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Abstract

Recent years have seen the wide diffusion of composite materials in many manufacturing fields and the rapid evolution of
additive manufacturing. Lately, these technologies have been combined practically allowing the fabrication of continuous-fiber
reinforced polymer parts via 3D-printing. This topic is gaining attention both in the research community and among industrial
users. Because of their novelty, such manufacturing methods are, however, still not thoroughly understood, and their perfor-
mance limits have not yet been fully characterized. This study aims at analyzing the mechanical resistance of components made
with continuous carbon fiber (CCF) thermoplastic materials by means of fused filament fabrication (FFF), focusing on the
influence of the fiber orientation on such properties. In particular, both the tensile and the bending characteristics are evaluated
according to the relative test standards, in specimens with both unidirectional and mixed-isotropic configurations. The experi-
mental findings are compared with a set of reference specimens made with a base polymer filled with chopped “short” carbon

fibers, allowing one to appreciate the advantages or limitations of the different fiber arrangements.

Keywords Carbon fiber reinforced thermoplastic - Additive manufacturing - Tensile testing - Flexural testing

1 Introduction

In recent years, additive manufacturing (AM) of reinforced
thermoplastics has seen a rapid growth, garnering increased
interest among researchers and developers. What is attractive
is the possibility of combining the wide range of composite
materials available today with a versatile manufacturing pro-
cess that also allows flexibility in the design of components.
AM is indeed characterized by two pivotal features: direct
manufacturing and layer-wise processing [1, 2], it being de-
fined as the process of creating parts by depositing material
layer upon layer, starting from digital 3D model data. Among
all the AM technologies for fabricating polymer components,
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fused filament fabrication (FFF, also known as fused deposi-
tion modeling—FDM) is widely diffused [3]. FFF is advanta-
geous thanks to its process flexibility, robustness and reliabil-
ity, low material wastage, and relatively low cost of printers
and consumables [4, 5].

In this scenario, 3D printing of thermoplastic-polymer
composites is becoming a more and more promising solution
for turning AM from a prototyping technology to a fabrication
process to be implemented for real-world applications. As also
recently pointed out by Fidan et al. [6], the developments in
additive technologies have accompanied the evolution of the
materials processable, progressively allowing the filling of
thermoplastic filaments, such as nylon, polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), polyether ether
ketone (PEEK), with various filler-type reinforcements, such
as short fibers including carbon fibers [7-9], glass fibers [10],
carbon nanotubes [11], or even natural fibers [12].

Since 2015, several companies have started to develop sys-
tems for the fabrication of composite parts employing the
technology commonly named continuous fiber additive
manufacturing (CF-AM). This is substantially an evolution
of FFF, whereby continuous high-resistance fibers are depos-
ited together with a thermoplastic material acting as the matrix
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of the composite. This process yields components having re-
markable mechanical properties in the direction of the rein-
forcement fibers [13].

Two systems employing fiber-laydown methods are used
today: the first is based on the deposition of fibers utilizing a
6-DOF robot arm (e.g., Continuous Composites, Moi
Composites); the second performs the deposition of fiber by
means of a standard 3D printer (e.g., Markforged, Anisoprint,
Desktop Metal). The present work concentrates on the latter
type of systems.

Justo et al. [14] and Blok et al. [15] documented the en-
hancement of the mechanical properties of components
manufactured via CF-AM, respectively, for the tensile and
compressive case, and the bending and shear case. In both
cases, the specimens were produced by using a MarkOne
FDM 3D-printer (Markforged), limiting the analyses to a uni-
directional alignment of the fibers. Over time, different au-
thors have focused their attention on many aspects of interest
related to the printing criteria/process parameters to adopt in
AM of composites. Chacon et al. [16] performed extensive
testing of specimens in tensile and three-point bending condi-
tions to assess the effect of build orientation (i.e., “flat” or “on-
edge,” with respect to the printing bed), layer thickness, and
fiber volume content on the mechanical performance of com-
ponents made via FFF. The influence of other process param-
eters such as the build orientation on the impact resistance of
3D-printed composites was investigated by Caminero et al.
[17]. In a parallel study, the same authors also examined the
interlaminar bonding performance of such materials, relating
their behavior to process parameters such as layer thickness
and fiber volume fraction [18]. Dickson et al. [19] compared
different types of fibers (glass, carbon, and Kevlar), testing
tensile and flexural specimens having a unidirectional ar-
rangement of the fibers, by varying the number of built layers.
Materials similar to the latter were also evaluated for creep and
fatigue by Mohammadizadeh et al. [20]. The flexure behavior
of 3D-printed specimens reinforced with continuous glass or
carbon fibers, arranged unidirectionally, was then studied by
Goh et al. [21]. Araya-Calvo et al. [22] specifically investigat-
ed the compressive and flexural response of CF-AM 3D-
printed parts, focusing on the effect of factors such as the
reinforcement type and its distribution inside the specimen
bulk. Yu et al. [23] focused on the influence that the number
of fiber layers and concentric Onyx rings has on mechanical
properties. Al Abadi et al. [24] performed experimental testing
and developed an analytical model to help to predict the elastic
properties of CCF components.

