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Abstract: Precise control of filament parameters, including
material composition and printing orientation, enables the
alignment of carbon fibres (CFs) in a single orientation in
additive manufacturing processes. This study reveals that
printing in 0° orientation enhances both tribological and
mechanical properties in CF reinforced polylactic acid com-
posites. By fabricating in-house filaments with CFs, superior
flexural, impact, and tensile strength were achieved, with
improvements of ~75% compared to conventional filaments.
Findings also reveal that 0° orientation improves the printed
layups in terms of interfacial bonding and adhesion within
the layup sequence. It highlights the precise adjustment para-
meter in polymer composite filament with fibre filler, opening
possibilities for advanced structures with integrated program-
mable functionalities in 4D printing applications.
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1 Introduction

Controlling the orientation during additive manufacturing
is critical for tailoring the mechanical properties of a mate-
rial. Prior studies have highlighted that aligned fibres
within printed composites enhance loading capacity and
reduce failures such as warping and poor interlayer adhe-
sion (1). This alignment leverages the anisotropic beha-
viour of fibres, allowing for mechanical properties to be
enhanced for specific applications (2). Conversely, studies
using fused filament fabrication (FFF) indicate that ortho-
gonal printing orientations (e.g., ZXY) can improve fracture
toughness, achieving values as high as 1.97 MPam ™2, despite
weak inter-filament bonding due to misaligned fibres (3).
However, orthogonal orientations may adversely impact wear
resistance, with observed wear rate increases of 25-34% com-
pared to perpendicular printing directions (4). Furthermore,
fibre distribution and alignment significantly influence tribolo-
gical performance, with severe fibre breakage contributing to
higher wear rates in perpendicular orientations (5-7). Wear
resistance is particularly crucial for applications involving
moving such as robotic joints and automotive components,
which demand materials to endure friction and mechanical
stress without significant wear.

Fibre orientation, referring to the arrangement of long
segments with a high length-to-diameter ratio, plays a
pivotal role in dictating the properties of composite struc-
tures. While it is acknowledged that fibres within a poly-
lactic acid (PLA) matrix may exhibit random orientation
due to limitations in compound mixing, precise control of
filament parameters, such as extrusion speed and layer thick-
ness, can align carbon fibres (CFs) longitudinally during fab-
rication (8). Evidence reveals that fibres are predominantly
oriented along the filament axis when parameters are opti-
mized (9). Surface roughness suggests unevenness due to
fibre segments; this may stem from the interaction of fibre
length and filament diameter during extrusion (10). These
findings align with the assertion that carefully controlled
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extrusion processes reduce defects and enable consistent
fibre orientation.

Apart from printing and fibre orientation, the materials
themselves play a pivotal role in determining mechanical per-
formance and suitability for specific applications. PLA, a bio-
degradable thermoplastic polymer derived from renewable
resources, was selected for this study due to its compatibility
with additive manufacturing processes (11). Commercially
available PLA was evaluated against the synthetic polymer
polyamide (PA), focusing on their mechanical properties
when applied to additive manufacturing using FFF. While ther-
moplastic materials mainly exhibit similar mechanical perfor-
mance, it is important to note that PA offers higher strength
and heat resistance. However, PLA is easier to process, making
it more suitable for additive manufacturing. A recent study on
the additive manufacturing of PLA demonstrated its excellent
mechanical performance, with tensile strength ranging from
26 to 33MPa as the nozzle temperature increased to 230°C
(11). These results indicate that PLA exhibits excellent fixity
while maintaining its mechanical strength at an optimal level,
making it suitable for 4D printing and shape memory polymer
technology (12). Thus, to enhance performance and mechanical
strength, additive fillers such as CF are commonly incorporated
into the PLA matrix, which is applied in applications requiring
high precision and durability, such as robotics. Notably, this
study emphasizes PLA reinforced with CF due to its potential in
4D printing applications, where the material’s shape memory
properties and low stretchability are crucial (13). This high-
lights the need for advanced materials capable of maintaining
structural integrity while meeting functional demands.

PLA/CF composites have been widely studied and are
commercially available from brands such as Flashforge 3D
Technology (14), Stampa3DSud (15), Ultimaker (16,17), and
others. However, commercial filaments often demonstrate
limitations on the mechanical performance due to limited
variations in material formulations. For example, studies
with 15 wt% CF compositions have reported average tensile
strengths for PLA reinforced with CF ranging from 14 to
22 MPa (17). Additionally, pure PLA filaments of different col-
ours exhibit variability in tensile strength, with black PLA
demonstrating the highest strength (34 MPa) and green PLA
the lowest (28 MPa) (15). Such findings highlight the limitations
of commercial filaments, where additives like talc are either
absent or not homogeneously distributed in the polymer for-
mulations, adversely affecting filament performance.

Based on these findings, it is evident that custom-made
filaments play a critical role in achieving optimal mechanical
performance in 3D-printed parts, particularly when combined
with high-quality printing parameters. Additionally, integrating
additive manufacturing with multi-physics finite-element ana-
lysis has proven to significantly enhance the fabrication of
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advanced multi-materials for diverse applications, including bio-
logical piezoelectrics, sensor devices, and concrete structures
(6,1819). Furthermore, precise control of the printing layup
sequences has been shown to improve material stiffness and
strength. However, existing research on printed composite sam-
ples using the FFF technique highlights a notable limitation in
which the toughness of materials printed in the 90° direction
tends to deteriorate compared to those printed in diagonal orien-
tations (20). This is attributed to internal fibre loading, which
often results in the reorientation of fibres toward the loading
direction. Such reorientation increases elongation and induces
more ductile behaviour.

