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Leveraging advancements in extrusion technology, continuous filament fabrication (CFF) offers a cutting-
edge approach to producing composite components layer by layer. What sets this technique apart is its
ability to apply reinforcements precisely where needed, optimizing both performance and sustainability.
The adopted approach to depositing the fiber using a reinforced filament is critical in determining the final
characteristics. Despite its potential, there is limited understanding of mechanical performance, particularly
under bending conditions and when only a few reinforced layers are used. This study investigates the
mechanical behavior of CFF-produced composite materials under tensile and bending loads. Reinforced
samples were fabricated and tested under varying conditions, such as fiber orientation, number of rein-
forcement layers, and placement along the build direction. The localized reinforcement capability of CFF
highlights the importance of numerical modeling in virtually testing structures before production. To this
end, the experimental results were replicated in a numerical environment, enabling precise calibration of a

finite element model to predict the mechanical behavior of reinforced components.

Keywords CFF, FE analysis, fiber-reinforced material,
mechanical characterization

1. Introduction

Over the years, the applications of additive manufacturing
(AM) have been growing to a great extent (Ref 1, 2). These
production techniques rely on creating components layer by
layer that have particular applications in the field of medical
treatments (Ref 3, 4), aerospace (Ref 5, 6), and automotive (Ref
7). Initially, AM evolved toward the use of a single material for
the final product, while the possibility of using an additional
material was exclusively destined as a secondary material for
supporting the component construction. However, the possibil-
ity opened by the local control offered by AM has allowed the
production of functionalized components using simultaneously
different materials with different properties. The industrial
applications of these techniques are rapidly growing (Ref §, 9),
particularly in the production of small components in limited
series (down to a single part) such as aerodynamic components
with high specific strength and rigidity (Ref 9) or components
with controlled energy absorption through the manufacturing
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process design (Ref 8). In such cases, where molds are costly,
composites can replace metallic components, offering signifi-
cant advantages in terms of weight reduction and sustainability.
This is the case of continuous filament fabrication (CFF),
patented by Markforged, a revolutionary technology based on
material extrusion in which an additional nozzle in a material
extrusion system is used to deposit a reinforcement fiber in a
continuous manner. Contrary to the conventional manufactur-
ing process for reinforced components, CFF allows the
deposition of the reinforcing fiber in localized areas where
only it is needed (Ref 10). This approach introduces a new class
of components where the use of reinforcing fibers is optimized
for efficiency. Components produced using CFF can be
designed not only to enhance the orientation and deposition
of the reinforced layers but also to minimize fiber usage,
potentially creating matrix-dominant materials. This innovation
significantly improves the recyclability of the composites,
addressing a critical challenge posed by the presence of
multiple constituents in traditional composite materials. By
incorporating minimal fiber reinforcement, it becomes possible
to develop lightweight, durable, and environmentally friendly
composites, expanding their applicability to areas previously
unexplored, such as wearable devices.

In contrast to the conventional fiber distribution, which is
controlled solely by the orientation angle, with CFF, new fiber
distribution patterns can be achieved, leading to composite
materials with enhanced or novel properties. For example,
Melenka et al. (Ref 11) showed an increase in stiffness and
ultimate strength of the test samples in which the Kevlar fiber
was deposited with concentric rings. Van Der Klift et al. (Ref
12) showed that the deposition of carbon fiber significantly
improved the mechanical properties of the matrix, commonly
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nylon-based. Islam et al. (Ref 13) demonstrated a greater
capacity for energy dissipation for nylon reinforced with carbon
fiber manufactured using AM methods, in contrast to injection-
molded nylon. Dickson et al. (Ref 14) studied the mechanical
tensile performances of continuous carbon, Kevlar, and glass
fiber-reinforced nylon composites according to the possibility
of controlling the fiber orientation and the percentage of the
infill density. However, Justo et al. (Ref 15) proved that the
properties of 3D-printed nylon reinforced with carbon or
fiberglass with the same angle of pre-pregs obtained by
traditional methods are lower. Similar research is conducted
to exploit the potential of AM to use reinforcement in a
reinforced matrix with short fiber. A commercial example of
such a matrix is a carbon microfiber-reinforced nylon, named
Onyx, which can be used as a matrix filament in the CFF
process or directly as reinforced material in parts that cannot be
filled with reinforcement (Ref 16). The microfiber contained in
Onyx makes it much stronger and stiffer compared to the pure
thermoplastic nylon matrix. However, composite reinforced
with short or microfiber presents significant challenges during
recycling. This makes the use of AM for composites reinforced
with long fibers more aligned with sustainable practices and
circular economy goals compared to those with short or
microfibers (Ref 17).

