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Abstract

Short-fiber-reinforced composites (SFRCs) are widely used for their high strength-to-weight
ratio. In the Additive Manufacturing (AM) field, Material Extrusion (MEX) processes inher-
ently induce anisotropy, primarily due to fiber alignment along the deposition path, making
printing direction and layer orientation critical for mechanical performance. In this study,
specimens made of Onyx®, a carbon short-fiber-reinforced polyamide, were fabricated by
varying their orientation on the build platform, thereby producing different infill deposition
directions. Each replica contained 25 layers. Two deposition strategies were investigated:
a conventional alternating ±45◦ raster pattern and a 0◦/90◦ configuration. Owing to the
odd number of deposited layers, the latter resulted in two distinct stacking configurations,
namely 0◦/90◦ and 90◦/0◦, depending on the orientation of the first deposited layer. With
such a strategy, it was possible to obtain configurations with a predominance of fibers
either aligned with or transverse to the loading direction, depending on the orientation of
the first-deposited layer. Mechanical test results were systematically compared to evaluate
the influence of deposition strategy and fiber orientation on tensile performances. The
effect of extrusion on fiber alignment was evaluated using Scanning Electron Microscopy
(SEM). Mechanical behavior was evaluated using replicated tensile testing (five specimens
per condition) and SEM-based fiber-orientation analysis. The investigation confirms the
anisotropic nature of MEX-produced SFRCs. In particular, the 0◦/90◦ configuration showed
reductions of approximately 24% in tensile strength and 58% in elongation at break com-
pared with the ±45◦ configuration. These results demonstrate that both extrusion-induced
fiber orientation and layer-wise deposition strategy play a crucial role in defining the
mechanical response of the material.

Keywords: 3D printing; additive manufacturing; carbon composites; composites; extrusion;
polyamide; polyamide composites; short-fiber composites

1. Introduction
Composite materials are, by definition, materials produced by two or more constituents

(namely the phases), generally distinguished as matrix and reinforcement(s), combined at a
macroscopic level [1,2]. As regards the matrix, the so-called Polymer Matrix-Based Composites
(PMCs) are particularly relevant for engineering applications [3] and consist of a polymeric
matrix, either thermoset or thermoplastic, where a reinforcing phase is embedded [4]. Rein-
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forcements can be classified based on their dimensions into short fibers, continuous fibers, or
particles ranging in size from nanometers to a few millimeters [5].

Short-fiber-reinforced composites (SFRCs) are materials in which the reinforcing phase
consists of discontinuous fibers of a certain length, typically with a relatively low length-
to-diameter aspect ratio, and the fibers are randomly dispersed into the matrix [6]. Their
mechanical behavior is generally isotropic in the plane (and, consequently, orthotropic
in the out-of-plane direction) if the reinforcing phase is equally distributed all over the
ply [7]. In conventionally manufactured SFRCs, stacking multiple plies with approximately
homogeneous fiber distributions usually results in an almost-isotropic response [2,8,9].

Composite components can be produced using many different methods, depending
mainly on the material, component size, and production volume [5]. Among these pro-
cesses, Additive Manufacturing (AM), also known commercially as 3D printing, is a viable
option. AM techniques refer to a set of processes based on the automated deposition of
successive layers of material to create a three-dimensional object, starting from 3D CAD
models [10]. However, owing to the layered nature of the techniques, AM components
could show anisotropic behavior along the build direction [11,12].

According to the ASTM 52900:2021 standard [13], AM processes can be classified
into seven distinct categories, based on their characteristics. A brief description of the
available AM techniques today for producing composites with the corresponding matrix
and fiber [5,14,15] is summarized in Table 1.

Table 1. Main AM technologies suitable for producing composite materials.

AM Technology Description Type of Polymeric
Matrix Used

Type of Fiber
Reinforcement Used

Powder bed fusion laser
beam (PBF-LB/P)

Focused laser source used
to locally sinter and melt

the material

Thermoplastic powders
(usually polyamides)

Short fibers to
nanoparticles mixed in

the powder

Vat photopolymerization
(VPP)

Focused laser source or UV
projection to locally

polymerize the material
Thermoset liquid resins Small particles suspended

in the resin

Binder jetting
(BJT)

Selective drop of thermoset
binding agent to solidify

the material
Thermoplastic powders

Short fibers to
nanoparticles mixed in

the powder

Material Extrusion (MEX)
Extrusion of the material
through a heated nozzle

along a selected path
Thermoplastic filaments

Short fibers to
nanoparticles dispersed in

the filament.
Long, continuous fibers
pre-impregnated into a

bonding matrix (CFF, [16])

