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Abstract: An existing challenge in the use of continuous fiber reinforcements in additively manufac-

tured parts is the limited availability of suitable fiber materials. This leads to a reduced adaptability

of the mechanical properties to the load case. The increased design freedom of additive manufac-

turing allows the flexible deposition of fiber strands at defined positions, so that even different

fiber materials can be easily combined in a printed part. In this work, therefore, an approach is

taken to combine carbon and aramid fibers in printed composite parts to investigate their effects

on mechanical properties. For this purpose, tensile, flexural and impact tests were performed on

printed composite parts made of carbon and aramid fibers in a nylon matrix with five different mixing

ratios. The tests showed that the use of hybrid composites for additive manufacturing is a reasonable

approach to adapt the mechanical properties to the loading case at hand. The experiments showed

that increasing the aramid fiber content resulted in an increase in impact strength, but a decrease in

ﬁl;%la(tfgsr tensile and flexural strength and a decrease in stiffness. Microstructural investigations of the fracture

o ) ) surfaces showed that debonding and delamination were the main failure mechanisms. Finally, Rule
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of Hybrid Mixture equations were applied to predict the mechanical properties at different mixture
ratios. This resulted in predicted values that differed from the experimentally determined values by
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Material extrusion (MEX) is an additive manufacturing process characterized by the
tool-free production of three-dimensional parts by depositing a molten thermoplastic
strand layer by layer [1,2]. With regard to the associated geometric freedom in design
Publisher’s Note: MDPI stays neutral ~ as well as the possibilities for part consolidation and functional integration, MEX offers
with regard to jurisdictional claims in  unique advantages compared to conventional manufacturing processes [3,4]. On the other
published maps and institutional affil-  hand, comparatively low mechanical properties often exclude a broad application for the

iations. production of end products with high mechanical requirements, so that printed parts are

increasingly reinforced with continuous fibers [5]. However, an existing disadvantage

of continuous fiber-reinforced MEX is the limited range of fiber materials [6]. This is
BY

accompanied by a low adaptability of the mechanical properties. By hybridizing several
fiber materials in one part, the mechanical properties of the composite material can be
adapted to the respective load case.
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parts compared to short-fiber reinforcements, due to their significantly improved mechani-
cal properties [9,10]. Continuous fiber-reinforced MEX combines the unique potentials of
additive manufacturing processes with the mechanical properties of composite parts. The
process principle is based on conventional MEX. In principle, all thermoplastic materials
that are also used in conventional MEX can be used as matrix materials. Synthetic carbon,
glass and aramid fibers are usually used as reinforcing fibers [11-13]. In addition, new
research approaches are being pursued to also use natural reinforcing fibers such as flax or
jute fibers [14-17]. The incorporation of continuous fibers can be achieved by two different
methods. The first method is to merge the continuous fibers in the printhead with the sur-
rounding thermoplastic matrix and then deposit them on the print bed (see Figure 1a). The
second is to use pre-impregnated continuous fiber filaments that are already embedded in a
thermoplastic matrix and can be extruded immediately (see Figure 1b) [18,19]. Commercial
printing systems and corresponding fiber filaments are available for both approaches. In
most systems, dual extruders are used, which allow both the application of continuous
fiber-reinforced strands and the extrusion of pure thermoplastic material (see Figure 1).
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Figure 1. Schematic representation of the established approaches for introducing continuous fibers
in the MEX process: (a) with pre-impregnated fiber filament; (b) with fiber impregnation in the
print head.

The mechanical properties of continuous fiber-reinforced parts depend on a large
number of factors and parameters. In addition to the number and size of the defects and
the interfacial adhesion, the selection of the fiber and matrix materials and their orientation
in the part have a major influence on the mechanical properties [6,20]. Two of the biggest
challenges in establishing continuous fiber extrusion in industrial applications are severe
anisotropy and low print quality. Various research activities have investigated the damage
mechanisms of printed composite parts. It was found that delamination between the layers
or the fiber strands on the one hand and debonding, i.e., detachment of the matrix from
the fibers, on the other hand, are the main types of failure [21-24]. In this context, Kabir
et al. [6] point out that another major challenge is the very limited choice of fiber and matrix
materials with the associated limited adaptability to the load case at hand.

