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Additive manufacturing (AM) of carbon fibre reinforced thermoplastic composites can offer advantages over
traditional carbon fibre manufacturing through improved design freedom and reduction in production time and
cost. However, the carbon fibre composites produced using current state-of-the-art AM approaches generally
possess high porosity (18-25 %) compared to those produced by conventional manufacturing (1 %). An approach
known as composite fibre additive manufacturing (CFAM) is presented, involving selectively printing a binder
and polymer powder onto discontinuous carbon fibre sheets, which are then compressed, heated and post-
processed to form net shape components. The results demonstrate a correlation between compaction pressure
applied and porosity/fibre volume fraction within components. Composite components were produced con-
taining porosity of 1.5 % and fibre volume content of 15 % with 97 MPa tensile strength and 8.9 GPa elastic
modulus, presenting a new approach for production of discontinuous carbon fibre reinforced polymer parts with
mechanical properties exceeding those of state-of-the-art AM.

1. Introduction

Carbon fibre reinforced polymer composites (CFRP) are used to
create lightweight structures with high strength and stiffness. Using
CFRP, it is possible to tailor mechanical properties specifically for an
intended application by varying the volume of reinforcement and type of
matrix material [1,2]. Thermosets and thermoplastics are two types of
polymeric matrices. Thermosets are the conventionally preferred epoxy
matrices used in the aerospace industry as they provide strong adhesion.
However, thermoplastics usage is becoming popular due to their ad-
vantages in additive manufacturing (AM), such as melt processability
and chemical resistance. The characteristics of thermoplastics decrease
the complexity of curing cycles and make them more preferable for rapid
manufacturing. Therefore, they can be easily processed using AM tech-
niques [3]. AM of fibre reinforced thermoplastics is a major area of in-
terest in academia and industry, as it presents an opportunity to combine
the benefits of a composite’s high strength to weight ratio with AM’s
design freedom to create functional, lightweight, complex geometries
efficiently and cost-effectively [4].

Discontinuous or short fibres (a few millimeters in length) are
currently more widely utilised in AM compared to continuous fibres.
Discontinuous fibres are able to enhance the mechanical properties of

* Corresponding author.
E-mail address: bkarasl@sheffield.ac.uk (B. Karas).

https://doi.org/10.1016/j.addma.2022.103044

the final parts without a significant modification to the overall
manufacturing process. Hence, the integration of short fibres into
standard feedstocks used in AM requires less resources, providing an
advantage over continuous carbon fibre AM [5-7]. The addition of short
fibre to polymer-based AM not only improves the strength and stiffness
but also enables a flexible selection of matrix materials, which makes
them more desirable in AM methods [3].

AM of fibre reinforced polymer composites can be processed through
powder bed fusion, stereolithography, material extrusion and sheet
lamination [8]. Powder bed AM processes such as Selective Laser Sin-
tering (SLS) adopted discontinuous fibres within the polymeric matrices
[9]. The mechanical properties of the final parts produced by the powder
bed AM processes can be enhanced with the addition of short fibres, and
there have been several studies reporting the mechanical improvements.
Salazar et al. added short fibre glass (25 %wt) to the PA12 powder and
produced composite parts that have 43.7 MPa tensile strength [10].
Similarly, CF/PAl12 parts were fabricated via SLS and the tensile
strength of the parts improved up to 66.7 MPa, showing 28 % increase
compared to pure PA12 SLS parts. However the porosity of the CF filled
parts found as 11-16 % in average, causing a significant reduce in
elongation at break [11]. Jing et al. achieved 80 MPa tensile strength not
only by combining CF with PA12, but also applying a surface
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modification with nitric acid and heat treatment to the carbon fibres
[12]. The porosity of the parts decreased from 38.12 % to 4.68 % as a
result of the modification techniques, which is still a high amount of
porosity compared to conventional composites [12].

As it is highlighted in the literature, the main disadvantages of
composite SLS are the poor dispersion level of the fibre in the powder
feedstock as well as the high level of internal porosity of the final
composite parts [13]. It is also not possible to include continuous carbon
fibres in the powder bed processes [13]. Although SLS is one of the fast
growing AM technique for polymers and metals, there has been limited
research on composites due to the limited mechanical property im-
provements at the cost of increases in component porosity [3].