Among the technologies reported in Table 1, MEX is certainly the most widely used,
thanks to its relative simplicity, low cost, and capability to produce environmentally friendly,
“green” composites [17]. MEX techniques also enable the manufacture of high-performance
materials, also known as technopolymers (e.g., PEEK [18]). Among AM processes for com-
posite, MEX processes are the only ones capable of producing composites with long-fiber
reinforcement, enabled by a technology variant known as Continuous Filament Fabrication
(CFF, patented by Markforged®, [19]). With respect to the common MEX processes, CFF
implies an extrusion head equipped with two nozzles and a cutter. A nozzle is dedicated
to depositing matrix material. The second nozzle is dedicated to depositing a filament
comprising a bundle of continuous fibers pre-impregnated with a bonding polymer. At
the end of the reinforcement extrusion path, the cutter cuts the filament. The commer-
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cially available reinforcement filaments are carbon, glass, and Kevlar, while the matrix can
be a pure thermoplastic polymer such as TPU, PLA, or PA [17], or a carbon short-fiber-
reinforced polyamide called Onyx® [20], as patented by Markforged® [19]. A detailed
description of the CFF process can be found in [5,16]. Owing to its increasing use, Onyx®

has been investigated using techniques such as pyrolysis, thermogravimetric analysis
(TGA), and scanning electron microscopy. These analyses determined a solid load slightly
above 10% in volume [21] or ~15% by weight [22], and chopped fibers with a diameter
of roughly 7–8 µm [21,23,24]. On the other hand, the analysis of the mechanical behav-
ior of Onyx is also a hot research topic from both experimental and simulation [25,26]
perspectives. In particular, experimental topics include the investigation of processing
parameters [18,23,27], environmental conditions [28,29], mesostructured properties [30],
and reinforcing strategy [22,27,31]. The main applications today are metal replacement (e.g.,
aluminum components) in fields requiring high weight-to-strength ratios (e.g., aerospace
and automotive), such as cores for lightweight sandwich structures [32,33]. The increasing
interest in the use of Onyx® is due not only to its mechanical performance but also to
the simplicity of CFF production, lower production costs, and environmental benefits
compared with producing metallic components. On the other hand, better material use
requires a deep understanding, particularly given the peculiarities of material formation
through extrusion. As mentioned above, for SFRCs, the short fibers should not exhibit any
preferential orientation. However, as observed by Mulholland et al., the extrusion process
resulted in some fiber alignment, with fibers oriented parallel to the extrusion direction [34].
Similar observations were also reported by Canegrati et al. [30], highlighting the influence
of the manufacturing process on the internal mesostructure of MEX-produced short-fiber-
reinforced composites. Nevertheless, quantitative investigations that directly correlate
microscale fiber-orientation measurements with the tensile response of specimens manufac-
tured with different deposition configurations remain limited. Therefore, the relationship
between the preferential orientation of short fibers with the deposited filaments and the
resulting in-plane mechanical anisotropy is still only partially understood. Together with
the orientation of the extrusion path relative to the loading direction, fiber alignment within
the deposited filament may significantly contribute to the overall mechanical response of
the material, leading to behavior that differs from the conventional assumption of randomly
distributed fibers and, consequently, orthotropic but in-plane isotropic properties.

The present work is based on the hypothesis that the extrusion process induces a
preferential alignment of short carbon fibers along the deposition direction and that this
alignment contributes significantly to the in-plane mechanical anisotropy of MEX-produced
Onyx®. To test this hypothesis, specimens were manufactured with different deposition
configurations relative to the loading direction and characterized by tensile testing and
SEM. The objective was to establish a direct relationship between extrusion-induced fiber
orientation and the resulting mechanical response. The production was carried out on
a Markforged® MarkTwo™ system. Owing to the machine’s closed-source software, di-
rect control over material orientation is not possible; instead, fiber alignment within the
printed specimens is obtained by rotating the sample relative to the machine’s default
deposition orientation.

2. Materials and Methods
2.1. Machine Description

All specimens in this work were produced using the Markforged® MarkTwo™ desktop
printer (Markforged Holding Corporation, Waltham, MA, USA). The material used is
Markforged’s Onyx® (Markforged Holding Corporation, Waltham, MA, USA), a polyamide
matrix reinforced with short carbon fiber [19,20]. The fiber volume fraction for Onyx® is
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reported to be ~10% [21]. The proprietary software, Eiger™ (Version: 3.20), manages the
entire process, including slicing.

In the software, the main printing parameters, such as extrusion speed, extrusion
temperature, and infill angle, are preset and inaccessible to the user, limiting direct control
over the manufacturing process. The scientific literature reports printing speeds computed
from an extrusion volume rate of ~7 cm3/h [16,35]. The layer thickness was set at 0.125 mm;
the infill type was selected as “solid”, corresponding to a fully dense infill; and one contour
wall was selected. This represents the minimum contour configuration permitted by the
Eiger™ software and was adopted to maximize the contribution of the infill region to
the mechanical response. The machine is equipped with a nozzle for matrix extrusion
with a diameter of 0.200 mm. The extrusion temperature, as monitored by the machine’s
thermocouple, was 270 ◦C [16].

