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ABSTRACT. This paper addresses the estimation of critical loads in FFF
(Fused Filament Fabrication) printed polymers and composites containing
notches. Particularly, the analysis is focused on the fracture load estimations
of 39 PLA (polylactic acid) and 39 graphene reinforced PLA (PLA-Gr) printed
plates containing two different types of notches (U- and V-notches) and
combining different plate thicknesses and defect length to plate width (a/W)
ratios. The addition of graphene (1 wt.%) increases both the yield stress and
the ultimate tensile strength, also reducing the strain at rupture and, thus,
generating a material whose behavior is closer to linear elasticity. Among the
different assessment tools that may be used to estimate critical loads, this work
applies the well-known Averaged Strain Energy Density (ASED) criterion,
which compares the averaged strain energy over a certain control volume at
the notch tip with the corresponding critical value, the latter being a material
property. This approach has a linear-elastic nature, so its application to non-
tully linear materials may require the use of specific corrections or calibrations.
For the two materials analyzed here, PLA and PLA-Gt, it has been observed
that the ordinary linear-elastic ASED criterion provides good estimations for
the PLA-Gr material, whereas the pristine PLA, with more evident non-linear
behavior, the obtainment of accurate results requires a previous specific
calibration of the ASED material parameters.
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INTRODUCTION

applied to a wide range of materials, including polymers, metals, ceramics, and composites. The FFF technology

involves the process of extruding a melted filament through a heated nozzle. This filament is subsequently placed
onto a build platform layer by layer until the complete component is manufactured [1]. Currently, and particulatly for the
case of polymers and polymer-matrix composites, FFF has been applied to prototyping of components, but not to generate
(structural) components sustaining loads as one of their main tasks. The main reason for this is that the obtained mechanical
properties are generally inferior to those achieved by other well-known manufacturing methods such as injection, extrusion,
or blow molding. Currently, combining the potential of the FFF technology with its main limitations, there are remarkable
research efforts to develop a better understanding of this 3D printing technique and to improve the mechanical properties
of the resulting printed materials (e.g., [1-0]). Understanding how these materials behave under different types of loadings
and developing reliable tools to estimate the resulting critical loads are key dimensions for the use of FFF materials in
structural applications.
On the other hand, it is important to note that 3D printed components commonly exhibit regions of elevated stress
concentrations. These areas, known as stress risers, can be for example flaws generated during the manufacturing process
(e.g., pores), defects caused by operational damage (e.g., dents), or geometrical details intentionally integrated in the design
itself (e.g., holes, grooves, corners). Such defects determine the structural integrity of the corresponding component, as they
may be the source of critical crack propagation causing the final fracture, or initiators of subcritical processes (e.g., fatigue)
that also may lead to the final failure. Anyhow, these defects are not generally crack-like defects (i.e., infinitely sharp) and
require specific approaches when evaluating the structural integrity, given that the application of traditional crack assessment
methodologies would generally lead to overconservative results.
To enhance the accuracy of fracture load predictions in the presence of notches, diminishing the above-mentioned
conservatism, a number of methods have been proposed in recent years. The scientific community has made considerable
progress in establishing theories and methods to better understand the fracture behavior in notched components. Notably,
but not only, the Theory of Critical Distances (TCD) [7] and the Average Strain Energy Density (ASED) criterion [8—11]
are two widely utilized approaches that have been successful in analyzing a variety of materials and loading situations.
In this sense, the linear-elastic formulation of the ASED criterion may exhibit important limitations to provide accurate
predictions of the fracture behavior of non-fully linear materials, whereas the TCD has been successfully calibrated to
evaluate non-linear situations through the corresponding calibration of the critical distance [7]. Consequently, researchers
have examined a number of strategies to increase the applicability of the ASED criterion to materials that develop non-
linear behavior. These strategies involve combining the traditional ASED criterion with some cutting-edge ideas [12,13] like
the Fictitious Material Concept (FMC) [12], or the Equivalent Material Concept (EMC) [13], among others. These
alternatives substitute the actual non-linear material by a fictitious or equivalent material, respectively, that develops linear-
elastic behavior and, thus, may be analyzed through linear-elastic approaches. These alternative approaches frequently
involve additional steps to estimate fracture loads, which can complicate the analysis.
In the present study, a calibration technique is employed to predict fracture loads using the ASED criterion without requiring
such additional steps. So far, and to the knowledge of the authors, this calibration approach has been successfully applied
only in conventional fracture mechanic specimens (e.g., compact tension or single edge notch bend specimens) [14].
However, this work presents the analysis of fracture loads in FFF printed PLA (polylactic acid) and graphene-reinforced
PLA (PLA-Gr) plates containing U and V-shaped notches. A total of 78 plates per material were printed and subsequently
tested, combining the two analyzed materials, the two types of notches (U and V), and different plate thicknesses and notch
length to plate width (a/W) ratios, obtaining the corresponding critical loads under pure tensile mode loading. Then, the
ASED criterion was applied to obtain estimations of the critical loads, with the corresponding material parameters derived
from both the ASED linear-elastic formulation and a specific calibration process. Finally, the experimental values and the
ASED estimations are compared. These contents are presented through the following sections: Materials and Methods,
describing the two materials analyzed in this work, the fabrication process and printing parameters, the resulting plate
geometries, the proper testing process of the plates with the corresponding experimental critical loads, the ASED criterion
in the two referred versions (linear-elastic and calibrated), and the finite element (FE) simulation performed to determine
the stress fields at the notch tips; Results and Discussion, gathering the predictions of critical loads provided by the ASED
criterion, their comparison with the corresponding experimental values, and the analysis of the accuracy of the ASED
criterion without and with calibration process in the two materials being analyzed; and, Conclusions, gathering the main
findings of this research and pointing out the limitations and possibilities of the ASED criterion to provide critical loads in
both FFF printed PLA and PLA-Gr.

