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ABSTRACT

In this study, continuous glass fiber-reinforced PLA composites were fabricated via a custom-designed dual-feed FDM system
using a nozzle-impregnation method. PLA filament and glass fiber tow were co-fed into the extruder, where fiber impregnation
occurred before deposition through a rounded steel nozzle. Specimens with fiber orientations of 0°, 0/90°, 90°, +45°, and +20°
were printed using a 0.5mm layer height and 2mm line width. Thermogravimetric analysis revealed that fiber addition slightly
decreased the onset degradation temperature of the matrix. Ignition loss measurements confirmed that fiber orientation had no
effect on fiber volume fraction (~12.5vol.%). Tensile and flexural strengths increased significantly as fiber alignment approached
0°, reaching 82.75MPa and 48.04 MPa, respectively, while 90°-oriented samples showed the lowest values. Scanning Electron
Microscope analysis revealed poor impregnation and interfacial bonding in off-axis configurations. Finite element simulations
showed a strong correlation with experimental modulus values for both 0° and 90° orientations. Furthermore, increasing fiber
volume fraction was found to enhance stiffness along the fiber axis, confirming the anisotropic nature of the material and em-
phasizing the importance of fiber alignment. This study provides a scalable approach for tailoring mechanical performance in
additively manufactured continuous fiber composites.

1 | Introduction fiber (GF), in particular, offers a desirable combination of tensile

strength, thermal stability, and cost-effectiveness. Traditionally,

Additive manufacturing (AM), particularly Fused Deposition
Modeling (FDM), has transformed the landscape of polymer pro-
cessing by enabling the production of complex geometries with
high customization and material efficiency [1-3]. Among com-
monly used thermoplastics, polylactic acid (PLA) stands out for
its biodegradability, affordability, and ease of processing [4, 5].
However, its limited mechanical strength and brittle behavior
restrict its use in functional or load-bearing applications [6, 7].

To address these shortcomings, continuous fiber reinforce-
ments have garnered attention due to their superior ability to
improve stiffness, strength, and impact resistance [8, 9]. Glass
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GF-reinforced composites have been produced using techniques
such as hand lay-up or vacuum infusion. While these methods
provide good fiber impregnation and are widely adopted in in-
dustrial settings, they present notable limitations, including
labor-intensive processing, limited geometric complexity, poor
scalability, and challenges in achieving repeatable quality in
thin or complex structures [10-12].

While many studies have investigated the macro- and mi-
croscale mechanical behavior of fiber-reinforced compos-
ites—particularly in the automotive sector—most focus on
conventional laminated textile structures or randomly oriented
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Summary

Continuous GF/PLA composites were produced via
dual-feed FDM printing.

Fiber orientation had a strong effect on tensile and
flexural strength.

0° orientation showed the highest mechanical perfor-
mance among all angles.

FEA accurately predicted elastic response for 0° and
90° orientations.

Stiffness increased with fiber volume along the fiber
alignment direction.

short fibers integrated through thermoset-based systems
[13-15]. These approaches often prioritize enhanced stiffness,
thermal resistance, and vibration damping but do not fully
leverage the design freedom and functional grading potential
offered by additive manufacturing [16]. Moreover, recent works
have emphasized the importance of interfacial morphology,
fiber-matrix adhesion, and structural architecture in dictating
impact energy absorption and viscoelastic response, yet such
considerations remain underexplored in the context of continu-
ous glass fiber-reinforced thermoplastics fabricated via direct-
feed FDM systems [17].

In contrast, FDM-based approaches offer a promising route for
fabricating GF-reinforced composites with enhanced geometri-
cal freedom, reduced material waste, and integration with digital
design workflows [18, 19]. By feeding the PLA matrix filament
and continuous glass fiber simultaneously into the printer's
heated nozzle, it becomes possible to fabricate composite parts
in a layer-wise fashion without the need for pre-impregnated fil-
aments or post-curing steps. This method enables direct control
over fiber placement and alignment, which is critical to mechan-
ical performance [4, 20-22].

