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ABSTRACT. Hybrid continuous fiber—reinforced composites produced by
fused deposition modeling (FDM) offer a promising solution for lightweight
load-bearing structures. However, their mechanical performance is strongly
governed by internal reinforcement architecture. This study experimentally
investigates the effect of continuous carbon fiber layup orientation on the
tensile behavior of hybrid FDM composites based on three short-fiber-
reinforced thermoplastic matrices: ABS, PA12, and PET-G. Specimens were
fabricated using continuous fiber co-extrusion technology with controlled
constant and combined fiber layup schemes. Uniaxial tensile tests with non-
contact strain measurement were performed to evaluate Young’s modulus,
ultimate tensile strength, and strain-to-failure. Results show that fiber
alignment with the load direction is essential for maximizing stiffness and
strength, while the polymer matrix primarily controls ductility and failure
strain. Combined layups with axially oriented and off-axis layers offer a
balance between strength and damage tolerance. Fractographic observations
indicate mixed Mode I/Mode II failure governed by structural anisotropy and
matrix plasticity. These findings establish the design basics for optimizing
hybrid continuous-fiber-reinforced FDM composites and provide a practical
framework for the development of additively manufactured structural
components.
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INTRODUCTION

dditive manufacturing (AM), and in particular fused deposition modeling (FDM), has rapidly evolved from a

prototyping technology into a viable tool for fabricating load-bearing structural components with complex

geometries and tailored internal architectures [1,2]. However, the relatively low stiffness and strength of
conventional thermoplastic filaments, together with the inherent anisotropy and interlayer weakness of FDM parts, still limit
their use in engineering applications requiring reliable mechanical performance. To address these limitations, two main
reinforcement strategies have been widely adopted: short-fiber reinforcement and continuous-fiber reinforcement.
According to the former, chopped fibers are dispersed in filaments within the polymer matrix, leading to improvements in
stiffness, strength, and thermal stability while preserving printability with the same manufacturing parameters. The
mechanical response of such materials strongly depends on fiber content, aspect ratio, orientation, and dispersion quality
[3-8]. Despite these advantages, short fibers alone cannot provide the level of reinforcement required for highly loaded
components, as load transfer is limited by fiber length and interfacial shear. A more effective approach is continuous-fiber
reinforcement, implemented in FDM through continuous fiber co-extrusion (CFC) technology [9-13]. In this process, a
continuous fiber tow is impregnated in situ with molten thermoplastic and deposited together with the matrix filament. This
produces a composite filament during printing and enables formation of a load-bearing fibrous framework within the printed
part. Continuous fibers carry the majority of the applied load, while the thermoplastic matrix ensures stress transfer,
geometric integrity, and interlayer bonding. The ability to control the spatial arrangement of reinforcement during printing
represents a fundamental advantage of additive manufacturing over conventional composite processing. In FDM, fiber
orientation, stacking sequence, and local reinforcement density can be varied within a single component, enabling the
creation of architected composite structures with region-specific mechanical responses. Such controlled reinforcement
allows to align fibers with principal stress directions, redistribute loads, mitigate stress concentrations, and tailor stiffness
and strength. This design freedom is essential for moving from uniform, isotropic parts toward functionally graded,
application-specific composite architectures.
In recent years, hybrid reinforcement systems combining a short-fiber-reinforced polymer matrix with embedded
continuous fibers have also attracted increasing attention [14—18]. In such materials, the short fibers enhance the stiffness
and strength of the matrix and improve load transfer to the continuous reinforcement, while the continuous fibers provide
a structural framework that carries the primary load. The performance of such FDM composites is highly sensitive to the
internal reinforcement architecture. In particular, the orientation of continuous fibers relative to the applied load governs
load-transfer efficiency, the development of interlaminar shear, and the dominant failure mechanisms [19]. Off-axis fiber
orientations introduce shear-dominated stress states, reduce the axial load-bearing capacity of the fibers, and increase the
role of the polymer matrix and the fiber—matrix interface. Consequently, the mechanical properties can vary by several times
depending on the selected layup configuration, even for the same material system and fiber content.
However, while the importance of fiber alignment is widely acknowledged, quantitative relationships between layup angle,
reinforcement architecture (single vs. combined), and failure mechanisms remain pootly established for hybrid FDM
composites produced by continuous fiber co-extrusion. Continuous-fiber FDM is typically studied in isolation, often using
only nylon- or PLA-based matrices and a small number of fiber orientations [12,13,20]. Existing works on hybrid systems
combining short-fiber matrices and continuous fibers generally lack a controlled comparison of layup schemes [21,22]. Thus,
systematic experimental data on the effect of continuous fiber layup angle in hybrid FDM composites with different polymer
matrices remain limited.
The present work addresses this gap by experimentally investigating the influence of continuous carbon fiber (CCF) layup
angle on the tensile mechanical response of hybrid FDM composites based on three widely used thermoplastics:
acrylonitrile—butadiene—styrene (ABS), polyamide-12 (PA12), and polyethylene-terephthalate-glycol (PET-G), each
reinforced with short fibers. These polymers were selected due to their widespread use in additive manufacturing and their
distinct mechanical and physical characteristics. ABS is known for its relatively high strength and impact resistance, PA12
exhibits high ductility and chemical stability, and PET-G provides an intermediate combination of strength, flexibility, and
processability. Specimens were manufactured using continuous fiber co-extrusion technology using various constant and
combined fiber layup schemes and tested under uniaxial tension. The dependences between reinforcement architecture,
stiffness, strength, and failure behavior were analyzed, providing design guidelines for optimizing load-bearing hybrid FDM
composites for engineering applications.
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MATERIALS AND METHODS

