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Abstract

Additive manufacturing (AM) using 3D printing techniques is widely used not only in prototyping, but also in production of structural
elements in many applications such as medical science and biomechanical engineering. Therefore, it is highly important to investigate
the fracture mechanics of components and engineering materials made with 3D printing techniques with the aim of application in
biomechanical components. In this study, to investigate the effects of interior architecture on the mixed mode fracture behavior of 3D
printed polylactic acid (PLA) components, special Arcan samples were produced at 70% filling ratio and four different filling types
using fused filament fabrication technique. A special fixture has been designed that allowed the mixed-mode fracture experiments of
the Arcan samples to be conducted on a unidirectional tensile test machine. The fracture tests were performed under 3 different loading
angles of 0°, 45° and 90° as opening mode, mixed mode I/ II and shear mode, respectively. In addition, the finite element analyses were
also conducted to determine the geometric functions of the Arcan samples required for calculation of fracture toughness at different
loading angles. Overall, the results of fracture toughness tests revealed that for the sections of the samples that are mainly exposed to
opening and mixed-mode loading conditions, printing with the triangular filling pattern provides higher fracture toughness to the final
products. In contrast, for the sections exposed to pure shear loadings, hexagonal printing pattern provides a better resistance against
fracture.
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I¢ Mimarinin 3D Baskih PLA Numunelerinin Kirilma Tokluguna
Etkileri Uzerine Bir Arastirma

Oz

3D baski tekniklerini kullanan eklemeli iiretim (EU), yalnizca prototiplemede degil, tip bilimi ve biyomekanik miihendisligi gibi birgok
uygulamada yapisal elemanlarin liretiminde de yaygin olarak kullanilmaktadir. Bu nedenle biyomekanik bilesenlerde uygulamak amac1
ile 3D baski teknikleri ile yapilmig bilesenlerin ve mithendislik malzemelerinin kirilma mekaniginin arastirilmasi olduk¢a 6nemlidir.
Bu ¢alismada, i¢ mimarinin 3D baskili polilaktik asit (PLA) bilesenlerinin karigik mod kirilma davranisi tizerindeki etkilerini aragtirmak
icin, erimig filament fabrikasyon teknigi kullanilarak %70 doluluk oran1 ve dort farkli dolgu tipinde 6zel Arcan numuneleri tiretilmistir.
Arcan numunelerinin karigik modlu kirilma deneylerinin tek yonlii bir cekme test makinesinde gerceklestirilmesine izin veren 6zel bir
fikstiir tasarlanmistir. Kirilma testleri sirasiyla 0°, 45° ve 90° olmak tizere 3 farkli yiikleme agis1 altinda agilma modu, karisik mod I/11
ve kayma modu olarak gerceklestirilmistir. Ayrica, farkli yiikleme agilarinda kirilma toklugunun hesaplanmasi i¢in gerekli olan Arcan
numunelerinin geometrik fonksiyonlarini1 belirlemek i¢in sonlu elemanlar analizleri de yapilmistir. Genel olarak, kirilma toklugu
testlerinin sonuglari, numunelerin ¢ogunlukla a¢ilma ve karigik mod yiikleme kosullarina maruz kalan béliimleri i¢in liggen dolgu deseni
ile baski yapilmasinin nihai iiriinlere daha yiiksek kirilma toklugu sagladigini ortaya koymustur. Buna karsilik, saf kayma yiiklemelerine
maruz kalan kesitler igin altigen baski deseni kirtlmaya kars1 daha iyi bir direng saglamstir.

Anahtar Kelimeler: Eklemeli imalat, 3D baski, PLA, Arcan drnekleri, Karisik mod kirilmasi.
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1. Introduction

Polylactic acid (PLA), a renewable aliphatic polyester, is a
widely used material and in terms of the volume of production,
ranks first among bioplastics in the world (Nagarajan et al., 2016).
PLA is one of the most widely used filament materials for the
production of prostheses in 3-dimensional (3D) printers,
especially in medical applications. Fused filament fabrication
process (FFF), an additive manufacturing method, is used as one
of the main techniques in the production of PLA samples due to
the ease and flexibility in prototyping parts. Nowadays, the use of
3D printed components in biomedical applications has increased
significantly. Therefore, researchers are putting intense efforts to
produce 3D printed components with reliable strength and high
mechanical properties. More specifically, there have been studies
in the literature on both the mechanical properties of industrial
materials and their fracture behavior under mixed-mode loadings.

Singh et al. (2020) employed 3D printing technology to
evaluate the mechanical properties of chitosan reinforced PLA
specimens. Experiments were conducted to investigate the effects
of chitosan additive, filler density and annealing temperature on
the mechanical behavior of PLA composite specimens. They
determined that the chitosan reinforcement and the filling density
were important parameters in the strength of composite
specimens, but the annealing temperature did not affect it much.

Torun et al. (2020) produced zigzag printed PLA samples to
examine the effects of filling ratios on the mixed-mode fracture
behavior of 3D printer components. For all filling ratios, they
reported that when the loading angle was increased from 0° to 90°,
the shear mode stress intensity factor increased and the tension
(opening) mode critical stress intensity factor decreased.

