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Abstract

Fused filament fabrication (FFF) 3D printing technology offers the opportunity to change the
orientation of continuous fibres during the manufacturing process. This thesis investigates the
fibre placement method, the printing quality of continuous filaments and the post-processing
technique of the printed preforms, in order to manufacture the lightweight 3D-printed

composites with curved continuous fibre reinforcements.

First, a new concept to place continuous curved fibres along principal stress trajectories is
presented. Three cases under different loading conditions are studied numerically and
compared with traditional composites reinforced with unidirectional fibres. The modelling
results show that the stress concentration in both fibre and matrix are reduced significantly by

the curved fibre placement and the stiffness of CFRP composites has been improved.

Secondly, a tailored fibre placement is achieved in the 3D printing experiment by altering the
fibre orientation to leave a hole. The modelling and failure analysis are then conducted for 3D-
printed woven composite plates with a hole under tensile and shear loading. Good agreement
between numerical and experimental results is obtained, which exhibits a similar trend of

strength improvement using the new placement technique.

After that, the mechanism of the void formation and manufacturing-induced defects during the
printing process is investigated. Single printed stripe at various turning angles and curvatures
are characterised using X-ray computed micro-tomography (uCT) scanning and optical
microscopy. A finite element (FE) model of the printing process is also established to support
the experimental measurement. It has been found that the void content and fibre misalignment
result from the weak fibre/matrix interface and the uneven pressure executed by the nozzle.
The increase of turning angle leads to more aggravated printing defects, including path
inaccuracy, fibre twisting, folding and even fibre breakage.
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Further, a hybrid technique is developed to manufacture composites with low porosity and
customised curved fibre paths. Composite preforms are manufactured by FFF 3D printing and
powder thermoset epoxy is added to the preforms to fill up the gaps, remove air voids and
enhance the interfacial bonding through traditional vacuum bagging and oven curing process.
In the standard UD 0° samples, the tensile stiffness and strength are increased by 29.3% and
22.1%, respectively. The hybrid manufacturing technique is also adopted to investigate the
performance of the single-notched specimen under uniaxial tension. It is shown that the
placement of continuous fibres along the principal stress trajectories significantly increased the

failure strength as well as the fracture toughness of the composites.

Besides, the effect of fibre placement on the mechanical performance of open-hole composites
under uniaxial tension is comprehensively studied. The concept of placing continuous fibres
along the higher in-plane principal stress trajectories is found to improve the strength of the
composites and postpone the crack initiation. Additional fibres, along the lower in-plane
principal stress trajectories and around the hole, are found to alter the failure mode and
mechanical performance of the samples. Together with the digital image correlation
measurement, a FE model is also built based on the actual printing paths to understand the

stress distributions due to different fibre placement methods.

Finally, a sequentially coupled optimisation for structural topology and fibre orientation is
presented. Topology optimisation is first carried out to obtain the geometry of the structure and
then the continuous carbon fibres are placed along the identified principal stress trajectories.
Case study of Messerschmitt-Bolkow-Blohm (MBB) beam under three-point bending is
performed. Compared with the state-of-the-art printing system, the strength and stiffness of the
optimised sample are increased by 305% and 256%, respectively. With only 20% fibre usage,
the optimised sample can achieve the same stiffness-to-weight ratio as the traditionally-

manufactured composites.
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Lay summary

Fused filament fabrication (FFF) 3D printing technology offers the opportunity to change the
direction of the continuous fibres during the manufacturing process. In this thesis, the
placement method of continuous fibres, the printing quality of filaments and the post-
processing technique of the 3D-printed samples are investigated. It aims to maximise the
superior properties of continuous fibres and manufacture the lightweight 3D-printed

composites with curved fibre paths.

First, a new concept of placing continuous curved fibres along the stress lines is proposed. It is
achieved in the printing experiment by a modified desktop printer with the continuous paths.
The powder epoxy is then used for post-treatment to reduce voids. Various cases with different
loading conditions and complex geometries are performed via numerical simulations and
experimental tests. Through them, the effect of fibre placement on the mechanical performance
is comprehensively studied. In addition, the mechanism of printing process is investigated, to
understand how the void and other defects format. Finally, the optimisation of fibre direction

is combined with that of geometry to achieve the high stiffness-to-weight ratio structure.

Compared with the most advanced printing system, the strength and stiffness of the optimised
sample are increased by 305% and 256%, respectively. Using only 20% fibre, the optimised
sample can achieve the same stiffness-to-weight ratio as traditionally manufactured composite

materials.
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Chapter 1 Introduction

1.1 Research motivation

The use of carbon fibre reinforced polymer (CFRP) composites has been increasing in recent
years. Multiple industries such as aerospace, automotive, infrastructure and construction have
developed new products and assemblies using CFRP composites due to their advantages
including the high strength and stiffness, lightweight, low coefficient of thermal expansion and
the excellent resistance of corrosion and fatigue. These superior properties are mainly attributed
to the reinforcement with continuous carbon fibres. In traditional manufacturing, the hand lay-
up process and vacuum-bagging/autoclave moulding are mostly used, in which continuous
fibres are usually placed straight in each layer. Thus, additional machining processes, such as
cutting and drilling, are required for products with complex geometries. This will inevitably
cause waste of materials and a decrease in mechanical performance, since the continuous fibres

are partially cut off and the manufacturing defects are introduced.

As an alternative, additive manufacturing, which is also known as 3D printing, has emerged
for the fabrication of composites with highly complex geometries at a faster production time.
Among them, Fused Filament Fabrication (FFF) 3D printing melts and deposits thermoplastic
materials to produce three-dimensional parts and 1K/3K continuous carbon fibres (the fibre
bundle consists of approximately 1000/3000 continuous carbon fibres.) can be integrated with
thermoplastic to form the printing filaments. It offers the opportunity to customise the fibre
paths during the manufacturing process and thus maximise the superior properties of
continuous fibres for the higher strength/stiffness-to-weight ratio of the final products.
Therefore, numerous researches are required for the FFF 3D printing of the curved continuous

carbon fibre reinforced polymer composites, including the mechanism of the printing process,



the optimal placement methods of continuous fibres and even the optimisation method for both
topology and localised fibre orientation. In addition, the modelling and failure analysis of 3D-
printed CFRP composites should be performed to better understand the effectiveness of the

curved fibre placement on the performance of final products.

1.2 Aims and Objectives

1.2.1 Aims

The main aim of this thesis is to 3D print CFRP composites with low-porosity and optimised
curved fibre paths, in order to achieve a higher strength/stiffness-to-weight ratio. This is
followed by the investigation of the mechanism of the printing process and the effectiveness
of curved fibre placement to guide the future design for the FFF 3D printing of curved

continuous carbon fibre reinforced composites.

1.2.2 Objectives

To achieve the above aims, the following four key objectives are defined:

(1) Developing fibre placement methods for CFRP composites with complex geometries, to

release the stress concentration and improve the strength, stiffness and lightweight performance;

(2) Investigating the mechanism behind the printing of continuous carbon fibre filament, to

reduce the defects and ensure the path accuracy during the printing process;

(3) Developing a hybrid manufacturing technique for the fabrication of 3D-printed composites

with customised fibre paths and the low porosity;

(4) Carrying out the modelling and failure analysis of 3D-printed CFRP composites with

curved fibres to evaluate the effectiveness of fibre placement methods.



1.3 Thesis outline

The thesis is divided into 9 chapters including Introduction, Literature review, six chapters of
published or submitted journal papers on related objectives, and one chapter of summary. Since
all the results in this thesis were published or submitted as journal papers, detailed abstract and
introduction are presented at the beginning of each of the six chapters, according to the format

requirement for including publication in thesis.

Chapter 2 presents an overall literature review related to this project, including fused filament
fabrication 3D printing, the printing mechanism of continuous fibres, the placement methods
of continuous curved fibres, post-processing techniques of 3D-printed composites and the

modelling of 3D-printed composites.

Chapter 3 presents a new concept to place continuous curved fibres for CFRP composites,
which can be achieved by FFF 3D printing technology. In this method, principal stress
trajectories are generated based on the loading condition through finite element analysis (FEA)
and used as the guidance of the placement paths for carbon fibres. A numerical study was
performed and three cases (an open-hole single ply lamina under uniaxial tension and an open-
hole cross-ply laminate under biaxial tension and normal pressure) were studied and compared

with traditional reinforced composites with unidirectional fibres.

Chapter 4 presents the failure analysis of 3D-printed woven composite plates with a hole under
tensile and shear loading. The tailored fibre placement is achieved by steering the fibre paths
around a region to leave a hole. Also, the finite element (FE) modelling is performed to advance
the understanding of the failure mechanisms, in which woven cells are built using stacking
sequences and the fibre orientations around the hole are altered according to the 3D printing
experiment. In order to compare this placement technique with that of a control group, the

‘drilled’ samples with the notch removed via mechanical machining are proposed. The
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distribution of principal strain and displacement in the modelling are compared with the results
obtained from Digital Image Correlation (DIC) and X-ray computed micro-tomography (LCT)

scanning.

Chapter 5 investigates the formation of the void contents and manufacturing induced defects,
such as fibre misalignment and breakage, during the printing process of 1K continuous carbon
fibre filament. Single stripes at various turning angles and curvatures are printed by a desktop
printer using a specific brass nozzle and then characterised using X-ray pCT scanning and
optical microscopy. The FE models of the printing process is also built to support the

experimental measurement.

Chapter 6 presents a hybrid technique to manufacture continuous curved carbon fibre
reinforced composites with low porosity and customised fibre paths. Composite preforms are
first manufactured by FFF 3D printing of continuous carbon fibre reinforced thermoplastic
polyamide-6 (PA-6) filaments. Powder thermoset epoxy is added to the preforms to fill up the
gaps, remove air voids and enhance the interfacial bonding through a traditional vacuum
bagging and oven curing process. The hybrid manufacturing technique is also adopted to
investigate the performance of 3D-printed curved continuous fibres in a notched specimen

under uniaxial tension.

Chapter 7 employs the hybrid manufacturing technique to fabricate the open-hole composites
with various fibre placement cases, in which the effect on the mechanical performance under
uniaxial tension is comprehensively studied. The concept of placing continuous fibres along
the higher in-plane principal stress trajectories is first adopted. The additional fibres, along the
lower in-plane principal stress trajectories and around the hole, are then used to alter the failure

mode of the samples. Together with the digital image correlation measurement, a FE model is



also built based on the actual printing paths to understand the stress distributions due to

different fibre placement methods.

Chapter 8 presents a sequentially coupled optimisation of structural topology and fibre
orientation for 3D printing of CFRP composites. Topology optimisation is first carried out to
obtain the geometry of the structure under a specific load, and then the continuous carbon fibres
are placed along the identified principal stress trajectories. Case study of Messerschmitt-
Bolkow-Blohm (MBB) beam under three-point bending is performed. Also, different materials
(polylactic acid and short fibre reinforced nylon-6) and printing systems (Markforged® with
continuous fibres) are used to compare the mechanical performance of the optimised samples
obtained from the hybrid manufacturing technique. Furthermore, the finite element analysis of
the traditionally manufactured composite beams is carried out for the comparison and

assessment of the lightweight performance of the optimised samples.

Chapter 9 summarises the main findings from Chapters 3-8 and suggests further considerations

and recommendations.



Chapter 2 Literature review

2.1 FFF 3D printing

Additive manufacturing (AM), also known as 3D printing, is the fabrication of three-
dimensional objects with materials added layer by layer [1]. For the additive manufacturing of
polymer composites, three types of technologies are mainly used: resin photo-curing, powder
sintering and filament extrusion. The detailed AM technologies, feedstock materials and
working principle of them are shown in Table 2-1. Among them, the filament extrusion
technology was first developed by Stratasys® in 1988 and named as fused deposition modelling
(FDM) [2]. Another trademark fused filament fabrication (FFF) was also coined by RepRap®
to give a phrase that would be legally unconstrained in its use. The FFF/FDM 3D printing uses
the thermal print-head to liquefy the thermoplastic filament and then extrudes/deposits the
melted materials via the heated nozzle on the heated platform [3, 4]. It offers a lot of benefits,
including low cost, high speed, simplicity and simultaneous deposition of multi-materials [4].
Compared with the AM technologies using resin and powder, two advantages of the filament
extrusion make FDM/FFF 3D printing become the most popular AM technology for
composites: less materials waste and the convenience of being reinforced with discontinuous

or continuous fibres.
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Figure 2-1 Working principle of FDM/FFF 3D printing [3, 5]

Table 2-1 Additive manufacturing technologies for polymer matrix composites [1]

Additive manufacturing Feedstock . o
Type technol : Working principle
echnology materials

Resi :

phi:: SLA (Stereolithography) Thermosetting | Laser scanning and UV

curing | DLP (digital light processing) resin induced curing
Powder SHS (Selective heat sintering) Thermoplastic | Laser scanning and heat
sintering SLS (selective laser sintering) powder induced sintering
Filament | FFF (fused filament fabrication) | Thermoplastic Extrusion and
extrusion | FpMm (fused deposition modeling) filament deposition

Because of the way that the melted material is extruded, the printed material is confined to the
thermoplastic which can be melted by the nozzle and then cooled and solidified on the print
surface. A range of thermoplastic can be used as the structural material: polylactic acid (PLA),
polycaprolactone (PCL), polycarbonate (PC), acrylonitrile butadiene styrene (ABS),
polyethylene terephthalate (PETG), polyamide (PA), polyether ether ketone (PEEK) and so on,

along with the support material: PVA (dissolvable) and the breakaway material (same with the



structural material but can be removed manually). The reinforcement materials can be

short/chopped and continuous fibres: carbon, glass and kevlar, etc.

However, a common drawback that plagues thermoplastic material extrusion printing is the
voids formed in the printed parts. Furthermore, with the inclusion of the discontinuous or
continuous fibres, the void contents are increased due to the increased viscosity of the melted
materials, the difference of the thermal expansion between fibre and matrix and the inadequate
wetting of the fibre/matrix interface. For example, Figure 2-2 shows the void content in the
continuous fibre filament and the 3D-printed FRP composites. In total, three types of voids are
introduced in the printed parts: (i) void and pore in the single printed stripe/track. This type of
voids rarely appears in the printing of pure thermoplastic, but it cannot be ignored when short
and continuous fibres are impregnated with the filaments, which is mainly caused by the
inadequate wetting between fibre/matrix and the high viscosity due to the mixed fibres, as
shown in Figure 2-2; (ii) Gaps and inter-track voids between print paths (as shown in Figure
2-3). It is caused by the in situ consolidation of the FFF 3D printing and the improper geometry
of the deposited bead; (iii) Voids and cracks between layers (as shown in Figure 2-4). They
usually happen due to the temperature difference between the printed and printing layers and
aggravate in the interface between layers with different materials, such as the pure

thermoplastic layer and fibre reinforced layers.



Voids due to the
s y inadequate wetting
1K carbon fibre
filament for printing

Inter-track voids &

Printed track

Figure 2-2 Void content in the (a) continuous fibre filament and (b) 3D-printed FRP

composites [6, 7]

T

Inter-track voids

Rectangular
pattern

Gaps between
fibre paths

(b)



Figure 2-3 (a) Inter-track voids and (b) gaps between print paths [6]
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In order to reduce the porosity, the effects of process parameters on void contents and
mechanical properties were experimentally investigated by multiple researchers, including the
nozzle/bed temperature [8, 9], print/feed speed [10] as well as the off-distance between nozzle
and bed [11]. Also computational approaches for modelling the polymer melt flow and the
associated effects of nozzle geometry were presented [12, 13]. The design of print paths was
also optimised by using the skewed pattern to alter the structure formation on the meso-scale
and then reduce the inter-track voids [14], as shown in Figure 2-5a. Apart from the research
about void content, other issues such as the manufacturing efficiency, resolution and printing
volume also limit the industrial application of FFF 3D printing. In previous researches, the
microwave-assisted printing was used for the instantaneous heating to improve the printing

speed and also decrease the porosity by reducing the temperature deviation [15, 16].
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Figure 2-5 (a) Printing pure thermoplastic with skewed pattern to reduce the void formation

[6] and (b) the illustration of the microwave-assisted printing head [16].

2.2 Printing of continuous carbon fibre filaments

As mentioned above, the inclusion of continuous fibre filaments is benificial for the FFF 3D
printing of thermoplastic, enabling potential broader industrial and structural applications. In
2014, Markforged® released their first commercial printer for the fabrication of continuous
carbon fibre reinforced polymer (cCFRP) composites. Multiple studies were performed to
investigate the mechanical performance of cCFRP composites [17-20] and the Markforged®
commercial 1K continuous fibre filaments were also widely-used as the material resource for

researches on 3D printing of composites [21-24] (as shown in Figure 2-6b).
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Figure 2-6 (a) Markforged® commercial printer and (b) its 1K continuous carbon fibre

filament [25]

Researchers have also developed their in-house printer for the additive manufacturing of
cCFRP composites. For example, dry continuous fibre bundles were impregnated with
thermoplastic filament within the heated nozzle before being extruded [26-29], as shown in
Figure 2-7a. Alternatively the fibre bundle could be fed directly to printer bed by a guide tube
positioned after the nozzle [30, 31], as shown in Figure 2-7b. Compared with these in-nozzle
and after-nozzle methods, the prior-to-nozzle impregnation method (beforehand fabrication of
continuous filaments) offers more conveniences for the desktops printing and better path
accuracy (compared with Figure 2-7c), since the volume fraction of fibre is consistent for the
whole filament spool. Also, the fibre/matrix wetting of the prior-to-nozzle impregnation
method is relatively good, because the high-temperature and high-pressure processes are more

easily to be adopted in the separate step for the fabrication of continuous filaments.
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Figure 2-7 (a) In-nozzle impregnation [29] and (b) after nozzle implementation [31] methods

for 3D printing of continuous fibres and (c) low-resolution samples from in-nozzle

Besides the void formation mentioned in section 2.1, other manufacturing defects could also
occur when printing the continuous fibres, including the misalignment, twisting, folding (more
serve twisting with thickness change and reversal of inner/outer fibres) and fibre breakage (as
shown in Figure 2-8). It was revealed in previous research [33, 34] that a fibre bundle was
folded in a printing process of a curved section. Also, with a larger fibre bundle size or a smaller
set radius, the printed radius would be lower than the set value [35, 36], as shown in Figure 2-
9. These manufacturing defects occurs especially when printing with large curvatures and sharp
corners. Since the printing of curved fibre paths is essential for the composites with complex

geometries and customised performance, the mechanism behind them has to be further

understood.

impregnation printing [32]
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Figure 2-8 Manufacturing defects in the 3D-printed continuous carbon fibre filaments: (a)

twisting (b) folding [35] (c) fibre breakage [33]
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Figure 2-9 Manufacturing error between the set curvature and the printed radius [35]

2.3 Placement methods for continuous and curved fibres

The placement method for the continuous fibres is the key factor of the mechanical
performance of the cCFRP composites. In the traditional manufacturing, although the stacking
sequence was optimised [37, 38], continuous fibres are always placed straight in each layer. As
mentioned in the Introduction chapter, placement methods for the curved fibres should be

developed to avoid the machining processes and maximise the properties of the 3D-printed
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cCFRP composites. Variable—stiffness design was first developed for proper placement of the
fibres in the optimal orientations, in which the mechanical properties, such as stiffness [39] and
buckling load [40], were improved in the computational simulations. However, the localised
and discrete fibre orientation (as shown in Figure 2-10) can be very hard to achieve by either
traditional or additive manufacturing. Thus, the streamline-generated methods are usually
adopted to generate the actual printing paths of the continuous fibres. Among them, the
streamlines of the fluid flow are employed for the avoidance of fibre cut-off in the composites
with geometry singularity [41, 42], as shown in Figure 2-11. Another common approach is the
stress-line method, in which the fibre orientation is maintained along the principal stress

direction based on preliminary stress field calculations [43-46], as shown in Figure 2-12.

S 2 e s s s e e e ey ey e a2

NNNNNNYNYVERE LSS LS

NSNNNNNNYNYNN N A b d LS L7774

NSNNNNNANA\\N\N VNV V1777777

NN\ \N///rr—m—~~N\\\/ /-~~~

BUSNON T 2o WS NN NN NS i o]

M~NN\N/// /7=~ N\ \\/ 7 ——

~~N/// /7 —=—~~N\N\\\~ ———

e~~~/ /S mm—mmN N\ \ rm——

s ] P e e SN, N —

| —— =] | it | ] e e e e e e \\\///II
i N~———— — — - NEN——

~—//tl\\\~——///££\\\~ ~~~~~~~ B VAV A O A A i |

B L NN O s P e SN NSNS NSNS SN/ /S L 7 T J
o s SR ez ey pososessd] N =SSSSSNSSNNNL AL L LA L LS ALLL L LA T
L INNNNSN~—— s s S INN~ |l///////////////////////////+
L /NSNS~~~ NN\ VW /i S S

L7777 77 71 1V VN NNNNNNY /////////////////////////////q
rzsd o L LT LT L L NNNNNNNNN By o e e e oeioin o ion oo i i i g i o i o 7 o 5 P o 7 )
e PR R Y VAN B e BSIUR BB IS
Lol f g i) b e b NN NN N |

(a) (b)

Figure 2-10 Variable—stiffness design of fibre orientation angles for (a) the clamped square

plate under uniformly distributed loading and (b) the cantilever plate [39]
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Figure 2-11 (a) Optimal result of the genetic algorithm based on perfect flow [42] and (b)

trajectories taken from fluid flow around a cylinder [41]
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Figure 2-12 Stress trajectories for (a) open-hole tensile test [46] (b) bolt joint tensile test [44]

Furthermore, the topology optimisation can be integrated with the optimised fibre placement
methods to achieve higher strength/stiffness-to-weight ratio [47], which further utilises the
advantage of 3D printing for the manufacturing of highly complex geometries. For example,
the continuous fibre angle optimisation (CFAO) method defined the elements with two
variables, the density to determine the material existence and the angle for localised material
orientation [48]. However, the local optimum usually occurred in this method. Thus, Discrete
Material Optimisation (DMO) was adopted by using a set of discrete and manually given values
for the orientation to address the local optimum issue [49]. Others methods were also developed,
such as the load transmission path [50] and the adaptation of the tensor field design variables

[51]. Although the average stiffness was increased (only compared with the pure/short-fibre-
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reinforced composites in the experiment), the actual failure analysis of these topology-
optimised composite structures with designed curved fibres has not been conducted. It is
because of the difficulty to print customised fibre paths for such highly complex geometries,
also the gaps and voids in the finished parts cause additional failures during the loading process.
To manufacture such a complex geometry, short rather than continuous fibres were used as the
reinforcement in the samples, as shown in Figure 2-13. For the printing of continuous fibre
reinforced composites, the fibre paths had to be adjusted, also the delamination and

discontinuous load-transfer occurred as shown in Figure 2-14 [52].

Figure 2-13 (a) CFAO density and fibre angle results for the MBB beam after 48 iterations

(b) the printing experiment with short fibre reinforced composites [48]
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Figure 2-14 Topologically designed three-point-bending beam: (a) designed fibre paths (b)
compromised materials placement in the printing experiment and (c) failure response with

additional inter-laminar delamination [52]

2.4 Post-processing of 3D-printed composites

As mentioned above, the high porosity (about 3-10% depended on the printing parameters) of
the 3D-printed cCFRP composites limits their use as the structural parts for load-carrying,
compared with that of the traditionally-manufactured composites (low porosity < 1%). Thus,
many studies were performed with the aims of void reduction, since 3D printing of continuous

fibres was developed.

First of all, the in situ void reduction techniques were developed. Among them, a hot-
compaction roller was equipped with a FFF-based 3D printer to press the filament against the

printer bed immediately after the printing (Figure 2-15¢) [53, 54]. Also the ultrasound-assisted
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device (Figure 2-15a) and micro-screw extrusion process (Figure 2-15b) were utilised to obtain
high pressure for good impregnation between fibre and matrix [55, 56]. Other researchers
performed the 3D printing of continuous fibres in the low-pressure (1 Pa) processing conditions
for the reduction in porosity [57]. Although the porosity was decreased to some extent, it could
not be reduced to below 1% with the in situ techniques. For example, there was still a porosity
of 5.7% for carbon fibre reinforcements under low-pressure printing [57]. Also, the compaction
roller caused an irregular side surface due to the hatch spacing, and then increased voids in the
vicinity of the side edges (with the porosity of 3%) [54]. Those processes for better
impregnation between fibre and matrix could not eliminate the gaps between the print paths

[53].
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Figure 2-15 In situ technologies for void reduction in 3D printing of continuous carbon fibre:
(a) ultrasound-assisted [55] (b) micro-screw extrusion process [56] and (¢) equipped hot-

compaction roller [53]

Therefore, post-processing treatment was adopted in some researches. As the most common

one, hot-press treatment was widely used for strongest interface bonding by removing the air
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gaps induced during printing between fibre and matrix. The influence of hot-press on the
composites with mixed isotropic (unidirectional) fibre angles was investigated with varying
temperature, pressure and time [58, 59], as shown in Figure 2-16a. It was found that the porosity
decreases to approximately 0% with temperature up 250 °C. However, the working principle
of the hot-press treatment is the softening (usually melting) of the matrix in 3D-printed
composites under a relatively high temperature. Without the support of solid matrix, the
misalignment of continuous curved fibres and even the failure of post-processing (as shown in

Figure 2-16b) inevitably happened [60].
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Figure 2-16 (a) Comparison of the elastic modulus and porosity with hot press and non-hot
press [58] (b) Failure post-processing with fibre misalignment (Untreated sample also shown

on the bottom) [60]
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2.5 Modelling and failure analysis of 3D-printed curved fibre reinforced

composites

As an anisotropic composite materials with reinforcement, the modelling and failure analysis
of ¢cCFRP composites are complicated. For the traditionally-manufactured composites,
equivalent anisotropic properties are used based on the rule of mixture since continuous fibres
are placed straight on each layer. However, when it comes to the modelling of 3D-printed
composites with curved fibres, the equivalent properties and failure criteria cannot be directly
adopted as usual. The localised fibre orientations and different mesoscale or microscale

structures of the 3D-printed composites require a new modelling and failure analysis method.

In the recent research for the modelling, the constitutive model with different fibre contents
was built based on 3D printing of continuous fibres, with the effect of void content also
considered [61]. However, it only performed part of the modelling with unidirectional fibre
placement in the 3D-printed samples [61], since the void content usually distributes unevenly
in the composites with curved fibre paths. In order to simulate the localised fibre orientation,
the coordinates of the material constitutive equation were rotated at the position with an angled
fibre orientation (as shown in Figure 2-17), in which the consistent equivalent properties based
on rule of mixture were used [62]. Furthermore, other researches simulated the fibre volume
fraction and fibre orientation separately and then these two values were mapped onto the
centroid of each element [63, 64]. However, in the real printing experiment, the printing paths
of continuous fibres and pure thermoplastic are separate rather than being well mixed. Thus,
the above equivalent and simplified methods could only partially simulate the performance of
structures on a homogenised macroscale. The information at the meso-/micro-scale would be

inevitably ignored, such as the failure as well as stress concentration in the matrix-rich areas
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between the fibre paths. Also, the re-distribution of the stresses/strains in the whole domain

(because of the curved fibre placement) would be missed.
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Figure 2-17 (a) A 3D-printed curvilinear specimen (b) the finite element model as the S-

shaped one in the experiment [62]

For the 3D-printed composites with geometric singularities and curved fibre placement, only a
few studies were conducted on the failure analysis due to the difficulty extract the customised
fibre paths from the printing experiments. Most of the researchers had to rely on the commercial
Markforged® printing system (with the Eiger software for fibre placement) to perform the
slicing and path planning [65]. Due to the limited placement method (usually concentric) in
Eiger software (as shown in Figure 2-18), the design flexibility was significantly constrained
[66] and it is almost unlikely to achieve customised fibre paths [52]. Additionally, the high
porosity in the samples printed by Markforged® system becomes another uncertainty when
assessing the fibre placement, e.g. the sample may still fail at an early loading stage due to the

large porosity even the fibre paths are customised and optimised. Therefore, the modelling
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based on the real paths and the failure analysis for the low-porosity printed composites with
customised fibre paths are required in order to better understand the FFF 3D printing of

continuous curved fibre reinforced polymer composites.