I | used Filament Fabrication (FFF) is a fabrication technique that allows complex shapes to be created and may be
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MATERIALS AND METHODS

In this study, we focus on PLA and PLA-Gr, the latter being graphene-additivated (1 wt.%) PLA. A previous work

of the authors has already examined the basic tensile and fracture properties of these two materials [15]. Here, the
investigation was extended by analyzing the behavior of structural plates containing different types of notches.
The PLA and PLA-Gr plates were manufactured using an FFF-based Prusa i3 printer with a raster orientation of 45/-45,
employing the same specific printing parameters reported in [15] for the tensile and SENB fracture specimens used in the
basic characterization. The nozzle diameter was 0.4 mm, and the nozzle temperature was set at 200 °C, while the bed
temperature was maintained at 75 °C. The printing rate was 30 mm/s, and the infill level was set at 100%. Layer height was
maintained at 0.3 mm.
The tensile tests reported in [15] followed ASTM D638 [16], whereas fracture tests on both cracked and notched specimens
followed ASTM D6068 [17], as reported in [18]. The main mechanical properties derived from the tensile specimens and
the cracked fracture specimens are gathered in Tab. 1 [15,18], while Fig. 1 shows examples of the obtained stress-strain
curves revealing how PLA-Gr material develops a stress-strain curve which is much closer to linear-elastic conditions than
that developed by PLA.

T he mechanical properties of FFF printed materials have gained significant interest due to widespread applications.

Material Raster orientation ~ E (MPa) oy (MPa) ou (MPa) €4 (%) Kinae (MPa-m?3)
PLA 45/-45 2751 £406 3531+406 411£57 26%02 491 £0.25
PLA-Gr 45/-45 3972260 475%+14 49.0%28 15%02 7.20 £ 0.31

Table 1: Mechanical properties for FFF printed PLA and PLA-Gr. E: Young’s modulus; oy: yield stress; ou: ultimate tensile strength; €u:
strain under maximum load; K fracture toughness.
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Figure 1: Tensile curves obtained for PLA and PLA-Gr.

A total of 78 plates were tested in this study, encompassing various notch configurations. The plates were classified as U-
notched and V-notched, and their geometries and dimensions varied as shown in the scheme of Fig. 2. Here it is important
to mention that notches were machined instead of being printed, with the aim of achieving superior finishing and avoid
undesirable filament orientation effects during the fracture process [19]. Tabs. 2 and 3 gather the main dimensions (measured
values) of the specimens composing the expetimental campaign performed in this work.

For U-notched plates, the specimens and nominal dimensions were as follows:
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e 12 PLA plates with W=60 mm, a=30 mm (a/W=0.50), with 2 different thicknesses (5 mm and 10 mm) and 2
different notch radii (0.9 mm or 1.3 mm).

e 15 PLA plates with W=120 mm, a=30 mm (a/W=0.25), with 2 different thicknesses (5 mm, 10 mm, and 20 mm)
and 2 different notch radii (0.9 mm or 1.3 mm).

e 12 PLA-Gr plates with W=60 mm, a=30 mm (a/W=0.50), with 2 different thicknesses (5 mm and 10 mm) and 2
different notch radii (0.9 mm or 1.3 mm).

e 15 PLA-Gr plates with W=120 mm, a=30 mm (a/W=0.25), with 2 different thicknesses (5 mm, 10 mm, and 20
mm) and 2 different notch radii (0.9 mm or 1.3 mm).
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Figure 2: Geometry of the tested plates. p: notch radius; a: crack length; W: width; a: notch opening angle; L: length.

