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Abstract: This study reports the fabrication of carbon fiber-reinforced poly(lactic acid) (CF-PLA)
monofilaments using 3D printing technology. The effects of print head movement speed and retrac-
tion rate on the diameter of the CF-PLA monofilaments were investigated. The surface morphology
and properties were analyzed using scanning electron microscopy (SEM) and thermogravimetric
analysis (TGA). The CF-PLA monofilaments were also printed into boards with varying CF content,
and the mechanical properties of these boards were assessed. The results showed that the optimal
printing parameters were a nozzle diameter of $0.4 mm, fiber feed rate (V) of 3 mm/s, print head
movement speed (V) of 40 mm/s, and retraction speed (Vr) of 5 mm/s. At a CF-PLA monofilament
diameter of G135 um, the tensile strength and Young’s modulus reached maximum values of 48.3
MPa and 2481.8 MPa, respectively. Numerous CF monofilaments (approximately 135 pm in diame-
ter) were observed on the surface and within the CF-PLA boards, significantly enhancing their
strength. When the CF content was 4 vol%, the thermal decomposition temperature of the CF-PLA
monofilament was 312.53 °C. At 8 vol% CF content, the thermal decomposition temperature in-
creased to 342.62 °C—approximately 30 °C higher than that of the monofilament with 4 vol% CF.
The CF-PLA monofilaments fabricated at 8 vol% demonstrated high thermal stability.

Keywords: 3D printing; carbon fiber; polylactic acid; mechanical property; thermal performance

1. Introduction

3D printing technology is a rapid prototyping method that enables the production of
complex-shaped parts from filamentous, powdered, or liquid materials [1-3]. Fused melt
deposition (FDM) is a type of 3D printing technology known for its fast processing speed,
low production cost, and wide range of applications. It is widely used in various fields,
including machinery, the chemical industry, and medical treatment [4]. Poly(lactic acid)
(PLA) is a specialized thermoplastic material that has become one of the most widely used
raw materials due to its desirable properties, including excellent degradability, biocom-
patibility, low shrinkage, and minimal warpage [5]. However, PLA has relatively low
strength and mechanical properties. As a result, some researchers have explored the ad-
dition of adding carbon fiber (CF) to PLA to create carbon fiber-reinforced Poly(lactic acid)
(denoted as CF-PLA) material. For instance, Xu et al. [6] reported the fabrication of CF-
PLA composites via a solution blending and freeze-drying method. Ansari et al. [7] suc-
cessfully developed CF-PLA materials and found that the Izod impact strength was af-
fected by the printing speed. Lei et al. [8] fabricated CF-PLA boards by using FDM. The
results indicated that the carbon fibers in CF-PLA boards were randomly oriented. This
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highlights the importance of drawing CF-PLA into fibers and aligning the carbon fibers in
the direction of the applied force. Such alignment is essential for enhancing the mechani-
cal properties of CF-PLA monofilaments. The main findings of the literature mentioned
above are listed in Table 1. It was found that many studies on CF-PLA materials had been
reported by scholars at home and abroad. They mainly studied the effects of the filament
feed rate and the print head movement rate on microstructures and performances of CF-
PLA composites or laminae. The effects of the print head retraction speed on microstruc-
tures and performances of CF-PLA monofilaments and boards have rarely been investi-
gated. Therefore, it is necessary to study these monofilaments and boards, which is of
great research significance for the preparation of new parts via 3D printing.

Table 1. Comparison of the related studies for fabricating CF-PLA materials.

References Preparation Method Performances
Ref. [6] CF-PLA-CS (CS:. Chi-  Solution bl'endmg and Porous biomaterials
tosan) composites freeze-drying method
1. The monofilament diameters in CF-PLA composites
CF-reinforced L are 400-500 pm.

Ref. [7] PLA composites 3D printing 2. The hardness of CF-PLA is 37.95% higher in compari-
son to pure PLA.
1. Establish an accurately micromechanical model that
characterizes the true internal microstructure of mate-
rial.

Ref. [8] PLA/CF lamina 3D printing 2. The decrease in Young’s modulus in the printed parts

of the two deposition configurations caused by the in-
crease in layer thickness reached 8.7% and 18.2%, re-
spectively.

