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Abstract. This study investigates the physical properties of short carbon fiber reinforced
polylactic acid (SCFR-PLA) specimens produced by fused deposition modeling (FDM). The influence
of fiber content, raster angle, and printing speed on mechanical, hygroscopic, and microstructural
behavior is analyzed. Printing at a 0° raster angle provides maximum stiffness and tensile strength,
while higher speeds enhance strength and ductility but reduce stiffness. Carbon fiber addition improves
stiffness, strength, and moisture resistance. SEM analysis reveals pore morphology, linking porosity to
mechanical and hygroscopic variations. Correlations among fiber—matrix adhesion, voids, moisture
uptake, and durability are also discussed.
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1. INTRODUCTION

Various studies have advanced the damage characterization of various materials through
combined experimental and numerical approaches [1-3]. Moreover, understanding how manufacturing
parameters influence both microstructure and structural integrity is essential for optimizing physical
properties and enhancing component performance [4—6]. In recent years, growing interest in additive
manufacturing has driven extensive research into the physical characterization and interrelationships



Atrticle no M. Dhouioui, W. Zghal, H. Hentati et al. 2

between mechanical behavior and microstructural features of polymer-based composites. 3D printing
with thermoplastic polymers is currently widely used in prototyping and modeling. In the context,
current research focuses on material performance, while exploiting advanced manufacturing techniques
to improve mechanical and functional properties. Scientists use experimentation and numerical
modeling to understand the behavior of printed composite parts from molecular to macroscopic scales
[7,8]. Among the commonly used 3D printing processes for prototyping and part production, fused
deposition modeling (FDM) is recognized for its cost-effectiveness and high printing speeds for
polymer composites compared to other 3D printing techniques [9,10].

Le et al. [11] demonstrated that incorporating MWCNTs into ABS filaments improves tensile
strength and modifies melt flow, with DSC and MFTI analyses revealing property changes that directly
affect the mechanical performance and thermal behavior of FDM-printed parts. Ferreira et al. [12] have
characterized 3D printed materials, focusing on PETG thermoplastic with and without short fiber
reinforcement. This study highlights how FDM parameters and fiber content influence the thermal
stability, mechanical performance, and microscopic characteristics of the printed parts. Juan et al. [13]
have explored a structural composite consisting of 3D printed continuous carbon fiber reinforced
polylactic acid (CCFR-PLA) for hip prosthetic implants. Thermal and structural characterizations
revealed chemical interactions between PLA and carbon fiber, influencing thermal properties. The
studied composite exhibited high cell viability and physical properties comparable to bone, suggesting
its potential suitability for femoral stem prostheses in orthopedic applications.

Our focus in this paper is on exploring the behavior of short carbon fiber reinforced PLA (SCFR-
PLA) composites produced by the FDM process. In this context, PLA, a semi-crystalline polymer, is
considered as the best thermoplastics for 3D printing [14,15]. Its features include flexibility, high tensile
strength, and relatively lower flexural strength compared to other polymers [16-18]. Hsueh et al. [19]
have investigated PLA and PETG materials printed by the FDM technique under different loading
conditions and printing parameters. Their study revealed that higher printing temperatures improved
the mechanical properties of both materials. PLA showed superior mechanical strength compared to
PETG, while PETG exhibited lower thermal deformation, offering valuable insights for optimizing
polymer-based FDM applications.

The addition of carbon fibers to these printed polymers ameliorates considerably their
mechanical and thermal behaviors. In fact, the physical properties of SCFR-PLA can be affected by
several factors related to its composition and the selected 3D printing parameters. Magsood and
Rimasauskas [20] have examined the mechanical and fracture behaviors of 3D-printed materials,
including pure PLA, SCFR-PLA, and CCFR-PLA. It was found that vacuum printing provides
enhanced mechanical properties compared to atmospheric printing. This improvement is attributed to
a reduction in porosity within the printed part [21]. The investigation was also extended to explore the
effect of annealing at various temperatures on the thermal, tensile, and microstructural properties of
both pure PLA and SCFR-PLA [22]. It was shown that the annealing process significantly affects the
crystallinity of the tested materials. Crystallinity increases with rising annealing temperatures, with no
notable effect on the mechanical properties of SCFR-PLA.

The aim of this research work is to investigate the correlations between mechanical behavior,
water absorption, porosity, and microstructural features of FDM-printed PLA and SCFR-PLA, in order
to assess the effect of carbon fiber content and printing parameters on their physical properties. The
obtained results are supported by scanning electron microscopy (SEM) observations, highlighting the
microstructural behaviors of composite parts printed under various printing speeds.

