filaments presented in Chapter 3 and 4. The tensile properties of the 3D printed
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composites are presented in Figure 6-14, and compared to the hot moulded composites.
Within the bounds of experimental scatter (as defined by the error bars), the hot moulded
carbon-, glass- and aramid-polyamide composites had modulus values that are 16%, 17% and
41% higher than those of the 3D printed composites, respectively. The hot moulded
composites also had higher tensile strength values of 41%, 67% and 34% compared to the 3D
printed composites with carbon, glass or aramid fibres, respectively. The tensile properties
measured for the 3D printed composites in this study are higher than the values reported in
many studies [23, 26-30, 58, 71, 174]. Figure 6-15 compares the tensile properties measured
for the 3D composites studied here against property values published in the literature, and
generally the modulus and failure stress values are higher. This is because the published
tensile property values are generally for composites with fibre layers sandwiched between or
separated by polyamide layers. In contrast, the composites used in this research consist only
pre-impregnated fibre/polymer FDM filaments, thereby maximising the fibre volume fraction.
Similar tensile properties for a 3D printed carbon-polyamide composite were reported in [91].
However, the tensile strength of the 3D printed composites are still lower than the values
provided by the Markforged® company [165]. Figure 6-15 also compares the tensile
properties of the 3D printed and hot moulded composites obtained in this study to continuous
fibre composites made using conventional processes and aluminium alloy (AA7075). The hot
moulded carbon composite had comparable tensile properties to glass/epoxy and
aramid/epoxy composites made using conventional processes, although with a lower fibre
volume fraction. The carbon composites evaluated in this study also had higher tensile

strength than the aluminium alloy with comparable tensile modulus.
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Figure 6-13 Tensile stress-strain curves of carbon, glass and aramid composites made using the 3D printing

and hot moulding process.
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Figure 6-14 Tensile (a) modulus and (b) strength of carbon-, glass- and aramid-polyamide composites

fabricated using 3D printing and hot moulding. Tensile properties of Stage 4 (S4, ‘building block’ of 3D printed

composites) and Stage 1 filament (S1, ‘building block’ of hot moulded composites) obtained in Chapters 3 and 4

are also presented in the plots as reference.
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Figure 6-15 Comparison of (a) Young's modulus and (b) tensile strength of 3D printed composites using the
FDM process and hot moulding obtained in this study with literature data for 3D printed short fibre composites,
continuous fibre composites, conventionally manufactured composites, and an aluminium alloy [12-30, 74].

The main factors that resulted in the lower tensile modulus of the 3D printed
composites compared to their hot moulded counterparts are the lower fibre volume fraction
and higher void content. Table 6-2 present modulus values predicted from the Stage 1 (in the
printed condition) and Stage 4 filament (in the printed condition), which are the feedstock
material of these composites, using rule-of-mixture calculation. The hot moulded carbon,
glass and aramid composites showed higher tensile modulus values of 34%, 36% and 43%
compared to the 3D printed composite, respectively, considering the fibre and void contents.
Fibre waviness is another factor contributing to the lower modulus of 3D printed composites.
As presented in Figure 6-12, the 3D printed composites had wavier fibres (of 159
compared to the hot moulded composites (angles within 10 thereby resulting in lower
tensile modulus values. However, as can be seen in Figure 6-14, the tensile modulus values
of the composites (both 3D printed and hot moulded) were all close to their feedstock

filaments.
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Table 6-2 Comparison of the measured tensile modulus of 3D printed and hot moulded composites to the values

calculated using rule-of-mixtures.

Composite Method Measured modulus Calculated modulus
(GPa) (GPa)

Carbon 3DP 6316 47
HM 734 63

Glass 3DP 24+ 19
HM 2842 26

Aramid 3DP 2743 24
HM 382 35

The 3D printed composites also had lower tensile strength compared to the hot
moulded materials. Fibre damage, higher fibre waviness and higher porosity are the main
reasons leading to the lower tensile strength of the 3D printed composites. As discussed in
Chapter 3 and 4, fibre damage and breakage (carbon and glass) and fibre crimp (aramid)
caused by the 3D printing process weaken the filaments, which then decreased the tensile
strength of the 3D printed composites. Voids occur in the fibre clusters and fibre/matrix
interface due to insufficient impregnation of polyamide matrix during 3D printing. The voids
adversely affect the load transfer between fibres under tensile loading. Furthermore, voids
with large sizes (up to ~200 pum) in the polymer-rich fusion zones between adjacent filaments
and layers can lead to delamination cracking and longitudinal splitting of the 3D printed
composites under tension, especially in glass- and aramid-polyamide composites which had
lower fusion between filaments caused by the more inter-filament voids. This can be
evidenced by the tensile fracture modes for the 3D printed and hot moulded composite
specimens presented in Figure 6-16. The carbon-polyamide composites manufactured using
the two methods had a similar failure mode, with extensive splitting cracking longitudinal to
and multi-point fractures perpendicular to the tensile loading direction due to fibre breakage.
The glass- and aramid-polyamide composites had different failure modes when fabricated
using the different processes. The 3D printed composites showed extensive longitudinal

splitting which was caused by weak fusion bonding between filaments. Delamination
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cracking also occurred in the 3D printed glass-polyamide composite. In contrast, the hot
moulded composites showed limited longitudinal splitting cracking, and fibre breakage was

the dominant failure mode in both the glass and aramid composites.
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Figure 6-16 Tensile fracture modes of (a) carbon-, (b) glass- and (c) aramid-polyamide composites

manufactured using 3D printing and hot moulding, respectively.

In contrast, the hot moulded composites had a much lower void content due to a
more uniform pressure applied during fabrication and the longer heating time, which aided in
better consolidation and fusion between filaments. However, the tensile strengths of the hot
moulded carbon- and glass-polyamide composites were lower than their feedstock materials

(Stage 1 filament). This can be partly attributed to the fibre waviness. Although the fibre
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misalignment in the hot moulded composites is not as high as the 3D printed composites, the
deviation angle of #10<is still large compared to that of Stage 1 filament, the fibres within
which are almost perfectly straight. The hot moulded composites with a global fibre
misalignment can suffer significant shear stress during tensile loading. This will reduce the
tensile strength of the composites, especially for carbon and glass which are more brittle.
Also, the hot moulded composites still showed material heterogeneity with fibre clusters and

polymer-rich areas due to limited pressure applied for fabrication.

The AE signature properties of the 3D printed and hot moulded composites
measured in the fibre [0 direction were determined under increasing tensile loading to final
failure. Table 4-3 presents the total number of AE event counts recorded for the 3D printed
and hot moulded composites with three fibre types. The 3D printed composites had fewer AE
events, presumably due to a significant number of carbon and glass fibres having been broken
during the FDM process (as described in the previous chapter). The fewer AE event counts
for the 3D printed composites, particularly for glass and aramid, can also be attributed to

filament de-bonding before fibre breakage.

Table 6-3 Total AE count number for the carbon-, glass- and aramid-polyamide composites fabricated using 3D

printing and hot moulding process.