The typical fabrication constraints of CF-AM systems
imply that the fibers need to be cut at the end of each
layer to allow the repositioning of the extrusion head.
This constraint, in turn, translates to strongly orthotropic
physical properties. Moreover, the fiber orientation with
respect to the main loading direction has a profound
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impact on the final resistance of parts. In practical appli-
cations, it is rarely the case that the loads acting on a
structure can be predicted with total certainty and provi-
sions are typically made to ensure the structure withstands
loads in other directions besides the principal ones. In
composite components manufactured with traditional
technologies, this issue is solved with mixed layups with
up to four different fiber orientations. Stacking layers of
fibers with varying orientations achieves the same effect
in parts made via CF-AM.

Finding literature studies that comprehensively de-
scribe such situations is still difficult. Indeed, to the best
of the authors’ knowledge, the only studies that consid-
ered such an aspect were those by Mei et al. [25], Pyl
et al. [26], and Todoroki et al. [27]. Mei et al. [25] eval-
uated the tensile properties of mixed-isotropic 3D-printed
composites after hot pressing. Pyl et al. [26] carried out
studies on the effect of mixed fiber orientations (mainly
focused on investigating aspects such as specimen geom-
etry and tab configuration for tensile testing of CCF com-
posites), but, once again, the data are to be considered as
preliminary'. Similar tests were carried out by Todoroki
et al. [27] with three fiber orientations, only for the tensile
case.

The main results found in the literature are summarized
in Table 1. Interestingly, a broad diversity of results can
be observed, in the numerical values of the tensile and
flexural strengths, and in the testing methodologies and
testing approaches. Most tests were carried out with a
limited number of samples (generally lower than or equal
to three), and no comprehensive study with both tensional
and flexural tests has yet been conducted. Moreover, nine
out of the twelve works focused on CCF composites
available in the literature only consider the case of the
reinforcement fibers aligned to the loading direction.

This situation is problematic from a design standpoint
because a clear indication of the ultimate strength of the
given material is of utmost importance. Furthermore, this
type of data is essential for structural simulations. The
need to fully characterize the material properties, there-
fore, led us to conduct this study. More in detail, the
current work aims at identifying how the change of fiber
direction with respect to the main loading direction affects
the mechanical properties of the resulting components,
and at characterizing the effect of combining multiple
layers of fibers with different orientations. This work con-
centrates on the use of carbon fiber as the reinforcing
material.

! Describing the rationale of the experiment design, the authors state that “For
these orientations, only a limited number of tests was performed as it was only
for an initial estimation of the mechanical properties. More tests should be
done for a full characterization.”
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2 Experimental set-up and mechanical
evaluation

In this work, two types of filaments supplied by Markforged®
(Watertown, MA, USA) were employed to build the
specimens:

* A Nylon filament reinforced with chopped carbon fiber,
traded as Onyx, having a nominal diameter of 1.75 mm

* And continuous carbon fiber (CCF) embedded in a
Nylon matrix, which came in a diameter of 0.35 mm

Prior to their use, the filaments were stored in a protective
dry box, to avoid ambient humidity absorption. For the same
reason, before each test, all the specimens were further dried
for 1.5 h at 80 °C.

To print the carbon fiber reinforced thermoplastic (CFRT)
composite specimens, a Mark Two (Markforged® Inc.,
Watertown, MA, USA) FFF desktop 3D-printer was used
(Fig. 1). This device is equipped with two separate extrusion
nozzles, one for Onyx and one for the CCF-reinforced wire.
The temperature of the printing heads for the Onyx and the
continuous-fiber reinforced filament was set to 265 and 270
°C respectively, whereas the printing bed was non-heated.

The accompanying slicing and pre-processing software,
Eiger®, was used to set and adjust the most important printing
parameters. Among these, the fiber type, fill mode and fiber
orientation, number of layers, number of Onyx rings to gen-
erate the outer shell can be cited. The thickness of each layer
was set to 0.125 mm for both Onyx and CCF, to make the
results comparable between different builds.

