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Abstract: DcAFF (Discontinuous Aligned Fibre Filament) is a novel thermoplastic filament developed for fused filament fabrication
(FFF)/ 3D printing. This filament is reinforced with highly aligned discontinuous fibres and is based on the High Performance Dis-
continuous Fibre (HiPerDiF) method which produces thin flat tapes suitable for a range of different composite manufacturing pro-
cesses. The HiPerDiF, using fibres longer than the critical length, provides mechanical performance comparable to continuous fibre
composites with the high formability typical of short fibre composites. Thanks to the development of the third-generation HiPerDiF
machine and the DcAFF filament forming method, circular DcAFF filaments can be produced consistently and at high rates. In this
paper, both the physical properties and the internal architecture of the produced filament were investigated. In particular uCT scan-
ning and image post-processing were used to quantify fibre alignment. The designed filament-forming process ensures that the large
fraction of the fibres in the final product are well aligned with the longitudinal axis of the filament. The mechanical properties of the
multilayer DcAFF 3D printing part are presented for the first time in this paper with tensile, short beam shear (SBS), and open-hole
tensile testing. The comparison with the previous studies and data in the literature shows comparable or indeed superior perfor-
mance of DcAFF over existing methods for 3D printing composite parts, paving the way for this material as a candidate for high-
performance 3D printing.

Keywords: Additive layer manufacturing, Multilayer 3D printing, Fused Filament Fabrication, Aligned Discontinuous Fibre, Ther-
moplastic, Tensile testing, Short beam shear testing, Open hole tensile testing

1. Introduction

Additive layer manufacturing (ALM), a layer-by-layer building technique, is a new generation of manufacturing
approaches that allows to automate currently labour-intensive operations [1-3]. 3D printing, or Fused Filament Fabri-
cation (FFF), is a type of ALM that fuses a solid polymer filament in a heated nozzle before depositing the molten
polymer through a fine-diameter nozzle onto a bed, or the previously deposited layer, following a defined path [4-6].
With this automated layer-by-layer building procedure, complex geometries can be built at a lower cost, waste, labour,
and time compared to conventional material removal processes [3,6,7]. Typically the polymers used for FFF are ther-
moplastics, e.g. poly(acrylonitrile-butadiene-styrene) (ABS), poly(L-lactic acid) (PLA), or polyamides (nylon, PA), be-
cause of the ease of reshaping them at low temperatures [8-10]. Nevertheless, the commonly used FFF thermoplastics
have relatively low mechanical properties, so they need reinforcement to reach the performance requirement of primary
structures [6,10-12]. A novel fibre architecture named Aligned Discontinuous Fibre Composites (ADFRCs), obtained
with the High Performance Discontinuous Fibre (HiPerDiF) method was adapted to FFF by preparing new material
forms [13-15]. ADFRCs produced with HiPerDiF allow to achieve mechanical performances comparable to continuous
fibre composites [16] since the fibres are highly aligned and longer than the critical length (between 3 and 12 mm) while
retaining the high processability/formability typical of short fibre composites [17].
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Previously it was demonstrated in [16] that the HiPerDiF fibre preform can be deployed in 3D printing. The dis-
continuous fibre preform was impregnated with PLA in the form of a wide and thin film with a cross-section of 5 mm
x 0.2 mm and then reshaped to a circular cross-section (1 mm diameter) using a specially designed bulking machine
followed by a pultrusion process [16]. In the first series of manufacturing trials, the HiPerDiF-PLA tapes were produced
using the second-generation lab-scale HiPerDiF machine. 3D printing filament, known as DcAFF (Discontinuous
Aligned Fibre Filament), was printed in a single layer to assess the basic mechanical properties of the produced material.
This study aims at extending the assessment by bringing together the improved HiPerDiF material forms and examin-
ing the properties of more representative multilayer configurations.

Currently, the third generation machine (HiPerDiF 3G) housed at the National Composites Centre, UK, can pro-
duce a higher throughput of HiPerDiF preform (metres per minute). More complex geometries and multilayer speci-
mens can be printed to study various aspects of the DcAFF material performance. Figure 1 shows the schematic of the
current HiPerDiF machine including the three modules: (i) the fibre-water mixing where the fibres are suspended in
water with a defined concentration; (ii) the alignment where the fibres are sprayed to the alignment head; and (iii) the
impregnation where the dry preform is coupled with the selected matrix.

This paper will initially focus on the DcAFF filament properties: fibre content and alignment calculated throughout
the filament production process. Then, the mechanical performance of multilayer parts 3D printed with DcAFF material
will be investigated. The mechanical testing of the DcAFF multilayer printed material includes (i) tensile testing, (ii)
short beam shear testing (SBS) and (iii) open-hole tensile testing. Although there are some tests on the tensile and open-
hole samples of DcAFF 3D printed material in the previous publications [16], they were focused only on the single-layer
part which cannot fully represent the actual behaviour of the 3D printed part that may show some interaction between
layers. This paper is the first time those properties and behaviour were studied with the full actual structure as multi-
layer and compared with the DcAFF single-layer part or other composite 3D printing.
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Figure 1 Schematic of the third generation HiPerDiF machine developed by the University of Bristol and located at the National
Composites Centre, UK.

2. DcAFF filament quality
2.1. DCcAFF filament production

In this study, the DcAFF material was composed of the combination of the Toho Tenax 3-mm chopped carbon
fibre, 7 pm diameter and coated with water-soluble sizing and poly(L-lactic acid) — biopolymer (PLA) matrix, supplied
as a roll of 0.05 mm thick film by Goodfellow Cambridge Ltd. After the HiPerDiF alignment process, the dry preform
was merged with the PLA film with pressure around 1 bar at 200°C to ensure the fibres are well-impregnated with the
matrix. The 32 mm wide composite tape was slit into 6-7 mm wide tapes. Then, the slit tape was reshaped into a 3D
printing filament with the purposely built machine described in [16]. The tape was firstly compressed into a square-like
cross-section (Figure 2(a)) in the small gap between two counterrotating and interlocking aluminium rollers. Then, the
square filament was pultruded through a series of brass nozzles and finally a PTFE one to produce a circular filament
with a diameter of 0.8 mm (Figure 2(b)) that is ready to be used with a standard 3D printer.
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(b)

Figure 2 Cross-section microscopy of (a) square-like filament after the compression process in a designed bulking machine; (b)
final circular filament ready to use in a 3D printer.