3DP (x10%) HM (x<10%)
Carbon-Polyamide 19.782.1 23.6+.9
Glass-Polyamide 10.0#.3 14.743.8
Aramid-Polyamide 4.94.7 6.840.4

Curves of cumulative AE events and applied tensile stress against tensile strain for
the 3D printed and hot moulded composites are shown in Figure 6-17Figure 4-10. The
initiation of AE events occurred at lower stress values in the 3D printed composites,
presumably due to the higher density of microstructural defects which aid tensile damage
processes. The higher void content to the 3D printed composites is a factor responsible for the
AE events at this stress level. The voids at and between filaments can act as geometric stress
raisers and initiate cracks in the matrix phase at relatively low stress, which will generate AE
signals. For the 3D printed carbon and glass composites, the weakest fibres damaged by the
FDM machine can also fracture at relatively low stress and thereby generate the early AE
events at relatively low stress. Following the initial onset, the AE hits increased nearly
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exponentially with increasing stress to final failure for both the 3D printed and hot moulded

composites.
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Figure 6-17 Curves of AE counts to tensile strain and tensile stress to tensile strain for the 3D printed and hot

moulded (a) carbon-, (b) glass- and (c) aramid-polyamide composites.

Figure 6-18 compares the AE frequency distributions of the 3D printed and hot
moulded composites. The two types of carbon-polyamide composites had similar symmetric
AE frequency distributions over ~200-600 kHz with the medium value at ~370 kHz. The
frequency distributions were consistent with that obtained for the single FDM carbon
filament presented in Chapter 4, representing the frequency range for the breakage of carbon
fibres, which agrees with the frequency results for carbon fibre laminates reported in other
studies [155, 157, 158]. In contrast, the glass- and aramid-polyamide composites showed
different frequency distributions for the two fabrication methods. The 3D printed glass
composites displayed a bimodal frequency distribution with some overlapping at ~350-400
kHz, indicating multiple damage mechanisms had occurred during loading. The frequency
distribution with a relatively low peak value at ~350 kHz is in the range of matrix cracking
obtained from conventional carbon- and glass-polymer composites [175-177]. This frequency
distribution can be generated by the filament de-bonding, longitudinal splitting and
delamination cracking in the 3D printed composite, while the distribution with a high peak
value at ~400 kHz is indicative of glass fibre breakage. The frequency distribution in the hot
moulded glass composites was more concentrated in the range of 350-450 kHz, implying that
the fibre fracture was more dominant in the failure process. A fibre-controlled damage
mechanism had also occurred in the hot moulded aramid composite, with the AE frequency
distributed in the similar range of 350-450 kHz. The aramid-polyamide composite fabricated
by 3D printing presented more AE signals in the relatively low frequency with a peak value
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at ~350 kHz, indicating that the fibre and matrix fracture were two main failure mechanism

under tensile loading.
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Figure 6-18 AE frequency histogram plots of 3D printed and hot moulded (a) carbon-, (b) glass- and (c)

aramid-polyamide composites.
6.4 Conclusions

The microstructures, tensile properties, tensile damage mechanisms and tensile
failure modes of 3D printed continuous carbon-, glass- and aramid-polyamide composites
were experimentally determined. Void contents of 11.9%, 10.6% and 5.5% were measured in
the 3D printed carbon, glass and aramid composites, respectively. The relatively high
porosity was caused by insufficient fusion between the filaments, incomplete impregnation of
the polymer into the fibre bundles during deposition and filament build-up, and insufficient
consolidation pressure applied by the FDM nozzle. In contrast, the higher and more uniform
pressure applied in the hot moulding process as well as the longer heating time decreased the
void size and reduced the porosity level to ~1% for the three types of hot moulded
composites. The 3D printed composites also had greater fibre waviness (within +15< than the
hot moulded composites (within #10 due to the low filament tension and printer head

vibration during printing.

The tensile properties and failure mechanisms of the 3D printed composites were
investigated and compared to the hot moulded composites fabricated with the same material
and similar fibre content. The tensile modulus values of 3D printed composites were 16%, 17%
and 41% lower and the tensile strength values were 41%, 67% and 34% lower than hot
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moulded composites for carbon, glass and aramid composites, respectively. The lower tensile
modulus is mainly caused by the fibre damage, fibre waviness, higher void content and
slightly lower fibre content resulting from the FDM process. FDM process-induced fibre
damage and waviness, as well as voids within and between the filaments, reduced the tensile
strength of 3D printed composite. The voids within the composites can contribute to the
failure process by acting as geometric stress concentration sites for the initiation of damage,
such as matrix cracking. However, the effect of voids on the tensile properties is complex,
being dependent on a multitude of factors including void size, void shape and void location.
These factors vary between 3D printed and hot moulded composites studied here, and
therefore can contribute to the difference between the measured tensile properties. However,
it is not possible to readily ‘separate’ the contributions of FDM-induced voids and FDM-
induced fibre damage on the lower tensile properties of the FDM composites.
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CHAPTER 7: MICROSTRUCTURAL AND MECHANICAL
PROPERTIES OF 3D PRINTED HYBRID COMPOSITES

Abstract

3D printing of continuous fibre composites using the FDM process can be used to fabricate
lightweight structures with complex material combinations and designs such as fibre
hybridisation. However, little is known about the microstructural and mechanical properties
of 3D printed hybrid composites containing two or more types of continuous fibre. This
chapter presents an experimental investigation into the hybridisation effects of carbon layer
ratio and carbon layer distribution on the tensile properties of 3D printed carbon+glass-
polyamide and carbon+aramid-polyamide composites. The composites were printed using the
FDM process with the carbon fibre filaments sandwiched between or separated by filaments
containing glass or aramid fibres, which have higher failure strain. The carbon fibre layer
ratio in the hybrid composites ranged between 11% and 50%, and were compared to
composites containing only carbon fibres or no carbon fibres (i.e. 100% glass or aramid
fibres). It is found that fibre hybridisation increased the failure strain of the composites,
although all the hybrid composites failed by rupture of the carbon layers. The experimentally
measured tensile modulus values of the 3D printed hybrid composites can be predicted using
rule-of-mixtures. The tensile strength was controlled by the glass or aramid fibres and not by
the carbon fibres. The carbon layer distribution in the hybrid carbon+aramid composites had
little influence on the tensile properties. In contrast, for the 3D printed carbon+glass
composites, sandwiching the carbon layers between the glass layers resulted in higher tensile
properties at the relatively low carbon layer ratio of 25%, while the separated conditions

performed better at the high carbon layer ratio of ~50%.
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7.1 Introduction

The high specific mechanical properties, fatigue strength and corrosion resistance
make continuous carbon fibre reinforced polymer composites suitable materials for
lightweight structures such as motor cars and aircraft. It is estimated that the replacement of
steel with carbon fibre composites in structural components can result in 40%-60% weight
reduction [178]. However, the adoption rate for carbon fibre composites remains low
compared to steel and other fibre types (e.g. glass) due to the high cost. Combining carbon
fibres with lower-cost fibres such as glass to create hybrid fibre composites can reduce

material cost without a large loss in some structural and other properties.

