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Abstract: The use of 3D-printed composites in structural applications beyond current prototyping
applications requires the definition of safe and robust methodologies for the determination of critical
loads. Taking into account that notches (corners, holes, grooves, etc.) are unavoidable in structural
components, the presence of these types of stress risers affects the corresponding load-carrying
capacity. This work applies the point method (PM) to the estimation of the critical (fracture) loads of
graphene-reinforced polylactic acid (PLA-Gr) plates obtained via fused deposition modeling (FDM)
with a fixed raster orientation at 45/−45. Additionally, the plates contain three different notch
types (U-notches, V-notches, and circular holes) and comprise various thicknesses (from 5 mm up
to 20 mm) and ratios of notch length to plate width (a/W= 0.25 and a/W = 0.50). The comparison
between the obtained experimental critical loads and the corresponding estimations derived from
the application of the PM reveals that this approach generates reasonable accuracy in this particular
material that is comparable to the accuracy obtained in other structural materials obtained via
traditional manufacturing processes.

Keywords: fracture; fused deposition modeling; graphene; PLA; notch; point method

1. Introduction

Fused deposition modeling (FDM), framed within the category of additive manufac-
turing (AM) technologies, allows intricate geometries to be fabricated. Moreover, FDM
is applicable to a wide variety of materials, covering polymers, metals, ceramics, and
composites. FDM basically consists of extruding a melted filament through a heated nozzle;
this filament is then deposited on a build platform layer by layer until the final component
is generated [1]. Herein, although there may be some nuances, FDM and fused filament
fabrication (FFF) will be considered the same technology. To date, FDM has essentially been
used for prototyping but not to generate components with structural purposes, since the
mechanical properties obtained via FDM are commonly lower than those attained through
the use of more traditional fabrication technologies, such as injection molding or extrusion.
However, aiming to improve the mechanical performance of FDM materials, there have
been significant research efforts to generate improved knowledge of this technique and the
mechanical behaviors of the resulting printed materials (e.g., [1–5]).

Different strategies have been proposed with the aim of improving the material perfor-
mance of polymer–matrix composites, among which the addition of nano-reinforcements
(e.g., carbon nanotubes [6], silica nanoparticles [7], nano-clay [8], graphene [9], or graphene
oxide (GO) [10,11]) is of great interest. A general observation is that the different works
normally present an enhancement in the material properties being analyzed in each case,
although negative results have also been reported (e.g., [12]). In this sense, graphene and its
derivatives (e.g., graphene oxide) have been broadly applied as reinforcing materials over
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the last decade, given that they present excellent mechanical properties that may greatly
improve the mechanical performance of the matrix. The investigation of the mechanical
behavior of composites reinforced with graphene, including FDM materials, has focused
mainly on their tensile properties (e.g., [13–17]) and, to a lesser extent, on fracture behavior
(e.g., [18]) in the presence of defects.

On the other hand, structural components usually contain stress risers (herein referred
to as notches), and materials obtained through FDM are not an exception, as they may
contain defects produced during fabrication (e.g., pores), geometrical details included in
their design (e.g., holes, grooves, or corners), or defects caused via operational damage,
among others. These defects are not crack-like defects, so it may be overly conservative to
proceed on the hypothesis that they behave like cracks and to apply conventional fracture
mechanics criteria. Thus, the evaluation of their effect on structural integrity demands
specific approaches beyond conventional fracture mechanics analyses. Among the different
approaches that may be applied to analyze notches, the point method (PM) [19,20] provides
an excellent balance between the simplicity of the analysis and the accuracy of its predic-
tions. The PM has been widely applied and validated in conventional structural materials
containing notches (e.g., [20–24]), although its application to FDM notched materials has
been scarce (e.g., [4,18,24–26]), especially when dealing with graphene-reinforced FDM
notched materials [18]. Similarly, most of the applications have been performed on notched
fracture mechanics specimens (e.g., CT specimens or SENB specimens) (e.g., [18,21,26]),
with a much smaller number of works dealing with geometries that are generally closer
to real structural parts (e.g., [4,23,24,27]), as is the case of notched plates. The proper PM
has shown its capacity to distinguish between defect sizes that affect the load-bearing
capacity of the corresponding structural part and small defects that do not directly affect
the structural performance of the part [19].

