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This study investigates the effect of printing strategies on the strength of additively manufactured notched fiber
reinforced composite specimens. Specimens with varying notch geometries (two radii and two opening angles)
and fiber layouts (unreinforced, unidirectional, quasi-isotropic and concentric) were 3D printed and tested under
tension. Digital image correlation provided surface strain field data. Results showed that fiber deposition patterns

Notch
Carbon fibers significantly impact notch sensitivity, failure loads and mechanisms, with notch geometry being of secondary
Failure importance. The unidirectional layout achieved the highest strength but with progressive failure, while quasi-

isotropic specimens failed abruptly from the notch. The concentric layout shielded the notch region but
induced premature failure away from the notch due to transverse stress. Stress concentration factor approaches,
which work well for conventional laminates, have limitations for 3D printed composites due to local differences
and complex interactions. Optimizing fiber deposition, instead of geometry, emerges as a promising design route.
Combining unidirectional and contouring algorithms may improve performance. However, further studies uti-
lizing multiscale modelling and local failure analyses are needed to fully understand failure mechanisms and
guide optimal notch designs for 3D printed composites. With improved understanding and design methods, 3D

printing promises to unlock new possibilities for structurally efficient notched composite parts.

1. Introduction

3D printed composites materials have shown enormous potential for
structural applications, thanks to the possibility to combine tailored
mechanical properties with the complex shapes and fiber deposition
patterns allowed by Additive Manufacturing (AM) technologies. Of
course, local stress concentrations resulting from the presence of holes
or other types of notches may reduce the mechanical performances of 3D
printed parts, hindering the potential benefit of AM technology. Several
studies have explored notch effects in 3D printed metals [1-3] and
polymers [4,5,14,15,6-13], finding factors like print orientation and
layer adhesion impact failure loads. However, research focused specif-
ically on 3D printed composites materials has been more limited despite
their relevance for structural applications. Moreover, most of this
research focuses on open-hole notch configurations [16-19] and ad-
dresses technological aspects like hole contouring or drilling methods
[16,17], or design considerations that exploit unconventional fiber
patterns [18,19]. Nonetheless, the understanding around different fiber
patterns and different non-open-hole notch geometries is still lacking
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and structures like metamaterials, lattices, biomimetic designed or to-
pologically optimized parts, often include side grooves or notches.

Additively manufactured parts with geometrically discontinuous
regions are not only associated with complex stress gradients, but their
fiber layouts may be very different from what could be observed on their
conventional composite counterparts with fibers following curved paths,
fiber contouring notch edges and a mixture of different materials at
notch tips.

Even when dealing with conventionally manufactured composites,
the theoretical prediction of failure load for notched parts is inherently
complex [20,21]. Analytical models have been developed and provide
some strategies to predict failure in conventional notched laminates,
including fracture mechanics [20,21], simplified stress criteria [22], the
Theory of Critical Distances [23,24], a notch stress intensity factor
formulation dependent on elastic properties and notch tip geometry
[25,26] and more recently the Virtual Isotropic Material Concept
[27,28]. However, directly applying these approaches to Fused Filament
Fabrication (FFF) composites is challenging due to differences in fiber
position and orientation around notches compared to conventional
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manufacturing.

However, directly applying these analytical models to long fiber FFF
composites is challenging. As schematically shown in Figs. 1 and 2, the
position and local orientation of the fibers close to the notch tip is
affected by the constraints of continuous filament deposition, as well as
by the printing strategies to control fiber pattern, contour walls and
raster orientations.

In addition, unlike traditional composites where elastic properties
are often homogenized, using average material properties in the critical
notch region of FFF parts is questionable. The heterogeneous fiber pat-
terns hamper applying the previously mentioned methods. For example,
notch blunting effects such as those reported in [20], where failure
occurred away from the notch tip, can hardly be described by models
postulating the existence of a characteristic process zone ahead of the tip
controlling the failure.

For all of the above-mentioned reasons, numerical prediction of the
failure loads in presence of a notch or identification of optimal fiber
deposition strategy remains challenging. Overall, even if recently
different Finite Element modelling approaches were proposed to ac-
count for peculiar behavior of 3D printed composites [29,30], gaps in
understanding notch effects and failure modes still persist [31-38].

In this context, an experimental approach was adopted in the present
study, aiming to ascertain the weakening effect of notches in 3D printed
parts and gain insights on its correlations with fiber patterns/orienta-
tions and notch geometries.

In order to investigate failure modes and notch blunting effects, a
notch contouring (CONC) printing strategy was compared with config-
urations having straight fibers along different directions. Moreover,
fiber orientation may result in anisotropy of the elastic properties for the
composites, which, in turn, affects both the strength in the loading di-
rection and the stress concentration at the notch [39,40]. Two common
layouts were considered to investigate how the degree of anisotropy may
affect failure loads and modes: unidirectional (UD), in which material
strength is maximum along loading direction, and quasi-isotropic (Q-
ISO), which more closely represent an isotropic behavior, but with lower
mechanical properties. Different notch geometries were also printed to
assess tip radius and opening angle effects.

Overall, a total of 16 different configurations were tested: three
different fiber layouts (UD, Q-ISO, CONC) and matrix material only, in
combination with four notch configurations.