Materials and additive manufacturing
T o enhance the mechanical performance of the matrix, each studied polymer was reinforced with short fibers: carbon
fibers (CF) for ABS and PA12, and glass fibers (GF) for PET-G. The resulting composite filaments were denoted
as ABS+CF (density 1.11 g/cm?), PA12+CF (1.06 g/cm?), and PET-G+GF (1.23 g/cm?). These short-fibet-
reinforced polymers served as the matrix material for all specimens.
CCF filament supplied by Anisoprint (Shanghai, China) was used as the primary load-bearing reinforcement. The CCF
consisted of 1.5K carbon fibers with a nominal Young’s modulus of 149 GPa and an ultimate tensile strength of 2206 MPa.
The fiber bundle was pre-impregnated with a thermoset sizing and had a nominal diameter of 350 um, corresponding to a
fiber volume fraction of approximately 60%.
All specimens were fabricated using an Anisoprint Composer A4 dual-extrusion 3D printer (Anisoprint, Shanghai, China)
equipped with a standard thermoplastic nozzle (0.4 mm diameter) and a continuous fiber co-extrusion nozzle (0.6 mm
diameter). The CFC process feeds both the CCF filament and the molten thermoplastic into the same print head, where the
polymer coats the fiber bundle immediately prior to deposition. This zz-situ impregnation promotes interfacial adhesion
between the continuous fibers and the thermoplastic matrix, enabling the formation of a load-bearing composite architecture
during printing. The scheme of the printing process is illustrated in Fig. 1.

Continuous fiber
Thermoplastic @ @ Fiber's filament
Thermistor

&

Fiber cutter

Matrix extrusion nozzle

Melting chamber
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Figure 1: Printing process scheme for CFC technologies.

The printing parameters for the three matrix materials are summarized in Tab. 1. The build platform temperature, nozzle
temperature, and printing speed were optimized for each polymer to ensure stable extrusion, good interlayer bonding, and
effective fiber impregnation. The thermoplastic matrix was deposited at a printing speed of 50 mm/s, while the continuous
fiber was placed at 10 mm/s to ensute accurate fiber placement and proper wetting by the molten polymer. The first layer
was printed with a thickness of 0.26 mm, followed by layers of 0.29 mm thickness.

Extruder #1 Extruder #2
ABS+CF PA12+CF PET-G+GF CCF
Nozzle diameter, mm 0.4 0.6
Layer height, mm Li‘;szsr :E 21_7 8;8
Print platform temperature, °C 100 60 90 -
Nozzle temperature, °C 250 265 250 -
Printing speed, mm/sec 50 10

Table 1: Manufacturing parameters for continuous fiber-reinforced specimens.