Figure 2-18 Limited fibre placement options for (a) open-hole tension (b) topology-optimised
geometry in Markforged® Eiger software: concentric placement for geometric singularities

with unidirectional fibres in other areas

2.6 Summary of literature review

The overall literature review presents the background and the state-of-the-art research for the
FFF 3D printing of composite materials, especially for those with continuous carbon fibre
reinforcement. It is found that the printing mechanism, the curved fibre placement method and
the manufacturing technique for both low porosity and customised fibre paths need to be
investigated or developed. Also, more studies about the modelling and failure analysis of 3D-
printed cCFRP composites should be performed. Main knowledge gaps are summarised as

below:

(1) The material extrusion AM technologies (FDM/FFF) are suitable for the 3D printing of

composites with continuous fibre reinforcement. However, the void content in the
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composites limited the structural application of the finished parts and the introduced
short or continuous fibre reinforcement further leads to a higher porosity.

(2) The mechanism of the printing process of continuous fibre filaments has not been fully
understood, especially for manufacturing-induced defects when printing with curvature
and shape corner, such as misalignment, folding and fibre breakage.

(3) The in situ techniques for void reduction could not achieve a porosity lower than 1%.
The common hot-press treatment had to melt the matrix of fibre filaments therefore
inevitably caused the misalignment of fibre paths during the post-processing. Thus, the
manufacturing technique needs to be improved for achieving low porosity and
maintaining of the customised fibre alignment.

(4) AM technology offers the opportunity to customise the continuous curved fibre paths
during printing, therefore the fibre placement methods for the cCFRP composites with
complex geometries are in demand. Further optimisation for both topology and fibre
orientation should be performed to achieve the high stiffness-to-weight ratio of 3D-
printed composites structures.

(5) Only a few modelling and failure analysis were performed for the 3D-printed
composites with continuous curved fibres in the previous studies. The effectiveness of
different fibre placements and the mechanical response of 3D-printed composite
structure have not been fully investigated, which should be further studied both

numerically and experimentally.

Since the following six chapters are published or submitted as journal papers, more detailed

background and literature review related to the individual topic will be presented at the

beginning of these six chapters. Therefore, chapter 2 only provides a summarised review of

related researches as well as the background for the whole project, and some reduplicated
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references are inevitable between the chapter of literature review and the individual

introduction of the papers.
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Chapter 3 Performance-driven 3D printing of continuous curved
carbon fibre reinforced polymer composites: A preliminary
numerical study

Abstract

This chapter presents a new concept to place continuous curved fibres for CFRP composites,
which can be fulfilled by potential additive or hybrid manufacturing technology. Based on the
loading condition, principal stress trajectories are generated through finite element analysis
(FEA) and used as the guidance of the placement paths for carbon fibres. Three numerical cases,
an open-hole single ply lamina under uniaxial tension and an open-hole cross-ply laminate
under biaxial tension and normal pressure, are studied and compared with traditional reinforced
composites with unidirectional fibres. The modelling results show that the stress concentration
in both fibre and matrix are reduced significantly by the curved fibre placement and the
stiffness of CFRP composites have been improved. This concept of performance-driven
optimisation method could lead to a useful tool for the design of future 3D printing process for

fibre reinforced composites.

Keywords

Continuous curved fibre; Performance-driven manufacturing; 3D printing; Finite element

analysis (FEA)

3.1 Introduction

Carbon fibre reinforced polymer (CFRP) composites are widely used in aerospace, automobile

" This chapter was published in Composites Part B in June 2018.
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and infrastructure industry because of its high strength and high stiffness-to-weight ratio. In
the 1960s, the Automated Fibre Placement (AFP) technology was developed for the
manufacturing of large structures by placing multiple layers of composite lamina to form a
laminate. Input materials for the placement process are mainly unidirectional fibres, which are
pre-impregnated (Prepreg) with the matrix material [67]. Compared with AFP, 3D printing
(also known as additive manufacturing) is a process that enables the efficient manufacturing of
parts with complex shapes. Instead of using Prepreg as in AFP, 3D printing uses filament or
bundle of fibres and produces small size of printing beads to form a part [1] without the need
of moulds. Thus, it is able to manufacture composites at low labour and production costs with

an immense range of complexities [68].

Recently, a few new 3D printing technologies for CFRP composites have been developed.
Among them, fused deposition modelling (FDM®) [69] developed by Stratasys Ltd. is able to
print continuous aligned carbon fibres as shown in Figure 3-1 [29]. The mechanical
performance of these composites under different loading condition have been evaluated [17,
20, 26, 30, 70-72]. On the other hand, new design principles and methods in printing progress
are being developed, such as hot-press treatment to reduce porosity and improve the strength

and stiffness of the printed composites [5, 28, 59, 73, 74].

Heater
S f Carbon fiber reinforced PLA il

Figure 3-1 3D printing process of the continuous carbon fibre reinforced composite. (a)

Printing the straight area of composite sample (b) Printing the corner of composite sample.
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For composite laminate, the stacking sequence of each ply with different angles must be
optimised to achieve the designed stiffness on each direction [37, 38, 75-77]. However, the
fibres are placed straight in each ply of the laminate and drilling machines are used to
manufacture the notched composite specimens in the traditional manufacturing process [78-
81]. Thus, the outstanding properties of fibres may be underutilized and most of fibres near the
hole are cut off, which provokes severe stress concentration and reduces stiffness and strength

of constructions with geometric discontinuities.

The new additive manufacturing technology offers the opportunity to change the orientation of
fibres during the manufacturing process, therefore, an optimisation method of continuous fibre
placement is required for the 3D-printed CFRP composites. To fully utilize the properties of
fibre, a few algorithms have been developed to adjust the placement of fibres [40, 42]. These
methods usually require multiple variables and some assumptions, which complicates the
process of optimisation. In addition, the orientation of CFRP material has to be optimised in
each element when carrying out finite element analysis, without considering whether the real
manufacturing process is possible to achieve it or not [40, 46, 82]. It also brings discrete fibre
angles in the mesh and large discrepancy of fibre angles between the adjacent elements. Also,
the stress distribution is inaccurate since CFRP lamina is treated as an equivalent homogeneous

material in these numerical simulation [42].

To maximise the potential of 3D printing for lightweight CFRP composite structure, a feasible
method for continuous fibre placement is essentially required. For composites, material with
excellent tensile property and slender shape is usually placed along principal stress trajectories
to improve the mechanical performance, such as steel bars in the concrete. Also, some
researchers tried to make cellular materials with cell walls that align with the stress trajectories

in order to improve load distribution [83]. In this chapter, we present a new concept of printing
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long carbon fibre along the trajectories of maximum or middle principal stress. Finite element
analysis of specimens with only matrix material is first used to generate the trajectories of
principal stress. We carry out numerical studies on three cases including single ply lamina
under uniaxial tension and cross-ply laminates under biaxial tension and normal pressure,
where fibres and matrix are defined as different isotropic materials. The change of stress
distribution and stiffness of models are discussed and compared to traditional composite lamina

or laminate.
3.2 Methodology

Since the tensile properties of carbon fibres are superior in the fibre direction, we aim to place
fibres along the direction of maximum tensile stresses. In other words, the optimised path of
fibres should align with stress trajectories which are lines whose direction at each point gives
the orientation of the maximum or middle principal stress. For the optimisation problem, we
first simulate the specimen printed using only matrix material under uniaxial tension. With the
data of in-plane stresses of each node from finite element analysis, we calculate the orientations

and values of maximum principal stresses by Egs. 1-2.

0x—0 0x—0
tan(p=—Tnyi /1+(Txyy)2 (1)

ox+0 Ox—C
01/o, =252 1 (PSP 4 1y ®)

2

where oy is stress in x-axis direction, oy is stress in y-axis direction, Tyy is shearing stress, ¢ is
the angle between the stress normal to the stress trajectories at a point and the x-axis, o4 is the
value of maximum principal stress, o, is the value of middle principal stress (Two values of
angle ¢ are calculated for maximum and middle principal stress). Then the coordinates and
angles for maximum/middle principal stress of each node are imported into Tecplot 360

software. Stress trajectories as streamlines are created by entering start position, gap and
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number of streamlines. We can also change the number of the streamlines in a ply in order to
obtain models with different volume fraction of fibres. For case studies in this chapter, these
streamlines are extracted and imported into a FEM software (ABAQUS) with a specific width

as a part, therefore, optimised models with curved fibres can be studied.

As shown in Figure 3-2, Case One focuses on modelling an open-hole single ply lamina, where
its length is 100 mm and its width is 50 mm. The radius of the hole is 20 mm and the thickness
of the plate is Imm. The tensile stress of 400 MPa is applied to the right side of the plate. The
left side of the plate has a constrained degree of freedom in horizontal displacement along the
x-axis. The stress distribution is obtained by FEA with 5748 quadrilateral element and 5844
nodes. Mechanical properties of carbon fibres and matrix used in present study are listed in
Table 3-1. As shown in Figure 3-3, eight maximum principal stress trajectories are generated
for the printing path of fibres (Vf = 3.4%, all the Vf mentioned in this chapter are the average
values of the included fibre, since the fibre fraction of 3D-printed composites with continuous

fibre reinforcement is no longer constant in different local areas).

100mm

50mm

400MPa

L

Figure 3-2 Configuration of the CFRP plate with a hole under uniaxial tension (Case One).
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Table 3-1 Mechanical properties of carbon fibres and epoxy [84].

Material Modulus of elasticity  Poisson’s ratio
IM7 Carbon fibres 276 GPa 0.28
Hexcel HexPly 8552 Epoxy matrix 4.76 GPa 0.37

Figure 3-3 Generated maximum principal stress trajectories (red lines) at Vy = 3.4%.

In this optimisation method, fibres are simulated as a bundle with the width of 0.2 mm (The
print resolution of present commercial 3D printers can be 100 microns, such as Mark Two
Printer supplied by MarkForged®, Somerville, MA) along the generated stress trajectories as
shown in Figure 3-4. In this specific case, an equivalent volume fraction of fibres V¢ between
1.7% and 27.2% without any overlap of fibres can be achieved. For the conventional optimised

composites, fibres are placed the along x-axis direction straightly as shown in Figure 3-5.
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0.2 mm

Matrix
Fibre

Figure 3-4 Optimised CFRP plate with an equivalent volume fraction of fibres Vy = 27.2%.

Figure 3-5 FEM model of a conventionally optimised CFRP plate with an equivalent volume

fraction of fibre Ve = 27.2%.

3.3 Numerical case studies

Three cases are investigated in this chapter. Besides Case One shown above, Case two is an

open-hole laminate under biaxial tension with the same length, width and radius of the hole.
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As shown in Figure 3-6(a), the tensile stress of 400 MPa is applied to the right and bottom sides

of the laminate. The left side of the laminate has a constrained degree of freedom in horizontal

displacement along the x-axis while top side has a constrained degree of freedom in vertical

of 4 piles and the thickness of

displacement along the y-axis. The optimised model consists

each layer is 0.2 mm. The biaxial tension is considered as the combination of two perpendicular

the stress trajectories

2

therefore

uniaxial tension. We optimize the fibre alignment in each ply,

in each layer can be obtained from the simulation under uniaxial tension as shown in Figure 3-

6(b) and Figure 3-6(c). With the same stacking sequence and thickness, conventionally

optimised CFRP plate with a hole consists of 4 plies where fibres are placed along 0 and 90

degrees symmetrically, i.e. (0/90)s.

(b)

27.2%): (a)

Figure 3-6 Optimised CFEP plate under biaxial tensile loading (Case Two, V¢
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Configuration and stacking sequence (b) Stress trajectories generated under uniaxial tension
along x-axis direction (c¢) Stress trajectories generated under uniaxial tension along y-axis

direction

Case Three is an open-hole laminate under normal pressure. The size of laminate as well as
the number and thickness of plies are the same as in Case Two. As shown in Figure 3-7(a),
the normal pressure of 400 MPa is applied to the top face of laminate and its four sides are
fixed. For optimised fibres placement in plies, two kinds of optimisation paths are applied,
where fibres are placed along maximum and middle principal stress trajectories as shown in
Figure 3-7(b) and Figure 3-7(c). The stacking sequence is shown in Figure 3-8, where plies
are set symmetrically, i.e. (Maximum/Middle)s. In order to compare the improvement of
mechanical performance, two different traditionally optimised models with unidirectional
fibres are simulated, i.e. (-45°/45°)s and (90°/0°)s. Because of the symmetrical geometry,
material and boundary conditions of Case Three, we only simulate a quarter of the plate in

the following numerical study for this case.
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Figure 3-7 Optimised CFEP plate under normal pressure (Case Three, Vy =27.1%): (a)
Configuration and stacking sequence (b) Maximum principal stress trajectories (c) Middle

principal stress trajectories

3.4 Results and discussion

FEM models for all above mentioned cases were developed and numerical results were

compared with those from models of composites with unidirectional fibre placements.

With Egs. 3-5, the maximum von Mises stress in the regions of fibre and matrix, respectively,

the stiffness and the maximum stress concentration factor are calculated.

o, = J(01—02)2+(02—20'3)2+(01—03)2 3)
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8max

where o7 is the value of maximum principal stress, 0, is the value of median principal stress,
03 is the value of minimum principal stress, o is the von Mises stress, 0s_ax 1S the maximum
von Mises stress, 0 is the nominal stress, K.« 1S the maximum stress concentration factor,
P is the resultant force of the edge, 8,,.« 1S the maximum displacement, and k is the stiffness
of the composites. We discuss the stiffness of all these models and the maximum stress
concentration factor in fibre and matrix of the first two series of models, since CFRP lamina is
treated as an equivalent homogeneous material in FEA and the distribution of stress is not

comparable with the first two heterogeneous models.

To evaluate whether stresses distribute evenly adjacent to the hole or not, the average values of
Von Mises stress in the matrix within 2mm of the edge of the hole are calculated and plotted.
As shown in Figure 3-8(d), the values are represented by the distance between the points in the
curve and the origin of the coordinate plane. Therefore, if the curve is similar to a circle with a
small radius, stresses are small and also distribute evenly adjacent to the hole in this specific

model.

For Case One, results from models without any overlap of fibres are represented by solid lines
(the volume fraction of fibre between 1.7% and 27.2%) as shown in Figure 3-8. The maximum
stress concentration factor and stiffness have little differences between new and traditional
optimisation method with the volume fraction of fibre 1.7%. As the fibre volume fraction
increases, models with curved fibre show increasingly better performance. With the fibre
volume fraction 27.2% (which is highest fibre volume fraction without any overlap of fibres),
the maximum stress concentration factors in both fibre and matrix reduce by almost 60% (60.3%

and 59.8%, respectively). The stiffness in x-axis direction of the plate with curved fibres
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increases by 39.7% in comparison with the traditionally optimised models with unidirectional
fibres. In terms of comparison between models with unidirectional fibres and model using
lamina material, the stiffness of composites has a marginal error of 6.9%, which is acceptable

and also indicates that the method modelling fibre and matrix separately is applicable.
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Figure 3-8 Comparisons of mechanical performance in Case One: (a) maximum stress
concentration factor in the fibre (b) maximum stress concentration factor in the matrix (c)
stiffness in x-axis direction (d) Von Mises stress distribution in the matrix at the

circumference of hole (V; = 27.2%)

Considering the improvement of printing technology in the future, we also simulate new

optimised models with higher volume fraction of fibre, where the widths of carbon fibre
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bundles are 0.3, 0.4 and 0.5 mm and the number of carbon fibre bundle is the same as in the
model with a fibre volume fraction of 27.2%. Fibres are assumed to be printed without matrix
material in the area near to the hole and the results are plotted out by dotted lines, as shown in
Figure 3-8. The maximum stress concentration factor in the fibres decreases continuously and
factor in the matrix fluctuates slightly when the volume fraction of fibre increases from 27.2%
to 67.9%. Also, the stiffness increases continuously. In terms of the comparison between
models with curved and unidirectional fibres, new optimised models with fraction between 30%
and 40% present better performance. Except for slightly fluctuating concentration factor in the
matrix, factor in the fibre reduces by 60% and stiffness of composites increases by 57%

approximately.

In Table 3-2, the distribution field of Mises stress for Case One with the fibre volume fraction
27.2% are shown. For models with unidirectional fibres, the maximum Mises stresses, no
matter in the fibres or matrix, concentrate in a very small area near to the top and bottom edge
of the hole. It can also be observed that the Mises stresses are distributed more evenly in the
models with curved fibres. The maximum stresses in the fibre distribute on a larger area
adjacent to the hole, because of that, the maximum Mises stresses in the matrix do not
concentrate on the top and bottom edge of the hole. As shown in Figure 3-8(d), in the region
adjacent to the hole, although the stresses reduce significantly, they do not distribute evenly

since only carbon fibres in x-axis direction are optimised in this case with single ply.
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Table 3-2 Von Mises stress distribution in Case One with a fibre volume fraction 27.2%

The whole plate Region of matrix

S, Mises S, Mises
SNEG, (fraction = -1.0) PLY-1 (double-sided)
(Avg: 75%) (Avg: 75%)

+2.6e+02 %

+1.1e+02
+8.9¢+01
+6.7e+01
+4.5e+01
+2.3e+01
+1.0e+00

+2.4e+02
+2.2e+02
S, Mises S, Mises
SNEG, (fraction = -1.0) PLY-1 (double-sided)

+2.0e+02
(Avg: 75%) (Avg: 75%)
420101

+1.8e+02 E
+6.6e+02 a0
+3.8e+
+3.5e+01 E
+3.1e+01
+2.8e+01
+24et)] ==
- +2.1e+01
e e

+5.0e+02
- +4.4e+02
- +3.9e+02
- +3.3e+02
+2.8e+02
+2.2e+02
- +1.7e+02
- +1.1e+02
- +5.6e+01
+2.4e-01

Unidirectional fibre

+1.5e+02
Curved fibre +1:3¢+02
+6.1¢+02
+5.5¢+02
MEig———
+1.1e+01
+7.1e+00
+3.7e+00
+2.4e-01
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For Case Two, as shown in Figure 3-9, models with fibre volume fractions from 6.4% to 27.2%
are simulated, which is a representative fraction range according to the result from Case One.
Compared with traditional optimisation method, models with curved fibres show better
mechanical performance as the fraction increases. For the model with fraction 27.2%, the
maximum stress concentration factor in the fibre and matrix reduces by 33.0% and 62.5%,
respectively. Since Case Two is an open-hole laminate under biaxial tension, the stiffness of
the composites in both x-axis and y-axis direction is analysed, which increases by 24.6% and

49.3%.

Distribution field of Mises stress for Case Two is shown in Table 3-3. We consider two
different types of fibre placement in a ply, x-axis direction layer and y-direction layer, which
are compared with 0° and 90° plies in the traditional optimisation method with unidirectional
fibres. As can be seen in the comparison of stress distribution for the whole plate, the maximum
stresses in the fibre distribute in a larger area around the hole and also have a smaller value.
For the region of matrix, the Mises stresses distribute quite evenly and stress concentration is
not obvious in the model with curved fibres while the Mises stress much concentrate near to
the hole in the model with unidirectional fibres. Similarly, as shown in Figure 3-9(e) and Figure
3-9(f), Von Mises stresses with smaller values distribute evenly in the region adjacent to the
hole, which proves that the new optimisation method can reduce the stress concentration

significantly in this case.
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Figure 3-9 Comparisons of mechanical performance in Case Two: (a) maximum stress

concentration factor in the fibre (b) maximum stress concentration factor in the matrix (c)
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the circumference of hole in x-axis direction (V; = 27.2%) (f) Von Mises stress distribution
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Table 3-3 Von Mises stress distribution in Case Two with a fibre volume fraction 27.2%
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For Case Three, as shown in Figure 3-10, models with stacking sequence (-45°/45°)s show
better performance than models with stacking sequence (90°/0°)s both in maximum stress
factor and stiffness. Therefore, we compare models with optimised curved fibres with the
unidirectional models with fibre volume fraction from 16% to 36%. As in Case One and Two,
the effect of optimisation gradually diminishes when the overlap of fibres appears. Mechanical
performances are improved significantly with a fibre volume fraction around 27.1%. The
maximum stress concentration factor reduces by 28.9% and 36.1% in the fibre and matrix. Also,

the stiffness in z-axis direction increases by 32.4%.

As shown in Table 3-4, Von Mises stresses in the optimised model are well-distributed both in
the fibre and matrix compared with the other two models. In the fibre, stresses with maximum
values are distributed in a wider region that is no longer near the hole. For the matrix, as shown
in Figure 3-10(d) and Figure 3-10(e), the curves of Von Mises stress adjacent to the hole are
more similar to a circle and the values are reduced significantly, which shows the new
optimisation method has a great impact on the improvement of mechanical performance of

laminate under normal pressure.
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Figure 3-10 Comparisons of mechanical performance in Case Three: (a) maximum stress
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44



Table 3-4 Von Mises stress distribution in Case Three with a fibre volume fraction 27.2%
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3.5 Conclusions

This chapter presents a new optimisation method to place continuous curved fibres without
inter-section specifically for future application to 3D printing of CFRP composites. The method
adopts maximum or middle principal stress trajectories as the placement path of carbon fibres,
which aims to fully utilise the mechanical properties of fibres. By altering the number of
placement path, the volume fraction of fibres in 3D-printed composites can be controlled. The
mechanical performance of optimised-printing CFRP composites are discussed in comparison
with traditional optimisation method with unidirectional fibres. Three representative cases, 1.e.
an open-hole single ply lamina under uniaxial tension and an open-hole laminate under biaxial
tension and normal pressure were used to assess the newly proposed fibre placement method.
In all case studies, it is confirmed that the curved fibre placement follows the principal stress
trajectories will significantly improve the mechanical performance of the composite specimens

in terms of stiffness and strength comparing to the traditional unidirectional fibre placement.

This new concept of performance-driven optimisation method could offer a very useful and
powerful tool for the design of future 3D printing process for fibre reinforced composites with
complex and discontinuous geometry. It is worth to mention that although stress distributions
near the hole are improved by curved fibre placement, there are still some stress concentrations.
Also, when the overlap of fibres appear, the effect of optimisation starts to decrease. Future
researches are required to address these issues and also the implications to the challenges of

the 3D printing technology need to be discussed with the manufacturing industry.

3.6 Corrections

This chapter was written and published in 2018, but a few minor mistakes were made because
of the inadequate understanding of 3D printing, modelling method and their mechanism during

the first year of the author’s PhD project. According to the policy of the university, the
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published work cannot be subject to revision. Thus, this Corrections section is presented

especially in the thesis to discuss those mistakes and avoid misleading future readers.

(1) The definition of two principal stresses
In this chapter, the definitions of ‘maximum’ and ‘middle’ are used for two principal
stresses. However, for the plane stress state, the principal stress toward out-of-plane
direction is always equal to 0, and the other two could be both positive/negative, or one
positive and one negative. Therefore, these two stresses in the text should be the higher
and the lower values of the in-plane principal stress.

(2) More accurate boundary condition for the symmetry
The boundary condition and the way of load application in this chapter are incorrect.
The best way of load application should be a concentrated load at a reference node
coupled with the loading side so that it will generate a constant horizontal displacement
along the side. As for the constrained side, besides the degree of freedom in horizontal
displacement is constrained, a corner point of this side should be fixed for stable
convergence. Although this chapter is a preliminary numerical study, the boundary
condition and the load application should be achievable for the symmetry and future
experiments.

(3) The setting and material properties of carbon fibre
In this chapter, the carbon fibre is defined with homogeneous material properties and
the deposited area of it are assumed to be without matrix. In the actual printing, the
printing filaments of continuous carbon fibre have to be mixed/impregnated with
thermoplastic or thermosetting polymer. The highest fibre volume fraction of the state-
of-art technology is 50% approximately. Thus, the setting of material properties and the
assumption are not precise enough. An updated FE modelling method is presented in

Chapter 7, with reasonable setting of material properties as well as separate definitions
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of infilled matrix and deposited continuous fibre filament.

48



Chapter 4 Failure analysis of 3D-printed woven composite plates
with holes under tensile and shear loading *

Abstract

This chapter presents the modelling and failure analysis of 3D-printed woven composite plates
with a hole under tensile and shear loading. In the finite element (FE) software, woven cells
are built using stacking sequences, which are then linked together to form the FE model of the
woven laminate. According to the 3D printing experiments, tailored fibre placement is
achieved in the simulation by altering the fibre orientation around a region to leave a hole. In
order to compare this placement technique with that of a control group, ‘drilled” samples with
the notch removed via mechanical machining was proposed. Three cases, open-hole laminates
under tensile loading and double-shear and single-shear bearing, are studied to advance the
understanding of the failure mechanisms. Good agreement between numerical and
experimental results has been obtained, which exhibits a similar trend of strength improvement
using new placement technique. The distribution of principal strain and displacement in the
modelling are consistent with the results obtained from Digital Image Correlation (DIC) and
X-ray computed micro-tomography (uCT) scanning. It suggests that the avoidance of fibre
breakage and the overlap of printed materials around the hole can significantly increase the

failure strength and prevent the propagation of cracks.

Keyword

Carbon fibre reinforced plastic (CFRP), 3D printing, Woven composites, Finite element

analysis (FEA), Digital Image Correlation (DIC), X-ray computed micro-tomography (uCT).

" This chapter was published in Composites Part B in January 2020.
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4.1 Introduction

Additive manufacturing technology, commonly known as 3D printing, is a process that enables
the efficient manufacturing of parts with complex shapes [85, 86]. At present, the most widely
used 3D printing process is fused filament fabrication (FFF). From prototypes to final parts,
automotive [87], aerospace [88], medical [89] industries have already adopted FFF as an
alternative manufacturing process. FFF 3D printers use a thermoplastic filament, which is
heated to its melting point and then extruded, layer by layer, to create a three dimensional object
[69]. An emerging material for 3D printing is fibre-reinforced plastic (FRP), a composite
material made of a polymer matrix reinforced with fibres, which is widely used for automotive

and aerospace structures because of its high strength and high stiffness-to-weight ratio [90].

Recently, a few new 3D printing technologies for FRP composites have been developed. For
example, Markforged released the first commercial system that could 3D print continuous fibre
filament in 2014. The mechanical performance of composites with continuous fibre
reinforcements including carbon, Kevlar and glass fibres has been evaluated by researchers [6,
20, 91-93]. The tensile strength value of printed composites reinforced by continuous carbon
fibres is up to 6.3 times higher than that obtained with the non-reinforced nylon polymer [17].
Even the continuous aligned fibres can be printed along designed path, which offers more
flexibility to overcome the major obstacle, the creation of assemblies from multiple

components, in the area of composite manufacturing.

In traditional manufacturing, mechanical fastening (currently used for composite joining) is
required and notches have to be present in the structure before fastening, which creates major
stress risers and weakens the composite material. For composite structures with geometric
discontinuities, reinforced fibres are usually placed straight in each layer and the notch

punching process would cut off those fibre, which underutilises the outstanding properties of
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them. Some optimal designs of continuous fibre placement have been made for the 3D-printed
FRP composites to fully utilise the properties of the fibre [40, 42, 43, 46], typically follow a

path for fibre determined by finite element models [94-96].

Tailored fibre placement or fibre steering is a technique for placing fibres by using a sewing or
tape placement system, which has been used to increase the mechanical performance of
composite materials. Some researchers applied this idea to 3D printing to solve the joining
problem. They introduced a new fibre placement technique, which allows for the printing of
woven multi-laminate composite structures with complex internal geometries [21, 97]. The
results were then compared with that of similar composites processed through current state-of-
art machining processes, which showed it has the potential as a replacement technology for
joining or repairing composites. However, there was limited experimental data available from
the fracture processes so further analysis especially for internal material information and crack
propagation needs to be conducted to evaluate the failure mechanism of these woven multi-

laminate composite structures.