2. Materials and methods

The specimens were produced with the FFF printer Markforged Mark
Two which makes use of a printing head with two separate extrusion
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Fig. 2. Types of fiber deposition patterns in reinforced layers. The + 45°
orientation should also include a row with a mirrored fiber layout but was not
reported to limit image size.

nozzles: one for the polymeric matrix filament and one for the long-fiber
reinforced filament. For specimen regions with continuous fiber rein-
forcement, a Markforged proprietary filament was used, consisting of
several long carbon fibers embedded in a Nylon matrix acting as a
binder. In specimen regions without continuous fiber reinforcement,
another proprietary filament (ONYX™) was used, consisting of a Nylon
resin filled with micro-carbon fibers. While the manufacturer does not
disclose the exact composition of the filaments and the properties of
their constituents, relevant information can be found in investigations
reported in the current literature [41-43]. The printing process pa-
rameters are controlled using proprietary software (Eiger™), which of-
fers two algorithms to manage fiber deposition paths, named Isotropic
and Concentric, respectively. These algorithms enable controlling fiber
placement by the angle or by following inner or outer walls with
concentric loops. In the presence of holes, notches, and curvatures, they
result in significantly different fiber paths.

Four types of specimens with a V-notch or U-Notch on both sides
were printed, as shown in Fig. 1, by combining two opening angles, 2a
= 0° and 20 = 90°, and two notch tip radii, p = 0.1 mm and p = 1 mm.
All the specimens were printed flat and consisted of a total of 48 layers,
each with a thickness 0.125 mm. The bottom and top surfaces (floor and
roof) of the specimen consisted of four layers of ONYX with solid infill
alternating + 45° raster orientation, whereas the remaining 40 layers
were all fiber reinforced. In all cases, the outer surface (i.e. contour
walls) consisted of ONYX material only (with one 0.4 mm wall).

25

=

Fig. 1. Specimen geometries (dimensions in mm) and fiber paths (only first and last layer groups are shown).
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Different reinforcement can be assigned to individual layers by changing
the orientation angle 6 or the deposition algorithm. In this work three
different fiber layouts were considered, identified as UD (Unidirectional,
[0°]40, Isotropic algorithm), Q-ISO (Quasi-isotropic, [0°/+45°/-45°/
90°]10, Isotropic algorithm,) and CONC (40 layers, Concentric algo-
rithm, 7 loops) (see Fig. 1). The number of loops for the CONC specimens
was set to 7, the maximum number that allows for continuous deposition
given this sample geometry. Increasing the number of loops would
disrupt the contouring and not provide additional reinforcement in the
central region.

UD and Q-ISO are common layouts chosen to investigate high and
low degrees of anisotropy, respectively. In the UD configuration fibers
are all aligned with the loading direction. In the Q-ISO configuration,
fibers are arranged along four different orientations and layers with fi-
bers at 45° and 90° should provide higher resistance to transverse
splitting, with the predictable drawback of lower stiffness and strength
compared to UD. The CONC layout allowed us to investigate the effects
of notch contouring. In this case, some sort of beneficial effect should be
evident due to the fibers following the notch contour, resulting in
alignment with the maximum principal stress directions near the notch
tip. The fiber patterns of each unique fiber layer (i.e. 0°, £45°, 90°,
concentric contouring) and notch configuration pair are shown in Fig. 2.
As is evident, the presence of contour walls necessitates positioning fi-
bers of a 3D printed long fiber composite further away from the notch
edges and tips. Moreover, the continuous deployment of fibers results in
their direction reversing upon reaching the walls (leading to “U-turns” in
the fiber paths at walls) causing the presence of local matrix-only
regions.

For each combination of fiber layout and notch geometry (i.e. UD,
CONC and Q-ISO), three tensile tests were carried out. For each notch
geometry three additional samples made with ONYX only were printed,
for a total of 48 test samples. The specimens were subjected to tensile
loading on a servo-hydraulic test rig (Instron 8501, 100 kN max load)
with a constant crosshead displacement rate of 0.5 mm/min. The tests
either ended at fracture, with physical separation in two parts of the
specimen, or in presence of macroscopic cracking accompanied by
drastic load decrease. For each configuration, at least one test included
measurement of the strain field by means of Digital Image Correlation
(DIC) to better identify critical regions and failure mechanisms. DIC
measurements were carried out by means of a calibrated stereoscopic
GOM Aramis configuration with two 6MP cameras (GOM Aramis 6 M),
two blue light sources and polarizing filters mounted on each compo-
nent. The stereoscopic recordings were processed with the GOM
Correlate 2020 software. Depending on the speckle pattern size and
quality, the facet size ranged from 13 to 17 pixels, and the center-to-
center distance ranged from 7 to 10 pixels. In addition, analysis of
variance (ANOVA) and Tukey range tests were performed on tensile
tests results to evaluate the significance of fiber layout, notch tip radius,
p, and notch opening angle, 2a, on the maximum force Fp,x recorded
during each test. More specifically a first order triple-way ANOVA was
carried out for the three reinforced families (UD, Q-ISO, CONC) while a
second order two-way ANOVA was performed to analyze the ONYX
family individually. Tukey range tests were instead used to visually
inspect the differences of means among groups and subgroups. Despite
the potential influence of the number of floor and roof layers on both the
tensile test and DIC results, the default setting of 4 layers for solid infills
was maintained. This decision was necessitated by the limitations of the
proprietary slicing software, which precludes reducing this number to
zero.

Finally, fracture surface analysis was also carried out via optical
microscopy (LEICA DMS 300) and scanning electron microscopy (SEM).
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3. Results
3.1. Tensile tests on ONYX specimens

The results of the tensile tests on ONYX specimens are summarized in
Fig. 3(a) and (b) for the different configurations. The specimens showed
good repeatability, particularly in the initial part of the force-
—displacement (F-dL) curve. However, a higher variability was observed
for larger displacements as the material progressively sustained damage.
The shape of the F-dL curve is similar for all cases, with an overall ductile
behavior that reduces the sensitivity to variations of notch geometry.