Geometry and configuration of CCF-reinforced samples

To investigate the influence of CCF layup angle and reinforcement scheme on the tensile behavior of hybrid FDM
composites, rectangular prismatic specimens were designed and manufactured (Fig. 2). The geometry was selected to ensure
a uniform stress state in the gauge section and to allow controlled variation of fiber orientation within the printed layers. All
specimens were printed with a fixed total number of layers, while continuous fiber reinforcement was introduced only in
the three central layers (layers 3—5). This configuration ensured symmetric reinforcement through the specimen thickness
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and minimized bending effects during tensile loading. The remaining layers consisted of short-fiber-reinforced thermoplastic
only.
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Figure 2: Geometry of CCF-teinforced samples.

Within the reinforced region, the CCF was deposited at prescribed angles relative to the tensile loading direction. Constant
layup angles of 0°, 30°, 45°, and 60° were investigated, representing fiber orientations from fully aligned with the load (0°)
to highly off-axis (60°). In addition, three combined layup schemes were studied to simulate quasi-laminate architectures:
30°/0°/-30°, 30°/—30°/30°, and 45°/—45°/45°, where the sequence denotes the fiber otientation in the third, fourth, and
fifth layers, respectively. For clarity, the notation “PA12+CF+CCF 30” refers to a specimen printed from a PA12+CF
matrix with continuous carbon fibers oriented at 30° in each of the three reinforced layers. Similarly, “PA12+CF+CCF
45/—45/45” denotes a specimen in which the CCF was placed at 45° in the third layer, —45° in the fourth layer, and 45° in
the fifth layer.

The continuous fibers were aligned within each layer along straight paths corresponding to the prescribed angles, while the
thermoplastic matrix was deposited in parallel raster lines oriented along the tensile loading direction. This approach ensured
a consistent matrix architecture for all specimens, allowing the effects of continuous fiber orientation to be isolated. Such
sample design enabled a systematic evaluation of how both constant and combined CCF layup schemes influence stiffness,
strength, and failure behavior under uniaxial tensile loading.

Experimental tests

Uniaxial tensile tests were performed at room temperature (approximately 20°C) using an Instron 68SC-5 universal testing
machine (Instron, Norwood, MA, USA) equipped with a 5 kN load cell. The tests were conducted under displacement
control at a constant crosshead speed of 1 mm/min. Strain was measured using a non-contact AVE2 video extensometer
(Instron, Norwood, MA, USA). Two reference markers were applied to the surface of each specimen at equal distances
from the center of the gauge section and aligned with the loading direction. The relative displacement between these markers
was continuously tracked during loading, allowing direct measurement of axial strain (Fig. 3). The testing of specimens made
from ABS+CF+CCF 0°, PA12+CF+CCF 0°, and PET-G+GF+CCF 0° was carried out using a universal testing machine
Instron 3369 with a maximum load capacity of 50 kN. The mechanical tests were performed under the same experimental
parameters as in the previous test series.

For each material and layup configuration, at least nine specimens were tested to ensure statistical reliability and to assess
repeatability. Force—displacement data were recorded continuously and converted to engineering stress—strain curves
employing the initial cross-sectional area and length of each specimen. The Young’s modulus was determined from the
initial linear region of the stress—strain curve, while the ultimate tensile strength and strain at break were taken as the
maximum stress and corresponding strain prior to failure. All reported values represent the mean and standard deviation of
the test series.
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Figure 3: Tensile experiment setup with a video extensometer and a specimen with control markers.
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Figure 4: Stress-strain curves for samples reinforced with CCFs at a constant layup angle: (a) ABS+CF+CCEF, (b) PA12+CF+CCF,
() PET-G+GF+CCF, (d) All materials with a CCF layup angle 0°.
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RESULTS

the reinforcement scheme. For all three matrix systems (ABS+CF, PA12+CF, and PET-G+GF), systematic