It is also well known that brittle carbon fibres can significantly increase the tensile
modulus and strength but compromise the fracture toughness and failure strain of the
composite material. In most cases, more damage-resistant and less brittle materials are ideal
for load-bearing composite structures. Fibre hybridisation by combining continuous carbon
fibres with other fibres having higher failure strain, such as glass and aramid, is a promising
strategy to toughen composite materials and offer a better balance in the mechanical
properties [179-183]. For example, Zhang et al. [184] hybridised woven carbon and glass
fibre layers and obtained improvements of between 10% to 31% to the tensile failure strain of
the hybrid composite by varying the carbon layer content (25% and 50%). Zhang and
colleagues also investigated the effect of fibre layer distribution on the tensile, compressive
and flexural strengths. The research revealed that the tensile strength was insensitive to the
stacking sequence of the carbon and glass layers. However, hybrid composites with glass
layers sandwiched between carbon layers had higher flexural properties, while alternating the
carbon and glass layers provided the highest compressive strength. The impact damage
resistance of composite materials can also be improved by fibre hybridisation. For example,
Sayer et al. [185] and Park et al. [186] found that incorporating glass or aramid fibre layers to
the underside of carbon fibre composites can improve the penetration impact resistance by up
to 30%. Park attributed the improvement to the energy absorption through delamination and
the higher bending failure strain in the aramid layer. In contrast, Jang et al. [187] showed that
placing the fibres with high failure strain on the impact side is more beneficial to the impact

resistance.
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3D printing continuous fibre/polymer composites using the FDM process is
potentially an effective method to fabricate hybrid composites, as the filaments can be
precisely placed in desired paths and locations, and the fibre types can be easily changed
during the printing process. However, few studies have investigated the mechanical
properties of 3D printed continuous fibre reinforced polymer composites [11-14]. Peng et al.
[116, 188] investigated the flexural properties and energy absorption of 3D printed short and
continuous carbon fibre reinforced polyamide composites. That is, this hybrid composite
consisted of different fibre lengths rather than different fibre types. Peng and colleagues
found that the properties are dependent on the printing angle of continuous carbon fibre
filaments. They also showed that separating continuous carbon fibre layers by short carbon
fibre layers can improve the interfacial strength and impede crack propagation. Wang et al.
[124] investigated the effect of fibre layer position on the indentation properties of 3D printed
carbon/aramid composites. They determined that placing aramid fibre layers at the rear side
can achieve the highest indentation force, while positioning carbon fibre layers at the rear
side can lead to the highest energy absorption capability. Huang et al. [73] investigated the
potential of achieving pseudo-ductility through 3D printing hybrid composites with carbon
layers sandwiched between glass layers. The study showed that controlled fragmentation of
the carbon layers induced a pseudo-ductile response, and that this was achieved with thicker

carbon layers (between 100-200 um) compared to the need to use thin-ply carbon plies (29-

84 um) in traditional hybrid laminates.

The investigations presented in Chapters 4 and 6 show that the 3D printed composites
with different fibre types had similar tensile strength values at the filament level, but different
at the coupon level due to different void characteristics. To evaluate the effect of
hybridisation on the microstructures and mechanical properties of the 3D printed composites,
this chapter presents an experimental study into the microstructure and tensile properties of
3D printed hybrid composites containing two types of continuous fibres fabricated using the
FDM process. The study was conducted on continuous carbon+glass- and continuous
carbon+aramid-polyamide hybrid composites. The effects of the carbon layer ratio and
carbon layer distribution on the tensile properties and damage mechanisms to the 3D printed
hybrid composites were determined. The study also evaluates the cost efficiency of the 3D
printed hybrid composites by comparing the normalised tensile properties (by material
densities and filament prices) to those of the composites containing carbon, glass or aramid

fibres only. The hybridisation presented in this study would be much effective if the hybrid
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composites could show property/density values higher than non-hybrid carbon composites
(carbon fibre is strong and the lightest) and property/price values higher than non-hybrid
glass composites (glass fibres is the cheapest).

7.2 Methodology
7.2.1  Hybrid composite design

The materials used for 3D printing the hybrid composites are carbon-, glass- and
aramid-polyamide filaments supplied by Markforged®. The physical and mechanical
properties of these filaments have been described in the previous chapters. In this study,
unidirectional carbon+glass- and carbon+aramid-polyamide hybrid composites were
fabricated using a Markforged® MarkTwo FDM printer. The printing conditions are similar to
those used for the filament and non-hybrid composites described in the earlier chapters. The
printed single layer thickness for the carbon-, glass- and aramid-polyamide are ~125 um,
~100 pum and ~100 pm, respectively, based on the default settings of the FDM printer. The
hybrid composites were fabricated by pausing the printing (~1 min) and changing the fibre
filament type for specific layers. Figure 7-1 shows an example of overprinting layers with

different filament types.

Two types of hybrid specimens were fabricated: (i) carbon fibre/polyamide layers
sandwiched between glass fibre/polyamide or aramid fibre/polyamide layers and (ii) carbon
fibre/polyamide layers separated by glass fibre/polyamide or aramid fibre/polyamide layers.
Figure 7-2 shows schematics of the two specimen conditions. To evaluate the effects of
carbon layer ratio on the tensile properties of the 3D printed hybrid composites, the number
of carbon layers in the two conditions was varied from one to four plies. Table 7-1
summarises the composite types investigated in this study. All of the composites were printed

with a unidirectional orientation to the filaments.
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Table 7-1 Hybrid composite types indicating the carbon layer distribution and carbon layer ratio. G, A and C

indicate glass-, aramid- and carbon-polyamide layers, respectively. The subscript number ‘n’ indicates n

consecutive layers with the same fibre type of carbon, glass or aramid.

Composite Condition

Specimen Thickness (mm)

Carbon Layer Ratio (Carbon layer

number/Total layer number)

[Clis

[Alus

[Clis

[G4/CIG4]

[A4/CIA]

[G4/C2/G3]

[As/Co/A]

[G2/C4lG2]

[A2/CaIA]

[G/CAG/CAIG]

[A/Co/ALICHIA]

[G/CIGICIGICIGICIG]

[A/CIA/CIAICIAICIA]

[G./CIGICIGICIG]

[A2/C/IAICIAICIA;]

[G2/CIG,/CIG]

[A2/CIALICIAZ]

1.6

1.6

0.92

0.85

0.90

0.90

1.00

0.98

0.85

100%

11%

25%

50%

50%

44%

33%

25%
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Figure 7-1 Overprinting aramid-polyamide filaments (yellow) onto a carbon fibre layer (black) using the

MarkTwo® printer.

Figure 7-2 Schematics of 3D printed hybrid composites with the carbon fibre layer in the (a) sandwiched and (b)

dispersed conditions.

7.2.2  Mechanical property characterisation

Tensile tests were performed on the 3D printed unidirectional hybrid composites
under displacement control at the loading rate of 0.5 mm/min using a 10 kN universal
machine (CSS 88010, China). All the specimens were printed with the dimensions of 200 mm
%15 mm with a gauge length of 100 mm. The tensile modulus of the composite specimens
was measured using an extensometer with a gauge length of 50 mm. A minimum of three
samples of each composite type listed in Table 7-1 were tensile tested to failure. Emery paper
was used as an interface between the grips to the loading machine and the sample, as per
ASTM D3039 recommendation [169]. All of the specimens failed in the gauge area,
indicating the validity of the test results in this study.

An acoustic emission (AE) system (MISTRAS-2001, China) having a wide-band
transducer (R15, China) with a frequency range of 20-1000 kHz was used to monitor the
initiation and accumulation of damage in the composite specimens under increasing tensile
loading to failure. The single transducer was mounted in the middle of the specimen. The
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parameter settings are the same as those used for the non-hybrid composites, and are given in
Chapter 6.

The tensile properties of the 3D printed hybrid composites were normalised by the
densities and prices of the feedstock filament materials to evaluate the efficiency of hybrid
3D printing using the FDM process. The physical properties and cost of the filament

materials are presented in Table 7-2.