The specimen geometries were specifically created via CAD
software (SolidWorks 2016, Dassault Systems), exported as a
stereolithography file (STL) and imported into Eiger®.
Different configurations of test specimens were built to exhaus-
tively characterize the 3D-printed composite parts and, specif-
ically, evaluate the influence of the fiber orientation on their
tensile and flexural resistance. Each set of samples was built
on subsequent planes along the z-direction, each parallel to the
printing bed (“flat” build mode): the CCF layers were laid down
horizontally and continuously, with a fill type defined as
“Isotropic™ within the Eiger® software. Hence, following the
design rationale graphically summarized in Fig. 2, the fiber was
at first arranged, layer by layer, according to unidirectional
orientations: 0°, 90°, or 45° angle with respect to the longitudi-
nal direction of the specimen. Various combinations of the
previous orientations were then considered in order to increase
progressively the isotropy of the test specimens. This was done

2 It should be noted that the term “Isotropic” is a label given to the fiber pattern
by Markforged® and it does not define the mechanical properties of the final
test specimen. In fact, an “isotropic” fill type determines the creation of a test
specimen having a unidirectional laydown of the continuous fibers, thus
resulting in anisotropic behavior of the specimen.
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to better characterize the specific contribution of each fiber
orientation to the mechanical response of the multilayer mate-
rial. Specifically, two sets of specimens having [0°/90°],, and
[+45°/-45°], sequences (repeated n-times to generate the de-
sired thickness) were printed, and a mixed-isotropic fiber pat-
tern [0°/90°/+45°/-45°],,, was also produced. Besides, a further
set of samples made according to a CCF pattern [0°/+45°/90°/-
45°],, was generated to evaluate whether the change of the lay-
down base sequence affects the mechanical performance of the
mixed-isotropic material.

The printing criteria followed by Eiger® obliges the user to
print every component by adding an outer protective shell
made exclusively with the Onyx material (with layers ar-
ranged at angles +45° and -45° alternatively with respect to
the axial direction), the extent of which is defined as a set-up
parameter. In particular, each specimen was built with four
Onyx layers on the bottom (“floor””) and four Onyx layers
on the top (“roof”). The floor layers avoided any fiber break-
age while removing the specimen from the platform, whereas
the roof layers were chosen for dimensional accuracy and
symmetry. Furthermore, each layer built was made as a com-
bination of two infill arrangements of the material: the infill
made of CCF laid following one of the aforesaid sequences;
and a concentric infill, consisting of two Onyx rings placed
along the specimen perimeter (Fig. 3).

To assess the performance of the AM composite mate-
rial, tensile and three-point flexural test specimens were
built according to the geometries suggested by the related
standards, following the testing scheme summarized in
Table 2. Each configuration and testing condition was
repeated five times (N = 5), to enhance the accuracy of
the results. The mean resistance values are reported in the
“Results” section, together with the related values of stan-
dard deviation.

An Instron 8802 universal testing machine (Instron,
Norwood, MA, USA), equipped with a 50 kN load cell, was
used to perform all the mechanical assessments.

Tensile testing was carried out on parallelepiped specimens
of dimensions 157 mm X 16 mm X 3 mm, in accordance with
the indications provided by ASTM D3039 [28]. To obtain a
proper CCF/Onyx ratio, the thickness was achieved by
superimposing a total of 24 layers, each 0.125 mm thick,
arranged as follows: 4 floor layers of Onyx, 16 CCF core
layers, and 4 roof layers made of Onyx. These tensile speci-
mens were then tested to failure at a crosshead displacement
rate of 2 mm/min, and the results were compared with those
obtained from a set of reference specimens having the same
geometry and size as the CCF-samples but made only of
Onyx. Metallic tabs were bonded at the grip areas to avoid
any crushing or shifts of the sample during the tests. Having
defined F as the force measured by the load cell and A as the
sample cross-sectional area, tensile stress was calculated as
o=FJ/A.
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To determine the flexural properties of the material, speci-
mens having dimensions 153.6 mm x 14 mm X 4 mm were
built, following the indications provided by ASTM D7264 [29].
In this case, the thickness was obtained as a superposition of 32
layers—again 0.125 mm in thickness each—comprising 4 floor
layers of Onyx, 24 core layers made of CCF, and 4 roof layers
of Onyx. A three-point loading test method was carried out
(Fig. 4). Thus, according to the aforesaid standard, the radius
of both the loading nose and the two support rollers (bending
dies) was 5.0 mm, and the specimens were tested guaranteeing
a span-to-thickness ratio (L/f) of 32:1 (i.e., a span between the
supports equal to 128 mm). The crosshead (loading nose)
movement speed was set to 1.0 mm/min.