Gavande et al. [8] investigated the mechanical performance
of continuous glass fiber-reinforced thermoplastic composites
manufactured via vacuum infusion. The resulting laminates
exhibited superior mechanical properties compared to their
epoxy-based counterparts, including notable improvements in
compressive, tensile, and shear strengths. Most significantly,
the residual compressive strength after low-velocity impact
was 142% higher than that of the epoxy composites. While the
study confirms the feasibility of producing high-performance
thermoplastic composites through conventional vacuum infu-
sion, it also highlights the geometric limitations associated with
mold-dependent fabrication methods. Complementing this,
Billah et al. [23] investigated the thermomechanical behavior
of short carbon fiber (CF) and short glass fiber (GF) reinforced
ABS composites specifically designed for large-format additive
manufacturing (LFAM). Their comprehensive characteriza-
tion demonstrated that fiber reinforcement enhances stiffness,
thermal stability, and dimensional control compared to neat
ABS. Notably, ABS/CF exhibited a 272% increase in stiffness.
However, unlike the present study, which utilizes continuous
glass fiber reinforcement, their work focused solely on short fiber
composites, which exhibit different reinforcement mechanisms

and stress transfer behaviors. This distinction is critical when
assessing the structural capabilities of fiber-reinforced ther-
moplastics produced via extrusion-based methods. In a related
context, Dou et al. [24] systematically examined the influence
of key process parameters—Ilayer height, extrusion width, print-
ing temperature, and printing speed—on the tensile mechanical
properties of continuous carbon fiber-reinforced PLA compos-
ites produced via a modified FDM 3D printer. Their results
indicated that relative fiber content, governed by layer height
and extrusion width, plays the most significant role in deter-
mining tensile strength and stiffness, with values reaching up
to 243.5MPa and 25.8 GPa, respectively. Although temperature
and speed affected the fiber-matrix interface, their impact was
secondary. Notably, the primary failure mode was fiber pull-out
due to weak interfacial bonding. Despite methodological simi-
larities, their use of continuous carbon fiber introduces different
interfacial behavior and stiffness characteristics compared to
the continuous glass fiber reinforcement examined in the cur-
rent work.

Recent studies have explored continuous fiber reinforcement in
polymers, particularly with carbon and aramid fibers [24, 25].
Despite the increasing interest in continuous fiber-reinforced
composites manufactured via additive processes, most studies
to date have primarily focused on carbon fiber reinforcement
due to its high stiffness and strength. In contrast, continuous
glass fiber—despite being more cost-effective and offering excel-
lent mechanical and thermal stability—remains relatively un-
derexplored, particularly in combination with PLA matrices and
direct-feed FDM technologies. The literature includes a limited
number of studies utilizing in-nozzle impregnation techniques
with dual-feed extrusion systems, where achieving uniform
fiber wet-out, controlling fiber alignment, and ensuring strong
interfacial bonding remain critical challenges. Furthermore,
many existing approaches rely on prepreg-based feedstocks or
involve substantial modifications to the printhead architecture,
which complicate the process, increase production costs, and
hinder scalability for industrial applications. These limitations
highlight a clear research gap in the development of accessible,
scalable, and efficient manufacturing routes for continuous glass
fiber-reinforced thermoplastic composites. To address this gap,
the present study introduces a simplified nozzle-impregnation-
based dual-feed FDM method for in situ fabrication of PLA com-
posites reinforced with continuous glass fiber. The mechanical
performance of the composites is systematically evaluated as
a function of fiber orientation and is supported by numerical
simulations, providing new insight into structure—property rela-
tionships critical to the design of anisotropic load-bearing com-
ponents produced via additive manufacturing.

In this study, a dual-feed FDM setup is employed to fabricate
PLA composites reinforced with continuous glass fiber using
an in-nozzle impregnation technique that avoids the need for
prepreg filaments or complex post-processing. Unlike previous
studies that mainly focus on carbon fiber reinforcements or rely
on modified printheads, this work introduces a more accessible
and scalable method for producing continuous glass fiber com-
posites. The influence of fiber orientation on tensile and flexural
performance is systematically investigated and supported by
finite element simulations, which show strong agreement with
experimental results. This research not only bridges the gap
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between traditional mold-based composite fabrication and mod-
ern additive manufacturing but also provides novel insight into
anisotropic behavior and design optimization of fiber-reinforced
thermoplastics for structural applications.

Vac-High PC-Std. 10kV x 1500  se———20 ym 001862
Bilim ve Teknoloji Uygulama ve Aragtirma Merkezi, Balikesir Universitesi.

FIGURE1 | SEM image of glass fiber.

TABLE1 | Properties of GF and PLA.