In this chapter, 3D-printed woven carbon fibre reinforced plastic (CFRP) composites were
investigated by finite element analysis (FEA) to explore the failure mechanisms of 3D-printed
woven composites. Firstly, the new fibre deposition technique and the numerical simulation
method are presented. Then open hole tensile and shear bearing response tests are carried out
by the finite element method. The numerical results are discussed and compared with the
experimental results, in order to identify the reasons why 3D-printed woven multi-laminate
composite structures have better performance. Also the Digital Image Correlation (DIC) and
X-ray computed micro-tomography (LCT) scanning were used to characterize the specimens
to obtain more analytical information about failure. From the correlation between FEA, DIC
and pCT data, damage evolution processes under tensile and shear loading conditions were

revealed.
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4.2 3D printing of woven composites

4.2.1 3D Printing System & Materials

The carbon fibre feedstock filament was sourced from Markforged CA. These filaments
(0.35mm diameter) consist of two materials, a fibre bundle (reinforcement) and an impregnated
polymer (matrix). The fibre bundle consists of approximately 1000 continuous 7um diameter
carbon fibres. The matrix material is a Nylon blend developed by Markforged. The filament is
provided on 150cm? or 50cm? spools and is stored in a dry box to reduce moisture uptake, this
is due to Nylons hygroscopic nature. The thermal properties of the “Prepreg” carbon fibre
filaments are evaluated using differential scanning calorimetry (DSC). The glass transition
temperatures T,= 68 °C but the melting peak was found to be absent even the filaments was
exposed to 250°C for 30 hours [57]. Previous authors have highlighted that the shape and size
of the melting peaks observed in DSC are dependent on the thermal history of the nylon
polymer [98]. This indicates that the filament may have been exposed to relatively high

temperature during the fabrication process.

Printing was carried out utilising a Prusa i3 printer chassis with a modified fibre printing head.
A 1.3mm Markforged fibre nozzle was installed. For the specimen produced in this study a
print temperature of 245°C, and a speed of 10mm/s was used. Samples were printed onto an
unheated Garolite print plate which was coated in a layer of PVA, to ensure adequate adhesion

during printing.
4.2.2 Fibre pathing

The filaments used in this study contains continuous fibres, and as such toolpaths cannot stop
and start as they would during polymer printing. It was therefore necessary to generate a
continuous toolpath (G-code), as described previously [97]. Continuous toolpaths were

generated through a parametric Python script, with output commands compiled in a spreadsheet
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software package before transfer to the printer. Sample plates could be customised by the
altering input parameters (such as sample size, weave spacing, feature locations, print speed,
etc.). Examples of rectangular woven laminates are shown in Figure 4-1. Note that carbon fibre
stiffness precludes the use of tight cornering whilst printing. It was therefore necessary to take
larger sweeping corners to avoid fibre breakages, which caused ‘selvedge’ (excess) material in
the preparation of specimens. It can also be seen in Figure 4-1 how different numbers of
filaments within each unit cell affect the woven structure. This can also drastically reduce the
‘selvedge’ material, as seen when comparing that of the tensile and the bearing response
specimen patterns. The path used in the bearing response specimen was more efficient with

less wastage.

-_—

(A) B LA
! !

Bearing Response Sample (Procedure A) Open Hole Tensile Sample

.

Figure 4-1 Finished composite sample (A) and sample mounted (B) for both open hole tensile
and bearing response tests. A smaller woven unit cell was used to minimize waste material in

bearing response samples [97].
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4.2.3 Tailor woven and drilled samples

In order to compare this tailored placement technique with that of a baseline/control group, a
second group of samples was proposed. These ‘drilled’ samples had a 6mm notch removed
from the required locations via mechanical machining. In the case of open-hole tensile samples
this was achieved through die punching the samples, which was possible due to their low
thickness of just 0.35mm. As bearing samples were approximately 3.1mm thick it was
necessary to drill the notches using a diamond coated bit. An example of both a ‘tailor woven’

and a ‘drilled’ 6mm notch are shown in Figure 4-2.

Tailor Woven Sample

Figure 4-2 The ‘tailor woven’ (a) and ‘drilled’ (b) samples for bearing response testing. Note
the fibres remain unbroken in the ‘tailor woven’ samples versus the discontinued fibres in the

‘drilled’ sample [97]

4.2.4 Mechanical testing

This section introduces the specimen setup in the experiment. Detailed geometric information
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and schematic diagram will be shown in next section. Both open hole tensile and bearing
response tests were performed on an Instron 100kN 8501 hydraulic tester (S0kN in Tensile).
Hydraulic grips ensure equal gripping pressure on each tab (500Psi). A preload of SN was
applied to specimen prior to test start to take up slack from gripping apparatus.

As per ASTM D5766 (open hole tensile) the specimens were tested at a crosshead speed of
Imm/min. They were adhesively bonded onto carbon epoxy tabs, this acts to minimise strain
concentrations at the gripping points, and was particularly important for un-notched samples
which contained no hole for strain concentration.

As per the ASTM D5961 (bearing response) standard the specimens were tested at a crosshead
speed of 2mm/minute. Double shear specimens were held in a steel support structure using a
steel M6 nut and bolt, tightened to a torque of 3Nm (using a Torqueleader ADS 4, 0.8-4Nm,
torque wrench). This structure evenly applies shear from either side of the specimen. In the
case of single shear specimen, carbon epoxy doublers were bonded to the ends of each
specimen using a toughened cyanoacrylate to reduce stress concentrations from the grips. A
steel M6 nut and bolt were then used to fasten the two specimens together with an applied

torque of 3Nm. Two M6 washers were also used as pressure distributors on either side.

4.2.5 Digital Image Correlation (DIC) and X-ray nCT scanning
Digital image correlation system was used as a video extensometer to obtain extension

measurement. Since the bolts in the shear bearing tests covered the hole, this system was only

used for the specimens in open-hole tensile test. A crosshead speed of Imm/min was used so
as to acquire accurate DIC readings. For this detection system to function, a random speckle
pattern was applied to the surface of the specimens. A white elastic spray paint was used to
speckle this pattern.

The specimens after failure in shear bearing tests were examined by a Zeiss Xradia Versa 410

uCT system. The same pCT parameters were used for specimens in double and single shear
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bearing tests and produced a voxel size of 1.9397um. An accelerating voltage of 80keV and a
power of 7W were used in this system. The specimens were rotated 360° and 1600 projections
at one second exposure time were collected on a charge-coupled device detector. To obtain
clear images, results from pCT system were reconstructed using Zeiss built-in reconstruction

software and the threshold value was determined by analysing experience.

4.3 Failure characterization and finite element analysis

4.3.1 Finite element model

In this chapter, a FEM software ABAQUS is used to simulate the failure of 3D-printed woven
composites plates. The plates are set as 3D shell models and the ‘composites layup’ module is
applied to define the stacking sequence and properties of the elements. The elastic properties
and damage properties of CFRP used in the present study are shown in Table 4-1 and Table 4-
2, respectively. The damage initiation and evolution of fibre reinforced composites are judged
by using Hashin failure criteria in ABAQUS, which is based on the works of Hashin and Rotem

[99].

Four different damage initiation mechanisms are taken into consideration in the Hashin damage
initiation criterion: fibre tension (Ff), fibre compression (Ff), matrix tension (FY,), and matrix

compression (Ff,). According to the failure modes, the following four equations Eqs (6) - (9)

are applied.
Ff = (G0)* + a(gH)? (6)
Ff = (G0)? (7
=G+ GD? (®)
2
= (%22 + [(ZST) — 1152 + (22 9)

where 041, 0,, and T;,, are the applied stresses and a is a coefficient (0.0 < a < 1.0) that
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determines the contribution of the shear stress to the fibre tensile initiation criterion. In this

work, the value a =1.0 is used as in the model proposed by Hashin in 1980 [100].

In ABAQUS software, the Hashin criterion is parallel to the evolution of damage. It is based
on four fracture energies which correspond to four different material failure modes. The
fracture energy values presented in Table 4-2 was used for each mode previously explained.
However, it is a challenge that using damage energy to determine the combination of Hashin
criterion and damage evolution. Other standard tests on fracture energies of FRP composite are

still to be developed [101-103].

When one of the parameters (Ff, Ff, Ff, and FS,) exceeds the unit value, the damage criterion

of the corresponding failure mode is met, and the stress at this point is calculated as follows:

o = Cq4¢ (10)

where € reflects the strain and C4 reflects the matrix of damaged elasticity:

(1—dpE; (1-dp)(1 —dy)vaEy 0
Ca =1 = d)(A = dm)vi2Ey (1 - dm)E, 0 (1)
0 0 (1 —dy)GD
D=1-(1—-dp)(1—dn)vizvs (12)

where E1, E;, G, V1, and v,, are shown as Table 4-1. df, d,,, and d; reflect the current state of
fibre, matrix and shear damage, respectively, which derived from damage variables d]E, df, dt,

and dy, as follows:

dt ifo,; =0
dp =18 Mo = 13
f {dg ifo;, <0 (13)
A = {dfn ifo,, <0 (14)
ds =1—(1-dp(—df)(1 —di) (1 —d§,) (15)

After the damage initiates, the damage variable of each mode is calculated by means of
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880 (8eqg—620)
d==2" "1 16
8eq(8tq—83) (16)

where 83q is the equivalent displacement when the damage criterion of material was met
initially and 8£q is the equivalent displacement when the material was damaged completely.
Figure 4-3 shows their relation graphically. The values of 8g, for the various modes depend on
the elastic stiffness and the strength parameters specified as part of the damage initiation
definition. The values of 8£q for the various modes depend on the respective energy dissipated

during damage G°.

Equivalent
stress

GC

B

»
»

59 55‘1 ]?quivalent
displacement

Figure 4-3 Linear damage evolution of Hashin failure criteria.

Table 4-1 Elastic properties of 3D-printed CFRP by Mark One/Two [93, 104].

Modulus of elasticity in fibre direction (Eq) 54 GPa
Modulus of elasticity in transverse to fibre direction (E;) 26 GPa
In plane Poisson’s ratio (v & v31) 0.30
Share modulus (G) 5000 MPa

Table 4-2 Damage properties of 3D-printed CFRP by Mark One/Two [93, 105, 106].

Tensile strength in carbon fibre direction (XT) 700 MPa

Compressive strength in carbon fibre direction (X©) 320 MPa
58




Tensile strength in transverse to carbon fibre direction (YT) 33 MPa

Compressive strength in transverse to carbon fibre direction (YC) 131 MPa
Longitudinal shearing strength (S') 29 MPa
Transverse shearing strength (ST) 29MPa
Tensile fracture energy in carbon fibre direction (Gf,) 91.6 N/mm
Compressive fracture energy in carbon fibre direction (Gf,) 79.9 N/mm
Tensile fracture energy in transverse to carbon fibre direction (Gg,¢) 0.22 N/mm
Compressive fracture energy in transverse to carbon fibre direction (G,¢) 1.1 N/mm
Viscosity coefficient 0.005

a

o]

=

B
I

Figure 4-4 Modelling of woven composites structure: detailed image of finished woven
laminate (left), ‘cell’ structure in FEA (middle) and schematic representation of a two-layers

woven cell (right).

The woven structure produced in this study can be broken down into unit cells (Figure 4-4
highlights nine of these ‘cells’). The modelling of woven laminate begins with the simulation
of these square cells, as shown in Figure 4-4. Each cell consists of two parts which are separated
by polylines from topleft to downright. For a two-layer woven laminate, the stacking sequences
of fibres are exactly the opposite in these two parts, (0/90)s and (90/0)s, respectively. This
modelling method makes the material properties of the woven composites in the numerical

simulation similar to the experimental ones.
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Figure 4-5 Modelling of the hole for (a) ‘Tailor-woven’ and (b) ‘drilled’ specimens

As shown in Figure 4-5(a), fibres from the X and Y axis were diverted around a region to leave
a hole in the ‘tailor woven’ specimen. In the real printed samples, the overlap of the filaments
would cause the ring area to swell slightly and form a densified buffer zone. In the FE model,
a ring with the same width as printing width (1mm) is set around the hole. The first material
orientation (fibre direction) of CFRP is set along this ring when the printing paths of the
filament get into this ring region. Since the diameter of the hole is 6 mm, six printed filaments
were diverted in the X and Y axis directions, in which the overlap of materials is formed as the
overlap of red and green lines shown in Figure 4-5(a). It causes different height in the ring and
other regions and also improves the stiffness in the region around the hole, which is consistent

with the case of real printed samples.

For the “‘drilled’ specimen, specimens are notched using a die punch after printing. In numerical
simulations, a model of intact woven composites without holes is made firstly and a hole is cut

off from the centre of the intact model to form the drilled case, as shown in Figure 4-5(b).
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4.3.2 Tensile loading test
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Figure 4-6 (a) Specimen setup for tensile test (b) the schematic diagram in the FE model

As shown in Figure 4-6, the first case is an open-hole laminate under uniaxial tensile loading
according to ASTM-D5766 standard test method, where its length is 204 mm and its width is
36 mm. As mentioned above, a hole with 6mm diameter is placed in the centre and the plate
consists of 2 plies of 0.17 mm thick. Each two plies make up a woven layer. The left side of
the plate is fixed and the displacement along longitudinal direction is applied to the right side
of the plate. The plate has a constrained degree of freedom in vertical displacement along the
z-axis to eliminate the effect of warpage on the results. ‘Tailor woven’, ‘drilled’ and ‘intact’

specimens are studied in this case.
4.3.3 Shear bearing test

Numerical simulations of shear bearing tests were carried out according to ASTM-D5961
standard test method. These two cases are the laminates under double and single shear bearing,

where their length is 172 mm and their width is 36 mm. The plates consist of 18 plies of 0.175
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mm thick (9 woven layers) and the dimeter of the holes is 6mm. According to standard test
method for shearing response, the centre of the hole is 20 mm from the right side and 18 mm
from the top side. For double shear bearing test, the left side of the plate is fixed and a rigid pin
is placed in the hole with the same diameter and the displacement along longitudinal direction,
as shown in Figure 4-7. For single shear bearing test, the rigid pin is bound to a bolt of 2 mm
thick and 6.5 mm in diameter. As shown in Figure 4-8, displacement of pin is loaded in the
position 1.575 mm (half of the plate thickness) from the plate, which ensures the woven
laminates are under the same loading condition as in the experiment. In the simulation of
shearing tests, the plates have a constrained degree of freedom in vertical displacement along
the z-axis in order to eliminate the effect of warpage caused by the unsymmetrical stacking
sequence of real samples. The default set of contact is used in the interaction between the pin
and the woven composites, which is ‘frictionless’ and ‘hard contact’ (only allow the transfer
of compressive stress) for tangential and normal behaviour. Only ‘tailor woven’ and ‘drilled’

specimens are studied in shear bearing tests.

L 172 mm _f

®)

(c) E

Figure 4-7 Specimen setup (a) for double shear bearing test and the schematic diagram from

Double Shear

(a)

top view (b) and front view (c) in the FE model
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Figure 4-8 Specimen setup (a) for single shear bearing test and the schematic diagram from

36 mm

Single Shear

(@

top view (b) and front view (c¢) in the FE model

4.4 Results and discussion

In this section, the results of the numerical simulations are compared with that obtained from
the experimental data which were reported previously [97]. Just to note that there is limited
experimental data available from the fracture processes. For example, bolts had to be placed
above the hole and used for fastening during the shear bearing experiments. Thus, the
displacement around the hole cannot be obtained from the DIC measurement. Therefore, the
results captured from the numerical simulations, such as strain distribution and the evolution

of damage, would be helpful for the further understanding of the failure mechanism.

4.4.1 Open hole tensile

In the tensile loading case, examples of the average tensile strengths and strains for each
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specimen are shown in Figure 4-9 and stress-strain graphs compiled in Figure 4-10. For ‘tailor
woven’ and ‘intact’ specimens, the tensile strength from numerical simulations are 10-15%
higher than those obtained experimentally. A possible explanation for this behaviour is that the
presence of air voids caused by 3D printing process would reduce the material properties of
CFRP and make the strength values a little lower than the materials data provided by
Markforged company [104] while approximately 60% higher for ‘drilled’ specimen resulted in
a considerable number of defects in the region around the hole such as fibre breakage, which
could not be directly simulated in the present FE model. Comparing the experimental and
modelling data given in Figure 4-9 & Figure 4-10, it is clear that both exhibit a similar trend of
strength improvement obtained for the hole obtained using the ‘tailor woven’, compared with
that for the drilling technique. In the presented FEA results, the strength of ‘drilled’ specimen
reach 76% that of intact specimen, while ‘tailor woven’ specimens exhibited strengths which
were 11% higher, and 13% lower than that of ‘intact’ specimens. Figure 4-9 also shows the
comparison of tensile strains for ‘tailor woven’, ‘drilled’ and ‘intact’ specimens (1.4%, 1.3%
and 1.7%, respectively, in the simulation). The tensile strains of ‘tailor woven’ and ‘intact’
specimens show good agreement between the experiment and simulation while the value of
‘drilled’ specimen in the experiment is lower than that in simulation. As mentioned before, this
is because in reality the drilling process of CFRP composites cuts off the carbon fibres and also
generates serious defects including burrs, tearing, delamination, matrix thermal damage and so
on [107]. These defects reduced the properties of the material around the hole and lowered the

experimental strength of the ‘drilled” sample.
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Figure 4-9 Tensile strength (left) and tensile strain (right) for each type of specimen
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Figure 4-10 Stress-strain curve for each type of specimen in tensile loading tests

As shown in Figure 4-11, the maximum principal strain distribution from the FEA is similar to
that in DIC images, which illustrates the reliability of the FE models. For the ‘drilled” specimen,
the immediate left and right regions of the hole bear most of the load due to the discontinuity
of the fibres caused by the die punching process. As shown in Figure 4-11(b) & (¢), the strains
with higher values (in red colour) concentrate in very small regions in the vicinity of the hole

and the cracks propagate straight along the left and right directions. The failure mode was
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consistent with the type LGM (lateral, gage and middle) failure in ASTM D5766, wherein the
laminate failed in tension laterally across the centre of the hole and exhibited faster crack
propagation. For the ‘tailor woven’ specimen, maximum principal strains still concentrate
around the hole but not in the immediate left and right regions since more materials are placed
in this area during the 3D printing woven process. These continuous and uncut fibres
transferred and distributed the loads from the hole to the surrounding area, which makes it like
a variable-stiffness design [39] where the material orientations are allowed to vary in a
continuous manner over the domain. As similar optimisation of fibre orientations near a hole
[43, 82], tailor woven technique did reduce the localised strains and increase load-carrying
capacity. Instead, strains are concentrated on the corners of the region around the hole, which
can be seen in the FEA contours as well for the level of strain given in the DIC images. It was
observed that cracks initiated from the corners and then propagated outwards in a more
irregular pattern compared with that obtained for the drilled composite, as shown in Figure 4-
11. The failure mode is the type MGM (multi-mode, gage and middle), in which laminate failed
in tension at the hole and exhibited multiple modes including laterally and angularly in various
sub-laminates. Also crack arrest was observed at weft-warp intersections, shifting the crack

onto a different layer, as shown in Figure 4-11(a).
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Figure 4-11 Fracture pattern of ‘drilled’ (left) and ‘tailor woven’ (right) specimens: (a)
fracture zone around the hole in experiment, (b) the distribution of maximum principal strain

from FEA prior to failure and (c) DIC images immediately prior to failure.

4.4.2 Double Shear Bearing Response

The average shear strengths and strains for ‘tailor woven’ and ‘drilled” specimens in double
shear bearing test are compiled in Figure 4-12. Good agreement between numerical and

experimental results has been obtained, where the shear strength increases from about 150 MPa
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to 250 MPa for the holes obtained using the tailor woven placement, compared with the drilled
composites. The shear strains of ‘tailor woven’ specimen are similar but there are some
differences of the shear strains of ‘drilled’ specimen. As the stress-strain graphs shown in
Figure 4-13, when the strain reached to 22%, the curves of ‘drilled’ specimens come to the
inflection point, which means the damage starts to develop in the laminate. However, in the
experimental result, bearing stress continues to increase by about 20% as the stiffness declines.
Since the actual printed materials contain multiple voids, the material around the hole shifted
as it was squeezed by the steel pin, which can be observed in the Mirco-CT images below. For
FEA results, the failure progress evolved more quickly because the material is assumed to be

ideal and homogeneous in the simulation.
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Figure 4-12 Bearing strength (left) and strain (right) for ‘tailor woven’ and ‘drilled’

specimens in double shear bearing test

68



————— Printed] A — —Printed2 A

Woven model | | = ----- Drilled1 A — —Drilled2_A

Drilled_model

160
140
— 120

100

Bearing stress [MPa]
Bearing stress [MPa]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.1 0.2 0.3 04 0.5 0.6
Bearing Strain (mS) Bearing Strain (mS)

Figure 4-13 Stress-Strain Curves for ‘tailor woven’ (left) and ‘drilled’ (right) specimens in

double shear bearing test

The progressive distributions of maximum principal strain are shown in Figure 4-14, which
indicate how the damage initiates and propagates in the plate. For the ‘drilled’ specimen, the
cracks initiate on the flanking sides of the hole and then propagate along the longitudinal
direction, which is consistent with the 'shearout' failure mode. Instead the damage of ‘tailor
woven’ specimen only occurs at the edge extruded by the steel pin and do not propagate to
other areas of the plate. It is the B11 (bearing, first hole and inapplicable) failure mode in ASTM
D5961. CT scan images shown in the Figure 4-15(a) confirm the FEA results discussed above.
The cracks are marked by the red circles, which show the damage actually occur at the flanking
sides in the ‘drilled’ specimen and at the edge extruded by the steel pin in the ‘tailor woven’
specimen. Also, the deformed shapes of the hole are similar between the experimental and
numerical results in Figure 4-15(a) & (b), where the hole has undergone a huge deformation in
the ‘drilled’ specimen because of the extrusion of the pin. Some fibre displacement is also
visible at the hole of ‘tailor woven’ specimen, but this elongation is minor compared to that
observed in the case of the drilled specimen. Figure 4-15(c) shows that the improvement of

shearing strength and difference of failure process are caused by the overlap of continuous
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materials around the hole in the ‘tailor woven’ specimen. The diversion of the filament around
the hole makes the material dense in this region, which protects the specimen from the damage
and crack propagation. In contrast, major buckling and delamination are seen in drilled

specimens, as a result of compression of the discontinued fibres.
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Figure 4-14 The progressive distributions of maximum principal strain in double shear
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bearing test: (a) ‘drilled’ and (b) ‘tailor woven’ specimens.
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Figure 4-15 Integrity of the hole after double shear bearing test, ‘drilled’ specimen (left) and
‘tailor woven’ specimen (right): (a) Cross section images after failure from pCT scanning, (b)
Distribution of displacement after failure from FEA and (c) Section view after failure from

uCT scanning.

4.4.3 Single shear bearing response

The average shear strengths and strains for ‘tailor woven’ and ‘drilled” specimens in single
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shear bearing test also show good agreement, as shown in Figure 4-16. Shear strength increases
from about 150 MPa to 200 MPa and the comparison of stress-strain graphs shown in Figure
4-17 is similar to those graphs in double shear bearing test. In general, except for the different
shear strength due to loading conditions, the damage processes of these two shear bearing tests
are similar and the mechanisms behind them are the same. Another difference is the
compression caused by bolt rotation in single shear bearing. In term of it, tailor woven
specimen exhibited better resistance and reduced the movement of the bolt. In contract,
buckling due to the compression from the bolt is observed in the drilled specimen, and therefore
delamination occurs above the hole. The distributions of maximum principal strain in Figure
4-18 indicate the cracks initiate at the flanking sides of the hole in the ‘drilled’ specimen. On
the contrary the damage in ‘tailor woven’ specimen only concentrate on the edge extruded by
the steel pin, which also can be seen from the pCT images in Figure 4-19(a). The failure mode
of ‘drilled’ sample is ‘shearout’ while ‘tailor woven’ sample exhibits bearing (B11) failure

mode. The deformation of the hole in these two samples show good agreement as well.

The 3D-view videos (4 videos for ‘drilled’ and ‘tailor woven’ specimens in double and single
shear tests) obtained from pCT system have been uploaded as supplemental documents to
provide more detailed and intuitively clear information about the specimens after failure. It

proves the reliability of the FEA model and the improvement of mechanical performance due
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to the tailor woven printing technique.
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Figure 4-16 Bearing strength (left) and strain (right) for ‘tailor woven’ and ‘drilled’

specimens in single shear bearing test
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Figure 4-17 Stress-strain curves for ‘tailor woven’ (left) and ‘drilled’ (right) specimens in

single shear bearing test
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Figure 4-19 (a) Cross section images after failure from pCT scanning (b) The distribution of
displacement after failure (c) Section view after failure from pCT scanning: ‘drilled’ (left)

and ‘tailor woven’ (right) specimen in single shear bearing test

4.5 Conclusions

This chapter presents the FE modelling and failure analysis of 3D-printed woven composite
plates into which 6 mm holes were placed. The specimens were obtained using the ‘tailor
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woven’ and ‘drilled’ techniques by diverting the filament to make the hole during printing and
by drilling the hole, respectively. The models of each specimen are established by FEM and
Hashin failure criteria is used to predict the damage initiation and evolution of 3D-printed
woven carbon fibre reinforced polymer composites. Three mechanical tests, tension and
double-and single-shear bearing, are studied. Also Digital Image Correlation (DIC) and X-ray
computed micro-tomography (uCT) scanning were used to characterise the failure process. The
numerical and experimental results show good correlation. Using tailor woven printing
technique, the avoidance of fibre breakage and the overlap of printed materials around the hole
have increased the strength of the woven laminates by more than 40%. This also improved the
damage process in these three loading cases in terms of the migration of the damage initiation

and prevention of cracks propagation.

The FE model itself could offer a useful tool for analysing the mechanical performance of 3D-
printed composites with designed fibre placement. The failure analysis in this chapter clarify
the mechanism behind the improvement of performance achieved by tailor woven fibre
placement, which can be used for the design of future 3D printing process for FRP composites.
It is important to highlight that while the mechanical properties are improved, the relationship
between performance and fibre placement has not been quantified. Also the performance of
3D-printed woven composites under complex loading and geometry have not been tested.

Future research is required to address these issues.

4.6 Corrections

The failure criteria used in this chapter is a built-in module in Abaqus software, which is based
on the works of Hashin and Rotem in 1973 and 1980 [99, 108]. Hashin managed to separate
failure modes of the fibre reinforced composites into two mutually exclusive groups, fibre

failure and matrix failure. Subsequent development of it involved subdividing them into tensile
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and compressive modes [109].

As the development of failure criteria for fibre reinforced composites, the irrationality of
Hashin failure criteria has been critically reviewed. For example, one of the assumptions of
Hashin failure criteria is the Mohr criterion. However, the stresses in composites are not
principal stresses in the same sense as those employed in the Mohr criterion or Mohr’s circle
[109]. Also, previous research demonstrated that the changes in elastic constants induced by
damage depend on certain damage related material constants [110]. In continuum damage
mechanics (CDM) formulation, eight damage related material constants for UD FRP composite
have been identified. If seven of these constants have been solved, the remaining one can be
determined by a numerical virtual test using a FE model, which means the principle of Hashin
failure criteria, four damage variables are defined independently for each mode, is contradictive

and irrational [110].

The lack of rationality in the formulation of composite failure criteria can be seen as an acute
symptom to be addressed in order to progress in this front of scientific endeavour before any

further sophistications to be added to the derivative ends and existing theories.
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Chapter S Fibre misalignment and breakage in 3D printing of
continuous carbon fibre reinforced thermoplastic composites °

Abstract

This chapter investigates the formation of manufacturing induced fibre misalignment and
breakage during fused filament fabrication (FFF) 3D printing of 1K continuous carbon fibre
filament. Single stripes at various turning angles and curvatures are printed by a desktop printer
Prusa i3 using a specific brass nozzle and characterised using X-ray computed micro-
tomography (LCT) scanning and optical microscopy. A finite element (FE) model of the
printing process is also established to support the experimental measurement. It has been found
that high porosity and fibre misalignment in the printed straight stripe result from the weak
fibre/matrix interface and the uneven pressure executed by the nozzle. Increase of turning angle
and/or reducing of curvature radius leads to more aggravated printing defects, including shape
inaccuracy, fibre twisting, folding and misalignment, due to the excessive force from the nozzle,
de-bonding with the print bed and the unmatched geometry of nozzle outlet and fibre filament.
Severe fibre breakage and significant change of thickness can be seen in the samples with
turning angles larger than 120° or curvature radius smaller than 5 mm, while the wrinkles of

the stripe in the inner periphery appear more frequently as the curvature radius decreases.