The infill angle cannot be defined by the user, as the Markforged® MarkTwo™ extrudes
the matrix material in an alternating +45◦/−45◦/+45◦/. . . pattern relative to the main
machine axes (i.e., along the print bed diagonals). To obtain different fiber orientations,
each sample was positioned by rotating it relative to the extrusion head movement, as
explained in the next paragraph.

2.2. Preliminary Characterization

To evaluate and quantify the fiber alignment with respect to the printing deposition
path direction, a single layer of material was printed on the substrate and analyzed using
scanning electron microscopy (SEM) [36], using a JEOL JCM-6000plus [37] benchtop micro-
scope (JEOL Ltd., Tokyo, Japan). The sample had a thickness of 0.125 mm (corresponding
to a single layer) and overall dimensions of 50 × 20 mm2. After production, the sample was
cut into smaller squares with sides of approximately 10 mm, which were then coated with
elemental platinum (Pt) to enhance electrical conductivity, using a Quorum Q150TS [38]
turbomolecular-pumped sputter coater system (Quorum Technologies Ltd., Laughton, UK).
The sputtered-layer thickness was around 10 nm. The sputtered samples were subsequently
mounted onto conductive bases using double-sided tape and scanned at an acceleration
voltage of 5 kV and at a magnification of ×200 under high vacuum.

Images were processed using the software ImageJ (Version: 1.54g) to evaluate fiber
alignment using the distribution of the misorientation angles, |αi − α0|; Hermans orienta-
tion parameter; and the second-order Advani–Tucker tensor.

Average orientation, α, was subsequently computed as follows (1):

α = (Σi
n|αi−α0|)/n (1)

where n is the total number of analyzed fibers, while “αi” is the orientation of the i-th
single fiber with respect to the global extrusion direction, α0, determined with a preliminary
scanning performed at a lower (×22) magnification, by measuring the angle of the visible
extrusion raster patterns. Ten independent measures were performed at different locations
across the specimen, and the mean values were adopted as the reference extrusion direction,
α0. Standard deviations of measured angles were below 1◦.

The Hermans orientation parameter, f [39], is calculated as follows (2):

f = (3×〈cos2θi〉 − 1)/2 (2)

where “θi” is the angle between the fiber and the reference direction, which is assumed to
be the extrusion direction. Therefore, θi is equal to |αi − α0|. The Hermans orientation
parameter provides a scalar measure of fiber alignment. Its value ranges from −0.5 for
fibers oriented perpendicular to the reference direction, to 0 for a random orientation, and to
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1 for perfectly aligned fibers. Consequently, values approaching 1 indicate an increasingly
pronounced preferential orientation along the reference direction.

The second-order Advani–Tucker tensor, A [40], provides a statistical description of
the fiber orientation state within the analyzed plane, which, in this case, is assumed to be
the extrusion plane, and it is calculated as follows (3):

A = (1/n)Σin

[
cos2θi sinθicosθi

sinθicosθi sin2θi

]
(3)

The diagonal components quantify the degree of alignment along the corresponding
coordinate directions and satisfy the condition that their sum equals 1. For a completely
random in-plane fiber distribution, the diagonal terms are equal to 0.5, whereas values
approaching 1 indicate an increasingly pronounced preferential alignment along the cor-
responding direction. Thus, a dominant component along the extrusion direction reflects
strong extrusion-induced fiber orientation.

2.3. Tensile Specimen Design

Dog-bone-shaped tensile specimens were designed according to the ASTM D638 Type
II standard [41]. Specimens’ dimensions were slightly modified, within the standard’s
range, to accommodate the characteristics of the production technology, as already outlined
by Galati et al. [25]. Therefore, the overall dimensions of the specimens, as shown in
Figure 1, are 185 × 19 × 3.125 mm3 (length × width × thickness), with a calibrated trait
width of 6.1 mm. Using a fixed layer thickness of 0.125 mm, 25 layers were obtained.

Figure 1. ASTM D638 Type II tensile specimen geometry and dimensions designed according to
Galati et al. [25].

In Eiger™, the samples were positioned with the larger surface parallel to the x-y
plane (see Figure 2) and attached to the printing bed. To obtain different infill orienta-
tions, the samples were opportunistically rotated around the building direction (z-axis
in Figure 2), orienting their load direction (i.e., the main dimension of the specimens)
with respect to the extrusion head movement, which is automatically set as an alternating
+45◦/−45◦/+45◦/. . . angle with respect to the x- or y-axis. This allowed for the production
of specimens in which the infill has various angles and stacking sequences relative to the
tensile load direction.

Given the hypothesis that the extrusion process tends to align fibers in the deposition
direction, the different rotations of the sample were aimed at obtaining specimens with
short fibers, dispersed in the matrix filament, aligned differently (either parallel, transverse,
or at 45◦) relative to the extrusion direction.

https://doi.org/10.3390/jmmp10060210
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(a) 

 

(b) 

(c) 

Figure 2. On the left, the specimen positioning on the build plate for each configuration. The rotation
is around the z-axis (shown in blue). The magenta arrows mark the extrusion directions. On the right,
the infill patterns for the printed specimens. The black lines represent the infill, and the light blue one
is the contour. (a) Positioning and infill used for the ±45◦ specimens. (b) Positioning and infill used
for the 0◦/90◦ specimens. (c) Positioning and infill used for the 90◦/0◦ specimens.