2.2. DCcAFF filament fibre content measurement

Fibre content was measured with the matrix burn-off procedure following the specific procedure for composite
materials [18]. The sample was heated rapidly to 250°C with a 20°C/min ramp followed by a 10°C/min heating rate to
600°C and then held isothermally for 40 minutes. Besides the produced HiPerDiF-PLA composite filament and samples
from printed parts, the raw materials (i.e. dry fibre and PLA) were also tested using the same programme to verify their
residual mass after the dwelling stage. Figure 3 shows the result of the TGA programme, from which can be inferred
that there is no significant amount of fibre burn-off and a very small amount of residual pure PLA after the process, so
the residual of the fibre and PLA can be ignored from the fibre content calculation. In this current filament batch, the
fibre weight content ranges between 21-30% in different sections of the filament and the printed part. The fibre content
depends on the quality of the alignment process that feeds the fibre to the alignment head and conveyer belt. The fibre
content of the material produced with the HiPerDiF 3G was intentionally kept slightly lower than the one produced
with the second-generation lab-scale machine (approximately 28-32 % by weight) [15] with the intention to increase the
amount of matrix in the composite to improve the adhesion of the filament to the printing bed and adjacent rasters. This
fibre content calculation is purely based on the fibre weight, so there is no clear calculation on the micro-void fraction
presented in the filament as seen in Figure 2, but the void (dark spots) on the cross section can be estimated with the
nominal diameter of filament using the image-processing method presented in [14] accounting for less than 5% void in
the cross-section volume.
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Figure 3 TGA result with matrix burn-off procedure of DcAFF filament showing with raw material, fibre, and PLA
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2.3. DCcAFF filament fibre alignment angle measurement 100

To understand the performance of DcAFF material, the alignment of the discontinuous fibre needs to be verified. 101
In the first study of the HiPerDiF 3D printing filament forming [14], the alignment was measured from a single micro- 102
scopic image of the specimen cross-section. Assuming that the cross-section is perfectly perpendicular to the 0° direc- 103
tion, the perfectly aligned fibres will appear as perfectly circular, but the misaligned ones will present an elliptical cross- 104
section. The size of the elliptical shape, major and minor axes, were calculated and converted into the misalignment 105
angle from the longitudinal axis via a trigonometric method. This method is cumbersome and time-consuming and 106
allows the researcher to measure only a few cross-sections along the whole filament length, making it relatively unrep- 107
resentative and inaccurate. The second alignment measurement technique was based on the image analysis of a polished 108
in-plane surface of the HiPerDiF tape. The method can evaluate only the in-plane fibre orientation of the through-thick- 109
ness polished surface [19]. This is not suitable for the three-dimensional shape of the filament produced in this work. 110
To measure the fibre alignment throughout the whole filament length, a higher-fidelity method is required. Microfocus 111
X-ray computed tomography (LCT) is a suitable tool to analyse the whole structure of the material. It can separate the 112
different materials (different densities), in this case, fibre, matrix and voids, to different greyscale and reconstructa 3D 113
image of the whole specimen. In a previous study [20], HiPerDiF tape fibre orientation was analysed with pCT scanning 114
and the scanned images were processed using VoxTex software [21] developed at KU Leuven originally designed for 115
the analysis of textile architectures. In this study, the orientation was analysed with commercial software, AVIZO with 116
its extension X-Fibre, which can detect fibre or tube-like structures and calculate the orientation of each tube with respect 117
to a defined set of coordinates [22]. 118

The DcAFF material was scanned using a Zeiss 160 kVp Versa 510 uCT scanner. The source voltage was set at 80 119
kVp and 7 W power. 2401 projections with a 3-second exposure time per projection were acquired over a 360° rotation 120
of the tomography stage, using a 4x magnification optics module. The source-to-object and object-to-detector distances 121
were 24 mm and 16.4 mm, respectively, resulting in a 2 um reconstructed voxel size. This resolution permitted resolving 122
individual fibres, 7 pm in diameter. Each uCT acquisition consisted of four vertically overlapping scans to obtain a 123
3x3x12 mm? field of view that could cover more than a whole fibre length (3 mm). The same length of sample has been 124
analysed through the three stages of the filament-forming process: tape, square-like filament, and circular filament to 125
show the development of the fibre orientation during the filament-forming process. The tape was fitted in a clear tube 126
which was then attached to the tomography stage. After scanning, the 3D images were analysed in AVIZO using the X- 127
Fibre extension. First, the composite material was segmented to separate fibre and matrix depending on the grey scale 128
of the scanned images, then a cylinder correlation module was applied to the stacked image to find the cylindrical 129
volumes, supposed to be fibres. After that, the fibre tracing was applied to the cylinder correlation data to convert the 130
traced cylinder into position and orientation data of each fibre by tracing the centre line of the cylinder. The orientation 131
was calculated in reference to the axis shown in Figure 4(a). In this analysis, the interesting value is the fibre orientation 132
angle O which is the deviation angle from the longitudinal axis. However, two cylindric-shaped volumes of similar grey 133
scale can be present in the scanned volume: real fibres, and, especially on the edge of the specimen, long cylindrical 134
“channels” of matrix, denoted here as “fibre-like matrix artefacts”. To avoid misinterpretation, the “fibre-like matrix 135

artefacts” had to be filtered out from the tracing data accordingly to the following assumptions: 136
137
- Short fibres are rigid, no fibres with pronounced curvature can be presented in the scanned material; 138

- For the cylindrical shape filament (square or circular), there is a limit of fibre misalignment dictated by the size 139
of the filament: in this case, the 1-mm filament diameter can provide room for 3-mm long fibre to deviate from 140

the longitudinal axis no more than 28°; 141
- Fibre length limitation from the 3-mm input fibre: 142
o The fibre cannot be extended: the maximum admissible fibre length is 3.5 mm; 143
o The fibres are not broken during the process: the minimum admissible fibre length is 2.5 mm. 144

UOB Open



5 of 24

(o))
oS O

— N W B W
oS O O

(e}

Percentage of fibres (%)

(e}

r 54.6

b 5 & 5 5 5
. . . M-
NN I S
Fibre length (mm)

(@)

(b)

Figure 4 (a) Reference axis to calculate the fibre orientation; (b) FASEP fibre length measurement distribution of fibres pro-
cessed from the HiPerDiF 3G machine.