Keyword

3D printing; continuous carbon fibres; X-ray computed micro-tomography; fibre breakage;

fibre misalignment; Finite element analysis

" This chapter was published in Additive Manufacturing in December 2020.
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5.1 Introduction

Continuous carbon fibre-reinforced polymer (CCFRP) composites have been increasingly used
in airframes and other high-end industrial products [87, 88] due to their superior mechanical
properties such as high strength-weight and stiffness-weight ratios [43]. Traditional
manufacturing methods of CCFRP, such as autoclave and resin transfer moulding, have
difficulties to fabricate composites with complex geometry [111], since continuous fibres in
the fabric preforms are usually aligned in specific directions. Notches and holes normally need
to be created by subtractive machining processes such as drilling and cutting when mechanical
fastening is needed. These machining processes could induce residual damages including
delamination and fibre breakage which may compromise the structural integrity of the

composites [107, 112].

To mitigate the defects caused by subtractive machining processes, alternative manufacturing
methods have been explored to place continuous fibre tows and fabricate composites with
complex geometries. Among them, Automated Fibre Placement (AFP) uses small fibre tows
(typically 8 mm wide or less) to form composites, which leads to better precision and increased
deposition rates when compared with experienced laminators for hand lay-up. For composite
parts with complex geometries, fibre tows can be steered along the desired fibre paths.
However, the diameter of the compaction roller and the head geometry limits female mould
radius that can be used for parts built with this technology [113]. Also, several defects may
appear during tow steering, which includes out-of-plane wrinkling, blistering, tow pull-ups and
shearing effects. A continuous tow shearing (CTS) technique has been proposed to shear dry
tows to mitigate these defects with success [114], but it has only been applied to composite

plates with relatively large curvatures.

Another recently developed technology, additive manufacturing (also known as 3D printing)

has shown potential to fabricate continuous fibre-reinforced composites with highly complex
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shapes in both 2D and 3D. Among them, Fused Filament Fabrication (FFF) 3D printing melts
and deposits small thermoplastic filament (usually with 1k fibre tows) layer by layer to create
the composite parts [43]. In 2014, Markforged® released a series of 3D printers, e.g., Mark
One/Two, which can manufacture composites with continuous fibre reinforcement [2].
Supported by its dedicated software Eiger, Mark Two printer places the fibres around the
geometry singularity using a concentric approach. Other researchers also developed in-house
printers for CCFRP composites [26, 28, 29], which were generally achieved by impregnating
the fibres with a matrix material before extruding or within the nozzle [30]. Compared with
AFP, 3D printing of CCFRP offers better surface finishing and more design freedom but less
efficient [115], due to a higher resolution of the printing system and a smaller width of the

printed fibre tows (1-2 mm) [116].

The mechanical performance of 3D-printed composites with continuous fibre reinforcements
has been evaluated by researchers [92, 117, 118]. Some of them developed numerical
simulations to predict the progressive damage of 3D-printed curvilinear CCFRP composites
[62]. It has been revealed that the productivity of the 3D printing process and the quality of
final parts depend on a large number of factors, including the geometric complexity of the part
as well as the process parameters such as printing speed and fibre orientation [29, 119]. Despite
the advantages and capabilities, 3D printing also comes with its own limitations. For instance,
the significant voids content results in much lower stiffness and strength than expected [20, 70,
120], compared with traditionally manufactured FRP composites. Also, the fibre bundle could
be twisted, folded or even broken when printing a curved section [33]. In addition, the printed
radius turned out to be lower than the designed value with a larger fibre bundle size or a smaller
set radius [35]. In previous studies, the effect of these defects on mechanical performance has
yet been investigated and there is still a lack of established relationship between printing

parameters and the formation of those defects. This is large because the fundamental
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mechanisms for the FFF 3D printing of CCFRP composites have not been fully understood.
Therefore, a comprehensive study is needed for the 3D printing process of CCFRP, especially
for the curvilinear paths. Furthermore, a more detailed simulation of the printing process will

be helpful for the further understanding of the mechanisms.

In this chapter, the printing induced defects including fibre misalignment (wrinkling, twisting
and folding) and breakage are investigated during the FFF 3D printing of CCFRP composites
using 1K carbon fibre filament and a specific brass nozzle. First, void formation and fibre
misalignment in the printed straight stripe are studied. Then a set of single stripes are printed
out at various turning angles and curvatures to represent the complex geometries of notches
and holes, which are characterised using X-ray uCT scanning and optical microscopy. A finite
element (FE) model of the printing process is also established to aid the understanding of the

mechanisms of continuous fibre printing in terms of local stress distributions.

5.2 3D printing of CCFRP

5.2.1 Printing filaments and nozzle

The printing material 0.375 mm carbon fibre (CF) filament is sourced from Markforged®. The
previous study had evidenced that polyamide 6-1 (PA6-I) is the polymer matrix for CF
filaments and the polymer coating is a polyamide 6 (PA6) [7]. A uCT scan of its internal
structure is shown in Figure 5-1(a) & 1(b). It can be seen that the cross-section of the filaments
is relatively irregular circular with the diameter 0.35 to 0.40 mm and carbon fibres are arranged
well straight along the longitudinal direction of the filament. The volume fraction of carbon
fibres V; is measured as 21.34% (Vy = v¢ /v, V¢ is the volume of fibres and v, is the volume
of the composite). However, as shown in the cross-section, the fibres are not evenly distributed

in the filament, instead, they are concentrated into 3 parallel zones. This leads to two regions
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mainly composed of PA6-I in the filament, in which noticeable air bubbles are observed. Some
small voids are trapped around the carbon fibres, indicating a weak interface adhesion between
the fibre and matrix. The average porosity of the CF filament is measured as 0.7%. All these
pores formed in the fabrication process of CF filament may affect the mechanical properties of

3D-printed finished parts.

Carbon fibres

Polyamide 6

(c)

Figure 5-1 puCT scans of filament and nozzle: (a) cross section and (b) 3D view of continuous

carbon fibre filament; (c) brass nozzle

The brass nozzle used for the CF filament printing is also sourced from Markforged.
Dimensions of the nozzle are measured from its pCT scan, which is illustrated in Figure 5-1(c).
The nozzle has a standard M6 screw thread and an outlet diameter of 1.3 mm. There is a
thermostable plastic (Polytetrafluoroethylene, PTFE) tube inside the nozzle but for the benefit
of measuring the dimensions of the nozzle, it is not shown in the CT image due to its low
density compared with the brass. The PTFE plastic tube is used as a guide of CF filaments
while maintaining a more uniform temperature distribution for the CF filament and avoiding
sticking and friction with the inner wall of the brass nozzle. The large difference between the
diameters of the nozzle outlet and CF filament (1.3 mm and 0.375 mm, respectively) is one of

the main reasons causing the inaccuracy of fibre paths. Unlike other nozzles for the printing of
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pure thermoplastic (such as ABS and PLA) as well as short fibre-reinforced thermoplastic, it
has rounded corners at the tip which presses the heated continuous fibre filament on the printer
bed. The continuous carbon fibres are passively pulled out from the nozzle as it moves. This is
the unique mechanism of the continuous fibre printing process and will be represented in later
numerical modelling. Moreover, the friction between the nozzle and melted CF filament could
wear the tip of nozzles, which consequently causes inaccuracy of the fibre paths in the printing

process.

5.2.2 Desktop 3D printing

The Prusa i3 MK3s printer is used in this study and a schematic diagram of 3D printing CCFRP
is shown in Figure 5-2. The printer is open-source and G-code acceptable, which is friendly to
the modification of continuous fibre printing and the design of customised fibre paths. Also,
its precise ‘Live Z Adjust’ option can set the off-distance with the increment of 5 um during
the printing, in order to provide better adhesion and proper pressure for the printed CF filament.
The filament is heated to a temperature of 245°C and the off-distance between nozzle tip and
printer bed is set to 0.1 mm approximately. As mentioned before, the heated continuous fibre
filament was pressed on bed by the tip of nozzle, and the followed material was pulled out
passively. Therefore, the step motor of filament feeding can be switched off during the
continuous fibre printing, and the speed of nozzle movement is equivalent to a passive feed
rate of 5 mm/s, which means the free end of the CF filament is slightly under tension due to
the twine of the spool, but the passive feeding of filament would not be affected. Samples are
printed onto an unheated Garolite printer plate which was coated with a layer of PVA, to ensure

adequate adhesion at the start of the printing.
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Figure 5-2 (a) Schematic diagram of 3D printing of continuous carbon fibre filament (b)

modified print head with the nozzle

A straight stripe of continuous CF is printed first, as a base unit of the finished part. The internal
microstructures are characterised by X-ray uCT scans to explore the printing quality of
continuous CF filaments. Then a set of single stripes of the composites are printed with
different turning angles ranging from 30° to 180° at an increment of 30°, as well as various
curvature radius ranging from 2.5mm to 20mm. The study of turning angles reveals the
manufacturing of composites with complex geometry and singularity, like sharp corners and
notches, while curvature radius more represents circular holes in the composite structures.
Since the filament used in this study contains continuous fibres, and the toolpaths cannot be
the same as those in traditional thermoplastic printing. Therefore, continuous toolpaths (G-
code) are generated through a MATLAB script and then transferred to the printer. The case
studies with different turning angles and curvature radius aim to investigate the mechanisms of

fibre wrinkling and breakage during the 3D printing process.
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5.3 X-ray pCT scans and optical microscopy

X-ray uCT scans of original filament and printed stripes with various turning angles are carried
out on a Zeiss Xradia Versa 410 uCT system. For other samples printed at various curvature
radius, optical microscope characterisation was carried out on a Zeiss Stemi 2000 Stereo Zoom
Microscope. The reason for using optical microscopy instead of X-ray uCT for those samples
is that optical microscopy gives a much larger view of the printed samples than X-ray uCT so

as to provide more useful information of the fibre wrinkling along the whole printed curve.

The X-ray source with an accelerating voltage of 80 kV and a power of 7 W is used for all
scans. The exposure time and effective pixel size vary for each sample to achieve the possible
best intensity and contrast of the images, as listed in Table 5-1. Each sample is fully rotated by
360° during the scan, resulting in thousands of projections collected on a 1k x 1k pixel, noise
suppressed charge-coupled detector. The raw data are reconstructed using a Zeiss built-in
reconstruction software to obtain clear images and the threshold value is determined by

analysing experience.

Table 5-1 Exposure time and effective pixel size for the samples in X-ray pCT scans

Raw Straight Single stripes with different turning angles
filament single stripe  30° 60° 90° 120° 150° 180°
Exposure 5 2 2 2 8 2 2 2
time (s)
Effective
pixel size 1.023 2.638 3293 3293 3.123  2.826 2384 3.293
(um)

For this chapter, the voids percentage and fibre volume fraction are quantified following the
image processing steps in Avizo software (commercial software for data visualisation and
analysis), as shown in Figure 5-3. Because the images obtained from pCT scanning are usually
not good enough for later processing such as edge detection, filtering technique is necessary to
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remove the noise [121]. The median filtering used in this chapter is considered to be a technique
for linear smooth processing, often used to preserve edges while removing noise, in which the
main idea is to run through the signal entry by entry, replacing each entry with the median of
neighbouring entries [122]. As shown in Figure 5-3, compared with raw images, the noise in
the matrix material is reduced effectively and the boundaries between different materials are

easier to detect in images after median filtering.

Reconstructed Median filtering Segmentation : Volume fraction of
. Label analysis .
model for images method materials

Figure 5-3 Steps of images processing and quantitative analysis

Then the segmentation method is used to separate void, fibres and matrix. The grey values are
sorted from low to high, and the different materials can be segmented by changing the intensity
range. In this study, the lowest grey value threshold is the void, the middle is the polyamide 6
and the highest is the fibres (in colour black, grey and purple, respectively), as shown in Figure
5-3. The application Label Analysis is used to label all the constituents detected from
segmentation method and volume of them can be calculated, therefore volume fraction of

different materials can be obtained.
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5.4 Finite element modelling

A finite element (FE) model is established in ABAQUS/Explicit to further investigate the
influence of turning angle and curvature radius on the printing quality of a single printed stripe.
Also, the parametric studies about filament/tape width and fibre volume fraction are carried

out to inform the design of 3D printing filament.

In real printing experiments, the original filament with a cylindrical shape (as shown in Figure
5-1a) is heated up in the heating chamber and passively pulled out as a result of the movement
of the printer head. The printer nozzle exerts a contact pressure on the heated filament,
changing the shape of the filament from cylindrical to roughly rectangular. As shown in Figure
5-4 (a), this process is reasonably simplified in the FE model by using a tape with a rectangular
cross-section passing through a guide in the printer nozzle. The geometry and dimensions of
the printer nozzle are informed from the measurement in uCT image as in Figure 5-1 (c), while
the printing tape is assumed to have a width of 1 mm and a thickness of 0.1 mm according to
the uCT image in Figure 5-5. The size of approximate global seeds is 0.05 mm so 20 elements
per millimetre mesh in the longitudinal direction. The shell thickness is set to 0.1 mm in the
thickness direction. In our modelling, the printer nozzle and the guide are both considered as
rigid bodies. A total of 4000 S4R shell elements are adopted for the printing tape, with

predefined cohesive properties for the printer bed to represent the bonding behaviour.

The printing tape is considered as transversely isotropic and assumed elastic, wherein the
modulus of elasticity in fibre direction (E1) is calculated and determined in light of weighted
average modulus of T300 carbon fibre and polyamide 6. A more sophisticated elastoplastic
constitutive law for thermoplastic composites could be considered in the FE model but the
challenges to determine the model parameters at elevated temperature make the model

validation extremely difficult. Therefore, qualitative elastic analysis is mainly focused on the
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modelling results at this stage. The modulus in transverse to fibre direction (E2) is four orders
of magnitude smaller than E1, allowing relatively free deformations of fibre tape in the
transverse direction, corresponding to the real printing process at a high temperature. Also, the
default set of contact is used in the interaction between the tape, the nozzle, print bed and the
guide, which is ‘friction factor = 0.01’ and ‘hard contact’ (only allow the transfer of
compressive stress) for tangential and normal behaviour. In order to simulate the bonding
condition between printing tape and printer bed, a cohesive contact is predefined between the
contact surfaces. Previous research of AFP manufacturing process [111] is used as a source of
reference and the material properties of the printing tape and interfacial parameters under 245-
degree temperature are listed in Tables 5-2 & 5-3. Since the time-temperature superposition
along with viscoelastic material properties is complicated and hard to decide, only properties
measured at appropriate rates and temperatures for both fibre tape and interface are considered.
Among them, interface parameters are increased by two orders of magnitudes considering the

higher viscosity of thermoplastic PA-6 (approximately 120 Pa-s at 240°C [123]).

The simulation process is divided into 3 steps (Figure 5-4b & c) and the printer bed is always
fixed in all steps. In step 1, the rigid nozzle moves downwards and presses the filament onto
the printer bed. Only two translational degrees of freedoms (DOFs) are released for the nozzle,
and an upward force (1 N) acts at end of filament above the nozzle to straighten the filament
in the PTFE guide. After that, the gap between nozzle and printing bed reduces to 0.1 mm, and
it is maintained for the rest of the simulation. In step 2, the nozzle moves 2 mm horizontally
along the longitudinal direction of the composite printed on the bed. In step 3, the nozzle moves
in another direction translationally with a specific turning angle or a curvature from those

selected in the printing experiments in Section 2.

The FE model with those selected parameters is first qualitatively validated against the

experimental measurements in terms of tape deformation and stress concentration, as will be
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discussed in Section 5. Furthermore, the datasheet provided by TORAY company shows that

the tensile strength of single T300 carbon fibre is 3530 MPa and strain at failure is 1.5%.

According to typical elastic assumptions, the axial strain & can be expressed as || = d/z p

when a fibre with a diameter of d (7 um) is bent to a curvature radius of p [36]. Supposing that
fibres in the fused filament bend independently, the minimum curvature radius of T300 carbon
fibre can be calculated as 233 um. These data will also be compared with the modelling result,

which acts as the supplement of the elastic model.
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Figure 5-4 FE model of the printing process of CCFRP: (a) The assembled model, and (b) &

(c) the simulation processes

Table 5-2 Mechanical properties of printed carbon fibre filament [111, 124]

Density Ei E> Vi2 G2 & G23 & Gi3
1.4 g/cm? 31 GPa 4.6 MPa 0.2 30.25 MPa

Table 5-3 Interface parameters [125]

Cohesive stiffness Kun, Ky, Ks Maximum Stress Fracture Energy
329.23 N/mm’ 38.52 MPa 0.868 N/mm
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5.5. Results and discussion

5.5.1 Experimental observations

The shape of the printed straight stripe is like a flat ribbon because the filament is pressed on
the bed by the tip of the nozzle during the printing process. The shape is also affected by the
printing speed and the off-distance between the nozzle and the bed. With the printing
parameters used in our study, the printed straight stripe is about 1.3 mm in width and 0.10 mm
in thickness. The porosity at the central region of the stripe is measured as 1.39% in Avizo and
the fibre volume fraction is approximately 20% (since the edge area of the printed stripe is too

irregular to be measured).

As shown in Figure 5-5 (b), voids mainly appear between the fibres, which indicates the low
adhesion between fibres and matrix in the printed CCFRP composites. In addition, more pores
are found at the edges of the stripe in Figure 5-5 (b) & (c¢), which are likely due to the uneven
pressure acting on the filament by the tip of the nozzle. Large gaps occasionally appear on the
bottom surface of printed stripe, indicating a weak inter-laminar strength, which could be
caused by the cooling within a very short time [126], too fast nozzle speed and/or insufficient
compaction from the nozzle. The results reveal a lot of voids of the 3D-printed CCFRP
composites and indicate the expected mechanical performance is hard to be achieved by the
present 3D printing technique, compared with that obtained from traditional manufacturing
with porosity <1% at a fibre volume fraction >50% [127, 128]. For instance, in hot compression
moulding, the creation of the interfaces and the diffusion of the material is ensured since the
material is kept under high-pressure levels at temperatures above T, for a long period of time
(280 °C for 3.5 min under a compression pressure of 4 kg/cm? for CF/polyamide 6 pre-
impregnated sheets [128]). In addition to high porosity, misalignment of continuous fibres is

also a serious issue, even when printing along a straight path, as shown in Figure 5-5 (a). All

90



these manufacturing induced defects would significantly reduce the stiffness (and strength) of
the finished part, and in particular, the fibre misalignment would easily trigger the buckling

failure of composites under compression loading [129, 130].
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Figure 5-5 uCT images of a printed straight stripe: (a) overview and (b) & (c) cross sections

The pCT images of a single stripe at different turning angle (30°, 60° and 90°) are shown in
Figure 5-6, wherein the dashed lines show some of the representative fibres in the bundle of
each case and the black points indicate the location where the nozzle was turned. With a turning
angle 30°, the filament is flattened on the bed as a tape, in which the actual turning angles of
most continuous fibres are consistent but slightly smaller than 30°. The inaccuracy of the
printing path is likely caused by the unmatched diameters between the nozzle and the filament
(1.3 mm and 0.375 mm, respectively), which also makes a curved section rather than a turning
point with a specific angle in this case. It can be seen that no folded section is formed when

printing at such a small turning angle, but different deformation between the continuous fibres

91



at outer and inner edges of the bundle is observed, i.e., fibres in the inner periphery are slightly
twisted and wrinkled while fibres in the outer periphery are stretched in tension because of the

force received from the print nozzle.

As the turning angle increases, the inaccuracy of the printing path becomes more apparent. As
shown in Figure 5-6 (b) & (c) for the turning angles of 60° and 90°, paramount and complex
deformation of fibre bundles is observed. Folding of fibre bundles starts to occur when the
turning angle increases to 60°, in which some continuous fibres at the outer periphery are
misaligned and then flipped over to the inner periphery. The folding scenario is assumed to be
caused by the twisting torque due to the adhesive force from the printer bed and tensile force
from the printer nozzle [33]. However, no noticeable fibre breakage is found in the printed
stripes with a turning angle up to 90°, in which the folding of curved fibres may play a

protective role.

(a) (b) (c)

® Turning point

Top view

Consistent angle Fibre misalignment Fibre misalignment
and twisting
A4

Bottom view

Figure 5-6 3D-printed carbon fibre filament a turning angle of (a) 30° (b) 60° and(c) 90°

92



As the turning angle further increases to 120°, noticeable folding can be seen at the turning
point of the printed filament, which is accompanied with a complete switch of the inner and
outer circumferences before and after the curved section. Also, the average width of the printed
filament is reduced due to the folding at the turning point, as shown in Figure 5-7 (a). This
could enlarge the gaps between the printing stripes and cause large fibreless areas, thus leading
to a local weakness in the parts with complex geometries [6]. At the turning angles of 150° and
180°, the fibres are severely twisted and misaligned, and more importantly, the fibre breakages
are observed. As shown in Figure 5-7 (b), a matrix rich area is created and the excessive overlap
of continuous fibres causes the upheaval of printed filament at the turning point. The printing
process could be terminated due to the fibre breakage and upheaval of printed filament. These
results also indicate that even if the filament can be printed out at such turning angles the

mechanical properties would have much deteriorated at the curved section.

In summary, the pCT scans show the error of the printing path increases as the turning angle
alters from 30° to 120°. Also, the printing induced defects such as fibre wrinkling, twisting and
folding become more severe. However, in the printing cases with a turning angle no more than
120°, no noticeable fibre breakages are seen for the specific printing parameters and filaments
used therein, which may benefit from the folding of the fibres at the curved section. In the
samples with turning angles of 150° and 180°, fibre breakage and significant change of
thickness can be seen at the turning section, which means such large turning angles should be

avoided in the path design of continuous fibre printing.
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Figure 5-7 3D-printed carbon fibre filament a turning angle of (a) 120° (b) 150° and (c) 180°

For the printed stripes with various curvatures, optical microscopy was used to give a larger
view and more information about manufacturing induced defects. Same printing parameters
are used as in the cases with turning angles. The results with curvature radii of 2.5, 5, 10 and
20 mm are shown in Figure 5-8. For the single stripe with a curvature radius of 20 mm, no
obvious surface defects can be observed and the width of the single stripe is roughly consistent
along the printing direction. In the case with 10 mm, fibres in the inner periphery are twisted
and wrinkled. When it comes to 5 mm, these two defects appear more frequently. For the case
with a curvature radius of 2.5 mm, the single stripe can hardly be printed properly on the bed
as designed paths and the folding phenomenon with a complete switch of the inner and outer
circumferences is observed. Also, a small number of fibres are broken in the cases with a
curvature radius of 5 and 2.5 mm, although the printing curvatures are smaller than the

minimum curvature (233 pum) obtained from the calculation with typical elastic assumptions.
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Therefore, the fibre breakage is more likely to be caused by the shear stress in the printing

process, which will be further investigated in the modelling section.
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Figure 5-8 Optical microscopy images of the printed composites with various curvature

radius (length of the scale bar in figure = 1000 um)

5.5.2 FE modelling

The mechanism of 3D printing continuous fibre is further investigated by FE modelling. As
shown in Figure 9, the comparison between the printed straight stripe and the printed stripe at
a turning angle of 30° is presented. The distribution of three stress components is discussed.
The stress in the fibre direction S11 is the component with the maximum value, which is also
used to interpret the deformation of continuous fibres in the printing process. The shear stress
S12 indicates the possibility of fibre breakage (although no fibre breakage can be observed in

this simulation because only elastic properties of fibre tape are considered). As the tape has
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much higher strengths in the fibre direction, fibre breakages are more likely caused by the shear
stress in our studied process. The distribution of pressure reflects the force received from the
nozzle and print bed, which determines the mechanical response of fibre tape in the printing

process.

To better view stress distributions in the fibre tape, the rigid nozzle is hidden from visualisation.
As shown in Figure 5-9, the two stress components (S11 and S12) are not evenly distributed in
the cross-section transverse to the printing direction, which is likely the reason for the fibre
misalignment as well as the gaps between the tape and printer bed (as shown in Figure 5-5).
The contact pressure on the fibre tape is studied further, including compressive force received
from the nozzle and cohesive force received from the print bed (red circle 1 and 2, respectively).
As can be seen, the front edge (black dashed line) of the cohesive area is not perpendicular to
the printing direction, due to the circular outlet of the nozzle which also results in the printing
defects such as void rich area at the edges of the stripe (as shown in Figure 5-7 from CT images).
When the fibre tape is printed at an angle, the concentration of S11 and S12 is aggravated in
the curved section, indicating the more severe deformation and potential fibre breakage.
Meanwhile, the absolute value of cohesive force received from the printer bed increases
significantly and concentrates on the outer edge of the curved section, which indicates the trend
of de-bonding in this area with a high absolute value of the cohesive force. However, the
compressive pressure received from the printer nozzle increases slightly in the case with a
turning angle. Since we focus more on the bonding between the bed and tapes rather than the
compressive force from the nozzle (fibres would not be damaged by pressure in our printing),
the pressure shown in the following discussion will be the absolute value of the cohesive force

received from the print bed.
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(d)

Figure 5-9 Mechanism analysis of 3D printing continuous fibre tape straight and angularly

(30°): (a) S11, (b) S12, (c) contact pressure and (d) bottom view.

Figure 5-10 presents FE modelling results for the distribution of S11 in printed continuous
fibres tape at various turning angles. From 15° to 75°, stress concentration exists at the curved
section and the maximum value gradually increases as the turning angle becomes larger. With
small turning angles such as 15° and 30°, the tape can be printed entirely on the bed with a
more-or-less constant width and the location of maximum stress is close to the outer edge of
the curved section, which is consistent with the uCT scanning result in Figure 5-6 (a). With a
relatively larger turning angles 45°-75°, the location of maximum stress gradually shifts to the
inner edge of the curved section, while the outer edge of the tape lifts and no longer sticks on
the bed (the black circle in Figure 5-10). Also, the values of three stress components have a
sharp rise from the turning angle 45°. This is in good agreement uCT scans in Figure 5-6 (b),

showing fibre twisting and folding. It is revealed that the folding occurs because of the de-
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bonding between the tape and the printer bed and the excessive tensile force from the nozzle.
When turning angle increases to 90°, the width of printed tape in the simulation is enlarged
because of the excessive tensile force, but the *swap’ of the inner and outer edges observed in
experiments cannot be simulated. Since the filament is simplified as a tape with a rectangular
cross-section in our FE model and shell elements are used to simulate the tape, only the
initiation of folding phenomenon can be captured. Similar results occur in the modelling cases
with a turning angle larger than 90°, thus these results are not shown in this discussion section.
The S11 (macro) stress obtained from the simulation can be compared with the recalculated
fibre tensile strength based on the fibre volume fraction (3530 * 20% = 706 MPa), in order to
evaluate the possibility of fibre breakage. The maximum value of S11 rises sharply and exceeds
the recalculated strength in the cases with turning angle 60° and 75°, and it decreases to 552
MPa in the case with 90° truing angle due to the tape model used in the simulation, which all
indicates a strong possibility of fibre breakage. Compared with the experimental result from
uCT-scan, it also reveals that the fibre misalignment in the fused filament and the unmatched
diameter do protect continuous fibres from breakage, although they cause some defeats such

as the inaccuracy of the paths.
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Figure 5-10 Stress distributions in printed tapes at various turning angles (from 15° to 90°):

(a) Distribution of S11 (b) Maximum values of three stress components

Figure 5-11 presents the distribution of shear stress S12 in printed tapes at various curvatures.
With the decrease of curvature radius from 20 mm to 2.5 mm, the area with a high value of
shear stress extends gradually. As mentioned before, the increase of maximum values of shear

stress indicates a greater possibility of fibre breakage. It is also consistent with the result from
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optical microscopy in Figure 5-8, wherein the fibre breakage was captured in the cases with
curvature radius 5 mm and 2.5 mm. Since the curvature radiuses used in the modelling cases
are larger than the minimum curvature radius calculated by the typical elastic assumptions, the
fibre breakages are more likely to be caused by the shear stress rather than the axial stress in
the fibre direction. When the curvature radius comes to 10 mm, 5 mm and 2.5 mm, the
wrinkling of the tape appears in the inner periphery (black circles in Figure 5-11), also with a
higher frequency as the curvature radius decreases, which is in good agreement with the

experimental result in Figure 5-8.
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Figure 5-11 Stress distributions in printed tapes at various curvature (Radius of curvature
from 20 mm to 2.5 mm): (a) Distribution of S12 (b) Maximum values of three stress

components
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5.5.3 Parametric studies of tape width and fibre volume fraction

The first parametric study is the influence of the fibre bundle size on the printing process. In
the real 3D printing process, the width of the printed tape is determined by the fibre bundle size
and the off-distance between print bed and nozzle. Printing experiments of 1 mm, 2 mm and 3
mm tapes are simulated with 30° turning angle and 0.1 mm off-distance (the diameter of the
nozzle outlet is scaled up accordingly). As shown in Figure 5-12, the increase of width to 2
mm or 3 mm enlarges the area with a high value of S12. This indicates that fibre misalignment
and breakage are more likely to be induced when using a larger fibre bundle size. The
maximum values of three stress components increase approximately linearly, but the

deformation of the curved section in these three cases are very similar.
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Figure 5-12 Comparison of FE modelling results at 30° turning angle between different tape

widths: (a) Distribution of S12 (b) Maximum values of three stress components

Another investigated parameter is the fibre volume fraction of filament. Since the filament is
heated to 250°C to melt the PA6 thermoplastic matrix in the printing process, the fibre volume
fraction mainly affects the elastic modulus in fibre direction (E1). In this parametric study, 0.5-,
1- and 1.5-times elastic modulus are used, representing equivalent fibre volume fraction Vy of
15%, 25% and 40% approximately (The V; of commercial filaments with 1K continuous

carbon fibres is usually between 20% to 30%). As shown in Figure 5-13, the three stress
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components increase significantly as a higher fibre fraction is used. With 1.5-times elastic
modulus, the widening of the curved section is similar to that in the cases with large turning
angles (> 90°), which means the increase of fibre volume fraction has a great influence on the
defect formation. The sharp increase of S11 stress to 2001 MPa also indicates the fibre breakage.
It is therefore suggested that when printing composite filaments with high fibre volume
fractions, the printing defects including shape inaccuracy, fibre folding and breakage, would

happen at a relatively small turning angle, even using a small fibre bundle size.
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Figure 5-13 FE Modelling results at 30° turning angle with different elastic modulus in fibre

direction: (a) Distribution of S12 (b) Maximum values of three stress components
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5.6 Conclusions

This chapter investigates the mechanism of 3D printing continuous carbon fibre filament from
both experiments and numerical simulations. In the straight-printed stripe, high porosity and
fibre misalignment are observed, which is caused by the weak interface of materials and the
uneven pressure from the tip of the nozzle. When fibre tapes are printed with a small turning
angle or curvature, filaments can be flattened on the bed with nearly constant width and fibre
paths. As the turning angle and curvature increases, multiple printing defects occur and
aggravate, including path error, fibre twisting, folding and misalignment, caused by the
excessive tensile force from the nozzle, de-bonding with the print bed and the inconsistent

diameter of nozzle outlet and fibre filament.