1.2. Hybrid Composites

Hybrid composites are increasingly being used in conventional fiber-plastic composites
in order to improve and adapt the mechanical properties to the existing load case. These
composites are characterized by the combination of different fiber materials in one part in
order to achieve unique material properties that could not be achieved by using one fiber
material [25-27]. In conventional manufacturing processes, the hybrid composites with
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continuous fibers are usually processed in the form of mats. There are different approaches
for hybridization. According to Kretsis [25] a distinction is made between the following
approaches in this context:

e  Interply, alternating layers of different fiber materials;
e  Intraply, regular or irregular mixture of fiber materials on laminate level;
e  Intrayarn, mixed fiber materials on filament/roving level.

This categorization for conventional manufacturing processes of fiber-reinforced
plastic composites can also be applied to additive manufacturing in the broadest sense
(see Figure 2). All three approaches can be implemented using continuous fiber-reinforced
MEX. A mixed approach is also conceivable. The simplest approach is the alternating use
of fiber materials between the layers (interply). The number of fiber cuts required per
layer and the duration for a fiber or tool change are thus reduced to a minimum. However,
this leads to a low dispersion of the different fiber materials. An approach involving the
combination of different fiber materials in a layer plane can also be implemented. However,
this is associated with increased production time and increased effort for path planning,
but on the other hand leads to better adjustability of the mixing ratio—especially for thin,
flat parts. Compared to the interply approach, the intraply approach leads to improved
dispersion. An intrayarn approach requires the use of different fiber materials in one roving
or fiber filament. Accordingly, this approach does not require tool changes or additional
fiber cuts, but is associated with a loss of flexibility. Consequently, the mixing ratio for
machine code generation cannot be set in a defined way, but depends on the ratio of the
semi-finished product used. However, the best dispersion can be achieved with the help of
the intrayarn approach [28].

Carbon fiber strand Aramid fiber strand intrayarn
N — _
non-hybrid
(d) (e) I
interply intraply

Figure 2. Approaches to hybridization in the context of continuous fiber-reinforced MEX: (a) non-
hybrid composites with carbon fibers; (b) non-hybrid composites with aramid fibers; (c¢) combined
fiber materials within a fiber strand (intrayarn); (d) layer-by-layer hybridization (interply); (e) strand-
by-strand hybridization (intraply).

Research in the field of conventional hybrid composites has focused, among other
things, on improving elongation at break or creating pseudoductile material behavior [29,30],
improving fatigue strength [31] and impact strength [32-34] and implementing low-cost
fibers [35,36]. Since the combination of different fiber materials in a part can also lead to a de-
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crease in certain mechanical properties, a compromise in hybridization is necessary [37,38].
This implies an optimization criterion for the hybridization ratio that must be addressed in
the design.

Carbon fiber-reinforced composites are characterized by comparatively high strength
and stiffness with low elongation at break and impact strength [39,40]. Aramid fibers are
therefore frequently added in hybrid composites with carbon fibers. Aramid fibers are
usually added to carbon fiber-reinforced plastics due to their lower density and positive
effects on impact strength [32,41]. It was shown by Pincheira et al. [42], for example,
that hybridization with aramid fibers in carbon fiber-reinforced composites resulted in an
improvement in impact strength but a decrease in compressive and tensile strength and
reduced stiffness. It was demonstrated by Ma et al. [43] in quasi-static tests that hybrid
carbon aramid composites resulted in increased energy absorption compared to carbon
composites. Wan et al. [44] observed a positive hybrid effect for braided carbon aramid
hybrid composites in flexural strength and stiffness. No hybrid effect was observed for
impact strength and shear strength. Positive hybrid effects on impact strength were also
observed for carbon aramid composites by Marom et al. [45].

In the context of continuous fiber-reinforced MEX, little attention has been paid to the
use of hybrid composites. Quasi-static indentation tests on additively manufactured hybrid
and non-hybrid parts using aramid and carbon fibers were performed by Wang et al. [46].
A model of volume average stiffness and a model of hybrid effect were derived to predict
the effects of hybridization on stiffness. Huang and Joosten [30] conducted tensile tests on
printed hybrids of polyamide 6 (nylon) with continuous fibers of glass and carbon. The
focus was on investigating the pseudoductility of printed hybrid parts.