Stereolithography (SLA) is another AM technique that adopts non-
woven mats of carbon fibre, e-glass and para aramid fibres to produce
composite parts with epoxy based resins. The highest tensile strength
and stiffness reported using this approach was 55.2 MPa and 2.85 GPa
respectively for the e-glass fibre reinforced acrylic based resin (17 g per
square fibre mat) [14]. Similar to the SLS processes, limited research has
been carried out on SLA of composites. Non-uniform distribution of the
fibres on the surface of resin, poor bonding and high volume fraction of
voids between the layers due to the partial curing are the drawbacks of
adopting fibres in the SLA technique. Heat treatment, as a post pro-
cessing method, was found to improve the mechanical properties [8].

Material extrusion-based techniques, such as Fused Filament Fabri-
cation (FFF), are the most widely methods used for the production of
fibre reinforced thermoplastic components. Printing of short fibres re-
quires almost no alteration in FDM printers, whereas continuous fibres
need some modification. Therefore, short fibre filaments are accessible
and printable with desktop 3D printers. Continuous fibre filaments have
been introduced to AM with the technique that Markforged developed.
Continuous carbon fibre is embedded in-situ during the filament feed-
stock extrusion process creating reinforced nylon parts with an average
tensile strength of 464.5 MPa and 35.7 GPa stiffness (V; = 34.5 %),
which is the highest mechanical performance for an AM composite
polymer process without application of post treatment [15]. However,
the mechanical properties are still lower than that of traditional
continuous fibre reinforced composites manufacturing (e.g compression
moulding tensile strength 1500 MPa and stiffness 135 GPa) due to low
fibre volume fraction ratio [15]. Discontinuity of fibres due to printing
pattern can cause a premature tensile failure in some Markforged
components.

High void content is common in FFF continuous fibre composites due
to the occurrence of triangular gaps between the printed tracks [16].
Justo et al. [17] stated that the lack of compaction in the FFF process
caused a 12 % porosity between layers in continuous carbon fibre
reinforced PA (Nylon) composites manufactured using the Markforged
approach. In the case of discontinuous fibre composites, the strength and
stiffness of the parts are lower compared to that of the Markforged
continuous fibre composites. Tekinalp et al. [18] observed that the
percentage of void volume in FFF printed carbon fibre reinforced ABS
parts were between 16 % and 27 % regardless of fibre content. As the
fibre content increased, tensile strength of the parts increased from
35 MPa to 65 MPa. However, high fibre reinforcement loading can also
result in nozzle clogging causing a build to fail. Zhang et al. [19] printed
short carbon fibre reinforced ABS composites that possessed tensile
strengths and stiffness of 13.74-39.05 MPa and 2.19-5.89 GPa respec-
tively for different raster orientations. The parts possessed 4.18-8.54 %
porosity levels. Blok et al. (2018) achieved 1.1 % porosity for the short
fibre reinforced nylon composites due to low fibre volume fraction (V; =
6 %), while 9 % porosity was found in the parts printed by continuous
CFRP filaments (Vy = 27 %). It was stated that there is a trade-off in
performance and processability in terms of selection of continuous or
discontinuous fibres. As the performance of the parts increases with the
length of the fibres, the processability of the material is reduced [7].

In sheet lamination method, parts are manufactured by bonding the
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sheets of material. Currently there is a laminated object manufacturing
technique to produce fibre reinforced polymer composites called Se-
lective Lamination Composite Object Manufacturing (SLCOM) by the
Envision Tec company. This technique uses both additive and subtrac-
tive approaches. Fibre reinforced sheets are cut by using an ultrasonic
blade cutter. Then, these sheets are stacked together to form a 3D object
by applying heat and pressure [20]. Another sheet lamination technique
developed by Impossible Objects known as Composite Based Additive
Manufacturing (CBAM) does not require cutting. Inkjet printing is used
to print a liquid binder on a carbon fibre substrate layer, followed by a
deposition of thermoplastic powder on the substrate. Then, the excess
dry powder is removed, leaving an adhered powder behind with the
cross-section of the printed geometry. After a sufficient number of layer
have been produced, a hot press is used to compress printed sheets
together and melt the polymer layers together. Finally the excess region
of substrate layers is removed using a sandblaster [21,22]. The company
claims that the parts with CBAM can be up to 10 times stronger as
compared with other parts made by FDM or other 3D printing processes,
although there are yet any published research output to this claim.