Figure 3: Experimental setup of two of the experiments: a) U-notch, a/W=0.25mm, notch radius=0.9 mm, thickness=10 mm; b) V-
notch, a/W=0.25 mm, thickness=5 mm.
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Structural detail

U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch

Specimen

P201
P202
P203
P204
P205
P206
P207
P208
P209
P210
P211
P212
P213
P214
P215
P301
P302
P303
P304
P305
P306
P307
P308
P309
P310
P311
P312
P401
P402
P403
P404
P405
P406
P407
P408
P409
P410
P411
P412

B
(mm)
5.38
4.88
4.89
10.22
10.00
10.01
4.82
4.92
4.89
9.98
9.95
9.97
20.30
20.30
20.30
4.82
4.85
4.94
9.91
9.86
10.00
4.83
4.84
4.93
9.93
9.84
9.88
4.84
491
4.90
10.06
9.93
9.98
4.89
5.01
4.75
9.95
9.99
9.95

W
(mm)
60.67
60.66
60.66
60.81
60.78
60.78
120.66
120.56
120.04
120.38
120.34
120.38
120.64
120.04
120.64
60.70
60.65
60.64
60.61
60.62
60.74
120.54
120.65
120.74
120.61
120.40
120.44
60.72
60.76
60.87
60.82
60.61
60.64
120.63
120.04
120.60
120.52
120.48
120.56

a
(mm)
30.65
30.63
30.57
30.16
30.69
30.77
30.42
30.69
30.64
30.50
30.66
30.67
30.42
30.42
30.42
30.63
31.10
30.74
30.69
30.57
31.11
30.76
30.78
30.85
30.77
31.11
30.84
26.95
27.02
27.16
33.00
32.94
26.83
26.81
26.87
26.82
26.81
26.68
26.97

Notch radius
(mm)
0.85
0.94
0.94
0.89
0.90
0.89
0.90
0.89
0.84
0.93
0.92
0.94
0.89
0.89
0.89
1.32
1.37
1.29
1.30
1.33
1.30
1.31
1.32
1.31
1.33
1.31
1.31
1.14
1.29
1.58
2.62
3.43
0.84
1.05
0.93
1.04
0.95
0.93
0.75

Pexp
(kN)
3.79
3.98
4.22
9.06
8.44
8.87
13.34
12.53
11.87
23.53
22.19
24.26
44.63
43.62
46.72
3.93
3.98
3.97
8.39
7.56
8.52
12.80
13.48
12.23
23.86
24.36
25.02
3.37
3.49
3.45
8.04
8.32
9.34
11.10
11.04
11.06
28.59
30.10
26.06

Table 2: Test matrix and experimental results for PLA plates.
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Structural detail

U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch

Specimen

G201
G202
G203
G204
G205
G206
G207
G208
G209
G210
G211
G212
G213
G214
G215
G301
G302
G303
G304
G305
G306
G307
G308
G309
G310
G311
G312
G401
G402
G403
G404
G405
G406
G407
G408
G409
G410
G411
G412

B
(mm)
4.85
4.88
4.85
10.02
9.96
9.98
4.96
4.98
4.97
10.14
10.13
10.00
20.17
20.05
20.14
4.86
491
4.77
9.96
9.92
9.93
4.88
4.92
4.94
9.96
9.93
9.93
4.76
4.80
4.83
9.92
9.99
9.92
4.89
4.83
4.86
9.94
9.95
9.95

W
(mm)
60.51
60.38
60.50
60.46
60.46
60.49
120.36
120.31
120.20
120.36
120.43
120.48
120.43
120.62
120.63
60.48
60.40
60.54
60.47
60.55
60.47
120.32
120.30
120.42
120.25
120.33
120.43
60.56
60.54
60.49
60.60
60.55
60.58
120.24
120.26
120.33
120.46
120.29
120.53

a
(mm)
30.60
30.84
30.73
30.66
30.59
30.83
31.02
30.34
30.58
31.02
30.92
31.06
31.08
31.25
30.83
30.85
30.98
30.91
30.85
31.19
30.95
30.62
30.93
30.92
31.02
31.04
31.08
27.03
26.87
26.99
26.95
26.92
26.93
26.95
26.50
26.80
26.96
26.92
26.87

Notch radius
(mm)
0.86
0.91
0.83
0.87
0.88
0.86
0.81
0.83
0.89
0.89
0.84
0.88
0.88
0.89
0.87
1.24
1.24
1.26
1.26
1.27
1.25
1.26
1.27
1.26
1.27
1.26
1.26
1.25
1.05
0.89
0.65
0.93
0.87
1.07
1.15
1.01
0.97
0.89
1.05

Pexp
(kN)
3.88
3.87
3.89
8.53
8.54
8.77
10.55
13.15
10.15
24.44
26.41
23.08
39.91
42.56
47.30
3.69
4.29
3.81
8.63
8.60
8.40
11.52
11.22
11.47
25.37
22.38
26.32
4.28
4.09
4.59
9.56
10.04
8.76
10.65
10.31
12.06
24.25
25.33
24.11