However, most of the scientific research which focuses on
the application of a pure nylon matrix and a low fiber volume
ratio is at an early stage and mainly focused on an empirical
analysis of the effect of the processing technology on
mechanical properties. In this context, most of the testing
experiments were performed under tensile or compression loads
(Ref 18) and are limited to the investigation of a few
configurations of parameters and high content of fibers. The
reinforcement pattern, the path distribution, the print orienta-
tion, and the percentage of fiber are the parameters that affect
the mechanical properties the most (Ref 19). On the other hand,
it appeared that the layer thickness has a marginal effect over
the other factors (Ref 20). Since the materials differ signifi-
cantly from conventional composites, predicting the properties
of this new class of components, despite insights from
experimental data, is essential for effectively linking the
manufacturing process to product design (Ref 21). This aspect
is more important when selecting specific areas for the
reinforcement or predicting the properties of complex compo-
nents. As far as the tensile properties are concerned, Galati et al.
(Ref 22) developed a methodological approach for modeling
the three-dimensional properties of a reinforced material printed
using the CFF process. The analysis was implemented on a
finite element (FE) model and validated for different fiber
orientations but using only a single reinforced layer. However,
this condition is limiting because the current use of the
technology, and more in general reinforced components,
involves sandwich structures. Additionally, the model was
calibrated using an out-of-production material, recently re-
placed by Markforged with the so-called nylon white to
improve material integrity.

This work extends the findings of Galati et al. (Ref 22) to the
use of the new nylon matrix material (called commercially,
nylon white) for low carbon fiber volume composite and more
complex structures tested under tensile load and bending load.
The emphasis is on the interplay between fiber orientation,
layer arrangement, and matrix—reinforcement interactions on
sandwich structures where few reinforced layers alternate with
one or more unreinforced layers. The study verifies the

applicability of the methodology proposed by Galati et al.
(Ref 22) for the tensile behavior to estimate the bending
behavior of single-layer reinforced components using a FE
model which is calibrated using a minimum number of
experimental data points collected with specific fiber orienta-
tions. Subsequently, more complex conditions are simulated,
and the predictions are compared with results from an extensive
experimental campaign.

For the study, three sets of samples are designed and produced:
the sandwiched structures which are tested under tensile, the
specimens for flexural tests, and the specimens for the model
calibration. The sandwiched structures are designed in three
configurations: (a) two reinforced layers alternated with one
unreinforced matrix layer, (b) two reinforced layers alternated with
five unreinforced matrix layers, and (c) three reinforced layers
alternated with four unreinforced matrix layers. The orientation of
the fiber is alternatively — 45° and 45°. The specimens for the
bending test are designed to have only one reinforced layer
positioned at the center of the specimen and are tested in three-
point tests. To identify the effect of the fiber orientation on the
flexural properties of the composite material, three configurations
are tested: 0°,45°, and 90°. Additional specimens in pure nylon are
used as a reference for the matrix properties and with reinforcing
fiber deposited at 60° for numerical model validation. For the
model calibration, behind the pure nylon, three configurations of
the samples are produced in which the central layer is the only one
reinforced with a fiber orientation of 0°, 45°, and 90°, respectively.
All specimens are produced with a MarkTwo desktop 3D printer, a
CFF system supplied by Markforged. Including the replicas, a total
of 60 samples are produced. The paper is organized as follows:
Section 2.1 and 2.2 provide a full description of the CFF process
patented by Markforged. Section 2.3 details the implementation
and calibration of the finite element model used to analyze bending
behavior. Section 3 discusses the results, emphasizing the impact
of both the number of reinforced layers and the unreinforced
(matrix) layers positioned between them. Finally, section 4
concludes the paper and suggests directions for future research.