1.3. Hybrid Effect

Using the Rule of Hybrid Mixture (RoHM) equations, the properties of hybrid com-
posites can be predicted based on the material properties of the individual composite
systems [47]. The assumption is that the hybrid system consists of two individual compos-
ite systems and that there are no interactions between the individual systems. The validity
of the RoHM equations, especially for the Young’s modulus of unidirectionally reinforced
composites, has been demonstrated in numerous studies [48-53]. The Young’s modulus of
the hybrid composite Ej,;, can be determined with the following equation:

2
Epp = Y EciVei 1)
i=1

V. is the relative volume fraction of a composite with one fiber material in the total volume
and E. is the associated Young’s modulus. For hybrid composites with two composite
systems, the following equation applies:

Vt:Vcl"i‘Vd:l (2)

where V; is the total volume of the composite and V. or V,; is the relative hybrid volume
fraction of the first or second system, respectively. For the calculation of the Young’s
modulus of a hybrid composite with two different fiber materials, taking equation 2 into
account, the following equation is obtained:

Ehyb =EqxVa+ExX (1 - Vcl) 3)

Analogous to Equation (3), this can also be predicted for the determination of stress
(see Equation (4) for an example) or impact strength at different mixing ratios [37,54,55].

Opyb = Oc1 X Ve + 02 x (1= V) 4)



Appl. Sci. 2022,12, 8830

50f16

An approach often used in the literature in connection with the Rule of Hybrid Mixture
is the distinction between a positive and negative hybrid effect. Here, an upward deviation
of the experimentally determined material properties compared to the predicted RoHM
values is considered a positive effect. A downward deviation is referred to as a negative
hybrid effect. The hybrid effects can be determined for strength (1), Young’s modulus (Ag)
and impact strength (A,¢) according to Equations (5)—(7).

Ao = 2L 1 ©)
Ohyb
Eexp

Ap = -1 (6)
Epyp

Aac = M -1 (7)
ac hyb

For Ay > 1, Ag > 1 and A,4c > 1 the hybridization with the respective mixing ratio
has a positive hybrid effect. For Ay <1, Ap <1 and A4 < 1 it indicates a negative hybrid
effect [37,56].

1.4. Aims and Scope

Approaches to improve the mechanical properties of fiber-reinforced thermoplastic
parts manufactured with MEX, as well as their load case-specific adaptation, have been
underrepresented in the literature so far. For the design of composite parts, the effects of
hybridization on basic mechanical properties such as strength and stiffness under tensile
or flexural stress must be known. These effects have not yet been studied for printed
composites. This research gap shall be closed for hybrid composites of aramid and carbon
fibers with different mixing ratios in this work. The specimens are fabricated in an interply
approach, in which the fiber materials are varied layer by layer. Mechanical tests in the
form of tensile, flexural and impact tests will be used to determine the effects of hybridizing
carbon and aramid fibers with different mixing ratios. In addition, the microstructure
of the hybrid specimens tested will be investigated in order to draw conclusions about
the failure mechanisms. A Rule of Hybrid Mixture approach will be used to predict the
effects of different mixing ratios based on the non-hybrid composites. The correlation of
predicted and experimentally obtained values will be evaluated to confirm the reliability
and transferability of the method to the additively manufactured composites.

2. Materials and Methods

In this section, the MEX system and the fiber and matrix materials used are first
presented. In addition, the specimen design and fabrication will be outlined, and the test
methods used will be described.

2.1. Setup and Materials

For specimen fabrication, a modified Renkforce RF2000 3D printer (Conrad Electronic
SE, Hirschau, Germany) was used, which was equipped with a Markforged (Markforged,
Inc., Watertown, MA, USA) printer head (see Figure 3a). Polyamide 6 (PA6—“Nylon
White”) was used as the matrix material and Markforged’s carbon continuous fiber filament
(C-CFF) and aramid continuous fiber filament (A-CFF) were used as the fiber material
(see Figure 3b). The fiber content has been determined in various studies and is between
32.8% and 34.5% [57,58]. To avoid moisture absorption, all filaments were stored in an
airtight PolyBoxTM (Polymaker B.V., Shanghai, China) with a humidity content <25% at a
temperature between 20-25 °C (see Figure 3a).
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Figure 3. (a) Renkforce RF2000 with Markforged Dual Extruder and with Polymaker PolyboxTM;
(b) printing process during the deposition of carbon fiber strands on an aramid fiber layer.

