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Abstract: Fused deposition modeling (FDM) has become one of the most widely used additive manufacturing
technologies, while polylactic acid reinforced by short carbon fibers (PLA-CF) is increasingly applied in structural
components. However, the mechanical properties of FDM-printed parts are strongly affected by printing parameters and
show obvious anisotropy owing to weak interlayer bonding. In this work, PLA-CF composites with fiber mass fractions of
4 wt.%, 7 wt.%, and 15 wt.% were prepared by FDM. The effects of filling angle (0°, 45°, 90°), printing hatch (0.35 mm,
0.45 mm), and annealing treatment on tensile properties and mechanical anisotropy were systematically studied. The
results show that filling angle dominates the tensile strength, which reaches the maximum at 0° filing angle due to
favorable fiber alignment and load transfer. Reducing printing hatch can improve interlayer bonding and significantly
enhance the strength of 45° and 90° specimens. The fiber mass fraction presents an angle-dependent influence on
tensile performance. Moreover, heat treatment effectively reduces anisotropy. Vacuum annealing at 180°C for 3 h
increases the tensile strength of 90° specimens by 105.6% and minimizes the strength gap between 0° and 90°
specimens to only 2.5 MPa. This work provides a feasible strategy for preparing high-performance, low-anisotropy

PLA-CF components.
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1. INTRODUCTION

Additive manufacturing (AM), widely recognized as
a transformative industrial technology, has reshaped
the design and production paradigm of advanced
components by enabling layer-by-layer fabrication of
complex geometries with high material efficiency, short
development cycles, and excellent design flexibility
[1-3]. Among the seven types of additive manufacturing
technologies in ISO/ASTM 52900:2021, fused
deposition modeling (FDM) stands out as the most
mature and cost-effective technique for polymeric
materials, which has been extensively employed in
automotive, aerospace, biomedical, and daily
consumer  products [4-7]. Nevertheless, the
layer-by-layer deposition mechanism of FDM often
results in interlayer voids, insufficient bonding, and
pronounced mechanical anisotropy, which collectively
compromise the structural integrity and load-bearing
capacity of printed components [8, 9]. Consequently,
improving the mechanical performance and structural
reliability of FDM-printed polymer composites remains
an important research challenge.

Polylactic acid (PLA), a biocompatible polyester
derived from renewable resources such as corn starch
and sugarcane, has become one of the most popular
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feedstocks for FDM owing to its low printing
temperature, limited warpage and good processability
[10-12]. Moreover, compared with petroleum-based
polymers such as ABS and PC, PLA can be completely
degraded into carbon dioxide and water under specific
conditions, which effectively alleviates environmental
pollution. However, the intrinsic brittleness, low tensile
strength, and insufficient heat resistance of pure PLA
severely limit its application in high-performance
structural components that bear continuous loads [13].
Incorporating short carbon fibers into PLA has
therefore become an effective approach to enhancing
its stiffness, specific strength, and thermal performance
[14, 15]. However, the mechanical properties of
FDM-printed PLA/carbon fiber (PLA-CF) composites
are governed not only by the intrinsic properties of the
constituents but also by fiber distribution, interfacial
load transfer, void formation, and the quality of
interlayer bonding. These characteristics are strongly
influenced by printing parameters, making the
optimization of the processing conditions essential for
achieving reliable mechanical performance.

Extensive research has confirmed that the
mechanical performance of PLA-CF composites
printed by FDM is highly sensitive to multiple
processing parameters, such as filling angle, printing
temperature, layer thickness, and printing speed [14,
16, 17]. Among these parameters, infill orientation
directly affects the alignment of the deposited material
relative to the loading direction and, consequently, the
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efficiency of stress transfer. In addition to orientation,
carbon fiber content and printing hatch spacing may
jointly influence the internal architecture of the
deposited composite. Increasing the fiber content can
enhance stiffness and load-bearing capacity, whereas
excessive fiber loading may promote fiber
agglomeration, insufficient matrix impregnation, and

interfacial stress concentration. Similarly, hatch
spacing affects the overlap and contact between
adjacent deposition roads, thereby influencing

inter-road bonding and the formation of internal voids.
These effects are potentially interdependent: the
influence of fiber content on mechanical performance
may vary with infill orientation and hatch spacing
because these parameters collectively determine the
distribution of reinforcing fibers, matrix continuity, and
defect evolution. However, the combined effects of
these parameters on tensile behavior and fracture
mechanisms remain insufficiently understood. In
particular, a systematic relationship among processing
conditions, internal microstructural characteristics, and
tensile failure behavior is needed to clarify how the
interaction between fiber reinforcement and deposition
architecture governs the mechanical performance of
PLA-CF composites.