AM of composites has many challenges, including the limited
availability of materials and a high percentage of porosity in the final
parts. AM composite parts currently possess lower strength and higher
void content than parts manufactured with conventional methods due to
a lack of layer-to-layer compaction. Traditional composite
manufacturing techniques use autoclave machines or heated rollers to
improve the consolidation of layers which, in turn, improves mechanical
performance of components [23]. The effects of applied pressure on
mechanical and microstructural properties of traditionally made com-
posites are widely investigated in literature. It has been identified that
there is a correlation between the amount of pressure applied and the
void content. An increase in the amount of pressure resulted in lower
porosity, which improved the strength and stiffness of the parts [24-27].
There is currently no useful pressure applied in AM of composite
structures (e.g material extrusion and powder bed fusion processes [7]).
Research shows that post-processing of FFF printed composites using a
hot press can significantly improve the tensile and flexural properties of
FFF composite parts by decreasing the void content [28]. He et al.
(2020) applied heat and pressure treatment to the 3D printed continuous
CF/PA6 composites and achieved to reduce the void content from 12 %
to 6 %, which improved the flexural properties [28]. Mei et al., 2019
[29] was able to increase the tensile strength of the FFF composite parts
by 24 % through the use of a hot press, causing a reduction in the void
content. Ueda et al. (2020) used hot compaction during 3D printing of
continuous CFRP, which reduced the void content and improved the
tensile and flexural properties of final parts. The void fraction has been
reduced from 10 % to 3 %, while the tensile strength improved 24 %
with the use of hot compaction [30]. An impregnation and a powder
compression post-curing methods were used in [31] and significant in-
crease was obtained in tensile properties of 3D printed continuous fibre
reinforced thermosetting epoxy resin parts due to the high fibre fraction
of 48 %. Compression post-curing reduced the void fraction from 10 % to
2.5 % [31]. However, the application of high heat and pressure is not
practical to preserve FFF component geometry [32], although for sheet
lamination processes, it can potentially enhance the strength and stiff-
ness of the discontinuous fibre reinforced polymer parts by consoli-
dating the layers. This provides strong inter-laminar bonding, resulting
in smaller air gaps. To date, there is yet an independent academic study
which has been reported using this approach to produce components, or
study the effects of processing conditions on the resultant part
properties.

In this paper, discontinuous CFRP composite parts were manufac-
tured using a custom built system at the University of Sheffield,
described as composite fibre additive manufacturing (CFAM), this
approach is based upon a sheet lamination technique similar to CBAM.
The aim of this study is to benchmark the performance of composite
parts made by CFAM for the first time with mechanical testing and X-ray
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tomography, with the aim of understanding the effects of the amount of
printed ink, compaction pressure/time on the density and properties of
final components.

2. Materials and methods
2.1. Material

A carbon fibre surfacing veil, incorporating randomly distributed
short carbon fibres approximately 25 mm in length is bonded into a
polyester matrix, supplied by ACP Composites (Livermore, CA, USA).
This fabric is suitable for use in a wet layup and hot press applications. A
0.12 mm thick surfacing veil with 16.95 gsm was selected for experi-
ments. As a matrix material, virgin PA 2200 (polyamide-12) supplied by
EOS Gmbh (Krailling, Germany) was used. This polymer powder has a
melting point of 185 °C and average grain size of 56 ym. It is commonly
used in AM powder bed LS. HP Instant Ink 67/305 (Hewlett-Packard,
Inc., Palo Alto, CA, USA) was used to print on carbon fibre sheets before

applying polymer.
2.2. Composite fibre additive manufacturing approach (CFAM)