Taking this into consideration, the present work provides an approach to analyzing the
structural integrity of FDM-generated graphene-reinforced PLA (PLA-Gr) structural plates
containing macroscopic notches such as those derived from geometrical details or opera-
tional damage. The analysis of microscopical defects, such as those that may be generated
during the fabrication process, is beyond the scope of the present research. Thus, Section 2
provides a description of the basic characterization of the PLA-Gr material being analyzed,
the experimental program performed on the PLA-Gr notched plates, and the point method
itself, which was applied to derive the corresponding critical loads. Section 3 gathers
the results, comparing the fracture load estimations with the corresponding experimental
results, and provides a discussion, and Section 4 summarizes the main conclusions.

2. Materials and Methods
2.1. Material

The material analyzed in this work was an FDM-generated graphene-reinforced
(1 wt%) PLA (PLA-Gr), which was supplied by FiloAlfa3D (Turin, Italy) as filaments for
use in the printing process. In a previous work [18], the authors provided a complete basic
characterization (characterizing both the tensile and fracture properties) of the PLA-Gr
material obtained via three different raster orientations (0/90, 30/−60, and 45/−45); they
also provided the same characterization for the parent FDM-generated PLA material.

The different tensile and fracture specimens were all manufactured using a Prusa i3
printer (Prusa, Prague, Czech Republic) with the following printing parameters: a nozzle
diameter of 0.4 mm; a nozzle temperature of 200 ◦C; a bed temperature of 75 ◦C; a printing
rate of 30 mm/s; an infill level of 100%; and a layer height of 0.3 mm. Concerning the
obtained results, it can be noted that the raster orientation of 45/−45 was significantly
more sensitive to the addition of graphene than the 0/90 and 30/−60 raster orientations,
developing noticeably higher tensile strength and fracture toughness values when adding
the nano-reinforcement compared to those developed via the simple FDM-generated PLA
material. The main mechanical properties for the 45/−45 materials (with and without
graphene) are summarized in Table 1 [18], where E is the elastic modulus, σy is the yield
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stress, σu is the ultimate tensile strength, εu is the strain under maximum load, and Kmat
is the material fracture toughness. The tensile properties were obtained using dog bone
specimens (three per material, PLA and PLA-Gr), following the ASTM638 standard [28],
whereas the fracture toughness was determined using single-edge notched bending speci-
mens (four per material), following the ASTM D6068 standard [29]. As the notched plates
described below were tested with the same loading orientation regarding the printing
direction as that used in the tensile and fracture characterization specimens, the moderate
anisotropy associated with this type of material will not be considered in this work (e.g.,
see [4] for experimental evidence in this regard). This anisotropy might need to be consid-
ered in the case of subjecting the 45/−45 material to other loading directions. Nonetheless,
the reader is referred to the original article for a more detailed description of the results
and the experimental processes.

Table 1. Mechanical properties of FDM PLA-Gr and the parent FDM PLA material. Raster orientation
45/−45 [18].

Material E (MPa) σy (MPa) σu (MPa) εu (%) Kmat
(MPa·m1/2)

PLA 2751 ± 406 35.3 ± 4.6 41.1 ± 5.7 2.6 ± 0.2 4.91 ± 0.25
PLA-Gr 3972 ± 260 47.5 ± 1.4 49.0 ± 2.8 1.5 ± 0.2 7.20 ± 0.31

2.2. Experimental Program

Once the basic material mechanical properties were defined, the same PLA-Gr material
was used to generate 51 plates that combined three types of macroscopic notches (U-notches,
V-notches, and circular holes), 2 different nominal notch radii (ρ = 0.9 mm and 1.3 mm),
two nominal specimen widths (W = 60 mm and 120 mm), various specimen thicknesses
(B = 5 mm, 10 mm, and 20 mm), and two notch length to specimen width ratios (a/W = 0.25
and 0.50). As a result, there were 17 distinct geometries and three specimens per geometry.
The summary of the geometries is as follows.

• 27 U-notched specimens with (nominal) notch radii of 0.9 mm or 1.3 mm, a/W = 0.25
or 0.50 (a being the notch length and W being the specimen width), and 3 different
thicknesses (5 mm, 10 mm, and 20 mm). The notch radius of 0.9 mm covered all
3 thicknesses, while the 1.3 mm notch radius was only applied to 5-mm- and 10-mm-
thick plates.