Using a 0◦ rotation angle around the z-axis, specimens were printed with a
+45◦/−45◦/+45◦/. . . stacking alternance, as shown in Figure 2a. These specimens will be
referred to as “±45◦”. By rotating the specimens either +45◦ or −45◦ around the z-axis with
respect to ±45◦ (Figure 2b,c), both a 0◦/90◦/0◦/. . . and a 90◦/0/90◦/. . . stacking sequence
were achieved. Given that the specimens are built with an odd (25) number of layers, these
stacking sequences resulted either in specimens with 13 layers along the load direction and
12 transverse to it (named “0◦/90◦”, Figure 2b) or specimens with 12 layers along the load
direction and 13 transverse to it (named “90◦/0◦”, Figure 2c).

2.4. Tensile Specimen Testing

Tensile specimens were 3D-printed, one at a time (with a printing time of approxi-
mately 60 min), and tested within 5 min of removal from the build plate. This interval
corresponded only to the time required for specimen handling, visual inspection, mounting
in the testing machine, and test setup, thereby minimizing and standardizing environ-
mental moisture exposure before testing [42]. Five replicas for each investigated condition
were tested, according to the reference standard [41]. Tests were carried out using an
electro-mechanical universal tensile testing machine, EASYDUR ITALIANA AURA 10T
(EASYDUR S.r.l., Arcisate, Italy) [43]. Tensile tests were conducted at 5 mm/min, as pre-
scribed by the standard [41], and data were recorded at a sampling rate of 500 Hz. Load was
acquired by the machine’s 10 kN load cell, and the crosshead displacement was measured
with a resolution of 0.001 mm.

Load–displacement curves were generated using an adapted MATLAB® code (Version:
24.2.0.3070828 (R2024b) Update 7), developed for importing and analyzing the output files
generated by the tensile testing machine to obtain standard stress-strain (σ-ε) curves and,
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consequently, tensile strength and elongation at break values. Tensile modulus, Et, was
calculated according to the ISO 527-1 [44] standard as follows (4):

Et = dσ/dε (4)

where dσ/dε is the slope of a regression line fitted in the curve range 0.0005 ≤ ε ≤ 0.0025.

2.5. Fractographic SEM Analysis

Failure surfaces were analyzed to determine the nature of the rupture mechanism
using a TESCAN MIRA 3 [45] FESEM (TESCAN GROUP, a.s., Brno, Czech Republic),
working under high vacuum, and applying an acceleration potential of 5–8 kV. Samples
from rupture surfaces of ±45◦, 0◦/90◦, and 90◦/0◦ specimens, cut at approximately 10 mm
from the breaking point, were sputtered with elemental platinum (Pt) to enhance electrical
conductivity using an Agar Scientific High-Resolution Coater 208HR (Agar Scientific Ltd.,
Stansted, UK) [46]. The Pt coating was approximately 10 nm thick. The two halves of
the rupture surfaces were positioned to image either the lateral or the frontal view of
the breakage.

3. Results and Discussion
Results of the tensile tests conducted in accordance with ASTM D638 [41] are reported

here. All tested specimens failed within the gauge section. No failures occurred at the
grips or outside the calibrated length. As mentioned above, tensile strength, σmax (i.e., the
maximum stress value reached during the test); elongation at break, εf (i.e., the maximum
strain value reached prior to failing); and tensile modulus, Et, are determined for each
tested sample. Averages and standard deviations are reported in Table 2 for the ±45◦,
0◦/90◦, and 90◦/0◦ cases, and are compared in Figure 3 as a bar graph.

Table 2. Tensile strength, σmax; elongation at break, εf; and tensile modulus, Et, for the tested infill
orientation cases (±45◦, 0◦/90◦, and 90◦/0◦): averages and standard deviations.

Mechanical Properties ±45◦ 0◦/90◦ 90◦/0◦

Tensile strength, σmax
[MPa] 44.08 ± 1.17 33.31 ± 1.15 40.82 ± 1.26

Elongation at break, εf
[%] 14.35 ± 0.68 6.09 ± 0.51 10.06 ± 0.37

Tensile modulus, Et
[GPa] 2.29 ± 0.25 2.17 ± 0.11 2.28 ± 0.14

Among the investigated stacking configurations, the ±45◦ specimens exhibited the
best overall performance, combining the highest tensile strength (44.08 MPa), elongation at
break (14.35%), and tensile modulus (2.29 GPa). In contrast, both the 0◦/90◦ and 90◦/0◦ cases
showed reductions in all measured properties, with the 0◦/90◦ configuration being the
most affected.