Table 3: Test matrix and experimental results for PLA-Gr plates.
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Additionally, for V-notched plates, the specimens and nominal dimensions were as follows:
e ( PLA plates with W=60 mm, a=30 mm (a/W=0.50), with 2 different thicknesses (5 mm and 10 mm) and a notch
radius (1.3 mm).

e 6 PLA plates with W=120 mm, a=30 mm (a/W=0.25), with 2 different thicknesses (5 mm and 10 mm) and a notch
radius (1.3 mm).

e 6 PLA-Gr plates with W=60 mm, a=30 mm (a/W=0.50), with 2 different thicknesses (5 mm and 10 mm) and a
notch radius (1.3 mm).
e 6 PLA-Gr plates with W=120 mm, a=30 mm (a/W=0.25), with 2 different thicknesses (5 mm and 10 mm) and a
notch radius (1.3 mm).
The displacement rate for all the tensile tests was maintained at 1 mm/min, and the load-displacement curves were recorded
until the corresponding critical (maximum) load for each test was reached. Tabs. 2 and 3 gather the obtained critical loads,
whereas Fig. 3 shows the experimental setup for both types of notches: a) PLA V-notch plate; b) PLA-Gr U-notch plate.
Once the experimental critical loads were determined, the ASED criterion was applied with the aim of estimating the
critical loads derived from this approach. The ASED criterion is based on the Strain Energy Density averaged over a
control volume surrounding the notch tip. In plane problems, the control volume becomes a circle or a circular sector
with radius R in the case of V-notches [8] (see Fig. 4).
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Figure 4: Control area for blunt V-notch. The notch becomes U-notched when a=0.

The SED approach assumes that fracture takes place when the average value of the elastic strain energy (W) referred to a

control volume (or area) is equal to the critical value (W), which is a material property. The criterion, thus, may be expressed
by Eqn. (1):
W=W, )

According to [20], if the material is ideally brittle, the value of the critical average strain energy density corresponds to the
area below the curve of a tensile test, thus following Eqn. (2):

. @

where o, is the ultimate tensile strength and E is the Young’s Modulus. When the notch opening angle is zero (2a=0), as it
is the case for U-notches, the material critical radius R can be expressed in terms of the fracture toughness (Kma), the
ultimate tensile strength (oy), and Poisson’s ratio (v) [21], as shown in Eqns. (3) and (4). The choice between these conditions
depends on the material’s fracture resistance: when Ko is lower than Eqn. (5) [7], plane strain domains, while plane stress
condition is reached when Kny, is higher than the value defined by Eqn. (6) [7]. For situations where fracture resistance falls
between the values defined by these equations, an interpolation of Eqns. (3) and (4) is required to obtain Rc.

(1+u)(5—80)(1{mm JZ

47

C

Plane strain 3
o

u
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-3v
R = ——mat Plane stress 4)
47 o,
B /2
K, .=0o. | — Plane strain limit )
"\ 2.5
K, .=0, (nB)l/2 Plane stress onset (6)

In the case of blunt notches, again the case analyzed in this work, the total strain energy can be determined over the crescent
shape volume (Fig. 4) and then the average value of the SED can be expressed in terms of the elastic maximum notch stress
(omay) [8,22]. By applying this condition, the total strain energy density can be obtained over the area Q (Fig. 3), and the
corresponding average value (ASED) follows Eqn. (7) [8]:

\V/ RC Om ’

W=F(200) H| 20,,— |2~ @)
0 E

where F(2a) depends on the notch opening angle (0.785 when 2a=0° and 0.662 when 20=60°), H varies with the notch

geometry (20, Rc/p) and omax is the maximum elastic stress at the notch tip. The values of the H function for V-shaped

notches may be found in [8]. Tab. 4 gathers different values of the H function depending on the notch opening angle and

the Poisson’s coefficient [8].

2u(rad) R./0 v =0.3 v =0.35 v =0.4
0 0.01 0.5638 0.5432 0.5194
0.05 0.5086 0.4884 0.4652

0.1 0.4518 0.4322 0.4099

1 0.1314 0.1217 0.1110

/6 0.01 0.6395 0.6162 0.5894
0.05 0.5760 0.5537 0.5280

0.1 0.5107 0.4894 0.4651

1 0.1428 0.1333 0.1226

n/4 0.01 0.6609 0.6369 0.6093
0.05 0.5945 0.5717 0.5454

0.1 0.5264 0.5048 0.4802

1 0.1447 0.1355 0.1252

n/3 0.01 0.6678 0.6436 0.6157
0.05 0.5998 0.5769 0.5506

0.1 0.5302 0.5087 0.4842

1 0.1435 0.1349 0.1252

Table 4: Values of the function H for blunted V-shaped notches [8].