The process parameters listed in Table 1 were determined in pretests and resulted in
feasible processability and a minimum void fraction. Identical parameters were used for
the carbon and aramid fiber layers.

Table 1. Process parameters for the fabrication of the specimens from nylon and continuous car-
bon/aramid fiber.

Parameter Value Unit
K Extruder temperature 270 °C
& Print bed temperature 95 °C
& Infill density 100 %
Nylon filament diameter 1.75 mm
o Strand width 0.4 mm
% Nylon printing speed 45 mm/s
Z Infill angle +45/—45 °
Bottom and top layers height 0.25 mm
C-CFF/A-CFF diameter 0.4 mm
g Fiber strand width 0.9 mm
é Fiber printing speed 20 mm/s
Layer height fiber /nylon 0.1 mm

2.2. Specimen Design and Fabrication

For mechanical characterization, tensile, flexural and impact tests were carried out. The
dimensions of the specimens can be taken from Figure 4. The machine code for fabricating
the specimens was generated with an inhouse written slicing program in Rhinoceros 3D
using the Grasshopper visual programming environment.

All specimens were manufactured with unidirectional fiber orientation in the lon-
gitudinal direction. The fiber volume fraction describes the percentage of fibers in the
total volume of the part. For the calculation of the fiber volume content, an ideal speci-
men without voids was assumed. The fiber volume fractions can be calculated using the
following equation:

_Y 0
Vi = v x 100% 8)
where Vf is the fiber volume fraction of the part, ris the fiber volume in the entire part and
V¢ is the total volume of the specimen. For the calculation, a fiber volume content of the
fiber filament of 34% was assumed. The fiber volume contents of the specimens are shown
in Table 2.
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Figure 4. Dimensions of the specimens: (a) flexural specimen; (b) tensile specimen; (c) impact specimen.

Table 2. Fiber volume fractions of the fabricated tensile, flexural and impact specimens.

Specimen tensile flexural impact

Fiber Volume Fraction [%] 14.7 19.9 25.8

In order to determine and quantify the effect of different mixture ratios on the me-
chanical properties, the specimens were fabricated with different ratios of carbon fibers to
aramid fibers. The ratios of all specimens of carbon fibers to aramid fibers were in percent
100/0, 70/30,50/50, 30/70 and 0/100, resulting in 10 fiber layers for the tensile and flexural
specimens and 20 fiber layers for the impact specimens (see Figure 5). The fiber filament
was changed between layers when necessary. In addition, the specimens were fabricated
with two bottom and top layers of nylon.

100 [%] CF 100 [%] AF 70/30 [%] CF/AF  50/50 [%] CF/AF 30/70 [%] CF/AF
L 1 [ 1 )i [ 1 [ 1
L 1 L \ L L \ L 1
[ 1 { 1 4 I 1 { 1
L ] AN 1| [ ! ] L 1

mmmm  Carbonfiber (CF)
Figure 5. Schematic layer configuration of the tensile and flexural specimens with the used mixing

1

10 fiber layers

Tensile-/Flexural
Specimen

20 fiber layers

Impact Specimen

7

z
= Aramidfiber (AF)
X C— PA6 (Nylon)

ratios of carbon and aramid fibers.

2.3. Mechanical and Microstructural Characterization

Tensile, flexural and impact tests were carried out to determine the effects on the
mechanical properties. The tensile and 3-point flexural tests were performed in accordance
with DIN EN ISO 527-4 [59] and DIN EN ISO 14125 [60], respectively, on the Zwick/Roell
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Zmart.Pro BZ1 universal testing machine (Zwick Roell, Ulm, Germany). The machine
force was determined by the load cell. The deformations during the tensile tests were
measured using an extensometer with an initial gauge length of 80 mm. The deflections
during the flexure tests were measured by the crosshead travel of the testing machine. A
span of 80 mm was used for the flexural tests. For both tensile and flexural tests, a test
speed of 2 mm/min was used. The tensile and flexural stresses, moduli and strains were
calculated according to the specifications of the underlying standards [59,60]. The impact
tests were carried out on the Zwick/Roell HIT25P pendulum impact tester (Zwick Roell,
Ulm, Germany) in accordance with DIN EN ISO 179-1 [61]. The Charpy impact strength
was calculated according to the specifications of the calculated according to the underlying
standard. All tests were performed under identical environmental conditions at a room
temperature of 22 °C. Five specimens were fabricated and tested for each mixing ratio and
test method.