variations in stiffness, ultimate tensile strength, and failure strain were observed. Fig. 4 presents stress—strain curves
for hybrid composites reinforced with CCFs at constant layup angles of 30°, 45°, and 60° for (a) ABS+CF+CCF, (b)
PA12+CF+CCF, and (c) PET-G+GF+CCEF. The corresponding curves for specimens with fibers aligned with the loading
direction (0°) are shown separately in Fig. 4d in order to preserve the scale.
For all three materials, the stress—strain response was strongly governed by fiber otientation. The 30° layup consistently
exhibited the highest stiffness and strength among the off-axis configurations. As the layup angle increased from 30° to 60°,
a systematic reduction in both the initial slope and the ultimate stress was observed, reflecting the progressive loss of axial
load-bearing efficiency of the continuous fibers.
A comparison between the three material systems revealed some differences in mechanical performance and deformation
behavior. For the same layup angle, PA12+CF+CCF generally exhibited the highest strength and strain-to-failure values,
indicating more effective stress redistribution and greater ductility of the PA12-based matrix. PET-G+GF+CCF showed
intermediate behavior, with moderate stiffness and strength but higher ductility than ABS-based composites. In contrast,
ABS+CF+CCEF displayed the lowest ultimate strain and the most brittle response, characterized by a steeper elastic region
and abrupt failure. These differences were most evident at higher layup angles (45° and 60°), where the deformation
mechanism became increasingly matrix-dominated. Under these conditions, the superior ductility of PA12 allows it to
sustain higher strains before failure, while the lower toughness of ABS leads to earlier fracture. PET-G exhibited transitional
behavior between these two.
In the case of the 0° layup (Fig. 4d), the stress—strain curves for all three materials were neatly coincident, indicating that
when fibers are aligned with the loading direction, the composite response is controlled primarily by the CCFs rather than
the polymer matrix: the fibrous framework dominates load transfer under axial loading, while the matrix plays a secondary
role in maintaining structural integrity and stress transfer.
Fig. 5 presents bar charts of Young’s modulus, ultimate tensile strength, and strain at failure for hybrid composites as a
function of the CCF layup angle for the three matrix systems. The numerical data obtained are summatized in Tab. 2.

T he tensile response of the studied hybrid composites showed a strong dependence on both the CCF layup angle and
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Figure 5: Tensile mechanical properties of materials as a function of the layup angle of CCF.
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For specimens with constant angle layers (30°, 45°, and 60°), both Young’s modulus and ultimate tensile strength decreased
monotonically with increasing deviation of reinforcement from the loading axis, as seen in the stress—strain curves in Fig. 4
and the bar charts in Fig. 5. For the ABS+CF+CCF samples, increasing the fiber angle from 30° to 60° reduced Young’s
modulus from 4.40 to 2.86 GPa and the ultimate tensile strength from 26.35 to 19.80 MPa. For PA12+CF+CCF, the
modulus decreased from 4.70 to 3.90 GPa and the strength from 46.00 to 37.58 MPa. A more pronounced sensitivity to
orientation was observed for PET-G+GF+CCF, where the modulus decreased from 4.28 to 2.99 GPa and the strength
from 31.99 to 22.96 MPa. These reductions reflect the transition from fiber-dominated axial loading to matrix- and interface-
dominated shear loading. As the fiber orientation rotated away from the load direction, the axial stress component carried
by the fibers diminished, while interlaminar shear and matrix deformation increasingly govern the mechanical response.

A comparison between materials reveals that PA12+CF+CCF exhibited the highest ultimate tensile strength at all
investigated angles, followed by PET-G+GF+CCF, while ABS+CF+CCF consistently showed the lowest strength. In
contrast, differences in Young’s modulus among the three systems were less pronounced, indicating that stiffness is primarily
governed by the continuous fiber framework, whereas strength and failure strain are more sensitive to the matrix properties.
Stress—strain curves for combined layup configurations are presented in Fig. 6.

Material Young's module, GPa  Ultimate stress, MPa Ultimate strain, %
ABS+CF+CCF 0 deg 47.78%2.02 265.14124.08 1.75+0.07
ABS+CF+CCF 30 deg 4.40+0.38 26.35%3.16 0.99+0.18
ABS+CF+CCEF 45 deg 3.1210.18 21.32+1.52 0.85+0.13
ABS+CF+CCEF 60 deg 2.8610.09 19.80+1.66 1.16+0.28
PA12+CF+CCF 0 deg 61.7210.99 283.84+22.31 1.55%0.15
PA12+CF+CCF 30 deg 4.70%+0.19 46.00+1.42 2.26+0.31
PA12+CF+CCF 45 deg 4.11£0.12 39.99+2.58 2.54+0.73
PA12+CF+CCF 60 deg 3.90+0.12 37.58+1.14 2.03+0.68
PET-G+GF+CCF 0 deg 66.97+1.08 296.15%20.77 1.53+0.17
PET-G+GF+CCF 30 deg 4.28+0.16 31.99+4.07 1.51£0.20
PET-G+GF+CCF 45 deg 3.71£0.11 27.18%3.88 1.4310.45
PET-G+GF+CCF 60 deg 2.99£0.20 22.96+4.69 1.8710.43

