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Abstract: Polylactic acid (PLA) bioplastic is a common material used in Fused
Deposition Modeling (FDM) 3D printing. It is biodegradable and environmentally
friendly biopolymer which made out of corn. However, it exhibits weak mechan-
ical properties which reduced its usability as a functional prototype in a real-world
application. In the present study, two PLA composites are created through coex-
truded with 3K carbon fibres and twisted Kevlar string (as core fibre) to form a
fibre reinforced parts (FRP). The mechanical strength of printed parts was exam-
ined using ASTM D638 standard with a strain rate of 1 mm/min. It has been
demonstrated that the FRPs coextruded with 3K carbon fibres had achieved sig-
nificant improvement in Young’s modulus (+180.6%, 9.205 GPa), ultimate tensile
strength (+175.3%, 103 MPa) and maximum tensile strain (+21.6%, 1.833%).
Although the Young’s modulus of Kevlar FRP was found to be similar to as com-
pared to unreinforced PLA (~3.29 GPa), it has gained significant increment in
terms of maximum tensile strain (+179.7%, 104.64 MPa), and maximum tensile
strain (+257%, 5.384%). Thus, this study revealed two unique composite materi-
als, in which the 3K carbon FRP can offer stiff and high strength structure while
Kevlar FRP offers similar strength but at a higher elasticity.
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1 Introduction

3D printing or additive manufacturing (AM) is a process that builds three-dimensional objects from
bottom-up by layering material on the build plate. AM is capable of fabricating a variety of products with
complex geometries that are often difficult to machine by using traditional manufacturing methods. In
addition, it is also able to reduce resources consumption during the manufacturing process and recover
the waste materials for recycling purposes [1]. Among the additive manufacturing technologies, fused
deposition modelling (FDM) is the most popular and extensively studied by researchers. This is mainly
because the method is relatively cheap and easier to construct and operate as compared to other processes
which required control environments such as binder jetting or stereolithography [2]. In FDM, the
thermoplastic filament is fed into a pinch roller mechanism to drive the filament into a heated block. Then
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the melted filament will be extruded through a nozzle and print layer-by-layer to form the printed object. The
printing process is slow, therefore compromise in resolution is required to gain a faster printing process.

Even though FDM seems to be promising in rapid prototyping and domestic use nowadays, but the
printed part cannot perform as functional parts. This is mainly due to the thermoplastic printed parts
(ABS, ASA, PC, PA 12, PC-ABS, PC-ISO, PPSF, ULTEM 9085, ULTEM1010 and etc.) are
mechanically weak, their tensile strength are commonly in a range of 30 MPa to 72 MPa [2]. As the
printed part is formed layer-by-layer, the material continuity only appears in direction inline with
the printing motion. This is resulting the strength and stiffness of printed part are strongly depending on
the Van der Waals bonding between layers and could weaken by the air gaps and voids that may form
during the printing process [3]. Therefore, there is an urgent need to improve the strength of FDM
products to unlock its possibility as a functional and load-bearing part [4,5].

CFRP is an alternative material to replace thermoplastic and metal due to its excellent mechanical
strength. There have been a small number of reports on the 3D print of fibre reinforced polymer
composites [6–11]. For example, Ferreira et al. [12] studied the mechanical characterization of 3D printed
PLA and PLA reinforced with short carbon fibres. They incorporated 15 wt% of short carbon fibres and
managed to obtain tensile modulus of 7.54 GPa and Tensile strength 53.4 MPa. This level of performance
remains low as compared to continuous fibre reinforced plastic (CFRP) materials. Similar observation
also reported in Blok et al. [13], whereby the authors observed that the strength and stiffness of the
printed short fibre-reinforced composite can increase only by around 65%, which is considerably low. On
the other hand, Li et al. [14] attained the tensile strength of continuous carbon-reinforced polylactic-acid
(PLA) with 80–91 MPa as compared to 28 MPa in unmodified printed PLA samples. While Heidari-
Rarani et al. [15] also reported the increased of tensile strength, which the continuous carbon-reinforced
PLA achieved 61.4 MPa as compared to 45 MPa in pure PLA. The impressive improvement in
mechanical strength of printed CFRP parts encouraged current research to further explore for others
variant of continuous fibre such 3K carbon fibre and twisted Kevlar in the printed PLA.

This study aims to design and develop a CFRP co-extruder with 3K carbon fibre/ twisted Kevlar as
core material and polylactic acid (PLA) as a matrix. Flow and thermal simulations were also involved to
evaluate the performance of co-extruder. Besides, CFRP parts were printed and tested to investigate the
influence of reinforced printed parts with 3K carbon fibre and twisted Kevlar towards the respective
mechanical parts strength.