2. Methods

2.1 CFF Process

The CFF process is an extrusion additive manufacturing
patented by Markforged. The system has a print head that
contains two nozzles: One nozzle is used to print the matrix
material, while the second nozzle is used to deposit the
reinforcing fiber. The extrusion head is also equipped with a
cutter, which cuts the fiber after the continuous deposition of
the reinforcing fiber over the entire area to be reinforced.
According to the orientation of the deposited fiber, during the
deposition, the fiber is bent to allow the continuous deposition
of parallel tracks. In the turning points, the stiffness of the fiber
creates a sort of eyelet with missing material. In addition,
according to the geometry and the width of the fiber, it is not
always possible to deposit the fiber in a continuous manner. In
these cases, the void areas are filled locally with the deposition
of the matrix. The machine control calculates the deposition
path after the selection of the type of reinforcing fiber, the area
(or layer) to be reinforced and the deposition angle for the fiber.
Figure 1 shows a schematic view of the process with the main
hardware.

Journal of Materials Engineering and Performance
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Fig. 1 Schematic view of the process with the main view of the hardware

All the samples used in the study were produced using a
MarkTwo desktop 3D printer using standard materials supplied
by Markforged. The Cartesian structure of the machine has a
build volume of 320 x 132 x 154 mm’. The matrix was a
white nylon-based filament, called Nylon white and supplied by
Markforged. Nylon white is a newly developed and stronger
nylon matrix with respect to the previous nylon matrix provided
by Markforged (Ref 23). The reinforcing filament was carbon
(Ref 24). The diameter of the filament was 1.750 mm for the
nylon and 0.200 mm for the carbon fiber. The extrusion
temperature for the matrix and reinforcing fiber was 275 °C and
230 °C, respectively. The height of the part along the build
direction must be a multiple of the layer thickness, which in the
case of carbon fiber-reinforced product was equal to 0.125 mm.
The extrusion temperatures and the layer thickness are
automatically selected by the machine control, Eiger, once the
reinforcing fiber is selected. In addition, a minimum of 1 wall
for each inner and outer contour of the printed object is
required. The infill was selected as “full” for the nylon matrix
and isotropic for the fiber to ensure mechanical performance as
a function of the orientation of the fiber.

2.2 Design of Specimens and Mechanical Testing

The specimens for the tensile and flexural tests were
designed in accordance with ASTM D638 Type II (Ref 25) and
ASTM D790 (Ref 26), respectively, as represented in Fig. 2. It
should be noted that the width of the tensile specimen has been
slightly modified with respect to ASTM D638 Type II because
the inner and outer perimeter of each layer needs a minimum of
1 wall to contain the fiber filament.

Imposing a build orientation normal to the largest section of
the specimen (z-axis in Fig. 2), the thickness of the specimen
has been slightly adapted to accommodate a whole number of
layers. Therefore, both specimens count 25 layers. Each layer
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Fig. 2 Geometry and dimensions of the test samples. Measure in
mm. z represents the build direction

was numbered from #1 to #25, where layer #1 is attached to the
build plate (plane xy in Fig. 2) and layer #13 is the central layer.
The geometry was modeled using SolidWorks, exported as an
STL file and imported into the machine control software.

The sandwiched structures were designed to have more
reinforced layers alternated with matrix layers. The specimen
2L-A was designed with the reinforced layers positioned at
layer #12 and layer #14 (Fig. 3a). In other words, considering
the central layer as layer 0, layer - 1 and + 1 were reinforced,
while the central layer was unreinforced. The specimen 2L-B
was designed with the reinforced layers located at layer #10 and
layer #16. In other words, considering the central layer as layer
0, the layers — 3 and + 3 were reinforced, while five layers in
between (layers — 2, — 1, 0, + 1, and + 2) were unreinforced.
The specimen named 3L was designed with three reinforced
layers positioned at layer #8, layer #13, and layer #18,
respectively (Fig. 3b). In other words, considering the central
layer as layer 0, the layers -5, 0, and + 5, were reinforced,
and in between two reinforced layers, there were four
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Fig. 3 Schematic representation of the layer distribution inside the sample. (a) Sample with two reinforced layers alternated with one
unreinforced layer. (b) Sample with three reinforced layers. Four unreinforced layers are placed between two reinforced layers

unreinforced layers. The orientation of the fiber has been
selected alternatively — 45° and 45° as shown in Fig. 3a).

These structures have been tested under a tensile load. The
tensile tests were performed using a hydraulic AURA Easydur
tensile machine with a maximum load of 10 tons. The samples
were tested with a loading rate of 5 mm/min.