The traced cylindrical volumes were filtered retaining those with a length between 2.5-3.5 mm which is the fibre
following the given assumptions. The fibre length range assumptions were confirmed with FASEP system (IDM Sys-
tems, Darmstadt, Germany) [23], an image-processing fibre length measurement. Fibres extracted from a dry preform
created with the HiPerDiF process were dispersed in water to be photographed through a flatbed scanner on the FASEP
machine. The image was analysed by separating the single fibre from clusters and their length was automatically meas-
ured using a straight-fibre algorithm by FASEP software. The fibre length distribution after the HiPerDiF process, in
Figure 4(b), confirms the assumption of fibre length distribution between 2.5-3.5 mm by showing the majority of the
fibres are around 3 mm with an insignificant number of fibres in the other fibre length range. Due to the image pro-
cessing method, the very low and high fibre length could be the noise (non-fibre voxels of similar grey-scale) from the
measurement system.

The percentage of the number of fibres that deviated from the longitudinal axis was plotted in three histograms as
a function of 0, for the different filament formats: tape, square, and circular in Figure 5(b), (d), and (f), respectively.
According to those three histograms, most of the fibres are aligned within the range of 0-15°. Overall, the amount of
perfectly aligned fibres (0° -1°) is lower than that of slightly misaligned ones (2-5°). The tape format may have a slightly
higher misalignment because of the lesser geometrical constraint of the thin and wide tape, 32 mm in width, so the
aligned 3-mm fibres on the tape surface can be easily deviated by the impregnation and forming process. This is shown
by the misaligned fibre on the tape surface in Figure 5(a). However, the misalignment is significantly reduced due to
the filament-forming process that forces all the fibre to align in one direction by compressing the tape to a constrained
cross section, 1 mm x 1 mm, so the 3-mm-long fibre cannot deviate out of this boundary. In the square-like filament, the
majority of fibres are well-aligned and the amount of fibres aligned over 15° is just 2%. The higher amount of aligned
fibre can be seen in the 3D rendered image of the square filament, Figure 5(c). After the final pultrusion, the fibre orien-
tation shows insignificant changes from the previous stage. The cross-section transformation after pultrusion into the
circular filament is more uniform in shape compared to the square filament. The alignment level of each stage of the
filament-forming calculated by the amount of the fibre aligned within 10° is presented in Table 1. The HiPerDiF tape
produced by the HiPerDiF 3G machine shows a fibre alignment similar to that of the second-generation lab-scale ma-
chine (HiPerDiF 2G) measured in [20], i.e. 67% of fibre aligned within 10°. The filament-forming process provides a
significant alignment improvement with about 90% of the fibre within 10°.

Table 1 Fibre alignment comparison over the development of DcAFF form tape to circular filament

Format Alignment (within 10°)
Tape 63.7%
Square-like filament 89.0%
Circular filament 87.7%
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Figure 5 (a), (c), (e) 3D modelling of the uCT scanned image for cropped tape (2.4 mm wide), square-like filament and circular 176
filament; (b), (d), (f) fibre orientation angle distribution deviation from the longitudinal axis. 177
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3. Mechanical properties test 178

After the DcAFF material is formed into a circular cross-section and wound into a filament, it is ready to be printed 179
into a defined shape. In the following tests, the samples were fabricated with a commercial Ender3 3D printer. The 180
standard printer nozzle was substituted with one specifically designed for the discontinuous fibre composite filament, 181
as detailed in [14]. The nozzle is machined from a hexagonal brass tube to a 1.4 mm diameter bore with a 1.25-mm- 182
radius fillet edge around the nozzle outlet that allows the fibre to gently rotate from the vertical feeding direction to the 183
horizontal printing bed. The printer was set up to the following parameters obtained from a previous study [14]: nozzle 184
temperature 210°C, bed temperature 80°C, speed and feed rate 300 mm/min, and set nozzle height 0.3 mm. The raster 185
gap was calculated based on the expected compacted area of the 0.8 mm diameter filament with 0.3 mm nozzle height 186
based on the rectangular shape presenting about 1.6 mm raster width which can refer to the distance between the centre 187

of the adjacent rasters. 188
3.1. Multi-layer Tensile testing 189
3.1.1. Tensile specimen preparation and testing procedure 190

The 3D printing path for tensile specimens was designed to be a 100-mm long concentric path, with four spiralling 191
rasters for each layer, and built up to four layers. This is done via continuous printing by moving the nozzle 0.3 mm 192
upwards at the end of each layer. The printing of the following layer started immediately after, and the raster was 193
placed on top of the previous layer. The printing path of the four layers is shown in Figure 6(a). The top and bottom 194
surfaces of the tensile specimen printed following the defined path are shown in Figure 6(b). When investigating the 195
cross-section of the specimen (Figure 6(c)), the imperfect bonding between the adjacent rasters can be seen, especially 196
the top surface that has only one round of nozzle compaction. While better inter-raster bonding was observed on the 197
bottom layer thanks to the four cycles of compaction by the nozzle. Although the nozzle is able to provide a certain 198
degree of compaction, the bonding between layers is still imperfect, as shown by the presence of some interlayer voids 199
- Figure 6(c). 200
100 mm
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Figure 6 (a) Printing path for 4-layer stacking tensile specimen; (b) top and bottom surface of an actual 100-mm-long tensile 201
specimen, (c) cross-section of the printed part showing four layers with four adjacent rasters on each layer. 202

To investigate the possibility of improving the mechanical properties through post-printing compaction, as done 203
by some commercial solutions [24], a group of 3D printed samples was vacuum-bagged and heated to 200°C for 1 hour. 204
This changes the sample morphology, improving the contact between adjacent rasters and surface finishing, as shown 205
by the comparison in Figure 7(a). Moreover, the cross-section of the consolidated specimens is more uniform with fewer 206
inter-raster voids than the as-printed part, as seen in the consolidated cross-section of Figure 7(b). To prevent material 207
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flow during the compaction, the specimens are placed in an open mould with a dam on the edges, this causes a slightly 208
uneven cross-section with a higher thickness on the outer edges compared to the middle of the specimen. 209

The width and thickness of the specimen were measured at five positions across the length with a calliper and a 210
micrometre, respectively. The average width and thickness of the as-printed are 6.94+ 0.074 and 1.48+0.065 mm, respec- 211
tively. The dimension change due to the consolidation was recorded as 7.02+0.23 mm in width and 1.45+0.12 mm in 212
thickness from the part before the consolidation to 7.53+0.15 mm in width and 0.99+0.21 mm in thickness after the 213
consolidation. The consolidation reduces the thickness, but increases the width of the specimen, so the average volume 214
reduction is about 26% from the part before the consolidation, this could be attributed to voids removal. 215