In the samples with angles >120° and curvature radius < 5mm, fibre breakage and the
significant change of thickness can be seen, which means such turning angles and curvatures
should be avoided in the paths design of the continuous fibre printing. The good agreement
between experimental and numerical results also indicates the FE model could offer a useful
tool for analysing the printing process of continuous fibre filament. Further parametric studies
show that the increase of fibre bundle size would aggravate the printing defects including fibre
misalignment and breakage. The deformations of printed stripes are approximately the same in
the cases with 30° turning angle. The increase of fibre volume fraction has a great influence on
the defect formation. Some printing defects observed only in the cases with large turning angles,
such as shape inaccuracy and fibre folding, would appear in the cases with higher fibre volume

fractions when printing at a relatively small turning angle and fibre bundle size.

Other printing parameters worth studying, such as nozzle speed and off-distance, would also
influence the quality of finished CCFRP composites. Part of printing defects, for example,

filament folding and fibre breakage, can not be observed directly in the current model, since
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only elastic properties and shell elements are used to simulate the simplified tape. Therefore,
the FE model should be improved to better investigate the alignment and breakage of fibres in
the printing process. Future research is still required to address those issues and inform the

design of 3D printing process for continuous fibre reinforced composites.
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Chapter 6 Hybrid manufacturing of curved continuous carbon
fibre reinforced dual-polymer composites *

Abstract

A hybrid technique was developed to manufacture curved continuous carbon fibre reinforced
composites based on 3D printing, vacuum bagging and oven curing. Composite preforms were
first manufactured by fused filament fabrication (FFF) 3D printing of continuous carbon fibre
reinforced thermoplastic polyamide-6 (PA-6) filaments. Powder thermoset epoxy was added
to the preforms to fill up the gaps, remove air voids and enhance the interfacial bonding through
a traditional vacuum bagging and oven curing process. Uniaxial tensile tests showed that the
stiffness and strength of the printed composites were increased by 29.3% and 22.1%,
respectively, compared to the thermoplastic-only composite specimens. The hybrid
manufacturing technique was also adopted to investigate the performance of 3D-printed curved
continuous fibres in a notched specimen under uniaxial tension. It was shown that the
placement of continuous carbon fibres along the principal stress trajectories increased the
failure strength and the fracture toughness of the composites by 81% and 157%, respectively,

compared to the unidirectional and the concentric placement methods.

Keywords

Fused filament fabrication; 3D printing; vacuum-bag-only (VBO) dual polymer composites;

principal stress trajectory, thermoplastics, thermosets.

" This chapter was submitted to Composites Part B in July 2021.
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6.1 Introduction

3D printing of composites has seen fast development in the past decades, as it offers the benefits
to manufacture complex composite products at low cost for fixtures, tools, moulds as well as
load-bearing structures [1]. One of the most attractive printing techniques is the fused filament
fabrication (FFF) of continuous carbon fibre reinforced thermoplastic (cCCFRTP) composites,
where the filament is melted and deposited layer by layer to form a 3D composite part [131].
As the printing path can be customised, FFF 3D printing has the potential to manufacture highly
complex composite structures that can hardly be manufactured by conventional manufacturing

techniques [43, 116].

One of the challenging issues for FFF 3D printing of cCFRTP composites, however, is the
weak fibre/matrix interface, as well as the high viscosity of the plastic matrix which can induce
substantial air voids [3, 6]. This usually results in the printed composites having less
competitive strength and stiffness than traditionally manufactured cCFRTP by press or
autoclave moulding. For example, the commercial 3D printer Mark Two from Markforged® is
capable of printing continuous CF/PA6 filament, but the uniaxial tensile strength of the printed
composites is 30% lower than traditionally manufactured cCFRTP with the same polymer
matrix and fibre volume fraction [19, 20]. Post-printing techniques have been reported to
compact the printed composites and thus improve their mechanical properties, e.g. hot-press
[58, 59]. Other in situ consolidation techniques have also been reported, e.g. micro-screw [56],

microwave enhanced consolidation [15], roller compaction [53], efc.

Research has also been carried out to optimise the printing paths in order to maximise the
reinforcement of the continuous carbon fibres. For example, placement of fibres along principal
stress trajectories [43], and optimisation of the fibre orientation together with optimisation of

the structural topology [51] have been demonstrated. When such printing paths are customised,
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there are gaps between the printing paths at some locations [14]. An infill technique therefore
needs to be adopted to bridge the gaps between the printed fibre tows and to ensure the
structural integrity of the printed composites. The aforementioned hot-press technique is less
attractive, as it would require a mould as well as additional thermoplastic materials that have a
low melting temperature thermoplastic matrix in the printed composite preform, in order that

the fibres can be stabilised during the press-moulding step.

In this study, we present a low-cost hybrid manufacturing technique to address this issue.
Instead of using thermoplastic fillers and a hot press process, a low viscosity powder epoxy is
used to fill up the gaps and to enhance the composite properties after consolidation by vacuum
bagging and oven curing. The solid state powder epoxy is easy to store (without the need of
refrigeration as with liquid epoxy resins) and its low viscosity and lower melt and curing

temperature [132] allows the printed fibres to be stabilised on their designed printing paths.

This chapter is organised as follows. Section 2 introduces the manufacturing processes of 3D
printing of CF/PA-6 preforms and the post-processing with powder epoxy. Section 3 presents
the set-up of uniaxial tensile tests and the design of cases, including the UD 0° samples and the
single-edge notched samples. The result and discussion section first compares the mechanical
performance of the UD 0° samples before and after the post-processing. Characterisation of the
cross-sections and fracture profiles is carried out via scanning electron microscopy (SEM). The
experimental results for the tests of single-edge notched plates are then shown, including the
strength, fracture toughness and strain distribution obtained from the digital image correlation

(DIC), in order to evaluate the improvement brought from the optimised fibre placement.

6.2 Hybrid manufacturing

6.2.1 3D printing of CF/PA-6 preforms

A Prusa 13 MK3s printer was used in this study and the schematic diagram of 3D printing
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CF/PA-6 composite preforms is shown in Figure 6-1(a). The printing material, 0.375mm-
diameter 1K carbon fibre (CF) filament, was sourced from Markforged® (Massachusetts, USA).
Previous authors had evidenced that polyamide 6-1 (PA6-I) was the polymer matrix for CF
filaments and the polymer coating was a polyamide 6 (PA6) [7]. The cross-section of the
filament is shown in Figure 6-1(b), in which noticeable air bubble and voids trapped around
the carbon fibres were observed. The volume fraction of carbon fibres V; was measured as
21.34% [25]. In the FFF 3D printing process, the CF filaments were heated to the temperature
of 245°C and the off-distance between the nozzle tip and the print bed was set to 0.1 mm, which
is the same as the printing setting of Markforged system for this type of CF filament (the
melting point of PA-6 is about 215°C). The speed of nozzle movement was consistent with the
10mm/s feed rate of the filament, which means the free end of the CF filament is slightly under
tension due to the twine of the spool, but the feeding of filament is not affected. Samples were
printed onto an unheated Garolite print plate which was coated in a layer of PVA, to ensure
adequate adhesion during printing. Since the filaments used in this study contain continuous
fibres and the toolpath cannot be started and stopped during the printing, the continuous
toolpath (G-code) was necessary. It was generated via MATLAB and then transferred to the

printer.
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Figure 6-1 (a) Schematic diagram for 3D printing of composites CF/PA-6 preforms (b) the
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cross-section of the CF filament

6.2.2 Post processing of thermoplastic-thermosetting dual matrix composites

The thermosetting epoxy powder (PE6405, density 1.22 g/cm3) has been engineered by Swiss
CMT (Siebnen, Switzerland) and then produced by FreilLacke (Brdunlingen, Germany). As
shown by Differential Scanning Calorimetry (DSC) characterisation in Figure 6-2(a), the epoxy
sinters and melts at around 45-60 °C. The low melt viscosity (minimum of 1.26 Pa-s at 120°C)
and low rate of cure below 120 °C allow more time to fully infuse the CF/PA-6 preforms [132].

Then the curing is carried out through a heat activated catalytic process, where the curing agent

requires a temperature of at least 150 °C for reaction initiation [133, 134].

AHc = -104.07 J/g

AHf = 18.36 Jig

Subtracted Heat Flow (mW)
Temperature (°C)

S

40

195.56°C

T T T T T T T T T
25 50 75 100 125 150 175 200 225 250

Temperature (°C)

T T T T

Baseline o
160
140
120
100
80
60 4

Remove moisture

20

Melting

Curing

||||||||||||||

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time (h)

(a)

Figure 6-2 (a) DSC characterisation of the PE6405 epoxy powder [132] (b) the heat cycling

(b)

of the post-processing

As shown in Figure 6-3(a), the aluminium-made plate with a polytetrafluoroethylene (PTFE)
non-stick ply was used as the bottom mould. The powder-epoxy was sprinkled manually, only
on top of the printed CF/PA-6 preforms, allowing to fill the voids due to a very low viscosity

of melted epoxy [133] since the preforms in our study were thin. For the samples with larger
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thickness (that were composed of more than two CF/PA-6 preforms), powder was sprinkled
between the preforms to enhance the adhesion. The peel ply and breather fabric allowed to
remove melted powder epoxy excess. As shown in Figure 6-3(b), the 3D-printed CF/PA-6
preforms with sprinkled powders were vacuum-bagged and then put into an oven for heating.
Since the melting/sintering temperature of PE6405 epoxy is considerably lower than the curing
temperatures, a three-stage heating profile was typically used as presented in Figure 6-2(b).
The pre-curing cycle was set at 40 °C for 8 hours to remove all possible moisture from the
powder. The temperature was then ramped to 120 °C for 1 hour, melting the powder. Following

this, the plate was cured at 180 °C for 2 hours.
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Figure 6-3 (a) Bottom mould and printed CF/PA-6 preforms with sprinkled powders (b) the

schematic diagram of the post-processing treatment

6.3 Mechanical testing
6.3.1 Instruments and 2D-DIC set-up

The mechanical tests were performed using an MTS Criterion® Model 45 (C45.305) with a 300
kN load cell. A crosshead speed of 0.5 mm/min was used for all tests and the samples were

clamped in hydraulic grips with a clamping pressure of approx. 80 bar. In each type of test,
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three specimens were tested. A speckle pattern was applied to the surface of each specimen for
the digital image correlation (DIC). All the data obtained from the 2D video extensometer were

processed through a MATLAB script to measure full-field displacement and strains [135].

6.3.2 Uniaxial tensile tests

The uniaxial tensile tests of the Unidirectional (UD) 0° samples were carried out according to
ASTM D3039 (Standard Test Method for Tensile Properties of Polymer Matrix Composite) to
study the tensile strength and stiffness of samples before and after post-processing. The length,
width and thickness of the samples were 200mm, 15mm and Imm, respectively. End tabs with
a length of 50mm were used when testing these unidirectional materials. Since the thickness of
the printing layer is 0.15mm approximately, eight layers with 0° unidirectional fibres were
printed for each sample. The tensile strength and stiffness will be calculated based on the

measured dimensions of each sample.

Uniaxial tensile tests of single-edge notched plates were also conducted as another case study.
The performance of optimised fibre placement along principal stress trajectories, including the
strength and fracture toughness, was investigated and compared with the unidirectional and the
concentric placement methods. The dimensions of the single-edge notched samples are
200mm-length, 36mm-width and 1mm-thickness. A single-edge notch is designed in the
horizontal centreline of the plate with the 4mm-length and 4mm-width. The fibre placement of
these three kinds of single-edge notched samples are shown in Figure 6-4. Concentric
placement (Figure 6-4b) is the most popular method for the FFF 3D printing of thermoplastic
materials, in order to achieve a better surface and the densest infill for the 3D-printed
composites with complex geometries. It was also used in the Eiger system for Markforged 3D
printing of continuous fibres [72]. For the unidirectional placement in Figure 6-4(a), the 4*4

mm notch would be milled mechanically by a wet saw. As for the optimised placement method
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(in Figure 6-4c), the principal stress trajectories were generated through finite element analysis
(FEA) and used as the guidance of the fibre paths, which was demonstrated the stiffness would

be improved and the stress concentration would be eased [43].

) o Principal stress
Mechanical notched  Concentric infill trajectories

L J

1l

(a) (b) (©)

Figure 6-4 Fibre placement of three kinds of single-edge notched samples: (a) Mechanical

notched (b) Concentric infill (¢) Principal stress trajectories

6.4 Results and discussion

In this section, the thermal properties of dual-polymer composites are first presented. Then the
SEM characterisation for the cross-section of UD 0° samples is presented to reveal the porosity
and bonding condition before and after the post-processing. For the results of the mechanical
tests, the tensile properties and the fracture profiles of the standard UD 0° samples are first
presented for comparison purpose (before and after post-processing). Then the notched samples
after post-processing are demonstrated to discuss the effect of different fibre placement

methods.
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6.4.1 Material characterisation
6.4.1.1 Thermal and microstructure characterisation

The results of Dynamic Mechanical Analysis (DMA) for the CF/PA-6 printed preforms and
the dual-polymer composites are shown in Figure 6-5. The dual cantilever mode was conducted
using a PerkinElmer® DMA 8000, with the temperature ramp of 2 °C/min from 50 °C to 160 °C.
For the CF/PA-6 printed preforms, the onset of the rubbery state was about 80 °C and reached
to its glass transition point T, (first peak of the tan delta) at 102.3 °C. Then the material
transited to the viscous state quickly, with the viscous flow temperature (second peak of the
tan delta) of 128.0 °C. The uneven surface of samples after DMA (in Figure 6-5a) also indicated
the plastic deformation of the material during the viscous state. This thermal-mechanical
behaviour of CF/PA-6 preforms subsequently allowed for a better consolidation and void
removal during the melting phase of powder epoxy at 120 °C. After post-processing with epoxy,
the glass transition temperature was improved to 128.7 °C and no viscous state was found. It
indicated a better thermal-mechanical behaviour of the dual-polymer composites in this study
and is assumed to be caused by the hardness of cured epoxy as well as the reaction between
nylon-6 and epoxy. The main reaction is the nucleophilic attack on the oxirane ring by the
amide nitrogen of the nylon [136], as shown in Figure 6-6a. It follows an alternate ring-opening
copolymerization mechanism that leads to polyester and polyether networks [137], which is a

typical reaction for the curing of epoxy resin with an amine hardener.
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Figure 6-5 DMA traces of (a) CF/PA-6 and (b) CF/PA-6/Epoxy.

The thermal properties were also evaluated using DSC, with the temperature ramp of 20 °C/min
from 30 °C to 300 °C. T, was only defined via DMA, however, since it is more sensitive to
the glass transition point than DSC. As shown in Figure 6-6b, only one glass transition peak
was observed for the CF/PA-6 preforms. The melting peak was found to be absent even when
the samples were exposed to 300 °C. Previous authors have highlighted that the shape and size
of the melting peaks observed in DSC are dependent on the thermal history of the nylon
polymer [98]. Since the curing temperature used is lower than the melting point of PA6, the
alignment of straight/curved continuous fibres can be generally maintained during the

consolidation.

115



| Dilta Cp = 0256 1°C [—— Subtracted Heat Flow
45 i End=131.14°C
0 - i
Il H 0 R 0 % 7 Tg: Half Cp Extrapolated
i & Half Cp Extrapolate
2aC—Nwn + /N NN\ T 37 e M
3 d
Nylon-6 Epoxy L 30 [
© H 1
[} i H No melting was
25 e s
0 0 % found until 300°C
Il [l 2 204
I H H o 154
—_— =
H,C—C—R—C—CH, @
I |
HO HO 5 " ; - - ; .
0 50 100 150 200 250 300
Sample Temperature (°C)

(a) (b)

Figure 6-6 (a) Reaction mechanism of PA-6/epoxy [136] (b) DSC characterisation of the 3D-

printed CF/PA-6 preforms.

The comparison of the cross-sections is shown in Figure 6-7. The UD 0° specimens (before
testing) was cut into 5 pieces and embedded in epoxy. Then these samples were polished using
a Saphir® 520 polishing machine, with the sandpapers from P400, P800 to P1200 grit and the
diamond suspension from 9, 3 to 1 um. The cross sections were observed using a HITACHI®
TM400 Tabletop Microscope. As shown in Figure 6-7a, two kinds of voids were observed in
the 3D-printed CF/PA-6 preforms, including the voids between layers and the gaps between
the fibre paths. On the contrary, no apparent voids can be found in the dual-polymer composites
after the post-processing, also the melted epoxy can be observed to infiltrate to the composites
from the gaps between the fibre paths, as shown in Figure 6-7b. The weight and dimensions
before and after post-processing were measured, wherein the weight was increased by 4.88%
after post-processing (thus the weight fraction of the infilled epoxy was 4.67%). Additionally,
the thickness of the samples was reduced by 3.8% with a relatively consistent width. The
decrease in thickness mainly resulted from the vacuum pressure acting on the CF/PA-6

preforms with a rubbery/viscous state (at the post-processing temperature of 120°C).

Detailed SEM characterisations of the cross-section are shown in Figure 6-8 to further evaluate
116



the microstructures, in which the observed position of the CF/PA-6 preforms located at the area
without those large pores as shown in Figure 6-7a. 15 pictures were taken for samples before
and after post-processing, respectively, to measure the volume fraction of fibre and void. The
calculation was performed on Avizo software with two filters to differentiate the matrix, fibres
and void. In the printed CF/PA-6 preforms, before post-processing with epoxy, the fibre
volume fraction was improved from 21.3% (in the CF filament) to 31.7% due to the pressure
provided from the nozzle during printing process. The porosity in these specimens was
measured as 2.69%, and matrix-rich area and significant pores were found, as shown in Figure
6-8a. Besides that, apparent cracks were observed to propagate along the interface between
printing layers. It was assumed to be caused by the temperature difference between the printing
layer and printed layer below it during the printing process. On the contrary, almost no voids
were found in the cross-section of the dual-polymer specimens. The infill epoxy and the
vacuum pressure slightly improved the fibre volume fraction to 34.6% and significantly
reduced the porosity to 0.06%. However, matrix-rich areas still existed since the matrix of
CF/PA-6 filament stayed solid under the curing temperature. A few micro-cracks can be found

but they were relatively small compared with those in the samples before post-processing.

Table 6-1 Fibre and void volume fraction before and after post-processing

Fibre volume fraction Void volume fraction
Original filament 21.3% [25] -
Printed preforms before post-
31.79 2.699
processing (CF/PA-6) o o
Dual-polymer composites (CF/PA- 34.6% 0.06%

6/Epoxy)
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Figure 6-8 Detailed SEM characterisation for (a) 3D-printed CF/PA-6 preforms and (b) dual-

polymer composites after the post-processing

6.4.1.2 Mechanical behaviour

The comparison of the mechanical performance of the UD 0° samples are shown in Figure 6-
9. The tensile properties of the samples before post processing with the powder epoxy are
consistent with the result provided from the Markforged material data sheet [138] (strength of
800 MPa and stiffness of 60 GPa). The tensile stiffness and strength of the printed composites
were increased by 29.3% and 22.1%, respectively (according to ASTM D3039 Standard Test
Method for Tensile Properties of Polymer Matrix Composite). The failure strain was slight

decreased due to the brittleness of the added epoxy.
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Figure 6-9 Mechanical performance in test direction of the UD 0° CF/PA-6 samples before

and after post processing with powder epoxy

6.4.1.3 Fractographic behaviour

Further analysis was conducted by the SEM for the fracture profile, as shown in Figure 6-10.
For the fracture profiles parallel to the fibre direction, it can be seen that the melted epoxy
infiltrated the printed composites and infilled the voids between layers, which should
effectively reduce the delamination during the loading process. In addition, more fibre
breakages were found in the fracture profile of the CF/PA-6 samples after post processing with
epoxy. It meant the treatment with powder epoxy enhanced the bonding between these

unidirectional fibre paths and eased the fibre split and crack propagation along fibre direction.

Figure 6-10 ¢ & d compares the fracture profiles transverse to the fibre direction. The samples
before post-processing exhibited a plastic behaviour, in which the voids and cracks led to an
inhomogeneous profile with localised stress concentration and then resulted in the yielding of

large fibre bundles. Multiple micro-cracks between fibres and matrix were also observed,

120



indicating weak interfacial properties and increased crack propagation. In contrast, the dual-
polymer composites after post-processing exhibited a relatively brittle behaviour, with the
failure in matrix-rich areas first. Since the adhesion between fibres and matrix was good and
no apparent voids occurred in the composites, a homogeneous stress profile was obtained and
the sample finally failed with only a few fibres pulled out, resulting from the micro-cracks

shown in Figure 6-8b.

In summary, the melted epoxy infiltrated the CF/PA-6 preforms from the gaps between the
print paths and then infilled the apparent voids and interlayer cracks during the curing process.
The PA-6 was further consolidated due to the vacuum pressure and its rubbery/viscous state at
the melting stage of the curing process. However, the epoxy did not get into the micro-
cracks/voids between the PA-6 matrix and single carbon fibres, since the PA-6 matrix remained

relatively solid to maintain the fibre alignment during the heating cycling.
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Figure 6-10 SEM fracture profiles (a) & (b): parallel to; (¢) & (d) transverse to the fibre

direction

6.4.2 3D-printed single edge notched plate

The dual-polymer technique allows the manufacturing of composites with low-porosity and
customised curved fibre paths. All of the specimens in this section were made via the hybrid
manufacturing technique, in order to eliminate the influence of voids and then better investigate
the effect of fibre placement. The strength and fracture toughness of three different fibre
placement methods for the single edge notched plate are first presented. The load-displacement
curves and the failure pattern are then discussed, also with the distribution of maximum
principal strain obtained from the DIC analysis. The ultimate strength is defined as the
maximum force carried by the test specimen prior to failure, divided by the gross cross-
sectional area (disregarding the notch). The notch stress intensity factor (mode I) K at the
crack tip under a uniaxial stress for the edge crack in a plate is calculated as Eq (17) - (19) [139,

140]:
K =f(a/w)-o-Vma (17)

fla/w) = 1122 - 0231(2) + 10.55(5)? - 21.71(5)° + 30.382(5)*  (18)

K ¢ :f(a/W)'apeak'm (19)

where a is the crack length, w is the width of the plate, f (a/w) is the geometry factor and o
is the remote tensile stress. The notch fracture toughness (mode 1), K ., is the highest value of
stress intensity that the plate can withstand without fracture [141]. ;¢4 is defined as the peak
stress without the crack initiation in each case. The data for the calculation of fracture toughness
are shown in Table 6-2.
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Table 6-2 Data of three kinds of single-edge notched samples

Notch depth a Geometry Opeak

(mm) arw factor (MPa)

Mechanical notched 4.14 0.1118 1.2025 282.49
Concentric infill 3.88 0.1048 1.1924 214.85
Principal stress trajectories 3.52 0.0951 1.1793 888.80

As shown in Figure 6-11, the strength and fracture toughness of the samples with stress-lines
placement were increased by 81.3% and 157.5%, compared to the mechanical notched samples.
The improvement of the properties resulted from the stress re-distribution brought from the
optimised fibre paths as well as the prevention of the defects caused by the mechanical
manufacturing process. As shown in Figure 6-12, no cracks occurred before the ultimate load
of the samples with stress-lines placement. The samples finally failed in a brittle mode,
accompanied by symmetrical crack propagation along the angular direction. In contrast, cracks
initiated at the tip of the notch during the loading process of the mechanical notched sample.
They immediately propagated along the fibre direction when the load came to 58% of the
maximum force. The manufactured defect and premature cracks significantly reduced the
fracture toughness of this sample. Subsequent fibre breakage in the transverse direction resulted

in the eventual failure of the sample.