During bending, the test specimen behaves as a beam sim-
ply supported at two points and loaded at the mid-span. Thus,
the bending moment increases from the support points to a
maximum value at the mid-point: maximum stress occurs
along a line at the center of the test specimen/beam, where
the flexural stress, oy is calculated with the following simpli-
fied equation [30, 31]:

3PL
= 1
9T owe (1)

where P is the load (N) corresponding to a deflection § (mm),
L is the length of the support span (mm), w and ¢ are, respec-
tively, width and thickness of the test specimen (mm), for a
bending moment M equal to PL/4. However, when L/t ex-
ceeds 16:1 (as in this investigation), Eq. (1) has to include
additional terms in order to take into account the significant
end forces developed and relatively large deflections at the

1. Onyx extruder
2. CCF extruder
3. Print bed

4. CCF nozzle

5. Onyx nozzle

(b)

Fig. 1 Markforged® Mark Two FFF desktop 3D-printer. a General view and b scheme of the printing process (adapted with permission from [17])

support noses [32]. It follows that, as also suggested by the
ASTM D790 [33] standard, o has to be calculated using the
following equation:

NN
1+6(2) -4 (f) 92 2
(D)~ )] @
where § is the deflection of the centreline of the specimen at

the mid-span (mm). The corresponding strain value at the
outer surface is calculated as follows:

3PL
gy =
I e

3 Results and discussion

3.1 Effect of the fiber arrangement on the tensile
properties

Table 3 reports the results of the tests on the tensile perfor-
mance of the specimens, having different fiber orientations
with respect to the principal loading direction.

A set of Onyx-only specimens’ was also included in the
analysis to provide reference values for the mechanical prop-
erties of the base material. Specifically, Fig. 5 depicts the

3 To make the results comparable, such control samples were manufactured by
laying two concentric rings to generate the outer perimeter shell, filling the
core of each specimen with Onyx

@ Springer
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Fig. 2 Scheme of the design oA
rationale of the experimental
campaign: taking the Onyx-only
material as the reference wherever
possible, the number of orienta-
tions of the CCF was progres-
sively increased, combining uni-
directional CCF patterns to obtain
multidirectional samples

00

Onyx

[0°/90°/+45°/-45°]

stress-strain curves acquired by testing five repetitions (from
NO1 to NOS) of the reference Onyx sample.

3.1.1 Unidirectional configurations of the tensile specimens

Among all the unidirectional configurations examined
(Fig. 6), the 0°-orientation of the CCF proved to be most
efficient in providing resistance and stiffness to the com-
posite material, since the fibers were aligned with the di-
rection of the applied load. With the longitudinal arrange-
ment, most of the overall strength was due to the carbon
fibers alone rather than to the Nylon matrix, which did not
seem to play a significant role in the specimen perfor-
mance. This aspect is all the more evident by observing
both the related stress-strain curves and typical failure
modes, which make it clear that properties such as high
strength and stiffness, along with little deformation

@ Springer

S A

Z
2

[0;/;45°/90°/—45°]

capability, led to sudden, brittle rupture of the specimens
as soon as breakage of the reinforcement fibers occurred.

The effectiveness of the 0°-configuration is particularly
evident if compared with the other specimens with unidi-
rectional fiber arrangements. Indeed, the variation of both
strength, o, and elastic modulus, £, was not linear with the
angle between the load and fibers direction. Notably, when
increasing the fiber angle to +45°, a rapid loss in mechan-
ical resistance was observed, resulting in an average o-
value that was only 8.4% more than that of the Onyx-
only samples. Also E reduced significantly, standing at
3.33 GPa on average, i.e., only three times higher than that
of the reference and eight times lower than the 0°-CCF.
Such a condition was further emphasized by the 90°-orien-
tation of the CCF. The latter led to strength values that
were just over half of those recorded by testing the refer-
ence Onyx specimens (42.3 MPa).
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Fig. 3 Schematic representation

Roof Onyx layers

CCF core layers

of the 3D-printed composite
cross-section

v
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Perimeter
Onyx rings

Comparing the +45°- and 90°-CCF cases, it is possible to
note that they shared a similar failure behavior, characterized
by matrix debonding as a consequence of the progressive
distancing of fibers initially adjacent. The slight difference in
performance between the two, of course, has to be related to
the direction of the fibers embedded in the sample core rela-
tive to the load applied. In particular, with a 90°-orientation of
the CCF (i.e., perpendicular to the load direction), the me-
chanical behavior of the specimen proved to be worse than
that of a polymer reinforced with chopped fibers, since the
CCF is not oriented in such a way as to explicate its role in
the ultimate resistance of the composite material. Indeed, as
also observable from the related failure mode, the fracture ran
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Floor Onyx layers

transversally to the principal specimen/load direction. As
mentioned above, also the +45°-CCF specimens showed sim-
ilar fractures but cracks developed diagonally, according to
the fiber lay-down configuration. Thus, in both cases, the de-
tachment of the two parts occurred as soon as the failure of the
polymer matrix had taken place.