The tensile samples were provided with 20-mm-long end-tabs at both ends leaving a 60-mm gauge length. There 216
were five samples per test. The tensile testing was performed by a servo-electric tensile testing machine (Shimadzu, 217
Japan) with a 1 kN load cell operated at a cross-head displacement speed of 1 mm/min and the strain was measured 218

using a video extensometer (Imetrum, UK). The load, displacement, strain, and failure of the sample were recorded. 219
” : 3
£
<]
A
(a)
=
&
Lua
<
(b)

Figure 7 (a) comparison of the tensile specimen before and after post-printing consolidation; (b) cross-section of the tensile spec- 220
imen after post-printing consolidation (the cross section microscopic image was taken after the tensile testing). 221

3.1.2. Tensile testing result 222

The tensile testing result is presented as a stress-strain curve in Figure 8(a). The DcAFF shows a brittle behaviour 223
under tensile load, as seen in the linear curve until the breakage. The post-printing consolidation increases the tensile 224
properties of the 3D printed sample, i.e. stiffness from 27.2 GPa to 43.6 GPa (about 60%) and strength from 184.0 MPa 225
(~1895 N failure load) to 267.8 MPa (~2000 N failure load), accounting for about 45% increase, as seen in Figure 8(b) and 226
(c). According to the low increase in the failure load of the compacted sample (only 5% from the as-printed), the property 227
improvement is mainly the result of the cross-section area reduction from the elimination of the voids or other defects 228
that improves the bonding between the raster/layer. SEM images in Figure 9 show the fracture surface of the tensile 229
specimen with and without consolidation. In Figure 9(a), the as-printed specimen fracture surface presents a layer sep- 230
aration due to the poor bonding between layers; by contrast, the consolidated part shows a united structure. In both 231
samples, there is no clear evidence of fibre breakage. The presence of “clean” fibres with no traces of resin on the fracture 232
surface suggests that the major failure mechanism is fibre pull-out. 233

In Figure 10, the DcAFF as-printed part was compared to other 3D-printed tensile specimens from the literature, 234
the collection of data, including the material used, fibre content, tensile stiffness and strength, can be seen in Appendix 235
A. The DcAFF has significantly better mechanical properties than the neat PLA. In the reference studies reporting the 236
results for reinforced filaments, the fibre content varied due to different manufacturing techniques. Short fibre compo- 237
sites showed consistently lower fibre volume fraction than DcAFF (5-20%), and composites with continuous fibres 238
achieved higher volume fraction (up to 40-50%) - Table A3. Owing to the difference in the fibre content in each study, 239
the literature data were normalised with the average fibre weight content of the current DcAFF at 25%. 240

When normalising the data, the strength of the short fibre composite increases up to the level of the DcAFF, thisis 241
because of the low fibre content in the short fibre-filled composite, i.e. 5-20%. However, on a practical level, it would be 242
extremely difficult, if not impossible, to increase the short fibre content to 25% since the randomly aligned short fibres 243
will cause nozzle clogging during printing. The stiffness of DcAFF material is significantly higher than the short fibre 244
because of the alignment and the 3-mm long longer fibre which can carry and transfer the load better than fibres with 245
length below 1 mm. When comparing the multilayer DcAFF to the single-layer 3D printed part of previous work [16], 246
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the multilayer printed material has higher stiffness and strength: this is the result of a better load-bearing capability 247
given by more integrated rasters. 248

Comparing the multilayer DcAFF printed part to continuous fibre PLA composite which, on the contrary, has been 249
scaled down, reveals that the DcAFF material has higher stiffness after normalisation, whereas the strength is lower. It 250
can be inferred that the fibres used in the HiPerDiF process, which are close to the critical fibre length, plus the high 251
alignment, are sufficient to provide mechanical properties comparable to a continuous fibre composite. Furthermore, it 252
is likely that the performance of the DcAFF filament can be improved further if the fibre content increases. Unlike the 253
case of randomly aligned fibres, the fibre volume fraction of the aligned fibre in the DcAFF can be boosted further 254
towards the limit of the packing efficiency. This, in turn, offers a lower possibility for nozzle clogging, although this still 255
requires some issues with the porosity of the filaments. Comparison of strengths is less straightforward as the perfor- 256
mance of the matrix and fibre-matrix interface plays a more substantial role. The published results show the perfor- 257
mance of the material with nylon matrix, whereas the current study operates with PLA. The high degree of hydrogen 258

bonding present in nylon generally makes its performance superior. 259
260
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Figure 8 (a) Tensile stress-strain curve of the as-printed and consolidated specimens; comparison of as-printed and consolidated 261
(under heat and pressure) tensile testing mechanical properties: (b) tensile stiffness; (c) tensile strength. 262

Layer
integration

Figure 9 SEM image of tensile fracture surface: (a) as-printed; (b) post-printing consolidation 263
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Figure 10 Comparison of tensile properties: (a) stiffness; (b) strength, between neat PLA [2,9,25-32], short carbon fibre-PLA 264

(PLA-S.CF) [6,26,27,29,33-38], DcAFF-single layer as-printed [16], DcAFF multiple layers as-printed (the current test), contin- 265
uous carbon fibre-PLA (PLA-C.CF) [39-43] and continuous carbon fibre nylon (Nylon-C.CF) [3,33,44-50], the whole composite 266

sample was normalized with fibre weight content to 25% as the average fibre content of the current DcAFF in the checked pat- 267
tern bar according to the literature data in Appendix A. 268
3.2. Short beam shear testing (SBS) 269

To investigate the multilayer printed material properties, short beam shear testing was selected. The test was 270
adopted from ASTM D2344 [51]. According to the layer-by-layer manufacturing method of FFF, the interlaminar shear 271
strength of the 3D printed part is an important property, so there were several studies focused on the short beam shear 272
behaviour of 3D printed materials [1,2,52-55]. Moreover, heat treatments after 3D printing were also addressed in the 273
literature to find the ultimate properties of the 3D printing part after the consolidation. The heat treatments can be 274
performed from just above the glass transition temperature (70-80°C) to above the melting point (250°C) [52,55]. 275