Average tensile test curves (obtained by averaging the five replica curves up until the
first failure elongation of the batch) are shown in Figure 4.

https://doi.org/10.3390/jmmp10060210
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Figure 3. Tensile strength, σmax; elongation at break, εf; and tensile modulus, Et, for the tested infill
orientation cases (±45◦, 0◦/90◦, and 90◦/0◦): averages and standard deviations.

Figure 4. Average tensile test curves for the ±45◦, 0◦/90◦, and 90◦/0◦ cases. The shaded area represents
±1 standard deviation calculated from the curves obtained from the five replicas. Average curves are
reported up to the first-failure elongation for each batch.

The tensile curves and average values showed a remarkable decrease in mechanical
response compared with the ±45◦ infill for both the 90◦/0◦ and 0◦/90◦ cases. In particular,
the latter showed a greater decrease, with elongation at break reduced by half and a marked
decrease in tensile strength. The percentages of variation in the mechanical properties of
0◦/90◦ and 90◦/0◦ specimens, compared with the ±45◦ specimens, are reported in Table 3.
The ±45◦ configuration was used as the reference condition because it exhibited the highest
overall mechanical performance among the investigated cases.

https://doi.org/10.3390/jmmp10060210
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Table 3. Percentages of variation in the mechanical properties caused by the different infilling cases.
The ±45◦ configuration is used as the reference condition because it exhibited the highest overall
mechanical performance among the investigated cases.

Mechanical Properties Variation 0◦/90◦ vs. ±45◦ Variation 90◦/0◦ vs. ±45◦

Tensile strength, σmax −24% −7.4%
Elongation at break, εf −58% −30%

Tensile modulus, Et −5.2% −0.44%

As can be observed in Table 3, the deposition pattern largely influences the mechani-
cal outcome, and MEX applied to short-fiber-reinforced composites exhibits anisotropic
behavior not only along the z build direction [12] but also within the x-y plane.

For the sake of completeness, pairwise comparisons between the investigated config-
urations were performed using Tukey’s t-tests. A significance threshold of α = 0.05 was
adopted throughout the analysis. The analysis is reported in Appendix A. The p-values
for tensile strength and elongation at break were below the adopted significance level
(α = 0.05), confirming statistically significant differences among the configurations investi-
gated. Conversely, the tensile modulus showed p-values greater than 0.05, indicating no
statistically significant differences among the three analyzed cases.

These results can be explained by the SEM analysis, an example of which is shown in
Figure 5. Figure 5a shows the deposition path, with the extrusion direction highlighted in
green. Figure 5b is a magnification of the previous one, in which the extrusion direction is
still indicated with the green arrow, and a certain number of fibers are marked by dotted
light blue lines or are bounded into the yellow boxes to facilitate the visualization.

Figure 5. Fiber misalignment, |αi − α0|, measurements: (a) Low-magnification (×22) image to
determine the extrusion direction for the sample α0, which is indicated by the green arrow. The
red box highlights the ROI used in (b) for fiber angle measurements. (b) High-magnification image
(×200) used to determine the single fibers’ orientation angles, αi. Some fibers’ directions are marked
by the dotted blue lines. Other fibers are bound into the yellow boxes to facilitate their visualization.
For reference, the green arrow once again indicates the extrusion direction.

For each detected fiber, the orientation, αi, with respect to the deposition direction,
α0, was measured, and the misorientation angle, |αi − α0|, was evaluated. The lower
the misorientation angle, the more the fiber is aligned parallel to the extrusion direc-
tion. A total of 1068 fibers, measured in multiple SEM micrographs acquired from differ-
ent 10 mm × 10 mm sample sections, were analyzed. The distribution of the measured
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|αi − α0| is shown in Figure 6, using a histogram with 11 classes having a size equal to
8.1◦, as per Sturges’ rule [47].

Figure 6. Distribution of misorientation angle |αi − α0| for the analyzed fibers in the 0–90◦ range.

As can be observed in Figure 6, The minimum measured misorientation was 0.02◦,
while the maximum measured was 89.11◦. The average angle, α, is equal to 17.23. The
preferential orientation of the fibers corresponds to the first class of the histogram, ranging
from 0.0◦ to 8.1◦, with a class frequency of roughly 45% of the total measurements, while
over 70% of the total measured fibers exhibit a misorientation angle, |αi − α0|, below 20◦.
This result indicates a preferential orientation along the extrusion direction. The Hermans
parameter, calculated with respect to the extrusion direction, was 0.785, confirming a pro-
nounced preferential alignment of the fibers along the extrusion path [48]. This observation
is further supported by the second-order Advani–Tucker orientation tensor, A, which was
calculated as follows:

A =

[
0.856 0.196
0.196 0.144

]
.

The dominant value of the first diagonal component (A11 = 0.856) indicates a pro-
nounced preferential alignment of the fibers along the reference direction, correspond-
ing to the extrusion path. Consequently, the tensor eigenvalues were found to be
{λA1, λA2} = {0.906, 0.094}, which approach the theoretical eigenvalue values of a perfectly
aligned fibers system ({λ1, λ2} = {1, 0}) [40].