The reason for such a remarkable difference between the
latter cases and the reference is twofold. Concerning mechan-
ical strength, it should be taken into account that the short
fibers embedded in the nylon matrix are directly involved in
the mechanical performance of the Onyx-only specimen,
these being oriented along the filament direction during extru-
sion. From a deformation point of view, it is worth noting that

Table 2 Scheme of the

mechanical testing and related test Testing Reference Sample Fiber  Orientation Fiber Onyx CCF
samples method standard dimensions Volume  lavers layers
(mm)
Tensile ASTM D3039 157x16x3 Onyx [+45°/-45°];, 0% 24 0
CCF 0° 52.1% 8 16
+45° 51.2% 8 16
90° 49.9% 8 16
[0°/90°]5 53.0% 8 16
[+45°/-45°T 49.2% 8 16
[0°/90°/+45°/-45°],  50.7% 8 16
[0°/+45°/90°/-45°],  50.7% 8 16
Flexure ASTM D7264 153.6x14x4 CCF 0° 55.9% 8 24
+45° 54.7% 8 24
90° 55.4% 8 24
[0°/90°];, 57.2% 8 24
[+45°/-45°],, 54.4% 8 24
[0°/90°/+45°/-45°]s  56.4% 8 24
[0°/+45°/90°/-45°]s  56.4% 8 24

@ Springer
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Fig. 4 Three-point flexural testing scheme

the presence of the CCF unavoidably increases the constraint
grade within the material; it follows that the +45°- and, nota-
bly, 90°-orientations of the reinforcement alone are not only
ineffectual but even detrimental since the fibers do not allow
the matrix to deform. This greatly reduces the overall ductility
of the so-loaded material and makes ultimate resistance of the
specimen only dependent on the effectiveness of the matrix-
to-fiber interfacial conditions on cross-sectional/diagonal
planes.

Table 3  Tensile testing experimental results
Fiber Orientation Maximum tensile ~Maximum  Elastic
strength, o strain, & modulus, £
(MPa) (%) (GPa)
Onyx  [+45°/-45°];, 423+ 1.4 389+3.7 1.01 £0.02
CCF 0° 566.1 +13.6 3.1+0.1 24.23 +£0.20
+45° 462 + 1.1 2.7+0.07 3.33 £0.06
90° 23.7+2.8 53+14 223+0.25
[0°/90°]g 308.9+13.4 24+0.1 15.12+0.23
[+45°/-45°]g 788 +£3.9 13.9+2.0 4224028
[0°/90°/+45°/-45°], 192.5+4.6 2.4 +0.03 9.35+0.36
[0°/+45°/90°/-45°], 2209+ 1.4 24 +0.02 11.08 £ 0.15

@ Springer

3.1.2 Multidirectional configurations of the tensile specimens

Each tensile sample was designed with both a concentric and
mixed isotropic infill, where the latter was made by
superimposing 16 CCF layers, with the following base se-
quences: [0°/90°], [+45°/-45°], [0°/90°/+45°/-45°], or [0°/+
45°/90°/-45°].

The stress-strain curves and failure modes of both the sets
of samples built using bidirectional sequences of the fibers are
shown in Fig. 7.

Given the symmetry of the layer number and orthogonality
of'the fibers, the specimens made according to the sequence
[0°/90°] exhibited characteristics almost averaging those of
the constituting base patterns. In particular, tensile strength
stood at 308.9 MPa, namely, 45.4% lower than that of the
0°-CCF samples; similarly, the elastic modulus was 62.4%.
In contrast, the maximum strain achieved by the multilayer
samples stood at values (2% on average) that were almost
comparable to those reached with the unidirectional 0°-
CCF samples, suggesting that most of the deformation is
related to that of the continuous fibers on the corresponding
layers. Such behavior finds confirmation in the failure
mode, which was mixed in type, involving fiber breakage
at the 0°-CCF layers along with transversal matrix-to-fiber
debonding at the 90°-CCF layers.

The [+45°/-45°] configuration was selected to evaluate the
response of the previous configuration when subjected to a
load applied diagonally with respect to the direction of the
fibers. Compared with the +45°-CCF pattern alone, the adop-
tion of a symmetric configuration enhanced toughness, im-
proving both tensile strength (+41.4%) and maximum strain
(+78.6%). Also, the failure behavior appeared to be different
from the previous, since fractures mainly occurred on inter-
layer planes rather than at the diagonal section. This might
explain the increased deformability shown by the material,
presumably related to shear phenomena between subsequent
layers, which made the fibers stretch with respect to the orig-
inal orthogonality, causing them partly to break.