• 12 V-notched plates: V-notch with opening angle of 60◦, nominal notch radius of
0.9 mm or 1.3 mm, a/W = 0.25 or 0.50, and 2 different thicknesses (5 mm and 10 mm).

• 12 plates with circular holes: nominal notch radius, ρ (or circle radius, a), fixed at
15 mm, a/W = 0.25 or 0.50, and 2 different thicknesses (5 mm and 10 mm).

Figure 1 shows a schematic of the tested plates, while the whole experimental program
is presented in Table 2. It may be noted that the actual values of the different geometrical
parameters were physically measured, as in some cases they were moderately different
from the nominal ones.

All the plates were printed with the same printer and the same printing parameters
used in the basic (tensile and fracture) characterization (described in Section 2.1 [18]).

Finally, it is important to note that the notches were machined and not printed. The
reason for this practice is the better finishing of machined defects when compared to FDM-
printed ones [27]. The latter, additionally, generate an orientation of the filaments around
the fracture process zone that may significantly affect the fracture process.

Figure 2 shows one of the specimens that was part of the experimental program. Once
fabricated, all the plates were subjected to tensile loading in a servo-hydraulic testing
machine (INSTRON, Norwood, MA, USA). The displacement rate was 1 mm/min in
all cases (again, the same displacement rate used in the basic characterization). The
load–displacement curve was recorded for each individual test, also determining the
corresponding critical (i.e., maximum) load.
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Figure 1. Geometries of the tested specimens. (a) U-notched specimens; (b) V-notched specimens; 
(c) specimens with central hole. The thickness varied from 5 mm up to 20 mm. 
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G203 30.73 60.50 0.83 4.85 3.89 4.93 1.26 
G204 30.66 60.46 0.87 10.02 8.52 10.15 1.19 
G205 30.59 60.46 0.88 9.96 8.54 10.15 1.19 
G206 30.83 60.49 0.86 9.98 8.76 10.11 1.15 
G207 31.02 120.36 0.81 4.96 10.55 11.09 1.05 
G208 30.34 120.31 0.83 4.98 13.15 11.19 0.85 
G209 30.58 120.20 0.89 4.97 10.14 11.28 1.11 
G210 31.02 120.36 0.89 10.14 24.43 22.40 0.92 
G211 30.92 120.43 0.84 10.13 26.41 22.28 0.84 
G212 31.06 120.48 0.88 10.00 23.07 22.36 0.97 
G213 31.08 120.43 0.88 20.17 39.90 45.06 1.13 
G214 31.25 120.62 0.89 20.05 42.56 45.08 1.06 
G215 30.83 120.63 0.87 20.14 47.30 45.06 0.95 
G301 30.85 60.48 1.24 4.86 3.69 5.26 1.43 
G302 30.98 60.40 1.24 4.91 4.29 5.26 1.23 
G303 30.91 60.54 1.26 4.77 3.80 5.29 1.39 
G304 30.85 60.47 1.26 9.96 8.63 10.75 1.25 
G305 31.19 60.55 1.27 9.92 8.60 10.77 1.25 
G306 30.95 60.47 1.25 9.93 8.40 10.73 1.28 
G307 30.62 120.32 1.26 4.88 11.51 11.95 1.04 
G308 30.93 120.30 1.27 4.92 11.21 11.97 1.07 
G309 30.92 120.42 1.26 4.94 11.46 12.00 1.05 
G310 31.02 120.25 1.27 9.96 25.37 23.79 0.94 
G311 31.04 120.33 1.26 9.93 22.38 23.77 1.06 
G312 31.08 120.43 1.26 9.93 26.31 23.78 0.90 

V-notch 

G401 27.03 60.56 1.25 4.76 4.27 5.40 1.26 
G402 26.87 60.54 1.05 4.80 4.09 5.54 1.35 
G403 26.99 60.49 0.89 4.83 4.58 5.16 1.13 
G404 26.95 60.60 0.65 9.92 9.56 10.31 1.08 
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Figure 1. Geometries of the tested specimens. (a) U-notched specimens; (b) V-notched specimens;
(c) specimens with central hole. The thickness varied from 5 mm up to 20 mm.