Sedighi et al. (2020) produced polycarbonate samples with
the FFF method in order to investigate the effect of layer
orientation on tensile, bending and fracture behavior. First, they
determined the mode-I fracture toughness values for different
build directions in the samples. Overall, the results of tensile,
bending and fracture experiments of the polycarbonate samples
revealed the anisotropy properties of the 3D printed components.

Kaya et al. (2020) investigated the fracture behavior of
different crack geometries at different temperatures and
deformation rates in S-2 glass/epoxy composite samples by both
experimental and finite element methods. They reported the
dependency of the fracture behavior of composite samples to the
temperature and the loading conditions.

Fonseca et al. (2019) produced samples by 3D printing from
pure and short carbon fiber reinforced Polyamide 12 (PA 12)
material. They determined pure mode-I laminar fracture
toughness with the produced double cantilever beam (DCB)
samples. They stated that the material toughness of the samples
increased significantly in carbon fiber reinforced samples.

Cantrell et al. (2017) produced 3D printed acrylonitrile
butadiene styrene (ABS) samples with various raster and build
orientation. They carried out experiments to determine the
mechanical properties of the produced samples. They showed that
the parameters such as raster and build orientations have
negligible effects on the modulus of elasticity and Poisson's ratio
of the samples.
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Gardan et al. (2016, 2019) examined the cracking response of
3D-printed compact-tensile specimen made of thermoplastic
filaments and studied the mode-I fracture behavior of CT
specimens made of ABS.

The literature review revealed the existing gap in the
thorough knowledge that is necessary to characterize the fracture
and crack growth behavior of materials such as PLA processed by
FFF technique and employed as structural elements in many
applications such as medical science and biomechanical
engineering (dentistry, orthopedics, bio-implants, etc.). There are
also many unknown issues regarding the effects of FFF process
parameters on the fracture toughness of the 3D printed
components. Therefore, the lack of a comprehensive research on
the mixed-mode fracture behavior of these newly developed
structural parts has been the main motivation for our study. It is
therefore essential to use an appropriate test specimen and
procedure to determine the fracture behavior of such materials. It
is also important to characterize how the processing of 3D printed
materials in different interior architectures will affect their load
carrying capacity. Therefore, in this study, the mixed-mode
fracture behavior of samples produced with 70% pristine PLA
polymer at four different interior architectures in FFF process was
investigated by performing a series of fracture experiments to fill
the research gaps in this area. The results of experiments,
combined with a FEA developed for specially designed Arcan
samples, were employed to determine the fracture toughness of
3D printed PLA samples with different internal architectures.

2. Material and Method

Fracture and tensile samples were produced on a Flashforge
Creator-3 FFF machine, equipped with a dual extruder, using 1.75
mm diameter white PLA filament and filling ratio of 70% and
0.12 mm of layer thickness. The nozzle and table temperatures
were set as 210 and 80 °C respectively. The printing speed and
travel speed were selected as 50 and 70 mm/sec, respectively. In
order to determine the mechanical properties of 3D printed
structures, the dogbone samples were printed according to ASTM
D638-14. The printing process of Arcan fracture and tensile test
samples are represented in Figure 1.

Figure 1. An overview of 3D printing process of tensile and
Arcan fracture samples.

The uniaxial tensile tests were performed using a Shimadzu
AGS-X 100 kN tensile testing machine (Figure 2). All tests were
performed at room temperature and constant loading rate of 1
mm/min. Also, the extension and transverse contraction of the
tensile test samples were recoded using a camera extensometer
and the acquired data have been later processed to determine the
Poisson’s ratio of the printed samples.
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Figure 3. A representation of fracture test setup for testing an
Arcan sample under loading angle of 45°.

Fracture test specimens have been mounted on the fixture to
create a mixed-mode stress field at the crack tip of such
specimens. Under these conditions, crack propagation is related
to the stress intensity factor at the crack-tip. The stress field at the
crack-tip of the single-edge notch specimen is schematically
shown in Figure 4.

Figure 2. A representation of a dogbone sample on a Shimadzu vA
AGS-X 100 kN tensile testing machine ) \ Gy

The calculated mechanical properties of 3D-printed PLA samples ' 41‘_)01.
for different filling types after the tensile test are given in Table 1. 1 r

a <
According to the Table 1, the highest tensile strength values 1 N tea I

belong to the sample with the triangle filling type (Boga et al., Crack-tip ; .
2021). As shown in Figure 3, specially designed single-edge h
notched Arcan specimens and an in-house developed mixed-mode
loading fixture were used to perform mode-I, mode-II and I/II

mixed-mode fracture toughness tests. Figure 4. Crack-tip stress field under mixed-mode loading

(Moustabchir et al., 2015).

Stress areas at the crack-tip can be expressed in terms of the
normal and shear stresses as in Eq. (1).

Table 1. Mechanical properties of PLA samples with different internal architectures (Boga et al., 2021).