Table 7-2 Density and cost of the feedstock material from the Markforged datasheet [165]. The price was taken

in January 2022.
Material Density (g/cm?) Price (US$/cm?)
Carbon-polyamide filament 1.4 3
Glass-polyamide filament 1.5 1.6
Aramid-polyamide filament 1.2 2

7.2.3  Microstructural analysis of filaments and composites

The microstructures of the hybrid composites were examined using scanning electron
microscopy (SEM). A TM4000PLUS (HITACHI) microscope was operated at the
accelerating voltage of 15 kV and emission current of 75 pA. The SEM working distance was
5.6 mm. The SEM samples were coated with a thin film of iridium before the examination to

minimise electron beam charging effects.

7.3 Results and Discussion

7.3.1  Microstructure characterisation of 3D printed hybrid composites

In this section the effect of 3D printing on the microstructures of the hybrid
carbon+glass-polyamide and carbon+aramid polyamide composites are discussed. Cross-
sections of the 3D printed hybrid composites with different specimen types are shown in
Figure 7-3 and Figure 7-4. The ply at the bottom border of the image is the bottom layer
printed directly on the build platform to the FDM machine. Regardless of the composition of
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the hybrid composite they contained voids, which are also present in the non-hybrid materials
as described in Chapter 6. VVoids up to ~50 um occurred in the resin-rich regions within the
carbon filaments forming the carbon layers to the hybrid composites. In contrast, elongated
voids occurred between adjacent filaments in the glass and aramid layers, and this was due to
incomplete filament overlapping during the 3D printing of these filament types. These
microstructural defects are similar to those in the 3D printed non-hybrid continuous fibre
composites, as described in the previous chapter. Similar microstructural features are also
reported in [58]. Additionally, voids that were hundreds of microns wide occurred in the
bottom glass and aramid plies caused by insufficient fusion between filaments. Because the
build platform was at room temperature, the filaments cooled and solifidied rapidly which

hindered the spread and fusion of the polymer matrix phase.

When a carbon ply was sandwiched between thicker glass layers, elongated voids
always occurred along the glass filament interfaces throughout the thickness, although voids
were larger in the bottom layers closest to the build platform, as shown in Figure 7-3a. When
the carbon core in the hybrid composite was relatively thick, then the porosity content
decreased in the carbon layer. For example, the measured void content of the 4-ply carbon
core was ~1%, which is lower than that of the 1-ply carbon core of ~6%. During 3D printing,
the newly deposited filament material, which is at high temperature, can reheat the
underlying plies leading to better fusion and improved bonding between filaments. Because
the thermal conductivity of the carbon fibre filament is much higher than that of glass fibre
filament, the 3D printing of carbon layers has higher heat transfer thereby reducing the void
content in the carbon layers and at the carbon/glass interfaces, as shown in Figure 7-3b.
Another factor benefitting polymer fusion in the carbon fibre layers is the amorphous nylon
used in the material, which requires less heat for movement of the polymer molecules
compared to semi-crystalline nylon used in glass and aramid composites [143]. Also, as
shown in Figure 7-4, specimens with alternatively placed carbon and aramid layers had
higher void content (of ~3%) compared to the specimen types with carbon layers sandwiched
as the core (~1%).

In the hybrid composite specimens having the carbon layer separated by glass layers,
both the void size and void content decreased from the build platform to the top surface as the
plies were 3D printed layer-by-layer. This was due to the build-up of heat within the hybrid

composites as the layers were printed, resulting in better fusion between filaments.
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Additionally, as shown in Figure 7-3d, 3D printing the carbon layer directly onto the glass
layer can infill the voids between the glass filaments. However, large voids between adjacent
filaments caused by insufficient filament overlap, especially in the layers close to the build
platform, remained (Figure 7-3c).

Micro-cracks always occurred at the carbon/glass interfaces to the hybrid composites.
This might be attributed to pausing the 3D printing process in order to change the filament
type (which took ~1 minute), which allowed cooling of the material that hindered interfacial
fusion of dissimilar layers. The 3D printed carbon+aramid hybrid composites had similar
microstructural feastures to the carbon+glass composites.
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Figure 7-3 Cross-sections of 3D printed carbon-+glass-polyamide composites with specimen types of [G4/C/G4],
[G2/C4IG2], [G2/CIG,/CIG,], and [G/C/G/CIG/CIG/CI/G] showing the microstructures of the glass and carbon
layers in different stackings.
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Figure 7-4 Cross-sections of 3D printed carbon+aramid-polyamide composites for specimen types of [A4+/C/A4],
[A2/CIALICIAL], [A2/C4lA2] and [A/C/AICIA/C/IAICIA] showing the microstructures of aramid and carbon layers
in different stackings.

7.3.2  Tensile properties of carbon-, glass- and aramid-polyamide composites
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Tensile stress-strain curves for the 3D printed non-hybrid and hybrid composites are
shown in Figure 7-5. In both the carbon+glass- polyamide and carbon+aramid-polyamide
composites, tensile rupture of the carbon filaments coincided with final failure of hybrid
composites and no further load-carrying by the glass or aramid fibre layers occurred despite
their higher failure strain. The results show that the carbon fibre hybridisation improved the
tensile modulus of the 3D printed hybrid composites compared to the non-hybrid glass or
aramid composites.The failure strain of the hybrid composites, representing the tensile failure
strain of the continuous carbon fibre reinforced composites, also increased in most cases to
different levels besides [G/C2/G2/Co/G], [A/C2/A2/C2/A] and [A2/CalAz].

It is also worth noting that the stress-strain curves for the different hybrid composites
were linearly elastic to final failure, with no ductility. As mentioned, Huang et al. [73] found
tensile pseudo-ductility by hybrising carbon and glass filaments within 3D printed
composites. The psedo-ductile strain response was activated via controlled tensile
fragmentation of the carbon layers when sandwiched between glass layers. However, such a
pseudo-ductile effect was not generated in any of the hybrid composites studied here because
of the sudden failure of the carbon layers. Inducing a psedo-ductile response depends on
many factors, including the carbon layer thickness, bonding between the filaments, and

microstructural defects which influence the initiation and progression of the tensile damage.
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Figure 7-5 Tensile stress-strain curves of 3D printed non-hybrid and hybrid composites.

Figure 7-6 and Figure 7-7 present the tensile modulus and failure stress values of 3D
printed carbon+glass-polyamide and carbon+aramid-polyamide composites as a function of
carbon content. Included in the figures are the predicted values based on rule-of-mixtures
(RoM). The RoM values were calculated from the tensile properties of 3D printed non-hybrid
carbon-, glass- and aramid-polyamide composites determined in Chapter 6, which include

the effect of void content. The equation is expressed by:
Enybria = E1Ry + E3R, 1)
Xnybria = X1R1 + X3R; 2

where E is the tensile modulus, X is the tensile strength, subscripts ‘1’ and ‘2’ are the two

fibre types used for 3D print hybrid composites, and R is the layer ratio.