3.2.1. SBS specimen preparation and testing procedure 276

According to SBS specimen recommended size in ASTM D2344, i.e. testing span-to-thickness is 4, width-to-thick- 277
ness is 2 and length-to-thickness is 6. The testing span was first selected to be 10 mm leading to the required thickness 278
of 2.5 mm (eight layers of 0.3 mm) and width of 4 mm (four adjacent rasters on each layer). This approach was also 279
taken in the literature [52,54,56]. The specimen was built with the same concentric printing procedure and length as the 280
tensile specimen with an addition of four more layers. The 100-mm long specimen was then cut into four of 20-mm long 281
specimens with a hack saw. The cut-end was then sanded and the dimensions of the specimens were measured. The 282
average thicknesses and widths are 2.51+0.047 and 7.28+0.22 mm, respectively. 283

A group of the 8-layer, 100-mm long specimens was consolidated post-printing at the same condition as the tensile 284
samples (200° for 1 hour under vacuum). Then, it was cut to the SBS size as specified by the standard. The top surface 285
of the consolidated specimen (Figure 11(b)), presents no visible raster lines and is smoother than the as-printed part 286
(Figure 11(a)). Voids in the specimen were removed after the consolidation as shown by the comparison in Figure 11(d) 287
and (e). Similar to the tensile specimens' case, the SBS specimens after consolidation were 1.99+0.078 mm thick and 288
7.71+0.31 mm wide (20.7% thinner and 5.9% wider than the as-printed). 289

There were six tested samples in each group. The SBS was tested with the three-point bending method. The span 290
support was set at 10 mm. The support and loading nose diameters were 3 and 4 mm, respectively. This is expected to 291
distribute the load around the contact points. The displacement and the load were recorded. The testing was stopped 292
when the displacement was larger than the thickness of the sample (2.5 mm) or the load drop-off was more than 30% 293
of the maximum load. The short beam shear strength (F*’S) was calculated from the maximum load (Pp,,) following 294
Equation (1) where b and & are the width and thickness of the sample, respectively. The test setup is shown in Figure 295
11(e). 296
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Figure 11 (a)-(b) Top view of SBS cut specimen as-printed and post-printing consolidation, (c)-(d) cross-section of 8-layer as- 298
printed and consolidated specimen, (e) SBS test setup on the testing. 299
3.2.2. SBS testing result 300

Plots between SBS stress calculated from the load response with Equation (1) versus displacement of SBS as- 301
printed and post-printing consolidation specimens are shown in Figure 12(a) and (b), respectively. The average SBS 302
strength result of the as-printed and consolidated specimens are presented in Table 2. It can be seen that the as-printed 303
has slightly lower SBS strength than the consolidated one while the stress-displacement response curves of the as- 304
printed and the consolidated part are remarkably different. The as-printed part has no load drop after the initial fail- 305
ure/maximum load. This may be caused by the inelastic deformation that can be seen in the failed sample: the sample 306
deformed plastically under the bending load. The inelastic deformation can cause a tensional crack on the bottom sur- 307
face or a compressive crack on the top surface, as shown in Figure 13(a). This plateau stress-displacement curve and the 308
inelastic deformation behaviour were also found in the literature of 3D printed SBS testing [1,52]. This inelastic failure 309
may only be indicative of the general trends in the through-thickness behaviour of this material, but it cannot be inter- 310
preted as interlaminar shear strength. However, interlaminar failure is found in some failed samples, e.g. a partial in- 311
terlaminar cracking on the side of a specimen Figure 13(b). On the other hand, the post-printing consolidated sample 312
shows a sudden load drop after reaching the maximum load before slightly increasing again until the test is stopped. 313
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This drop is a result of the brittle fracture of the compacted layers that causes the whole structure to fail at the same 314
time. The failure of the post-printing consolidated sample can be a compressive failure on the top surface (Figure 14(a)), 315
tensile cracking on the bottom surface or layer separation (Figure 14(b)). The consolidation can reduce the single-layer 316
separation that can be seen in the as-printed part and change the failure behaviour of the sample. 317

The comparison of the as-printed DcAFF SBS strength to other composite 3D printed materials available in the 318
literature, gathered in Appendix B, is shown in Figure 15. The DcAFF material shows higher SBS strength than the short 319
carbon fibre PLA-based materials. This is the result of the long and aligned fibre in the HiPerDiF and the higher fibre 320
content that strengthens the material, as seen in the tensile testing. DcAFF shows slightly lower properties compared to 321
the nylon-continuous carbon fibre, Markforged. This is because of the different printing procedures of the Markforged 322
which has dual nozzles feeding neat thermoplastic and impregnated fibre separately: the higher amount of thermo- 323
plastic on the outer specimen surfaces may enhance the raster fusion and increase the layer strength. Moreover, the 324
continuous carbon fibre, the compatible fibre-nylon surface sizing, and the higher mechanical performance of nyloncan 325

also increase the strength of the material. 326
Table 2 SBS strength between as-printed and post-printing consolidated specimens 327
Conditions Short beam shear strength (MPa)
As-printed 20.0+£1.2
Consolidated 25.0+2.2
328
30 r 30

N
[}

\

Short beam shear stress (MPa)
>

[\
(=]
T
[\
(=}
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— ——Consolidated-01
—Consolidated-02

Short beam shear stress (MPa)
>
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O 1 1 1 J O 1 1 1 J
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(a) (b)
Figure 12 SBS stress versus displacement of the SBS testing: (a) as-printed; (b) post-printing consolidated sample 329

(@) (b)

Figure 13 As-printed SBS failure sample: (a) tensile fracture on bottom side; (b) inelastic deformation with side layer separation. ~ 330
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Layer separation

(b)
Figure 14 Post-printing consolidated SBS failure sample: (a) compressive failure on the top surface; (b) mid-layer separation 331
with the kink on the top surface. 332
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Figure 15 Comparison of the DcAFF SBS strength to other SBS testing in the literature of nylon-carbon fibre reinforcement 333
[1,52-54] and PLA-carbon fibre reinforcement [2,55]. 334