2. MATERIALS AND METHODS

Following the ASTM D638 standard, FDM technology was employed to print
the tensile specimens on pure PLA and SCFR-PLA. The fixed printing settings used
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were as follows: filament diameter of 1.75 £ 0.05 mm, 100% infill percentage,
extrusion width of 1.28 mm, extrusion temperature of 210 °C, and layer thickness of
0.4 mm. Diverse printing parameters were selected which are three raster angles (0),
two distinct printing speeds (V) and three carbon fiber contents (%C). The details of

these selected variables are presented in the Table 1.
Table 1
Variable FDM printing parameters

3D printing settings o/~ 10
00) v (mms) e
0-45-90 25-50 0-15-30

A full factorial experimental design was adopted to investigate the influence
of FDM parameters on the mechanical, hygroscopic, and microstructural properties
of printed specimens. Three materials were selected: pure PLA, PLA reinforced with
15 wt% short carbon fibers (PLA-15%C), and PLA reinforced with 30 wt% short
carbon fibers (PLA-30%C). Each material was printed using three raster angles (0°,
45°, and 90°) and two printing speeds (25 mm/s and 50 mm/s), resulting in a total of
18 distinct configurations. For each configuration, two identical specimens were
produced for every test type. This experimental matrix was applied to tensile testing,
moisture absorption measurements, and porosity analysis. The design ensured that
the main effects and interactions of the selected parameters could be quantitatively
assessed. To explore the effect of these printing parameters on the mechanical
properties of the printed samples were subjected to uniaxial tensile test until failure
at room temperature. An extensometer was used in each tensile test to accurately
measure the strain of the examined parts. Mechanical properties were determined
from the stress-strain curves. In addition, to investigate the water uptake behavior of
the PLA-based composite materials, all specimens were thoroughly dried and
weighed to determine their initial dry mass prior to immersion (mp). The samples
were then fully immersed in distilled water maintained at 25 °C for various
immersion periods. At specific time intervals (3, 7, and 30 days), the specimens were
removed, smoothly wiped to eliminate surface moisture, and weighed again (my).
The percentage of water absorbed was calculated using the equation:

Water Absorption(%) = (%) X 100 (1)
0

These mass are measured over time during immersion. This methodology
enabled the evaluation of how material composition, layer orientation, and FDM
processing parameters influence water absorption behavior. Furthermore, porosity
(Pt) was determined allowing the estimation of total void content, providing a link
between processing parameters and the formation of internal defects. Then, scanning
electron microscopy (SEM-QUANTA FEG-250) was used to examine the
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microstructural behavior of the tensile fractured surfaces. Porosity is equal to pore
volume (Vp) divided by total volume (V,). It is expressed by equation 2:

Pt=17 = (1) &)

Where M; is the dry mass of the specimen measured in air, and Ms is the
saturated mass after immersion in water, allowing complete filling of the open pores.
The difference (M — Ms) represents the mass of water occupying the accessible
pores, which is directly proportional to the pore volume. Dividing this value by M;
normalizes the pore content with respect to the specimen’s total volume, thus
providing a dimensionless measure of porosity.

3. EXPERIMENTAL TENSILE RESULTS

Samples of tensile stress-strain curves of SCFR-PLA printed parts for various
carbon fiber contents (%C), raster angles (0) and printing speeds (V) are illustrated
in Figure 1.
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Fig. 1 — Tensile stress-strain curves of SCFR-PLA at different FDM parameters.

The variation of FDM parameters significantly affect the mechanical behavior
and damage of printed parts. Therefore, it is interesting to explore their influence on
measured mechanical properties, which are Young’s modulus (E), ultimate tensile
strength (UTS), yield strength (YS) and strain at failure (&).
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3.1. EVOLUTION OF YOUNG'S MODULUS

Figure 2 illustrates the variation of E as a function of 6, V and %C.
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Fig. 2 — Variation of E with different values of 6, V, and %C.