Furthermore, the layer-by-layer deposition nature of
FDM inevitably causes weak interlayer bonding and
significant mechanical anisotropy, resulting in
noticeable performance differences between parallel
and perpendicular printing directions [17]. To address
this defect, heat treatment (annealing) has been
recognized as an effective post-processing method to
promote molecular chain diffusion, eliminate interlayer
voids, and thus improve interlayer bonding strength to
reduce anisotropy [18, 19]. Meanwhile, annealing can
also increase the crystallinity of the PLA matrix and
enhance the interfacial bonding ability between PLA
and carbon fibers, further improving the overall
mechanical properties of the components [20, 21].
During conventional heat treatment in an air
environment, the pre-existing interlayer pores in the
samples and moisture absorbed within the material
evaporate under heat, easily generating new pores in
the matrix and reducing the density of the formed
components. Under vacuum heat treatment conditions,
the pressure difference between the inside and outside
can promote the escape of internal pores, effectively
increasing the sample density. Nevertheless, the

relationship  between  vacuum-assisted thermal
treatment, microstructural evolution, and the
mechanical anisotropy of FDM-printed PLA-CF

composites has not been sufficiently established. In
particular, the extent to which vacuum annealing can
improve tensile performance while mitigating
orientation-dependent mechanical differences requires
further experimental investigation.

To address these knowledge gaps, this study
systematically investigates the effects of carbon fiber
content, infill orientation, and printing hatch spacing on
the tensile properties of FDM-printed PLA-CF
composites and further evaluates the potential of
vacuum annealing to improve their mechanical
performance. Tensile tests are carried out in
accordance with the standard GB/T 1447-2005. The
fracture micromorphology of specimens is observed via
scanning electron microscopy (SEM) to clarify the
tensile failure mechanism of the composites.
Meanwhile, differential scanning calorimetry (DSC) is
employed to determine the optimal annealing
temperature of the PLA-CF composites. Heat treatment
is performed using a muffle furnace and a vacuum
drying oven to optimize the process. By integrating
processing-parameter analysis, fracture-surface
characterization, thermal analysis, and post-processing
evaluation, this study aims to establish a
processing—microstructure—property relationship for
FDM-printed PLA-CF composites. The findings are
expected to provide a basis for optimizing both printing
and post-processing strategies to improve the
mechanical reliability of short-carbon-fiber-reinforced
PLA components.

2. MATERIALS AND METHODS

The overall experimental process is shown in Figure
1. The experimental materials and methods are
described in details below.

2.1. Materials and Specimen Preparation

Three distinct formulations of short carbon
fiber-reinforced PLA composites with controlled mass
fractions were selected to investigate the correlation
between fiber content and mechanical performance.
The diameter of flament was 1.75 mm, and the short
carbon fiber mass fraction was 4wt.%,7wt.% and
15wt.%, respectively. Tensile specimens were
fabricated via a Bambu Lab X1 Carbon FDM 3D printer
(Shenzhen Tuozhu Technology Co., Ltd., China) under
controlled printing parameters. In accordance with
GB/T 1447-2005, the type | dog-bone specimens
featuring a 3 mm thickness, 10 mm width, and 50 mm
gauge length were designed to print. The specimens
were computationally modeled in SolidWorks, exported
as STL files, and processed through Bambu Studio
slicer software.

2.2. Process and Anneal Parameter

The process parameters of FDM used in this study
are detailed in Table 1. The fiber content of the short
carbon fiber-reinforced filament was selected based on
common specifications in the consumer market; the
filling angles were set to 0°, 45°, and 90°, and the
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Figure 1: The overall experimental process from additive manufacturing to performance characterization.

printing hatch to 0.35 mm and 0.45 mm—parameters
established based on optimized printing processes for
the PLA matrix material. During FDM manufacturing,
multiple process parameters significantly influence the
mechanical properties of the fabricated specimens.
This work systematically investigates the effect of short
carbon fiber mass fraction on the performance of the
composites, with particular focus on the mechanisms
by which two key parameters—filling angle and printing
hatch—affect the tensile strength of the specimens.
Here, printing hatch is defined as the center-to-center
distance between adjacent printing paths, while filling
angle refers to the acute angle between the deposition
paths and the loading direction (as illustrated in Figure
1). The remaining process parameters were held
constant, such as: nozzle temperature with 230°C, bed
temperature with 55°C, printing speed with 270 mm/s,
layer thickness with 0.2 mm, linear filling pattern, and
100% infill density.