Discontinuous carbon fibre reinforced thermoplastic composite parts
were fabricated using a custom built CFAM system as The University of
Sheffield. The processing steps are shown in Fig. 1. The carbon fibre
sheets were cut to a size of 148 x 210 mm, these were then inserted into
one of two printing system to assess effect of printing volume. These
printing systems were a HP Deskjet Plus 4130 inkjet printer (Hewlett-
Packard, USA) and a drop on demand inkjet printer JetLab IV (MicroFab
Technologies Inc., USA) with variable dots per inch (DPI) settings
(represented as Inkjet head in Fig. 1a). After the first 2D slice of the part
was printed onto the fibre sheet, PA2200 nylon powder was spread out
onto the printed area, resulting in a coating/sticking of powder over the
printed area (see Fig. 1b). Mild level of suction over the surface as shown
in Fig. 1c was used to remove the dry excess powder from the surface of

Hydraulic
hot press

CF layers [
(a)

(b)

nozzle

Sand blaster -&
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the fibre sheet. After the last 2D slice of the design was printed and
coated, a hot press machine was used to compress printed sheets,
forming a compact part bonded with melted nylon powder (Fig. 1d).
Three different pressure levels (0.3, 0.6 and 0.9 MPa) were applied. The
hot press chamber was heated to 210 °C (30 degrees above the melting
point) to ensure the complete melting of nylon powder. After 20 min of
ramping up time, the sample was left under pressure with three different
dwell times (0.5h, 1 h and 2 h), followed by cooling to ambient con-
ditions. All the samples were cooled down using a cooling rate of 1 °C to
stabilise the crystallisation process. The compressed part was removed
from the hot press when the temperature of 40 °C was reached. Finally, a
sandblasting process with blast media of brown alumina with low
metallic iron content (Guyson Saftigrit Brown, Guyson International
Ltd., Skipton, UK), was used to remove the excess carbon fibre layers
that were not printed/coated with nylon powder (Fig. 1e), resulting in a
CFRP part with the desired geometry as shown in Fig. 1f. Fig. 2 shows an
example of a complex shape that was manufactured using the CFAM
process developed at The University of Sheffield.

10 mm

Fig. 2. Composite component made using the CFAM approach (a) printed layer
before compression and bead blasting (b) final part with 24 layers.

PA12 powder Suction of

. dry powder

(c)

Final part

Compressed
o CF layers
(d) (e) (f)

Fig. 1. Composite fibre additive manufacturing approach (CFAM); (a) inkjet printing, (b) deposition of polymer powder, (c) removal of excess dry powder, (d) hot

press process, (e) removal of excess CF with sand blasting process, (f) final part.
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2.3. Design of experiments

2.3.1. Process parameters

In traditional composite manufacturing, the effect of the autoclave
process parameters on microstructural and mechanical properties of
CFRP composites is widely investigated in literature. It has been
observed that the optimum amount of pressure and vacuum application
time decreased the void content significantly [24,26,33]. The hot press
process provides the necessary pressure and heat to form a compact part
within this technique, its processing parameters affect the final part
properties. The ink volume determines the volume of powder that can be
coated on a printed layer. The resolution of a desired geometry and
adhesion of the layers can be affected by printing parameters. Based on
these considerations, three factors were chosen: ink areal density, hot
press pressure level and compaction time.

2.3.1.1. Ink areal density. The amount of ink per m? that is printed onto
the carbon fibre sheet can be determined by the volume of the ink
droplet ejected from the printhead. The volume of the ink droplet was
17.9 pL for HP Deskjet 4130, while it was 14 pL for the JetLab IV system.
It is possible to adjust the droplet spacing and number of droplets in
JetLab IV, while HP Deskjet printer has two automated high quality
printing settings. Therefore, the low level of this factor has been ob-
tained using JetLab IV. The amount of ink deposited with different dots
per inch settings has been calculated as 24, 223 and 892 g/m? respec-
tively by multiplying the volume of the ink droplet (um®) and DPI (dots
per inch) setting of the printer.

2.3.1.2. Pressure level. The pressure is applied on the stacked carbon
fibre layers to form a compact part bonded with melted nylon powder.
Autoclave pressure between 0.3 and 0.6 MPa is generally used [24,34].
Factor levels were chosen as 0.3, 0.6 and 0.9 MPa. It has been observed
that the final part width is expanded if a pressure higher than 0.9 MPa is
applied due to squeezing the melted powder out of the printed region.
Therefore, 0.9 MPa was the highest pressure level that can be applied.