In this study, 3D printing technology was used to draw CF-PLA into monofilaments.
The effects of the print head movement speed and retraction rate on the diameter of CF-
PLA monofilaments were investigated. The surface morphology and properties were an-
alyzed using scanning electron microscopy (SEM) and thermogravimetric analysis (TGA).
CF-PLA monofilaments were also printed into boards with varying CF content, and the
mechanical properties of the boards were evaluated. This study provides a valuable in-
sight for crafting high-strength and high-performance components.

2. Experimental Section
2.1. Materials and Preparation

A DF-G3545 3D printer (Zhuhai Dufen Automation Technology Co., Ltd., Zhuhai,
China), as shown in Figure 1, was used to fabricate CF-PLA monofilaments. During the
3D printing process, the nozzle diameter was ¢0.4 mm, the filament feed rate (V) was set
to 3 mm/s, and the print head movement speed (V) ranged from 20 mm/s to 50 mm/s,
while the retraction speed (V7) varied from 0 mm/s to 10 mm/s. The 3D printing parame-
ters are presented in Table 2.

The CF-PLA filament with a diameter of ¢1.75 mm was purchased from Guangzhou
Huicai Material Co., Ltd., Guangzhou, China. The properties of the CF-PLA filament were
listed as follows: 1.4% - 1.5% refractive index, 175 °C - 180 °C melting point, 400 - 600
kg/mm? Young’'s modulus, 25% - 35% break elongation rate, and 18 - 19 kJ/g combustion
heat. It was noted that CF-PLA monofilaments were prepared as follows: (1) Mixing PLA
with CF to create CF-PLA powders, and then the CF-PLA powders were squeezed into
wires using twin-screw extruder and single-screw extruder. (2) The CF-PLA wires were
cooled with water and then pressed into a filament with a diameter of ¢1.75 mm using a
spinning machine. (3) The CF-PLA filament was printed into the CF-PLA board with a
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size of 100 mm x 20 mm x 5 mm. A schematic diagram of the CF-PLA board fabrication
process is presented in Figure 2. It was emphasized that the vol% CF content pertains to
the CF content within the CF-PLA monofilaments, so the CF content change discussed in
this work refers to the change in the production of monofilaments. In addition, the num-
ber of measurements for the monofilament diameter and the tensile properties should be
defined—set at 5 times for each sample. According to the law of conservation of volume
[9], the diameter of CF-PLA fiber (Dy) can be estimated via Equation (1).
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3D PRINTER

. CF-PLA monofilament

Figure 1. Three-dimensional printer for fabricating CF-PLA monofilaments.
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Figure 2. Schematic diagram for fabricating CF-PLA boards.
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Table 2. Three-dimensional printer system and printing parameters for fabricating CF-PLA mon-
ofilaments.

Contents Parameters
Model DF-G3545
Printing size (mm) 350 x 350 x 450
Printing accuracy (mm) +0.05
Filament diameter (mm) $1.75
Nozzle diameter (mm) $0.4
Print temperature (°C) 200
Table temperature (°C) 50
Top and bottom line 3
Wall line 3
CAD program Solidwork2023
Slicer program Ultimaker Cura5.7

2.2. Characterization

The surface morphology of CF-PLA monofilaments was observed using a VHX-1000
optical microscope (OM, Beijing Maisiqi High-Tech. Co., Ltd., Beijing, China), while their
cross-sectional morphology was investigated with an Apreo20 scanning electron micro-
scope (SEM, Thermo Scientific™ Co., Ltd., Waltham, MA, USA). The CF-PLA monofila-
ments were first treated with liquid nitrogen to induce brittleness, followed by gold sput-
tering. Finally, the cross-sectional morphology of the CF-PLA monofilaments was ana-
lyzed using SEM.

The mechanical properties of CF-PLA monofilaments and boards were measured us-
ing an electronic universal testing machine following the GB9997-1988 standard [10]. The
experimental parameters were as follows: the initial fixture distance was set to 20 mm,
and the stretching rate was 100 mm/min. The thermal weight analysis of the monofila-
ments was performed using an X-type thermogravimetric analyzer (HS-TGA-101, Shang-
hai Hecheng Instrument Technology Co., Ltd., Shanghai, China). The testing conditions
were as follows: nitrogen (N2) was used as the protective gas, the heating rate was 20
°C/min, and the temperature range was scanned from 20 °C to 600 °C.