For the investigation of the microstructure of the fracture surfaces, images were
taken with a scanning electron microscope (SEM). A Zeiss Leo 1455VP scanning electron
microscope (Carl Zeiss AG, Oberkochen, Germany) with an accelerating voltage of 5 kV
and a working distance of 8-10 mm was used.

3. Results and Discussion

In this section, the results of the investigations are addressed. First, the results of the
mechanical tests are presented. Then, the hybrid effect is described on the basis of the
experimentally determined values. Finally, the failure mechanisms are described on the
basis of analyses of the microstructure of the fracture surfaces.

3.1. Mechanical Properties

The mechanical properties of the printed hybrids were determined by tensile, flexural
and impact tests. The stress-strain curves of the tensile and flexural tests are shown in
Figure 6.

(b) 600 1
——100CF / 0AF —100CF / OAF
—70CF / 30AF 500 —70CF / 30AF
——50CF / 50AF = ——50CF / 50AF
30CF / 70AF S 30CE / 70AF
= 400
0CF / 100AF = OCF / 100AF
Y}
g 300
7
=
£ 200
b}
=
100
05 1 15 2 25 3 35 4 45 0 2 4 6 8 10 12
Strain [%] Strain [%]

Figure 6. Stress—strain curves of the mechanical tests: (a) tensile tests; (b) flexural tests.

The comparatively low tensile strengths compared to the flexural strengths are due,
on the one hand, to the lower fiber volume content and, on the other hand, to the fiber
orientation in the tensile specimens. Due to the contour-based fiber orientation, the fibers
at the specimen fillets are not fully loaded in the longitudinal direction, which can lead
to a reduction in strength. The results show that an increasing content of aramid in the
specimens leads to a significant decrease in the mechanical properties under tensile and
flexural loading. Both for tensile and flexural strengths and for Young’s and flexural moduli,
the 100% carbon specimens show the highest measured values. This results from the higher
strengths and stiffnesses of the carbon fibers compared to the aramid fibers. It can also
be observed that the flexural strengths and stiffnesses decrease significantly more with
increasing aramid content compared to the tensile strengths and stiffnesses. The largest
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strain rates are observed in 100% aramid specimens with a steep decrease in strain rates
when hybridized with carbon fibers.

Despite hybridization, brittle fracture was observed in all tensile specimens without
multiple fractures (see Figure 6a). An increasing content of aramid fibers also leads to an
increase of the strain rates in the carbon fiber-reinforced specimens. This could be due to the
fact that damage evolution in the carbon fiber layers is limited by the adjacent, more ductile
aramid fiber layers. Similar phenomena were also described for conventional composites
with interply approach in [37,50,62].

Multiple fractures were observed in the flexural tests of the specimens with high
carbon fiber content, which can be attributed to failure of individual fiber layers at short
time intervals (see Figure 6b). The averaged results of the tensile, flexural and impact
tests are shown with the corresponding standard deviations in Figure 7. The experimental
results show an approximately linear decrease or increase in the mechanical properties of
the hybrid specimens. The 100% carbon specimens exhibit average tensile and flexural
strengths of 297 MPa and 554 MPa, respectively. The aramid specimens, on the other
hand, show tensile and flexural strengths of 192 MPa and 173 MPa, respectively, about 35%
lower and 69% lower, respectively, compared with 100% carbon specimens. The tensile
and flexural moduli of the 100% aramid composite are lower by a factor of 2.4 and 5.1,
at 6.42 GPa and 7.97 GPa, respectively, compared with the pure carbon fiber-reinforced
composites. In contrast, the Charpy impact strength increases significantly with increasing
aramid content. The highest impact strength was measured for 100% aramid specimens,
while the lowest impact strength was observed for 100% carbon specimens. The 100%
aramid specimens exhibited a Charpy impact strength of 30.42 k] /m?, while the 100%
carbon specimens exhibited a Charpy impact strength of only 12.60 kJ/m2. This can
be explained by the increased energy absorption capabilities of the aramid fibers. This
observation was also made for conventionally manufactured hybrid carbon and aramid
composites [42,45].