Properties PLA Glass fiber
Density (g/cm?) 1.24 2.64
Tensile strength (MPa) 20-30 2098
Elastic modulus (GPa) 3.8 76
Flexural strength (MPa) 101.2 —
Flexural modulus (GPa) 3.11 —
Filament diameter (mm) 1.75 —
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2 | Materials and Methods
2.1 | Materials

In this study, continuous glass fibers (GF) (WR6 300 tex) contain-
ing 800 elementary fibers with an elementary fiber diameter of
14.75+1.18 um were used as reinforcement materials, and polylac-
ticacid (PLA) (Esun Industrial Co. Ltd.; Shenzhen) with a filament
diameter of 1.75mm was used as the matrix material. The elemen-
tary fiber diameter of GF was determined by using ImageJ based
on the image of SEM, which was shown in Figure 1. Properties
of reinforcement fibers and matrix material were given in Table 1.

2.2 | 3D Printing of Continuous Glass Fiber
Reinforced Composites

Continuous GF reinforced PLA composites were 3D printed
by using a custom-made extruder system based on the nozzle-
impregnation method. Continuous GF and PLA filaments were
fed into the extruder from different inlets. Impregnation of melt
PLA into the GF bundle occurred between the nozzle outlet and
the fiber guide tip. A steel nozzle with a rounded tip was used to
prevent nozzle wear and fiber breakage during the 3D printing
process [26]. The printing temperature was fixed at 210°C, and
the nozzle head speed was fixed at 10mm/s. A schematic repre-
sentation of the extruder system and an image of the 3D printing
process were shown in Figure 2a,b, respectively. The line width
and layer height values were fixed at 2mm and 0.5 mm, respec-
tively. The reinforced layer count was kept at six for all samples.
Unreinforced PLA layers were deposited for the first bottom and
the last top layer.

Composite specimens were 3D printed by using different in-
fill angles to investigate the effect of fiber orientation on the
properties of composites. The orientation angle of continuous
GF fibers was adjusted by changing the infill angle during
the slicing process. Geometric code (gcode) files, which in-
clude printing parameters such as nozzle spatial coordinates,
were generated by using the slicing program [27, 28]. Fiber

FIGURE2 | (a)Schematic representation of extruder system and (b) image of 3D printing process.
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FIGURE 3 | Fiber orientation angle and patterns of composites.

orientation angle and patterns of composites were given in
Figure 3.

2.3 | Characterization

Thermal behavior of PLA matrix and composite containing con-
tinuous glass fiber was investigated by thermogravimetric ana-
lyzer (TGA). TGA tests were performed by heating specimens
from room temperature to 600°C with a heating rate of 10°C/
min under nitrogen atmosphere. Differential scanning calo-
rimetry (DSC) analysis was performed by using DSC analyzer
(TA Instruments/DSC 250) from 30°C to 200°C with a heating
ramp of 10°C/min under nitrogen atmosphere. Fiber content of
composites was determined by using ignition loss method. At
least 3 g of specimens were placed in alumina crucibles for each
orientation parameter, and ignition process was carried out by
using electrical furnace (Protherm PLF 110/30). Crucibles were
heated from room temperature to 450°C with a heating rate of
10°C/min and kept at peak temperature for 1 h to ensure decom-
position of PLA matrix. Volume fractions of composites were
determined by the following equation [29].

mﬁnal — Merucivle

(mﬁnal - mcrucible) +

V.=
f ’, 1
pﬂbey, (minitial - mﬁnal) ( )
‘matrix

where minitinal’ mfinal’ mcrucible’ pfiber’ and pmatn’x correspond to the
mass of the sample before ignition, the mass of the sample after
ignition, the mass of the crucible, the density of the reinforce-

ment, and the density of the matrix.

Specimens were cut and molded by using epoxy resin for opti-
cal microscope examinations. Samples were ground by using

iy

90

=

sandpapers with a grit size of 80 to 1200 subsequent to the
molding process and polished with polishing paste contain-
ing abrasive particles with a particle size of 6um. Scanning
electron microscope (JEOL JSM-5000 NEOSCOPE) was used
for the investigation of both the pristine GF morphology and
the fracture surface of composites 3D printed with different
fiber orientations. Specimens were machined to dimensions
of 100mm*20mm (x*y) by using a water jet cutting system
for mechanical testing. Tensile and flexural properties of the
3D-printed continuous glass fiber-reinforced PLA composites
were evaluated using a Zwick/Roell universal testing machine.
Tensile tests were performed in accordance with the ASTM
D3039 standard, while three-point bending tests were con-
ducted following ASTM D790. Unidirectional specimens with
dimensions of 100X 20 x4 mm (x Xy X z) were printed for tensile
testing. Then, 3D-printed tabs were attached at both ends of
the specimen to provide better load transfer and reduce stress
concentrations at the grips. The crosshead speed for both tests
was fixed at 2mm/min. Specimen dimensions were prepared in
compliance with the respective standards to ensure consistent
stress distribution and valid comparison of mechanical perfor-
mance across different fiber orientations. 3D printed end tabs
were adhesively mounted onto tensile testing specimens before
testing. Flexural strength of composites was determined by
three-point bending testing with a span to depth ratio of 16 and
a crosshead speed of 2mm/min. Mechanical test samples are
shown in Figure 4.