As shown in Figure 7-6, the tensile modulus values of the 3D printed hybrid
composites followed the ROM for increasing carbon fibre content. When the carbon layer
ratio was relatively low (up to ~30%), the effect of layer distribution on the tensile modulus
of 3D printed hybrid composites was negligible for the two fibre combinations (i.e.
carbon+glass and carbon+aramid). The layer distribution became more influential on the
modulus when the carbon layer ratio increased. The sandwiched hybrid composites [G2/C4/G2]
and [A2/Ca/A2] showed modulus values that were respectively 12% and 8% lower than the

hybrid composites in the separated condition of [G/C2/G2/C2/G] and [A/C2/A2/C,/A], and the
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value was even lower to that of the fully dispersed [G/C/G/C/GI/C/G/IC/G] and
[A/C/AIC/AICIAICIA] composites, which had lower carbon fiber content. This can be caused

by the poor interfacial bonding between different filament types that cannot effectively

transfer the load from the face sheets to the thick carbon core for the sandwich condition.

Whereas for the separaed or fully dispersed configurations, the even distribution of the stiffer

carbon plies would promote effective stress transfer between the less stiff aramid or glass

layers, thereby improving the modulus of the hybrid laminate.
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Figure 7-6 Comparison between measured and calculated (ROM) tensile modulus of 3D printed unidirectional

(a) carbon+glass- and (b) carbon-+aramid-polyamide composites.
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As presented in Figure 7-7, the effect of carbon layer ratio on the tensile strength of
3D printed hybrid composites is different to its effect on tensile modulus. For carbon+glass
composites, the strength showed a linear increase from 485 MPa to 553 MPa (similar to the
strength of 3D printed non-hybrid glass composite) when the carbon layer ratio increased
from 11% to 44%. The separated layer distribution showed a positive effect on the tensile
strength, especially when the carbon layer ratio was high. The tensile strength of
[G/C/IGICIG/CIGICIG] was only 3% higher (which is within the bounds of experimental
scatter) than [G2/C4/G2] although with a lower carbon layer ratio (44% vs. 50%). The lower
tensile strength of [G2/C4/G2] is due to high fracture energy released from the thick carbon
layer core, which can be beyond the interlayer strength of the glass/carbon layer interface,
leading to a premature failure of delamination and lower tensile strength. The lower-than-
expected tensile strength values of [G2/C/G2/C/G:] and [G/C2/G./C,/G] can be caused by the
elongated voids between glass filaments in the central plies, as shown in Figure 7-3c. The
voids can act as geometric stress raisers to initiate cracks. The cracks propagate parallel to the
glass filaments along the filament-to-filament and layer-to-layer interfaces. Similar fracture
mechanism of delamination for the 3D printed non-hybrid glass composite was also reported
in Chapter 6 and other studies [29, 58].

For the 3D printed hybrid carbon+aramid composites, the tensile strength can be
predicted using RoM when the carbon ratio is lower than 30%. When [As/C2/As]
configuration is compared to [A2/C/A2/C/A:], the fibre layer distribution had almost no effect
on the tensile strength at such a low carbon layer ratio. The tensile strength decreased as the
carbon layer ratio increased from 25% to 50% when the carbon layers are separated in the
hybrid composites. The strength of [A/C2/A2/C2/A] was only 523 MPa, which is similar to
that of 3D printed non-hybrid aramid composite. The tensile strength of [A2/C4/A2] was 9%
higher than that of [A/C2/A2/C,/A], which can be caused by the lower porosity level in the
sandwich condition described in the previous section.
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Figure 7-7 Comparison between measured and calculated (ROM) tensile strength of 3D printed (a)

carbon+glass- and (b) carbon+aramid-polyamide composites for different composite conditions.

Table 7-3 and Table 7-4 present the tensile failure strain values of the 3D printed
hybrid composites. The results indicate that the failure strain can be improved when the
carbon plies are sandwiched between fibre layers with higher failure strain (i.e. glass or
aramid). Large improvements of 42% and 34% occurred for [G4/C/G4] and [A4/C/A4],
respectively, and the failure strain increased with decreasing carbon layer ratio. The limited
improvement of the tensile failure strain for [G2/C4/G2] and [A2/C4/Az] is due to the
premature delamination between the carbon core layers and glass or aramid surface layers.
The specimen conditions of [G/C2/G2/C./G] and [A/C2/A2/C,/A] had a negative effect on the
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tensile failure strain due to premature de-bonding and delamination in the glass and aramid
layers positioned in the centre. The failure strain of 3D printed composites showed an
increase in the specimen type with carbon layers completely seperated by higher failure strain
layers of glass or aramid as the carbon layer ratio decreased from 44% to 25%. The relatively
low enhancement of 15% for [G2/C/G2/C/G2] can be caused by the premature de-bonding and

delamination in the glass plies.

Table 7-3 Tensile failure strain of 3D printed carbon+glass-polyamide hybrid composites compared to the 3D

printed non-hybrid carbon-polyamide composite.

Composite Condition Carbon Layer Ratio  Tensile Failure Strain Failure Strain
(%) Improvement (%0)

[C] 100% 1.13 +0.03 /
[G4/CIG4] 11% 1.61 +0.09 42
[G3/C2/G3] 25% 1.38 +0.08 22
[G2/C4lGy] 50% 1.23 +0.05 9
[GICA/GLICAHG] 50% 1.04 +0.04 -8
[GICIG/CIGICIGICIG] 44% 1.25 +0.13 11
[G./CIGICIGICIG] 33% 1.32 +0.02 17
[G2/CIG,ICIG;] 25% 1.30 +0.02 15
[G] 0% 2.15 +0.03 /
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Table 7-4 Tensile failure strain of the 3D printed carbon+aramid-polyamide hybrid composites compared to the

3D printed non-hybrid carbon-polyamide composite..

Composite Condition Carbon Layer Ratio  Tensile Failure Strain Failure Strain
(%) Improvement (%)

[C] 100% 1.13+0.03 /
[A4/CIAL] 11% 1.52 +0.05 34
[As/C2/As] 25% 1.33 +0.02 18
[A2/C4A] 50% 1.21 +0.02 7
[A/Ca/AzICoIA] 50% 1.07 +0.04 -5
[A/CIAICIAICIAICIA] 44% 1.13 +0.03 0
[A2/CIAICIAICIA;] 33% 1.30 +0.03 15
[A2/CIA:ICIAZ] 25% 1.38 £0.03 22
[A] 0% 1.58 +0.02 /

During tensile testing of the 3D printed hybrid composites, AE monitoring was used
to track the initiation and accumulation of damage events leading to final failure, including
fibre breakage and matrix fracture. Table 7-5 presents the number of AE hits for the different
types of 3D printed hybrid composites. The AE hit number indicates the number of damage
events that occurred during the test. The largest AE hit number for the 3D printed
carbon+glass-polyamide composites occurred with [G4/C/Gs]. The number decreased with
increasing carbon layer ratio when the carbon layers were sandwiched by the glass layers.
When the carbon layer ratios were similar, the distribution of carbon layers completely
separated by glass layers can lead to a much larger AE hit number compared to the
sandwiched condition. In the cases where the carbon layers were separated by the glass layers,
the carbon layer ratio can have two opposite effects on the AE count number. On the one
hand, because the carbon filament has more fibres than the glass filament (i.e. 1000 vs. 400),
the event number of fibre breakage decreases with the decreased carbon layer ratio. On the
other hand, the elongated voids in the overlapped glass plies can generate more events of

matrix fracture due to the poor filament adhesion in the glass composites. Therefore, it is
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possible that [G2/C/G2/C/G2] can produce more AE signals than [G2/C/G/C/GICIG;]. A
similar trend was also found for 3D printed carbon+aramid-polyamide composites, and the
largest AE hit number was for [A2/C/A/C/IAIC/Az]. The significant difference of the AE hit
numbers between the 3D printed carbon+glass and carbon+aramid composites with same
specimen condition can be attributed to the different fibre number within the glass and aramid
(270 fibres) filaments. The different filament and layer adhesion in the two hybrid composite

types is another factor that can determine the number of AE events.

