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We investigate the influence of raster layup on the resulting material properties of FDM 3D-printed materials
made of PLA. In particular, we investigate the resulting toughness, strength, and stiffness, with a special
focus on toughness. We show that for standard layups with layer orientations alternating by 90°, stiffness
and strength are almost isotropic, while a strong anisotropy is obtained for toughness. Moreover, we show
that materials with such a layup can even switch their behavior from brittle to ductile depending on the
loading direction. Finally, we propose a new layer stacking scheme which simultaneously provides increased

toughness and increased strength compared to the standard approaches.

1. Introduction

Fused Deposition Modeling (FDM) is a 3D printing technology,
where a thermoplastic filament is partially melted and extruded by a
heated nozzle, and deposited layer by layer on a build platform [1].
Many different filament materials are available, with Acrylonitrile Bu-
tadiene Styrene (ABS) and Polylactic Acid (PLA) being the most com-
mon ones. The versatility and the low equipment costs have made
FDM the most widespread 3D printing technology today. While it
initially was used only for prototyping, it is nowadays shifting towards
a manufacturing process for mechanical components, which is also due
to the development of filaments from materials with high strength, like
Polyether Ether Ketone (PEEK), and fiber-reinforced filaments [2-5].
However, a major obstacle in using this technology for the design of
load-bearing components is the fact that the mechanical properties of
FDM-printed materials significantly differ from those of the filaments’
bulk materials. Due to the process of filament deposition in FDM, each
material layer is made up of (mostly parallel) fibers connected to each
other by adhesive bonding. The fiber raster orientation can vary from
layer to layer, and the standard configuration is a raster change by
90° between layers. The material structure, obtained by this process, is
called the mesostructure, and it has been found in several studies that
it has a major influence on the resulting mechanical properties of the
printed material [6-17]. Most of these studies focused on measuring
the material’s stiffness and/or strength, and it was found that they
depend strongly on the printing direction. Both stiffness and strength
were typically found to be highest if the material was loaded in fiber di-
rection, lowest if it was loaded orthogonal to the fibers and somewhere
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in the middle for composite layups with layer orientations alternating
by 90°. While quite a lot of research has been done on the stiffness and
strength of FDM components, the relation between the mesostructure
and the resulting material toughness appears still unexplored [5,18,19].
Both strength and toughness are important material parameters when
it comes to the safe design of load-carrying structures, where strength
indicates the maximum load capacity while toughness is a measure for
the maximum absorbable energy before failure.

In this paper, we investigate the influence of fiber orientation
on the resulting material properties including stiffness, strength, and
toughness. We use PLA as base material, which is brittle, and we show
that the printed material can result either brittle or ductile which can
be controlled by the combination of layer orientations. Furthermore, we
show how both strength and toughness can be increased simultaneously
by an optimized mesostructural layout.

2. Materials and methods

For printing the test specimens, a Raise3D Pro2 printer and PLA
filament by EasyPrint were used. We printed specimens with different
raster orientations, both with unidirectional layups and alternating
layups. All other print parameters were kept constant for all cases.
In particular, we used a layer thickness of 0.2 mm, extruder width
of 0.4 mm, and printing speed 30 mm/s to ensure consistent printing
quality. Infill density was set to 100% and no contour fibers were
used for having uniform properties within the layers. The extruder
temperature was set to 200° C, the bed temperature to 60° C. Tensile
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Fig. 1. Layer orientation definition for unidirectional layups.

tests were performed on a Instron mechanical testing machine (Model
8872) with a 25KkN load cell at a rate of 0.3 mm/min until failure. The
stress-strain curves were calculated based on the initial dimensions of
the test samples. All tests were repeated three times, and results are
displayed as average values with error bars indicating the standard
deviation. Furthermore, digital image correlation (DIC) was used to
capture deformation patterns.

3. Results and discussion

The results in this section are structured as follows. First, we inves-
tigate specimens with unidirectional layup and different raster orienta-
tions. Next, we consider specimens with the standard layup configura-
tion where the raster orientation changes by 90° from layer to layer.
Finally, we consider layup configurations with varying relative angles
between layers.