It is well known that, owing to the different possible loading
modes and directions, most composite structures cannot be built
following pre-defined orientation of the reinforcement fibers.
Moreover, rigid design considerations have to be faced even
when a prevalent direction of the fibers is to be defined, since it
might lead to undesired loss of flexibility of the structure. This
limitation pushes designers and manufacturers to build tradi-
tional CFRP parts by stacking the carbon plies to obtain a more
isotropic behavior for the components. Transposing such con-
siderations to additive manufacturing, a multidirectional set of
specimens, characterized by a combination of the CCF orienta-
tions previously analyzed—{0°/90°/4+45°/-45°]—was made. In
Fig. 8, the stress-strain curves acquired during tensile testing are
displayed, and a typical rupture zone of a multidirectional,
quasi-isotropic test specimen is shown.
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Fig. 5 Stress-strain curves
obtained from tensile testing of
reference Onyx-only specimens
(left) and cross-section (red
frame) and top-view photographs
depicting the typical failure mode
(e.g., NO4 specimen, right)

Fig. 6 Stress-strain curves and
top view of typical failures
obtained from tensile testing of
AM composite materials printed
with unidirectional CCF
orientations. Concerning the 90°-
CCF case, the cross-section of a
failed specimen is also provided
(red frame)
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As expected, such a multilayer configuration seemed to
mediate the tensile behavior of the unidirectional-CCF sam-
ples, summarizing the observations made on their two-by-two
coupling. Indeed, the tensile strength of the mixed-oriented
CCF set stood at 192.5 MPa on average, namely, 37% lower
than the bidirectional [0°/90°]-CCF specimens, but almost
three times higher than that obtained arranging the fibers ac-
cording to a [+45°/-45°] pattern. Failure analysis demonstrat-
ed that each layer had contributed differently to the overall
resistance of the additively built structure of the specimen: in
accordance with the previous observations, transversal detach-
ment of adjacent fibers occurred on layers having 90°-CCF
laydown, whereas net fiber breakage was detected on the
+45°- and, notably, 0°-oriented layers. However, despite the
presence of multiple-orientation patterns, one may reasonably
deem that, even in this case, the layers having the fibers
aligned with the load direction affected the overall resistance
of the laminate most significantly. Indeed, longitudinal fibers
enhanced the specimen stiffness and resistance, allowing it to
bear load levels that were remarkably higher than those re-
sponsible for the failure of the 90°-CCF or +45°-CCF speci-
mens. Therefore, one believes that the ultimate resistance of
the laminate was reached as soon as the 0°-oriented fibers
alone (on the relative layers) failed, entailing the sudden, brit-
tle rupture observed. Similarly to that concluded regarding the
[0°/90°] case, this would explain why the strain values related
to this mixed pattern appeared almost the same as those ac-
quired testing the 0°-CCF configuration: the longitudinal

@ Springer

Strain (mm/mm)

fibers, preventing the other layers from deforming, limited
the overall sample strain capability. It is also worth noting that
such behavior was not affected by the base sequence adopted
to print the mixed isotropic specimens; indeed, as reported in
Table 3, tensile testing of specimens having a [0°/+45°/90°/-
45°] pattern provided for o, ¢, and E values that were almost
the same as those obtained from samples having base se-
quence [0°/90°/+45°/-45°].

3.2 Effect of the fiber arrangement on the flexural
properties

The same various CCF orientations were adopted to build
flexural samples having the dimensions described in
Section 2, and a three-point flexure method was used to test
them. Bending tests also highlighted how much the fiber
orientation affects the mechanical response of the printed
composite material, in terms of both flexural stress and strain
capability. As a result, the stress-strain curves displayed in
Figs. 9 and 10 were acquired, and the related maximum values
of flexural strength, oy; and flexural elastic modulus, £ were
extracted and summarized in Table 4.

3.2.1 Unidirectional configurations of the flexural specimens
The flexural stress-strain curves of the sets of samples printed

using unidirectional arrangements of the fibers are displayed
in Fig. 9. In accordance with the tensile findings, the 0°-
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Fig. 8 Stress-strain curves and
failure mode (top view) obtained
from tensile testing of AM
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quasi-isotropic infill patterns
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oriented specimens resulted in a high stiffness, with average
maximum flexural stress o, of 340.7 MPa. It was especially
interesting to observe that, in this case, failure occurred as
soon as maximum compression load was reached, owing to
the sudden breakage of the carbon fibers.

Contrariwise, with the +45°-orientation, maximum oy reg-
istered stood at 92.0 MPa, whereas flexure elastic modulus, £
was equal to 3.32 GPa. It should be noted that the diagonal
CCEF disposition typical of this configuration introduced an
unbalanced condition in the specimen, making it twist around
its longitudinal axis during bending. Such behavior led to
sudden sliding of the beams from their position, causing the
test interruption, despite the sample still being intact.
Nevertheless, although it was not possible to experimentally
evaluate the deformability of such configuration from that
point on, based on the similarity of their flexural modulus,
one can reasonably believe that the +45°-CCF samples would
have presented flexural behavior resembling that of the 90°-
CCF samples. Concerning the latter case, the so-made mate-
rial led to an average maximum value of orequal to 51.8 MPa
and Eequal to 2.13 GPa. With the transversal configuration
of the CCFs, the specimens showed completely ductile behav-
ior, which in fact did not allow the test to complete before the
loading nose had reached the end limit of the testing machine®.