Table 7-5 AE hit number of 3D printed hybrid composites for different composite conditions.

Composite Condition Number of AE  Composite Condition Number of AE Carbon Layer

Count (x<10% Count (x<10% Ratio

[G4/CIGa] 13.0£2.3 [AJ/CIA] 5.6+1.3 11%
[G3/Ca/G3] 8.6 +0.3 [As/CalAs] 4411 25%
[G2/C4lG] 1.4+03 [A2/C4A] 3303 50%
[G/C/G2/C,/G] 3.7 0.7 [A/Co/A2ICAIA] 3.3+1.0 50%
[GICIGICIGICIGICIG] 6.3 1.6 [A/C/AIC/AICIAICIA] 57x1.1 44%
[G2/CIGICIGICIG] 5.0 +0.3 [A2/CIAICIAICIAZ] 53+18 33%
[G2/CIG,/CIG:] 6.7 +0.4 [A2/CIALICIAZ] 5.4 +0.4 25%

The curves of the normalised number of cumulative AE counts to the normalised
applied tensile stress for the 3D printed hybrid composites are shown in Figure 7-8 and
Figure 7-9. The AE count number is normalised to the total count number measured in the
test, while the stress is normalised to the ultimate failure stress of the filament. For the 3D
printed carbon/glass composites with carbon layers sandwiched by glass layers (Figure 7-8a),
the initial AE event occurred when the applied stress reached ~45%. Following the onset of
fracture, [G4/C/G4] presented a nearly exponential increase in the number of AE events with
increasing stress to final failure. This trend is typical for unidirectional laminates in which the
AE events are dominated by fibre fracture. [Gs/C2/G3] and [G2/C4/G2] showed greater rates of
increase in the AE hits before the final failure of these composites. These two hybrid

composites have higher carbon filament contents, and thereby more weakened carbon fibres
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(as discussed in Chapter 3) can break at low to the medium stress level, generating more AE
hits of fibre fracture during this period. The carbon layer ratio significantly changed the
curves of normalised cumulative AE hits for the composites with carbon layers completely
separated by glass layers. The composites with higher carbon content showed the initial AE
hits at a lower stress, and presented a more steady increase of AE hits to the final fracture,
indicating more progressive failure events occurred during loading. The significant matrix
damage can be due to the higher void content in the glass layers between filaments and at the
carbon+glass interfaces, which was shown in Figure 7-3. Figure 7-8c compares the AE
results between the hybrid composites with the same carbon layer number but different layer
distributions. The AE hits showed a more steady increase when the carbon layers were more
dispersed in the composites. Both [G2/C4/G2] and [G/C2/G./C,/G] showed a sudden increase
of AE hits at the stress value of ~98% and 95%, respectively, which can indicate a premature

delamination before the final fracture.
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Figure 7-8 Curves of normalised percentage AE counts to normalised percentage tensile stress for different 3D
printed hybrid composites: (a) carbon layers (C) sandwiched by the glass (G) layers; (b) carbon layers
dispersed by glass layers; (c) similar carbon layer ratio but a different number of consecutive carbon layers.
The percentage in the legend is the carbon layer ratio of the condition.

The effects of carbon layer ratio and carbon layer distribution on the cumulative AE
hits for 3D printed carbon+aramid composites were different compared to carbon+glass
composites. As shown in Figure 7-9a, the curves are similar for the composites with different
carbon layer ratio when the carbon layers are sandwiched between aramid layers. After the
onset of damage at a normalised stress of ~40%, the AE hits increased at a steady rate to the

final fracture for the three specimen types. When the carbon layers were completely separated
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by aramid layers, [A2/C/A/CIA/C/A2] showed the onset of fracture at the lower normalised
stress of ~20% than the other two specimen types (~30%). The rate of AE hits for
[A2/C/AIC/IAICIA,] was also greater. Figure 7-9c shows that the onset of fracture can be
hindered when the carbon layers are sandwiched by aramid layers, which presented the initial
AE hits at higher stress of ~30%, compared to the specimen type with carbon layers
separately distributed. The increase of AE hits after the onset of fracture were similar for
[A2/C4lA2] and [A/C/IAICIAICIAICIA], which were greater than that for [A/C2/Ax/C/A].
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Figure 7-9 Curves of normalised percentage AE counts to normalised percentage tensile stress for different 3D
printed hybrid composites: (a) carbon layers (C) sandwiched by glass (G) or aramid (A) layers; (b) carbon
layers dispersed by glass or aramid layers; (c) similar carbon layer ratio but a different number of consecutive
carbon layers. The percentage in the legend is the carbon layer ratio of the condition.

Figure 7-10 and Figure 7-11 show the AE hit frequency distributions for the different
3D printed hybrid composites, which are presented to distinguish different fracture modes
under tension. The AE frequency distributions of 3D printed non-hybrid composites, which
have been presented in Chapter 6, are also shown in Figure 7-10d and Figure 7-11d as a
comparison. 3D printed non-hybrid glass and aramid composites had a large number of AE
signals with relatively lower frequency around ~350 kHZ, which indicates significant matrix
fracture accompany fibre breakage during tensile loading. The hybridisation with carbon
layer changed the fracture mode of glass and aramid composites to more fibre-fracture
dominant, especially when the carbon layer ratio is low. It is worth noting that the difference
in the AE hit numbers for the 3D printed hybrid and non-hybrid composites is due to the

different layer number used in the tensile specimens.

As shown in Figure 7-10, for 3D printed carbon/glass composites, a high carbon layer
ratio leads to more matrix fracture with AE signals presenting frequency close to ~350 kHz.
Figure 7-10a shows the frequency results of 3D printed carbon+glass composites with the
carbon layers sandwiched by glass layers. [G4/C/G4] presented a frequency distribution with
the medium value of ~400 kHz, indicating a fibre fracture dominant mechanism occurred in

this composite. When the carbon layer ratio increased, more AE signals shifted to a lower
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frequency range between 300-400 kHz, generating another peak value of ~350 kHz. These
AE events can be caused by an increasing number of matrix fractures between the thick
carbon core and glass face sheets. A symmetric-like frequency distribution presented by
[G2/C4/G2] with the medium value of ~370 kHz can be caused by the significant overlapping
of the frequency for carbon fibre fracture and matrix damage. This is due to the relatively low
frequency of fibre breakage for the composites used in this research (medium value at ~370
kHz for carbon composites) compared to the traditional composites (350 kHz-700 kHz [175,
177]), as presented in Chapter 6. The composites with carbon layers placed separately
always presented overlapping multiple fracture modes of fibre fracture and matrix damage as
the carbon layer ratio was varied. [G/C/G/C/G/C/G/C/G] with the highest carbon layer ratio
showed the largest proportion of signals with frequency in the range of 300-400 kHz, which
can possibly be attributed to the significant matrix fractures that occurred at the carbon/glass
interfaces and in the glass layer between filaments. The frequency distribution of
[G2/C/G2/CIG:] also showed significant overlapping of fibre fracture and matrix damage.
Figure 7-10c shows the effect of carbon layer distribution on AE frequency results of 3D
printed carbon/glass composites. [G/C/G/C/G/C/G/C/G] with the most carbon/glass interfaces

presented the largest proportion of matrix damage.
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Figure 7-10 AE frequency centroid distributions of different 3D printed hybrid composites: carbon layers (C)
sandwiched by (a) glass (G) layers; carbon layers dispersed by (b) glass layers; similar carbon layer ratio but
a different number of consecutive carbon layers separated by (c) glass layers. The percentage in the legend is

the carbon layer ratio of the condition.