Therefore, improved understanding of the surface char-
acteristics of printed samples is critical, as both micro and
macro defects can compromise adhesion within the layup
and degrade mechanical performance. Enhancing mechanical
performance in printed polymeric composites can be achieved
through controlled thermal processing. For instance, introdu-
cing heat during fabrication has been shown to minimize
voids and improve interlayer adhesion (21). Studies on con-
ventional nylon-6 (polyamide) materials demonstrated that
temperature increments enhance tensile strength by up to
45%, as moisture content is effectively reduced (22). However,
an alternative study highlighted that excessively high printing
temperatures could lead to an increase in porosity (up to 39%),
which adversely affects stiffness, strength, and elongation at
break (23). These findings highlight the importance of under-
standing balanced temperature parameters to enhance per-
formance, especially when fabricating own filament.

Conventional filaments have been extensively studied;
however, their customization potential to enhance mechanical
performance remains limited. Unlike commercial filaments,
in-house fabricated filaments enable tailored properties, pro-
viding greater control over mechanical and printing para-
meters. Research into conventional filaments has explored
lattice structures and their integration into 4D printing tech-
nologies (24). For instance, studies using conventional filament
by Markforged, United States, successfully printed and ana-
lysed hexagonal frame parts, emphasizing complexity over
lattice and grid structures (25). Despite these advances, only
a few studies focus on in-house fabricated filaments, which
suggest that customized filaments offer superior mechanical
control, particularly in lattice structures. By fabricating fila-
ments with controlled fibre orientations, it becomes possible
to enhance interfacial bonding and mechanical properties. In
this study, a comprehensive approach is adopted to produce
novel in-house PLA/CF filaments by combining reinforcement
through varying CF compositions, printing parameters, and
precise print orientation control. The filaments were produced
using a controlled extrusion process, ensuring consistent fibre
alignment and minimizing defects like voids or delamination.
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These custom-made filaments exhibit enhanced tribological
and mechanical properties, outperforming commercial coun-
terparts. This study evaluates these properties through surface
characterizations, friction and wear analysis, and mechanical
testing under various temperature conditions, aiming to
address the limitations of conventional filaments and expand
their application potential.

2 Materials and methodology

2.1 Materials

The samples for this study were printed using a Funmat
High Temperature (HT) printer, with the filament prepared
to a diameter of 1.75 mm. The filament was fabricated using
compound materials consisting of PA grade PA2200 and
PLA that served as the matrix polymer. Both polymers,
with densities of 0.45g-cm™ for PA and 1.24 g-cm™ for
PLA, were supplied from Sigma Aldrich Sdn. Bhd. To
enhance the mechanical and tribological properties, the
PLA matrix was mixed with CF (grade CFP-7-50) supplied
by Shenzhen Yataida High-Tech. Co. Ltd. (Shenzhen,
China). This mixing was conducted using an IKA mixer
propeller stirrer (model RW20 WERK) at a controlled speed
of 300-500 rpm for 5min. Although fibres with a high
aspect ratio may experience breakage and shortening
during this process, the controlled stirrer speed ensured
homogeneity while minimizing fibre breakage, resulting in
acceptable fibre lengths ranging from 200 to 300 um with

(d)
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no temperature exposed. The CF, with an average diameter
of 9 um, an aspect ratio of 43, and a density of 1.75 g-cm >,
was used in this study (11,13). The conventional filament
used for comparison was the PolyLite PLA brand by Poly-
maker, purchased from Pebblereka Sdn. Bhd.

2.2 Sample preparations

The compound materials were prepared with CF composi-
tions of 5, 9, and 12 wt% to analyse the effects of CF content
on wear resistance and mechanical strength compared to
pure PA and PLA. Before processing, all materials were dried
in a vacuum oven (Thermo VY 6060M) at 70°C for 5h to
eliminate moisture, which could otherwise lead to voids
and failure during filament production due to entrapped
bubbles (26,27). This drying process significantly improves
filament quality. The dried compound materials were fed
into a 3Devo Filament Maker (450 series) set to an extrusion
speed of 3.6rpm and subjected to varying temperatures
across four heating zones (170°C, 190°C, 180°C, and 110°C).
These temperatures were optimized to ensure uniform
cooling and solidification of the filament, maintaining a con-
sistent diameter of 1.75 mm, as shown in Figure la—c. Note
that the CF is extruded through the filament maker nozzle,
aligning into specific orientations as it becomes surrounded
by melted PLA resin. The detailed process of achieving spe-
cific orientations during printing is depicted in Figure 1d. The
filament was either immediately used for printing or dried
again for a minimum of 5 h if printing was delayed. Samples
were printed using a Funmat HT printer employing the FFF

Extruded materials -
Filament making process

U-turn
motion

1.75 mm

90° 0° 45°
Printing direction

Figure 1: (a) Visual representation of filament preparations using 3Devo filament maker, (b) Prepared in-house PLA/CF filament, (c) PLA in-house
filament, and (d) illustrations on printing process to obtain specific orientations.
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technique. The printer settings included a nozzle tempera-
ture of 230°C, a bed temperature range of 90-110°C, a print
speed of 50 mm-s ™" and a layer height variation between 0.1
and 0.3 mm. The bed temperature varies depending on the
room temperature conditions in order to avoid warping
issues. The prepared filaments were categorized into two
types: conventional filaments (commercially available Poly-
Lite PLA from Polymaker) and customized filaments pro-
duced in-house.