It is important to note that the H values presented in Tab. 4 were tabulated for R./p values within a range of 0.01 to 1.
Therefore, in order to obtain H values beyond this range it is necessary to extrapolate a fitting curve as proposed in [23]:
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a
H=— ®
[Y +b
e

The parameters a and b represent the coefficients required for the fitting curve. In the context of the materials investigated
in this study, the curve was fitted utilizing the least-squares methodology, considering a Poisson's ratio of 0.3. The resultant
fitting parameters were determined to be 0.1896 and 0.3258 for U-notches, and 0.208 and 0.2982 for V-notches, as illustrated
in Fig. 5.

0.7 0.7
06 U-notch 06 V-notch
0.1896 0.208
Hy=03)=p—— Hv=03) =p———
0.5 fe 4 03258 0.5 | =€ +0.2982
p p
04 H 04 |
T T
03 03 |
02 t 02 t
01 01 }
0 1 1 1 1 0
0 2 4 6 8 10 0 2 4 6 8 10
a) R./p b) R./p

Figure 5: Extrapolated values of the function H for v=0.3 of a) U-notches and b) V-notches.
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Figure 6: Example of calibration of W. and R, parameters with SENB specimens.

When the material being analyzed does not have linear-elastic behavior, the application of the ASED criterion requires a
calibration of the material ASED parameters, W.* and Rc* (e.g. [14,24]), accounting for the material non-linearity. Then, the
linear-elastic ASED criterion is applied to an equivalent linear-elastic material whose ASED parameters are those obtained
from the calibration. The calibration performed here is based on the fracture loads of conventional fracture specimens (e.g.,
CT or SENB) containing U-notches with different notch radii. With the fracture loads of these two conditions (and the
resulting maximum stresses at their corresponding notch tip, Gmaxt and omax2), the following conditions may be established:

330



Q%: M. Sanchez; et aliz, Frattura ed Integrita Strutturale, 66 (2023) 322-338; DOI: 10.3221/IGF-ESIS.66.20

R 2
F(20=0)-H, [2a:o,—°]~°ﬂ=\xfc )
@1 E
R O ma 22
F(20=0)H,| 20=0,—< |-—222_ =\ (10)
2 0 E c
2

By introducing different values of R¢ in (9) and (10), two W. vs R curves are generated (see Fig. 6). The crossing point of
both curves provides the calibrated values of W, and Re (Wc* and Rc*).

0.018689
0.016019
0.013349
0.010679
0.0080094
0.0053396
0.0026698
0 Min

0.000 0.500 1.000 (mm)
0.250 0.750

Y
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Figure 7: Example of FE model (P306). U-notched specimen, notch radius 1.3 mm, thickness 10 mm. Applied load = 1 N.

0.00 30.00 60.00 (mm)
| | |

15.00 45.00

Once the calibrated parameters are defined, the fracture load predictions (Pasep) for any other notch radius can be easily
derived using the conventional linear-elastic ASED procedure. Based on the failure criterion established by the ASED and
using Eqns. (1), (2), and (7), the maximum (critical) stress at the notch tip can be simply derived from the H fitted curve
and the mechanical properties of the material:

W.-E
O max, ASED — R * (11)
\/F(Zoc)~H[20c, = j
e

Thus, the application of this approach requires the definition of the maximum principal stress at the notch tip. With this
aim, the different specimens were modeled on finite element (FE) (Ansys) using a half model exploiting the symmetry of
the tensile tests, as shown Fig. 7. For each specimen, a 2D plane-stress model with 20-node hexahedric elements and linear-
elastic behavior (see Tab. 1) was created. The mesh became more refined as it approached the tip of the notch as the stress
is highly sensitive to the mesh size. The maximum principal stress at the notch tip (Omax, rea) was determined for an arbitrary
external tensile load (Prea=1 N in this case). Then, the critical load was determined applying proportionality conditions by
applying Eqn. (12). Here, it is important to note that, given that the stress field may be ovetly sensitive to the specimen
geometry (specially the notch radius), and provided the actual values of the geometrical parameters may differ moderately
from the nominal values, the simulation was performed for every single real tested specimen.
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RESULTS AND DISCUSSION

n order to better understand the effectiveness of graphene addition in the enhancement of the mechanical behavior of

the PLA, one can analyze the results of the tensile tests shown in the Fig. 1 (and Tab. 1), thoroughly analyzed in