Although no manufactured defeat was introduced to the samples with concentric placement,
the strength and fracture toughness were reduced by 31.0% and 33.0% compared to the
mechanical notched samples. As shown in Figure 6-12, cracks initiated near the notch and at
the centre of the samples at 60% of the ultimate load, with the former being caused by the stress
concentration and the latter resulting from the different mechanical response between the left
(curved) and right (straight) parts of the fibres. The final failure exhibited mainly fibre splitting

on the left, and only tensile breakage on the right. It revealed that the concentric fibre placement
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method of composites with complex geometries was inappropriate. The difference between the
curved and straight fibres (inevitable in such concentric placement) divided the samples into
two parts, which lowered the mechanical properties, even compared with the samples

processed by mechanical cutting or drilling.
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The distributions of maximum principal strain (prior to failure) are shown in Figure 6-13, in
which (b) & (d) are the states before the ultimate load for the samples with mechanical notched
and concentric placement, respectively. A uniform interval type of distribution was adopted for
all contour plot legends, in which the contour limit was set as the maximum value of each
individual sample to better identify the concentration in the images. Obvious strain
concentrations are seen in (b) & (d) due to the cracks, so Figure 6-13(a) & (c) & (e) are more
suitable for evaluating the effect of fibre placement on the stress/strain distribution. For the
mechanical notched samples (a) and (b), the highest values of strain are concentrated in a small
area around the tip of the notch. For the samples with concentric placement (c) and (d), the
highest strain concentrations are also located at the tip of the notch, but are extended angularly
to the vertical centreline of the samples. Although the manufactured defects were avoided, the
semi-circular fibre placement around the notch could not transfer the tensile load properly. For
the samples with principal stress-lines placement (e), the strain distribution was quite even and
very limited comparatively, since almost the entire domain exhibited in the red colour. The
maximum value of this case was 44.0% lower than that of the concentric case, also 27.3%
lower than that of the mechanical notched case. This indicated that the fibre placement along
principal stress trajectories distributed the loads from the notch to the whole structure, reducing
the localised strain. This improved strain distribution delayed the failure until the applied stress
reached 89% of the value required for the fracture of the unnotched specimen (ultimate strength

of 1001 MPa for the UD 0° samples).
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Figure 6-13 Distribution of maximum principal strain obtained from DIC measurement prior
to failure: (a) before yielding and (b) ultimate load of the mechanical notched sample; (¢)
before yielding and (d) ultimate load of the concentric infill sample (e) before failure of the
stress-lines sample (different legend scales were used to better identify the strain
concentration in each case)
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6.5 Conclusions

In this chapter, a low-cost hybrid manufacturing technique was presented, in which 3D-printed
thermoplastic composite preforms were infiltrated and cured with a thermosetting powder
epoxy, in order to manufacture composites with low-porosity and designed curved fibre paths.
The epoxy mainly infiltrated from the gaps between the print paths and significantly reduced
the porosity of dual-polymer composites from 2.69% to 0.06%. The original PA-6 matrix was
further consolidated but remained relatively solid to maintain the fibre alignment during the
heating and post-processing cycle. DMA and DSC investigations demonstrated that the PA-6
and epoxy polymers are compatible. The tensile stiffness and strength of the carbon fibre
reinforced PA-6 composites were improved by 29.3% and 22.1%, respectively, after the post-
processing treatment with epoxy powder. Uniaxial tensile tests of three types of single-edge
notched plates were conducted to evaluate the effect of different fibre placement methods.
Compared with the mechanical notched samples, optimised fibre placement along the principal
stress trajectories increased the strength and fracture toughness by 81.3% and 157.5%,
respectively. It was also revealed that the general concentric placement method was
inappropriate for the fused filament fabrication 3D printing of continuous carbon fibre

reinforced thermoplastic composites with complex geometries.

Although the epoxy powders were manually sprinkled onto the printed composites, this hybrid
manufacturing technique could potentially be automated in the future by in situ spraying epoxy
powder or resin ink. Other high performance thermoplastic composite filaments with high fibre
volume fractions could also be used in the future, e.g. carbon fibre reinforced polyether ether
ketone, to enable the application of printed composites to meet high temperature requirements

in aerospace and other industrial sectors.
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Chapter 7 Effectiveness of fibre placement in 3D-printed open-
hole composites under uniaxial tension *

Abstract

This chapter presents a hybrid manufacturing technology that enables the fabrication of 3D-
printed dual-polymer composites with low porosity and customised continuous carbon fibre
reinforcement. The thermoplastic composites preform was first manufactured via fused
filament fabrication (FFF) 3D printing and then consolidated with the thermoset powder epoxy
in the oven. After that, the effect of fibre placement on the mechanical performance of open-
hole composites under uniaxial tension was comprehensively studied. A concept of placing
continuous fibres along the higher in-plane principal stress trajectories was adopted and found
to improve the strength of the composites and postpone the crack initiation, compared with the
drilled samples. Additional fibres, along the lower in-plane principal stress trajectories and
around the hole, were found to significantly alter the failure mode and mechanical performance
of the samples. Together with the digital image correlation measurement, a FE model was also
built based on the actual printing paths to understand the stress distributions due to different
fibre placement methods. The study offers a very useful tool for the customised design of 3D-

printed composites with complex shapes and/or geometric singularities.

Keywords

3D printing; curved fibre paths; open-hole composites; CFRP; principal stress trajectories.

" This chapter was submitted to Composites Science and Technology in June 2021.
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7.1 Introduction

Continuous carbon fibre reinforced polymer (CCFRP) composites are commonly used in
aerospace and automotive industries due to their high strength and high stiffness-to-weight
ratios [87]. Traditional manufacturing techniques of CCFRP, such as compression moulding
and vacuum bagging, usually face challenges to fabricate composite structures with complex
geometries [116]. Other processes like automated tape laying (ATL) and automated fibre
placement (AFP) use computer-guided robotics to lay fibre tapes/tows onto amould [111, 115],
allowing for more complex layup geometries. However, they inevitably cost more on
infrastructure and defects would happen during the tow steering due to their wide fibre tows,
for example the out-of-plane wrinkling. Recently, additive manufacturing (also called 3D
printing) is being developed for the fabrication of composites with highly complex shapes and
fast processing. Among them, Fused Filament Fabrication (FFF) 3D printing melts and deposits
thermoplastic filament layer by layer to create three-dimensional parts without the resort to a
mould [131]. Since 2014, Markforged® has released series of desktop 3D printers, e.g. Mark
One/Two, which can print composites with 1K continuous fibre reinforcement [2]. The
advantages of low cost and convenience make 3D printing a potential manufacturing method

for continuous fibre reinforced composites.

Despite the advantages and capabilities, 3D printing also comes with its own limitations. One
challenging issue is the significant voids content in the finished parts [6]. It has been
demonstrated that three types of voids are generated in 3D-printed CFRP composites. The first
type of voids are the entrapped air voids, which are mainly generated during the extrusion of
thermoplastic filament [142]. Also, the mixed short or continuous fibres would aggravate this
problem since the fibres reduce the fluidity of the melted thermoplastic. The second type of
voids are the intrinsic gaps between adjacent printing beads in a single layer [14] due to the

inadequate bonding [3]. Another void type is the physical gap at the layer/layer interfaces,
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generated by the temperature difference between different layers during the printing process.
Previous studies have attempted to reduce the porosity in 3D-printed composites by introducing
a compaction stage, for example, in situ consolidation techniques such as ultrasonic vibrations
[55, 143] and vibrational stamping with a hot-compaction roller [53]. Modification of nozzle
geometry has also been investigated and it was observed that the inter-bead voids were reduced
to about 3% by using a nozzle with a square-like cross-section in the 3D printing of
thermoplastic [13]. On the other hand, low-viscosity materials have been used in inkjet-based
3D printing to reduce the voids [144, 145]. As mentioned before, when mixed in the polymer
continuous carbon fibres reduce the fluidity of the matrix significantly and aggravate the

formation of voids, which have not been effectively addressed.

One of the advantages of the 3D printing of CCFRP composites is the opportunity and
flexibility to control the deposition paths of materials, which could better utilise the superior
mechanical properties of continuous fibres. For the composites with geometric singularity such
as a hole/notch, FFF 3D printing can steer the fibre paths around the hole/notch rather than
printing an intact sample with all straight fibre paths followed by traditional drilling. A few
optimisation methods for continuous fibre placement were introduced so far. Our previous
research presented a new concept to place curved continuous fibres along principal stress
trajectories in order to improve the strength and stiffness [43]. Also, Li et al., proposed an
ingenious path-designed 3D printing approach that considers the load transmission path and
anisotropic property of the continuous carbon fibre reinforced filament [50]. However, this
would cause gaps between the printed beads of continuous fibres when steering the fibres [33,
35]. Although some printing systems tried to deposit thermoplastic in those gaps, they could
not be completely filled and some gaps are usually too small to accommodate a single printing
path [6]. This would eventually lead to high void content and consequently results in much

lower stiffness and strength than expected [20, 70, 120], not even close to those of traditionally
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manufactured CCFRP composites, which limits the application of FFF 3D-printed CCFRP

composites in real industry.

In this study, FFF 3D printing was combined with low-cost post-processing treatments to
demonstrate the fabrication of 3D-printed composites with low porosity and customised curved
continuous fibres reinforcement. First, composite preforms of continuous carbon fibre-
reinforced thermoplastic were 3D-printed by the FFF technique. Then post-processing (oven
curing with vacuum bagging) was conducted, wherein thermosetting epoxy powders were
sprayed onto the preforms to fill the gaps. Case studies of open-hole composites were
performed, in which continuous carbon fibres were placed along the principal stress trajectories
generated from finite element analysis (FEA) of a neat polymer material. Three customised
fibre placement methods around the hole were investigated and compared with drilled samples
as well as samples printed from Markforged® commercial printer Mark Two. Finally, uniaxial
tensile tests together with FEA of 3D-printed curved fibre reinforced composites were
conducted to understand the mechanisms behind various fibre placement methods around the

hole.
7.2 Methodology

The current study adopted a hybrid manufacturing technology that consists of 3D printing of
CCFRP composite preforms and post-processing with powder epoxy. Uniaxial tensile tests of
3D-printed open-hole composites were performed, in which six cases with different material

placement methods and/or manufacturing techniques were investigated.
7.2.1 Hybrid manufacturing

A Prusa® i3 mk3 printer was used to print the CCFRP composite preforms, as shown in Figure
7-1a. The printing filaments were sourced from Markforged®, which consists of 1K continuous

carbon fibres and polyamide 6 (PA6) [7]. A brass nozzle with an M6 screw was also sourced
131



from Markforged® and used for the printing of continuous fibres. A printing temperature of
245°C and a printing speed of 10 mm/s were adopted. Considering the diameter of the filament
is around 0.375 mm, an off-distance of 0.1 mm between the bed and nozzle tip was found to
provide good pressure on the printed filament for adhesion without noticeable fibre breakage,
resulting in an average width of a single printed stripe to be 1-1.5 mm. The feeding mechanism
was not activated, so the end of the filament was slightly under tension during the printing
process and the feed rate of the filament was consistent with the printing speed. As shown in
Figure 7-1a, a polytetrafluoroethylene (PTFE) tube was inserted into the print-head to guide
the filaments and the composites were printed to the bed coated with a layer of PVA glue,
ensuring sufficient adhesion for the first printed layer. The print bed was not heated as no
warping occurred during the printing of composite preforms with such continuous fibres. Since
the filaments used in this study contain continuous fibres and the toolpath do not have to be
started and stopped during printing, the continuous toolpath (G-code) was necessary. G-code
was generated via MATLAB and then transferred to the printer. A printed open-hole composite
preform is shown in Figure 7-1b, with a length of 200 mm and a width of 36 mm in accordance
with Configuration B in ASTM D5766 (Standard test method for open-hole tensile strength of

composite laminates).

Then post-processing of composites preforms was conducted to reduce the voids and enhance
the mechanical performance. The powder epoxy PE6405 used in this study was engineered by
Swiss CMT and provided by Freilacke. Previous research [132] revealed that the powder
epoxy melted around 45-60°C and a temperature of more than 150°C was required for the
initiation of curing. The temperature gap between melting and curing as well as the low
viscosity of the resin (minimum of 1.26 Pa-s at 120°C [132]) would enable void filling in the
composites preforms. To cure the epoxy powders in the open-hole composite preform, an

aluminium-made mould was used and a cylinder pin was attached to it to leave a hole in the
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finished samples, as shown in Figure 7-2a. PTFE non-stick ply and release agent were also
used for subsequent demoulding. Epoxy powders were manually sprayed on the printed
preform before vacuum bagging (shown in Figure 7-2b), followed by a three-stages curing
cycle in the oven based on its thermal properties. The temperature was set to 40°C for 8 hours
to remove the moisture and then ramped to 120°C for 1 hour to melt the powders. After that,

the system was consolidated at 180°C for 2 hours.

P wbe |

Y L
X (test direction)

T - g

- 'y

Continuousfilamen
Printed stripe \
» s

e e I8

Length = 200 mm

(b)

Figure 7-1 3D printing of continuous CF filament, and (b) a printed open-hole composite

preform.
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Figure 7-2 (a) The aluminium mould, and (b) the open-hole preform with sprayed powder

epoxy

7.2.2 Case study

The diameter of the hole in the printed composite preforms was set to 18 mm (w/D ratio = 2),
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in order to better investigate the influence of fibre placement on the mechanical performance.
The enlargement of the hole was also adopted in previous researches [43, 146]. A 35mm-long
end tab was used at each end to prevent gripping damage, since only four-layers CF preforms

(0.6-0.8 mm thickness approximately) were printed for each sample in these cases.

As mentioned above, six cases with different fibre placement methods and manufacturing
techniques were performed and compared. In the traditional method, continuous fibres are laid
straight and the hole is made by drilling. In this study, the ‘drilled” samples were produced via
a hybrid process, in which continuous fibres were placed along the longitudinal direction of
the sample by 3D printing and then a hole was drilled on the consolidated plate with the
designed dimensions. Different to the ‘drilled” samples, a new concept was adopted to place
continuous curved fibres for the open-hole CCFRP composites, which was demonstrated to
reduce the stress concentration and improve the stiffness [43]. In this fibre placement method,
principal stress trajectories were generated from finite element analysis (FEA) of the neat
polymer matrix based on the tensile loading condition and used as the guidance for the path
design of continuous carbon fibres, as described in detail in our previous work [43]. Three
cases with customised curved fibre were studied in this chapter, as shown in Figure 7-3 (a-c).
In curved fibre case 1, continuous fibres were aligned with maximum stress trajectories in each
layer of the composites. Since no fibres were deposited on the left and right sides of the hole
in this case (see Figure 7-3a), resin-rich areas occurred and led to substantial defects which
could intrigue unexpected early crack initiation due to lack of structural integrity. Alternatively,
additional neat PA material was printed, placed in these interspaces and post-processed
together with the composite preforms to make a complete hole (as called ‘casel-complete’, see
Figure 7-6). In case 2, fibres were placed along with maximum and minimum stress trajectories
alternately layer by layer, which is similar to the traditional [90°/0°] cross-ply laminates. This

placement method was also proposed by Anisoprint® as a weight-saving design [147]. As the
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stacking sequence is balanced and symmetric, so it could potentially provide the maximum
bending stiffness and have no membrane—bending coupling effects [ 148]. In case 3, continuous
fibres were placed along maximum stress trajectories and additional fibres were printed on top
of the trajectory-based fibres around the hole with an intention to better maintain the hole
integrity and delay the initiation of failure. The 3D-printed preforms of these three curved fibre
cases were treated via oven curing with powder epoxy as mentioned above. For the
comparisons of different manufacturing techniques, open-hole specimens without any post-
processing treatments were also printed by the commercial Mark Two printer. In the default
setting of the Eiger system provided by Markforged®, continuous fibres could not be used in
the top and bottom four layers, hence 12-layers composites were printed in the manufacturing
of Markforged sample (the cross-section can be seen in the SEM characterisation in Figure 7-
7b), in which four layers of PA6 were printed on both top and bottom. The continuous fibres
in the middle four layers were placed along 0°/+45°/90°/-45° alternately and two rings of fibres
were printed around the hole using a default concentric approach, as shown in Figure 7-3d. In
the Eiger slicing software, “wall” and “infill” PA6 were also printed in the fibre layers, for
better surface finishing and lower porosity, respectively. The average thickness and fibre

volume of these six cases are shown in Table 7-1.
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Figure 7-3 Placement methods: (a) case 1 (b) case 2 (c) case 3 (d) Markforged sample

Table 7-1 Datasheet of six cases for open-hole tension

Case 1 Case | Case2 Case3 Drilled Markforged
(complete)
Materials PAG6/CF + epoxy powder PA6/CF
Consolidation Yes Yes Yes Yes Yes No
Thickness (mm) 0.63 0.63 0.80  0.63 0.60 1.48
Fibre volume 5 544 3.336 4104 3427  3.179 2.930

(em?)

7.3 Mechanical testing and finite element modelling

7.3.1 Mechanical tests of open-hole samples

The open-hole tensile tests were performed using an MTS Criterion® Model 45 (C45.305) with

a 300 kN load cell, as shown in Figure 7-4. A crosshead speed of 0.5 mm/min was used for all
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tests and the samples were clamped in hydraulic grips with a clamping pressure of approx. 100
bar. In each type of test, three specimens were tested. A speckle pattern was applied to the
surface of each specimen and 2D strains were measured with digital image correlation (DIC).
All the DIC data were processed through a MATLAB script to obtain the full-field

displacements and strains.

MTS Test System

Figure 7-4 MTS test system with digital image correlation

7.3.2 Finite element modelling

In this chapter, finite element models were built to numerically investigate the effect of
different fibre placement methods and correlate with the experimental measurements. The
dimensions and the boundary conditions of the domain are shown in Figure 7-5a, in which only
half of the specimen was analysed with sliding supports because of the symmetry. Since the
fibres would be embedded into the domain in the following step, the radius of the central hole
was reduced to 8 mm to make sure all the nodes of embedded part (composite preform) stay
within the host part (epoxy matrix). Because the composites specimen in the open-hole tensile
test can be considered as a plate, the thickness of the domain was set as the thickness of single
printed stripe (i.e. 0.11 mm) to reduce the computational cost. As such the degree of freedom

in vertical displacement along the thickness direction was constrained. The left end of the
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model was fixed and a displacement along longitudinal direction was applied to the right end
of the plate. It should be noted that the embedded composite preform was built based on actual
printing paths. First, the printing paths (i.e. coordinates of the nodes) were imported into
Texgen software to obtain the fibre parts of the model, wherein the dimension of cross-section
(1.0 mm by 0.11 mm) was defined by X-ray computed micro-tomography (nCT)
characterisation in our previous paper [25]. In Texgen software, the material direction of each
element (fibre longitudinal direction) was defined as the tangent direction of the point on the
printing path. As shown in Figure 7-5b, the composite preforms in four different cases were
meshed by C3D8R elements with an approximate global seed size of 0.33 in Texgen and then
imported to Abaqus to embed into a matrix part as reinforcement. Previous research also
demonstrated that the embedded element technique worked effectively in prediction of the

elastic properties in meso-FE modelling of fibre reinforced composites [149].

As shown in Figure 7-5b, only four cases obtained from the hybrid manufacturing technique
were simulated, because the detailed printing paths could not be extracted from the closed Eiger
software. Also, as revealed from the previous research [6] and the following SEM
characterisation, the weak interface between layers and the voids trapped in the Markforged
samples would significantly influence the prediction of their mechanical performance, which
is exactly the reason why the hybrid manufacturing was adopted in this study. The material
properties used in the finite element models are shown in Table 7-2. The longitudinal modulus
of the printed carbon fibre stripe was provided by Markforged® [138] and other properties of
the Markforged® CF were calculated using the rule of mixture based on a volume fraction of
34.5% of the AS4 carbon fibre in the stripe [150, 151]. Since the constitutive law (in particular
the plastic behaviour) of the printed stripe was very challenging to establish and the interface
between printed stripe and infill epoxy was difficult to calibrate, only elastic behaviour of

Markforged® CF and PE6405 epoxy were concerned in the finite element modelling as our first
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step. Therefore, the finite element modelling in this chapter will mainly investigate the stress
distributions and mechanisms on how curved fibres transfer the loading from the periphery of

the hole to other areas.

I_. X Case 3 Drilled
(b)

Figure 7-5 (a) Dimensions and boundary conditions of the FE model (unit: mm), and (b) FE

model of the printed preform in four different cases (epoxy matrix is hidden)

Table 7-2 Elastic properties of printed stripe and epoxy in the FE models [150, 152]

Material properties Markforged® CF PE6405 epoxy
Longitudinal Modulus E; (MPa) 54000 3000
Transverse E-Modulus E, & E; (MPa) 7728 3000
In-plane Poisson’s Ratio v, & 143 0.104 0.37
Transverse Poisson’s Ratio v,3 0.121 0.37
In-plane shear Modulus G, & G,3 (MPa) 7625 -
Transverse Shear Modulus G,3; (MPa) 2864 -

7.4 Results and discussion

In this section, the manufacturing quality of the finished samples obtained from two different
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techniques were first presented, including the surface profiles and SEM characterisation of the
cross-sections. Then the experimental results of open-hole tension were shown, including the
crack propagation, tensile properties and the hole integrity prior to failure. After that, the
numerical results from FE models were demonstrated and compared with those obtained from
mechanical tests, including the stiffness and strain distribution. Finally, the stress distribution
on fibres and the matrix are shown to discuss the load transferring mechanisms of fibre

placements and their further response on the matrix behaviour, respectively.
7.4.1 Manufacturing quality

Optical images of the samples for the six cases are shown in Figure 7-6 and the thickness of
samples after post-processing are shown in Table 7-1, in which the values of curved case 1,
case 3 and the drilled samples were nearly the same (about 0.6 mm) and the thickness of curved
case 2 was increased to 0.8 mm because of the additional fibres printed in the transverse
direction. The thickness of samples printed from Markforged® system was 1.5 mm due to the
additional top and bottom layers of PA6, but only four layers of continuous fibres were printed
in each sample. It was assumed that those additional PA6 layers would not contribute
significantly to the tensile strength and stiffness of the printed composites, therefore, the
thickness of Markforged® samples was still considered as 0.6 mm, approximately the thickness
of the fibre layers, in the following calculations and analysis. Comparing the cross-section
images in Figure 7-7a with the surface image of case 1 in Figure 7-6, the melted epoxy powders
were more effective in filling the microscale voids in the composite preforms than filling the
relatively larger geometric gaps between fibre paths. In the finished samples of curved fibre
case 1, there was no material formed at the top and bottom peripheries of the hole due to the
low viscosity of epoxy during the consolidation process, but a relatively complete hole was
achieved in the ‘casel-complete’ with additional PA6 infills and case 2 & 3 with adequate

fibres being placed around the hole during the printing process to avoid large gaps for forming
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resin-rich areas in the subsequent oven curing process.

The SEM characterisation in Figure 7-7 reveals the microstructure of finished samples from
the hybrid manufacturing and Markforged® Mark Two printer. The samples were placed in a
slow-cure epoxy resin and then the observed surfaces were polished. The areas between two
solid red lines are the cross-sections of the samples. As shown in Figure 7-7a, there were no
noticeable voids and good fibre/matrix adhesion can be found in the sample from hybrid
manufacturing. For the Markforged® sample in Figure 7-7b, a sandwich-like structure can be
seen, wherein the continuous fibres were placed between the additional PA6 layers. Two kinds
of voids were found in the Markforged® sample, i.e., voids trapped in the fibre layers and those
between fibre and PA6 layers. The former would accelerate the initiation and propagation of
the cracks while the latter would result in the delamination between layers during the loading
process. These microstructure defects and porosity could substantially influence the

mechanical performance, which will be further discussed with the experimental test data.

Case 1 (complete) Drilled Markforged

Figure 7-6 Surface images of finished samples (white dots for DIC measurement).
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Figure 7-7 SEM of cross-sections: (a) hybrid manufactured samples, and (b) Markforged®

printed samples.

7.4.2 Mechanical performance

7.4.2.1 Load-displacement response and damage evolution

The load-displacement curves and cracks propagation from the open-hole tensile tests are
shown in Figure 7-8. For the drilled samples, the yielding point (the first drop of the load)
appeared much earlier than the point of ultimate failure. The average ultimate tensile load of
the drilled samples was 6.4 kN, and the average yielding point of these three samples was 3.26
kN (with a small standard deviation of 0.15 kN). The crack initiated at the one edge of the hole
at the yielding point and then propagated quickly throughout the sample along the longitudinal
direction, as shown in Figure 7-8a. The premature damage was reasonably assumed to be
caused by the defects resulted from the drilling process. The subsequent crack propagation led
to a substantial drop of loading until the crack was arrested at a substantial distance to the hole
(almost to the end-tabs). After that, similar cracks appeared on the other side of the hole and

finally the sample was damaged with the tensile breakage of fibres.
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For the curved fibre case 1, no yielding and crack initiation can be found before it came to the
point of ultimate tensile load. Comparing the samples with and without a complete hole, the
ultimate load of casel-complete was improved from 7.2 kN to 8.8 kN due to the additional PA
material placed in the interspaces. Those PA materials were also damaged at the point of
ultimate load. Therefore, similar failure patterns were captured for these two types of samples.
As shown in Figure 7-8b, two kinds of cracks were observed at the same time, including fibre
splitting (with the cracks approximately along the longitudinal direction) and fibre breakage
caused by the tensile loading. The former resulted from the failure of the matrix between fibres
because continuous fibres were only placed along the longitudinal direction in this case, and
the latter was more likely caused by the excessive tension. These cracks were not located at the
left and right edges of the hole as in the drilled samples. The fibre breakage occurred at the
outer edge of the sample and located away from the transverse centreline of the hole. A
relatively brittle failure pattern was presented in the curved fibre case 1, mostly attributed to

the used thermoset epoxy, and two kinds of cracks appeared and propagated simultaneously.

In the curved fibre case 2, samples failed in tension but the cracks located far away from the
central area of the sample, as shown in Figure 7-8c. The fibres placed along lower in-plane
principal stress trajectories improved the stiffness of samples in the transverse direction and
also prevented the fibre splitting. In this case, the fibre placement effectively enhanced the
sample and eliminated the effect of the hole. The change in the crack locations indicated the
opportunities for customising the failure modes in future 3D printing with designed curved
fibre paths. Curved fibre case 3 with fibres placed around the hole in addition to the principal
stress trajectories also exhibited a brittle failure mode. Although the epoxy matrix in the
interspaces was damaged during the loading process (see Figure 7-8c), no fibre breakage
occurred before the point of ultimate load. The breakage of fibres initiated above the hole and

propagated through the samples around the circumference of the hole. Comparing with case 1,
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the change of the failure mode was apparently caused by the fibres placed around the hole,
which prevented the edges of the hole from the crack initiation and also partly enhanced the
sample in the transverse direction. The failure modes of these three curved fibre cases were all
brittle but exhibited different initiation and propagation of the cracks. It revealed that the fibre
placement along higher in-plane principal stress trajectories would make a relatively even
stress distribution and the additional fibres (in the case 2 & 3) also changed the failure pattern
significantly. The effect of the interaction between fibre placements in different layers will be
further analysed in the following finite element modelling. Finally, the Markforged® samples,
as the state-of-the-art commercial 3D printing technology, were used to compare the hybrid
manufacturing technology in this study. As shown in Figure 7-8a, the ultimate tensile load of
Markforged® sample was quite low compared with all other cases, which was partly due to the
default, quasi-isotropic fibre placement in its Eiger slicing software. The percentage of
continuous fibres placed end-to-end was lower than 30% even in the 0° ply (as shown in Figure
7-3d), and other plies with 90°/£45° fibres contributed less to the tensile load carrying capacity.
In the loading process, the cracks initiated from the outer edge of the samples, approximately
along the centreline of the hole. Then, they propagated around the circumference of the hole
like those in case 3, which also resulted from the additional loops of fibres placed around the

hole.

144



-~ ---Markforged — — Case 1
Drilled Drilled 124 —-— Case 1 (complete)
Markfor, 104
‘. ° gd 8.78 kN
4 8 e
Z > TABKN g5
X 5.72 kN X 27
- - 64 Pd
@© © & |
o S e
- 4 - - 4 el I
3.18 kN # |
1.93 kN /’ 1
2 RO 2 P 1
R P—— P 1
L 7 I
04— ! r r ; r ' , 0 T T T T T T T |
00 02 04 06 08 10 12 14 186 00 02 04 06 08 10 12 14 186
(a) Displacement (mm) (b) Displacement (mm)
Case 3
124
10.01 kN
104 D
(E—’9467 kN
8_
z
=
© 6
©
o
o |
44
24
0= T T T T T T
0.0 0.2 0.4 0.6 08 1.0 12
(C) Displacement (mm)

Figure 7-8 Load-displacement curves and crack propagation of samples: (a) Drilled and

Markforged, (b) Curved fibre Case 1, and (c) Case 2 and 3.

7.4.2.2 Strength and stiffness

The strength and stiffness of six different cases were calculated as Eq. (20) — (22):

FOHT — pmax /4 (20)

& =S/L (21)

E, = 21T /ey (22)

where E2HT is the ultimate tensile strength in the test direction, P™%* is the maximum force

carried by test specimen prior to failure, A is the gross cross-sectional area (disregarding the

hole), €, is the strain in the test direction, s is the displacement in the loading direction, L is the
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length of the sample, and E|, is the stiffness in the test direction.