2.3 Characterisations of PLA, PA, and PLA/CF
printed samples

The rheological behaviour of the compound materials was
analysed using a rheology machine (Shimadzu CFT-500EX) to
evaluate the flow properties that are critical during additive
manufacturing. Data were recorded using CFT-500EX soft-
ware at a set temperature of 200°C and a constant load of
40 N. Thermal and dynamic properties were analysed using a
Mettler Toledo machine. Thermogravimetric (TG) analysis
and differential scanning calorimetry were conducted in a
nitrogen environment set between 30°C and 900°C, with a
heating rate of 20°C'min ", adhering to ASTM E1131-98 stan-
dards (28).

Wear analysis was performed using a pin-on-disk
apparatus in accordance with ASTM G99-95a to evaluate
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the tribological performance of PLA and PLA/CF printed
samples. The samples were cylindrical with a diameter of
8 mm and a height of 15 mm, and flat ends were pressed
onto a rotating flat circular disk made from stainless steel
as shown in Figure 2b. Sliding speeds of 0.4, 0.8, and
12m-s™ were tested for a total sliding distance of
1,000 m. The frictional tests were conducted at a load of
100 N, and the frictional behaviour was monitored using a
rotary torque sensor, with data acquisition via an IMC A/D
data logger. The frictional force was calculated by dividing
the recorded torque values by the effective radius of the
disk (77mm). To ensure consistency and reliability, each
test condition was repeated five times under identical
parameters and standards. Previous studies indicate that
excessive frictional heat generated at higher sliding speeds
can lead to deformation of polymer surfaces (29). This
deformation affects the wear performance by altering the
surface topology and inducing microstructural changes.
The photoluminescence (PL) properties of the samples
were investigated using a PL spectrometer (Edinburgh
Instrument, model FLS920) with an excitation wavelength
range of 350—-680 nm and a slit width of 5.0 nm. The surface
characteristics of the wear samples were analysed using
atomic force microscopy (AFM, model NX-10, Park
Systems). AFM measurements were conducted at a reso-
nant frequency of 10.5 kHz using scanning electron micro-
scopy. The topological behaviour of the printed samples,
oriented in various directions, was evaluated at room tem-
perature. A small scan area of 15 pm was selected for

Figure 2: (a) Example of the printed PLA/CF sample impact test and enlarged microscopic images of PLA and PLA/CF samples of its cross-sectional
area and (b) PLA/CF samples following ASTM G99-95a for pin-on-disk testing.
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detailed surface roughness analysis, aligning with recom-
mendations from a prior study (30). Additionally, field
emission scanning electron microscopy (model Merlin,
Zeiss) was utilized to study the topology and morphological
characteristics of the samples prepared for mechanical
testing.

To evaluate the mechanical performance of the struc-
tural materials, a comprehensive series of tests including
tensile, flexural, compression, and impact tests was per-
formed using a universal testing machine (UTM, Instron
5567, 30 kN). For tensile testing (ASTM D638-99), the cross-
head speed was set at 5mm-min~’ with tests conducted
across a temperature range of 30-200°C. Similarly, the flex-
ural test (ASTM D790) employed a speed of 1 mm-min " and
a support span of 72 mm. Compression tests (ASTM D3410)
were carried out at environment temperatures from 30°C
to 120°C. Impact testing followed ASTM D256-19 standards
using an Izod pendulum with an energy value of 50 ] under
room temperature conditions. The prepared samples are
illustrated in Figure 2a. The densification of PLA/CF com-
posites was assessed in accordance with ASTM D792, uti-
lizing standard level balance, specifically the Mettler
Toledo ME-T analytical balance, and distilled water with
a density of 0.998 g.cm™. As shown in the micrograph
images of Figure 2a, the prepared filament, extruded by
the filament maker, has been successfully fabricated
without any fibre pull-out or exposure on the filament sur-
face. This is crucial for improving the adhesion bonding
between printed layers, as reflected in the mechanical
properties data reported in this study.
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3 Results and discussion

3.1 Thermogravimetric and rheological
analysis

PLA and PA exhibit viscoelastic behaviour that signifi-
cantly affects the processability of filament fabrication
and the printability of manufactured parts (31). Rheological
analysis is therefore essential in evaluating polymeric com-
posites, and PLA/CF was analysed at varying material com-
positions as shown in Figure 3a. Shear rates influence the
dynamics within the print nozzle. The reported data of
PLA/CF composites demonstrated pseudoplastic behaviour
with viscosity decreasing as the shear rate increased. Higher
filler compositions, specifically 9 and 12wt%, exhibited
greater viscosity and shear rate compared to 5 wt%. However,
the 9wt% composition exhibited enhanced shear thinning
behaviour compared to 12 wt% due to a poor network struc-
ture within the compound composites. This observation is
attributed to weaker interfacial bonding within the polymeric
particles caused by higher filler compositions (32), which was
evident in the smoother surface finish of PLA compared to
PLA/CF as can be seen in Figure 2a. Additionally, the critical
shear rate for the onset of shear thinning differed signifi-
cantly by a factor of 6 between 5 and 9 wt% compositions.
To further substantiate these findings, the shear thinning
behaviour was modelled using the Carreau-Yasuda equation
(Eq. 1) and the power-law model (Eq. 2):
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Figure 3: (a) Rheological analysis of PLA-reinforced CF at various compositions of 5,9, and 12 wt%; (b) TG analysis of PLA, PA (as reference materials),