2 Materials and Methods

2.1 Materials
In this study, a twisted Kevlar thread (Dupont USA) and 3K carbon fibre (Toray Carbon Fibers America,

Inc) (Fig. 1) were used to reinforced PLA matrix. Tab. 1 shows the mechanical properties of the fibre strings
obtained from tensile test based on ASTM D3822 [16–18]. The respective stress-strain curves of both fibres
are represented in Fig. 2. It is noticeable that 3K carbon fibre is having two times the breaking strength as
compared to twisted Kevlar string. On the other hand, twisted Kevlar string has 3.33 times the strain
elongation as compared to 3K carbon fibre string (Fig. 2). This is expected to lead to two distinctive
mechanical characteristics on the printed FRP. The FRP was printed with a width of 2 mm and a height
of 0.8 mm with both types of strings. The volume fraction of 3K carbon fibre and twisted Kevlar FRP
were 1.96% and 7.85%, respectively.

On the other hand, PLA is a bioplastic where it exhibits low glass transition temperature and weak
mechanical properties as indicated in Tab. 2. It behaves as a non-Newtonian fashion after glass transition
temperature. In terms of its rheology behaviour, the viscosity curve of PLA at an extrusion temperature of
170°C can be fitted to the power-law model as presented in Eq. (1) [7].
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Figure 1: Twisted Kevlar thread (left) and 3K Carbon Fibre (right)

Table 1: Technical data of Carbon Fibre and Twisted Kevlar based on experimental

Properties 3k Carbon Fibre Twisted Kevlar

Breaking strength (MPa) 3211 1402

Tensile modulus (GPa) 212.3 26.677

Strain (%) 1.5 5

Linear density (tex) 198 167

Thread/yarn diameter (mm) 0.2 0.40

Figure 2: Tensile test against Twisted Kevlar and 3K Carbon Fibre

Table 2: Properties of PLA filament

Properties PLA

Density, ρ (kg/m3) 1260

Young’s Modulus (GPa) 3.22

Poison’s Ratio 0.3

Ultimate Tensile Strength (MPa) 37

Glass transition temperature, Tg (°C) 60

Melting temperature, Tm (°C) 145–160
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g ¼ 241721c�0:7031 (1)

where, g is viscosity (Pa.s) and c is shear rate (s−1).

2.2 Design of the Coextruder Hotend
A conventional desktop fused deposition method 3D printer was employed in the study. A simple

modification was performed on the conventional hotend and the new design is shown in Fig. 3. A
stainless-steel tube was inserted into the heat block of the hotend with the used of 2 mm nozzle. Due to
the high viscosity of the melted PLA, the shear force generated can pull and drag the fibre towards the
outlet of the nozzle. This is verified with flow simulation using ANSYS Fluent. In the computational
fluid dynamic simulation, the PLA is model as a non-Newtonian fluid at the extruding temperature of
170°C with the use of the power-law model as stated in Eq. (1). The inlet velocity flow of the PLA is
defined correlated to the printing speed of 150 mm/min. Two contours were plotted on the symmetry
plane to show the pressure built up in the heated block and velocity of PLA flow at 170°C (Fig. 4).
Maximum pressure of 33.6 kPa was observed at Ø3mm inlet. Therefore, the driving force of 0.24 N can
be estimated as the required force by the extruder motor. This value is reasonable because the printing
speed was relatively slow (150 mm/min). On the other hand, velocity contour shows an even flow of
PLA at the outlet of the nozzle which enables the core fibre to be encapsulated into the PLA matrix.
Shear force near the outlet of the nozzle was recorded between 852 kPa to 947 kPa, which was
considered reasonably high to drag the fibre when printing. However, the only drawback of the design is
that the fibre cannot be fully encapsulated within the PLA to formed an in-fibre cored structured. The
fibre tends to stay at the top layer of the printed filament as indicated in Fig. 3. Nevertheless, this
imperfection would not significantly affect the mechanical strength of the FRP as the encapsulation of the
fibre could also be formed between the layers.

Figure 3: Design of co-extruder hotend
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2.3 Experiment Procedures
The specimens were printed by referring to ASTMD638 standard to determine their mechanical strength

with respect to their core reinforcement. These three groups are 3K carbon fibre reinforced PLA, Twisted
Kevlar-reinforced PLA and plain PLA; each group consists of 3 specimens. An ASTM D638 Type I
specimen as shown in Fig. 5 was employed in the tensile test. All FRP parts were printed with printing
parameters as shown in Tab. 3. For non-reinforced specimens, a different set of printing parameters was
used as a result of smaller nozzle size was employed due to the size of thermoplastic filament for printing
was only 1.75 mm. The tensile test of each specimen was carried out at a strain rate of 1 mm/min.

Figure 4: (a) Pressure contour, (b) velocity contour, and (c) Shear force contour at the wall

Figure 5: Dimension of ASTM D638 Type I specimen
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3 Results and Discussion

Each FRP specimens consists of 4 layers; each layer was printed with 4 concentric patterns. Despite that
co-extrusion was successful, a minor imperfection on the printed part due to the last layer of core fibre was
exposed rather than encapsulated by PLA matrix (Fig. 6) as explained in Section 2.2.