3. Results and Discussion
3.1. Influence of Retraction Rate on Uniformity of CF-PLA Monofilaments

Figure 3 shows the optical images of CF-PLA monofilaments prepared at different V-
values with a Vi of 40 mm/s. When the V- was 10 mm/s, the CF-PLA monofilament ap-
peared a broken state (Figure 3a), while the CF-PLA monofilament obtained at 5 mm/s
was uniform and compact along the axial direction, as shown in Figure 3b. However, as
the V:value decreased to zero, the diameter of CF-PLA monofilament gradually decreased
along the axial direction, and a conical CF-PLA monofilament was formed (Figure 3c).

The explanation is as follows: Due to the viscoelastic nature of CF-PLA monofila-
ment, the pressure exerted by the printing nozzle during the 3D printing process causes
the monofilament to deform elastically, leading to the development of internal stress
within the material [11]. When the V- is set to 10 mm/s, the retraction tension exerted by
the print head is too strong, causing the CF to break. At a V; of 0 mm/s, the internal stress
within the monofilament gradually releases at a V» of 40 mm/s, resulting in the formation
of a conical CF-PLA monofilament. However, when the V: is set to 5 mm/s, the retraction
force applied by the print head fully relieves the monofilament’s internal stress [12], pro-
ducing a uniform and compact CF-PLA monofilament.
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Figure 3. Influence of retraction rates on uniformities of CF-PLA monofilaments: (a) Vr = 10 mm/s,
(b) Vr =5 mm/s, (c) Vr=0 mm/s.

3.2. Influence of Movement Rate on Diameters of CF-PLA Monofilaments

Figure 4 presents the optical morphologies of CF-PLA monofilaments produced at
different Vin values with a constant Vr of 5 mm/s. At a Vi of 20 mm/s, numerous large pits
were observed on the monofilament surface, and the fiber had a diameter of $283 pum
(Figure 4a). When the Vi was increased to 30 mm/s, small protrusions appeared on the
surface, and the diameter decreased to $p195 um (Figure 4b). At a Vi of 40 mm/s, the CF-
PLA monofilament exhibited a uniform diameter and a smooth surface, with a diameter
of $135 um (Figure 4c). However, at a Vu of 50 mm/s, the monofilament diameter ($p75
um) varied significantly, resulting in uneven diameters across small sections.

Projecture B8 %

A
A

Figure 4. Optical microscope images of CF-PLA monofilaments prepared at different print head
movement rates: (a) Vi =20 mm/s, (b) Vi = 30 mm/s, (c) Vi =40 mm/s, (d) Vi» =50 mm/s.
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This occurs because, as the Vi value increases, the carbon fibers within the CF-PLA
monofilaments tend to become more aligned [13]. At Vi» values of 20 mm/s and 30 mm/s,
the carbon fibers are unevenly distributed, leading to the formation of pits and protrusions
on the monofilament surface. When the Vi reaches 40 mm/s, the carbon fibers become
better aligned, resulting in a smooth and compact structure. However, at a Vi of 50 mm/s,
the cooling rate increases as the monofilament diameter decreases, reducing the flowabil-
ity of the CF-PLA material. This results in inconsistent monofilament diameters.

3.3. Analysis of Cross-Sectional Morphologies

Figure 5 presents the cross-sectional microstructures of CF-PLA monofilaments pro-
duced at different V: values. When the Vr was 10 mm/s, many CF fibers broke off. The
print head moved too quickly, generating excessive shear force on the fibers, which caused
many CF fibers to break (Figure 5a). However, when the V; value was set to 5 mm/s, the
CF fibers aligned orderly along the axial direction (Figure 5b). At this optimal V; value, the
nozzle applied higher shear stress to the fibers, causing the CFs to rotate in the print di-
rection [14]. As a result, many CF fibers became aligned parallel to the CF-PLA monofila-
ments. When zero retraction was applied during 3D printing, some CFs broke due to a
reduction in the CF-PLA monofilament diameter.