Table 2. Description of the experimental program, including geometrical parameters, experimental
critical loads (PEXP), and resulting critical load estimations (PPM) derived from the PM analysis.

Notch
Geometry Specimen a (mm) W (mm) ρ (mm) B (mm) PEXP (kN) PPM (kN) PPM/PEXP

U-notch

G201 30.60 60.51 0.86 4.85 3.87 4.96 1.28
G202 30.84 60.38 0.91 4.88 3.86 4.99 1.29
G203 30.73 60.50 0.83 4.85 3.89 4.93 1.26
G204 30.66 60.46 0.87 10.02 8.52 10.15 1.19
G205 30.59 60.46 0.88 9.96 8.54 10.15 1.19
G206 30.83 60.49 0.86 9.98 8.76 10.11 1.15
G207 31.02 120.36 0.81 4.96 10.55 11.09 1.05
G208 30.34 120.31 0.83 4.98 13.15 11.19 0.85
G209 30.58 120.20 0.89 4.97 10.14 11.28 1.11
G210 31.02 120.36 0.89 10.14 24.43 22.40 0.92
G211 30.92 120.43 0.84 10.13 26.41 22.28 0.84
G212 31.06 120.48 0.88 10.00 23.07 22.36 0.97
G213 31.08 120.43 0.88 20.17 39.90 45.06 1.13
G214 31.25 120.62 0.89 20.05 42.56 45.08 1.06
G215 30.83 120.63 0.87 20.14 47.30 45.06 0.95
G301 30.85 60.48 1.24 4.86 3.69 5.26 1.43
G302 30.98 60.40 1.24 4.91 4.29 5.26 1.23
G303 30.91 60.54 1.26 4.77 3.80 5.29 1.39
G304 30.85 60.47 1.26 9.96 8.63 10.75 1.25
G305 31.19 60.55 1.27 9.92 8.60 10.77 1.25
G306 30.95 60.47 1.25 9.93 8.40 10.73 1.28
G307 30.62 120.32 1.26 4.88 11.51 11.95 1.04
G308 30.93 120.30 1.27 4.92 11.21 11.97 1.07
G309 30.92 120.42 1.26 4.94 11.46 12.00 1.05
G310 31.02 120.25 1.27 9.96 25.37 23.79 0.94
G311 31.04 120.33 1.26 9.93 22.38 23.77 1.06
G312 31.08 120.43 1.26 9.93 26.31 23.78 0.90

V-notch

G401 27.03 60.56 1.25 4.76 4.27 5.40 1.26
G402 26.87 60.54 1.05 4.80 4.09 5.54 1.35
G403 26.99 60.49 0.89 4.83 4.58 5.16 1.13
G404 26.95 60.60 0.65 9.92 9.56 10.31 1.08
G405 26.92 60.55 0.93 9.99 10.04 10.74 1.07
G406 26.93 60.58 0.87 9.92 8.76 11.96 1.36
G407 26.95 120.24 1.07 4.89 10.65 11.80 1.11
G408 26.50 120.26 1.15 4.83 10.30 11.84 1.15
G409 26.80 120.33 1.01 4.86 12.05 11.56 0.96
G410 26.96 120.46 0.97 9.94 24.25 23.42 0.97
G411 26.92 120.29 0.89 9.95 25.32 23.13 0.91
G412 26.87 120.53 1.05 9.95 24.10 23.99 0.99
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Table 2. Cont.

Notch
Geometry Specimen a (mm) W (mm) ρ (mm) B (mm) PEXP (kN) PPM (kN) PPM/PEXP

Hole

G101 30.39 60.56 15.03 4.85 5.45 6.63 1.22
G102 30.15 60.36 14.99 4.94 5.18 6.64 1.28
G103 30.23 60.45 15.04 4.83 5.55 6.61 1.19
G104 30.18 60.46 14.83 10.04 11.95 13.15 1.10
G105 30.12 60.58 14.83 9.99 11.38 13.11 1.15
G106 30.17 60.53 14.87 10.02 11.45 13.13 1.14
G107 30.22 120.28 14.99 4.86 15.07 17.62 1.17
G108 30.20 120.35 14.92 4.94 14.62 17.70 1.21
G109 30.26 120.37 15.04 4.93 14.01 17.69 1.26
G110 30.14 120.34 14.93 9.98 32.28 34.82 1.08
G111 30.01 120.23 14.99 9.90 32.23 34.92 1.08
G112 29.90 120.26 15.01 9.90 32.04 34.93 1.09
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(nominal values).