These results collectively confirm that the extrusion process induces a marked orien-
tation of the short carbon fibers within the deposited filament, thereby affecting the final
mechanical performance of the part. As a result, each deposited filament can be regarded as
a locally reinforced unidirectional composite, where the reinforcement direction coincides
with the printing extrusion direction. This explains how the important microstructural
insight shifts into these macroscopic response variations, such as the observed reductions
both in tensile strength (−24%) and elongation at break (−58%) observed in the 0◦/90◦ sam-
ples when compared to the ±45◦ ones (see Table 3), suggesting a more brittle mechanical
behavior, while the fractographic FESEM imaging of ruptured ±45◦ specimens, shown in
Figure 7, indicates a more complex, shear-dominated rupture.

https://doi.org/10.3390/jmmp10060210
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Figure 7. Fractographic FESEM images of rupture surfaces from ±45◦ specimens. Magnification and
imaging parameters are reported below each image. Tensile direction is outbound from the image for
(a–d), and toward the right for (e,f). Images: (a) 22× image of the rupture surface, front view, showing
a complex S-shaped fracture surface, with the central part inclined at 45◦ to the tensile direction;
(b) 134× magnification from (a), showing alternating fractured +45◦-oriented layers and detached
−45◦-oriented layers; (c) 134× magnification from (a), showing the complex fracture surface present
at the angle variation point of the rupture surface; (d) 774× magnification from (b), showing the
detached −45◦-oriented layer and the complex, shear-dominated fracture surface of the +45-oriented
one, with fiber pullout visible, showing a preferential alignment of the fibers along the extrusion path;
(e) 22× image of the rupture surface, top view, showing a complex S-shaped fracture surface, with
the central part being inclined at 45◦ with respect to the tensile direction; and (f) 96× magnification
from (e), showing the complex 45◦-oriented fracture surface and fibers pulling out from it.

The macroscopic S-shaped fracture morphology can be attributed to the combined
effects of the alternating ±45◦ raster architecture and the preferential alignment of short
fibers along the extrusion direction. Since approximately 70% of the fibers have a misorien-
tation angle below 20◦, each printed layer behaved as an anisotropic reinforcement layer.
During tensile loading, crack propagation was repeatedly deflected at transitions between

https://doi.org/10.3390/jmmp10060210

https://doi.org/10.3390/jmmp10060210


J. Manuf. Mater. Process. 2026, 10, 210 12 of 19

+45◦ and −45◦ layers, producing a stepped fracture path connected by an inclined region.
This morphology is consistent with a fracture process involving significant crack deflection
and shear-related deformation.

In the 0◦/90◦ configuration, the majority of the extruded material is oriented parallel
to the tensile load, and, as a consequence, so are the fibers dispersed into the material.
In contrast, in the ±45◦ configuration, the majority of the filament and, therefore, the
embedded fibers are oriented at a certain angle with respect to the loading direction. Under
tensile loading, this configuration results in a stress state dominated by shear at the filament
level, as discussed in Figure 7, thereby promoting progressive load redistribution via matrix-
dominated deformation mechanisms. This configuration promotes a more progressive
fracture process, consistent with the higher elongation at break observed during tensile
testing. This resulted in a rupture surface very different from the 0◦/90◦ one, as shown
in Figure 8.

As already suggested by the tensile tests’ mechanical results, fractographic FESEM
observations indicate a more brittle failure behavior in the 0◦/90◦ specimens. The fracture
surfaces exhibit clean, brittle-like rupture features in the 0◦ layers, together with exten-
sive fiber pullout, while the 90◦ layers appear predominantly detached along the tensile
direction. These observations are consistent with the preferential alignment of fibers along
the extrusion path. Although the material contains short fibers, their strong preferential
alignment along the extrusion direction results in a pronounced anisotropic mechanical
response, with a reduction in elongation at break that is consistent with trends commonly
observed in unidirectionally reinforced composites. On the other hand, the reduction in
tensile strength may be associated with stress concentrations arising from inter-filament
voids and discontinuities between adjacent deposition paths.

The 90◦/0◦ configuration exhibits intermediate behavior, indicating that the stacking
sequence (subordinated to the first-layer orientation) also plays a role in determining me-
chanical performance. Figure 9 shows the fractographic FESEM images of 90◦/0◦ specimens.

Although the same filament orientations as in the 0◦/90◦ case are present, the pre-
dominance of layers deposited transverse to the loading direction results in a different
distribution of preferentially aligned fibers across the specimen thickness, explaining the
intermediate behavior of 90◦/0◦ specimens, as indicated by mechanical testing and con-
firmed by fractographic imaging (Figure 9), that showed more substantial contribution to
the tensile behavior from the matrix filament of 90◦-oriented layers.

Interestingly, the tensile modulus shows only minor variations across the different
configurations (within ~5%). This suggests that the elastic response is less affected by the
investigated changes in deposition strategy than tensile strength and ductility. While the
reinforcing fibers contribute significantly to the stiffness of the composite, the observed
differences in fiber orientation appear to have a more pronounced effect on failure behavior
than on the initial elastic response.