15.00 kV 8.0 ETD  12.

mag O curr 50 pm

15.00 kv 8.0 ETD 12.4407mm 259pm 1600 x 0.10nA Apreo 2

Figure 5. SEM images of CF-PLA monofilaments produced at: (a) Vr=10 mm/s, (b) Vr=5 mm/s, (c)
Vr=0mm/s.
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3.4. Mechanical Properties of CF-PLA Monofilaments
3.4.1. Tensile Strength and Young’s Modulus of CF-PLA Monofilaments

Figure 6 shows the tensile strength and Young’'s modulus of CF-PLA monofilaments
(8 vol% CF content) with varying diameters. As the monofilament diameter increased
from ¢75 um to $p135 um, both tensile strength and Young’s modulus also increased. At a
diameter of $135 um, the CF-PLA monofilaments reached their maximum tensile strength
of 48.3 MPa and Young’s modulus of 2481.8 MPa. This improvement is due to the in-
creased number of CF fibers aligned along the axis as the monofilament diameter grows.
When subjected to tensile forces, more CF fibers bear the load along the axis, thereby en-
hancing the mechanical properties of the CF-PLA monofilaments [15,16]. However, when
the diameter of the CF-PLA monofilaments exceeded ¢135 um, both its tensile strength
and Young’s modulus began to decline. This decrease is primarily due to the aggregation
of CF fibers within the CF-PLA monofilaments, which negatively impacts its mechanical
properties [17].

(2) (b)
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on =
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= >
35r 1600 -
30 L . . . 1400
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CF-PLA diameter (um) CF-PLA diameter (um)

Figure 6. (a) Tensile strength and (b) Young’s modulus of CF-PLA monofilaments produced at dif-
ferent diameters.

3.4.2. Properties of Boards Fabricated from Monofilaments

Figure 7 shows the physical appearance of boards 3D-printed using PLA and CF-
PLA monofilaments (8 vol% CF content), while Figure 8 displays their tensile strength and
Young’s modulus. Both boards measured 100 mm x 20 mm x 5 mm, and the main printing
parameters for producing PLA and CF-PLA boards were listed as follows: (1) PLA board:
Vrof 3 mm/s, Vi of 40 mm/s, and V:r of 5 mm/s. (2) CF-PLA board: 8 vol% CF content, Vy of
3 mm/s, Vi of 40 mm/s, and V: of 5 mm/s. It was noted that the boards printed from PLA
with and without CF were obtained in the same way.

The PLA board exhibited numerous fusion interfaces, significantly weakening its
properties (Figure 7a), with a tensile strength of 22.1 MPa and a Young’s modulus of 1285.5
MPa. In contrast, the CF-PLA board featured numerous CF fibers (~135 pm in diameter)
both on the surface and within the material (Figure 7b), significantly enhancing its
strength. The tensile strength and Young’s modulus of the CF-PLA board were 48.9 MPa
and 2497.6 MPa, respectively.
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(a) Print head movement direction

PLA monofilament 5 mm

CF-PLA monofilament

Figure 7. Physical picture of the boards 3D-printed by using (a) PLA and (b) CF-PLA monofilaments

(8 vol% CF).
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Figure 8. Tensile strength and Young’s modulus of the monofilaments.
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3.4.3. Effect of CF Content on Properties of CF-PLA Monofilaments

To examine the mechanical properties of the CF-PLA monofilaments, we devised CF-
PLA monofilaments through blending PLA and CF in various proportions (100:0, 96:4,
92:8, 88:12). The CF contents in the CF-PLA monofilaments were 0 vol%, 4 vol%, 8 vol%,
and 12 vol%, respectively. Figure 9 illustrates the effect of CF content on the tensile
strength and Young’'s modulus of the CF-PLA monofilaments. As the CF content increased
from 0 vol% to 8 vol%, both tensile strength and Young’s modulus of the monofilaments
showed a gradual rise. At CF content equivalent to 8 vol%, the monofilaments exhibited
the highest tensile strength and Young’s modulus, approximately 2.5 times greater than
those of PLA monofilaments. This improvement is due to the increased number of CF
fibers, which enhances the mechanical properties of the CF-PLA monofilaments [18].
However, when the CF content increased from 8 vol% to 12 vol%, both the tensile strength
and Young’s modulus began to decline. This is because, at higher CF content, the distance
between CF fibers decreases, making them more prone to breaking during 3D printing, as
shown in Figure 10, leading to reduced mechanical strength and stiffness.