2.3.1.3. Compaction time. The amount of time the part is kept under
pressure during the dwell period. Factor levels were chosen as 0.5, 1 and
2 h.

Table 1 shows three process parameters with three levels as low,
medium, and high levels.

2.3.2. Design of experiments using Taguchi analysis

The experiment aims to investigate the effect of process parameters
on mechanical properties and porosity. A full factorial design would test
all possible combinations. The Taguchi experimental design approach
was used to determine the optimum parameter levels by testing a min-
imum number of combinations [35,36]. L9 orthogonal array was used as
there are three factors with three different levels. Table 2 shows the
experiment sets with the chosen parameter levels.

2.4. Measurements, characterisation and testing

2.4.1. Differential scanning calorimetry (DSC)

Differential scanning calorimeter (DSC) (Perkin Elmer DSC6) was
used to investigate the thermal behaviour of nylon-12. The uncured
samples of carbon fibre layers printed with nylon-12 weighing 1.2 mg
was placed in a sealed DSC pan. The temperature was raised from 30 °C

Table 1

Process parameters with three levels.
Input parameter Level-1 Level-2 Level-3
A = Pressure (Mpa) 0.3 0.6 0.9
B = Compaction time (hrs) 0.5 1 2

C = Ink areal density (g/m?) 24 223 892

Additive Manufacturing 58 (2022) 103044

Table 2
Taguchi L9 orthogonal array for the design of experiments.

Experiment Pressure Compaction time Ink areal density (g/
Set (MPa) (h) m?)
1 0.3 0.5 892
2 0.3 1 223
3 0.3 2 24
4 0.6 0.5 223
5 0.6 1 24
6 0.6 2 892
7 0.9 0.5 24
8 0.9 1 892
9 0.9 2 223

to 210 °C with a rate of 10 °C per minute, followed by 5 min hold at the
maximum temperature. The cooling rate was 1 °C per minute back down
to room temperature to represent the hot press cooling rate. The ramps
were performed under a nitrogen purge of 50 mL/min.

2.4.2. X-ray computed tomography (CT) scans and optical microscopy for
porosity and fibre volume fraction analysis

The specimens for the tomography were manufactured as a cylinder
geometry with 5 mm diameter and average thickness of 1 mm. They
were scanned using the Zeiss Xradia Versa 620 X-ray Microscope
(Pleasanton, Ca, USA). The scanning voltage was 70 kV with an X-ray
source power of 8.5 W, and the current was 108 uA. Exposure time was
2.0 s per projection. A pixel size of 1.5 ym was obtained. The porosity
and fibre volume fraction was calculated using the Dragonfly and FEI
Avizo 9 software with segmentation by the Otsu method [37]. It is
important to mention that the factors such as pixel size, magnification
and subject contrast have an impact on the accuracy of the results.
Therefore, following the pore and fibre segmentations, data statistics
have been used to smooth the noise and refine the region of interest.
These calculations were cross-checked by optical microscopy imaging
using polished samples for each experimental set. Nicon Eclipse ME600
Metallurgical Microscope was used. Images were stitched to examine the
maximum area. ImageJ software pack’s FijiJ distribution was used for
porosity and fibre volume fraction analysis.

2.4.3. Mechanical testing

Tensile specimens were manufactured as dog-bones according to the
BS EN ISO 527-4:1997 Standards Type 1B specimen [38]. Fig. 3a shows
the 2D slice of printed geometry on one carbon fibre substrate. To reach
the average thickness of 2 mm, 40 layers of carbon fibre fabric were used
and stacked layer by layer. 5 specimens for each experimental set were
produced. Fig. 3b shows the compressed part after the hot press process,
while Fig. 3c shows parts mid-way through sandblasting. Fig. 3d shows
the final parts.

Tensile tests were performed utilising a Zwick tensometer 2020
Proline. Specimens were tested at a crosshead speed of 2 mm/minute.
The flexural specimens, 5 repeats from each experimental set, were
manufactured according to ASTM D7264 standard for three point
bending test as 168 x 13x4 mm rectangles [39]. The thickness of the
samples varied depending on the process parameters, however, the 32:1
support span- to-thickness ratio was kept constant. Flexural tests were
performed using a Zwick tensometer 2020 Proline with a crosshead
speed of 1 mm/minute.