and PLA-reinforced CF.
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The Carreau-Yasuda model quantified critical rheolo-
gical parameters, where A is the natural time, n is the
power-law index, 1, is the infinite-shear-rate viscosity, 7,
is the zero-shear rate viscosity, y is the critical shear rate,
and K is the consistency index. These parameters are
essential for understanding the shear-thinning behaviour
and transitioning between Newtonian and non-Newtonian
states in composite materials. Prior studies on polymeric
additive manufacturing and PLA filament making high-
lighted that the Newtonian plateau is controlled using the
power-law region in the Carreau-Yasuda model, and it is
used to determine viscosity curves through rheometric
measurements (31). The critical shear rate (y,,) determined
by the Carreau-Yasuda model reveals the onset of shear-
thinning behaviour, while the critical shear stress (z)
denotes the transition from Newtonian to non-Newtonian
behaviour, as presented in Table 1. A notable observation
in this study was the influence of CF composition on rheo-
logical properties. Specifically, the 5wt% composition
exhibited the lowest zero-shear viscosity, with an 85%
increase in viscosity, demonstrating a clear trend in
Figure 3a. The addition of 9wt% CF resulted in a more
pronounced shear-thinning behaviour, attributed to the
destabilization of the network structure within the compo-
site. Changes in flow behaviour at 9 wt% also transitioned
from Newtonian to non-Newtonian states due to increased
filler content and attributed to the presence of macromo-
lecules with varying molar masses (33).

The TG analysis profiles of pure PA, PLA, in-house PLA,
and PLA-reinforced CF are illustrated in Figure 3b. The
nonisothermal behaviour of all materials exhibited a gra-
dual weight loss decrement, starting at 295°C for PLA

Table 1: Rheological parameters of the Carreau-Yasuda model for
PLA/CF

wt%  ny(Pas) T (Pa) N () A Yer

5 45 0.018 0.000154 2,500  0.0004
9 300 0.06 0.9848 5000  0.0002
12 110 0.063 0.00519 1,750 0.00057

Table 2: Coefficient of friction of in-house polymeric composites
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materials, while PA materials exhibited a decrease begin-
ning at 120°C. The weight loss at high temperatures is pri-
marily attributed to intensive combustion and oxygen che-
misorption, which forms surface oxygen-containing
complexes (34). Notably, Figure 3b reveals that PLA/CF
retained a significantly higher residual weight (approxi-
mately 40%) compared to pure polymer material, attrib-
uted to the introduction of CF reinforcement. However,
excessive fibre content can diminish material stability
due to weaker interfacial bonding (35). It is also note-
worthy that the inclusion of PA materials provided a refer-
ence for thermal behaviour compared with PLA and PLA/
CF. Although TG analysis data for PA materials were lim-
ited due to insignificant flexural test results, the compar-
ison is valuable for context.

3.2 Wear and friction analysis of in-house
prepared filament

The friction coefficient of PLA and PLA/CF composites was
investigated, as summarised in Table 2. It was observed
that the friction coefficient initially increased with sliding
speed, reaching a peak at 0.8 mm-s™, before decreasing at
1.2mm-s™. This reduction is attributed to the rise in inter-
face temperature due to increased contact pressure, which
softened the polymeric composite surface area specifically
for PLA 45°, PLA 90°, PLA CF 0°, and PLA CF 90°. Conse-
quently, the softened surface area reduced the shear forces
required to break adhesion bonds within printed samples,
thereby lowering the friction coefficient. Similar trends
were observed in studies on printed PLA polymers by
Zhiani Hervan et al. (29). However, a contrasting phenom-
enon was noted where an increase in sliding speed from
0.4 to 0.8 mm-s " led to higher friction coefficients. This was
due to layer deformation under increased contact pres-
sure, caused by the compression of the sample layer’s
thickness, resulting in greater resistance to sliding.

Data from Table 2 indicate that the friction coefficient
for PLA/CF printed at a 45° orientation increases steadily
with higher sliding speeds. This increase is attributed to