The values recorded for peak loads on ONYX specimens are sum-
marized in Table 1 (and in together with all the other tested families). By
grouping the specimens with the same notch tip radius, a slight differ-
ence between the series with radius p = 1 mm and p = 0.1 mm can be
appreciated. With a larger tip radius, the average peak load is higher,
consistent with a lower stress concentration effect. Simultaneously, the
standard deviation (STD) increases, suggesting that final failure is more
influenced by the presence of internal defects rather than by stress
concentration effects. Although this interpretation might seem assertive,
a larger tip radius results in a lower notch effect, which causes internal
defects to play a more critical role in the failure mechanisms [44].
Consequently, the random distribution of internal defect size and loca-
tion may be causing the higher result scatter in configurations with
reduced notch effects.

An ANOVA test on ONYX samples only was also carried out by
considering a second order model (p, 2a, p-2a) and confirmed that the tip
radius is the only significant parameter with a p-value of 0.018.

3.2. Tensile tests on long carbon fiber reinforced specimens

The results of tensile tests on long carbon fibers reinforced specimens
are presented in Fig. 4. In general, despite the inherent heterogeneity of
3D printed composite materials, the results were quite consistent for
each configuration and showed good repeatability. Among the exam-
ined configurations, UD showed a more progressive decay of mechanical
strength and stiffness and, in most cases, was capable of sustaining
higher load levels and larger displacements, with ultimate failure loads
ranging from =& 25,000 to 31000 N. On the contrary, for CONC config-
urations the lowest peak load values were observed (from 6200 to
10000 N). During the test, no sign of layer failure due to fiber breakage
could be detected and the shape of the F-dL resembled more that of a
ductile material. Q-ISO specimens featured an intermediate behavior
between UD and CONC in terms of stiffness and peak load values (from
16,000 to 20000 N). Overall, when comparing the ultimate load at
failure for the different families, having all the fibers aligned in the
loading direction allowed the UD configuration to exhibit the highest
value.

On the other hand, while a progressive deviation from linearity was
observed for all configurations, the failure mode and the damage pro-
gression varied significantly.

Representative failed specimens are shown in Fig. 5, which also
include the ONYX series, where it can be better appreciated that the
differences observed for the F-dL curves reflect the different failure
modes elicited by each fiber layout.

Considering UD samples, evidence of layer damage could be noticed
in several tests, both as audible “clicks” during the test, and as sudden
jumps in the F-dL curve, but a fracture surface could not be generated,
and macroscopic failures occurred by transverse splitting of the spec-
imen along the longitudinal direction. The crack originated from the
notch region and then extended across the entire specimen towards the
grip area. Considering Q-ISO configuration, the most remarkable dif-
ference is that no progressive failure could be observed in this case. The
specimens broke suddenly, with failure originating from the notch and
propagating perpendicular to the loading direction, resulting in the
specimen separating into two parts. For CONC specimens, while the
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Fig. 3. Tensile tests on notched ONYX specimens (a) p01_2a0, p01,2090, (b) p1_2a0, p1_2090.

Table 1

Peak loads for tensile tests on notched ONYX specimens (values in N).
n p01_ 200 p01_290 pl 200 p1 2090
1 2215 2219 2650 2497
2 2150 2088 2280 2233
3 2179 1933 2343 2249
Average 2181 2080 2424 2326
STD 33 143 198 148
Average 2131 2375
STD 108 165

fibers effectively hindered the notch effect, failure occurred prematurely
by transverse splitting in the central region of the specimen where fibers
are not present. Even in the presence of large central fissures in the
material, CONC specimens did not physically break because the
concentric fibers along the notch contour remained intact. However, the
positive reinforcing effect of the contouring fibers could not be fully
exploited.

3.3. ANOVA and Tukey range test on the peak tensile loads

Both the ANOVA and the Tukey range test for peak tensile loads
clearly indicated the fiber layout as the only significant parameter.
Specifically, the ANOVA led to the following p-values: 0.705, 0.568 and
< 0.001 respectively associated with the opening angle, 2a, the tip

35000
30000
25000
20000
15000
10000
5000

0

p01_2a0

Force [N]

—CONC —aQ-ISO

35000
30000
25000
20000
15000
10000

5000

p01_2090

Force [N]

—CONC —Q-ISO —UD

0 1 2 3 4 5
dL,pp [mm]

radius, p, and fiber layout. The Tukey test range reinforced what was
already evident from the ANOVA by showing that the only significant
mean difference is over different fiber layouts as can be seen in Fig. 6.
Each tensile test is represented with a red cross and the average across
each fiber layout with a dotted black line. The Tukey test range was
performed with a 95 % confidence interval and only groups with a
significantly different mean are shown in the table.

Both the ANOVA and the Tukey range test findings mentioned above
are consistent across all the examined configurations. They are in line
with the strain field and failure modes analyses reported in the following
sections, suggesting that the fiber layout is the dominant factor. After
introducing the long fiber reinforcement, the effect of the tip radius
(seen for ONYX specimens) lost its significance and no trend related to
notch geometry can be seen in Fig. 6 when looking at each reinforced
family.

3.4. DIC analyses of strain fields

The following sections report the maximum principal strain fields for
all the different reinforcement families and notch geometries. For
comparison purposes, three values of applied displacements dLpp
(0.167 mm, 0.5 mm and incipient failure) were chosen to cover the
different phases of progressive deformation for all specimens including:
1) the initial stage, when the load is low and the material is not yet
damaged, 2) an intermediate phase, in which the strain field is fully

35000
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0

p1_2a0

—CONC —Q-ISO —UD

Force [N]

35000
30000
25000
20000
15000
10000
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Fig. 4. Tensile tests on notched fiber reinforced specimens.
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Fig. 5. Failed specimens.
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Fig. 6. Peak tensile loads data and Tukey test range grouping.

developed and 3) a final phase when specimens were about to fail. In
general, both the strain fields and the macroscopic failure sequence were
similar across the different geometries and were mostly dependent on
the fiber layout as was already proven by the ANOVA analysis. More-
over, and coherently with the ANOVA analysis, the notch radius sig-
nificance of ONYX samples translates into slightly lower strain levels for
p=1mm.