3.1. Unidirectional layups

We performed tensile tests for specimens with layups of [0°],,
[45°],9, and [90°],,. The angle describes the printing direction relative
to the loading direction, cf. Fig. 1, such that [0°] refers to loading
in fiber direction while [90°] refers to loading transverse to the fiber
direction, and the subscripts indicate the number of layers. Fig. 2 shows
the resulting strain-stress curves as average values together with error
bars in (a) and without error bars in (b) for clearer visibility. From this
figure, we can directly see that both stiffness and strength depend on
the raster angle, which has also been observed in previous studies [6—
16]. In particular, it can be seen that both stiffness and strength are
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highest for 0° and lowest for 90°, and there is a gradual decrease
in both parameters for increasing raster angles. Fig. 3(a)-3(b) show
the relation between the raster orientation and the resulting Young’s
modulus E and tensile strength o,. Furthermore, we are interested
in the resulting toughness I', which is obtained as the area under
the strain-stress curves. As can be seen in Fig. 3(c), the toughness in
unidirectional specimens follows the same general trend as stiffness
and strength, having its maximum at 0° and gradually decreasing for
increasing orientation angles. Moreover, we note that all cases exhibit
rather brittle fracture behavior (according to the fiber’s material PLA)
with sudden failure after reaching the maximum stress. Fig. 4 shows
close-up pictures of the broken specimens. It can be seen that in the
0° case failure happened due to fiber rupture and the crack is oriented
orthogonally to the fibers, while in all other cases failure is governed by
to fiber debonding and the cracks are oriented with the raster direction.

3.2. 90° alternating layups

Next, we performed tests with layer orientations alternating by
90°, which is the standard setting in most FDM printers. In particular,
we tested specimens with [0°/90°]s, [45°/ — 45°]5, and [30°/ — 60°]5
layups. The resulting strain-stress curves are depicted in Fig. 5, the
obtained values for E, ¢,, and I' are plotted in Fig. 6. Comparing the
different cases, an interesting observation can be made. While stiffness
and strength are in the same order of magnitude for all cases, very
large differences occur for the toughness. In particular, we obtain an
increase in toughness of over 500% when switching from [0°/90°]s
to [45°/ — 45°]5. It should be noted that both cases represent the
same material, just loaded in different directions. Investigating their
fracture behavior by means of the strain-stress curves (Fig. 5), we
can see that the [0°/90°]; material exhibits brittle fracture, while the
[45°/ —45°]5 material has a very ductile behavior with large elongation
and softening after the yield point. This behavior is not devoted to
real plastic deformation in the filament material, which is very brittle,
but rather to changes in the mesostructural layout caused by gradual
damage in the fiber-to-fiber bonding. In particular, fibers, which are
not parallel or perpendicular to the load direction, undergo a certain
rotation reorienting towards the load direction, leading to increased
elongation. Indeed, a similar effect can also be observed in the tests
on unidirectional layups depicted in Fig. 2, where the [30°],, case
results in a higher maximum strain than the [0°],, case. However,
in unidirectional layups, this effect of fiber rotation is very limited
due to the sudden failure caused by fiber debonding through all lay-
ers. Alternating layups prevent such a failure and provide additional
resilience enabling significant fiber rotation, which finally results in
increased elongation. This effect of fiber rotation can obviously not
occur if the fibers are parallel or perpendicular to the load direction,
which is the reason why the [0°/90°]5; material exhibits a brittle failure
behavior and the lowest toughness. By close inspection of the specimens
after the tests, we could observe two different effects of fiber rotation.
First, we could measure small rotations of the fibers towards the load
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Fig. 2. Test results for unidirectional specimens with different raster angles, average values with errors bars (a) and without errors bars (b).
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Fig. 3. Dependence of Young’s modulus (a), tensile strength (b), and toughness (c) on the raster orientation for unidirectional specimens.
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Fig. 4. Unidirectional specimens with different raster angles after failure.

direction all over the specimen, and second, there are short sections
of fibers within the cracks, which have completely oriented with the
load direction before they ruptured, as shown in the close-up pictures
in Fig. 7. For measuring the rotation of the fibers outside the crack,
we used digital image correlation. We measured the rotation at three
different points placed outside the regions which are largely deformed
due to the crack, and averaged them. Table 1 reports the measured
rotations for the samples shown in Fig. 7. For better understanding the
damage evolution in the specimens, we also tracked their deformation
during the tests. Fig. 8 depicts snapshots of a [45°/ —45°]5 specimen at
different time instants corresponding to different points in the strain—
stress curves.! We can observe that right after “yielding” and also for
large regions of the “softening” regime there is no visible damage in
the specimen. This indicates that at these deformation levels, damage
occurs mainly in the fiber bonding but not in the fibers themselves,
leading to the effect of fiber rotation discussed above. Only shortly

1 It may be noted that the strain-stress curve of the [45°/ — 45°]5 case in
Fig. 5 is different than the curve in Fig. 8 This is because the former shows
averaged results, while the latter depicts the results of one specific case.

Table 1

Average fiber rotation at final deformation stage for different layups.
Layup [45/ —45°]5 [30°/ —60°]5 [0°/90°]5
Average fiber rotation 1.7° 0.8° 0.0°

before the point of rupture, we can observe the formation of two lines
of fiber damage, which run orthogonal to the fibers in the visible layer,
i.e., they are parallel to the bonding lines in the layer underneath.
Along these lines the fibers in the top layer (and all the layers with
the same orientation) start to yield and rupture which finally initiates
cracking and failure of the specimen.