Table 1: Printing Parameters for PLA-CF

Parameter Value
Nozzle diameter (mm) 0.4
Nozzle temperature (°C) 230
Bed temperature (°C) 55
Printing speed (mm/s) 270
Layer thickness (mm) 0.2
Infill density (%) 100
Infill pattern Linear
Fiber mass fraction (wt.%) 4, 7. 15
Printing hatch (mm) 0.35. 0.45
Filling angle (°) 0. 45. 90

To further explore the regulatory effect of heat
treatment on the anisotropic behavior of the material,
this study selected representative specimens with a
fiber mass fraction of 7 wt.%, a printing hatch of 0.45
mm, and filling angles of 0° and 90° for heat treatment
experiments. The specific heat treatment process
parameters are listed in Table 2.

Table 2: Annealing Parameters for PLA-CF

Equipment Annealing Annealing time
quip temperature (°C) (h)
Muffle furnace 100 2. 8
Vacuum drying oven 180 3

2.3. Characterization and Equipment

To ensure the reliability of experimental data, three
parallel specimens were prepared for each parameter
combination to minimize experimental errors.
Considering the hygroscopic nature of PLA material, all
filaments were pretreated using a DZF-6050 vacuum
drying oven (Shaoxing Yicheng Instrument
Manufacturing Co., Ltd, China) under the condition of
50°C and 12h before printing. Uniaxial tensile tests
were conducted at room temperature using a
CMT5105 electronic universal testing machine (Zhuhai
Sansi-Taijie Electric Equipment Co., Ltd, China). The
testing system was equipped with a Transcell
PTSH-10t force sensor. During the experiment, the
crosshead load rate was maintained at 2 mm/min with
preload force of 50 N and clamping pressure of 4 MPa,
and the test continued until complete specimen fracture.
The tensile strength was calculated using the following
equation.
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Where o denotes tensile strength, F, denotes
maximum force during experiment, b denotes the
width of specimen and d denotes the thickness of
specimen. To ensure the reliability and repeatability of
the experimental results, three samples were printed
for each parameter combination, and their tensile
properties were tested and the mean and standard
deviation were calculated.

Specimens with a printing hatch of 0.45 mm, filling
angles of 0° and 90°, and a fiber mass fraction of 7%
were selected for the anisotropic optimization
experiment of heat treatment. Before experiments, to
determine the heat treatment temperature, the DSC
method was used to measure the glass transition
temperature, crystallization temperature, and melting
temperature of PLA-CF specimens. DSC testing was
performed using the TA-DSC2500 device. The
specimens mass of DSC testing was 10 mg. They were
heated to 250°C at a rate of 10°C/min under a nitrogen
atmosphere, and then cooled to room temperature at a
rate of 10°C/min.

Heat treatment experiments were conducted using
a muffle furnace (annealing at 100°C) and a DZF6050
vacuum drying oven with a heating rate of 10°C/min. It
should be mentioned that the vacuum drying oven
heats the sample using hot air blowing, therefore the
set temperature and the actual temperature obtained
by the sample will differ. In this study, when it was set
to 180°C, the actual annealing temperature of the
sample maintained at 150°C, which was ensured by

external heating coupler. After heating from room
temperature to the annealing temperature, the
specimens were held for the annealing time, and then
the furnace and the vacuum drying oven were turned
on for cooling. When using the vacuum drying oven for
heat treatment, a vacuum of -0.1 MPa was maintained.

The microstructure of the fracture surfaces of the
specimens was observed using a COXEM EM-30
scanning electron microscope at an accelerating
voltage of 15 kV. A portion of the fractured specimen
was cut 5 mm from the fracture surface using a wire
saw, and the cut specimen was adhered to the sample
stage with conductive adhesive. To improve imaging
results, all specimens underwent 300 seconds of gold
spraying using a Mini Coater gold coater from
Shenzhen Sup Instrument Co., Lid.