3.3. Multilayer Open hole tensile testing 335

Open-hole tensile properties of the DcAFF were tested and compared to the single-layer part from a previous paper 336
[16]. The aim of the testing is not only to examine the performance of raster bonds in the presence of stress concentration 337
but to study the capacity of the steering of the new filaments as well. In the previous studies [16], it has been observed 338
that the single layer curvilinear 3D printed shape for open hole tensile testing changed the failure to non-catastrophic 339
as the inter-raster breakage while the whole structure was still held together which cannot be seen when the hole was 340
obtained with a material subtraction method. As seen in the multilayer tensile testing in section 3.1, multilayer 3D 341
printing provides structural integrity that increases the overall mechanical performance of the part. Thus, the multilayer 342
open-hole testing is expected to show some layer interaction that cannot be seen in the single layer. In this paper, the 343
open-hole sample was fabricated with a similar shape, curvilinear printing path, used in a previous publication [16]. 344
The path was designed including curvilinear, short, and long linear rasters, that allows to print the whole part in one 345
go without stopping. The curvilinear printed path open hole behaviour will be compared with a multilayer linear 3D 346
printed specimen with a drilled hole in the middle. According to the claim from many papers [57-59], the curvilinear 347
3D printing path on the open hole sample can provide composite steering with a higher fraction of continuous fibres 348
aligned with the loading direction. The same argument could be applied to the case of discontinuous fibres given that 349
their alignment provides continuous load transfer [57]. By contrast, the drilling will cut the fibre presenting a discon- 350
tinuous load flow path which could lead to lower open-hole strength. 351

3.3.1. Open-hole tensile specimen preparation and testing 352

The curvilinear path from a previous study [15,16] was modified to complete one layer without stopping. There 353
are four curvilinear rasters with four free-end rasters on each quarter of the circle. The free-end-rasters, called short 354
rasters, are extended to attach to the circular curve to provide polymer adhesion. Eight straight rasters were built at the 355
outer edge to strengthen the part. There are three superimposed layers of the same printing path. The curvilinear print- 356
ing path and the printed sample are shown in Figure 16. The printed sample shows an eye-shape hole with a slightly 357
smaller hole size than expected (~8 mm) due to the sliding of the raster on the printing bed as it is dragged by the nozzle 358
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during deposition. There are no important geometrical differences between the layers. The 3D printed part with the 359
normal curvilinear, standard path, is called here “OPH-N" 360

(a) >

(b) (c)
Figure 16 Normal curvilinear open hole printing (OPH-N): (a) continuous printing path; (b) and (c) example of the printed sam- 361
ple on top and bottom surface, respectively. 362

Owing to the poor hole shape, a modified path was introduced to improve the circularity of the hole and reduce 363

the eye-shape effect. The movement of the raster should be caused by the imperfect bonding between the deposited 364
raster and the printing bed because of the filleted end nozzle that leaves a 2-mm gap between the centre of the nozzle 365
(reference point) and the position where the flat-end filleted nozzle can provide full pressure onto the deposited raster 366
to generate adhesion on the printing bed. The imperfect printing was expected to be cancelled out by modifying the 367
printing path by moving the nozzle further inward towards the centre of the hole to provide more contact to the bed at 368
the entry and exit of the circular section. The modified printing path is shown in Figure 17(a). The overshooting length 369
is 2 mm according to the estimated gap of the filleted nozzle. The top and bottom surfaces of the printed part are shown 370
in Figure 17(b) and (c). The eye-shape corner at the attachment point disappears, but the hole is asymmetric due to the 371
different behaviour between the movement at the entry and the exit of the circular section. This generates a sharp corner 372
at the curvilinear entry, but a smooth curve at the exit due to the pulling on the raster because of the nozzle movement. 373
The hole size is still smaller than the expectation, but it is closer to a circular hole than normal printing. This open-hole 374
rinted part with the modified path will be called “OPH-M". 375

. O '

(b) (©)
Figure 17 Modified curvilinear open hole printing: (a) modified printing path with the overshooting inward through the centre 376
of the hole; (b) and (c) example of the printed sample on top and bottom surface. 377

The 3D-printed open hole will be benchmarked against the multilayer 3D printed with a drilled hole. The printing 378
path is similar to the tensile specimen, but this part has more rasters in the layer than the tensile specimen. There are 16 379
rasters on one layer with three superimposing layers. After the printing, the centre position was marked and the hole 380
was obtained via drilling. A 6-mm diameter carbide drilling bit was used in this case. The cutting speed is set at 2000 381
rpm and the feed rate is 1 mm per min. The drilled sample is shown in Figure 18. The sample with a drilled hole will 382
be called “OPH-D”. 383

The produced specimens' thickness and width were measured with a physical measurement, i.e. micrometre and 384
calliper, while the hole size was measured via image processing of the scanned specimens. All samples were completed 385
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with 20-mm long end-tabs bonded onto both ends. The tensile testing was performed with the same procedure and 386
machine used for the tensile testing. The strain was measured via digital image correlation (DIC) to obtain the strain 387
map during loading. The DIC parameters are illustrated in Table 3. The stress was calculated across the cross-section at 388
the hole area and the presented strain was calculated with the video extensometer feature of the DIC software. 389

(@) (b)

Figure 18 Drilled sample on three layers 3D printed part: (a) top side; (b) bottom (bed) side. 390
Table 3 DIC technique parameters 391

Software Davis10.1.2 Image resolution 2466 x 2092 pixel

Camera & Lens M-lite & 50 mm Field of view 75.78 mm x 64.28mm
Correlation mode Relative to first Frame rate 1 image per second
Subset size 51 x 51 Pixel (1.6 mm x 1.6 mm) | Strain resolution 2.33x10%e
Step size 2 pixel (0.061 mm) Scale factor 32.54 pixel/mm

3.3.2. Open-hole tensile test result 392

The load and displacement of the sample were recorded and converted to open-hole stress and strain across the 393
hole section presented in Figure 19(a)-(c). The stress-strain curve of the three groups is linear in the first part and the 394
slope decreases near the maximum load. This is slightly different from the single-layer stress-strain response of the 3D- 395
printed open-hole testing in [16]: the multilayer has more linear behaviour than the single layer, and there is no load 39
drop with increasing displacement. This may be because the multilayer, thicker cross-section and good bonding be- 397
tween layers and rasters, allows to store more energy in the part: when the failure point is reached, the energy is released 398
to the whole structure causing the whole part to fail rather than gradually sacrificing the weak inter-raster bonding as 399
in the single layer open hole part. The strength of the OPH-N multilayer is comparable with the single layer with the 400
same printing procedure, around 80 MPa [16]. The strength of the specimens printed with the standard path is slightly 401
lower than those with the modified one. This is because the modified path deposited slightly more material at the mod- 402
ified point than the standard printing. However, when comparing the three specimen groups shown in Figure 19(d), 403
there are no statistical differences in the open hole strength. The similar strength may be caused by the same amount of 404
the continuous raster through the length of the specimen. Moreover, there are four short linear rasters in the curvilinear 405
part that are held to the other rasters by just the low-strength thermoplastic bonding. The number of short rasters is 406
similar to the number of cut rasters due to the drill. Other printing procedures or post-printing processes may be con- 407
sidered to fill this gap, as seen in [57], and keep the number of continuous rasters as high as possible. The local strain 408
map at the maximum load of each sample of the three groups for longitudinal (ex), transverse (ey) and shear (exy) strains 409
are shown in Figure 20. 410