However, it should be noted that DIC measurements refer to surface
fields, and the presence of roof/floor layers might affect the results.

Nonetheless, appreciating core deformation/failure is hardly possible
unless (for example) using micro-CT and Digital Volume Correlation,
and DIC results still allowed for the overall failure mode interpretation.

3.4.1. ONYX samples

Considering ONYX samples, the deformation fields observed around
the notch are in line with expectations despite the material not being
perfectly homogeneous, isotropic and elastic. As shown in the sequence
of DIC images in Fig. 7, higher values of maximum principal strains are
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present close to the apex of the notch and, as the load increased, a
localized strain concentration developed ahead of the tip until a crack
nucleated and started propagating. Strain gradients are also shown
along raster orientations lines, indicating possible favorable crack
propagation paths. In fact, after contour wall breakage, the fracture
usually propagated along a 45° degrees inclined direction with respect
to load and specimen axis, apparently following the raster orientation of
the surface layer (see Fig. 5). This behavior is also in line with [33]
where XYZ + 45° samples showed the same strain concentration along
the + 45° directions at the notch tip followed by a propagation along the
raster orientation.

3.4.2. Q-ISO samples

As shown in the sequence of DIC images reported in Fig. 8, Q-ISO
samples also exhibited a strain concentration close to the notch apex, but
the location of the region in which the highest strains are present varied
depending on the notch geometry.

When the p = 0.1 mm and 2a = 0° configuration is considered, the
peak principal strains are initially located above and below the apex,
running parallel to the notch contour wall, which in this case is normal
to the loading direction. This phenomenon can be attributed to a slight
over-extrusion of the filaments (visually inspected), paired with the null
opening angle and very small tip radius of this notch geometry, which
caused micro-adhesions of matrix material along the notch edges, in
particular for the roof and top (unreinforced) layers. This determined a
local perturbation of the strain field, which is only noticeable for small
values of dL,p. For higher loads this effect gradually disappeared and
did not affect the failure modes.

When the other configurations are considered the peak principal
strains are located ahead of the notch apex, at the end of the notch fillet,
as could be expected. When the load increased, the extension of the
region with peak strains also increased.

At failure, the maximum strain localized ahead of the crack tip and a
crack nucleated in this region, followed by a sudden propagation
perpendicular to the loading direction that separated the specimens in
two parts (from tip to tip, as seen in Fig. 5). In general, the failures were
less progressive than the other configurations examined, with DIC
recording showing the specimens going from a no visible crack state to a
fully cracked state within one frame (corresponding to an applied
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displacement increment lower than 0.01 mm). As also suggested by the
shape of the load-displacement curves, the overall strain levels (Fig. 8)
were lower than those of other families and so was the strain at failure.
In fact, the final failure likely coincided with the first ply failure
occurring in 0° layers when the fibers broke.

3.4.3. UD samples

As shown in the sequence of DIC images reported in Fig. 9, UD
samples displayed a different type of strain field evolution and, conse-
quently, of failure mode when compared to ONYX or other fiber rein-
forced families.

The maximum principal strain had a peak at the end of the notch
fillet, as this region close to the tip lacks reinforcement because of the
technological constraint of continuous fiber deposition (see Fig. 2 and
Fig. 11). The cracks started at a 45° orientation (thus normal to the
contour) but then propagated parallel to fibers (i.e. 0° orientation), as
can be evidently seen in the incipient failure frames of Fig. 9. The crack
propagation direction also corresponds with the two longitudinal bands
affected by a strain gradient (from test start to end) running across the
whole specimen length and being tangent to the notch tips. In fact, these
bands show the highest strain values after notch tip regions. Similarly to
Q-ISO, when the p = 0.1 mm and 20 = 0° configuration is considered,
the peak principal strains are initially situated both above and below the
notch, running parallel to the contour wall. Again, this can be regarded
as an effect of micro-adhesions between the notch edges, combined with
the absence of fiber reinforcement in the contour, since in this area the
fibers revert their path.

3.4.4. CONC samples

As shown in the sequence of DIC images reported in Fig. 10, CONC
samples exhibited an entirely different type of strain field evolution,
with a complete shielding of the notch effect and with the crack prop-
agating from the highly stretched central region.

From the very initial stage of loading, two mirrored, crescent-shaped
areas at the center of the specimen were subjected to high strains. These
regions follow the curvature of the innermost concentric fiber path, thus
being located at the boundary between the central matrix-only domain
and the long-fiber reinforced domain (see Fig. 2 and Fig. 11). The crack
originated in this area and then propagated following the circular path

ONYX notch types

dL,pp p01_200 p1_2a0

p01_20a90 p1_2a90

0.167
[mm]

0.013
0.001
0.004
0.007
0.010
-0.002

0.5
[mm]

0.023
0.018
0.013
0.008
0.003
-0.002

incipient
failure

0.350
0.270
0.200
0.125
0.050
-0.025

Fig. 7. Maximum principal strain on ONYX samples, respectively from left to right: p01_2a0, p1_2a0, p01_2090, p1_2a90.
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Q-ISO notch types

dL,pp p01_2a0 p1_2a0

p01_2a90 p1_2a90

0.167
[mm]

0.005
0.004
0.003
0.002
0.001
0.000

0.5
[mm]

0.015
0.012
0.009
0.006
0.003
0.000

incipient
failure

0.035
0.028
0.021
0.014
0.007
0.000

Fig. 8. Maximum principal strain on Q-ISO samples, respectively from left to right: p01_2x0, p1_2a0, p01_2a90, p1_2a90.