Owing to the lack of data on the bending properties, the
specimens for the bending test have been designed to have only
one reinforced layer positioned at the center of the specimen
(layer #13). To identify the effect of the fiber orientation on the
flexural properties of the composite material, three configura-
tions have been tested: 0°, 45°, and 90°. Additional specimens
were produced in pure nylon, a specimen as a reference for the
matrix properties, and a specimen with reinforcing fiber
deposited at 60° for material validation. The bending test was
performed on a hydraulic AURA Easydur machine for the
three-point test (Fig. 4) with a maximum load of 5 tons. The
speed of the crosshead was set at 1.4 mm/min, while the span
was set to 50 mm according to the standard (Ref 26). After a
preliminary test in which the specimen never reached the
breaking point, a maximum stroke of 15 mm has been set.

For each design, five replicas have been manufactured and
tested. All samples were tested within a maximum of 12 hours
from production to avoid the detrimental effects of the
absorption of air moisture from the nylon matrix.

2.3 Finite Element Analysis

The FE model was developed according to the methodology
proposed by Galati et al. (Ref 22). Owing to the anisotropic
behavior of the composite material, the material properties must
be calibrated by determining the longitudinal elastic modulus
E;, the transverse elastic modulus E,, and the in-plane shear
modulus Gy, to be assigned to the reinforced layer. With this
scope, additional specimens reinforced with carbon fiber have
been printed according to the geometry in Fig. 2, in which only
the central layer (layer #13) has been reinforced. To obtain the
corresponding properties, the reinforcing fiber has been
deposited along the tensile load direction (0°) to determine E;
and at 90° and 45° to establish E, and Gj,, respectively. An
additional sample using only nylon has been manufactured and
tested to determine the material properties of the matrix. In this
case, the nylon has been assumed to be isotropic. Furthermore,
the FE model was verified using an additional sample in which

the central layer was reinforced with a reinforcing fiber
deposited at 60°. This configuration establishes an example of
the anisotropic behavior of the composite material. For each
configuration, five replicas have been manufactured, for a total
of 25 samples.

The model was implemented and solved using Hyperworks
and Optistruct. The discretization of the domain has been
performed using 3D Hexa mesh with 1 mm of maximum element
size, while the thickness of the element was defined according to
the layer thickness equal to 0.125 mm. The model includes 25
layers, corresponding to the number of layers printed for the
sample. Each layer bonded to the adjacent ones to obtain
displacement consistency. According to the tested condition, the
reinforced layer (or layers) is modeled differently to account for
the nylon matrix in the perimeter surrounding the reinforcement
fiber. The nylon is simulated as an isotropic and homogenous
material, while the reinforced layer (RF) is simulated as a
homogenous and orthotropic material. To account for the fiber
deposition orientation, a local material system is applied to each
element of the RF area. For each simulation, the local material
system is rotated according to the fiber orientation. The first axis
of the local system is oriented along the deposition direction, the
second axis is perpendicular to the deposition direction, and the
third axis is perpendicular to the deposition plane.

The setup of the model for the tensile test is resumed in
Figure 5, in which the constraint and the load emulate the
tensile test. The material properties of the reinforced layer were
tuned according to the experimental results and the corre-
sponding fiber orientation. The procedure for the material
properties tuning is reported in the flowchart in Figure 6. More
details on the modeling and model calibration can be found in
(Ref 27).

After the material properties tuning, the model has been
tested under several conditions by adapting the modeling setup
correspondingly: (a) reinforced sample with the fiber orienta-
tion at 60° under tensile load; (b) sandwiched structures with
different quantities, locations, and orientations of the fiber-
reinforced layers under tensile load; and (c) bending conditions
under different orientations of the fiber-reinforced layer. While
the model tested under tensile load was only varied according
to the corresponding specimen design, the model setup for the
bending test is represented in Fig. 7. The mesh characteristics
were kept the same as that for the tensile simulation.

Journal of Materials Engineering and Performance



Fig. 4 Schematic representation of the 3 points flexural test

Reinforcement layer

Fig. 5 Model setup for FE analysis of tensile test
3. Summary of the Produced Specimen

Table 1 resumes the characteristics of the reinforced designed
specimen, the testing, and the objective. In addition, the quantity
of material in terms of filament length used to produce each
specimen in that specific configuration is reported. The fiber ratio
describes the quantity of total fiber with respect to the matrix
material and highlights the limited fiber quantity. Those data have
been extracted from the machine control software Eiger. Table 1
does not report the specimens in pure nylon.