Sliding speed (mm-s™) PLA 0° PLA 45° PLA 90° PLA CF 0° PLA CF 45° PLA CF 90°
0.4 0.273 £ 0.1 0.216 £ 0.09 0.265 = 0.12 0.332 £ 0.05 0.317 + 0.06 0.276 + 0.01
0.8 0.202 + 0.007 0.355 + 0.02 0.374 £ 0.03 0.419 = 0.06 0.393 + 0.07 0.354 + 0.06
1.2 0.295 + 0.08 0.161 + 0.03 0.324 + 0.04 0.361+ 0.09 0.397 £ 0.08 0.313 + 0.06
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the presence of CF within the composite, which disrupts
the layer cohesion by causing fibre pull-out at the edges of
printed parts. Loads applied perpendicular to the 45°
printing direction worsen these tribological issues due to
uneven load transfer across the layers. This indicates that
layers printed at a 45° orientation lack sufficient load-
bearing support, leading to non-uniform stress distribution
and increased wear evenly (36). Similar deformation
trends were observed in continuous fibre-reinforced com-
posites, where energy absorption shifted from folding
deformation to bending deformation before failure (37).
Interestingly, PLA printed at a 45° orientation exhibits a
lower friction coefficient compared to PLA/CF at the same
orientation, as the absence of CF avoids interfacial disrup-
tions. While the addition of fillers like CF generally
improves mechanical performance, its effectiveness
strongly depends on the printing orientation. For PLA
printed at 0°, there is an early instability during the run-
ning-in phase, which is caused by the irregular surface
contact with the stainless-steel disk, resulting in inconsis-
tent performance. This stage, characterized by uneven sur-
face conditions, has been identified in tribological studies
as the running-in phase, followed by fluctuation and stable
friction phases (38). At higher sliding speeds (from 0.8 to
1.2 mm-s ™), the friction coefficient increased significantly,
likely due to heightened frictional forces and shear
stresses. These observations emphasize the critical role of
controlled fibre alignment and surface uniformity in
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improving wear resistance and overall performance for
different printing orientations.

Figure 4a and b illustrate the impact of printing orien-
tation on wear behaviour, with the 45° orientation showing
moderate rates of height and weight loss under both mod-
erate and high sliding speeds. The orientation angles were
aligned with the printing direction of the CF, classified as
0°, 45° and 90°, as depicted in Figure 4c. Samples subjected
to higher sliding speeds experienced a stick-slip phenom-
enon that contributed to reduced wear (38). Tribological
testing revealed significant differences between the 0° and
90° orientations, where PLA/CF at 90° exhibited greater
wear, evidenced by the highest weight and height loss of
about 0.19 g and 5.5 mm, respectively. The 3D-printed PLA/
CF samples, incorporating high-aspect-ratio fibres, exhib-
ited an uneven surface due to fibre pull-out. This phenom-
enon contributed to increased wear rates in the composite
samples, as evidenced by Figure 4b, which highlights
greater weight loss in composite conditions compared to
pure PLA. However, the tribological effects, as captured
through optical imaging, revealed reduced wear for PLA/
CF composites at lower sliding speeds (0.4 and 0.8 m's™)
compared to pure PLA, as illustrated in Figure 5. When
comparing pure PLA, it experienced greater wear at 0°
compared to 90° at higher sliding speeds (1.2 m's ™), likely
due to increased contact pressures causing material defor-
mation and softening as the temperature increased (7).
This thermal softening led to adhesion and transfer film
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Figure 4: Tribological analysis of in-house PLA and PLA/CF through (a) height loss, (b) weight loss analysis, and (c) illustrations of tribological analysis
and their actual printing samples with a yellow line indicating the printing orientation.
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formation, which dominated the wear mechanism rather
than the abrasion phenomenon. Controlling printing orien-
tation, particularly at 0°, improved stress distribution and
enhanced material performance relative to other printing
orientations. Despite experiencing height and weight loss
due to frictional heat, samples printed at 0° demonstrated
favourable friction coefficients, as presented in Table 2.
These findings provide critical insights into the tribological
performance of in-house fabricated filaments, particularly
for applications in 4D printing technologies that involve
various deformations.

The findings in Figure 5 were supported by micro-
graph images and EDX mapping in Figure 6, which reveal
the effects of sliding speeds on wear performance. At a
higher sliding speed of 1.2m-s™, fibre pull-out in PLA/CF
samples results in voids within the printed layup, leading

PLA Odeg

PLA CF Odeg PLA 45deg

PLA Odeg —0.4m/s PLA Odeg — 0.8m/s

2

PLA Odeg — 1.2m/s

PLA CF 45deg

PLA/CF Odeg —0.4m/s PLA/CF 0deg—0.8m/s PLA/CF Odeg — 1.2m/s
—— . .
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to reduced mechanical performance and an increase in the
coefficient of friction. This can be attributed to the lower Sq
value of surface roughness, which was recorded at 0.049
for PLA/CF at higher speeds compared to pure PLA under
similar conditions, which can be seen in Table 3. EDX map-
ping demonstrated that the fibres were homogeneously
even and distributed throughout the in-house fabricated
filament, ensuring consistent properties. However, it was
observed that fibre at higher loading caused a bumpy,
rough structure, especially as the fibre became nearer
the wall surface (11). At a lower speed of 0.4m's ", PLA/
CF samples printed at 0° exhibited rougher surfaces (Sq =
0.2215), while in-house pure PLA samples showed smoother
surfaces (Sq = 0.0628). Although layer gaps in printed
layups observed in EDX mappings suggested potential dela-
mination and warping during cooling, the ability to align

PLA90deg |

~ PLACF 90deg

: ] -

Figure 5: Overview of the wear samples through the optical images depending on the wear ability of the materials at different sliding speeds of 0.4,

0.8,and 1.2m=s™".
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and orient fibre within the filament in a single direction
during printing was validated, as shown in Figure 6. For
both PLA and PLA/CF at 0° orientation, the elemental map-
pings reveal no significance differences, indicating even
distribution of CF within the PLA matrix. These findings
provide crucial insights into ensuring consistent mechan-
ical properties and wear resistance in additively manufac-
tured composites, which can be further analysed.