UD notch types

dL,pp p01_2a0 p1_2a0

p01_2090 p1_2a90

0.167
[mm]

0.008
0.006
0.004
0.002
0.000
-0.002

0.5
[mm]

0.017
0.013
0.009
0.005
0.001
-0.003

incipient
failure

0.350
0.280
0.210
0.140
0.070
0.000

Fig. 9. Maximum principal strain on UD samples, respectively from left to right: p01_2a0, p1_2x0, p01_2x90, p1_2090.

of the innermost fiber loop, initially nearly aligned with loading direc-
tion and then progressively more in the transverse one, pointing towards
the outer walls, where the crack propagation was further deviated by the
longitudinal fibers. Load bearing capability is progressively reduced the
more the central crack opens. Despite macroscopic damage, no final
separation into two pieces could be achieved, but for some configura-
tions the cracks also extended to the fiber regions close to the notch tip.

4. Discussion
4.1. Influence of printing strategy on failure mechanisms

The comparison among the different examined configurations pro-
vides some interesting insights on the behavior of 3D printed composites
in presence of a notch, in particular on blunting effects and failure
mechanisms determined by fiber deposition patterns.

Fig. 11 depicts a representative example, specifically the pl_2090
configuration.

Fig. 11(a) overlays the maximum principal strain directions (indi-
cated by black arrows) and DIC contour maps onto the underlying fiber
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CONC notch types

dL,pp p01_2a0 p1_2a0

p01_2a90 p1_2a90

0.167
[mm]

0.013
0.010
0.007
0.004
0.001
-0.002

0.5
[mm]

0.100
0.077
0.054
0.031
0.008
-0.015

incipient
failure

0.400
0.310
0.220
0.130
0.040
-0.050

Fig. 10. Maximum principal strain on CONC samples, respectively from left to right: p01_2a0, p1_2a0, p01_2090, p1_2a90.

deposition paths (represented by white lines, which correspond to the
matrix deposition lines for the ONYX family). Fig. 11(b) shows instead
the longitudinal and transverse strain components (i.e. e, and er) across
the tip-to-tip section. In the case of UD samples, the peak principal strain
e is located in a region rich in matrix material. This is a result of the
printing algorithm that cannot place the unidirectional fibers close
enough to the notch tip. Additionally, two significantly deformed lon-
gitudinal bands, tangent to the notch tip, are noticeable. These run
across the whole specimen and are clearly coincident with the inter-
mediate region between two parallel fiber deposition paths. Along such
bands, the maximum principal direction deviates from the loading di-
rection and almost reaches 45° indicating that shear strains are also not
negligible when compared with longitudinal and transverse ones. Both
e;, and et are positive and have similar values, which confirms that as the
specimen stretches along the loading direction, the middle section is
concurrently stretching in the transverse direction. It can be concluded
that the higher number of long fibers aligned with the loading direction
is quite effective to enhance the ultimate load bearing capacity, by
hindering cracks that would propagate transversely from the notch. This
effect is less noticeable for the initial damage phase because, as already
discussed, the fibers are placed at some distance from the tip.

For the Q-ISO samples, the directions of maximum principal strain
are more similar to what could be expected for an isotropic material,
and, in the initial stage, the strain localization was close to the notch tip,
again in a region that lacks reinforcing fibers at 0° because of the
printing strategy. The crack originated at the center of the tip and was
fully oriented transversely for all the specimens. The maximum principal
strain direction map is very different from the UD and the Q-ISO spec-
imen is mostly stretched uniaxially along the loading direction. In
particular, the transverse strain is negligible, due to the presence of 90°
plies (+45° might also help), and the 0° plies are not sufficient to deviate
the crack path. Most likely, when the fibers of these layers broke, the
whole specimen failed.

In the case of the CONC samples, the fibers follow the contour of the
specimen, resulting in fiber orientations around the notch that are closer
to the principal stress directions expected ahead of the tip. As already
mentioned, this should help them bear more load, without the drawback
of the “U-curved” fiber ends in the notch region that can be seen in UD
and Q-ISO. The contour map of e; clearly confirms that this fiber

deposition strategy resulted in a sort of shielding effect around the notch
and prevented failures originating from the tip. Unfortunately, when
fibers are placed along the contour of the notch, they are exposed to a
bending action caused by the axial load. This lever effect tends to
straighten the curved fibers, so that while excessive deformation in the
notch region is prevented, the central region of the specimen undergoes
much higher strain levels, leading to premature crack nucleation. The
crack then propagated along the innermost fiber loop until final tearing.
Indeed, the tip-to-tip strain curves show the transverse strain (er) being
dominating and almost coincident with the maximum principal (e;) one
for the most part. This peculiar behavior suggests that to take advantage
of the blunting effect associated with notch contouring strategy, further
optimization is necessary to avoid collateral effects on the overall
strength, for example by combining the use of Isotropic and Concentric
printing algorithms for different layers or even within the same one.
Finally, Fig. 11 also includes a representative ONYX sample. As for
the Q-ISO samples, ONYX tip-to-tip strain curves. show that the longi-
tudinal strain (ey,) is dominating, with negligible shear. Transverse strain
behavior is instead different with respect to Q-ISO, and mostly related to
Poisson effect except for the notch tip proximity. Crack started at the tip
center with a roughly 90° orientation. Crack propagation was slower
and, as previously mentioned, apparently followed the 45° angle of the
outer layers raster orientation boundaries (white lines in Fig. 11(a)).
For a comparison with existing literature on conventional U and V
notched composites, the limited number of papers related to these spe-
cific configurations restricts a comprehensive analysis. As observed in
[24], “The preponderance of results on holes and cracks is most likely
due to the applications to which composite laminate sheets are put.”.
Nevertheless, interest in side-notches arises more naturally when
considering the complex shapes allowed by AM technologies. Some
experimental results reported in [24] for CF/epoxy laminates and quasi-
isotropic configurations with sharp or round side notches showed a
notch stress concentration factor, K, up to 4.78. Differently from the
current study, specimens displayed near-linear behavior up to failure,
but damage mechanisms were not discussed. On the other hand, [28]
investigated central notches with a V-Type tip, reporting evidence of
notch-induced delamination, matrix cracking, and fiber breakage, but
only for a glass-fiber laminate. However, given the inherent differences
between AM and conventional composites, direct and detailed
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Fig. 11. (a) Maximum principal strain maps at 0.167 mm dLap,, for the p1_2090 specimens with superimposed fiber deposition path. (b) Longitudinal strain (ey),
Transverse strain (er) and Maximum principal strain (e;) components along the net section (tip-to-tip).