3. RESULTS AND DISCUSSION

3.1. Tensile Property Analysis

The results of the uniaxial tensile tests of directly
formed 3D printed PLA-CF are shown in Table 3 and
Figure 2. It can be seen that with different printing
parameters, the minimum o, is 19.22 MPa, and the
maximum is 51.35 MPa, indicating that the printing
parameters have a significant impact on the tensile
strength of the specimens. To better understand the
effect of different parameters on the tensile strength of
PLA-CF specimens, some subfigures are used to
present these results. The effects of fiber mass fraction,
printing hatch, and filling angle on the tensile strength
of the specimens are discussed in three separate
subsections.

Table 3: Tensile Test Results of the Specimens and Process Parameter Ranges

Filling angle = 90° Filling angle = 45° Filling angle = 0°
Specimens
o; (MPa) o; (MPa) a; (MPa)
Fiber mass fraction =4
L 31.60+0.86 35.66+0.42 51.35+0.38
Printing hatch =0.35
Fiber mass fraction =4
L 29.50+1.24 34.44+0.47 50.55+2.42
Printing hatch =0.45
Fiber mass fraction =7
L 26.69+0.93 30.34+0.14 46.12+0.52
Printing hatch 0.35
Fiber mass fraction =7
L 19.2240.54 23.37+0.30 44.75+0.69
Printing hatch 0.45
Fiber mass fraction =15
L 30.42+£1.48 33.42+0.43 41.44+0.81
Printing hatch= 0.35
Fiber mass fraction =15
L 29.18+1.04 32.46+0.68 45.27+0.55
Printing hatch =0.45
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Figure 2: Tensile stress of PLA-CF specimens.

3.1.1. Effects of Filling Angle on Tensile Strength

The filling angle is the acute angle formed between
the direction of material deposition by the nozzle during
3D printing and the direction of force application in
tensile testing. As the filling angle decreases, the
tensile strength of PLA-CF specimens with three
different fiber mass fractions gradually increases, as
indicated by the black arrows in the Figure 3. When the
filling angle is 0°, the tensile strength of PLA-CF
specimens with three fiber mass fraction and printing
hatch of 0.35 mm and 0.45 mm reaches the maximum
values, which are 51.35 MPa, 50.55 MPa, 46.12 MPa,
44.75 MPa, 41.44 MPa, and 45.27 MPa, respectively.
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Figure 3: The effect of filling angle on the tensile strength of
PLA-CF specimens.

When the printing hatch is 0.35 mm and the fiber
mass fraction is 4%, the tensile strength of the
specimens increases by 12.85% as the filling angle
changes from 90° to 45°, and when the filling angle is
0°, the tensile strength increases by 62.5% compared

to 90°. This is because FDM-printed specimens are
affected by the process, showing strong anisotropic
behavior. During material extrusion, the molecular
chains of the matrix form locally ordered structures
along the forming direction, providing
self-reinforcement. Therefore, when the filling angle is
0°, the reinforcement effect is most pronounced, and
the tensile strength is highest. When the filling angle is
90°, the self-reinforcement effect is not obvious, and
the tensile strength mainly relies on interlayer bonding
to resist tensile load, resulting in the lowest tensile
strength. In addition, the orientation of the carbon fibers
is also influenced by the flow direction during matrix
extrusion, causing most of the fibers to align along the
forming direction. When the filling angle is 0°, the fibers
can transfer part of the load through interface bonding
stress between the fibers and the matrix, which also
enhances the tensile strength. However, the fibers
basically do not bear axial load, so the tensile strength
is lowest at 90°.

3.1.2. Effects of Printing Hatch on Tensile Strength

In the FDM printing process, the printing hatch
refers to the distance between the centerlines of
adjacent extruded paths in the same plane. It can be
observed in Figure 4 that when the filling angles are
90° and 45°, the tensile strength of specimens with a
printing hatch of 0.35 mm is higher than that of
specimens with a printing hatch of 0.45 mm. However,
when the filling angle is 0°, the printing hatch has little
effect on the tensile strength of the specimen.
Specifically, when the fiber mass fraction is 15 wt.%,
reducing the printing hatch actually increases the
tensile strength of the specimen, as indicated by the
red arrow in the figure. This is because as the printing
hatch increases, the distance between two adjacent
extruded paths becomes larger. Under the conditions
of constant nozzle diameter and extrusion flow, the
overlapping area between the two matrix paths
decreases, weakening the molecular diffusion and
mechanical bonding between paths. For 90°
specimens, the tensile load acts on the bonding
surface between the matrices, and increasing the
printing hatch reduces the bonding area, which
becomes a weak point during the tensile process,
leading to a decrease in tensile strength. For 45°
specimens, reducing the bonding area similarly
decreases the load-bearing capacity, and under the
action of tensile stress and shear stress, the interface
fails prematurely, reducing the tensile strength. For 0°
specimens, the tensile load is parallel to the print path,
and the stress is continuously transmitted within the
matrix, not relying on the strength of the bonding
interface, so the effect is minimal.
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Figure 4: The effect of printing hatch on the tensile strength
of PLA-CF specimens.