3.3 Surface roughness analysis of printed in-
house filament

To understand the impact of different orientation angles
on the behaviour of printed layers, PL analysis was

PLA (0deg)
0.4m/s 8

CKal 2
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conducted, as illustrated in Figure 7a and b. The 0° orienta-
tion exhibited superior PL behaviour with higher intensity
compared to 45° and 90° orientations for both pure PLA
and PLA/CF materials. Specifically, the PL intensity for
pure PLA at a wavelength of 425nm is 6,119, whereas
PLA/CF recorded a reduced intensity of 5,310, attributed
to the addition of CF. This indicates that aggregation-
induced emission phenomena can lead to brittleness in
PLA composite samples (39). The dense structure of PLA/
CF has been identified as a factor causing lower light
energy absorption and emission during PL testing, which
contributes to its lower intensity (40). Table 4 shows the
density data of printed filament at various thicknesses,
supported by data obtained by PL properties. It shows
that the layer thickness influenced the PL wavelength,
with PLA/CF showing an increase up to 435 nm compared

O Ka1

PLA/CF (0deg)

Figure 6: Micrograph images of in-house PLA and PLA/CF at 0° for different sliding speeds as well as their EDX mapping. The arrow indicates the

direction of fibre within the filament.
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Table 3: Surface roughness of PLA and PLA/CF samples for different printing orientations and sliding speeds

FFF printed Sq Sp Sv Sz Sa
sample pm pm pm pm pm
Root mean square Maximum peak Maximum pit height Maximum height Arithmetical mean height
height height
PLA 0° 0.4 m-s 0.0628 0.2756 0.2016 0.4771 0.0491
PLA 0° 0.8 m-s” 0.2282 1.6107 0.6355 2.2461 0.1816
PLA 0°1.2ms™ 0.1999 0.6088 0.6242 1.233 0.156
PLACF0°0.4m=s' 0.2215 0.9707 0.8288 1.7995 0.176
PLACF0°0.8m's' 0.0957 0.36 0.5035 0.8634 0.0755
PLACF0°1.2m's' 0.049 0.1642 0.5443 0.7085 0.0343
PLA90° 0.4m's™"  0.1685 0.5647 0.4535 1.0182 0.1358
PLA90° 0.8m's”  0.0864 0.3121 0.4203 0.7324 0.067
PLA 90° 1.2 m-s" 0.0732 0.704 0.2731 0.5435 0.0571
PLA CF 90° 0.0852 0.2768 0.2347 0.5115 0.0673
0.4ms™
PLA CF 90° 0.1366 0.818 0.4975 1.3155 0.0969
0.8m-s™
PLA CF 90° 0.242 1.6147 1.6529 3.2677 0.133
12ms

to 424 nm for pure PLA, due to increased density. Figure 7b
highlights that tribological properties affected the PL beha-
viour, where samples at the lowest speed (0° orientation)
demonstrated bright UV light irradiation (435nm), sug-
gesting enhanced mechanical performance of layered
composites. The PL data support tribological and mechan-
ical property observations, affirming that orientation
during printing significantly influences printed sample
performance.

The topological AFM images of PLA and PLA/CF are
depicted in Figure 7c, showing no major differences in sur-
face features between the two materials under various
sliding speeds. However, Table 3 illustrates that surface
roughness for both materials deteriorated as the sliding
speed increased for the 0° printing orientation. For PLA
(0°) samples, Sq data decreased by approximately 12% as
the sliding speed increased from 0.8 to 1.2 m's™, likely due
to heat generation that softened the PLA surface, as shown
in Figure 4c. Table 3 also highlights that PLA/CF composites
printed at 90° had lower Sq and Sa values compared to
those printed at 0°, indicating that there is more fibre
breakage during sliding at 0° samples, which hardening
and enhanced interbonding, resulting in a rougher surface
than at 90°. Interestingly, PLA demonstrated a rougher
surface structure than PLA/CF, contradicting typical expec-
tations, as fibre addition often leads to a rougher composite
surface due to fibre breakage at the printing layup edges.
However, this study successfully fabricated in-house fila-
ment with excellent surface roughness characteristics,
achieving a 58% improvement for the 0° orientation. This

improvement was attributed to controlling the fibre align-
ment during filament fabrication, which enabled better
bonding within printed layups and allowed the polymer
matrix to coat the fibres effectively during extruding. Con-
sequently, the filament was smoothly printed into samples
with minimum surface roughness values between 0.049
and 0.0957 um, which were lower than those of PLA/CF at
90°. The higher surface roughness at 90° was due to the
perpendicular fibre orientation relative to the applied
load, which increased breakage and roughness.

3.4 Mechanical performance of printed
samples at 0° orientation

Earlier results demonstrate that 0° printing orientation
significantly enhances the tribological performance in
printed samples. Therefore, a detailed analysis was con-
ducted to evaluate the mechanical performance of the
sample, as presented in Figures 8 and 9, by using PA as a
reference sample. It was observed that the samples in the
flexural test experienced a drastic reduction in perfor-
mance at elevated temperatures (>30°C), as shown in
Figure 8a. This reduction was attributed to the softening
of the polymer matrix at higher temperatures, leading to a
nearly complete (~100%) loss of mechanical strength. Addi-
tionally, Figure 8b illustrates that at 30°C, PLA in-house
samples ruptured primarily due to fibre buckling, while
at 55°C and 80°C, the samples elongated more before
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Figure 7: Emission spectra of filament prepared at 0°, 45°, and 90° for (a) PLA and (b) PLA/CF under different sliding speeds of 0.4, 0.8, and 1.2 m-s™%
3D topographical AFM image of (c) PLA and PLA/CF at various sliding speeds and printing orientations.