comparisons between their structural behaviors would necessitate using
the same type of specimen geometry, fiber/matrix materials, and fiber/

matrix layouts.

4.1.1. Notch tip opening displacement

In order to have a rough estimation of the blunting effect and to
allow for a qualitative comparison of the tip opening for different fiber

ep, tip radius
end-to-end
distance

op, offset distance

Aep [74]

80
70
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40
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0

layouts, the following approach has been adopted.

The p = 1 mm and 2a = 0° geometry was chosen for the calculations
and a tip opening distance, ep, was defined as shown in Fig. 12. The
offset distance was necessary to move away from the notch edges and
allow a correct processing via DIC.

The tip opening distance results are presented as percentage change
in length, Aep = 100-(ep - ep)/ep,o. Their trends are in line with the

2 4 6
dL,p, [mm]

Fig. 12. Tip opening distance ep calculations for the p1_2x0 specimens. The distance is defined at radius ends and results are reported as length change: Aep = (ep -

€p,0)/€p,o-
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failure mechanisms and strain fields commented in the previous section.
When small displacements are applied to the specimens, the macro-
scopic behavior of the tip geometry (i.e. Aep trend) is equivalent for all
the fiber layouts but the concentric one. This difference can be attributed
to the effect of the curved paths of the concentric fibers, which tend to
straighten the notch geometry and shift the maximum stress away from
the tip. This is similar to what one might expect if the fiber paths were
acting like truss-like elements with minimal bending stiffness. This is
also the same behavior described as “lever effect” in the previous
section.

Conversely, the Onyx sample is unique in achieving higher Aep
values due to its significantly greater plastic deformation around the
notch tip. The UD sample is almost stabilizing after applying more than
0.25 mm displacement because all the central fibers become fully
engaged causing the notch to almost stop opening. Significant deviations
in Aep trends at extremely high applied displacements, regardless of the
fiber layout, are associated with the initiation and propagation of
macroscopic cracks, leading to complex load transfers across the
specimens.

4.2. Fracture surfaces and failure mechanisms: SEM analyses

As previously noted, the variations in fiber deposition patterns led to
diverse failure modes which were clearly observable by visual inspec-
tion and DIC analysis. Since the fiber layout was the main factor
affecting the failure process, a single geometry was considered (p = 1
mm, 2a = 0°) for the following fracture surfaces analyses. An initial
distinctive feature, as depicted in Fig. 13, is that failure occurred along
different planes, either normal, parallel, or inclined relative to the load,
or even along the interface of fiber loops. Furthermore, not every sample
could be divided into two parts, necessitating the exposure of fracture
surfaces by cutting the segment of the sample outlined by the white
dotted line in Fig. 13, where images taken with the optical microscope
are also presented. Fig. 14 and Fig. 15 show fracture surfaces as observed
with SEM at different magnifications either in the central area or in
detailed sections of selected areas. Generally, failure types were either
intralaminar or cross-laminar, with no apparent evidence of delamina-
tion caused by interlaminar stresses.

ubD Q-ISO
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As already discussed, for UD samples, the crack started from the
notch and initially propagated along an inclined direction (approxi-
mately 45°), then parallel to the specimen axis. In the first region, the
specimen mainly consists of matrix material due to the presence of the
contour wall. As a result, a ductile failure of the matrix occurred,
creating a very rough and irregular surface (Fig. 14 UD a). Notably, in
this area where the fibers are curved to accommodate a reversal in
deposition direction, some broken fibers are observable (Fig. 14 UD b).
On the other hand, the fracture surface of the second region (Fig. 15 UD)
is very flat. Here a cross-laminar failure is evident, where the front of the
crack propagated across the laminae by shear failure of the matrix in the
binding polymer-rich area at the interfaces between adjacent fiber
paths. In this section, the fibers, still embedded in the matrix and un-
damaged, allowed the specimen to withstand higher ultimate loads at
failure. Locally, a few exposed longitudinal fibers are visible, along with
small cavities potentially generated by the expansion of local pores
(Fig. 15 UD b,d). The Q-ISO samples fractured normally to load direc-
tion, with failure initiating from the notch tip (Fig. 14 Q-ISO a). Simi-
larly to what reported in [32,35], the layered structure can be clearly
noticed (Fig. 13 Q-ISO c, Fig. 15 Q-ISO a), as well as the different failure
mechanisms depending on each layer orientation. The 90° layers (i.e.
with fibers perpendicular to loading) show matrix failure, with signifi-
cant matrix deformation and evidence of local debonding (Fig. 15 Q-ISO
b,c,d), as a consequence of stress acting normal to the local fiber axis. As
shown in Fig. 14 Q-ISO b, at the border of the layer, where the fibers are
instead curved to allow for continuous deposition, fibers failure can
instead be appreciated. Most of the fiber breakage however, is evident in
the 0° and the + 45° layers (Fig. 15 Q-ISO c,d) where fiber pull-out can
also be noticed (especially for the 0° layers). For the CONC specimen, the
fracture originated at the center of the sample with limited damage to
the fibers. This area can be observed in Fig. 15 CONC a,b, where the
presence of fibers still partially embedded in the matrix can be noticed.
The fracture propagated at the interface between the inner fiber loop
and the Onyx infill. Similarly to UD, the failure occurred in the matrix
but this time it was caused by normal stress (with respect to the local
fiber direction) rather than shear. In fact, the surface is rougher (Fig. 15
CONC c¢), matrix fibrillation is evident and a debonding of the outer fi-
bers is also noticeable (Fig. 15 CONC d). Fig. 14 CONC a,b shows details