2.3. Analytical Approach

The PM was applied with the aim of estimating the critical loads of the different plates.
The PM is one of the methodologies included within the Theory of Critical Distances (TCD)
and, thus, it is characterized by the use of a material length parameter (the critical distance,
L). The origins of the TCD date back to the middle of the twentieth century [30,31], although
it has been widely established and validated in the last two decades (e.g., [4,21–26]). The
main parameter of the TCD, the critical distance (L), follows Equation (1):

L = (1/π)·(Kmat/σ0)2 (1)

with Kmat being the fracture toughness and σ0 being the material’s inherent strength. The
value of the inherent strength (σ0) is the material ultimate tensile strength (σu) in those
materials with linear–elastic behavior at both the micro and the macro scales, whereas in
materials with non-fully linear behavior, σ0 requires calibration [19]. The calibration for
the PLA-Gr material and raster orientation analyzed in this work was performed in [18]
through the best fit of the PM predictions of the experimental apparent fracture toughness
values obtained in SENB specimens containing notches with different notch radii (see [18]
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for details). The values of L and σ0 were 0.48 mm and 185.4 MPa, respectively (note that σ0
was much larger than σu).

The PM is the simplest version of the TCD, and it is based on the stress field at the
defect tip being analyzed. It assumes that a fracture takes place when the stress reaches the
inherent stress, at a distance of L/2 from the defect tip (see Figure 3). The resulting failure
criterion is

σ(L/2) = σ0 (2)
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Thus, once the PM parameters (L and σ0) are known, the application of this approach
requires the definition of the stress field ahead of the notch tip. With this aim, all the
specimens, with their particular dimensions, were modeled in the finite element (FE)
software (Ansys 2023 R1) via 20-node hexahedral elements and linear–elastic behavior (see
Table 1), determining, for an arbitrary external tensile load (1N in this case), the stress field
in the mid-plane of the fracture section and the corresponding stress value at a distance of
L/2. Then, the critical load was determined by applying proportionality conditions, as the
one generating a stress value equal to σ0 at the same distance (L/2), as established by the
PM at fracture conditions. Here, it is important to note that, given that the stress field may
be highly sensitive to the specimen geometry (especially the notch radius), and taking into
account that the actual values of the geometrical parameters may differ moderately from
the nominal values, the simulation was performed for every tested specimen. The results,
shown below, reveal that this practice was only necessary for V-notched specimens, given
that the variation in the estimated critical load for U-notched specimens and specimens
with a central hole was basically negligible.

In order to optimize the computational cost, the analysis was performed using 2D
models and plane stress conditions, resulting in an average number of elements on each
plate of approximately 30,000. These assumptions were previously validated by developing
3D models on a limited number of specimens, yielding very similar results. Additionally,
and because of the symmetry conditions, the models (notched plates) were sectioned
along their respective planes of symmetry, establishing the corresponding fixed (null)
displacements along them (see Section 3). Given the strong dependency of the stress at
the notch tip on the mesh size, the mesh was refined at the notch tip, resulting in element
sizes in the order of 0.01 mm. It is noteworthy that the element sizes were maintained well
below the calculated L (0.48 mm).