* This also led us to consider it meaningless to adopt an Onyx-only configu-
ration as a reference and, thus, not to test any specimen of this kind for flexure

0.08 0.1

Since the samples of the two types above were still undam-
aged after flexure, they were further bent to 180° using a press
to make them fail. In both cases, fracture occurred along the
cross-section (transversal and diagonal, respectively), in ac-
cordance with that already observed on the corresponding
tensile specimens.

3.2.2 Multidirectional configurations of the flexural
specimens

From the flexural characterization of the multidirectional con-
figurations considered, similar conclusions to those drawn af-
ter tensile testing were possible. In this regard, the reader is
invited to refer to Fig. 10, which displays the flexural stress-
strain curves acquired from bending tests performed in the
four cases mentioned above.

The [0°/90°] sequence provided for stiff, high-resistant
composite beams, the flexural strength and modulus of which
stood at 241.2 MPa and 14.62 GPa on average, respectively.
Also under such load conditions, failure occurred as a conse-
quence of a mixed type fracture, from the observation of
which it may be concluded that fibers arranged longitudinally
affected the flexural resistance of the beam more.

In contrast, with the [+45°/-45°] orientation, maximum oy
was —57.8% of that of the previous case. However, a remark-
ably higher ductility was observed (£¢stood at 3.25 GPa), and
once again the test did not conclude with the specimen rupture.
As previously done, the unbroken specimens were further bent
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Fig. 9 Stress-strain curves and failure modes obtained from flexure
testing of AM composite materials printed with unidirectional CCF
orientations

to 180° using a press, but no failure occurred. Although qual-
itative, this result led us to reasonably conclude that a mixed-
diagonal disposition of the fibers performs better than a single-
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diagonal one, providing for a more balanced structure of the
beam core, contrasting its torque during bending.

The aforesaid observations converged when the quasi-
isotropic [0°/90°/+45°/-45°] sequence was tested for bending
(Fig. 11). As expected, the flexure-test results confirmed that
the strength and stiffness of the material are significantly de-
pendent on the CCF-laydown used to build each layer. An
average flexural strength oequal to 223.7 MPa was obtained,
showing slightly higher deformation than that achieved before
failure by the [0°/90°] configuration. This is presumably due
to the further [+45°/-45°]-layer contribution. Also in this case,
the modification of the base sequence with the [0°/+45°/90°/-
45°] pattern did not determine significant variations in the
flexural behavior of the specimens, providing for values of
both o, and E; that were almost comparable to those of the
base layer sequence previously analyzed.

Hence, regardless of the layer sequence employed, the ex-
perimental findings lead one to conclude that the advantages of
a mixed-CCF configuration are more emphasized in flexure
rather than in traction. Indeed, in the latter, it was observed that
the layers having longitudinal fibers were those bearing almost
all of the load applied. Contrariwise, the flexural behavior of the
beam was considerably improved by superposing layers with
multiple, alternate orientations of the continuous fibers, which
seemed to collaborate better with each other, providing the best
balance between resistance and deformability of the beam.

3.3 Summary considerations: performance, current
limitations, and future developments

The experimental results of both testing campaigns carried out
are summarized in Fig. 12, in which the typical stress-strain
curves acquired adopting the different CCF orientations pre-
viously described are compared with each other. It was also
considered of remarkable interest to provide the relevant char-
acteristics in the form of radar plots, in order to graphically
transpose the unidirectional loading conditions of tests to a
more representative situation in which multidirectional loads
can occur on the printed laminate. Despite the latter still being
an approximation of a real condition, such an on-plane repre-
sentation emphasizes how a multi-oriented CCF composite
exhibits a quasi-uniform response to the load applied.
Therefore, starting from the typical fabrication criteria adopted
for traditionally manufactured CFRP parts, the results con-
firmed that mixed orientations of the CCF may be successfully
implemented as a practical and effective building criterion in
additive manufacturing of composite structures. This helps
designers to provide for more isotropic components able to
be subjected to multiaxial stress states thanks to compromise
features of strength and stiffness. However, it was noted that
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Fig. 10 Stress-strain curves obtained from three-point flexure testing of AM composite materials printed with multidirectional arrangements of the CCF.

the advantages of such configurations (and, notably, of the
quasi-isotropic layer sequence) reflect more on the flexural
properties than on the tensile behavior, on the basis of the
better collaboration between the differently oriented layers
built observed during bending.

In view of such observations, additive manufacturing
of continuous-fiber composite parts appears to have great
potential for the realization of high-complexity structures
in several fields, from aeronautics to motorsports, trans-
port or robotics, which, in recent years, are starting to
introduce this process into their own productions [13].