3. Results

This section presents the variation of mechanical and porosity results
of the samples in relation to fibre volume fraction and CFAM process
parameter levels, i.e. pressure, compaction time and the ink areal
density.
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Fig. 3. Stages of CFAM manufacturing process (a) carbon fibre sheet after printing and deposition of powder; (b) stacked carbon fibre layers after hot press process;

(c) sandblasting process mid-way through; (d) final dog bone samples.
3.1. DSC Analysis

DSC curve related to Nylon 12 (EOS Gmbh) is shown in Fig. 4. This
experiment focused on the melting and crystallisation temperature of
polymer powder in order to understand the appropriate duration for the
samples to remain within the hot press. If the sample is removed early,
carbon fibre layers will delaminate due to the polymer molecular chains
not being able to diffuse a sufficient distance for them to work as a
binder. The crystallisation temperature range of Nylon 12 was found to
be 160-165 °C. Samples were heated up to 210 °C (30 °C more than the
melting temperature) to ensure the powder was thoroughly melted
through each layer. Samples were then removed after a set dwell time
within the hot press after cooling down to 40 °C.

3.2. X-ray CT and optical microscopy

High-resolution X-ray tomography was performed in order to un-
derstand the volumetric content of the parts. A number of researchers
have used this technique to successfully determine the porosity and fibre
content in composites [40-43]. In alignment with the literature, per-
centages of porosity and carbon fibre volume fraction (FVF) calculated
by the segmentation method for each sample are shown in Table 3. The
calculations were consistent with the results obtained from optical mi-
croscopy. The fibre volume content increased as the pressure increased

235
—> Melt|
23.0
—
= 225-
E
S
2 2204 Endo Up
el
o
v 21.5-
©
o
T 2104
205
200 T T T d T g T g T
135 150 165 180 195

Temperature (°C)

Table 3
Porosity and fibre volume fraction of the samples for each experiment set.

Experiment Pressure Compaction Ink Areal Porosity FVF
Set (MPa) Time (h) Density (g/ (%) (%)
m?)

1 0.3 0.5 892 15 8.1
2 0.3 1 223 121 11

3 0.3 2 24 9.4 10.7
4 0.6 0.5 223 4.2 12.8
5 0.6 1 24 4.6 13.7
6 0.6 2 892 5.2 11.1
7 0.9 0.5 24 2.7 16.1
8 0.9 1 892 7.1 14.3
9 0.9 2 223 1.5 15.1

since a more compact part with lower thickness was formed with higher
consolidation.

X-ray CT images from low, medium and high pressure levels are
shown in Fig. 5. Images on the left side indicate the top view of the
cylinder part, while the images on the right show the cross-sectional
view. Layer by layer structures cannot be observed due to consolida-
tion and random alignment of the fibres. It can be seen that large voids
occurred due to low pressure applied to the component, while the size of
the voids decreased with higher amount of applied pressure.
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Fig. 4. DSC analysis of raw CF/Nylon-12 (1.2 mg) specimen.
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Top view
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Cross-sectional view

Fig. 5. X-ray CT images of different pressure settings; (a) Void content at low pressure level (0.3 MPa) (Set2) — Porosity: 12.1 %, (b) Void content at medium pressure
level (0.6 MPa) (Set4)- Porosity: 4.2 %, (c) Void content at high pressure level (0.9 MPa) (Set9) — Porosity: 1.52 %, (d) Optical microscopy image for high pressure

level (0.9 MPa) (Set 9) — Porosity: 1.59 %.

3.3. Mechanical testing

According to the tensile test results of the CFAM specimens, the
maximum average tensile strength and stiffness was 97 MPa ( £ 1.8 %)
and 8.9 GPa ( + 1.5 %), respectively, for a sample that possessed a 15 %
fibre volume fraction (Set 9). The maximum average flexural strength
and stiffness were found to be 42.4 MPa ( £+ 5 %) and 12.7 GPa ( & 2 %),
belonging to the same experimental condition (set 9). An improvement
in both mechanical properties can be observed as the pressure increases
from experimental set 1-2-3, to set 4-5-6 and finally to set 7-8-9. The
difference between the sets using the same pressure level is not signifi-
cant. However, this fluctuation increases as the pressure is set at the
maximum level in sets 7, 8 and 9.