previous works [15,18]. The main observation is that the introduction of graphene resulted in a notable increase in
material brittleness alongside enhanced strength. Concerning the fracture toughness, the addition of graphene also generates
a significant improvement of the PLA resistance in the presence of crack-like defects (see Tab. 1).
Moreover, as shown in the load-displacement curves presented in Fig. 8a for SENB cracked and notched specimens (tested
in previous experimental programs [15]), the inclusion of growing notches (e.g., 0.25, 0.5, or 1 mm) leads to increased
material rigidity in both PLA and PLA-Gr. However, when comparing the load-bearing capacity of the two materials, it
remains relatively unchanged in notched conditions, and it cleatly increases in cracked conditions when adding graphene (in
agreement with the higher Kuae reported in Tab. 1). This justifies why PLA-Gr notched plates and PLA notched plates have
very similar critical loads for the same geometrical conditions, as shown in Tabs. 2 and 3 and in the examples gathered in
Fig. 8b, confirming that the impact of graphene on the load-bearing capacity of notched parts is marginal.
The results shown in Tabs. 2 and 3 also reveal a very minor effect of the notch radius in the notched plates, something that
again may be explained from the results obtained in [15] for SENB specimens. Fig. 9a shows the evolution of the (apparent)
fracture toughness measured in PLA and PLA-Gr for different notch radii. Interestingly, the addition of graphene affects
the toughness at small notch radii, and particularly at cracked conditions, and the notch effect is negligible in both PLA and
PLA-Gt for notch radii around 1 mm or higher.
In other words, the results obtained in the notched plates revealed very minor effects of graphene addition and notch radius,
and this is justified from the fact that: 1) graphene affects the fracture behavior in cracked conditions or very small notch
radii and; 2) the notch effect in these two materials saturates at values of notch radius around 1 mm, with the (nominal)
notch radii introduced in the plates being 0.9 mm and 1.3 mm.
In order to assess the efficiency of the suggested ASED calibration, fracture load estimations were first derived by directly
employing the traditional ASED criterion (i.e., the linear-elastic approach). A comparison between fracture load predictions
obtained using the ASED criterion and actual experimental data is shown in Fig. 10 (also gathered in Tab. 6 of Appendix
A). It can be observed that the fracture load estimations using the ASED criterion are considerably lower than the actual
experimental fracture loads for the PLA. In this case, the ASED criterion exhibits a clear over-conservatism, with a mean
ratio of Pasep/Pexp of 0.63, resulting in poor predictive accuracy. This discrepancy may be attributed to the application of
a linear-elastic approach to a material that exhibits a clear non-linear behavior in both tensile and fracture tests, as can be
observed in Figs. 1 and 8. Consequently, the estimated critical values derived by the ASED criterion do not accurately
represent the actual critical conditions.

300 16
250 =
4 e
200 4 —PLA- s = — ’
PLA-Gr 45/-45 (p=0 mm) = 10 - .
2 ------- PLA-Gr 45/-45 (p=0.25 mm) = ey .
g 150 4 = = =-PLA-Gr 45/-45 (p=0.5 mm) _:'g 8 1 ", e
3 — - PLAGr45/-45 (p=1 mm) - 6 RSP P205 (Unoteh; p=0.; 8 =10; 2/W=05)
- 100 A 570 P207 (U-notch; p=0.9; B =5; a/W=0.25)
PLA 45/-45 (p=0 mm) =7, B -
4 5oy P406 (V-notch; p=0.9; B = 10; a/W=0.5)
50 | PLA 45/-45 (p=0.25 mm) 72 6205 (V-notch; p=0.9; B = 10; a/W=0.5)
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o
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a) Displacement (mm) b) Displacement (mm)

Figure 8: Load displacement curves in PLA and PLA-Gr of a) SENB cracked and notched specimens [15] and b) notched plates.
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Figure 9: Effect of graphene reinforcement and notch effect in: a) apparent fracture toughness in SENB specimens, and b)

experimental critical loads in plates.
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Figure 10: Comparison between fracture load predictions using conventional (linear elastic) ASED critetion (Pasep) and experimental

fracture load (Pexp).

On the other hand, when the linear-elastic ASED criterion is directly applied to the PLA-Gr material, the predictions were
in very good agreement with the experimental loads, as seen Fig. 10. All the mean values of Pasep/Prxp ate within a scatter
band of £20%, which is generally accepted in fracture research [9,25,20], with an overall average underestimation of 2.4%.
These findings are explained by the results obtained in the tensile tests shown in Fig. 1 and the proper fracture tests of the
plates shown in Fig. 8b, where the amount of non-linearity is very limited, and therefore the liner elastic ASED criterion

may capture the real behavior of the material.
Given the limited accuracy exhibited by the linear-elastic approach of the ASED criterion when applied to pristine PLA, it
becomes evident the necessity to formulate an alternative method capable of providing more accurate estimations in
scenatios where non-linearity is not negligible. Considering this, the outcomes of the calibration for the ASED parameters,
as described in the previous section, are presented below. The calibration performed in this work has been based on fracture
tests performed on U-notched SENB specimens with notch radii of 0.25 mm (p1) and 1.0 mm (pz), whose details may be
found in [15], for the two materials studied. The W curve was calculated as a function of R based on the experimental
fracture loads. Tab. 5 gathers the resulting calibrated parameters, becoming evident that the Wc* value highly deviates from