(a) 600
500
400 1
300

200

Tensile/flexural strength [MPa]

100

0

AF content 0% 30% 50%

CF content 100% 70% 50%

e

45 (c) 35
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30% 0% 100% 70% 50% 30% 0% 100% 70% 50% 30% 0%

Figure 7. Results mechanical tests: (a) tensile and flexural strengths; (b) tensile and flexural moduli;
(c) Charpy impact strength.

Figure 8 compares the experimentally determined mechanical properties with the
values predicted by the RoHM equations. The calculated hybrid effects as a percentage are
shown in Table 3. Both positive and negative hybrid effects have been determined. From
the values in Table 3, it can be seen that the prediction of the RoHM equations calculated on
the basis of the average values of the non-hybrid composite systems are able to predict the
mechanical properties of the hybrid composites with high accuracy. The average deviation
of all predicted values is about 5.6%, taking into account the comparatively small number
of samples and the associated measurement uncertainty. The largest deviation, with about
—10.5%, was determined for the flexural modulus with a mixing ratio of 70CF/30AF.
No correlations can be observed between the hybrid effects in the tensile and flexural
properties. In particular, +3.3%, +8.8% and +4.7% for the tensile modulus were entirely
positive hybrid effects, while —10.5%, —9.5% and —5.6% for the flexural modulus were
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entirely negative hybrid effects. The flexural strengths also show higher negative hybrid
effects compared to the tensile strengths. This could be explained by a high influence
of the layer arrangement in the flexural specimens. While in the uniaxial tensile test all
layers are approximately equally stressed, no homogeneous stress distribution occurs in the
flexural test. Therefore, the mechanical properties in the flexural tests are more dependent
on the layer configuration. Since the stress in the neutral line is zero, the fiber layers
become increasingly important with increasing distance from it. Alternating layers with
widely different strain rates, which are additionally subjected to different stresses across
the cross-section, could increase delamination effects that reduce the stiffness and strength
of the composite.
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Figure 8. Comparison between experimental and predicted RoHM values: (a) tensile strength;
(b) Young’s modulus; (c) flexural strength; (d) flexural modulus; (e) Charpy impact strength.
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Table 3. Experimentally determined hybrid effects as a function of mixing ratio.

Specimen Tensile Strength ~ Young’s Modulus  Flexural Strength ~ Flexural Modulus = Charpy Impact Strength
70 CF/30 AF +3.1% +3.3% —6.0% —10.5% —5.2%
50 CE/50 AF —1.8% +8.8% +1.5% —9.5% +4.0%
30 CF/70 AF -1.9% +4.7% —9.4% —5.6% +9.0%

For the Charpy impact strengths, especially with increasing aramid content, positive
hybrid effects of +4.0% for 50CF/50AF and +9.0% for 30CF/70AF were shown while a
negative hybrid effect of —5.2% was observed at low aramid content of 30%. The negative
hybrid effect for the 70CF/30AF specimens could be due to the two outer carbon fiber
layers, since the outermost layers have the greatest influence on impact strength. This was
also observed in a similar way by Marom et al. [45], among others.

3.2. Damage and Failure Analysis

In order to draw conclusions on the main failure mechanisms and possible differences
between the fiber types, the microstructure of the fracture surfaces was investigated. For
this purpose, SEM images were taken of specimens with 50% relative fiber content of
carbon and aramid, respectively. The fracture surfaces of specimens from each test method
were examined. The images of the fracture surfaces are shown in Figure 9.

The analyzed fracture surfaces of the different specimens show similar failure mecha-
nisms. Differences with regards to the different test methods cannot be identified. However,
the different fiber types can be clearly identified. The aramid fibers can be identified by
the ductile fracture typical of aramid fibers with necked fibers (see, e.g., Figure 9a,d). The
carbon fibers, on the other hand, exhibit brittle fracture surfaces. This is also consistent with
the strongly different strain rates of the carbon and aramid fiber-reinforced specimens in
the mechanical tests. Furthermore, the higher energy absorption and the resulting impact
strength can be justified with increasing aramid content. In addition, the aramid fibers show
more debonding, which was also observed by Wang et al. [46]. This may indicate poorer
impregnation of the aramid fibers. The ductile fractures and the significant difference in
length compared to the carbon fibers may reinforce this impression.