Figure 2 illustrates a decrease in E with increasing 6 and V, indicating a
reduction in stiffness. The highest stiffness was observed at =0°, demonstrating the
best rigidity. A similar pattern was reported by Ammar et al. [23] for carbon fiber-
reinforced PETG. Furthermore, the addition of short carbon fibers significantly
increases the stiffness of the material. This improvement is attributed to the
reinforcing effect of the short carbon fibers, which enhance the structural integrity
and mechanical properties of the printed material [25,26]. Furthermore, for 6=0°, the
30%SCFR-PLA, printed at low printing speed (V=25mm/s), exhibits the highest E
value (E=3237 MPa). An analysis of the results reveals that the rigidity exhibits an
inverse relationship with 0 and V, while it increases proportionally with the carbon
fiber content (%C).

3.2. EVOLUTION OF YIELD STRENGTH

The variation of YS as a function of FDM parameters is presented in Figure 3.
The results indicate that YS decreases by approximately 65% as 6 increases from 0°
to 90°, specifically for %C=15% in SCFR-PLA printed at V=50 mm/s . Furthermore,
an increase in %C from 15% to 30% enhances YS, especially at raster angles 6=45°
and 6=90°. In this case, printing speed has not a significant effect on YS.
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Fig. 3 — Variation of YS with different values of 0, V, and %C.

In addition, this figure shows a consistent decrease in Y'S with an increase in
%C from 0% to 15%, respectively. This trend is attributed to the reduction in
elasticity of the pure polymer matrix caused by carbon fiber reinforcement [30]. The
obtained results clearly show an inverse proportional relationship between YS and
0, and %C, with no notable influence of V.

3.3. EVOLUTION OF ULTIMATE TENSILE STRENGTH

Figure 4 illustrates the variation of UTS as a function of 6, V and %C. A
significant 75% decrease in UTS as 0 increases from 0° to 90° for %C = 15% and V
= 50 mm/s. The influence of V is minimal for samples printed at 0°, whereas for
those printed at 45° and 90°, an increase in V is observed to enhance UTS. This
effect occurs because, at higher printing speeds, successive layers are deposited in
shorter time intervals compared to lower speeds, promoting stronger interlayer
bonding and improving the overall structural integrity of the printed material. This
phenomenon was also demonstrated by Ansari and Kamil [27] for printed PLA.
Furthermore, for the raster angles, 45° and 90°, we note that the increase of %C from
15% to 30% improves the tensile strength of the printed parts. The impact of %C is
emphasized, indicating that incorporating carbon fiber into the PLA matrix leads to
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an increase in UTS, thereby enhancing durability and toughness of the printed
composites under tensile loading.
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Fig. 4 — Variation of UTS with different values of 0, V, and %C.

Then, UTS decreases with increasing 6 and while it increases proportionally
with V and %C.

3.4. EVOLUTION OF STRAIN AT FAILURE

The ductility of the printed polymer and its composites is evaluated based on
the fracture strain (€r) obtained from tensile testing. Figure 5 presents the variation
of €ras a function of key FDM processing parameters, providing insights into how
these factors influence the material's deformation ability before failure.
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Fig. 5 — Variation of €¢(%) with different values of 0, V, and %C.

The strain at failure is strongly affected by 6 and V. Notably, low %C parts
printed at 0° at high speed exhibit higher ductility compared to the other samples,
with a corresponding €; reaching 9%. On the other hand, by changing 6 from 0° to
90°, €; drops by about 90%, in the case of %C=15% printed at 50mm/s.

In addition, Figure 5 demonstrates that pure PLA exhibits superior ductility
compared to the 15% carbon fiber reinforced PLA, regardless of the selected printing
speed (V). These findings are in strong agreement with those reported in previous
studies [20,25], further validating the outcome observed in the current analysis.

4. WATER ABSORPTION OF SCFR-PLA

The experimental outcomes provide valuable insight into the moisture
sensitivity of SCFR-PLA composites and help relate water uptake to porosity, fiber-
matrix interfacial bonding, and overall microstructural characteristics of FDM-
printed parts.
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Fig. 6 — Influence of FDM parameters on materials absorption.

Figure 7 illustrates the mean values of the water absorption behavior of pure
PLA and its composites with 15% and 30% short carbon fiber reinforcement (SCFR-
PLA) over 3, 7, and 30 days. For each material, the average water absorption is
calculated as:

Ae = % 2?=1Ai,t (3)

Where:

e A= average water absorption (%) at time t for a specific material.
e A;;= water absorption value of the i-th sample of that material at time t.
e n = total number of tested samples for that material at time t.

A clear trend is observed: water absorption increases with time for all
materials, but decreases as the carbon fiber content increases. Pure PLA exhibits the
highest absorption values at all time intervals, while the 30% SCFR-PLA composite
consistently shows the lowest. This indicates that the addition of carbon fibers
improves the material’s resistance to moisture uptake, likely due to their
hydrophobic nature and the reduced exposure of the polymer matrix.
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Fig. 7— Mean values of materials water absorption as function of days.