In longitudinal strain (ex), the OPH-N shows high tensile strain at the contact points between the short raster and 411
the curvilinear section. This is caused by the separation of the thermoplastic adhesion of the short rasters from the 412
attached point on the curvilinear section. A separation between the curvilinear rasters is also found, but it is a lower 413
longitudinal strain than the linear contact. This is caused by the worse bonding at the short-raster-end contact point 414
than at the side-by-side raster. For the OPH-M sample, the strain distribution is asymmetrical around the hole. Thereis 415
a high tensile strain on the curvilinear entry side that has a higher bending angle than the exit which has higher curva- 416
ture. The high bending angle accumulated high stress at the turning corner while the curvilinear section has less stress 417
accumulation. This presents as the different strain map on the opposite quarter of the circle. For the OPH-D sample, the 418
longitudinal strain accumulated at the hole edge. This can be the cut of the raster that splits the rasters on the hole edge 419
which is the weakest point in the part. 420

In the transverse direction (ey), the OPH-N shows a high tensile strain on the hole side where the linear raster 421
attaches to the curvilinear raster. As a result of the low contact area at that point, the linear raster tends to separate from 422
the curvilinear section. There is also a compression strain between the two attached middle rasters caused by Poisson’s 423
ratio effect. For the OPH-M, a high compression strain in the transverse direction is observed as a result of the tensile 424
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strain in the longitudinal direction. The short raster separation presents a high tensile strain in the transverse direction 425
on the bottom left quarter. In the OPH-D, the remarkable strain is the compression strain between the rasters on the left 426
of the hole. This is the result of the high tensile strain in the longitudinal direction on the right of the hole that reflects 427
the crushing on the left as a hinge point in the structure. At this high strain point, the rasters may have poor adhesion, 428
or the drill cut through the raster reducing raster strength. 429

In the shear strain (exy), the OPH-N shows a symmetric shear strain between two halves of the hole caused by the 430
separation of the short rasters from the curvilinear contact point. By contrast, the OPH-M shear strain distribution is 431
asymmetric, presenting different strain distributions on each quarter of the hole, due to the asymmetric hole shape 432
described above. 433

The failed samples, shown in Figure 21, comply with the strain map result. In the OPH-N sample, the crack started 434
from the contact point of the short linear rasters and then it progressed through the diagonal direction producing a 45° 435
failure on the opposite quarters. The breakage also ran through the curvilinear rasters after the initial failure. There is 436
also a raster separation between the curvilinear rasters. In the OPH-M sample, the crack is similar to the OPH-N, but 437
the final breakage is the linear breakage of the linear rasters. This is because the high strain progressed from the short 438
raster contact point. The printed part can hold the structure together after the breakage. On the other hand, the drilled 439
part (OPH-D) has a breakage through the hole perpendicular to the load direction, especially on the right of the hole, 440

according to the high tensile strain in the longitudinal direction presented in Figure 20(c)). 441
120 Normal printing path 120 Modified printed path
100 r 100 +
< 60 t 2; 60 | g
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w40 | 7 © 40
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Figure 19 Open hole tensile testing result (a)-(c) stress-strain curve of open hole printed with normal curvilinear pat, open hole 442
printed with modified curvilinear path and drill part, (d) open hole strength comparison between three groups of the sample. 443
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Figure 20 Strain map in longitudinal (ex), transverse (ey) and shear (exy) at the maximum load of each sample analysed from DIC
of open hole in different manufacturing scheme: normal printing (OPH-N), modified path (OPH-M), and drilled sample (OPH-

D).
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Figure 21 open hole tensile testing breakage sample: (a) OPH-N; (b) OPH-M; (c) OPH-D.

4. Conclusion

In this study, DcAFF material was produced at high production rate thanks to the development of the third-gen-
eration HiPerDiF machine. This allowed to study more 3D printing aspects, especially the interaction between layers
that have never been studied before. Undefined material architecture characteristics, i.e. fibre alignment, of the pro-
duced DcAFF circular filament were investigated with an appropriate technique. The key findings and the discussion
on each topic can be summarized as follows:
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The produced filament from the designed machine, roller bulking and pultrusion, resulted in a fine diam-
eter circular DcAFF filament. The current filament has fibre weight content in the range of 20-30%, to pro-
mote adhesion to the printing bed and between rasters. The fibre alignment in the filament was studied by
analysing uCT scanned images. The scanned images showed the development of the filament cross-section
at the same location from the thin HiPerDjiF film, passing through the roller bulking machine achieving a
square-like cross section, and finally pultrusion to form a circular filament. The alignment calculation
shows that the bulking process with the designed machine significantly increased fibre alignment in the
filament. This led to the better mechanical performance of the filament than the thin tape.

In tensile testing, the filament was printed into a four-layer tensile sample. The multilayer printing en-
hanced the bonding between the adjacent rasters delivering structural integrity resulting in higher tensile
properties compared to the single-layer printing in a previous paper. The DcAFF also shows higher tensile
properties than other PLA-composite 3D printing studies, even when normalised at the same fibre weight
content. This is because of the alignment and the use of discontinuous fibres that give properties compa-
rable to those of continuous fibre. The tensile properties can be increased further with the post-printing
consolidation under heat and pressure. This process compressed the part and eliminated internal voids
resulting in a united structure that changed the failure mechanism from layer separation to a breakage
perpendicular to the load.

The SBS testing was performed to show the interlayer properties of the material and the 3D printed part.
The layer properties again can be increased with the post-printing consolidation that compacted the layer
structure. Although there is no clear evidence of the interlaminar failure at the middle surface due to the
high ductility of the material, the DcAFF shows a superior SBS strength to other carbon fibre PLA 3D
printed parts from the literature.