3. Results and Discussion

Figures 4 and 5 show, respectively, examples of the experimental setup and the ob-
tained load–displacement curves, while Table 2 gathers the experimental critical loads as
well as the corresponding estimations provided by the PM (PPM). The top three curves
shown in Figure 5 (solid lines) correspond to 10-mm-thick plates and a/W equal to 0.25,
with the only difference being the geometry of the corresponding defect (U-notch, V-notch,
and hole). Both the U-notch and the V-notch have a notch radius of 0.9 mm. It can be
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observed that the initial slope is coincident in the three curves, with the curve correspond-
ing to the U-notch deviating from the others in the early stage of the loading process (at
5 kN, approximately) and leading to a lower critical load after a more linear–elastic process
than those observed in the other cases. The curves for the V-notched plate and the plate
with a central hole are coincident up to a load level of approximately 24 kN. At this point,
the V-notched plate develops non-linear behavior with a progressively lower slope until
the final fracture. In contrast, the plate with a central hole suffers from a very smooth,
progressive loss of slope, with less evident non-linear behavior, and achieves the highest
critical load of the three geometries.
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Concerning the dashed lines (i.e., lower curves), the observations are analogous. They
all correspond to 5-mm-thick specimens with a/W = 0.5, the difference being restricted
to the type of defect. Again, the initial slope is coincident in the three curves, although,
in this case, they progressively separate from each other throughout the whole loading
process. As in the previous case, the U-notched plate led to a lower critical load, with the
plate containing the hole developing the highest critical load.

Finally, the dotted lines represent 5-mm-thick plates with a/W = 0.25. The behavior is
analogous to the previous cases, with the particularity that, for the examples shown in the
figure, the V-notched plate has a lower fracture load than that observed in the U-notched
plate (the plate with the hole developing the highest critical condition in any case). In
Table 2, it can be observed that the V-notches analyzed in this work, with an opening angle
of 60◦, developed very similar critical loads to the corresponding U-notches, in agreement
with the literature (e.g., [19,32]).

Additionally, Figure 6 shows examples of the FE models used in the analysis to derive
the corresponding stress field at the notch tip, and Figure 7 represents three of the obtained
stress–distance curves for the corresponding unitary load (1N). It can be observed that the stress
fields for the U-notches and the V-notches are very similar (justifying their very similar critical
loads), whereas the stresses around the holes are clearly lower. Finally, Figure 8 provides a
comparison between the experimental critical loads and the obtained estimations.
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(PEXP), e.g., O10-0.25-15 refers to plate with hole, 10 mm thick, a/W = 0.25, notch radius 15 mm.

The results shown in Figure 8 reveal that the proposed approach provides reasonably
accurate results for the experimental critical loads. Looking at the comparison between
the average experimental values and the PM predictions, most of the results are located
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within ±20% accuracy, a range generally accepted in fracture analyses bearing in mind the
inherent scatter of fracture processes (e.g., [18,19]). There is, however, a certain tendency to
overestimate the critical load, with an overall average PPM/PEXP ratio of 1.10. This ratio
is 1.06 for U-notches, 1.11 for V-notches, and 1.16 for circular holes, which is reasonable
if it is considered that the calibration of the PM parameters (L and σ0) described in [18]
was performed on SENB specimens containing U-notches. Concerning the effect of other
geometrical parameters, the best predictions in the three types of defects are achieved
for the lower a/W ratio (a/W = 0.25). The highest overestimations are obtained when
the a/W = 0.50 ratio is combined with the lower thickness (5 mm). This requires further
investigation, considering that the mentioned calibration was performed in 4-mm-thick
specimens with a/W = 0.50. Finally, the predictions are equally good for the different
nominal notch radii analyzed in this work, which range from 0.9 mm up to 15 mm.

With the aim of explaining the obtained results, an analysis of the fracture surfaces was
performed. In the presence of the different types of notches analyzed here, and similarly
to the findings of Tse Ng and Susmel [4], cracks initiated at the corresponding notch tip.
However, after crack initiation, the subsequent crack propagation took place on material
planes that, in general, were not macroscopically perpendicular to the loading direction, re-
sulting from a mixture of different micromechanisms that included the debonding between
adjacent/printing layers, the debonding of filaments, and the cracking of the filaments
themselves. The detailed micromechanisms observed in the different specimens were as
follows.