As a qualitative reference framework, the measured misorientation angles are con-
sistent with the scientific literature on both short- [49] and long-fiber-reinforced [50,51]
traditional composites (e.g., misorientation angles up to 7.5◦ reported for unidirectional
prepregs), where preferential fiber alignment is known to influence mechanical behavior.

Overall, the combination of tensile testing and SEM analysis indicates that the
anisotropic behavior of MEX-produced SFRCs stems from both the infill pattern orientation
and microscale fiber alignment within the extruded material.
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Figure 8. Fractographic FESEM images of rupture surfaces from 0◦/90◦ specimens. Magnification
and imaging parameters are reported below each image. Tensile direction is outbound from the
image for (a,c,e), and toward the right for (b,d,f). Images: (a) 27× image of the rupture surface,
front view, showing a flat fracture surface oriented at 90◦ with respect to the tensile direction;
(b) 22× image of the rupture surface, top view, showing a flat fracture surface oriented at 90◦ with
respect to the tensile direction; (c) 134× magnification from (a), showing that the flat rupture surface
consists of alternating, detached 90◦-oriented layers, and 0◦-oriented layers that display fracture
surfaces indicative of a more brittle failure mode relative to the ±45◦ configuration, and inter-filament
voids are visible between 0◦-oriented extrusion paths; (d) 402× magnification from (b), showing
straight-edged, 90◦-oriented rupture surface, with fiber pullout visible, aligned along the extrusion
path; (e) 774× magnification from (c), showing the rupture and fiber pullout from the 0◦-oriented top
layer against the detached 90◦-oriented bottom layer; and (f) 402× magnification from (b), displaying
the interface area between the contour (top) and the infill (bottom). Clusters of fibers aligned in the
extrusion direction are visible.
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Figure 9. Fractographic FESEM images of rupture surfaces from 90◦/0◦ specimens. Magnification and
imaging parameters are reported below each image. Tensile direction is outbound from the image
for (a,c,e), and toward right for (b,d,f). (a) Image at 26× magnification of the rupture surface, front
view, showing a generally flat fracture surface, exhibiting limited macroscopic plastic deformation,
with a central part oriented at 90◦ with respect to the tensile direction and the lateral parts having a
slight misorientation. (b) Image at 23× magnification of the rupture surface, top view, showing a
generally flat fracture surface, exhibiting limited macroscopic plastic deformation, with a central part
oriented at 90◦ with respect to the tensile direction and the lateral parts having a slight misorientation.
(c) Image at 134× magnification from (a), showing that the flat rupture surface consists of alternating
0◦- and 90◦-oriented layers. The 0◦-oriented layers display relatively smooth fracture surfaces
with limited evidence of plastic deformation. In contrast, the 90◦-oriented layers, unlike those
observed in the 0◦/90◦ specimens (see Figure 8c), exhibit evidence of partial matrix tearing and
incomplete interfacial separation, suggesting a greater involvement of matrix deformation in the
fracture process. Inter-filament voids are visible between 0◦-oriented extrusion paths. (d) Image at
134× magnification from (b), showing the straight-edged, 90◦-oriented central part of the rupture
surface. Fiber pullout is visible, further confirming that fibers are aligned along the extrusion path.
(e) Image at 774× magnification from (c), showing the rupture and fiber pullout from the 0◦-oriented
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top layer, alongside fragments of plastically deformed and torn polymer filaments from the
90◦-oriented bottom layer, exposing fibers oriented along the extrusion direction. (f) Image at
376× magnification from (d), displaying clusters of fibers aligned along the extrusion direction and
torn matrix filaments, supporting the conclusion that matrix in the 90◦-oriented layers had a more
significant role in the fracture process.

4. Conclusions
This study investigated the effect of infill orientation on the mechanical behavior of

MEX-produced SFRCs through tensile testing and SEM analysis. The main findings can be
summarized as follows:

• SEM analysis revealed a strong preferential alignment of fibers along the extrusion
direction, with roughly 45% of the fibers having a misorientation angle below 8.1◦

with respect to the extrusion direction. Compared with findings reported in the scien-
tific literature [50,51], a misalignment angle of up to approximately 7.5◦ is generally
considered sufficiently small to preserve a preferential orientation and can therefore
still have a measurable influence on the overall material behavior.

• The ±45◦ infill configuration, consisting of alternating layers deposited at a +45◦/
−45◦ angle with respect to the tensile direction, provided the best mechanical perfor-
mance, with the highest tensile strength and elongation at break among the investi-
gated configurations. This can be explained by the fact that the fibers are oriented
at 45◦ with respect to the load direction. In contrast, only minor differences were
observed in tensile modules.