The performance of a more complex geometry printed with the DcAFF filament was studied with open-
hole multilayer samples. Although the designed curvilinear printing path with short and continuous raster
cannot compete with the strength of the drilled 3D printing part, the difference in the stress concentration
of the curvilinear section may be beneficial when low-stress concentrations are required. Moreover, the
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failure of the 3D printing part is less catastrophic than the drilled part. Even if the load drops more than
50% after the initial failure, the curvilinear part still stays together after the initial breakage.

Since DcAFF offers promising mechanical properties when printing multilayer, actually usable, parts, its develop-
ment could be considered to be close to a commercialisation phase. However, some issues need to be addressed and

studied:

e Ascanbe seen in the complex geometry printing, i.e. the open-hole samples, the deposited rasters deviated

from the defined path creating an eye-shaped hole instead of a circular one. This is the result of the poor
bed adhesion and the too-tight turning radius of the printing path for the stiff 3-mm-long fibre in the 1 mm
diameter composite filament. This discrepancy must be solved in future studies by e.g. the modification of
the 3D printing parameters or printing path compensation.

e Although the tensile stiffness of the DcAFF can be considered to be competitive with commercially avail-

able 3D printing materials, this is not the case for tensile and SBS strength. This can be attributed to the
easy-to-process, but low mechanical performance matrix, PLA, used in the current stage of filament devel-
opment. Other high-performance thermoplastics, e.g. nylon, poly(ether ether ketone) (PEEK) or polyeth-
erimide (PEI, ULTEM1000) with a higher amount of fibre content should be investigated to expand the
application of the current DcAFF filament to more structural and commercial use.

Author Contributions: Conceptualization, all authors; methodology, N.K., M.L.; material preparation, N.K., M.L.; inves-
tigation, N.K., F.B., M.M,; data curation, N.K,, F.B., M.M.; writing —original draft preparation, N.K., M.L., F.B.; writing —
review and editing, all authors; supervision, M.L., LH., BW. and D.I.; All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Engineering and Physical Sciences Research Council (EPSRC) through the
ACCIS Doctoral Training Centre [EP/L016028/1] and the EPSRC “High Performance Discontinuous Fibre Composites a
sustainable route to the next generation of composites” [EP/P027393/1] grant. pu-CT scanning was supported by the Na-
tional Research Facility for Lab X-ray CT (NXCT) at the p-VIS X-ray Imaging Centre, University of Southampton, through
EPSRC grant [EP/T02593X/1]. N.K. is supported by the Royal Thai Government scholarship provided by the Office of the
Civil Service Commission (OCSC), Royal Government of Thailand.

Data Availability Statement: All data required for reproducibility are provided within the paper.

Acknowledgements: The authors thank Patrick Sullivan for conducting FARSEP fibre length measurement and also thank
the support from p-VIS X-ray Imaging Centre for the CT scanning and Bristol Composites Institute Laboratory Technical
Support and Development Team for their constructive help and assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

Appendix A

The following tables, Table A 1-4, are the raw data gathered from the literature used for the comparison plotting
in Figure 10.

Table A 1. Neat PLA tensile stiffness and strength collection from literature
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Ref. Stiffness (GPa) Strength (MPa)
[2] 2.35 2541
[9] 3.15 53.59
[25] 3.96 61.42
[26] 3.37 59.30
[27] 3.47 46.66
[31] 2.23 53.08
[28] 2.46 54.39
[29] 3.38 54.70
[30] 3.48 60.40
[32] 3.38 34.43
[36] 1.67 45.00
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Table A 2. PLA - Short carbon fibre (PLA-S.CF) tensile stiffness and strength collection from literature 524
) Raw data Normalized with 25%wt
PLA-S.CF  Carbon Fibre Stiffress Strength
Ref. content (%owt) Stiffness (GPa) Strength (MPa) (GPa) (MP32)
[29] 15 7.67 53.4 12.78 89.00
5 3.4 60 17.00 300.00
[6] 10 5.2 70 13.00 175.00
20 7.00 65 8.75 81.25
[26] 15 5.68 55.2 9.47 92.00
[27] 10 1.59 33.88 3.98 84.70
[38] 15 3.50 30.35 5.83 50.58
[34] 20 1.45 48.06 1.81 60.08
[35] 20 - 52 - 65.00
37] 5 1.18 46.5 5.90 232.50
10 1.77 77.8 4.43 194.50
Table A 3. PLA - Continuous carbon fibre (PLA-C.CF) tensile stiffness and strength collection from literature 525
. Raw data Normalized with 25%wt
PLA-C.CF Carbon Fibre Stiffress Strenoth
Ref content (%owt)  Stiffness (GPa)  Strength (MPa) (IGPa) (MPE)
[39] 9.3 - 200 - 537.63
[40] 42.7 - 91 - 53.28
[43] 34.93 5.8 90 4.15 64.41
[41] 4.3 1.025 37 5.96 215.12
[42] 36.31 8.28 64.4 5.70 44.34

Table A 4. Nylon-Continuous carbon fibre (Nylon-C.CF, Markforged) tensile stiffness and strength collection from 526

literature 527

. Raw data Normalized with 25%wt

Nylon-C.CF Carbon Fibre Stiffross Strength
o .

Ref content (%owt)  Stiffness (GPa)  Strength (MPa) (GPa) (MPa)

[33] 36.67 10 341 6.82 232.48

3] 36.13 51.7 436.7 35.77 302.17

21.89 31.1 355.6 35.52 406.12

[44] 51.28 37 360 18.04 175.51

[45] 68.56 - 404.3 - 147.43

[60] 45.4 35.7 520 19.66 286.34

[46] 17.02 7.73 216 11.35 317.27

[50] - 3.941 110 - -
[47] - 8.92 283.5 - -

[48] 20.58 21.728 254.8 26.39 309.52

[49] 21.79 21.1 224.1 24.21 257.11
Appendix B 528
Table B1 is the raw data gathered from the literature of SBS testing with different material systems used for the 529
SBS strength comparison plotting in Figure 15. 530
Table B1 Collection of 3D printed short beam shear (SBS) strength from literature 531
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As-printed
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(1]
[52]
(53]
[54]

(2]
[55]

Nylon-C.CF
Nylon-C.CF
Nylon-C.CF
Nylon-C.CF
PLA-S.CF
PLA-S.CF

43
25
32
40.9
5.6
15.38
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