Table 2: Test results for continuous fiber-reinforced materials.
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Figure 6: Stress-strain curves for samples reinforced by CCF with combined layup: (a) ABS+CF+CCF, (b) PA12+CF+CCF, (c) PET-
G+GF+CCF.

For all three matrices, the 30/0/—30 configuration exhibited the steepest initial slope and the highest peak stress, indicating
the greatest stiffness and strength. The stress—strain curves for this layup were shifted upward relative to the other two
combinations. This reflects the presence of a direct axial load path via the 0° layer: continuous fibers aligned with the loading
direction carry the majority of the tensile load, while the 30° layers provide additional constraint and redistribution of
shear stresses. The high peak stress and comparatively limited nonlinearity before failure were consistent with fiber-
dominated response. Without the 0° layer, the curves showed a pronounced reduction in both slope and peak stress for
each material. Between the two off-axis layup schemes, 30/—30/30 consistently outperformed 45/—45/45, evidenced by
higher initial stiffness and higher ultimate stress. This ordering indicates that as the average fiber orientation deviates further
from the loading axis (moving from +30° to +45°), the composite response becomes increasingly governed by matrix
deformation, fiber—matrix interfacial shear, and interlayer shear, which limits load transfer to the fibers and reduces strength.
Comparing materials with the same layup scheme, the curves showed systematic differences in deformation behavior.
ABS+CF+CCEF (Fig. 6a) exhibited relatively abrupt failure and the lowest terminal strain, indicating lower toughness and a
reduced ability of the ABS-based matrix to accommodate shear-dominated damage. PET-G+GF+CCF (Fig. 6¢) showed
more pronounced nonlinearity and higher strain levels prior to failure, particulatly for the off-axis layups, which suggests a
greater capacity for plastic deformation and stress redistribution in the PET-G-based matrix. PA12+CF+CCF (Fig. 6b)
demonstrated an intermediate response consistent with a mixed failure character, where both matrix plasticity and more
brittle mechanisms are involved.

Bar charts of Young’s modulus, ultimate tensile strength, and strain at failure for hybrid composites as a function of the
CCFs layup scheme are presented in Fig. 7. The quantitative values are listed in Tab. 3.

For ABS+CF+CCEF, the 30/0/—30 layup reached an ultimate tensile strength of 123.04 MPa and a Young’s modulus of
7.33 GPa, tepresenting a 4.7-fold increase in strength compated with the 30° constant-angle layup and a more than sixfold
increase relative to the 60° configuration. For PA12+CF+CCEF, the corresponding values were 148.32 MPa and 7.35 GPa,
while for PET-G+GF+CCEF they reached 151.27 MPa and 8.10 GPa.

In contrast, the combined layups that did not include an axially oriented layer showed lower performance. The 30/—30/30
configuration resulted in reductions of stiffness and strength of approximately 28% and 64%, respectively, relative to the
30/0/—30 case. The 45/—45/45 scheme exhibited even more severe degradation, with stiffness and strength decreases
exceeding 49% and 77%, respectively. This trend was consistent across all three matrix systems. The sequence 30/0/—30
> 30/—30/30 > 45/—45/45 in terms of both stiffness and strength was consistently observed for ABS+CF, PA12+CF,
and PET-G+GF composites.

Unlike stiffness and strength, the ultimate strain showed a stronger dependence on the matrix material rather than on the
fiber architecture alone. The highest strain in the entire dataset was observed for PET-G+GF+CCF 30/-30/30 (2.89%),
followed by PA12+CF+CCF 45/—-45/45 (2.37%). In contrast, ABS+CF+CCF specimens exhibited consistently lower
strain values, reflecting the more brittle nature. For configurations containing a 0° layer, such as 30/0/—30, the strain at
failure was reduced compared with off-axis-dominated layups, indicating a transition to fiber-controlled, less ductile failure
mechanisms.
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Figure 7: Tensile mechanical properties of samples with quasi-laminate architecture as a function of the reinforcement scheme.