2.4 | Finite Element Modeling

In this study, a representative volume element (RVE)-based
numerical modeling approach was employed to investigate the
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FIGURE4 | Mechanical test samples with varying fiber orientations.

mechanical behavior of fiber-reinforced composites produced
via fused deposition modeling (FDM). Unlike conventional
manufacturing methods, FDM-based production often results
in relatively low fiber volume fractions, which significantly lim-
its the strength and stiffness of the final composite parts.

To overcome this limitation and to explore optimization strat-
egies, finite element simulations were performed on idealized
RVE models. These models allow us to predict the effective
mechanical response of the composite by varying key micro-
structural parameters such as fiber volume fraction and fiber
diameter. By applying appropriate boundary conditions and
loading scenarios, we calculated the homogenized stiffness
values and evaluated how different reinforcement configu-
rations influence overall strength. It should be noted that the
RVE models in this study were constructed using idealized
fiber arrangements rather than microstructure-based recon-
structions. Although SEM imaging was performed to evaluate
impregnation quality, the fiber geometry in the simulations
was not directly extracted from images. Instead, fiber diame-
ter and volume fraction were determined experimentally and
from printing parameters, enabling accurate input definitions.
This approach ensures consistency between the fabricated and
simulated composites, particularly given the precise control of-
fered by the dual-feed additive manufacturing process. Also,
the fiber-matrix interface was assumed to be perfectly bonded.
This simplification was considered appropriate since the simula-
tions were limited to the elastic regime, where interfacial failure
mechanisms are not dominant.

The theoretical results and formulation of the RVE homoge-
nization methodology were detailed in the previous work [30],
and are therefore not repeated here. The RVE represents a
statistically meaningful microstructural segment of the com-
posite, consisting of reinforcing fibers embedded in a matrix
phase. It is assumed that this microstructure can reflect the
overall material response when subjected to mechanical load-
ing. The fiber-matrix interactions, including mismatch in
stiffness and induced internal stresses, are captured numeri-
cally using the finite element method (FEM). The mesh struc-
ture image of the unidirectional fiber composite RVE model is
shown in Figure 5.

The homogenization procedure involves applying appropriate
boundary conditions to the RVE and computing the average
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FIGURE 5 | Mesh structure of unidirectional fiber composite RVE
model.

stress and strain fields under controlled loading scenarios. This
allows the extraction of the effective elastic constants of the
composite. The influence of fiber orientation, volume fraction,
and geometric arrangement is inherently considered in this
modeling framework.

The RVE models were constructed based on idealized geomet-
ric representations of the fiber architecture and meshed for nu-
merical simulation. By evaluating the macroscopic response of
the RVE, the composite's effective stiffness characteristics were
determined.

3 | Results and Discussion

3.1 | Thermogravimetric (TGA) and Differential
Scanning Calorimetry (DSC) Analyzes

Thermal behavior of unreinforced PLA and continuous GF
composite was examined using thermogravimetric analy-
sis (TGA), and derivative thermogravimetry (DTG) and it is
shown in Figure 6a,b, respectively. According to the TGA
results, unreinforced PLA exhibits thermal stability up to
approximately 296°C. Beyond this point, a marked mass
loss occurred, which corresponds to the degradation of the
polymer. This behavior is indicative of a single-step thermal
decomposition, typical of polymers with relatively uniform
molecular structures. Similar single-step thermal decomposi-
tion was observed for the continuous GF composite, and in-
corporation of GF into the PLA matrix caused slight shifting
of decomposition start temperature to lower temperatures of
292°C. The observations revealed that no improvement was
observed with the incorporation of glass fiber into the poly-
mer. The thermal degradations of specimens nearly continued
up to a temperature of about 395°C. The DTG curves further
support these observations by exhibiting a single, prominent