Table 4: Printed filament density at different layer heights

Samples Layer height (mm) Density (g-cm~)
PLA 0.1 1.172 £ 0.010

0.2 1.155 £ 0.008

0.3 1.142 £ 0.007

0.1 1.342 £ 0.008
PLA/CF 0.2 1.325 + 0.011

0.3 1.292 + 0.009

failure, highlighting the effect of temperature on deforma-
tion behaviour. Despite this limitation at higher tempera-
tures, the flexural strength in Figure 8a indicated an
improvement of up to 34% when comparing in-house

fabricated PLA to conventional PLA. The in-house filament
fabrication and printed sample process involves a con-
trolled extrusion speed of 3.6 rpm and distinct temperature
profiles of 170°C, 190°C, 180°C, and 110°C across four
heating zones, ensuring precise fibre alignment and
improved interfacial bonding. This led to a ~138% enhance-
ment in flexural modulus based on Figures 8a-1 compared
to conventional PLA. Additionally, the mechanical perfor-
mance of the samples could not be accurately assessed at
temperatures exceeding 40°C due to challenges in main-
taining their structural integrity during testing. Conse-
quently, the data were primarily obtained at room
temperature, as testing beyond 40°C was constrained by
these limitations. The performance decreased with
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temperatures (30°C, 55°C, and 90°C), (b) impact test results of PLA, PLA in-house and PLA/CF at different layer heights during printing, (b-1)
micrograph images of PLA in-house at various layer heights, and (c) tensile strength results of PLA in-house and PLA/CF composites.
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increasing temperature due to polymer softening, which
induced slipping during the testing process (32). In addi-
tion, the mechanical strength can be further enhanced
through post-processing techniques, including heat treat-
ment or drying (41).

Figure 8a and a-1 illustrate the comparative mechan-
ical performance of PLA/CF composites, conventional PLA,
and in-house PLA at various environmental temperature
conditions. The in-house PLA showed a significant
improvement of approximately 62% in flexural strength
compared to PLA/CF composites, while conventional PLA
achieved a 50% improvement. Similarly, the flexural mod-
ulus demonstrated an improvement of 22% for conven-
tional PLA and an impressive ~177% for in-house PLA
compared to PLA/CF composites, as shown in Figures 8a-1.
These results highlight the superior bonding between the
dispersion materials achieved in the in-house fabrication
process. It has been established that the addition of fillers,
such as short glass fibres, does not directly enhance the
mechanical strength of composites (42). Conversely, excess
fibre content, as noted in PLA/CF composites, resulted in
decreased interlaminar bonding, thereby reducing compo-
site strength (43). Figure 8c emphasizes the microstructural
differences between PLA and in-house PLA. Figure 8c-1 and
c-2 shows reduced void formation in in-house PLA, which
indicates better layup during printing. In contrast, conven-
tional PLA exhibited noticeable voids and inconsistencies in
the layup sequence, which can weaken the material under
applied loads. Furthermore, the interface between printed
layers critically influences the macroscopic response of com-
posites under load. The controlled printing orientation of in-
house PLA effectively enhanced anisotropy and strengthened
interlayer interfaces, contributing to the observed improve-
ment in mechanical performance (44).

The compression test results are presented in Figure
9a and a-1, highlighting contrasting outcomes compared to
flexural strength. At 30°C, a 75% difference in compressive
strength is evident between PLA (9 MPa) and in-house PLA
(40 MPa), attributed to the inability of conventional PLA to
withstand axial loads, resulting in buckling. This weakness
arises from printed layers experiencing delamination
under compression, a phenomenon more pronounced
compared to bending in the flexural test, which resulted
in lower compressive strength. The delamination and void
formation under compression between PLA and PLA in-
house, shown in Figure 9a-1, become more prominent at
30°C due to crack propagation and filament breakage,
which further reduces compression strength. As the tem-
perature increases to 90°C, delamination decreases mar-
ginally, resulting in minimal differences in compressive
strength, as recorded in Figure 9a. At elevated
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temperatures (55°C and 90°C), both samples exhibit similar
trends because they experienced delamination, with fila-
ment breakage and slip contributing to compressive
strength reduction.

Therefore, the tensile strength performance of the
samples was analysed, as shown in Figure 9c. The PLA
in-house samples exhibited better tensile strength com-
pared to PLA/CF composites. This difference is attributed
to the influence of CF reinforcement, which introduces an
aspect ratio filler that tends to cause fibre breakage during
printing. This breakage is particularly prominent when
fibres are printed on the sample surface, leading to weak
interlayer bonding. Additionally, the presence of rough
surfaces due to fibre alignment inconsistencies contributed
to delamination and weakened the adhesion within the
printed layers, which indicates the critical role of surface
quality on mechanical performance (45). The samples were
further examined for their impact strength under varying
layer heights (0.1-0.3 mm), as depicted in Figure 9b. The
results showed no significant difference in impact strength
across different layer heights, with PLA in-house samples
maintaining a consistent range of 30-40 MPa. However,
micrograph images revealed distinct differences in layer
morphology; only the 0.3 mm layer exhibited gaps between
filaments, while the 0.1 and 0.2 mm layers were identical.
The rapid cooling during printing allowed the layers to
harden quickly, lowering the load applied at the top sur-
face (46).