Taguchi design was analysed using Minitab 18 to determine the
optimum parameter levels. Analysis of variance was undertaken using R
software. Fig. 6 shows the main effects plots for tensile properties. The
most significant factor that affects the tensile and flexural properties of
the samples was found to be the amount of pressure with the lowest p-
value (p = 4.85E-15). The highest level of pressure (0.9 MPa) gives the
maximum tensile strength, elastic modulus, and flexural strength and
modulus. The areal density of printed ink was the second significant
factor. Medium parameter level, 223 g/m?, ink was the optimum factor
level generating the maximum output. Compaction time was found to be
the least significant factor in this experiment.

Main Effects Plot for Tensile Strength

Data Means

Pressure (MPa) Compaction time (h) Ink deposition (g per sq meter)

80

70

50

Mean of Tensile Strength (MPa)

0.3 0.6 0.9 0.5 1 2 892 223 24

It can be understood that pressure is the most influential factor. A
considerable improvement can be observed as the pressure level in-
creases in Fig. 7, showing the stress strain graphs for both tensile and
flexural testing. Set 2,4 and 9 were chosen for comparison since they
have the same parameter levels of compaction time and printed ink.

4. Discussion

The results indicate that the amount of pressure, compaction time,
and the areal density of ink printed on the substrate within the CFAM
process have a significant effect on the porosity content and carbon fibre
volume fraction of short CFRP composites. As the amount of pressure
and compaction time increases, the FVF of the samples also increases
due to the reduced porosity within the sample, improving the mechan-
ical properties. Flexural strength and stiffness were aligned with the
tensile properties.

4.1. Effect of pressure on porosity and mechanical properties

Pressure is the most significant factor affecting the final part prop-
erties with the minimum p-value compared to other factors. The hjghest
amount of pressure is preferred to improve both tensile and flexural
properties. Since the layers are more compact, the thickness of the part is
decreased, resulting in higher fibre volume fraction and lower porosity.

Main Effects Plot for Elastic Modulus
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Fig. 6. Main effects plots for tensile strength and elastic modulus.
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Fig. 8 shows the relation between porosity and tensile properties, as well
as the fibre volume fraction relationship. Each point represents a data set
from the experimental design. As porosity increases, the tensile strength
and elastic modulus of the parts decrease, presenting a strong correla-
tion. One of the main disadvantages of composite AM approach is the
void formation between the layers of the parts [44]. It was expected to
have a high amount of void formation in this process since it has many
factors which could result in the trapping of airinside of the thermo-
plastic powder and between layers. However, this study achieved 1.5 %
porosity on average for the CFAM process (Vf = 15 %) with the optimum
parameter levels due to the heat and pressure application.

4.2. Effect of ink areal density

It was observed that the areal density of ink printed per m? plays a
vital role in the volume of powder that can be attached on the substrate,
as a second significant factor after pressure. As the number of droplets
increases, the amount of powder that can be used as a binding agent
increases, resulting in a higher thickness of the final parts. This was
verified by weighing the amount of powder for each level of ink. It has
been found that 24, 223, 892 g/m2 ink can accommodate 41.6, 208.3
and 291.6 g of powder per m? respectively. However, increase in the
amount of binder due to higher number of droplets can also decrease the
fibre volume fraction since the volume of the final part increases, but the
number of carbon fibre fabric used in the reinforcement stays the same.
Therefore, finding the optimal ink volume is essential to maximise the

fibre volume fraction while providing a sufficient bonding between the
carbon fibre fabric layers. Fig. 9 represents the amount of ink deposited
per unit area (100 x 100 um) for each printing setting, which is calcu-
lated based on the droplet size, dot-spacing and the number of ink
droplets printed per unit area. It can be seen that low and medium
printing settings have discrete droplets, while the printing with highest
amount of ink per unit area creates overlapped droplets, therefore a
complete layer.

The optimum parameter level for the maximum tensile strength and
stiffness is 223 g/m? as this parameter level provides a strong fibre-
matrix adhesion than the 24 g/m? of ink and a higher FVF than the
892 g/m? of ink. Samples printed with a low amount of ink showed low
strength and stiffness despite the high fibre volume fraction due to the
delamination failure that occurred in the early stage of mechanical
testing. Fig. 10 shows the difference of failure between the samples
printed with a low and medium amount of ink.