Polymer Composites, 2026

1935

85LB01 7 SUOLUIOD dA 111D 3|l dde ay) Aq peuenob aJe sojoiLe VO ‘85N JO SNl 1oy Aleid18UIIUQ AB]IA UO (SUONIPUOD-PUR-SLUIB)ALIY A8 | 1M Afe.d]1|Bul [Uo// Sty SUORIPUOD pue swie 1 8y} 88S *[9202/c0/TT] uo AkeiqiTauluo A|im ‘AiseAlN 1s9xilea Aq 08€02 2d/200T 0T/I0PALI0Y A8 ] im Afe.d 1 jBul [uo'SUO ed|qndadsty//Scny Wouy papeojumoq ‘Z ‘9202 ‘69508rST



120 n 1 L 1 n 1 L 1 L 1 2 1

| s —PLA
100 A . \

— PLA/GF
80 SR W S

—

——PLAGE

Weight (%)

60

EY

Weight (%)

Temperature (')

404

204

2 T T T d T ¥ T T T T T T
0 100 200 300 400 500 600 700
Temperature (°)

3500 1 " 1 L 1 n 1 n 1 n 1 L 1 L
—PLA
——PLA/GF

3000 ——

2500

DTG (ugimin)
g

2000

Temperature (*)

1500

DTG (ug/min)

1000

500
o] — L

-500

T T ¥ T ¥ T ) T . T T T T
0 100 200 300 400 500 600 700
Temperature (°)

FIGURE6 | (a) TGA and (b) DTG curves of unreinforced PLA and continuous GF composite.

peak corresponding to the maximum rate of mass loss at
370.61°C and 369.08°C for unreinforced polymer and the com-
posite, respectively. Remaining mass loss values were 0.39%
and 21.55% for unreinforced and continuous GF composite.
Results confirm that the degradation of PLA and the compos-
ite occurs primarily in a single step under the applied thermal
conditions [31]. The slight decrease in the onset degradation
temperature was observed. Pathek et al. [32] indicated that the
presence of fibers in the composites can act as initiation points
for thermal degradation due to weak interfacial interactions.

DSC analysis of pure PLA and its composites indicated the occur-
rence of both heat-absorbing (endothermic) and heat-releasing
(exothermic) transitions during analysis. The initial thermal
peak for neat PLA, detected at 62.1°C, corresponds to the glass
transition temperature, aligning with findings reported by Chen
et al. [33]. A subsequent exothermic peak at 96.58°C signifies
the occurrence of cold crystallization. Furthermore, a smaller
exothermic peak at 163.43°C is linked to melt-induced crystalli-
zation [34]. The final endothermic peak, appearing at 180.65°C,
is associated with the melting point of the PLA polymer ma-
trix [35]. The incorporation of glass fibers led to a discernible
decrease in the intensity of the thermal peaks, indicating an
influence on the crystallization and melting behavior of the
composite. The glass transition, cold crystallization, and melt-
ing peaks were determined as 62.9°C, 95.88°C, and 179.59°C,
respectively. Because the fibers were too macroscopic to affect
the mobility of the polymer chain segments and weak interfacial
interactions, a slight decrease in the crystallization and melting
points was observed [32, 36]. DSC thermograms of neat PLA and
composite are presented in Figure 7 to compare their thermal
transitions.

3.2 | Optical Microscope Investigation Results

Optical microscope images of 3D printed continuous GF rein-
forced composites with fiber orientations of 0° and 90° were
shown in Figure 8 a and b respectively. As expected, fibers were
vertically and horizontally located for 0° and 90°, respectively.
The existence of pores derived from the poor impregnation of
polymer into the bundles of fibers was clearly observed. Due to
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FIGURE 7 | DSC analysis of neat PLA and composite.

the increased ratio of nozzle diameter to layer height and nozzle
force applied onto fibers during the printing process, the cross-
sectional geometry of fiber bundles tended to be elliptical [37].

3.3 | Fiber Content of Composites

Volume fractions of composites 3D printed with various fiber
orientations were determined by using the ignition loss ap-
proach. The calculations (see Equation 1) were based on the
ignition loss of composites at 450°C for 1 h. The temperature
was selected based on the TGA analysis, where no further
mass change was observed. The mass loss of the composites
originated from the decomposition of matrix PLA, and the re-
sult indicated the presence of reinforcing fibers GF. The fiber
content of 3D printed continuous GF composites was deter-
mined to be ~12.5vol.%, and the variation of fiber orientation
caused no obvious change in fraction results due to the fixed
parameters of linewidth and layer height. It was indicated in
the literature that the decrease in both linewidth and layer
height results in an increase in the fiber content of the com-
posites [7, 25, 26]. Fiber volume fractions for each orientation
are given in Table 2.
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FIGURE 8 | Optical microscope images of composites with fiber orientations of (a) 0° and (b) 90°.