To enhance the mechanical and wear properties of 3D-
printed composites for specific applications, the selection
of build orientation plays a crucial role. While the conven-
tional approach emphasizes minimizing support structures
during manufacturing, this study highlights that the choice
of orientation should prioritize the desired material prop-
erties in specific loading directions. For example, a 0°
orientation significantly enhances tensile and flexural
strength due to the alignment of carbon fibres parallel to
the loading direction, ensuring superior interfacial bonding.
In contrast, a 45° orientation provides a balance between
wear resistance and moderate mechanical performance,
making it suitable for applications where multidirectional
loading is expected. A 90° orientation, while exhibiting
lower tensile properties due to weaker interlayer bonding,
can be advantageous in scenarios where higher perpendi-
cular wear resistance is required. These findings highlight
the importance of tailoring build orientations based on
application-specific requirements rather than manufactur-
ability constraints alone. For instance, structural components
subjected to uniaxial loads benefit from a 0° orientation,
while functional parts requiring isotropic wear resistance
may utilize 45° or 90° orientations.
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3.5 Counterbalancing effects of different
parameters

The interplay of temperature, build orientation, and CF
composition was analysed to assess their influence on
mechanical and wear properties. In terms of temperature,
increased levels enhance interfacial bonding within the
printed layers due to thermal softening, which facilitates
better adhesion. However, beyond 55°C for PLA compo-
sites, the polymer matrix undergoes excessive softening,
leading to reduced mechanical strength and wear resis-
tance. Optimal results were observed at room temperature
(~30°C), where mechanical integrity and wear resistance
are maximized. Regarding the build orientation, samples
printed at a 0° orientation exhibited superior mechanical
strength and lower wear rates due to aligned CF reinforce-
ment, which provides efficient load transfer and minimizes
fibre pull-out. Conversely, the 90° orientation showed
increased wear and lower mechanical properties because
the applied forces act perpendicular to fibre alignment,
leading to weak interfacial bonding. While for CF composi-
tion, higher levels improve mechanical performance by
reinforcing the polymer matrix. However, excessive CF
loading (above 9wt%) disrupts network structures and
increases material brittleness, adversely affecting wear
resistance. The 9wt% CF composition demonstrated
optimal performance, balancing enhanced mechanical
properties with manageable wear resistance. Through
the comparative analysis, a unified parameter set was eval-
uated for its capability to achieve desirable performance
across all properties. By using a room temperature of 30°C,
a 0° build orientation, and 9wt% CF composition, it
ensures high tensile and flexural strength, optimal wear
resistance, and a balance of tribological performance.
Samples printed with these parameters demonstrated con-
sistent behaviour, as evidenced by superior results in ten-
sile strength (~75% improvement) and reduced wear rates
compared to other configurations.

4 Conclusion

In-house filaments tailored to control mechanical perfor-
mance were fabricated by altering the fibre orientation
within the filament through parameter control. By pre-
cisely managing filament parameters, including extrusion
temperature (<7T,) and a drying duration of 5h, the fibres
were effectively oriented in specific directions within the
filament. This internal alignment enhanced adhesion bonding
between printed layers, as confirmed by micrograph imaging
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without the fibres protruding on the filament surface.
Furthermore, the controlled fibre alignment enabled seam-
less printing in dedicated printing orientations. Among these,
the 0° printing orientation demonstrated excellent mechan-
ical properties and tribological performance. This was attrib-
uted to the interlayer fibre breaking during printing, which
hardened and improved the interfacial bonding. Key findings
include

i. In-house fabricated PLA filament demonstrated the
presence of layup gaps within the printed layers,
which were attributed to poor adhesion and interfacial
bonding. In contrast, the in-house fabricated PLA/CF
filament successfully aligned fibres in the 0° direction,
enabling the filament to be printed at a dedicated
printing orientation.

ii. Rheological analysis indicated that the optimum fibre
composition is 9 wt% of CF, which provided excellent
dispersion and flowability, ensuring better interfacial
bonding. Therefore, this composition was tested for
tribological and mechanical performance. The
increased in sliding speed led to material heating
and subsequent softening, resulting in a higher coeffi-
cient of friction.

iii. Mechanical testing demonstrated significant improve-
ments for in-house PLA in flexural strength (~62% incre-
ment) and compression strength (~75% improvement)
compared to conventional PLA and PLA/CF. The mini-
mized layup gaps and voids in in-house filaments were
key contributors to these enhancements. Additionally,
impact strength performance ranged between 30 and
40 MPa at a layer height of 0.2mm. Increased layer
height to 0.3 mm resulted in poor adhesion due to rapid
cooling of the subsequent layers, forming a large trian-
gular shape.

iv. This procedure can be extended to evaluate other fila-
ment types, such as PETG or ABS, to enhance wear and
mechanical performance. Future research should
focus on comparing the mechanical and tribological
properties of various materials under different fibre
orientations and conditions to further advance the
application of 4D printing in engineering and manu-
facturing contexts.

The filament-making process contributes to the
smooth structure of printed samples. Therefore, it is impor-
tant to note that the samples must be dried for a minimum
of 5h before being extruded into filament and then dried
again before the printing process. Due to these limitations,
maintaining the performance of printed samples under
optimal conditions is challenging, as the filament becomes
fragile upon moisture absorption.
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