As shown in Figure 7-9, both the yielding strength and the ultimate tensile strength were
calculated for the drilled samples. As mentioned above, the former is only 50.9% of the latter.
Considering the apparent cracks at the yielding point, the yielding strength can better indicate
the actual bearing capacity of the open-hole composite. The strength of casel-complete was
improved by 21.0% compared with the case 1 sample without materials placed at the
interspaces, but the stiffness of these two samples were almost the same. Comparing with
drilled samples, the customised fibre placement in casel-complete improved the strength and
the stiffness by 166% and 5%, respectively. The initiation of the crack was significantly
postponed by the customised fibre paths, with only 5% increased usage of fibres. Although the
stiffness was slightly improved, the increase of strength was apparent because of the better load
transfer and the avoidance of fibre cut-off during the drilling process. The results of case 2 &
3 were compared with those of casel-complete in the following discussion to better evaluate
the influence of the additional fibres. For the curved fibre case 2, the strength and stiffness
were decreased by 12.0% and 10.2%, respectively, even though the usage of fibres in the
composite preforms was increased by 23.02%. The decreases in the strength and stiffness
values could be partly due to the larger thickness of case 2 (from 0.6 to 0.8 mm). For the case
3, the tensile strength was increased by 11.4% and the stiffness was improved by 6.6%
(compared with the casel-complete) with the additional fibre placed around the hole, about a
2.7% increment of fibre usage. It revealed that the additional fibre placed around the hole could
effectively improve the strength and postpone the crack initiation, which can be seen in the
samples of case 3 and Markforged®. However, considering the increased fibre usage, those
continuous fibres placed in the transverse direction (such as those along the lower in-plane
principal stress trajectories) had little effect on the strength and stiffness in the loading direction,

especially for such uniaxial tension.
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The Markforged® Mark Two printer combines continuous fibres and thermoplastic (usually
PAG6) for better manufacturability during printing. It became the most popular system for
continuous fibre 3D printing for commercial uses as well as academic research. In this study,
the uniaxial tensile strength of the open-hole composites printed by Mark Two was 95.6 MPa,
only 23.8% of the value of curved fibre case 1. Their stiffness was only 45.7% of the case 1.
As mentioned before, the lower strength and stiffness was attributed to the default fibre
placement in Eiger system, which was less effective for an open-hole composite under uniaxial
tension. The voids in the finished samples fairly reduced the mechanical performance, as shown
in Figure 7-7b. It should be noted that the PA6 thermoplastic used in Mark Two is a relatively

weak matrix as compared to the thermosetting matrix such as the epoxy used in our study.
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Figure 7-9 (a) Stiffness and (b) strength of open-hole composites under uniaxial tension.

7.4.2.3 Hole integrity prior to failure
The elongation and eccentricity of the hole prior to failure are calculated as Eq. (23) — (25):
6y =(Dx—D)/D (23)

6, = (D, —D)/D (24)

e= /1 — (22 (25)
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where 8 is the hole elongation in transverse direction, §,, is the hole elongation in longitudinal
direction, e is the eccentricity of deformed hole, D, is the diameter in the transverse direction,

D,, is the diameter in the longitudinal direction, and D is the original diameter of the hole.

The elongation and eccentricity of the deformed hole prior to failure are shown in Table 7-3,
wherein the deformed holes are more similar to a circle when the eccentricity is close to 0. For
the Markforged and drilled samples (prior to yielding), though small eccentricity was obtained,
their strengths were relatively low (100-150 MPa) at that moment. Therefore, only the data of
curved fibre cases (with the strength higher than 300 MPa) will be discussed. Figure 7-10
shows an intuitional picture for the hole integrity prior to failure. Due to the lack of continuous
fibre placed along the transverse direction, the elongation and eccentricity prior to failure of
case 1 were relatively high. The fibres placed around the hole in case 3 also effectively reduced
the elongation in the transverse direction, considering the small increase in fibre usage, but
only the additional fibres along lower in-plane principal stress trajectories in case 2 could
reduce the elongation in the longitudinal direction. It is assumed that the curved fibres inclining
toward the circumference provided compensation for the longitudinal deformation of the hole
during the loading process. The open-hole in this case was maintained with a circular profile

prior to failure (with the smallest eccentricity).

Table 7-3 Experimental data for the deformation of the hole prior to failure

Case 1 Drilled
(complete) Case 2 Case 3 (before Markforged
P yielding)
Ox -11.29% -1.05% -1.93% -1.69% -2.36%
Oy 4.60% 1.92% 4.15% 1.31% 2.04%
€ 0.530 0.240 0.337 0.242 0.290
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Figure 7-10 The hole integrity prior to failure.

7.4.3 Mechanism and effectiveness of fibre placement

In this section, the stress/strain distributions from both experiment and modelling will be
discussed to analyse the mechanism of fibre placement in each case. The result of maximum
principal strain is first presented to evaluate the mechanical response of the composites and
also to validate the FE model. Then the distributions of maximum principal stress in composite
preforms and von Mises stress in the epoxy matrix are shown, which effectively reveals the
load transfer of continuous fibres and the potential matrix failure, respectively. A uniform
interval type of distribution was adopted for all contour plot legends, in which the contour limit
was set as the maximum value of each individual sample to better identify the concentration in

the images.
7.4.3.1 Unidirectional fibre placement (drilled)

For the drilled samples, the maxi-principal strain highly concentrated at the edge of the hole
but offset from the centreline. As shown in Figure 7-11 a & b, the maximum values located in
the very small area (circled in black). Also, good agreement of the distribution can be seen,

thus the following stress analysis based on the modelling result are relatively reliable. In Figure
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7-11c, only the continuous fibres nearest to the hole (circled in black) were under the tensile
stress with a high value. The cut-off fibres above and below the hole and those far away from
the hole (all framed in black) had little effect on the load bearing. Figure 7-11d exhibited the
stress concentrations in the matrix between the unidirectional fibres. They started from the
left/right edge of the hole and extended along the test direction (circled in black). Since the cut-
off unidirectional fibres could not effectively transfer the loading across the hole, the stress
concentrations in the matrix led to the shear and/or tensile damage of the matrix, followed by

longitudinal splitting of continuous fibres prior to final failure.
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Figure 7-11 Strain and stress (unit: MPa) distributions in drilled samples

7.4.3.2 Higher in-plane principal stress trajectories (case 1)

Good agreement between experiments and modelling was also obtained for the maximum
principal strain in case 1. As shown in Figure 7-12 a & b, the strain concentration at the edge
of the hole (circled in black) still existed, but the maximum values were shifted from the edge
to the angular area far away from the hole (framed in black). Compared with the drilled sample,
an even distribution of strain was observed in case 1 (most of the areas were in yellow and red

colour). In Figure 7-12c, the distribution of maximum principal stress on the fibre preform
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explained the mechanism behind, wherein the maximum value located at the peripheries of the
hole was reduced by 17.6% and those fibres far away from the hole (framed in black) still
contributed to withstand of the tensile loading. Therefore, the stress concentration in the matrix
was eliminated from the left and right edges of the hole. However, the potential failure of the
matrix still occurred at those slim areas between fibres (black dotted line in Figure 7-12d). In
addition, the concentration located on the top and bottom sides of the hole resulted in the

damage of the pure PA area (circled in black) in the experiments.
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Figure 7-12 Strain and stress (unit: MPa) distributions in case 1

7.4.3.3 Principal stress trajectories with additional fibres (cases 2 & 3)

For case 2, the distribution of maximum principal strain exhibited similar features between the
experiments and modelling, in which almost the whole composite plate was under tension. The
strains with relatively high values were located at the peripheries of the hole and angular areas
away from the hole. As shown in Figure 7-13c, the stress concentration in the fibre preforms
occurred at the edge of the hole, with a similar maximum value as in case 1. The continuous
fibres near the longitudinal centreline of the samples also contributed more to the load-bearing

(most of the fibres were in green colour). For the stress distribution in the matrix, due to the
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reinforcement of the additional fibres placed along the lower in-plane principal trajectories,
almost no concentration was observed. The result indicated the customised fibre placement in
case 2 nearly made a perfect re-distribution of the stress in the matrix and hence prevented the

matrix from early damages.
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Figure 7-13 Strain and stress (unit: MPa) distributions in case 2

For case 3, the framed concentration of maxi-principal strain (in Figure 7-14a) occurred in the
matrix-rich area. Due to the additional fibres placed around the hole, the strain concentration
at the edge of the hole extended along the circumference of the hole, which can be seen in both
experimental and modelling results (circled in black in Figure 7-14a & b). Also, the maximum
stress on fibres was reduced by 19.6% (circled in black in Figure 7-14c) compared with case 1,
indicating the additional fibres could eliminate or postpone the fibre breakage at the edge of
the hole. As shown in Figure 7-14c & d, the stress concentrations were shifted to the outside
of the additional fibres (framed in black), in both fibres and matrix, which also corresponded

to the area where the crack propagated in the experiment.
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Figure 7-14 Strain and stress (unit: MPa) distributions in case 3

7.4.3.4 Concentric fibre placement (Markforged)

The modelling-based analysis would not be conducted for the Markforged® samples, since it
was hard to obtain the fibre paths from the closed Eiger system. The voids would cause
additional damages during the loading process, such as the delamination and fibre splitting,
which made the printing path-based FE analysis for this case less meaningful. The distribution
of maximum principal strain from DIC is shown in Figure 7-15. It can be seen the fibres placed
around the hole also altered the strain distribution. The region with the concentration was
expanded slightly and moved offset from the centreline but the strain was still highly
concentrated around the hole (most of the rest areas were in blue colour). It means the

continuous fibres in this case could not transfer the load to the whole structure effectively.
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7.5 Conclusions

This chapter presents a comprehensive study for the effectiveness of fibre placement on 3D-
printed open-hole composites. The tensile properties, crack propagation, hole integrity prior to
failure as well as the mechanism of the load transfer were discussed. The results can be used
as the guidance for the future customised design of 3D-printed CCFRP composites with

complex shapes and geometric singularities. Main conclusions are drawn as below:

(1) The predominant damage of the drilled sample with unidirectional fibre placement is
fibre splitting. The manufactured defects and stress concentration around the hole
significantly reduced the strength of the samples.

(2) The fibre placement along higher in-plane principal stress trajectories optimised the
stress distribution. The tensile properties were improved and the fibre breakage was
shifted away from the periphery of the hole. However, fibre splitting still occurred and
the hole was severely deformed prior to failure.

(3) First type of the additional fibres, placed along lower in-plane principal stress
trajectories, made a perfect distribution for the stress in both fibres and matrix. The

damage was located far away from the central area of the sample. Also, better hole
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integrity was kept during the loading process.

(4) Second type of the additional fibres, placed around the hole, performed the best to
further improve the tensile properties and postpone the crack propagation, considering
a small increment of fibre usage.

(5) The fibre placement method and the manufacturing technique of Markforged system
were found to be less effective for uniform distribution of stress/strain in this open-hole

composite.

In real engineering applications, the mechanical performance, structural integrity and crack
propagation of the printed composites should be considered simultaneously and balanced. The
FE model and mechanism presented in this chapter can be considered as a starting point for the
further complicated design of 3D-printed multiple layers CCFRP composites. It is worth
mentioning that the FE model in this chapter is based on elastic analysis and failure criteria and
constitutive models for composites need to be evaluated and implemented in future FE models
to enable the failure predictions of such printed curved CCFRP composites. Also the overlap
of fibres occurred during the printing process, thus manufacturing constraints also need to be

taken into account to inform the fibre placement.
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Chapter 8 Fibre orientation and topology optimisation for 3D
printing of continuous carbon fibre reinforced polymer
composites *

Abstract

This study presents a sequentially coupled optimisation of structural topology and fibre
orientation for 3D printing of continuous carbon fibre reinforced polymer composites.
Topology optimisation was first carried out to obtain the geometry of the structure under a
specific load, and then the continuous carbon fibres were placed along the identified principal
stress trajectories. Composite performs were 3D-printed by Fused Filament Fabrication (FFF)
followed by a post-process of oven curing (with vacuum bagging) using epoxy powders to fill
up the gaps. Case study of Messerschmitt-Bolkow-Blohm (MBB) beam under three-point
bending was performed, wherein different materials (polylactic acid and short fibre reinforced
nylon-6) and printing systems (Markforged® with continuous fibres) were used to evaluate the
mechanical performance of the 3D-printed composites. MBB test results showed that the 3D-
printed composites with optimised fibre orientation achieved 305% and 256% higher strength
and stiffness than Markforged® printed composites. The printed composites also achieved the
comparably high stiffness-to-weight ratio as the traditionally manufactured composites by

using only 20% continuous carbon fibres.
Keyword

Topology optimisation; 3D printing; fibre orientation; stress trajectory; continuous carbon fibre.

" This chapter was submitted to Composites Science and Technology in July 2021.
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8.1 Introduction

Continuous carbon fibre reinforced polymer (CCFRP) composite is an exceedingly high
strength and stiffness but low weight composite material [116], which is widely used to meet
the requirement of high strength-stiffness-to-weight ratios in aerospace, automotive, renewable
energy and infrastructure sectors [15, 87, 88]. In some practical situations, where lighter but
even stiffer structures are desired, not every single part of the composite is actually needed,
meaning that materials in some regions do not contribute much to the structure’s stiffness. Thus,
the removal of material in those regions may remarkably reduce the structure’s weight without
much negatively changing its stiffness. This usually is best achieved by topology optimisation
[153]. Over the past few decades, topology optimisation has been utilised to design structures
made of isotropic materials such as steel and thermoplastic, with numerous methods having
been developed, including Solid Isotropic Material with Penalization (SIMP) [154, 155], level-
set method [156, 157], Evolutionary Structural Optimisation (ESO) [158, 159] and other
feature-mapping methods [160, 161]. CCFRP laminates are usually made of transversely
isotropic unidirectional (UD) or orthotropic woven lamina therefore more challenging to
implement topology optimisation. According to the research conducted by Lee et al. [162], the
topology optimised structure made of UD lamina performs badly when Tsai-Wu failure theory
is considered. Quasi-isotropic (QI) laminates have been optimised by using the SIMP or SIMP-
like approaches, for instance, Dai et al. conducted topology optimisation for QI laminated
composite plates with design-dependent load [163], but the challenge of manufacturing was
not taken into consideration. A battery-hanging structure composed of QI laminates and metal
was optimised by Chen et al. [164], in which the layout of each layer was smoothed and thus
the structure was simplified for the convenience of manufacturing. However, this consequently
made the whole layout different from the original output of topology optimisation to a large

extent.
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In the traditional manufacturing, the CCFRP structures with topology-optimised geometry
have to be machined by mechanical processes such as cutting or drilling, in which the carbon
fibres in the structure are cut off, leading to the potential risk of residual damage and defects
[165]. In addition, as the fibre direction in the UD and woven lamina are pre-defined and not
confront to the topology-optimised geometry, the reinforcing performance of the continuous
fibre are not maximised. As an alternative, additive manufacturing technology has the potential
to fabricate composites with highly complex geometries. Among them, the thermoplastic
materials in Fused Filament Fabrication (FFF) 3D printing can be mixed with short and
continuous fibres, and then deposited layer by layer to produce the three-dimensional
composites at a faster production time [43]. In 2014, Markforged® released the first commercial
printer that enabled the 3D printing of composites with 1K continuous fibre reinforcement [2].
Other researchers also developed in-house printers for CCFRP composites [28, 59], which were
generally achieved by impregnating the fibres with a thermoplastic matrix prior to extruding
or within the printer nozzle. Compared with traditional manufacturing methods, 3D printing of
CCFRP offers more design freedom [115], because of the layer by layer deposition of smaller
fibre tows (1-2 mm). The opportunities arise from 3D printing CCFRP for controlling fibre
placement and reducing material waste can be combined with the topology optimisation of

composites.

Alongside the development of 3D printing techniques for CCFRP, new optimisation methods
have been developed for both topology and local material orientation [166, 167]. The most
popular methods include Continuous Fibre Angle Optimisation (CFAQO), Discrete Material
optimisation (DMO) [49] and stress-based method [168]. In the CFAO method, every element
in the finite element analysis (FEA) equips two variables, i.e., pseudo density which is used to
determine whether the material exists or not, and an angle to determine the local orientation of

the fibres. Jiang et al. used CFAO to optimise the MBB beams and performed bending tests

158



[169]. The average stiffness of the sample was increased by 12.4% and 29.9%, respectively,
compared to the counterparts with horizontal and vertical material orientation. However, the
experimental specimens were manufactured only with the reinforcement of chopped and
discontinuous fibres. In addition, local optimum usually occurred in the CFAO method, which
was mainly caused by the transform tensor that contains periodically changing functions.
Nomura et al. then developed a simultaneous optimisation method based on CFAO to address
this issue [170]. However, it did not work very well in the circumstances when the load was
applied to a single point or a small region, compared to the methods in which the optimisation
of topology and orientation were conducted sequentially. Different from CFAO, DMO is not
likely to encounter the local optima problem. However, the orientation outputs of DMO method
were constituted by a set of discrete and manually given values, which significantly reduced
the design freedom. It was also very challenging to be directly implemented in engineering

applications as the fibre orientations are highly discretised [171].

As another common approach the stress-based method assumes that highest stiffness would be
achieved once fibre paths are in line with the principal stress trajectories. It can be conducted
with high computational efficiency without encountering local optima problems. It has also
been proven that the stress-based method improves the structure’s stiffness and leads to better
stress distributions the orthotropic materials [43, 168]. However, very few experimental tests
have been reported to validate this method due to the challenge of controlling continuous fibre
paths and the limitations of current 3D printing techniques for CCFRP, in particular the high
voids content remained in the printed parts [6]. The entrapped air voids and physical gaps at
layer-layer interfaces result in much lower stiffness and strength than expected [20, 70, 120].
Therefore, there is still lack of understanding about the mechanical response and failure process

of printed composites with optimised topology and fibre orientation.

In this study, topology optimisation and fibre orientation optimisation were sequentially
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coupled, and integrated with the FFF 3D printing process for CCFRP composites. The classical
case of a MBB beam under three-points bending was investigated, wherein the topology
optimisation based on SIMP was carried out and streamlines of principal stress were obtained
for the continuous fibre placement secondly. Then composite preforms of continuous carbon
fibre-reinforced thermoplastic were 3D-printed by FFF technique based on the optimised fibre
paths. After that, a post-processing treatment (oven curing with vacuum bagging) was adopted,
in which thermosetting epoxy powders were sprinkled to achieve void-free composites for
experimental validations. To compare the mechanical response, samples with the same
geometry were 3D-printed using polylactic acid (PLA) material and short carbon fibre
reinforced nylon-6 (SCF/PA-6) composites. Other benchmark samples with concentric fibre
placement were also printed using commercial printer Mark Two from Markforged®.
Mechanical tests were performed and Digital Image Correlation (DIC) was used to characterise
strain distribution prior to failure. Furthermore, finite element models were developed to
compare the stiffness-to-weight ratio of the 3D-printed samples with that of traditionally

manufactured composites using different stacking sequences.
8.2 Sequential coupling of topology optimisation and fibre orientation optimisation

In this study, a sequential optimisation strategy for both topology and fibre orientation was
adopted. The structure of neat, isotropic polymer matrix material (such as epoxy in this study)
was topologically optimised first using the SIMP method. The streamlines of higher and lower
in-plane principal stress of the topologically optimised structure under the specific loading

condition were generated and used as the guidance to place the fibres to reinforce the structure.
8.2.1 Topology optimisation

The key objective of topology optimisation in this research is to maximise the global stiffness

while removing material that does not contribute much to the stiffness of the composite
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structure. To represent whether material should exist or not, the whole design domain (2 is first

discretised into finite elements, and the pseudo density p can be given:

0 ifx€e0\0

p(x) :{1 if x € 0 (26)

where (2, stands for the area that is constructed by solid material, x stands for a position in the
design domain (2.

Discrete values (between 0 and 1) are then replaced by continuous variables and the SIMP is

introduced:

Ee(pe) = Epmin + pg(EO - Emin); Pe € [0,1] (27)

where p, is the continuous design variable in the interval of [0,1], E,;5, is a very small stiffness
of voids which is necessary to prevent singularity of stiffness matrix, and p is the penalisation

parameter (p = 3 in this case).

In such a condition, the optimisation problem can be defined as:

min: c(p) = UTKU = %{_; Ec(p)uékou,, p € [0,1] (28)

p
subject to: XN, v,(pe) Vo = f (29)
KU=F (30)

where c is the compliance, U is the global displacement vector, K is the global stiffness
matrix, F is the vector of forces applied on the nodes, k is the element stiffness matrix of
elements with unit Young’s modulus, u, is the displacement vector of element. v, is the
volume of element, f is the prescribed volume fraction, and N is a set of indices of the

elements.

It is worth noting that directly implementing the above steps would possibly result in the
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structure similar to a checkerboard consisting of alternating solid and void elements, and
consequently such a structure will be extremely difficult to manufacture. In addition, the
optimised structures are usually mesh dependent, which means that once the meshing changes,

the outcome structure would become different.

In order to prevent these problems filter techniques were developed, including sensitivity
filtering [172], density filtering [173], efc. Among them the filter based on a Helmholtz-type
PDE developed by Lazarov and Sigmund developed [174] have proven to successfully resolve

the above issues. It can be described as:
—R*V*p+p=0p (€29)

where p denotes the filtered density field and R denotes the radius of the filter. Unlike
sensitivity filter and density filter, it does not require information about neighbouring elements
but only mesh information, thus more computationally efficient. By using filtered density g

instead of p, the mesh dependency and checkerboard issues can be avoided.

However, when the value of p is an intermediate value between p,,;, and 1, the phenomenon
of grey scale would occur, which makes the status of material fuzzy. This is undesirable in
topology optimisation especially when manufacturability is considered. In order to address this,

Heaviside function developed by Wang et al. [175] is introduced in this research:

tan (Bn)+tanh(B(H-n))
tanh(Bn)+tanh(B(1-1))

7= (32)

where 7 is the threshold for density, and f is a parameter that controls the slope of the
projection process. In this way, filtered density value g which is larger than n would be
projected to 1, and similarly, those smaller than n would be projected to 0, which makes it

possible for a result of crisp black and white design with little grey scales.

In order to update material density, sensitivity analysis is proposed:
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And the method of moving asymptotes (MMA) [176] is utilised to acquire the optimal solution

of the problem due to its effectiveness.
8.2.2 Fibre placement based on principal stress trajectories

Since the mechanical properties of carbon fibres are superior in the fibre direction, continuous
carbon fibres should be preferably placed along the direction of maximum tensile and
compressive stresses. In other words, the optimised fibre paths align with the stress trajectories

which are streamlines based on the orientation of the higher and lower in-plane principal stress.

To demonstrate the above approach for fibre placement, the classical MBB beam with a length
of 210 mm and a height of 35mm (length/height ratio = 6:1) was performed. Only half of the
structure with sliding supports was analysed due to symmetry. Figure 8-1(a) shows the
dimension of the structure and the position of the external load. The material used in the
topology optimisation was epoxy with Young’s modulus E = 3.0 GPa and Poisson’s ratio v =
0.37. The geometry of topology-optimised result is shown in Figure 8-1(b) and the higher and
lower in-plane principal stress trajectories of the optimised cases are shown in Figure 8-2(c),
together with other printing paths of 3D-printed samples. More details of the printer paths were

presented in Section 3.
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Figure 8-1 (a) The domain of MBB beam and (b) the geometry of optimised beam
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8.3 Manufacturing

In this section, the manufacturing process of the experimental samples was presented, including
the FFF 3D printing and the post-processing of the 3D-printed preforms with optimised fibre
paths. The short carbon fibre reinforced nylon-6 (SCF/PA-6) was first used, since it was
demonstrated that mixed SCF could significantly improve the flexural properties of composites,
compared with the pure thermoplastic materials [138]. The manufacturing of the pure PA-6
sample was also attempted, but the sample was not adopted as the severe warpage always led
to the beforehand instability/tilt during the bending tests. As a result, a PLA sample was printed,
which is also the most widely-used material in FFF 3D printing. After that, a sample with
continuous fibres was printed for comparison, using the commercial Markforged® printing
system using its default fibre placement method. Finally, the target sample with optimised fibre
paths was prepared via the hybrid manufacturing, including the printing of CCF/PA-6 preforms
and the post-processing with thermosetting epoxy powder. Each type of sample consisted three

specimens for the later bending testing.
8.3.1 FFF 3D printing

A Prusa i3 MK3s printer was used in this study for the printing of PLA and SCF/PA-6 samples
and a Mark Two printer was used for the Markforged sample (continuous carbon fibre
reinforced PA-6). The printing parameters and materials sources are shown in Table 8-1.
CCF/PA-6 composite preforms were first printed using Prusa i3 MK3s printer (with a brass
nozzle from Markforged®) in order to achieve customised fibre paths. The printing CF filament
(with a diameter of 0.375 mm) was also sourced from Markforged® and consists of a fibre
bundle (approximately 1000 continuous 7 um diameter carbon fibres) and an impregnated
polymer (polyamide 6-I) [7]. Since the CF filament contains continuous fibres and there was

no filament cutter on the Prusa printer, the toolpaths cannot stop and start as they would during
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thermoplastic printing. Necessary continuous toolpaths (G-code) were generated through a
MATLAB script and transferred to the printer. All the samples were printed onto an unheated
Garolite print plate which was coated with a layer of PVA, ensuring adequate adhesion during

printing.

Table 8-1 Printing parameters for the MBB samples with different materials

Print temp Bedtemp Printing speed Nozzle Material
(°O) (°O) (mm/min) diameter (mm) sources
®
PLA 210 60 60 0.4 Prusa” PLA
Galaxy Silver
Markf
SCF/PA-6 275 90 60 0.4 arkforged®
Onyx
Markforged®
Markforged 270 room temp 10 1.3 CCF and PA-
6
CCF/PA-6 Markforged®
245 t 10 1.3
preforms room tetip CCF

The detailed printing paths of the MBB samples are shown in Figure 8-2. For the PLA and
SCF/PA-6 samples, the walls with 0.8 mm width were first printed around the geometry

singularity to achieve a better outer surface, and then a pattern of +45° lines infill (100% infill)

was used to enhance the structure and reduce the voids. As shown in Figure 8-2b, the default
material placement method in Markforged® Eiger system was adopted. Two paths of PA-6 and
two paths of concentric continuous fibres were printed first as the wall around the geometry
singularity and then the CF filaments were printed in a sequence of 0°/+45°/-45°/90° as the
primary infill. After that, PA-6 was printed at the interspaces in each layer to fill the remaining
gaps. As can be seen, some relatively large resin-rich areas were generated from the Eiger
system, even when a placement method with maximum fibre usage was chosen. The volume
fraction of carbon fibres was calculated as 17.34% in the printed composite part, since a 34.5%

of fibre volume fraction was declared by Mrakforged® for the CF filament. For the CCF/PA-
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6 preforms with optimised fibre paths, the CF filaments were printed first along the outline of
the structure and then the higher and lower in-plane principal stress trajectories in each layer,
as shown in Figure 8-2c. A printed single-layer CCF/PA-6 preform was shown in Figure 8-3.
Since the rest areas would be infilled by powder epoxy, the fibre volume fraction of the final
composite was calculated as 20.60%. As can be seen in Figure 8-2, an excess length of 10 mm
was printed on both the left and right ends for all samples so that they can stand on the support

properly during the bending test.

Wall printing around the
geometry singularity
N,

+45° lines infill
(100%)
A}

\

Concentric fibres
around the geometry s

singularity

0° Fibres

(90°/+45° in
other layers) Wall and
o infill PA6

= v S 5
2 2 >
R T L T T 2 Y 2 A 2T 2L UL

Lower in-plane principal
stress trajectories

Higher in-plane
principal stress
trajectories

Figure 8-2 The printing paths for samples: (a) PLA and SCF/PA-6 (b) Markforged and (c)

CCF/PA-6 preforms (with optimised fibre paths)
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Figure 8-3 The printed single-layer CCF/PA-6 preform with optimised fibre paths along

principal stress trajectories

8.3.2 Post processing of 3D-printed CCF/PA-6 preforms

Considering the gaps between print paths and the weak adhesion between layers, post-
processing treatment was needed for the fabrication of a complete three-dimensional sample,
in which melted matrix should infiltrate the CCF/PA-6 preforms and the fibre alignment was
maintained during the post-processing. Thus, the continuous fibres could act as the

reinforcement of the composites to evaluate the effect of fibre placement method.