On the other hand, the highest amount of ink exhibits the highest
amount of evaporation, since around 82.5 % of the ink is water. Non-
uniform evaporation of the ink is likely to cause a high porosity level,
as the amount of adhered powder is not distributed evenly.

Since HP Deskjet printer has two automated high-resolution printing
settings, it is not possible to adjust the dot-spacing in between the values
shown in Fig. 9b and c. JetLab IV printer can be used for this experiment,
however, it is not practical to print larger geometries with a single
nozzle, while the HP Deskjet printer has multiple nozzles that can print
faster. Additionally, the optimal amount of ink found in this study shown
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Fig. 9. Level of surface coverage for each printing setting; (a) 24 g/m? - JetLab IV, (b) 223 g/m? — HP Deskjet 600 DPI, (c) 892 g/m? — HP Deskjet 1200 DPI.
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Fig. 10. Tensile failures of samples; (a) 24 g/m? ink, (b) 223 g/m? ink (0.3 MPa pressure and 2 h of compaction time kept constant).

in Fig. 9b can cover the interfaces of different powder particles (56 ym),
which is sufficient to coat the whole surface of carbon fibre sheet with
uniformly distributed powder.

4.3. Comparison with state-of-the-art

In general the performance of AM composites is low compared to
traditional composite manufacturing [3,7]. High quality composites
using traditional methods typically have a porosity content lower than 1
%, AM composite manufacturing techniques need to be improved in
order to reach these densities. Reinforcing the polymers commonly used
in AM with fibres can improve the mechanical properties but can also
increase overall porosity within the component [45,46]. CFAM process
achieves low porosity content of 1.5 % with 15 % fibre volume content.
Compared with injection molding and LS of Nylon-12 parts with an
average of 25 MPa and 40 MPa UTS respectively [47], the addition of
fibres to the Nylon-12 in the CFAM process, increased the strength of the
parts up to 97 MPa. This shows that fibres are effectively reinforcing the
polymer matrix in CFAM process.

Fig. 11 shows the comparison of some of the reported mechanical
properties for AM composites according to a review on AM of compos-
ites by Werken et al., (2020) [3]. It can be seen that CFAM parts pro-
duced parts with higher stiffness and tensile strength than additively
manufactured discontinuous fibre composites but lower than continuous
fibre composites (Markforged).

5. Conclusions

The CFAM approach has demonstrated potential to form complex
discontinuous fibre reinforced polymer composites parts with a higher
strength, stiffness and density compared with state-of-the-art discon-
tinuous fibre AM techniques (97 MPa tensile strength, 8.9 GPa stiffness
and 1.5 % porosity). The technique may also offer the flexibility to
process a variety of fibres (e.g glass fabrics with varying mesh density)
and thermoplastic matrix materials (e.g. PEEK powder), further cus-
tomising composite performance. The optimization of compaction time,
ink areal density and pressure was shown to influence mechanical and

Post cured
100 Continuous fibre CF-thermoset.*
] FFF CFRP
CF/Nylon Hot isotatic
MarkOne pressing
o
CF/PLA
o Discontinuous fibre PY
o
(O] FFF Kevlar
Tn/ 10 MarkOne
2 b ]
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§ CF/PA12
PA12/Fibreglass  (University of Sheffield)
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Fig. 11. Comparison between CFAM and other AM composite techniques with
continuous and discontinuous fibre reinforcement [15,19,31,48-54].

microstructural properties of final CFAM parts. While compaction time
has the lowest impact, the areal density of ink plays an important role on
the amount of the polymer powder adhering to the substrate. It was
observed that a low amount of ink increases the chance of interlayer
delamination as there is no sufficient bonding between layers. However,
as the volume of ink increases, the fibre volume fraction decreases due to
a higher volume of matrix material. The use of elevated temperature and
pressure facilitated the complete melting of nylon powder between
layers, and reduced the component’s overall porosity, this was shown to
be the most significant factor affecting final part properties in terms of
strength, stiffness and microstructural properties.
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