Journal of Materials Engineering and Performance

Tested sample

4, Results and Discussion

4.1 Tensile Tests

Figure 8 compares the designed deposition path (on the
right) with the actual manufactured deposited one (on the left)
in the correspondence of the central layer. Each sample was
identified by “CF” (carbon fiber) followed by the angle fiber
orientation. As can be observed, the fiber is deposited in a
continuous manner. However, the presence of turning points
creates an area (similar to an eyelet) in which the fiber is
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Fig. 6 Flowchart of the tuning of the material properties for FE analysis. Adapted from Galati et al. (Ref 22)
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Fig. 7 Model setup for FE analysis of bending test

Table 1 Characteristics of the produced specimen. The position of the reinforced layer is provided considering the

central layer of the specimen as layer 0

Carbon Fiber

Number of reinforced layer and Fiber Nylon, fiber, ratio,

Index Testing  position of the reinforced layer orientation Objective mm?® mm?® %

CFO  Tensile One layer 0° Model calibration 6390 220 33
layer 0

CF90  Tensile One layer 90° Model calibration 6380 220 33
layer O

CF45  Tensile One layer 45° Model calibration 6390 220 33
layer 0

CF60  Tensile One layer 60° Model validation 6380 220 33
layer 0

2L-A  Tensile Two layers 45 and — 45° Characterization and model validation ~ 6170 430 6.5
layer + 1 and layer — 1

2L-B  Tensile Two layers, 45 and — 45° Characterization and model validation ~ 6180 430 6.5
layer + 3 and layer — 3

3L Tensile Three layers 45 and — 45° Characterization and model validation ~ 6030 650 9.7
layer + 5, layer 0 and layer — 3

CFO  Bending One layer 0° Characterization and model validation 4300 140 3.1
layer 0

CF90 Bending One layer 90° Characterization and model validation 4270 140 32
layer 0

CF45 Bending One layer 45° Characterization and model validation 4280 140 3.1
layer 0

missing. This aspect of the component is peculiar to the AM
process and makes crucial the analysis of the process-depen-
dent material properties.

Table 2 reports the relative values and the standard deviation
calculator of the five replicas for the single-layer reinforced
sample in terms of Young’s modulus (E) and ultimate strain
(eunr)- As can be observed, the highest Young’s modulus was
registered when the fiber was orientated parallel to the load
direction (CF0). On the contrary, the maximum elongation is
measured for the fiber deposited perpendicular to the load
direction (CF 90). In this direction, the matrix properties
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contribute the most. For intermediated orientation, while
Young’s modulus is significantly lower than CFO0, the elonga-
tion is comparable to CF45. As demonstrated by the low
standard deviation, the process shows a high repeatability.
Figure 9 shows the force—displacement curve averaged on
the five replicas of the tensile test as a function of the deposition
orientation of the fiber. For comparison, the curves correspond-
ing to the sandwiched structures have also been reported. As
expected, even the introduction of the reinforcement in a single
layer improves the properties of the material compared to pure
nylon. The orientation of the fiber has a strong influence on the
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Fig. 8 Comparison of deposited material (left) and designed deposition path (right)

Table 2 Mechanical properties for the single-layer
reinforced specimen

Sample E, MPa Eult, %

CFO0 1435 + 64 45+£1.0
CF90 695 + 16 35 4+9.0
CF45 705 £+ 10 26.9 + 6.9
CF60 652 + 52 337 £33

material properties. The highest properties with the highest
values of strength correspond to the sample’s 90° reinforced
fiber, which, on the other hand, showed a brittle failure. This is
explained by the fact that the fiber is aligned with the load
direction (Ref 15). As the orientation deposition angle increases
for the sample reinforced in one single layer, the slope of the
curve is reduced. However, no significant difference can be
observed among the samples. Comparing the sandwiched
samples to the single layer deposited at 45°, it is possible to
notice that not only the quantity of the reinforced layer
influences the mechanical properties, but also the location of
the reinforced layers. In particular, the quantity of reinforced
layer appears to influence the mechanical strength while the

location influences the maximum deformation. When the
number of matrix layers between two reinforced layers
increases, the elongation also increases (2L-A vs 2L-B). When
the number of reinforced layers increases, the strength (yield
point) also increases, while the maximum elongation is only
slightly reduced. This can be explained by the fact that when
reinforced layers are closely spaced, they interact with each
other in a way that collectively enhances the sample’s
performance. However, as the number of matrix layers between
two reinforced layers increases, the behavior of the matrix
becomes more dominant, and the distance between the
reinforced layers becomes too great to maintain sufficient
stiffness, leading to increased elongation of the matrix.