CONC ONYX

a)

b)

2mm

1mm

Fig. 13. Position of examined fracture surfaces of the samples.
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Fig. 14. Details of fracture surfaces close to the notch tip at SEM.
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ubD
Q-ISO
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Fig. 15.

closer to the crack front where some evidence of incipient delamination
between the layers can be noticed, as well as more extensive fibers
debonding. Finally, the Onyx samples showed a V-shaped fracture sur-
face with failure starting from the notch (Fig. 13 ONYX a). The fracture
surface aligns with observations noted in [33]. The area presents a
rougher appearance, demonstrating matrix fibrillation (Fig. 15 ONYX a,
b,c), and short fibers pullouts (Fig. 15 ONYX c), with the layered
structure of the material still clearly discernible. Failure propagated by
breakage of successive filaments and, in the specimen under examina-
tion, shifted to parallel planes (Fig. 14 ONYX a,b), possibly because of
the presence of local defects caused by filament deposition and because
of macroscopic changes in load transfer caused by advanced damage.

11

SEM images of fracture surfaces at different magnifications.

4.3. Influence of fiber layout and notch geometry on stress concentration

One of the goals of the present study was to investigate the weak-
ening effect of notches in 3D printed parts for different combinations of
notch geometry and printing strategy. To this aim, the examined con-
figurations differed significantly in terms of the degree of anisotropy
(UD and Q-ISO) or the adoption of a notch contouring strategy (CONC).
The notch geometries included both sharper (i.e. p01_200) and milder (i.
e. p1_2a90) configurations.

The anisotropy of composite materials is clearly dependent on the
orientation of the fibers in each layer. The more the fibers are aligned
with the loading direction (0° angle), the more the stiffness and the
strength in that direction will increase. On the other hand, when a notch
is present, the related stress concentration is also affected by the degree
of anisotropy [27]. The theoretical stress concentration factor of
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orthotropic notched plates (K;_,rn,) under tension, which accounts for
different types of side grooves, can be calculated using the formula given
in [32] (eq. (1):
_ ¢z 1
Kt,owho =1 +§ Kz -1 # ( )
Where K, is the stress concentration factor for the isotropic case and
the same notch geometry, and the coefficient ¢, defined as per eq. (2):

E, 2
2u 12+ Glz# ( )
quantifies the degree of anisotropy as a function of the elastic con-
stants Ej, Ep, v1g, G2 in the principal elastic reference system. The
application of this approach to several types of notches under tension,
showed that the stress concentration factor increased with the degree of
anisotropy. Consequently, for a notched member made of orthotropic
material, the failure load will result from the balance between two
contrasting effects, the increase of strength associated with higher uni-
directionality, and the higher K ormo. As noted in [32], the extension of
this approach to homogenized orthotropic laminates is also possible, but
subject to some limitations. In fact, the maximum stress determined does
not necessarily correspond to any of the actual maximum notch stresses
occurring in the different plies of a multi-directional laminate and edge
effects are not considered. Although the unique characteristics of 3D
printed composites may cause some deviations from the ideal case, it is
worthwhile to explore if this approach can provide valuable insights into
the current scenario, particularly for UD and Q-ISO configurations
where the fiber layout closely mirrors that of traditional laminates.

In a previous study [31] the mechanical properties of the same type
of 3D printed orthotropic laminae were characterized and the properties
along longitudinal (L) and transverse (T) directions were determined
(EL = 67570 MPa, Er = 1200 MPa, Gyt = 428 MPa and vt = 0.33). In the
same work, tests conducted on plain samples showed that neglecting the
contribution of roof and bottom layer made of polymeric material only,
the Ultimate Tensile Strength (UTS) of a UD composite was about 815
MPa, whereas for a Q-ISO layout, based on the sequence [0/45/-45/90],
UTS was reduced to about 400 MPa. Using well established methods
based on Classical Laminate Plate Theory [33], the effective elastic
properties of the UD and Q-ISO laminates investigated can then be
calculated, yielding values of the coefficient ¢ of 4.08 for UD and 2.00 for
Q-ISO, as per eq. (2). The stress concentration factor for isotropic ma-
terial K, can also be evaluated for each configuration using the formulae
reported in [45] for plates with double sided U or V grooves. The
theoretical stress concentration factors of the orthotropic notched plates
can finally be determined with eq. (1). As depicted in Table 2, the values
of K, onho vary significantly, depending on the combinations of notch
geometry and fiber layout.