3.3. Symmetrically-aligned alternating layups

The results in the previous sections showed that strength and tough-
ness of the printed material can be controlled by the layer stacking
sequence, where a unidirectional [0°],, layup provides the highest
strength but with low toughness, while alternating layups result in
lower strength but highly increased toughness if oriented inclined to
the loading direction. Based on these findings, we now investigate a
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Fig. 5. Test results for specimens with layer orientations alternating by 90°, average values with errors bars (a) and without errors bars (b).
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Fig. 6. Young’s modulus (a), tensile strength (b), and toughness (c) for different alternating layups.
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Fig. 7. Specimens with layer orientations alternating by 90° after failure.

different layer stacking scheme with the aim of obtaining high strength
and high toughness simultaneously. Instead of alternating layer ori-
entations by 90°, we orient them as [/ — f]s, where § is measured
towards the loading direction, see Fig. 9. The idea behind this approach
is that for small p angles, we may obtain high strength values close
to the [0°],, case but with increased toughness due to the possibility
that fibers undergo a certain rotation before rupture. We performed
studies for different g values ranging from 0° to 90°, and the resulting

strain-stress curves are depicted in Fig. 10 (for better clarity of the
figure, error bars are omitted in this plot). Furthermore, the relations
between # and the resulting values for stiffness, strength, and toughness
are plotted in Fig. 11. We note that # = 0° and g = 90° represent the
unidirectional layups [0°];, and [90°],,, respectively. In these two cases,
the material behaves almost perfectly brittle, while a certain ductility
can be observed for all other cases, and there is a continuous transition
from brittle to ductile back to brittle with increasing g. Furthermore,
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Fig. 9. Proposed scheme for alternating layups.

it is interesting to note that the highest strength is not obtained for
f = 0° but for g = 10°. Compared to the unidirectional case, it exhibits
an increase in strength of 17% and an increase in toughness of 281%.
With g = 20° the strength is similar to the unidirectional case (increase
of 2%) but toughness is increased by 340%. The maximum toughness
is obtained for § = 40° with an increase of 462% compared to the
unidirectional case, but with a reduction of strength by 15%. From these
results, we may conclude that all layups with 10° < g < 40° produce
materials with optimized combinations of strength and toughness.

4. Conclusions
We investigated mechanical properties, in particular toughness,

strength, and stiffness, of FDM 3D-printed specimens made of PLA.
We found that for unidirectional layups, all toughness, strength, and
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Fig. 10. Strain-stress curves for layups with different g.

stiffness are highest if the fibers are aligned with the loading di-
rection. For layups with layer orientations shifted by 90°, which is
the standard in FDM printing, we found that the material is quite
isotropic in terms of stiffness and strength, but not at all in terms
of toughness. In particular, we found that the material exhibits much
higher toughness when loaded diagonally to the raster compared to
loading parallel/perpendicular to the raster. Moreover, we found that
the principal material behavior changes with the loading direction,
from brittle for parallel loading to ductile for inclined loading. These
effects are devoted to the fact that damage initiates in the inter-
fiber bonding, which allow fibers to rotate and reorient towards the
load direction, leading to significantly increased elongation before
rupture. Based on these findings, we investigated a new layer staggering
scheme with alternating layers aligned symmetrically with respect to
the loading direction, indicated by [/ — f]s. With this scheme, we
could obtain optimized material performance providing high strength
and high toughness simultaneously. We note that the above-mentioned
results refer to uniaxial load conditions. As part of our future research
we want to extend these studies to multiaxial loading, considering
helicoidal fiber architectures which have been found to provide highly
improved damage tolerance in the cuticles of different animals [20,21].
Finally, the results of this experimental study are an important basis
for developing numerical approaches for the modeling and simulation
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Fig. 11. Dependence of Young’s modulus (a), tensile

of FDM materials. So far, most researchers considered FDM materials
as composite laminates and used classical lamination theory for its
analysis [9,11,22,23], where the validity is restricted to linear elastic
analysis. In [7], the authors used classical laminate theory together
with a Tsai-Hill yielding criterion for predicting the strength of uni-
directional ABS specimens. Although good results were obtained for
the unidirectional cases, we believe that such homogenizing approaches
cannot predict accurately the complex mechanical behavior in alterna-
tive layups observed in our studies, which are driven by local effects
(like partial debonding and fiber rotation) at the mesoscale. The de-
velopment of modeling approaches taking into account these effects is
planned as further research.
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