TABLE 2 | Fiber volume fraction (vol.%) for each orientation.

Fiber orientation Fiber volume fraction

0 12.46+0.5

90 12.37+1.8

0/90 12.61+0.7

45/—45 12.48+0.5

20/-20 12.55+1.1
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FIGURE 9 | Tensile stress of glass fiber-reinforced PLA composites
as a function of fiber orientation.

3.4 | Tensile and Bending Test

The influence of fiber orientation on the tensile performance of
continuous glass fiber-reinforced PLA composites was system-
atically investigated. Tensile strength values obtained for differ-
ent orientations are presented in Figure 9. The elastic modulus
values reported in this study were determined from the slope
of the initial linear region of the stress—strain curves obtained
during tensile testing. These curves provide a direct measure of
stiffness for each fiber orientation.

The mechanical performance of the 3D-printed continuous
glass fiber-reinforced PLA composites was found to be highly
sensitive to fiber orientation. The specimen with 0° fiber align-
ment exhibited the highest tensile strength of 82.75MPa and a
corresponding elastic modulus of 13.36 GPa, confirming that
direct axial alignment facilitates optimal load transfer and stiff-
ness. This result is consistent with classical composite theory
and prior studies [38-41], where reinforcement along the load-
ing direction maximizes both strength and modulus.

Specimens printed with +20° orientation achieved a relatively
high tensile strength of 77.18 MPa and an elastic modulus of
9.48 GPa, indicating that near-axial fibers can still effectively
bridge microcracks and distribute stress. The 0/90° cross-ply
configuration provided moderate values (56.08 MPa, 10.20 GPa),
where longitudinal fibers contributed to strength while trans-
verse fibers acted primarily as stabilizers.

As expected, the +45° orientation resulted in reduced perfor-
mance due to off-axis fiber alignment and shear-dominated
failure modes, with tensile strength and modulus measured as
41.86MPa and 6.89 GPa, respectively. In off-axis configurations
such as +20° and +45°, no signs of delamination or out-of-plane
failure were observed. The failure was primarily due to fiber pull-
out, resulting from poor impregnation. The 90° configuration,
where fibers are perpendicular to the loading direction, showed
the weakest performance: 16.21 MPa tensile strength and 5.16 GPa
elastic modulus. This behavior is attributed to matrix-dominated
failure mechanisms, including interfacial debonding and fiber
pull-out, as the load is primarily borne by the PLA matrix.

These findings align with simulation-based and experimental
results in the literature [39, 40, 42], all of which emphasize the
critical influence of fiber orientation on the tensile response of
both synthetic and natural fiber-reinforced composites.

The bending performance of the continuous glass fiber-
reinforced PLA composites produced via additive manufac-
turing (AM) exhibited a pronounced dependence on fiber
orientation. Figure 10. Effect of fiber orientation on the flexural
strength of 3D-printed continuous glass fiber-reinforced PLA
composites. The 0° orientation exhibited the highest flexural
strength due to optimal fiber alignment with the principal stress
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FIGURE 10 | Bending stress of glass fiber-reinforced PLA compos-
ites as a function of fiber orientation.

direction, whereas off-axis configurations such as +45° and 90°
resulted in significantly reduced performance due to ineffective
stress transfer and matrix-dominated failure. Among all tested
configurations, the specimen printed with 0° fiber alignment
showed the highest flexural strength (48.04 MPa), benefiting
from optimal reinforcement alignment along the principal ten-
sile stress direction during bending. A similarly high flexural
strength was observed in the +20° configuration (47.16 MPa),
indicating that small deviations from the loading axis can still
effectively contribute to load-bearing through fiber bridging
mechanisms and distributed stress absorption.

The 0/90° cross-ply configuration yielded an intermediate
strength (36.42 MPa), reflecting a balance between longitudinal
reinforcement and transverse structural support. In contrast, the
+45° orientation (32.60 MPa) resulted in lower flexural strength
due to shear-induced deformation and reduced axial stiffness.
The lowest flexural strength was recorded in the 90° configu-
ration (17.81 MPa), where fibers were oriented perpendicular to
the bending axis, thus failing to contribute meaningfully to ten-
sile resistance on the outermost fiber layer.