The AE frequency results of 3D printed carbon+aramid composites are shown in
Figure 7-11. When the carbon layers are sandwiched between aramid layers (Figure 7-11a),
[A4/C/A4] and [As/C2/As] with lower carbon layer ratio presented frequency distributions
with the peak value at ~400 kHz. In contrast, more AE signals shifted to a lower frequency
range of 300-400 kHz for [A2/C4/A2], which represent significant matrix fractures occurred
under tension. Figure 7-11b shows that the carbon layer ratio had limited effect on the
frequency results when the carbon layers were dispersed in the 3D printed carbon+aramid
composites. Composites with different carbon layer ratio showed similar frequency
distributions with dominant fracture modes of fibre and matrix damage. When comparing the
frequency results of composites with the same number of carbon layers but different carbon
layer distributions, [A/C/A/C/A/CIAIC/IA] with carbon layers completely dispersed in the
composites presented a frequency distribution shifted to the left, indicating more significant
matrix cracking compared to [A/C2/A2/Co/A] and [A2/C4lAz].
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Figure 7-11 AE frequency centroid distributions of different 3D printed hybrid composites: carbon layers (C)
sandwiched by (a) aramid layers; carbon layers dispersed by (b) aramid layers; similar carbon layer ratio but
a different number of consecutive carbon layers separated by (c) aramid layers. The AE frequency distributions
of 3D printed non-hybrid carbon and glass composites in (d) are also shown as a comparison. The percentage

in the legend is the carbon layer ratio of the condition.

Figure 7-13 and Figure 7-13 present the normalised tensile properties of 3D printed
hybrid composites by the material densities and filament prices. The carbon layer ratio in the
plots increases from left to right. Both the 3D printed carbon+glass and carbon+aramid

composites had higher normalised tensile modulus than 3D printed non-hybrid glass- or
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aramid-polyamide composites in terms of density and cost. Still, the results were all inferior
to 3D printed non-hybrid carbon-polyamide composites. The specific tensile strength values
of 3D printed hybrid composites were similar to those of 3D printed non-hybrid glass or
aramid composites. When normalised by price, the hybrid composites of [G4/C/G4],
[A4/C/A4], [G3/C2/G3] and [As/C2/As] demonstrated comparable results to 3D printed non-
hybrid carbon-polyamide composites. However, the results of 3D printed hybrid composites

lagged behind the non-hybrid glass or aramid composites, particularly with a high carbon

ratio.
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Figure 7-12 Normalised tensile properties of 3D printed carbon+glass composites by material densiy and price:
(a) normalised tensile modulus by density; (b) normalised tensile modulus by price; (c) normalised tensile

strength by density; (b) normalised tensile strength by price.
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Figure 7-13 Normalised tensile properties of 3D printed carbon+aramid composites by material densiy and
price: (a) normalised tensile modulus by density; (b) normalised tensile modulus by price; (c) normalised tensile

strength by density; (b) normalised tensile strength by price.
7.4  Conclusions

3D printing of the continuous fibre reinforced polymeric composites using the FDM
process can also be used to fabricate hybrid fibre composites. This study investigated the

effects of carbon layer ratio and carbon layer distribution on the tensile properties of 3D
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printed hybrid composites containing glass or aramid filaments. The tensile modulus of the
3D printed carbon+glass-polyamide and carbon+aramid-polyamide composites were well
predicted using the rule-of-mixtures (RoM), while the tensile strength of the two types of
hybrid composites were more controlled by the strength of the glass- or aramid-polyamide
filaments even with carbon layer ratio up to 50%. The lower-than-expected tensile strength of
3D printed hybrid composites is due to the high porosity level, which has also been reported
in the 3D printed non-hybrid composites. Although the carbon layer could improve the
bonding at layer interfaces, cracks and voids still exist, particularly at the glass/glass and
aramid/aramid interfaces. When the composite is under loading, cracks tend to initiate and
propagate at the interface, leading to lower-than-expected tensile strength. The poor
interfacial bond between different fibre layers is another contributing factor. Additionally, 3D
printed hybrid composites showed improvements in normalised modulus values by the
material density and price compared to the 3D printed non-hybrid glass- or aramid-polyamide

composites without compromising the specific tensile strength.

Due to the failure of the 3D printed hybrid composites being affected by the high
porosity level in the glass and aramid layers between adjacent filaments, varying the printing
parameters to improve the quality of the printed glass and aramid composites is an important
topic for further research. The effect of the processing parameters was not studied in this PhD
project because the print conditions are fixed for the MarkForged printer, and cannot be
adjusted. Parameters that could be investigated using an adjustable FDM printer include the
layer thickness, nozzle travel speed, heating temperature, heating time (slower printing speed
can prolong heating time), and ambient temperature (environment temperature). All of these
parameters can affect the fusion interface between filaments. Smaller layer thickness and the
nozzle travelling distance in the y-axis can lead to more overlap between adjacent filaments.
Increasing heating temperature, heating time and ambient temperature benefit the polymer to
melt, spread out, and formation of the fusion interface. With a better interface and fewer

voids, the in-plane properties of the 3D printed composites could be improved
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CHAPTER 8: CONCLUSIONS

8.1  Summary of Main Conclusions

The research work presented in this PhD thesis has contributed to the understanding
of the processing, microstructure and mechanical properties of 3D printed continuous
fibre/polymer composites fabricated using a MarkForged® FDM printer. The investigations
were conducted at multiple dimensional scales spanning the individual fibre, filament, ply
and laminate. The factors determining the mechanical properties of 3D printed continuous
fibre/polymer composites presented in the literature were reviewed. Research gaps were
identified within the scope of the damage caused by the FDM process to the continuous fibre,
fibre/polymer filament and composites and the resultant reduction of the mechanical

properties.

Chapters 3 and 4 presented experimental investigations into the damage caused by
different stages of the FDM process using a Markforged® MarkTwo printer to the continuous
fibre and composite filaments. The experiments were conducted on continuous carbon-,
glass-, and aramid fibre-polyamide filaments. It was found that the filament surface can be
abraded when it passes through the FDM machine prior to printing. The abrasion occurred in
the FDM process stage of being fed through the serrated gears (Stage 2). Filament damage
also occurred when extruded out of the nozzle (Stage 3), and bent through 90<and pressed
onto the build platform (Stage 4). The carbon fibre filament sustained the most severe fibre
damage, which reduced the average failure stress of single carbon fibres to only 66% of the
initial strength (in the as-received condition). The FDM-induced damage also reduced the
tensile and compressive kinking stress values of the carbon-polyamide filament by ~44% and
~25%, respectively. A modification to the FDM printer showed that reducing the abrasion
caused by the machine can minimise the reduction in tensile strength. It was also found that
the amount and type of fibre damage and the tensile properties of 3D printed filaments
processed by the FDM printer depend on the fibre type. Glass fibres were also damaged
during 3D printing, but less than carbon fibres, due to their higher flexibility and failure strain.
Aramid fibres were not broken, resulting in the smallest loss in tensile properties, although
they were more severely crimped by the FDM process due to fibre softening at processing