3.1.3. Effects of Fiber Mass Fraction on Tensile
Strength

As shown in Figure 5, the effect of carbon fiber
mass fraction on tensile strength varies depending on
the filling angle. When the printing hatch is 0.35 mm
and the filling angle is 0°, the tensile strength of the
specimen decreases as the fiber mass fraction
increases. When the fiber mass fraction is 4%, the
tensile strength of the specimen is the highest, at 51.35
MPa, whereas when the fiber mass fraction increases
to 15%, the tensile strength decreases to 41.44 MPa,
with a drop of 19.3%.

When the printing hatch is 0.35 mm and the filling
angles are 90° and 45°, the tensile strength of the
specimen first decreases and then increases as the
fiber mass fraction increases, with the lowest strength
observed at 7% fiber mass fraction, being 26.69 MPa
and 30.34 MPa, respectively. When the fiber mass

Figure 6: Fractured specimens of PLA-CF.3.2 Fracture analysis.

fraction is reduced to 4%, the tensile strength increases
to 31.60 MPa and 35.66 MPa, an increase of 18.4%
and 17.53%; when the fiber mass fraction increases to
15%, the tensile strength rises to 30.42 MPa and 33.42
MPa, an increase of 13.98% and 10.15%.
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Figure 5: The effect of fiber mass fraction on the tensile
strength of PLA-CF specimens.

It is worth noting that when the printing hatch is 0.45
mm and the carbon fiber mass fraction is 4% and 7%,
the tensile fracture of the specimens appears as a
stepped shape as shown in Figure 6. This is
considered to be due to the overly large printing hatch,
resulting in a low sample building rate and small
bonding area between each layer of the matrix, making
it unable to withstand the shear load imposed by the
tensile test, leading to failure. When the fiber mass
fraction is 15%, the tensile strength of the specimens
decreases, and the section perpendicular to the load is
damaged first, disrupting the continuity of the matrix
and interrupting the stress transfer path. At this point,

I
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the load borne by the bonding surface has not reached
the shear limit, so the bonding between the resin layers
remains relatively intact without fracture, resulting in a
straight fracture surface.

3.2. Fracture Analysis

Figure 7 shows the SEM morphology of the fracture
surface of PLA-CF composite tensile specimens with
filing angle of 0° and fiber mass fraction of 4%. By
comparing the microstructural differences under
different printing hatch conditions, one can gain a
deeper understanding of the mechanism by which
printing hatch affect material interlayer bonding
behavior. In the specimen with a printing hatch of 0.35
mm (Figure 7(a)), the fracture surface exhibits a regular
rectangular fracture morphology, with a complete
bonding interface formed between adjacent melt tracks,
only a few tiny gaps present, small interlayer porosity,
and carbon fibers uniformly dispersed within the matrix.
This structural feature is due to the smaller printing
hatch increasing the overlap ratio of the melt tracks,
enlarging the contact area between PLA tracks, while
also expanding the heat-affected zone, which promotes
the diffusion of PLA molecular chains and the uniform
dispersion of fibers. In contrast, the specimen with a
0.45 mm printing hatch (Figure 7(b)) shows that due to
the reduced heat-affected zone, the diffusion of PLA
molecular chains is limited, leading to only partial
interlayer bonding, a larger interlayer porosity, and
obvious fiber agglomeration.