Material Young's module, GPa Ultimate stress, MPa Ultimate strain, %
ABS+CF+CCF 30/0/-30 7.33+0.77 123.04£7.40 1.2840.32
ABS+CF+CCF 30/-30/30 5.30%+0.35 43.4614.83 1.11+0.30
ABS+CF+CCF 45/-45/45 3.621+0.13 29.57+0.79 1.50+0.30
PA12+CF+CCF 30/0/-30 7.35+0.15 148.32£6.98 1.050.08
PA12+CF+CCF 30/-30/30 4.8210.14 47.6211.68 2.20%0.26
PA12+CF+CCF 45/-45/45 3.88+0.09 36.86+0.72 2.37%0.98
PET-G+GF+CCF 30/0/-30 8.10+0.29 151.27£8.51 1.32+0.09
PET-G+GF+CCF 30/-30/30 6.2510.15 60.92+2.19 2.89%0.67
PET-G+GF+CCF 45/-45/45 4.11£0.07 31.93+1.35 1.99+0.14

Table 3: Test Results for Continuous Fiber-Reinforced Materials.

DiscussION

continuous carbon fibers (CCF) is governed primarily by the orientation of the fibrous framework relative to the

loading direction. Across all matrix systems studied (ABS+CF, PA12+CF, and PET-G+GF), a systematic reduction
in stiffness and strength was observed as the CCF layup angle deviated from the tensile axis. This behavior is consistent
with classical laminated composite mechanics, in which the axial load-bearing contribution of the fibers decreases with
increasing off-axis orientation, while the role of matrix deformation and interlaminar shear progressively increases. For
comparison, the short-fiber reinforced matrices used in this work (ABS+CF, PA12+CF and PET-G+GF) without
continuous carbon fiber reinforcement exhibit Young’s modulus values typically in the range of 2-3 GPa and tensile
strengths of 30-60 MPa, as reported in our previous study [4]. This confirms that the substantial increase in stiffness and
strength observed for the 0° configuration is associated with the load-bearing contribution of the continuous carbon fibers.
The large difference between the mechanical properties of the 0° configuration and off-axis layups should also be considered
in relation to the internal reinforcement architecture. Continuous carbon fibers were introduced only in three central layers

T he experimental results demonstrated that the mechanical response of hybrid FDM composites reinforced with
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and therefore form a discrete load-bearing framework rather than a classical laminated composite. When fibers are aligned
with the loading direction, the applied load was transferred directly along the high-modulus carbon fibers, leading to stiffness
values exceeding 40—-60 GPa.

When fibers were oriented away from the loading axis, the axial stress component carried by the fibers decreases and the
mechanical response becomes governed by matrix deformation and fiber-matrix interfacial shear. This transition explains
the monotonic degradation of Young’s modulus and ultimate tensile strength from 30° to 60° observed for all materials, as
well as the enhanced sensitivity to processing-induced defects and intetlayer bonding quality at higher angles. Such
reinforcement architectures are nevertheless important in practical composite design, where off-axis layers improve shear
resistance, crack deflection capability, and structural stability under multi-axial loading conditions. Therefore, off-axis CCF
layers should be considered as structural elements that complement axial reinforcement rather than as independent load-
bearing components.

When the reinforcement architecture included a 0° layer, the mechanical response changes fundamentally. The combined
layup scheme of 30/0/—30 provided a continuous axial load path through the specimen thickness and therefore maximized
both stiffness and strength for all matrix systems. This effect was evident in the substantial increase in mechanical
performance relative to single-angle or off-axis-only schemes. The presence of the 0° layer ensured that a significant fraction
of the applied load was directly borne by the continuous fibers, while the surrounding off-axis layers served to redistribute
shear stresses and reduce stress concentrations, stabilizing the composite structure. Combined layups without a 0° layer
component, such as 30/—30/30 and 45/—45/45, exhibited a pronounced loss of stiffness and strength.