>

.
Young’s modulus (MPa)
— — (3] ra ra
Ln -~ =1 [} wn
S o S u &
(=] [= (=7 (= <
1
/
-

1250

0

CF content in CF-PLA monofilaments (vol %)

1 L 1 IO(}O 1 1 1L L
4 8 12 0 4 8 12
CF content in CF-PLA monofilaments (vol %)

Figure 9. Effect of CF content on (a) tensile strength and (b) Young’s modulus of CF-PLA monofila-
ments.

Figure 10. SEM image of the CF-PLA monofilament produced at 12 vol%.

3.5. Thermal Properties of CF-PLA Monofilaments

To detect the thermal properties of CF-PLA monofilaments, we also fabricated CF-
PLA monofilaments through mixing PLA and CF in various proportions of 100:0, 96:4,
92:8, and 88:12. Then, the CF-PLA monofilaments with CF contents of 0 vol%, 4 vol%, 8
vol%, and 12 vol% were produced by using 3D printing technology. Figure 11 presents
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the thermogravimetric curves of the CF-PLA monofilaments at different CF contents.
When the CF content was 4 vol%, the thermal decomposition temperature of the CF-PLA
monofilament was 312.53 °C. At 8 vol% CF content, the thermal decomposition tempera-
ture increased to 342.62 °C, approximately 30 °C higher than that of the monofilament
with 4 vol% CF. However, the thermal decomposition temperature decreased slightly to
334.55 °C when the CF content was 12 vol%. These results suggest that the thermal de-
composition temperature increases with higher CF content, reaching its maximum at 8
vol% CF content.

Figure 12 shows the derivative thermogravimetry curves of the CF-PLA monofila-
ments with varying CF contents. The mass loss peaks of the monofilaments corresponded
to different thermal decomposition temperatures. For monofilaments with CF contents of
4 vol%, 8 vol%, and 12 vol%, the mass loss peaks occurred at 366.3 °C, 378.4 °C, and 372.5
°C, respectively. These results indicate that the CF-PLA monofilament with 8 vol% CF
content exhibited the highest thermal stability.

100 +
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ey - — B8vol%

2 I2:')0|%

&

= 40}

4

= 20} \
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Figure 11. Thermogravimetric curves of CF-PLA monofilaments produced at different CF contents.
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Figure 12. Derivative thermogravimetry curves of CF-PLA monofilaments produced at different CF
contents.
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The underlying reason for this phenomenon is that the thermal conductivity of the
CF-PLA monofilament is higher than that of the PLA monofilament. As the CF content
increases, the CF-PLA monofilament can withstand higher temperatures before decom-
posing [19,20]. As a result, the thermal stability of the CF-PLA monofilaments is enhanced.
However, when the CF content becomes too high, it causes internal stress concentration
within the monofilaments, and then more cracks formed in CF-PLA monofilaments, lead-
ing to a reduction in their thermal stability [21].

4. Conclusion

1.  During 3D printed CF-PLA monofilaments, the optimal printing parameters were a
nozzle diameter of $0.4 mm, fiber feed rate (V) of 3 mmy/s, print head movement
speed (Vi) of 40 mm/s, and a retraction speed (Vr) of 5 mm/s.

2. At a CF-PLA monofilament diameter of $135 um, the tensile strength and Young's
modulus reached maximum values of 48.3 MPa and 2481.8 MPa, respectively. At a
CF content equivalent to 8 vol%, the monofilaments exhibited the highest tensile
strength and Young’s modulus—approximately 2.5 times greater than those of PLA
monofilaments.

3. When the CF content was 4 vol%, the thermal decomposition temperature of the CF-
PLA monofilament was 312.53 °C. At 8 vol% CF content, the thermal decomposition
temperature increased to 342.62 °C—approximately 30 °C higher than that of the
monofilament with 4 vol% CF. The CF-PLA monofilaments fabricated at 8 vol%
demonstrated high thermal stability.
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