the linear-elastic critical value W. proposed in the original procedure, especially in the case of PLA material.
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Material ~ Specimen W, (MPa) W (MPa) R* (mm)
PLA SENB 0.31 4.34 0.60
PLA-Gr SENB 0.30 1.42 1.30
Table 5: ASED calibrated parameters (W:* and Rc*) per material and specimen, together with the linear-elastic formulation of We
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Figure 11: Compatison between the predictions obtained through the calibrated ASED critetion (Pasep) and the experimental critical

loads (PEXP)
As illustrated Fig. 11, once the calibration is applied the predictions significantly improved in the case of the notched PLA
plates, becoming significantly more accurate, whereas in the case of notched PLA-Gr plates the approach provides similar
(but slightly better) results than those obtained without calibration (see Tab. 7 of Appendix A). Now, on average, the
Pasep/Pexp ratios are 1.10 and 0.99 for the PLA and PLA-Gr, respectively.
Thus, in general, the results show how the calibrated ASED criterion (in this case, with results obtained on U-notched
SENB specimens) provides very good estimations of the fracture loads. Some additional observations can be made when

The thickness has a certain effect on the resulting Pasep /Prxp ratios. The mean value for a nominal thickness of 5
mm is 1.15 and 1.04 for PLA and PLA-Grt, respectively. Similarly, for a thickness value of 10 mm, the average ratio

the calibration is performed:
[ ]
is 1.06 and 0.96 for PLA and PLA-Gr, respectively. Finally, for a thickness value of 20 mm, the mean Pasen/Pexp
ratios are 0.97 and 0.96 for PLA and PLA-Gr.
e Pasep/Pexp ratios exhibit comparable values for notch radii of approximately 0.9 mm and 1.3 mm. The average
ratios for PLA and PLA-Gr are 1.09 and 0.99, respectively, for 0.9 mm notch radius, and 1.11 and 0.99 for 1.3 mm
notch radius, respectively. This implies that the calibrated ASED criterion has been able to predict the negligible
notch effect observed in the plates for these particular materials.
Pasep/Pexp ratios are affected by the length of the notches. The mean Pasep/Pexp ratios for PLA and PLA-Gr ate

1.29 and 1.09 (respectively) for a/W =0.50, and 0.93 and 0.90 for a/W=0.25. Then, predictions are resulted more

°
conservative for the shorter defects (a/W=0.25). This may be explained by the fact that the predictions do not
consider the constraint conditions in the analysis, whereas in reality, plates with shorter defects are subjected to
lower constraint conditions and the notch tip and, thus, may develop higher experimental critical loads (leading to

The predictions have been generally equally good for U-notches and V-notches, something reasonable considering

lower PASED/PEXP ratios).
that Eqn. (7) may be applied to both conditions (actually, a U-notch is a V-notch with «=0°). This being said, there
is a clear outlier (V-notch, 5 mm thick plate, a/W=0.5, 0=0.9 mm) providing an abnormally higher average

°
Pasep/Pexp ratio of 1.57. No reasons have been found for this behavior and requires further analysis in the future.
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CONCLUSIONS

PLA and PLA-Gr plates containing different types of notches. All the plates were made by FFF with a single raster
otientation (45/-45), and combining different thicknesses, notch geometry (U-notch and V-notch), notch radii and
a/W ratios, and were subjected to tensile loading until fracture.
The critical load estimations (Pasep) obtained through the conventional linear-elastic ASED criterion are considerably lower
than the experimental ones (Prxp) for PLA plates. In this case, the ratio Pasep/Prxp of 0.63 reveals a clear low accuracy and
excessive conservatism. On the other hand, for PLA-Gr plates, the predictions were good, with all the experimental mean
values of Pasen/Pexp in the scatter band of 220%, and an overall slight underestimation of 2.4% (mean Pasen/Pexp ratio
close to 0.98). These differences between both materials can be explained due to the limited non-linearity of the PLA-Gr
material and the much more significant non-linear behavior of PLA.
Because of the mentioned results, a calibration of the ASED criterion parameters was performed using experimental fracture
loads obtained in U-notched SENB specimens with two different notch radii (0.25 mm and 1.0 mm). This calibration
accounts for the material non-linearity and provided much better estimations of the fracture loads for the PLA notched
plates (with slight improvement for the predictions in PLA-Gr plates). On average, the Pasgp/Prxp ratios are 1.10 and 0.99
for the PLA and PLA-Gt, respectively.
Other remarkable observations were the moderate effect of the plate thickness, the minor notch effect observed in the plates
and the safer predictions obtained for the shorter defects (a/W=0.25) when compared to the larger ones (a/W=0.50), the
latter justified by the different level of constraint.
Overall, the results obtained in this research show that the ASED criterion is capable of providing accurate predictions of
critical loads in 3D printed PLA and PLA-Gr notched plates subjected to tensile loads. The obtainment of high accuracy
may require, as is the case for non-linear PLA, a previous calibration process.