4.2 Bending Test

Figure 10 shows the designed path compared to the
deposited one for each configuration. As can be observed, the
fiber is deposited in a continuous manner. The central part of
the sample CFO is uniform along the longest edge. In this area,
the fiber can be deposited without interruptions or sudden path
modifications, which may create discontinuities in the deposi-
tion. As already observed for the tensile specimens, these
discontinuities can be detected at the turning points of the
deposition path, which create localized voids.

Journal of Materials Engineering and Performance
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Fig. 9 Solid lines represent the average force—displacement curve
for the different orientations of the carbon fiber. Dashed lines
represent the force—displacement curves for the sandwiched
structures. The samples reinforced with a single layer are named
using “CF” which stands for carbon fiber, followed by the angle
orientation of the fiber

Deposited material

CFO

CF45

"l"l"!t"l‘l“

"Hu'u,”,l;h'

CF90

Matrix Carbon fibre

Fig. 10 Deposited material (left) and designed deposition path (right)
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Figure 11 shows the average curve of force—displacement
among the five replicas for each configuration. No significant
differences can be noticed for the different orientations of the
deposited fiber in the initial response of the material elastic
zone. The same finding can be found by observing the average
value of chord modulus at different fiber orientations in Table 3.
By increasing the deformation, a slight difference can be noted
for the specimen reinforced with the fiber deposited at 90°
reinforcement. For these samples, the resistance is lower
because the fiber does not offer any resistance to the bending,
which is only accommodated by the deposition path. Particu-
larly, by increasing the deformation, it appears that the matrix
characteristics become predominant, reaching the performance
of pure nylon (No CF in Fig. 11). This can be explained by the
orientation of the fiber with respect to the bending load. In fact,
the specimens in which the fiber is oriented with a different
angle show a significant difference with respect to the
unreinforced specimen. In this case, the fiber is able to
counteract the bending load. When the fiber is oriented
differently from 90°, the strength is about 25% higher.

4.3 FE Analysis and Validation

As mentioned above, the results from the samples in pure
nylon and with the single reinforced layer at 0°, 45°, and 90°
have been used to calibrate the material properties of the matrix

Deposition path

N e S

> < 5 > < ;& < < > . . el
> : 4 < > < < > <Y, > <L ”
1
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and the reinforcing fiber, respectively, of the FE model.
According to the proposed approach, initially, the pure nylon
specimens printed at different layer thicknesses have been
simulated. As the first attempt, the mechanical properties of the
nylon and reinforcing fiber are extracted from the Markforged
datasheet (Ref 28) and reported in Table 4. These datasheet
values are the results of the tests made by Markforged Inc.
according to ASTM D638 for the nylon and ASTM D3039 for
the fiber without additional specifications. To calibrate the
material properties of the nylon in the FE model, the material
properties are changed step by step until the convergence
between numerical and experimental results, according to the
procedure reported in Fig. 6. The obtained results are summa-
rized in Table 4. As can be observed, the corresponding
properties are significantly different from the data supplied by
Markforged. This can be explained by the fact that the process-
induced defects, such as the absence of reinforced fiber at the
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Fig. 11 The average force—displacement curve for the different
fiber orientations configuration

Table 3 Chord modulus at different fiber orientations
with the corresponding standard deviation calculated over
the five tested replicas

Sample Eq, MPa

CFO0 1423 £ 70
CF90 1330 £+ 85
CF45 1423 £ 170

turning points (as an example, see Fig. 8), significantly
influence the material response. Those defects induce a weaker
response of the material. To account for such an effect, the
material model implemented the values obtained from the
experimental campaign.

For validation purposes, the numerical force—displacement
curve is computed under different conditions and compared
with the corresponding experimental following cases: (a)
specimen with a single reinforced layer with the fiber deposited
at 60° and tested under tensile load; (b) sandwiched structures
under tensile load; (c) specimens reinforced in a single layer at
different fiber orientations and tested under a bending load.