Figure 8 shows the SEM morphology of the fracture
surfaces of tensile specimens of PLA-CF composites
with different carbon fiber mass fraction, printed with a
printing hatch of 0.35 mm and a filling angle of 90°.
When the fiber mass fraction is 4% (Figure 8(a) and
Figure 8(b)), a multi-scale composite failure mode is
observed: fiber pull-out caused by debonding at the

fiber-matrix interface indicates low interfacial bonding
strength; the weak bonding between fibers and matrix
results in fibers not providing reinforcement but instead
becoming stress concentration points in the continuous
matrix, weakening the matrix's load-bearing capacity;
after specimen fracture, fibers pull out from the matrix,
causing fiber debonding. At the same time, the
weakened matrix forms crack initiation points at the
fiber-matrix interface, where cracks extend into the
matrix and interact with the stress fields of adjacent
fibers, ultimately forming a brittle macroscopic fracture
surface; some fibers are level with the surrounding
matrix, indicating high interfacial bonding strength and
effective load bearing by the fibers; the matrix exhibits
a mixed characteristic of ductile and brittle fracture
simultaneously. When the fiber mass fraction increases
to 7% (Figure 8(c) and Figure 8(d)), the material failure
mechanism significantly changes: the higher fiber
content results in more fibers aligned along the printing
direction; since the filling angle is 90°, these oriented
fibers are perpendicular to the tensile load direction
and cannot effectively carry the load, instead reducing
fiber spacing and creating numerous stress
concentration points in the matrix, ultimately shifting
the failure mode to be dominated by brittle matrix
fracture and reducing the tensile strength of the
specimen. As the fiber mass fraction increases to 15%
(Figure 8(e) and Figure 8(f)), some fibers begin to align
along the load direction, showing a large number of
fiber fracture features, indicating that the fibers bear the
corresponding load. In addition, the fibers oriented
along the load direction effectively share the principal
stress, reducing the equivalent stress experienced by
the matrix, allowing the local plastic deformation
capacity to be released, showing characteristics of
ductile fracture.

Figure 9 shows the SEM morphological
characteristics of the fracture surfaces of PLA-CF

?’W- N
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Figure 7: Fracture of PLA-CF specimens with printing hatch of (a) 0.35 mm and (b) 0.45 mm in filling angle of 0° and fiber mass

fraction of 4%.
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Figure 8: Fracture of PLA-CF specimens with fiber mass fraction of (a)(b) 4%, (c)(d) 7% and (e)(f) 15% in filling angle of 90° and

printing hatch of 0.35 mm.

composite tensile specimens with different fiber mass
fractions, printed with a printing hatch of 0.35 mm and a
filling angle of 0°. In specimens with 4% fiber mass
fraction (Figure 9(a) and Figure 9(b)), the matrix
remains structurally intact, and the main failure mode is
brittle fracture of the matrix accompanied by fiber
pull-out and breakage. When the mass fraction
increases to 7% (Figure 9(c) and Figure 9(d)),
significant matrix cracking and numerous fiber pull-out
features are observed, and the proportion of interfacial
defects significantly increases. In particular, Figure 9(d)
shows holes and tearing on the sides of the fractured
matrix. The former are the voids left in the matrix by
poorly bonded fibers being pulled out, while the latter

result from interfacial failure between the fibers and the
matrix under shear load. When the fiber mass fraction
further increases to 15% (Figure 9(e) and Figure 9(f)),
the proportion of fibers oriented perpendicular to the
loading direction increases. These fibers not only fail to
bear the load but also weaken the strength of the
matrix. Additionally, large-scale fiber agglomerates are
formed, around which micro-scale voids exist. The load
on the matrix cannot be effectively transferred to the
fibers, reducing the effective load-bearing interface of
the PLA matrix and significantly weakening the tensile
performance of the specimens. Therefore, as the
carbon fiber mass fraction increases, the tensile
strength of the specimens gradually decreases.
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Figure 9: Fracture of PLA-CF specimens with fiber mass fraction of (a)(b) 4%, (c)(d) 7% and (e)(f) 15% in filling angle of 0° and

printing hatch of 0.35 mm.