The strain-to-failure behavior revealed a complementary role of the polymer matrix. This was particularly evident in the
PA12+CF and PET-G+GF systems, which exhibited significantly higher strain values compared with ABS-based
composites for off-axis and combined layups. The observed differences may reflect the intrinsic viscoelastic—plastic
properties of the matrices and their ability to accommodate local stress concentrations through plastic deformation.

The fracture morphologies shown in Figs. 8 and 9 provide further insight into the underlying failure mechanisms. The red
lines on the images in Fig. 8 play role of geometric benchmarks for evaluating the fracture trajectory in tested specimens.
The oblique red line approximates the orientation of the principal crack, while the vertical red line establishes a reference
aligned precisely with the direction of applied load. The results confirm that failure trajectory was governed by the combined
effects of loading angle, structural anisotropy, and material plastic deformation capacity. In all cases, a mixed (Mode I +
Mode II) failure mechanism was noted, while increase of the loading angle partially stabilized the crack trajectory.

For constant-angle specimens (Fig. 8), the crack trajectory deviated from the loading direction and followed a path dictated
by the anisotropic reinforcement architecture. ABS-based composites displayed stepwise, quasi-brittle fracture with a narrow
plastic zone, whereas PA12-based composites showed more stable crack growth with a pronounced plastic deformation
region. PET-G-based composites exhibited intermediate behavior, characterized by mixed brittle—ductile features.

For combined layups (Fig. 9), the crack paths also deviated significantly from the nominal loading direction, highlighting
the strong influence of internal architecture on fracture evolution. The presence of off-axis layers promoted a mixed Mode
I/Mode 1I failure mechanism, in which shear-driven crack deflection partially stabilized crack propagation but did not
compensate for the loss of axial load-bearing capacity. These observations confirm that structural anisotropy, fiber
orientation, and matrix plasticity jointly control the failure response of hybrid FDM composites.
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Figure 8: Morphology of fractured samples: (a) ABS+CCF 30, (b) ABS+CCEF 45, (c) ABS+CCF 60, (d) PA12+CCF 30, (¢) PA12+CCF
45, (f) PA12+CCF 60, (g) PET-G +CCF 30, (h) PET-G +CCF 45, (i) PET-G +CCF 60.

From an engineering perspective, the results allow to establish a design principle: for components subjected predominantly
to uniaxial or bending loads, reinforcement architectures must include fiber layers aligned with the principal load direction.
Off-axis layers should be used strategically to improve damage tolerance and shear resistance. At higher layup angles, the
role of process quality, such as fiber impregnation, interfacial adhesion, and interlayer bonding, becomes increasingly critical,
as the composite response transitions from fiber-dominated to matrix- and interface-controlled.
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Figure 9: Motphology of fractured samples: (2) ABS+CCF 30/0/-30, (b) ABS+CCF 30/-30/30, (c) ABS+CCF 45/-45/45,
(d) PA12+CCF 30/0/-30, () PA12+CCF 30/-30/30, (f) PA12+CCF 45/-45/45, (9) PET-G +CCF 30/0/-30, (h) PET-G +CCF 30/-
30/30, (i) PET-G+CCF 45/-45/45.

CONCLUSIONS

of hybrid FDM composites based on short-fiber-reinforced ABS, PA12, and PET-G matrices. It was demonstrated

that both stiffness and ultimate tensile strength decrease systematically as the fiber layup angle deviates from the
loading direction, confirming that the axial projection of the continuous fibers controls the efficiency of load transfer.
Reinforcement schemes that include a 0°-oriented layer provide a continuous axial load path and therefore achieve the
highest strength and stiffness, with the 30/0/—30 configuration consistently outperforming all other layups. While the
continuous fibers dominate stiffness and strength, the polymer matrix primarily governs ductility and failure strain, with
PA12-based composites showing the highest elongation, PET-G-based systems intermediate behavior, and ABS-based
composites the most brittle response. Fracture observations further reveal that crack trajectories ate strongly influenced by
structural anisotropy and matrix plasticity, resulting in mixed Mode I/Mode II failure across all configurations. Overall, the
results confirm that hybrid continuous-fiber-reinforced FDM composites can be systematically tailored through controlled
layup design, providing a practical framework for optimizing additively manufactured structures.

T his study investigated the influence of continuous carbon fiber layup architecture on the tensile mechanical response
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