The resulting averages were 2.25% for PLA, 1.8% for 15% SCFR-PLA, and
1.46% for 30% SCFR-PLA. Then, increasing the carbon fiber content effectively
enhances the moisture resistance of the composite. In addition, the water absorption
results over 3, 7, and 30 days reveal that increasing %C in SCFR-PLA composites
significantly reduces both initial and long-term moisture uptake (Figure 8).
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Fig. 8 — Moisture content over time

For PLA, the absorption rate between 3 and 7 days is 0.17% per day, the
highest among all materials, before dropping to 0.029% per day between 7 and 30
days. In comparison, 15% SCFR-PLA exhibits lower slopes of 0.135% and 0.023%
per day for the same periods, indicating reduced water penetration due to fiber
reinforcement. The 30% SCFR-PLA samples show the lowest slopes, 0.11% and
0.019% per day, confirming that higher fiber content provides the greatest resistance
to water absorption. All materials reach saturation at around 30 days, beyond which
no further water uptake is observed, highlighting the stabilization of moisture

content over time.
5. POROSITY OF SCFR-PLA

Porosity (Pt) is equal to pore volume (Vp) divided by total volume (V). It is
expressed by the following equation:

pr=YF — (M) 3)

Vi M;
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Fig. 9 — Influence of FDM parameters and materials on porosity.

Increasing the print speed from 25mm/s to 50mm/s leads to higher porosity
levels, as the extruded filament has less time to fuse properly with adjacent layers,
resulting in weaker interfacial bonding and more voids within the structure. The
raster angle also plays a role, although its impact is usually moderate; different
angles (0°, 45°and 90°) affect the overlap and continuity of deposition lines, which
can alter the internal void distribution. Furthermore, incorporating carbon fibers into
the PLA matrix tends to reduce porosity due to the space-filling effect of the fibers.

To validate the obtained results, the tensile fracture surfaces of the SCFR-PLA
with %C=15% and %C=30%, printed at various speeds (V), were examined using
Scanning Electron Microscopy (SEM) analysis. The corresponding SEM images are
presented in Figure 10. A raster angle (0) of 0° were considered in the analysis.
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Fig. 10 — SEM images of the tensile damaged surfaces: (a) %C=15%, V=25mm/s. (b) %C=15%,
V=50mm/s. (c) %C=30%, V=25mm/s. (d) %C=30%, V=50mm/s

It is clearly observed that increasing the printing speed (V) promotes the
formation of extensive air pores, called large voids, within the material structure,
which act as defects and significantly compromise the mechanical integrity of the
printed parts. The higher speed limits the melting and consolidation processes,
thereby reducing the mechanical strength and degrading the composite properties.
Additionally, higher V may negatively affect interlayer adhesion, highlighting the
importance of optimizing the trade-off between speed and print quality to achieve
strong layer bonding.

6. CONCLUSIONS
This work investigated the relationships between mechanical, water

absorption, porosity, and microstructural features in short carbon fiber reinforced
polylactic acid (SCFR-PLA) composites printed by fused deposition modeling
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(FDM), considering the coupled effects of printing speed (V), raster angle (0), and
fiber content (%C). The results show that stiffness (E) increases with %C but
decreases with higher 0 and V. Yield strength (YS) is inversely related to 6 and %C,
with V showing minimal influence. UTS decreases with 0 but increases with V and
%C. Ductility (&) improves with V but decreases with 6 and %C. Water absorption
increased over time for all materials but was significantly reduced with higher %C,
confirming the hydrophobic effect of carbon fibers. Pure PLA exhibited the highest
uptake, while 30% SCFR-PLA showed the lowest, with all materials reaching
saturation at around 30 days. Porosity analysis revealed that higher printing speeds
tend to increase void formation, affecting mechanical performance. SEM analysis of
tensile fracture surfaces for SCFR-PLA at 6=0° revealed distinct differences
between V=25mm/s and V=50mm/s, highlighting the role of printing speed in fiber—
matrix adhesion, pore morphology, and fracture mechanisms. Overall, the findings
demonstrate that optimizing fiber content, raster orientation, and printing speed can
significantly enhance mechanical performance, reduce moisture sensitivity, and
control porosity in FDM-printed SCFR-PLA composites.
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