All data in tensile tests were summarised in Tab. 4 and Fig. 7. First of all, 3K carbon fibre, FRP specimens
were having average Young’s modulus and ultimate tensile strength of 9.2 GPa and 103 MPa, respectively. This
is equivalent to the respective improvement of 180.5% and 175.3% as compared to plain PLA specimens. As for
maximum tensile strain, only marginal decrement of 18% was observed in 3K carbon fibre FRP. Given the
volume fraction of 3K carbon fibre in printed FRP is only 1.96%, the mechanical strength of the 3D printed
part had been greatly improved. On the other hand, twisted Kevlar FRP specimens were able to achieve an
ultimate tensile strength of 104.64 MPa, Young’s modulus of 3.29 GPa and a maximum strain of 5.65%. The
equivalent improvement of each property as compared to plain PLA specimens was 179.7%, 0.3% and
152.7%, respectively. The relatively low tensile modulus and high maximum strain could be due to the
twisting effect of Kevlar fibre. A high twist multiplier can increase the maximum elongation of Kevlar yarn
while adversely affect the modulus of yarn [19]. Besides the improvement of strength, the addition of core
fibre also alters the overall shape of the stress-strain curve of the specimen. Plain PLA parts went through a
small amount of necking before fracture (Fig. 7). In contrast, both twisted Kevlar FRP and 3K carbon FRP
were fractured immediately after the ultimate tensile stress (UTS) because necking is impossible with the
addition of core fibre. Moreover, the stress-strain curve of carbon FRP parts has a slight decrease of Young’s
modulus before it reached the UTS, this could be due to the occurrence of matrix and fibre interface
debonding as reported in the previous study [9].

Table 3: Printing parameters for specimens

Parameters CFRP specimens Non-reinforced specimen

Print speed (mm/min) 150 1000

Infill (%) 100 100

Infill pattern Concentric Concentric

Layer height (mm) 0.8 0.2

Nozzle size (mm) 2 0.4

Printing temperature (˚C) 175 190

Figure 6: Microscope view of carbon fibre reinforced PLA (left) and Kevlar reinforced PLA (right)
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All plain PLA specimens were fractured within the gage length. However, all FRP specimens were
broken near clamp location rather than at the middle gage length of the specimen as shown in Fig. 8. The
cracks coincidentally happened with similar fashion whereby the started at the base PLA matrix. A
similar observation was also reported in the literature of Dickson et al. [20]. These regions (shoulder of
the dog bone) have the highest 3rd principal stresses (locations of highest compression). Therefore, failure
in this region could be attributed to the shear forces experienced by the offset fibre alignment [20].

To further investigate this phenomenon, a finite element analysis (FEA) was carried out to verify the
failure mode present in the test. A linear static analysis is modelled with the FRP specimen based on
material properties obtained in Tabs. 1 and 2. The fibre core was modelled as a beam element and with
bonded contact against the PLA matrix. A converged mesh size of 0.8 mm was applied to the model. The
setup of the modelling was resembling the tensile test machine boundary condition whereby one side of
the specimen was clamp (blue region—Fig. 9) and the remaining area was displaced (yellow region—
Fig. 9) until ultimate strain rate found in the experimental result (Tab. 4).

The simulated Von misses stress result for both 3K carbon fibre FRP (Fig. 10) and twisted Kevlar FRP
(Fig. 11) was plotted. It is noticeable that the stress was concentrated in the clamping location, where the
cracking could start at the edge of the clamping side. This is mainly due to that the clamp area is lag of
support by the in-core fibre as the Von misses stress of the string for both types of FRP was minimal as
illustrated in Figs. 10b and 11b.

Table 4: Tensile test result summary

Mechanical Properties PLA Twisted Kevlar-PLA 3K Carbon Fibre-PLA

Average Ultimate Tensile Strength (MPa) 37.41 ± 3.83 104.64 ± 1.27 (+179.7%) 103 ± 11.81 (+175.3%)

Average Breaking Strain (%) 2.236 ± 0.397 5.65 ± 3.2 (+152.7%) 1.833 ± 0.219 (−18%)

Average Elastic Modulus (GPa) 3.28 ± 0.18 3.29 ± 0.142 (0.3%) 9.2 ± 9.61 (180.5%)

Figure 7: Tensile stress-strain curve
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Figure 8: (a) Carbon fibre reinforced parts (left), (b) Kevlar reinforced parts

Figure 9: Specimen modelling boundary condition

Figure 10: FEA result of Von misses Stress of (a) PLA matrix and (b) 3K Carbon Fibre
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4 Conclusion

In this study, continuous fibre reinforced composite parts were produced by using FDM 3D printer with
a customized co-extruder hotend. The core fibre and thermoplastic filament were extruded simultaneously to
form the new composite material. Two new composites were printed in present work i.e., 3K carbon fibre
reinforced PLA and twisted Kevlar-reinforced PLA composite. Both composites were found to exhibit
improvement of tensile strength as compared to pure PLA printed part. Furthermore, with only 1.96%
volume fraction of 3K carbon fibre, the composite mechanical strength could reach +175.3% in ultimate
tensile strength and +180.5% in Young modulus. On the other hand, with a volume fraction of 7.85% for
twisted Kevlar FRP, the composite could achieve improvement of +179.7% in ultimate tensile strength of
PLA parts. Nevertheless, the minor drawback was observed such as breaking without necking. Overall,
the proposed method provides an alternative way of fabricating composite materials, this promising
technology shall be further explored to overcome the drawback of the method and improve the finishing
of the printed parts.
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