The flexural test results of the continuous glass fiber-reinforced
PLA composites revealed that fiber orientation has a decisive in-
fluence on bending performance. Specimens with 0° fiber align-
ment exhibited the highest bending strength, as the fibers are
optimally positioned to carry both tensile and compressive loads
along the bending axis. Consistent with the results of Baharlou
et al. [43], the present study confirms that 0° fiber orientation
provides superior flexural strength among all tested configura-
tions due to its favorable alignment with the principal stress di-
rections during bending. As the fiber orientation deviated from
the loading direction—such as in the +45° and 90° configura-
tions—mechanical performance declined considerably. A simi-
lar trend was reported by Singh et al. [44], who observed that the
flexural strength of symmetric glass/epoxy laminates decreased
by up to 36.07% in 45°-oriented specimens compared to those
with 0° orientation. These reductions are consistent with the
strength losses found in the off-axis specimens of the present
study. Furthermore, the current findings are in agreement with

Wang et al. [45], who showed that increased layer height and
extrusion width in FDM printing result in a broader distribution
of fiber orientations, which can in some cases enhance resis-
tance to bending loads by promoting more isotropic reinforce-
ment behavior—particularly relevant in short fiber-reinforced
composites.

3.5 | Scanning Electron Microscope (SEM)

SEM micrographs of 3D printed continuous GF reinforced
PLA composites with various fiber orientations are shown in
Figure 11a,e for the specimens with a fiber orientation of 0° to
90°. Straight broken fibers were observed for all orientations
except for the composite printed with a fiber orientation of 90°
(see Figure 11e). Pore presence was obvious in the fiber bundles
due to the poor impregnation. Due to the lack of effective im-
pregnation of PLA melt into GF bundles during extrusion, fibers
located perpendicular to the applied tensile load were peeled off
and scattered from the PLA matrix. The poor impregnation of
polymer melt into fiber bundles was observed in studies based
on the nozzle-impregnation method due to the presence of a
limited impregnation area in the hot-end system which can be
eliminated by the use of pre-impregnated fiber bundles [46-48].
Similarly, no failure based on fiber breakage was observed in
specimens printed at a 90° orientation. In this orientation, fail-
ure originated from the separation at the fiber-matrix interface.
As the orientation angle approached 90°, the fracture behavior
resulted in both matrix and fiber failure due to the load trans-
mitted to the fibers. The common point for the failure behavior
for fibers subjected to tensile load was fiber breakage and pull-
out of fibers from the PLA matrix due to the weak interaction
between the fiber-matrix interface. Due to this weak interac-
tion between the fiber-matrix and the smooth surface profile
of fibers, no PLA matrix residue was observed on the surface
of fractured fibers during examinations. A representative SEM
image illustrating fiber pull-out, voids, and interfacial gaps is
also shown in Figure 12.

3.6 | Finite Element Results

Finite element analysis (FEA) was conducted to investigate
the effect of fiber orientation and volume fraction on the elas-
tic modulus of 3D-printed continuous glass fiber-reinforced
PLA composites. The RVE simulations were used to extract
orthotropic elastic properties of the unidirectional composite
lamina. Since the specimens were cut from flat printed plates,
the material behaves similarly to conventionally manufactured
laminates. Off-axis properties can therefore be derived using
classical lamination theory by inputting the calculated 0° and
90° moduli, without the need for additional angle-specific simu-
lations. Thus, simulations were performed for two primary fiber
orientations: 0° and 90°.

The FEA results revealed an elastic modulus of 12,893 MPa for
the 0° orientation and 5185MPa for the 90° orientation. These
values are in good agreement with the experimental measure-
ments, which yielded 13,357MPa and 5160 MPa, respectively.
The close match between numerical and experimental results
supports the validity of the RVE-based simulation approach and
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FIGURE11 | Fracture surface SEM images of composites 3D printed with fiber orientations of (a) 0, (b) 0/90, (c) +45/—45, (d) +20/—20, and (e) 90.
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Bilim ve Teknoloji Uygulama ve Arastirma Merkezi, Balikesir Universitesi.

FIGURE 12 | SEM image showing fiber pull-out, voids, and inter-
facial gaps.

suggests that the assumed fiber distribution and interface be-
havior in the model are reasonably accurate.