In this study, an aluminium-made mould was designed for the post-processing, as shown in
Figure 8-4a. The 3D-printed CCF/PA-6 preforms were placed in the male mould and the
powder epoxy was sprinkled above and between layers. Then the female mould was placed on
top of them. In addition, polytetrafluoroethylene (PTFE) non-stick ply and the release agent
were applied on the moulds for the demoulding purpose. The system was put into an oven for
heating, with vacuum bagging, in which the female mould would provide even pressure on the
sample. The thermosetting epoxy powder (PE6405, density 1.22 g/cm3) used in this study was
engineered by Swiss CMT and then produced by FreiLacke. The epoxy sinters and melts at
around 45-60 °C, reaching a minimum viscosity for infiltration around 120°C [132]. Curing
was carried out through a heat activated catalytic process where the curing agent required a

temperature of at least 150 °C for reaction initiation [133, 134]. For this reason, a three-stage
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heating profile was used as presented in Figure 8-4b. The curing was first set at 40 °C for 8
hours to remove all form of moisture from the powder. The temperature then ramped to 120 °C
for 2 hours, melting the powder and consolidating the system. Following this, the system was
cured at 180 °C for 2 hours. The low melt viscosity (minimum of 1.26 Pa-s at 120 °C), the low
curing temperature (compared with the melting point of PA-6, 215 °C) and the even vacuum
pressure aimed to achieve a CCF/PA-6/Epoxy composites sample with low-porosity and

customised fibre paths.

Curing

160 4
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Temperature (°C)
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Time (h)

(a) (b)

Figure 8-4 (a) The mould design for the post-processing of CCF/PA-6 preforms (b) The

three-stage heating profile of post-processing

8.4 Three-point bending tests of 3D-printed MBB beams

8.4.1 Mechanical tests

The experimental set-up is shown in Figure 8-5. The three-point bending tests were performed
on an Instron 3360 testing system with a 50 kN load cell, in which the diameter of the loading
nose and the support was 5 mm. The span was set to 210 mm and 3D-printed fixtures were
used to hold the MBB samples. A crosshead speed of 2 mm/min was applied for all tests, while
a pre-load 1 mm/min was used to remove slack in the specimen (no data was captured during
preload). To measure the 2D strains using digital image correlation (DIC), a speckle pattern

was applied to the surface of each specimen. After the tests, all the DIC data were processed
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through a MATLAB script to obtain the full-field displacements and strains.

. =
#  Loading nose

Figure 8-5 The set-up of three-point bending test of MBB beam

To avoid the out-of-plane failure such as distortion and instability, all the experimental
specimens were manufactured with the thickness more than 7 mm, i.e., thickness-to-height
ratio is higher than 1:5. As shown in Figure 8-6a, the PLA sample experienced a stage of
noticeable plastic deformation without decrease in carrying capacity at the peak load before the
damage. It finally failed in a balanced and symmetry pattern with distributed cracks in the
structure. For the SCF/PA-6 sample, the yielding happened at the early stage of the loading
process with the decrease of flexural stiffness, since the PA6 matrix is more ductile than the
PLA. Delamination became the predominant damage of the SCF/PA-6 sample before it reached
to the peak load. This was assumed to be caused by the mixed short carbon fibres, which
introduced more voids in the composites and reduced the adhesion between the adjacent layers

[121].

The loading process of the samples with continuous carbon fibres reinforcement are shown in
Figure 8-7. For the Markforged sample, less plastic deformation occurred but same
delamination problem was observed. The delamination due to the weak layer-to-layer adhesion
(especially between the layers with and without the continuous fibres) has also been reported
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in previous research [2]. After the delamination beneath the loading nose (a stage can be seen
in the load-displacement curve), the specimen exhibited out of plane distortion leading to a

clear drop of carrying capacity.

The response of the CCF/PA-6/Epoxy sample with optimised fibre paths is shown in Figure 8-
7b. The failure was quite brittle with the crack initiating from the right support and propagating
along the edge of the structure. Rather than the fall-into-pieces failure in the PLA sample, the
optimised fibres tended to prevent the central area of the structure from early failure. In addition,
the consolidation of the powder epoxy during the post-processing enhanced the strength
between layers, thus no noticeable delamination was seen in the area beneath the loading nose

for the CFF/PA-6/Epoxy sample.
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Figure 8-6 Load-displacement curves and crack propagation: (a) PLA and (b) SCF/PA-6
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Figure 8-7 Load-displacement curves and crack propagation: (a) Markforged and (b)

CCF/PA-6/Epoxy

The flexural strength, flexural strain, flexural modulus and stiffness-to-weight ratio were

calculated as Eq. (34) — (37):

3PL

= 2bn2 (34)
= (35)
-
v= Ef (37)

where ¢ is the flexural stress, ¢ is the flexural strain, Ej is the flexural modulus of elasticity in
bending, P is the force, v is stiffness-to-weight ratio (also called specific stiffness), L is the
support span, b is the thickness of samples, h in the height of samples, § is the maximum
deflection of the centre of samples, m is the slope of the tangent to the initial straight-line
portion of the load-deflection curve and p is the gross density of the structure (disregarding the

topology-optimised area).
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As shown in Figure 8-8, the mechanical properties of these four types of 3D-printed MBB
samples are presented. The comparison of the samples without continuous fibres reinforcement
was first discussed. It can be seen the SCF/PA-6 sample exhibited a lower flexural strength,
modulus and specific stiffness than the PLA sample. As mentioned above, this was due to the
ductile PA6 matrix and the delamination-dominated failure. For the Markforged sample, the
flexural modulus and specific stiffness were significantly increased by 2-3 times because of
the reinforcement of continuous carbon fibres. However, the strength was even slightly
decreased because of the delamination. This was also revealed in a previous study about
topology optimisation and continuous fibres using a Markforged printer [177]. In contrast, the
CCF/PA-6/Epoxy sample with optimised fibre paths in this study exhibited superior
mechanical properties. Compared with the Markforged printed sample, the flexural strength,
modulus and stiffness-to-weight ratio of the printed CCF/PA-6/Epoxy sample were increased
by 305%, 256% and 229%, respectively. The volume fraction of the included fibre was
improved slightly from 17.34% to 20.60%, thus the superior mechanical properties of the
CCF/PA-6/Epoxy sample apparently resulted from the optimisation of the fibre placement as

well as the less void content after the post-processing.
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Figure 8-8 Mechanical properties of MBB samples: (a) Flexural strength and stiffness (b)
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Flexural modulus and stiffness-to-weight ratio

The distribution of maximum principal (maxi-principal) strain at the peak load was shown in
Figure 8-9. The highest strain values of the PLA and SCF/PA-6 samples both located at the
bottom of the structure where the material is under largest tension due to bending. For the
Markforged sample in Figure 8-9c, high strain concentrated on both sides of the loading
position, which was due to the early delamination. For the CCF/PA-6/Epoxy sample, the
optimised fibre placement enhanced the structure and shifted the high strains from the central
area to the upper-left and upper-right corners of the specimen. The value of the maxi-principal

strain in this case was significantly reduced by 80%, which indicated an even distribution.

Figure 8-9 The distribution of maxi-principal strain at the peak load: (a) PLA (b) SCF/PA-6
(c) Markforged (d) CCF/PA-6/Epoxy (different legends were used to better identify the strain

concentration in each case)
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8.4.2 Failure analysis of CCF/PA-6/Epoxy sample

To further investigate the microstructure of the unique CFF/PA-6/Epoxy sample, SEM
characterisation of the cross-sections and fracture profiles are presented. As shown in Figure
8-10(b), no apparent voids and pores can be seen in the middle-bottom part of the specimen
even after the bending test, confirming that the low porosity and good fibre/matrix bonding
was achieved via the hybrid manufacturing. However, the localised matrix-rich area in Figure
8-10(a) indicated an uneven fibre distribution for the microstructure of composites, which was
mainly caused by the original fibre distribution in the Markforged® CF filament [25]. Since the
PA-6 matrix had to stay solid during the post-processing to maintain the fibre alignment, the

excess PA-6 matrix could not be removed and also a relatively low fibre fraction remained.

The fracture profiles of CFF/PA-6/Epoxy sample after the bending test are shown in Figure 8-
11. It can be seen the failure of the specimen began from the location close to the support, in
which the printed fibre paths along higher and lower in-plane principal stress trajectories
intersected. As shown in Figure 8-11 b & c, the shear failure of the matrix happened between
the print paths along minimum stress trajectories, while the fibres along maximum stress
trajectories were broken by the shear/tensile stress here. Then the cracks extended to the edge
of the specimen, as shown in Figure 8-11 d & f. Splitting occurred and propagated along the
longitudinal direction of fibres in this area, followed by the fibre/matrix de-bonding. Finally,
the crack was arrested by the crossover fibres at the top-right corner (as shown in Figure 8-
11a), leading to the final failure of the specimen. In summary, the optimised fibre paths re-
distributed the stresses and avoided the central part of the specimen from the bending failure,
which can be evidenced from the microstructure image after test in Figure 8-10. In addition,
no delamination and micro-cracks were not found in these areas. Therefore, the vulnerable
position was shifted close to the supports and the specimen was mainly damaged by the shear

failure of matrix and the fibre/matrix de-bonding.
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Figure 8-11 Fracture profile of the CCF/PA-6/Epoxy specimen: (a) & (b) shear failure at the

directly-loaded area (c) & (d) fibre/matrix de-bonding

8.5 Comparison with traditionally manufactured composites

In order to assess the lightweight performance of 3D-printed CCF/PA-6/Epoxy with optimised
fibre placement, finite element analysis of the traditionally manufactured composite beams was
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carried out for comparisons. As shown in Table 8-2, only the elastic properties were used in
the FE models to evaluate the stiffness-to-weight ratios. The properties were obtained based on
the rule of mixture of T300 Carbon Fibre and PE6405 Epoxy, in which CFRP composites with
two different volume fractions were performs, 20.6% (the same as the experimental CFF/PA-
6/Epoxy sample) and 50% (approximately the highest value of the general traditionally

manufactured composites), respectively.

As shown in Figure 8-12, two geometries of the domain were investigated in finite element
analysis. The ‘Topology’ case used the same topology-optimised geometry as for the 3D-
printed samples whilst the ‘Beam’ case has an intact 230*35 mm domain before the topology
optimisation. Three different stacking sequences were adopted in each case, including ‘UD 0°’
[0°], ‘Cross-ply’ [0°/90°]s and ‘QI’ [0°/45°/-45°/90°]s. In the finite element modelling, S4R
conventional shell elements were used and the ‘Composites Layup’ module in Abaqus software
was applied to define the stacking sequence and properties of the elements. The two supports
were fixed and a displacement was applied to the loading nose along vertical direction. The
out-of-plane displacement at all nodes was constrained. The interaction between the loading
nose and the composite beam was defined as ‘Hard contact’ to only allow normal compression
with a penalty in the tangential direction (coefficient of friction = 0.3). The reaction force of

the loading nose was captured to calculate the stiffness-to-weight ratio.

Table 8-2 The elastic properties of the materials used in the FE modelling

(Ziﬁfg) Ex (GPa) Ey(GPa) G (GPa)  v12 v21
1300 Carbon 1.76 230 ] ] 0.2 ;
Fibre
PE6405 Epoxy 1.2 3 ] ; 0.37 -
20.6% CFRP 1.37 49762 4.507 1.647 0335 0.03
50% CFRP 1.54 116.5 8.699 3.188 0.285 0.021
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Figure 8-12 (a) Set-up of the FE models (b) Three traditional stacking sequences

As shown in Figure 13, the flexural modulus and gross density of all the cases with continuous
fibre reinforcement were presented and compared. The modulus of Markforged sample was the
smallest among them, which means the state-of-the-art commercial printing system (with the
embedded Eiger slicing software) was barely useful for the lightweight design with topology
optimisation and the continuous fibres were not properly used to increase the load bearing
capacity. For the beam without any topology optimisation under the three-point bending, the
order of the modulus from high to low was: UD > QI > Cross-ply, which was also revealed in
the previous research about the bending performance of the CFRP composites [178]. For the
traditionally manufactured composites with a topology-optimised geometry, the QI sample
exhibited higher modulus than those with other two stacking sequences. This was because part
of the +45°/-45° fibres coincidentally aligned with the ‘rods’ in the central area of the topology-
optimised geometry, therefore, they had a similar effect of the optimised fibre paths along stress
trajectories. In contrast, for the samples with stacking sequences UD and Cross-ply, more fibres
were cut off and became discontinuous, which significantly lowered down the stiffness of the

samples. Compared with the values of traditionally manufactured composites with topology-
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optimised geometry, optimised paths improved the flexural modulus by more than 25%. The
flexural modulus of CCF/PA-6/Epoxy experimental sample also reached 86.5% of the value of

‘Beam’ case with the same fibre volume fraction.

Figure 8-14 compared the stiffness-to-weight ratio of the composite structures. The increase of
the specific stiffness reasonably followed with the increase of fibre volume fraction, since the
carbon fibres have significantly higher stiffness but just slightly higher density than the matrix
(such as the epoxy in this study). For the traditional manufacturing, only the specific stiffness
of the sample with QI stacking sequence was apparently improved by the topology optimisation,
because the rod-similar geometries in the central area were partly enhanced by the +45°/-45°
fibres. In contrast, other traditionally manufactured composites exhibited similar values before
and after the topology optimisation. For the sample with optimised fibre paths, the stiffness-to-
weight ratio was higher than all the values of the traditionally manufactured composites with
the same fibre volume fraction (Vr= 20.6%). Same trend was observed in the samples with the
higher fibre fraction (V7= 50%). However, unlike the FFF 3D printing, samples from traditional
manufacturing had to be machined by drilling and/or cutting to achieve a topologically
optimised geometry, which would inevitably cause material waste and manufacturing defects.
In view of this, the usage of carbon fibre per 1 mm thickness during the manufacturing process
was also calculated and presented. It can be seen the sample with optimised fibre placement
achieved the comparably high stiffness-to-weight ratio as the traditional composites but using

only about 20% continuous carbon fibres.
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Figure 8-14 The stiffness-to-weight ratios of the MBB samples with continuous fibres
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8.6 Conclusions

This chapter presented a sequential optimisation strategy for both topology and fibre

orientation, in which continuous carbon fibres were placed along the higher and lower in-plane

principal stress trajectories in the topology-optimised MBB structure. Three-point bending

tests of MBB beams were carried out to investigate the failure pattern and mechanical

properties of 3D-printed topology-optimised MBB structure. FE models were also built to

compare the lightweight performance with traditionally manufactured composites. Main

conclusions are drawn as below:

(1

)

3)

4

)

CCF/PA-6/Epoxy composites with low-porosity and customised fibre paths were
manufactured via the hybrid manufacturing technique combining the FFF 3D printing
and post-processing using powder epoxy.

Compared with Markforged printed CCF/PA-6, the strength and stiffness of the hybrid
manufactured CCF/PA-6/Epoxy for a MBB structure under three-point bending were
increased by 305% and 256%, respectively.

The optimised fibre placement method achieved an even stress/strain distribution in
the MBB structure and the post-processing technique prevented the sample from
delamination failure.

With the same fibre volume fraction and topology-optimised geometry, the optimised
fibre paths led to a flexural modulus 25% higher than all traditionally manufactured
composites with common stacking sequences.

The proposed sequential optimisation of both topology and fibre orientation can
achieve a comparably high stiffness-to-weight ratio as the traditional composites but

using only 20% of continuous carbon fibres.

This study demonstrated the potential of manufacturing ultra-lightweight composite structures
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via 3D printing such that the structural topology optimisation and continuous fibre orientation
are integrated. Future research is needed to address the overlap issue of fibre paths and to
develop the mould-free post-posting technique. More importantly the fibre volume fraction of
the 3D-printed composites needs to be substantially increased, e.g. to 50%, to maximise the

fibre reinforcement performance.
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Chapter 9 Conclusions and future work

9.1 Main conclusions

In this thesis, FFF 3D printing of continuous curved carbon fibre reinforced polymer composite
is investigated via simulations and experiments. For broader the industrial applications, the
mechanical performance of 3D-printed CFRP composites, including the strength, stiffness,
failure mode and the lightweight performance, are expected to be improved by optimising the

localised anisotropic design.

A design concept, placing continuous curved fibres along the principal stress trajectories, was
developed for the 3D-printed composites with geometric singularity. It could be also combined
with the topology optimisation to achieve better lightweight performance. The comprehensive
study of this curved fibre placement method was conducted both numerically and
experimentally. As for the manufacturing of the designed specimens, the mechanism of the
printing process was studied to reduce the defects and the post-processing technique was
developed to reduce the porosity. Thus, the improvement for mechanical response of the curved

fibre placement design could be accurately assessed. Main findings are summarised as follow:

(1) Fibre placement methods for geometric singularity:

e The fibre placement method was developed to customise continuous fibre paths along
the principal stress trajectories based on specific loading conditions. Then it was
achieved in the printing experiment by a modified desktop printer with the continuous
toolpaths, in which the fibre paths were steered around the geometric singularities
(open-hole or single-edge notch) to create the samples with complex geometries.

e Compared with the traditional unidirectional fibre placement with drilling or cutting

processes, the tensile strength of the samples with fibre paths along higher in-plane
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principal stress trajectories were improved 166% in open-hole tensile tests and 81.3%
in single-edge notch tensile tests. The improvement of the strength and postpone of the
crack initiation were mainly contributed by the avoidance of fibre cut-off and the
material enhancement around the geometric singularity.

The improvement of the mechanical response was also contributed by the stress re-
distribution, wherein the stress/strain concentration near to the singularity was
decreased and more fibres were included for the load-carrying even they were far away
from the geometric singularity. The stiffness was only increased slightly (5-10%) under
the uniaxial tension due to the material overlap around the geometric singularity.
Additional reinforcement methods were adopted on the basis of the above maximum
stress lines. For example, the fibres along lower in-plane principal stress trajectories
enhanced the structure transverse to the loading direction and reduced the prior-to-
failure deformation rate of the geometric singularity from 11% to 1%. An even stress-
distribution was obtained in both fibre and matrix regions, thus shear failure in the
matrix-rich areas between print paths was prevented from the samples. Another type of
the additional fibres, placed around the hole, performed the best to further improve the

tensile properties, considering a small increment of fibre usage.

(2) 3D printing process of continuous carbon fibres:

The single printed stripe of continuous carbon fibre filament was characterised using
X-ray puCT scanning and optical microscopy. The void content and slight fibre
misalignment were observed even when printing straight, which was caused by the
weak interface between fibre and matrix and the uneven pressure from the tip of the
nozzle.

When fibres were printed with a small curvature (angles <30° and curvature radius >

20mm), filaments could be flattened on the bed with nearly constant width and fibre
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paths. As the turning angle and curvature increased, the twisting of fibres occurred and
then evolved to the folding in the curved section, which was caused by the excessive
tensile force from the nozzle and the de-bonding with the print bed. The inaccuracy of
the print paths also aggravated as the curvature increased due to the mismatched
diameters of nozzle outlet and fibre filament.

In the printed stripes with angles >120° and curvature radius < Smm, fibre breakage
and the significant change of thickness in the curved section were observed, which
meant such turning angles and curvatures should be avoided in the path design of the
continuous fibre printing.

Further parametric studies in the simulation showed that the increase of fibre bundle
size would not aggravate the printing defects in the cases with a small turning angle.
However, the increase of fibre volume fraction had a huge impact on the defect
formation. Some printing defects observed only in the cases with large turning angles,
such as shape inaccuracy and fibre folding, would appear in the case with higher fibre

volume fraction when printing at a relatively small turning angle and fibre bundle size.

(3) Post-processing technique with powder epoxy:

A hybrid technique was developed to manufacture curved continuous carbon fibre
reinforced composites. Composite preforms were first manufactured by FFF 3D
printing of continuous CCF/PA-6 filaments. Powder thermoset epoxy was then added
to the preforms to fill up the gaps, remove air voids and enhance the interfacial bonding
through a traditional vacuum bagging and oven curing process.

The melted epoxy mainly infiltrates through the gaps between the print paths and
significantly reduced the porosity to 0.06%. During the heating and post-processing
cycle, the original PA-6 matrix is further consolidated but it remains relatively solid to

maintain the fibre alignment.
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o The tensile stiffness and strength (per ASTM D3039) of the carbon fibre reinforced PA-
6 composites are improved by 29.3% and 22.1%, respectively, after the post-processing
treatment with epoxy powder. Also, the CCF/PA-6/Epoxy composites with low-
porosity and customised fibre paths could be achieved via the hybrid manufacturing

technique combining the FFF 3D printing and post-processing using powder epoxy.

(4) 3D-printed composites with optimisation of topology and fibre orientation:

e A sequentially coupled optimisation of structural topology and fibre orientation was
adopted and the case study of MBB beam under three-point bending was performed.
Topology optimisation was first carried out to obtain the geometry of the structure
under a specific load, and then the continuous carbon fibres were placed along the
identified principal stress trajectories. The samples with customised fibre paths and
topology-optimised geometry were made via the hybrid manufacturing technique for
the experimental tests.

e The optimised fibre placement method achieved an even stress/strain distribution in the
MBB structure and the post-processing technique prevented the sample from
delamination failure. Compared with Markforged printed CCF/PA-6, the strength and
stiffness of the hybrid manufactured CCF/PA-6/Epoxy for a MBB structure under
three-point bending were increased by 305% and 256%, respectively.

e With the same fibre volume fraction and topology-optimised geometry, the optimised
fibre paths led to a flexural modulus 25% higher than all traditionally manufactured
composites with common stacking sequences. The proposed sequential optimisation
also achieved a comparably high stiffness-to-weight ratio as the traditional composites

but using only 20% of continuous carbon fibres.

Few studies work on the 3D-printed composite structures with curved continuous fibres as well
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as the optimisation for both topology and fibre orientation. Due to the manufacturing for
customised curved fibre paths, only several studies have performed their experiments, and there
is no standard test method for the 3D-printed composite structures with curved fibres and their
lightweight performance. Therefore, a detailed discussion will be presented in the following to
compare the work in this study with the state-of-the-art industrial printing system and academic

research about the lightweight 3D-printed composite structures.

Compared with the state-of-the-art industrial printing system: For the lightweight structure
with the same topology-optimised geometry, the strength and stiffness of the sample in this
study are increased by 305% and 256%, compared with the specimens from Markforged®. The
stiffness-to-weight ratio, also called specific stiffness, is increased by 3.25 times. The major
defects of the Markforged® printing system are the high porosity and the concentric fibre
placement. The former results in the beforehand damage such as crack initiation and
delamination, while the latter is more like a quasi-isotropic design and do not contribute on the
load carrying under their targeted loading conditions. In addition, Marforged® used only one
matrix material for the whole printing system, PA-6, to achieve better wetting between
fibre/matrix. However, the conflict between the brittleness of carbon fibres and the flexibility

of PA-6 indeed decreases the stiffness of its printed part.

Compared with the state-of-the-art research that conducted the manufacturing of specimens
and mechanically tested 3D-printed composite structures with the topology-optimised
geometry [52]: This research group combined their fibre strengthening placement paths with
the topology optimisation, but they did not have their own printing system for the customised
fibre paths. Therefore, the compromise has to be made and they used the Markforged printing
machine for the experimental specimens. Due to the closure of the slice software, their fibre
strengthening placement paths had not been achieved as designed, also the manufactured

defects were inevitable, including the high porosity and the delamination. Thus, the mechanical
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performance could not be evaluated accurately and they finally compared their sample only

with those without continuous fibre reinforcement.

9.2 Recommendations for future work

The work carried out in this thesis demonstrated that 3D printing has the potential to produce
lightweight and high-performance composites, by integrating customised fibre placement,
voids-removing techniques and topology optimisation. However, the full potential and
advantages are still yet fully explored and more work needs to be done in the future. Main

bullet points are drawn as below:

(1) Fabrication of continuous fibre filament with higher fibre fraction and better

fibre/matrix wetting

Besides the void content, another challenging issue for 3D printing of cCFRP composites is
the low fibre fraction (normally about 20-30%), as compared with the traditionally-
manufactured composites (about 50-60%). Considering the improvement of mechanical
performance brought from the optimised fibre paths, the continuous fibre filaments with higher
fibre fraction will further enable more widely-used of 3D-printed composites as structural parts.
One of the main difficulties of the fabrication of CF filament with high fibre fraction is the
inadequate wetting between fibre and matrix. When the fibre fraction increases, the fibre tow
could not be surrounded by the matrix material, causing the filament splitting and weak
adhesion between layers as well as adjacent paths during the printing. Some researchers
adopted low-viscosity matrix (for example thermosetting material) and the pre-treatment of
fibres for the better wetting between fibre and matrix. In addition, the printing filament can be
made as a thin fibre tape, thus more pressure and heating can be provided during the printing

process for better adhesion.

(2) Design of printing nozzle for better path accuracy and less manufactured-defects
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As mentioned in the chapter 5, although the reasons for path inaccuracy and manufactured-
defects are identified, a new modified printing nozzle should be developed to achieve better
path accuracy and less manufacturing defects, in particular when printing shape corners and
large curvatures. For example, the nozzle should be designed with a rectangle outlet, so a
consistent and even pressure can be applied on the heated filament, reducing the defects while
printing straight. Also, the dimension of the outlet is consistent with the required printed width
and the rotation of the print-head should be available while printing with curvatures and turning
angles. Therefore, the CF filament would not swing inside the nozzle and the inaccuracy of the

printed paths as well as others defects, such as twisting and wrinkling, would be reduced.

(3) Dual-nozzle printing for the better infill of the gaps between fibre paths

The post-processing technique with powder epoxy works well for eliminating the micro
voids/cracks, but the gaps between fibre paths could not be infilled perfectly due to the low
viscosity of the melted epoxy. Therefore, a dual-nozzle printing system needs to be developed
to enable the deposition of thermoplastic in the relatively large gaps between fibre paths. Unlike
the printing of pure thermoplastic material, the mechanical performance of 3D-printed cCFRP
composites depends more on the placement of continuous fibre, also there is a minimum length
of the deposited CF filament in each time due to the use of feeding and cutting devices. Thus,
a path generation method of continuous fibre for complex geometries should be developed to
satisfy the mechanical requirement and achieve composite structures with high value of the
inclusion of continuous fibre. In addition, another extruder head should be available for the
printing of pure thermoplastic material, in order to fill the gaps which are too small to be printed
with continuous fibre filaments, such as the tapered or striped gaps with a width smaller than

I mm or a length smaller than 10 mm.

(4) Mould-free post-processing treatment
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Although the post-processing technique used in this thesis can effectively produce the low-
porosity composites with customised fibre paths, moulds still have to be used for the highly
complex geometries, for example the structures after topology optimisation. The thermosetting
powder used in Chapter 6 enabled the infill of the micro-voids because of its low melted
viscosity, but such low-viscosity melted epoxy could not be trapped in those large gaps between
the print paths. Thus, a mould was needed for a full infusion and better surface finish when the
post-processing was adopted for the composite structures with such complex geometry.
Therefore, the mould-free post-processing technique should be developed to preserve the low
cost and rapid prototyping advantages of additive manufacturing. The ideal way is the printing
of the dual-polymer composites, in which the thermoplastic material with higher melting
temperature can be used for the infill of larger gap and the maintaining of geometry as well as
paths accuracy, while the thermosetting material will be melted to fill the micro-voids in the
3D-printed composites during the post-processing, so a mould-free post-processing treatment

can be developed to reduce the porosity of the 3D-printed composites.

(5) Modelling of multi-layers 3D-printed composites with curved fibre reinforcement

As presented in chapter 7, the combination of different fibre placements in multi-layers has the
potential to customise the mechanical properties and even the failure mode of the printed
composites, but it can only be investigated via the trial-and-error tests at the current stage. Most
of the researches, which worked on the 3D-printed composites with continuous reinforcement,
performed only the standard tests for the 3D-printed composite materials with unidirectional
fibre placement. Experimental tests and numerical simulations for the 3D-printed composite
structures remain low, especially for those with curved fibre placement and inconsistent
localised fibre fraction. In addition, most of the modelling approaches are limited to the elastic
performance of the 3D-printed composites. The failure criteria of the traditional FRP

composites cannot be used for the 3D-printed composites anymore. Besides the inconsistent
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localised fibre fraction and orientation, the different porosity and interfacial properties also
make the 3D-printed composites irrational to be assumed as a homogenous domain. Thus, the
modelling theory and method of 3D-printed composites with curved fibres are worth being
developed, and more precise analysis and predictions of damage propagation should be

achieved in the future.
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