Under tensile loads, the model’s response was in agreement
with the experimental results. Figure 12 shows a comparison
between the numerical and experimental results in terms of
displacement measured (or estimated) at 500 N. As observed,
the deviation between experimental and predicted displace-
ments is always below 13%, which falls within the experimen-
tal standard deviation due to process-induced defects (Fig. 12).

The maximum deviation is observed when only a single
layer is reinforced, as voids in the layer play a major role.
However, the deviation is reduced to 1% (2L-A) when the
number of reinforced layers increases, especially when the fiber
is deposited in subsequent layers perpendicular to the previous
fiber orientation. This configuration allows a better load
distribution within the fiber and reduces the impact of fiber
vacancies. This finding aligns with the deviation observed for
the 3L sample, where the even number of layers exhibits a
similar effect to that observed in the single reinforced layer.
Nevertheless, the predicted displacement remains within the
experimental deviation.

As far as the validation of the model under a bending load,
the tests confirmed the excellent capability of the model in
predicting the mechanical behavior of the material. In this case,
the deviation from the experimental results is always lower than
2%, and it can also capture the limited fiber orientations to the
bending behavior (displacement almost independent of the
orientation). Figure 13 shows an example corresponding to a
force equal to 30 N. The deviation is constant, meaning the
presence of a systematic error in the numerical model, which
also, in this case, could be attributed to the material modeling.

5. Conclusion

This study provides a comprehensive analysis of the
mechanical properties of composite materials produced by
additive manufacturing (AM) with continuous fiber reinforce-
ment (CFF). Unlike traditional methods that use plies, AM with

Table 4 Material model properties for the FE model compared to the data from the supplier

Datasheet from the supplier Material model

Nylon E [MPa]
G [MPa]
v

Fiber E; [MPa]
E, [MPa]
Vi =V
G2 [MPa]

1700 1481
611 532
0.39 0.39
60000 40000
7500 1000
0.15 0.15
4000 25
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Fig. 12 Comparison of the experimental displacement with the
displacement obtained numerically for the different samples at 500 N
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Fig. 13 Comparison of experimental and numerical data in the case
of a load of 30 N

CFF involves depositing reinforcing fibers continuously along a
predefined path, necessitating directional modifications at
turning points to ensure complete area reinforcement. These
modifications create local variations in material properties,
particularly at fiber eyelets.

The research focused on characterizing the tensile and
flexural behavior of a composite material comprising a nylon
matrix and carbon fiber reinforcement, including sandwich
structures. A finite element (FE) model was developed to
capture the unique aspects of the AM process, which was
validated against experimental data. Key findings include:

1. Tensile behavior:

e As excepted, fibers aligned with the load direction pro-
vided the highest resistance and exhibited brittle fracture.
Young’s modulus significantly decreased with varying fi-
ber orientations from 90°, even for sandwich structures.
However, for orientations different from 90°, the variation
among samples is minimal.

e Multiple reinforced layers influenced yield points and
elongation. However, contrary to expectations these
mechanical properties are influenced not only by the num-
ber of reinforced layers but also by the number of unrein-
forced layers between two reinforced ones. Increased
unreinforced layers between reinforced layers enhanced

Journal of Materials Engineering and Performance

elongation, suggesting that layer number and positioning
are crucial design parameters.
Flexural behavior:

e Different fiber orientations did not significantly improve
performance compared to unreinforced samples in the
elastic region.

e In the plastic region, fibers oriented at 90° offered the best
resistance.

The FE model effectively predicted the mechanical behavior
under both tensile and bending loads, showing negligible
deviation from experimental results. This model proved capable
of accurately estimating the effects of fiber deposition, even
with multiple reinforced layers.

This study also highlights the potential of producing matrix-
dominant composites with low fiber volume fractions using
AM with CFF. By focusing on sustainability, these materials
can reduce the environmental impact of traditional composites,
which are often challenging to recycle due to their high fiber
content and complex architecture. The ability to tailor rein-
forcement placement and fiber volume enables the design of
lightweight, durable, and recyclable composites suitable for
applications typically not considered for composites, such as
wearable devices and other consumer products. The validated
finite element (FE) model presented herein serves as a robust
preliminary predictive tool, facilitating the design of more
complex AM components. Additionally, the study reveals the
significant impact of the position, number of reinforced layers,
and the matrix layer interposition on material properties. This
underscores the need for further experimental data to comple-
ment the FE model, ultimately optimizing the development of
advanced composite materials for diverse engineering.
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