Figure 10 shows the SEM morphology
characteristics of the fracture surfaces of PLA-CF
composite tensile specimens with different carbon fiber
mass fraction, printed with a printing hatch of 0.35 mm
and a filling angle of 45°. When the fiber mass fraction
is 4% (Figure 10(a) and Figure 10(b)), the fracture
exhibits a mixed mode of 0° and 90° fracture. Among
them, the 90° fracture feature is manifested as matrix
delamination, that is, the matrix is damaged in the
printing plane perpendicular to the printing direction,
while the 0° fracture feature includes fiber pull-out, fiber
breakage, and brittle fracture of the matrix in the
printing plane along the printing direction. This mixed
fracture mode results in the tensile strength of the 45°

specimens being between that of the 0° and 90°
specimens. When the fiber mass fraction is 7% (Figure
10(c)), the specimens maintain a similar fracture mode,
but interlayer fusion defects lead to increased porosity,
generating stress concentrations that reduce strength.
When the fiber mass fraction increases to 15% (Figure
10(d)), the fracture mechanism changes significantly:
in addition to fiber breakage and fiber pull-out, there
are also numerous plastic deformation features such
as dimples. These plastic deformations gradually
absorb the energy of tensile failure through energy
dissipation mechanisms, thereby improving the
strength of the specimens.
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Figure 10: Fracture of PLA-CF specimens with fiber mass fraction of (a)(b) 4%, (¢) 7% and (d) 15% in filling angle of 45° and

printing hatch of 0.35 mm.

3.3. Effect of Heat Treatment

3.3.1. Result of DSC Experiment

Figure 11 shows the DSC curves of unprinted
filament and printed specimens. The specimens were
heated from room temperature to 250°C at a rate of
10°C/min under nitrogen and then cooled back to room
temperature. From the figure, the glass transition
temperature (Ty) of the specimen is 65°C, the cold
crystallization temperature (7;) is 110°C, and the
melting temperature (T,) is 148°C. It is noteworthy that
an additional cold-crystallization peak appears at
approximately 75 °C in the printed specimens—a
feature absents in the unprinted filament. This
discrepancy can be attributed to the thermal history
imposed by the FDM process. During extrusion and
subsequent cooling, the PLA molecular chains undergo
flow-induced orientation and develop a degree of
structural order. However, due to rapid cooling and
limited time for molecular rearrangement, full
crystallization is not achieved. Consequently, some
molecular chains remain in a metastable (partially
ordered) state, capable of further crystallization upon
reheating. The additional peak at ~75 °C indicates the
presence of molecular chains with higher mobility and a
relatively lower energy barrier for crystallization,

whereas the primary cold-crystallization peak at
~110 °C corresponds to the crystallization of the
remaining amorphous PLA chains at a higher
temperature. These thermal transition characteristics
suggest that the printed PLA-CF composites retain a
significant potential for thermally induced structural
rearrangement, providing a theoretical basis for
tailoring their interlayer bonding and mechanical
properties through post-process heat treatment.

The DSC results also offer a thermal explanation for
the observed changes in tensile strength and
mechanical anisotropy following annealing. At 100 °C,
the PLA matrix is heated above its glass transition
temperature, which enhances chain segment mobility
and facilitates molecular interdiffusion at interfaces that
were not fully bonded. Meanwhile, this temperature
remains below both the primary cold-crystallization
temperature and the melting point. This increased
molecular mobility, combined with the potential for
further  crystallization—as  evidenced by the
low-temperature exothermic peak—promotes interlayer
fusion and alters the stiffness and toughness of the
matrix. Furthermore, during vacuum annealing, the
actual temperature of the specimens reaches
approximately 150 °C, a value near or slightly above
the experimentally determined melting point of 148 °C.
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Figure 11: DSC curves of unprinted filament and printed specimen.

Under these conditions, the PLA matrix may undergo
significant melting or remelting, which facilitates
reconsolidation between adjacent deposited beads.
Meanwhile, the vacuum environment helps expel
internal gases and reduce porosity. These findings will
provide a basis for analyzing the subsequent evolution
of tensile properties, interlayer bonding characteristics,
and mechanical anisotropy under various heat
treatment conditions.

3.3.2. Analysis of Mechanical Properties and
Microstructure

The tensile strength results are shown in Figure 12,
where the UT refers to specimens that were not

heat-treated, 100-2 and 100-8 refers to specimens kept
in the muffle furnace at 100°C for 2 hours and at 100°C
for 8 hours, and v180-3 refers to specimens kept in the
vacuum drying oven at 180°C for 3 hours.