Based on these data, the theoretical load level F, for which the peak
stress at the notch reaches the UTS value can be estimated as per eq. (3):

urTs

Fo =
Kt_orlho

AL# 3
Where Ay is the net area of the cross-section at the notch, again
considering fiber reinforced layers only.
For the present case, the theoretical predictions indicate that the tip

Table 2
Stress concentrations factors and theoretical failure loads.
INQ Ki_ortho Funurs [N]
UD Q-ISO UD Q-ISO

p0.1_2a0 9.35 20.9 11.0 2927 2718
p0.1.2 a 90 6.69 12.6 6.69 4846 4482
pl2a0 3.22 5.53 3.22 11,048 9312
pl2 90 3.25 5.60 3.26 10,908 9212
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radius is the dominating factor, expecting a significantly larger reduc-
tion in strength when p = 0.1 mm. On the other hand, the advantage of
using UD laminates, despite the higher strength in the loading direction,
should be limited because the UD K; ., is almost twice the Q-ISO one.
Taking experimental evidence into account, the values of Fy are
considerably below the ultimate failure loads of the tested samples,
which, as noted earlier, are notably higher for UD. Moreover, ANOVA
analysis of experimental results showed that fiber layout is the dominant
factor for ultimate failure load. On the other hand, from a design point of
view, Fy, should be regarded as the theoretical load associated with first
occurrence of some damage at the notch. Although the F-dL curves do
not explicitly indicate macroscopic damage at Fy load levels, it’s note-
worthy that in several configurations, the UD specimens exhibited
sudden, macroscopic jumps at load levels below UTS and, in some cases,
similar to or only slightly higher than Q-ISO failure strength. Beyond this
load level, up to ultimate failure load, the strength of the notched
composite depends on whether stress redistribution will occur and on
the failure mechanism that leads to final failure. However, one should
note that a precise quantitative interpretation is also limited by the fact
that the current theory is valid for a linear elastic behavior and while the
fully reinforced rectangular strips tested in [30] showed a linear
response up to failure, the current notched specimens definitely show
more non-linearity.

The distinctive characteristics of 3D printed composites complicate
the correlation of these theoretical values with ultimate failure loads
when a notch is present. First, at the notch side locations, the continuous
deployment of the filament in which the fibers are pre-embedded causes
the fibers to follow a highly curved U-shape, which is necessary to revert
the motion when approaching the contour lines (see Fig. 2). Therefore,
near the notch edges, the effective local direction of the fibers is
significantly more complex than in traditional laminates. Moreover,
while using standard contour walls enhances the accuracy of a 3D-
printed geometry, it results in matrix material at the notch tip, which
positions the fibers at an offset distance from the most stressed area. As
can be appreciated in Fig. 16, imperfect merging between outer contour
and inner fiber reinforced filaments may also result in highly detri-
mental presence of voids [31,32], which will act as preferential crack
initiation sites when load is applied. Additionally, due to their nature,
such defects also (and mostly) end up at geometric discontinuity or high
curvature locations which are especially unfavorable as these usually
correspond to the most stressed regions.

Further differences with conventional laminates are that, for FFF
composites:

e The matrix material itself may also exhibit some anisotropy, due to
raster orientation and/or presence of short fibers in the filament.

e In currently available commercial printers, fibers are embedded in
thermoplastic material, not in the more common thermoset resins.

e The achievable fiber volume fractions are lower than conventional
composites (about 35-40 % [30]).

Consequently, especially for composites with limited amount of
unidirectional 0° layers the overall behavior tends to be more non-
linear, even under lower loads.

Overall, comparisons with test results suggest that methodologies
based on stress concentration factors, developed for ideal orthotropic
plates with homogenized properties, face limitations when considering
the UTS of 3D printed composites. The counterbalancing effect of
anisotropy on strength and stress concentration factor could be partially
appreciated only when considering the initial damage condition. A
further observation is that the results for the CONC configuration can
hardly be interpreted in the framework of theories based on stress
concentration effects only.
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Fig. 16. Specimen top surface (a) p01_2a90, (b) p1_2a90, (c) p01_2a0, (d) p1_2a0.

5. Conclusions

Understanding the complex interactions between notches, stress
state, and fiber orientation is crucial for optimizing structural perfor-
mance of 3D printed composites [31]. To this aim, the current study
investigated the effect of printing strategies on the strength of additively
manufactured notched composites.

Results showed that fiber deposition patterns drastically influence
notch sensitivity and failure modes. Despite variations in notch geom-
etry, failure loads and mechanisms were dictated primarily by fiber
layouts rather than notch shape. The UD fiber layout delivered the
highest strength with failures occurring through progressive matrix
damage and longitudinal splitting. The tensile loads did not ultimately
reach levels high enough to break longitudinal fibers. The Q-ISO
configuration provided an intermediate behavior, with crack originating
from the notch and propagating normal to the loading direction, and
with a reduction of ultimate tensile strength and strain at failure in
comparison to UD specimens. The CONC configuration proved to be
effective in shielding the notch area, where no cracks were observed,
with the drawback of failure occurring in the central unreinforced area
due to fibers straightening towards the outer sides and transversely
stretching the matrix in between.

Current stress concentration factor approaches, developed for con-
ventional laminates with homogenized properties, showed to fail
capturing the local factors that govern performance for 3D printed
composites as these include curved fiber ends, matrix-only notch tips,
and local voids [46] created during printing.

Optimizing fiber paths, rather than relying solely on geometry
modifications, may significantly improve structural efficiency.
Combining unidirectional and contouring deposition algorithms in a
hybrid layout should be promising for improving structural performance
and prolonging fatigue life. However, further research utilizing multi-
scale modeling [29,47] or embedded elements techniques [30] and local
failure analyses are necessary to fully comprehend failure mechanisms
and guide optimal designs.

With enhanced design methods that leverage the complex layouts
enabled by 3D printing technologies, additively manufactured notched
composite parts have the potential for higher strength, stiffness and
fatigue resistance relative to their conventionally manufactured
counterparts.

Overall, a shift towards optimizing fiber orientations, rather than
geometry, emerges as a promising design strategy for additively man-
ufactured notched composites. But realizing this potential will require
overcoming current knowledge gaps through continued basic and
applied research that leverages computation, experimentation and
multiscale modelling. The results demonstrate progress towards this
goal, highlighting critical dependencies and failure modes to inform
future optimization efforts.
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