In addition to the fixed-orientation simulations, a parametric
study was conducted to evaluate how changes in fiber volume
fraction (ranging from 8% to 20%) affect the elastic properties of

the composite. As shown in Figure 13, stiffness in the 0° fiber
orientation direction increased nonlinearly with fiber content,
indicating improved load-bearing capability along the fiber axis
as reinforcement increased. Meanwhile, stiffness in the 90° ori-
entation—perpendicular to the loading direction—also showed a
gradual increase, albeit to a lesser extent. These trends confirm the
anisotropic nature of the material, where the mechanical response
is highly dependent on fiber alignment relative to the applied load.

These results collectively highlight the critical role of fiber
alignment and volume fraction in tailoring the mechanical be-
havior of additively manufactured composites. The parametric
FEA outcomes also provide valuable guidelines for optimizing
process parameters to meet specific stiffness requirements.

To better contextualize the current study, a comparative sum-
mary of recent works on continuous fiber-reinforced thermo-
plastic composites is presented in Table 3. The table highlights
differences in reinforcement type, matrix material, fabrication
method, and mechanical performance across studies. This com-
parison emphasizes the originality and performance advan-
tages of the present work, particularly in terms of the use of a
simplified dual-feed FDM process and fiber alignment control.

4 | Conclusion

In this study, continuous glass fiber-reinforced PLA composites
were successfully fabricated using a dual-feed fused deposition
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FIGURE 13 | Effect of fiber volume fraction on elastic modulus for 0° and 90° orientations.

TABLE 3 | Comparative summary of recent studies on continuous fiber-reinforced thermoplastic composites and the present work.

Matrix Fiber content Fiber orientation Tensile strength (MPa) References
PLA 45wWt.% 0 241 [49]
PLA 60vol.% 0 345.74 [50]
Nylon 8vol.% 0 73.35 [50]
Nylon 15vol.% 0 139 [21]
Nylon 75vol.% 0 272 [21]
Nylon 15vol.% 45 116 [21]
Nylon 75vol.% 45 159 [21]
PA6 5.6vol.% 0 115.2+16.5 [51]
PA6 17.1vol.% 0 218.2+29 [51]
PLA 23vol.% 0 139.64+6.2 [52]
PLA 12.46+0.5 0 82.75 This work
PLA 12.37+1.8 90 16.21 This work
PLA 12.61+0.7 0/90 56.08 This work
PLA 12.48+0.5 45/—-45 41.86 This work
PLA 12.55+1.1 20/-20 77.18 This work

modeling (FDM) system based on the nozzle-impregnation
method, with a specific focus on the influence of fiber orienta-
tion on mechanical performance. A consistent fiber volume frac-
tion of approximately 12.5vol.% was confirmed for all samples
via ignition loss analysis, enabling a reliable comparison across
orientation configurations. Thermogravimetric analysis (TGA)
revealed that the incorporation of glass fibers slightly reduced
the onset degradation temperature of PLA, while maintaining
its single-step decomposition behavior.

Mechanical testing showed that specimens with 0° fiber align-
ment achieved the highest tensile and flexural strengths of

82.75MPa and 48.04MPa, respectively, which were approx-
imately 5.1 and 2.7 times higher than those of the 90° orienta-
tion (16.21 MPa and 17.81 MPa). Similarly, the 0° configuration
yielded an elastic modulus of 13.36 GPa—about 2.6 times greater
than the 5.16 GPa recorded for the 90° orientation—indicating
pronounced anisotropy resulting from directional reinforcement.

Fractographic analysis by SEM revealed clear signs of fiber pull-
out and interfacial debonding in off-axis samples, particularly at
90°, confirming ineffective load transfer due to insufficient wet-
ting of glass fibers by the PLA matrix. These findings reflect a
typical limitation of nozzle-based in situ impregnation systems.
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Finite element analysis using representative volume elements
(RVES) closely matched experimental elastic modulus values
and further demonstrated that increasing the fiber volume
fraction significantly enhances stiffness along the fiber direc-
tion. These results collectively validate the mechanical trends
and provide valuable design guidelines for tuning stiffness and
strength in continuous fiber-reinforced thermoplastics.

Overall, this study highlights the dominant role of fiber align-
ment in dictating the tensile and bending behavior of con-
tinuous glass fiber-reinforced PLA composites produced via
additive manufacturing. The quantitative insights derived
herein strengthen the understanding of structure-property re-
lationships and underscore the importance of precise fiber path
control in achieving tailored anisotropic performance.
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