The results are shown in Figure 12. Heat treatment
at 100°C for 2 hours in the furnace increased the
tensile strength of the filling angle of 90° printed
specimens from 19.22 MPa to 31.6 MPa, a significant
improvement of 64.4%. However, the tensile strength
of the filling angle of 0° printed specimens decreased
from 44.75 MPa to 42.1 MPa, a reduction of 6.3%. As
the holding time increased to 8 hours, the tensile
strength of specimens with filling angles of 0° and 90°

50
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20 k 1922
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Figure 12: The effect of annealing parameters on tensile strength of PLA-CF specimens.
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decreased to varying degrees compared with the
2-hour holding group, but the tensile strength of the 90°
filling angle specimens was still 57.6% higher than that
of the UT group. This can be explained by Figure 13:
after heat treatment, the interlayer voids between each
layer of the 3D-printed resin matrix were completely
eliminated, indicating that the resin between and within
layers had fully remelted together, thus enhancing the
interlayer bonding strength, which significantly
improved the tensile strength of the 90° specimens.
However, heat treatment also increased the crystallinity
of the PLA matrix. With prolonged holding time, more
PLA molecules completed crystallization, reducing the
toughness of the specimens, so the fracture
characteristics of the 0° specimen matrix changed from
ductile to brittle, resulting in a decrease in tensile
strength. After heat treatment in a vacuum drying oven,
the tensile strength of the 90° specimens further
increased to 39.51 MPa, an improvement of 105.6%
compared with untreated specimens, and only 2.5 MPa
lower than that of the 0° specimens. As shown in
Figure 14(a) and Figure 14(b), specimens treated in
the vacuum drying oven not only allowed the resin
layers to recombine but also the low pressure
promoted the escape of internal bubbles in the matrix,
reducing internal defects in the specimens; thus, the
90° specimens had the highest tensile strength among
all specimens. Figure 14(c) and Figure 14(d) show that
although the 0° specimens also experienced the
ductile-to-brittle transition due to the increased PLA
crystallinity, forming large areas of brittle fracture

“Interlayscpores——————

patterns, the carbon fibers were mainly oriented along
the loading direction, and the ability of the fibers to bear
axial loads still allowed them to maintain mechanical
properties better than the 90° specimens.

4. CONCLUSIONS

This study systematically investigated the tensile
properties and anisotropy of FDM-printed short carbon
fiber-reinforced PLA composites, focusing on the
effects of fiber mass fraction, filling angle, printing
hatch, and post heat treatment. The main conclusions
are as follows:

1) The tensile properties of FDM-printed PLA-CF
composites are significantly influenced by the
infill angle, print spacing, and carbon fiber mass
fraction. The material exhibits its highest tensile
strength—51.35 MPa—when the infill angle is 0°,
the print spacing is 0.35 mm, and the carbon
fiber mass fraction is 4 wt.%. For infill angles of
45° and 90°, reducing the print spacing
enhances tensile strength; the impact of fiber
content, meanwhile, depends on the infill
angle—a result of the complex interplay between
factors such as fiber orientation, interfacial
bonding, and the formation of defects.

2) Analysis of tensile fracture surfaces reveals that
the material's fracture behavior is primarily
governed by fiber orientation, fiber-matrix
interfacial bonding, and interlayer defects. A
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Figure 13: Fracture of untreated PLA-CF specimens with filling angle of (a) 0° and (c) 90°, and treated by 100-8 with filling angle

of (b) 0° and (d) 90°.
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Figure 14: Fracture of PLA-CF specimens treated by v180-3 with filling angle of (a) 90° and (c)(d) 0°, and (b) treated by 100-8

with filling angle of 90°.

smaller print spacing promotes more continuous
bonding between print paths and reduces
noticeable interlayer gaps. Conversely, at high
fiber contents, phenomena such as fiber
agglomeration and fiber pull-out become more
pronounced.

3) Heat treatment significantly enhances the tensile
strength of specimens printed with a 90° infill

angle while reducing their mechanical anisotropy.

Annealing at 100°C for 2 hours increases the
tensile strength from 19.22 MPa to 31.60 MPa.
Furthermore, a 3-hour vacuum heat treatment at
approximately  150°C  (actual = specimen
temperature) boosts the tensile strength to 39.51
MPa—a 105.6% improvement over the
untreated specimens. Under these conditions,
the strength disparity between the 0° and 90°
specimens narrows to 2.5 MPa, demonstrating
the effectiveness of appropriate post-processing
in enhancing interlayer integrity and improving
mechanical consistency.

This work provides an effective strategy for
optimizing printing parameters and post-treatment to
achieve high-performance and low anisotropy PLA-CF
components for FDM engineering applications. It also
should be mentioned that the biodegradability of the
composites was not studied, which will be conducted in
future work.
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