• U-notched and V-notched plates behaved similarly. In both cases, after the peak load,
clear macroscopic cracking planes following the raster orientation (+45◦ or −45◦)
resulted from a combination of the debonding of the filaments oriented at +45◦ (or
−45◦) and the failure of filaments oriented at −45◦ (or +45◦). The initial plane was
generally followed by a zig-zag pattern with a dominant macroscopic orientation
at −45◦ (or +45◦), as shown in Figure 9. This was observed for the three different
thicknesses tested in the experimental program, which represents a certain difference if
compared to the fracture behavior of pure PLA specimens, where, as shown in [33], the
specimens may present subtle differences for the different thicknesses being considered.
The mentioned behavior had two exceptions: firstly, in the case of 5-mm-thick U-
notched and V-notched plates with a/W = 0.25, the combination of the filament
debonding and the filament failure following the raster orientation did not develop
a zig-zag pattern at the initial stages of crack propagation, with the crack extension
following a dominant plane (see Figure 10). The accuracy of the critical load predictions
for this exception is, however, as good as that obtained in the specimens following
the zig-zag mechanisms; secondly, in U-notched specimens with W = 60 mm and
a/W = 0.5 (smallest remnant ligament), the macroscopic propagation did not follow
the raster orientation and was between this behavior and a flat propagation following
the mid-plane of the specimen (Figure 11). The accuracy of the predictions for this
second exception was the lowest obtained in the present research, corresponding to
the points in Figure 8 associated with the greatest overestimations of the critical loads.
This partially explains the worse results obtained for the plates with a/W = 0.5, since
some of them developed different fracture mechanisms from those observed in most
other geometric conditions. Here, it is important to note that the complex topography
of the crack paths makes it very difficult to provide an adequate view of the different
fracture processes occurring in the plates, which is the reason for providing these
general views of the fractured plates and the fracture surfaces.
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• The plates with a central hole, as was the case for the pure PLA material (see [33]),
presented similar behavior for the two values of thickness analyzed in this work
(5 mm and 10 mm) and the two values of nominal (half) width (30 mm and 60 mm). A
fracture is a very complex process resulting from a combination of filament failures,
the debonding between filaments, and the debonding between printing layers. The
crack patterns do not follow macroscopically the raster orientation. Figure 12 shows
an example with a general view of these fracture surfaces.

Polymers 2023, 15, x FOR PEER REVIEW 13 of 15 
 

 

 
Figure 11. Aspect of the fracture mechanisms observed in U-notches with W = 60 mm and a/W = 
0.50. Specimen G201. General crack pattern does not follow the raster orientation. 

 
Figure 12. Aspect of the fracture mechanisms observed in specimens with central hole. Specimen 
G110. 

4. Conclusions 
The future utilization of 3D (FDM) polymer–matrix composites in structural applica-

tions requires the definition of reliable methodologies to estimate the load-carrying capac-
ity of printed parts. With this purpose, this study applied the point method (PM) (and, 
thus, the Theory of Critical Distances) to estimate critical loads in FDM graphene-rein-
forced PLA (PLA-Gr) plates containing different types of defects (U-notches, V-notches, 

U-notch 

Crack pattern 

Crack pattern 

Crack  
pattern 

Hole 

Figure 12. Aspect of the fracture mechanisms observed in specimens with central hole. Specimen G110.



Polymers 2023, 15, 3797 13 of 14

4. Conclusions

The future utilization of 3D (FDM) polymer–matrix composites in structural applica-
tions requires the definition of reliable methodologies to estimate the load-carrying capacity
of printed parts. With this purpose, this study applied the point method (PM) (and, thus,
the Theory of Critical Distances) to estimate critical loads in FDM graphene-reinforced PLA
(PLA-Gr) plates containing different types of defects (U-notches, V-notches, and circular
holes), and combining a variety of notch radii, thicknesses, and defect length (a) to speci-
men width (W) ratios. The PM was applied to the stress fields derived from linear–elastic
finite element analysis.

The results revealed that the PM provided reasonably accurate predictions of the
actual experimental critical loads, with a certain (limited) overestimation of the results
(+10% on average) that was more pronounced in central holes (+16%) and much more
limited in U-notches (+6%). This was attributed to the fact that the PM material parameters
(critical distance, L, and inherent strength, σ0) had been calibrated previously on single
edge notched bending (SENB) specimens containing U-notches. Moreover, the accuracy
of the results was lower in 5-mm-thick specimens with a/W = 0.5, which requires further
research in the future, as these are, precisely, the closest conditions to those used in the
mentioned calibration.

The fracture behavior was not the same in the different geometries or specimens,
although, in all cases, the final fracture resulted from an intricate mixture of micromecha-
nisms, including the debonding between filaments, the debonding between printing layers,
and filament failures.
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