T his paper applies the Average Strain Energy Density (ASED) criterion to estimate the fracture loads in 3D printed
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APPENDIX A
Lineal elastic SENB calibration
Structural detail ~ Specimen ~p om— Pasen

&N Pasep/Pexp (kN) Pasen/Pexe

U-notch P201 291 0.77 4.90 1.29
U-notch P202 2.78 0.68 4.74 1.16
U-notch P203 2.77 0.64 4.73 1.10
U-notch P204 5.86 0.64 9.93 1.09
U-notch P205 5.83 0.67 9.89 1.14
U-notch P206 5.85 0.64 9.91 1.09
U-notch P207 6.64 0.47 11.26 0.80
U-notch P208 6.68 0.50 11.30 0.84
U-notch P209 6.84 0.53 11.51 0.90
U-notch P210 13.08 0.52 22.26 0.89
U-notch P211 13.11 0.56 22.30 0.95
U-notch P212 13.01 0.51 22.18 0.86
U-notch P213 26.83 0.57 45.42 0.97
U-notch P214 26.83 0.59 45.42 0.99
U-notch P215 26.83 0.55 45.42 0.93
U-notch P301 2.84 0.72 5.09 1.30
U-notch P302 2.81 0.71 5.07 1.27
U-notch P303 294 0.74 5.26 1.32
U-notch P304 5.88 0.69 10.52 1.24
U-notch P305 5.80 0.76 10.41 1.36
U-notch P306 5.94 0.69 10.61 1.23
U-notch P307 6.63 0.50 11.87 0.90
U-notch P308 6.61 0.48 11.84 0.86
U-notch P309 6.63 0.54 8.51 0.96
U-notch P310 13.12 0.55 17.22 0.99
U-notch P311 13.21 0.54 16.77 0.96
U-notch P312 13.19 0.53 17.01 0.94
V-notch P401 2.94 0.89 2.88 1.55
V-notch P402 2.99 0.87 2.98 1.53
V-notch P403 3.08 0.90 3.10 1.04
V-notch P404 5.29 0.68 5.02 1.36
V-notch P405 5.22 0.64 5.35 1.37
V-notch P406 6.34 0.70 5.65 1.17
V-notch P407 6.93 0.64 9.26 1.10
V-notch P408 6.91 0.65 9.26 1.09
V-notch P409 6.93 0.64 8.97 1.10
V-notch P410 13.76 0.50 18.49 0.84
V-notch P411 13.79 0.47 18.57 0.80
V-notch P412 13.71 0.54 17.71 0.89

Table 6: Critical load predictions for PLA plates.
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U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
U-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch
V-notch

Specimen

G201
G202
G203
G204
G205
G206
G207
G208
G209
G210
G211
G212
G213
G214
G215
G301
G302
G303
G304
G305
G306
G307
G308
G309
G310
G311
G312
G401
G402
G403
G404
G405
G406
G407
G408
G409
G410
G411
G412

Lineal elastic

SENB calibration

Pasen/Pexp

1.13
1.11
1.14
1.05
1.04
1.02
0.97
0.77
0.97
0.82
0.78
0.86
1.00
0.93
0.85
1.17
1.02
1.11
1.02
1.01
1.05
0.87
0.89
0.89
0.80
0.91
0.78
1.12
1.17
1.06
1.06
1.00
1.10
1.00
1.04
0.89
0.90
0.86
0.90

PASED
(kN)
4.57
4.46
4.64
9.31
9.27
9.34
10.62
10.49
10.21
20.42
20.87
20.47
41.11
41.01
41.40
4.53
4.58
4.42
9.50
9.45
9.52
10.56
10.52
10.54
20.94
21.03
21.03
4.80
4.74
4.75
9.67
9.83
9.43
10.60
10.64
10.53
21.41
21.29
21.58

Pasen/Pexp

1.13
1.12
1.15
1.06
1.05
1.03
0.97
0.77
0.98
0.83
0.78
0.87
1.01
0.94
0.86
1.21
1.05
1.15
1.05
1.05
1.08
0.90
0.93
0.92
0.83
0.95
0.81
1.15
1.19
1.06
1.04
1.01
1.10
1.02
1.06
0.90
0.91
0.86
0.92

Table 7: Critical load predictions for PLA-Gr plates.
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