Table 4  Experimental results for the flexural testing

Fiber Orientation Maximum flexura Flexural
1 strength, |0} modulus, E,
(MPa) (GPa)

CCF 0° 340.7 = 10.1 24.39 +0.38
+45° 92.0+4.0 3.32+047
90° 51.8+3.7 2.13+£0.17
[0°/90°];> 2412 +4.0 14.62 +0.35
[+45°/-45°],» 101.8+2.2 325+033
[0°/90°/+45°/-45°]¢ 2237+6.4 10.29 £0.13
[0°/+45°/90°/-45°] 2129+1.2 10.30 £ 0.30

Nevertheless, although this method is being increasingly
studied today, additive processes for the manufacturing
of CFRT are still at an embryonic stage, and the achieve-
ment of appropriate characteristics for high-performing
applications is often made difficult by some inherent
process limitations. The latter are generally related to
the fact that the out-of-oven, layer-by-layer fabrication
procedure typical of FFF is affected by the cooling of
the deposited layer below its glass transition temperature
before the following layer is deposited [34]. This may
limit the maximum strength achieved by the 3D-printed
CCF composites, due to weak interlayer bonding, matrix-
matrix or fiber-matrix interactions in portions that may
be rich in porosities and voids [18]. The latter are intrin-
sically due to the printing procedure, in which neither
pressure nor external heating is applied after the layer
is laid down. In principle, this aspect defines the current
performance threshold for the application of AM  com-
posites, especially when these are used to generate more
complex geometries that may require assembly of differ-
ent 3D-printed parts, e.g., adopting adhesive-bonding
processes [35]. Therefore, further improvement in the
mechanical performance of such materials might be
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Fig. 11 Flexure deflection and
subsequent crack formation and
propagation in a quasi-isotropic
[0°/90°/+45°/-45°] CCF
specimen.

obtained by implementing the process with a hot-press
post-compaction of the laminates, currently subject of
further investigation by the authors. This approach might
be a promising solution for turning AM from a
prototyping technology to a fabrication process to be
widely implemented in industry, allowing the realization
of composite materials having characteristics equivalent
to those of the more conventional composites.

4 Conclusions

This study aimed at evaluating the influence of the orien-
tation of continuous carbon fibers (CCF) on the mechan-
ical response of composite materials 3D-printed via FFF
technology. In particular, both the tensile and the flexural
behavior was evaluated according to the relative test stan-
dards, building test specimens having various configura-
tions: three unidirectional laydown patterns of the CCF
(0°, +45°, and 90°) were set as references, and further
mixed-oriented configurations ([0°/90°], [+45°/-45°],
[0°/+45°/90°/-45°], and [0°/+45°/90°/-45°]) were consid-
ered to represent the more common building approaches
adopted for most composite structures.
The experimental findings highlighted that:

* In tensile conditions, the use of a unidirectional disposi-
tion of the continuous fibers is justified only if these are
aligned with the load applied. In this condition (0°-orient-
ed CCF), the composite exhibits high strength (0=566
MPa) and stiffness (£=24.2 GPa). In turn, when varying
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the orientation of the CFF to a diagonal (45°-oriented
CCF) or a transversal (90°-oriented CCF) one, the tensile
strength obtained might be insufficient for most of the
structural applications in which continuous carbon-fiber
composites are used (respectively, only 8.2% and 4.2%
of that of the 0°-CCF configuration). With respect to spec-
imens only reinforced with chopped carbon fibers (Onyx),
notably, only slight improvements were achieved by
employing a +45°-CCF pattern (+9.2% in tensile
strength), whereas the 90°-disposition of the fibers did
not lead to any advantage, even resulting detrimental in
terms of resistance (-44.0%) and deformability (-86.4%)
of the laminate.

In flexural-load conditions, the highest resistance was
achieved with a 0°-pattern of the CCF (o,= 340.7 MPa),
at the expense of the deformation capability. The latter is
instead a prerogative of the +45°-CCF and 90°-CCF con-
figurations, for which no sign of failure was observed until
the end of the standard flexural testing. It is also worth
noting that +45°-CCF disposition led to an asymmetrical
condition that caused beam torque during bending.
Adoption of mixed orientations of the CCF is recognized
as a promising solution for the realization of balanced
laminates able to be subjected to multiaxial stress states,
thanks to compromise properties of strength and stiffness
in both traction and flexure. However, it was noted that the
advantages of such configurations (notably, of the quasi-
isotropic layer sequences, [0°/90°/+45°/-45°] and [0°/+
45°/90°/-45°]) reflect more on the flexural properties than
on the tensile behavior, owing to a better collaboration
between the different oriented layers built observed in
the former case.
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<« Fig. 12 Summary of the results obtained from (a) tensile and (b) flexural
testing. Specifically, a comparison between the average stress-strain
curves of different fiber orientations is provided: the shaded areas repre-
sent the standard deviations of the results for each test condition. Besides,
the radar plots graphically report, for each test, the related values of stress
(left) and elastic modulus (right) relative to unidirectional, bidirectional or
multidirectional arrangements of the CCFs
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