Nevertheless, similar failure mechanisms can be identified for both the carbon and
aramid fibers. For example, strong debonding occurs in all specimens. This can be seen
from the numerous exposed fibers, which are surrounded by little or no matrix. This is
more evident in the aramid fibers due to the large difference in length. In addition to
exposed fibers, the carbon fiber layers also show vacancies caused by pulled-out fibers
(see Figure 9d,e). In addition, delamination can be seen on all fracture surfaces. Delami-
nation indicates a low adhesion strength between the layers or between the fiber strands.
This could be further promoted by the different elongation rates of the fibers in the lay-
ers. Debonding and delamination are among the main failure mechanisms in printed
composites and have been widely reported in the literature [21-24].

Another aspect that stands out in the analysis of the fracture surfaces is the partially
irregular distribution of the fibers in the surrounding matrix (see e.g., Figure 9a,d). This phe-
nomenon occurs commonly in printed composites and is also described in [63]. This could
be due to the comparatively low fiber volume fraction of the fiber filaments (approx. 34%).
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Figure 9. SEM images of the fracture surfaces of specimens with 50% relative carbon and aramid
fiber content respectively: (a,b) tensile specimen; (c,d) flexural specimen; (e, f) impact specimen.

4. Conclusions and Outlook

In this work, additively manufactured hybrid composites with carbon and aramid
fibers in a PA6 matrix and varying mixing ratios were investigated. The intention behind
the use of hybrid composites is to improve or adjust mechanical properties. Tensile, flexural
and impact tests were carried out to determine the effects of hybridization. Specimens were
prepared with carbon to aramid mixing ratios of 100/0, 70/30, 50/50, 30/70 and 0/100.
Based on the mechanical properties of the non-hybrid specimens, a Rule of Hybrid Mixture
approach was followed to predict the mechanical properties at different mixing ratios. In
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addition, the microstructure of the fracture surfaces of the specimens was analyzed with
SEM examinations.

The investigations have shown that hybrid composites of thermoplastics with continu-
ous fiber reinforcement produced with MEX offer a possibility to influence the mechanical
properties of the parts in the desired way. The material mixture of carbon and aramid fibers
investigated showed a significant improvement in impact strength with increasing aramid
fiber content. The tensile and flexural strengths as well as the stiffnesses, on the other hand,
decreased with increasing aramid fiber content. The impact strength of additively manufac-
tured carbon fiber-reinforced parts could thus be effectively improved by adding aramid
fibers. However, this is accompanied by low strengths and stiffnesses of the composite. The
application of the RoHM equations resulted in a good approximation to the experimentally
determined values, with an average deviation of about 5.6% when the material properties
were known for only one fiber material. The RoHM equations are therefore well suited
to unidirectionally reinforced hybrid composites fabricated by MEX and can be used to
predict the mechanical properties of hybrid parts. The damage mechanisms of printed
hybrids are similar to those of non-hybrid printed composites. In particular, debonding
and delamination occur as main damage mechanisms. Significant differences between the
failure modes of the carbon and aramid fibers could not be found.

Implementation of the selected interply approach in existing printer systems is possible
by adding an additional fiber extruder. It is also conceivable to change the fiber materials
during the printing process. This also requires an adaptation of the slicing software. In the
future, the use of prefabricated hybrid fiber filaments (intrayarn) should also be investigated.
In particular, the improved dispersion and its influence on the mechanical properties are of
interest. This approach could be implemented without changes to existing filament-based
MEX-setups and the associated slicing software. In addition, further investigations should
be carried out with other fiber materials and combinations. In addition to the established
fiber materials, such as carbon, glass or aramid, natural fibers can also be implemented,
which could reduce costs as well as improving the adjustability of the mechanical properties.
In addition to the fiber material or the fiber combination, the fiber orientation and the layer
configuration are also crucial. In this context, the high flexibility in strand deposition of
MEX offers enormous potentials for local adaption of the mechanical properties. For this
purpose, appropriate strategies and methods have to be developed which take into account
the combination of different fiber materials.
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