• In configurations in which the majority of layers in the specimen have a filament
aligned parallel to the load direction, the material exhibits a more pronounced di-
rectional dependence of its mechanical response, consistent with the preferential
orientation of the reinforcement. Therefore, the sample consisting of 13 layers oriented
along the tensile direction and 12 rotated 90◦ with respect to it showed the most signif-
icant reduction in mechanical properties, particularly in ductility (−58%) and tensile
strength (−24%), with a more brittle failure behavior, while the sample consisting
of 12 layers oriented along the tensile direction and 13 rotated 90◦ with respect to it
exhibited intermediate properties, suggesting that the predominance of differently
oriented deposited filaments may contribute to the observed mechanical response.

• Infill orientation only slightly affected the tensile modulus, whereas considerably
larger variations were observed in tensile strength and elongation at break. This
indicates that, within the investigated configurations, deposition strategy had a more
pronounced influence on strength and ductility than on the initial elastic response.

• The observed anisotropy in mechanical behavior is the result of the combined effect of
filament orientation and fiber alignment induced by the extrusion process.

These findings confirm the original hypothesis that the mechanical performance of MEX-
processed SFRCs is highly anisotropic, not only along the build direction but also within the
deposition plane. The methodology adopted for correlating fiber orientation and mechanical
response can be readily extended to other MEX systems, materials, and reinforcement types.
More generally, optimizing infill strategies to appropriately orient Material Extrusion with
respect to the principal loading directions is crucial for maximizing structural performance.
Future work could extend the present investigation through three-dimensional microstructural
characterization and advanced strain measurement techniques.

Results from this research line are significant for both the design of 3D-printed SFRCs
structures and their numerical modeling. In particular, the extrusion direction is a key
parameter that must be carefully considered during the design phase, as it influences
fiber orientation and, consequently, the material’s mechanical response. Furthermore,
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the quantitative fiber-orientation information obtained in this work may provide use-
ful input for future micromechanical and finite element modeling (FEM) approaches to
describe the anisotropic behavior of MEX-produced short-fiber-reinforced composites. Be-
yond conventional FEM approaches, recent developments in artificial intelligence and
machine learning have demonstrated promising capabilities for linking processing condi-
tions, microstructural evolution, and mechanical performance in additively manufactured
composites. The integration of experimentally measured fiber-orientation descriptors with
data-driven modeling frameworks may therefore represent an interesting direction for
future research [52,53].
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Abbreviations
The following abbreviations are used in this manuscript:

3D Three-dimensional
AM Additive Manufacturing
ANOVA Analysis of Variance
CAD Computer-Aided Design
CFF Continuous Filament Fabrication
FEM Finite element modeling
FESEM Field-Emission Scanning Electron Microscope
MEX Material Extrusion
PMC Polymer Matrix-Based Composite
ROI Region of Interest
SEM Scanning Electron Microscope
SFRC Short-fiber-reinforced composite

Appendix A
Appendix A reports the results of ANOVA, followed by Tukey’s post hoc tests

(Tables A1–A3), performed for all configurations investigated in this study and for tensile
strength (σmax), elongation at break (εf), and tensile modulus (Et). All statistical analyses
were conducted using a significance level of α = 0.05. These tests were used to assess
whether differences between pairs of configurations were statistically significant. Separate
analyses were performed for each mechanical property. Two configurations were con-
sidered statistically different when the adjusted p-value was below the significance level
(α = 0.05).
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Table A1. Tukey’s test results for tensile strength, σmax, values. All tests were performed at a
confidence level of α = 0.05. Couples are statistically different if the adjusted p-value is below 0.05.

Difference of
Levels

Difference
of Means

SE of
Difference 95% CI Adjusted

p-Value

0◦/90◦ vs. ±45◦ −10.775 0.723 (−12.683; −8.867) 0.000
90◦/0◦ vs. ±45◦ −3.259 0.723 (−5.167; −1.351) 0.002
90◦/0◦ vs. 0◦/90◦ 7.516 0.756 (5.523; 9.509) 0.000

Table A2. Tukey’s test results for elongation at break, εf, values. All tests were performed at a
confidence level of α = 0.05. Couples are statistically different if the adjusted p-value is below 0.05.

Difference of
Levels

Difference
of Means

SE of
Difference 95% CI Adjusted

p-Value

0◦/90◦ vs. ±45◦ −8.259 0.333 (−9.137; −7.382) 0.000
90◦/0◦ vs. ±45◦ −4.295 0.333 (−5.173; −3.418) 0.000
90◦/0◦ vs. 0◦/90◦ 3.964 0.348 (3.047; 4.881) 0.000

Table A3. Tukey’s test results for tensile modulus, Et, values. All tests were performed at a confidence
level of α = 0.05. Couples are statistically different if the adjusted p-value is below 0.05.

Difference of
Levels

Difference
of Means

SE of
Difference 95% CI Adjusted

p-Value

0◦/90◦ vs. ±45◦ −0.125 0.112 (−0.421; 0.171) 0.521
90◦/0◦ vs. ±45◦ −0.011 0.112 (−0.307; 0.285) 0.994
90◦/0◦ vs. 0◦/90◦ 0.114 0.117 (−0.195; 0.423) 0.606
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