temperature.
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Chapter 5 presented an experimental investigation into the effect of 3D printing
curvature on the microstructure and mechanical properties of FDM filaments with three fibre
types. The study was conducted on the 3D printed filaments with different print curvature
radii between 1 mm and 30 mm. It was found that curved printing using the Markforged®
MarkTwo printer can cause significant deformation and damage to filaments, particularly at
small radius values. Filament folding and twisting occured at tight curvatures, which caused
fibre breakage in the carbon- and glass-reinforced filaments. Fibre breakage in the folded
region is due to the relatively low bending fracture strain of these fibres, particularly the
carbon. Some carbon fibres also pulled away from the main filament when the print radius
was under ~5 mm accompanied by longitudinal tearing of the polyamide matrix between
fibres. The aramid filament sustained no fibre breakage during curved printing due to its
higher flexibility, toughness and failure strain. As the print radius increased to over 10 mm,
only twisting occurred instead of filament folding. The fibre damage, filament twisting and
matrix tearing damage reduced the tensile properties of the FDM filaments for the three fibre
types. The tensile strength of the 3D printed filaments increased as the print radii increased.
The results showed that a complex geometry with a tight curvature radius should always be

avoided in 3D printed load-bearing composite components.

Chapter 6 presented a study into the microstructure and mechanical properties of the
3D printed continuous fibre/polymer composites made using the FDM process. A
comparative assessment between the 3D printed and hot moulded composites containing the
same FDM filaments of carbon-polyamide, glass-polyamide and aramid-polyamide was
conducted. The tensile modulus values of 3D printed composites were very similar to those
of 3D printed filaments, while the ultimate failure stress of 3D printed glass and aramid
composites were lower than their ‘building block’ filament in the Stage 4 condition. This is
due to the elongated voids that occurred at the fusion interface between adjacent filaments
and ply layers in the 3D printed glass and aramid composites, which lead to premature
delamination and de-bonding under tension. In contrast, although containing a large density
of small voids within the filament, carbon fibre damage caused by the FDM process is the
main factor in determining the tensile strength of the 3D printed carbon composite. The hot
moulded composites without FDM-induced damage (e.g. fibre breakage, voids, cracks) had

higher tensile modulus and strength properties.
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Chapter 7 presented an experimental investigation into the microstructure and
mechanical properties of 3D printed hybrid composites made using the FDM process. The
hybrid composites were 3D printed using the combination of carbon+glass or carbon+aramid
filaments. The carbon fibre/polyamide layers in the 3D printed hybrid laminates were
sandwiched between or separated by glass/polyamide or aramid fibre/polyamide layers. The
effects of material combination, carbon layer ratio (11% - 50%) and carbon layer distribution
on the tensile properties of 3D printed hybrid composites were investigated. The tensile
modulus values of the 3D printed carbon+glass and carbon+aramid composites were
determined by the carbon layer ratio, and the values can be well predicted using rule-of-
mixtures. The tensile strength values of the 3D printed hybrid composites are more controlled
by the strength of glass and aramid filaments, particularly at a high carbon layer ratio of over
30%. The distribution of the carbon layers separated by the fibre layers with high failure
strain showed a positive effect on the tensile strength of 3D printed carbon+glass composites
as the carbon layer ratio increased, which in contrast caused a decrease in the strength of
carbon+aramid composites with increasing carbon layer ratio. The lower-than-expected
tensile strength of the 3D printed hybrid composites containing carbon fibres is attributed to
the poor interfacial quality between the different filament layers and their lower failure strain.
It was also found that fibre hybridisation can increase the normalised modulus values by the
material density and price compared to the 3D printed non-hybrid glass- or aramid-polyamide
composites without compromising the specific tensile strength.

8.2 Future Research Considerations

Significant progress has been achieved in this PhD project in determining the FDM
process-related factors that cause relatively low mechanical properties for 3D printed
continuous fibre polymer composites. However, further experimental and analytical research

is required to expand the current research presented in this PhD thesis.

8.2.1 A non-destructive detection method for 3D printed continuous carbon fibre

composites

Chapter 3 reported that the continuous carbon fibres within the filament is damaged
as it passes through the different stages of the FDM process. The fibre damage reduces the
tensile modulus and strength of the composites in the fibre direction. Additionally, our

research investigated that fibre damage and fibre waviness can reduce the electrical
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conductivity of the unidirectional composites (results were presented in a journal paper [164]).
Therefore, it is possible to quantify the relationship between the electrical and tensile
properties of 3D printed composites using machine learning. The model can be used as a non-
destructive detection method for 3D printed continuous carbon materials to evaluate printing

quality and monitor damage.

8.2.2  Microstructure and mechanical properties of 3D printed continuous fibre
composites hybridised at the tow level

Hybridising fibres at the tow level is an effective and standard method for
manufacturing hybrid fibre composites. However, fabricating a hybrid composite mat is
challenging and expensive. In contrast, the 3D printing process opens an avenue by printing
continuous fibres tow-by-tow; the prerequisite of which is only fabricating rolls of hybrid
fibre filaments. Fibre damages caused by bending and abrasion during the 3D printing
process have been identified for different fibre types (i.e. carbon, glass, aramid) in this PhD
project. Using hybrid pre-impregnated fibre filaments should also have the potential to reduce
fibre damage by covering more brittle fibres with tougher fibres. In this case, material
development is crucial and needs to address the following questions. How to choose a matrix
that is compatible with the hybrid fibre tows? What kind of fibre surface treatment is efficient
in manufacturing hybrid fibre filaments? How do the fibre sizes, fibre distribution and
different fibre ratios affect the microstructure and mechanical properties of the 3D printed
hybrid fibre filaments and composites? What is the optimum ratio of different fibre types

used in the same FDM filament? These questions are all worth studying in the future.

8.2.3  Effects of printing temperature and printing speed on the microstructure and
mechanical properties of 3D printed continuous fibre composites

This PhD project was conducted on a commercial desktop 3D printer with a default
setup of printing parameters that cannot be changed, such as the printing temperature and
printing speed. These parameters have been regarded as essential factors affecting the bond
quality between fibre and matrix, adjacent filaments and plies, particularly in the FDM
process using the in-situ impregnating method. However, their effects on the fibre damage
and void formation in the composites fabricated from pre-impregnated FDM filaments are not

well understood. And its efficiency in fabricating composites with complex geometry is also
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unknown. These aspects will be helpful to product designers in fabricating continuous fibre

composite structures.

8.2.4  Fracture toughness of 3D printed non-hybrid and hybrid continuous fibre

composites

The results presented in Chapter 6 and 7 showed that the voids in the polymer-rich
fusion zones reduced the filament-to-filament and layer-to-layer adhesion in the 3D printed
composites, thereby reducing the tensile strength. It is expected that voids can affect the
initiation and propagation of cracks at the interlayer. However, the effects of void size and
distribution on the modes | and Il interlaminar fracture toughness properties of 3D printed
continuous fibre/polymer composites is not well understood. Additionally, fibre damage
caused by the FDM process might increase fibre bridging during delamination crack growth,
which may increase the interlaminar fracture toughness. Furthermore, the void formation and
fibre damage have been proved to depend on the fibre type, and therefore the interlaminar
fracture properties and delamination crack growth mechanisms of hybrid composites might

be different from the 3D printed non-hybrid composites, which is worth investigating.
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