Materials Yield Stress Ultimate Stress Modulus of Elasticity Poisson’s
(MPa) (MPa) (GPa) Ratio
Line 14.0 15.64 23 0.213
Hexagon 14.7 15.05 2.41 0.124
Triangle 19.5 22.76 2.63 0.355
3D Infill 15.3 17.15 2.0 0.342

K| 0 .0 _. 30 Ky .. 6 0 30
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2 2 2 2 2
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Here, K; and Ky are the stress intensity factors at the crack-tip for K2 K2

mode-I and mode-II loadings, respectively. The strain energy  Gr =G +G) = EI, + % (2)

release rate for mixed mode loading could be expressed as in Eq.

Q): where G is the energy release rate for crack propagation, E is the
modulus of elasticity of the sample, and v is the Poisson’s ratio.

E’' = E is valid for plane stress and E' = E/(1 — v?) is applied
e-ISSN: 2148-2683 16



European Journal of Science and Technology

in plane strain conditions. Furthermore, as shown in Figure 5,
numerical modeling of crack under mixed loading conditions
using the ABAQUS/CAE finite element program was used to
determine and analyze the strain field distribution and geometry
shape function of fracture samples near the notch crack-tip.

E. Max. Principal

Figure 5. An overview of distribution of maximum principal
stain under typical mode-I loading of Arcan sample; a) Arcan
specimen and b) focused view of crack-tip.

Egs. 3 and 4 were used to obtain the critical stress intensity factor
values (K; and K;;) of the printed samples.

K, = Z&maf;(a/w) 3)
Ky = Zvmafy (a/w) )

where f{a/w) is geometrical factor, Pc is the fracture load, a is the
crack length, 7 is the specimen thickness and w is the specimen
width.

3. Results and discussion

In this section, the results of fracture tests are presented. As
explained before, experiments were carried out to investigate the
effects of interior architecture on the fracture behavior of PLA
samples made by FFF technique. The tests were repeated at least
three times for each infill type and loading angle, and the average
load-displacement curves were reported as the result of fracture
test under specific experimental set. The load-displacement plots
obtained with the tensile testing machine were used to determine
the maximum loads and displacement at fracture. The results of
force-displacement curves for Arcan samples of different interior
architectures under fracture loading of 0°, 45° and 90° are
presented in Figure 6(a) to (c), respectively. As shown in Figures.
6(a) and (b), the triangular structure represented the highest
fracture load either at opening or mixed-mode fracture loadings.
In contrast, according to Figure (c), the samples with hexagonal
internal architecture showed the highest shear strength. The linear
structure represented the highest crack-mouth opening before
fracture. However, the lowest fracture resistance belongs to the
samples of 3D infill filling pattern.

Each material breaks at a certain critical stress value. The stress
density measured at this critical stress value at which the material

e-ISSN: 2148-2683
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Figure 6. Load versus displacement diagrams of pristine PLA
3D printed Arcan specimen under; (a) opening (0°), (b) I/Il
mixed (45°) and (c) shear (90°) mode of loading.

breaks gives the fracture toughness value of that material. This
fracture toughness value is also a property of that material. The
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unit of this material property, also known as the stress intensity
factor, is found as MPa+v'm and is denoted by K;c (Uguz, 1996).
The critical stress intensity factors determined experimentally
under 0°, 45° and 90° loading conditions are presented
collectively in Table 2. As can be seen in this table, the samples
of triangular and 3D infill filling types represented the highest and
lowest fracture toughness values under opening mode of loading
with the K;c=2.03 and 1.14 [MPa.m'?], respectively. This pattern
for the shear mode of loading was observed for the samples with
hexagonal and 3D infill internal architectures with the Kyc=1.65
and 0.84 [MPa.m"?], respectively. Overall, the results of fracture
toughness tests revealed that for the sections of the samples that
are mainly exposed to opening and mixed mode loading
conditions, printing with the triangular filling pattern provides the
highest fracture toughness of the final product. In contrast, for the
sections exposed to pure shear loadings, hexagonal printing
pattern provides a better resistance against fracture.

Table 2. Kc (MPay/m) values for different filling types

Filling Critical stress

types intensity 0° 45° 90°
factor

3D Infill Kic 1.14 0.78 0
Kic 0 1.07 0.84

Line Kic 1.61 0.99 0
Kuc 0 1.36 1.32

Triangle Kic 2.03 1.33 0
Kuc 0 1.83 1.61

Hexagon Kic 1.59 1.17 0
Kic 0 1.61 1.65

4. Conclusions

e-ISSN: 2148-2683

Table 3. Average critical strain energy release rates (G)c [J/m?]
for different filling types

Filling Critical . . .
types strain energy 0 45 920
release rates
3D Infill (Gyc 573.797 268.620 0
(Gu)c 0 505.494  311.535
(Gr)c 573.797 774.114  311.535
Line (Gyc 1075.869 406.797 0
(G)c 0 767.689  723.195
(Gr)c 1075.869 1174.486 723.195
Triangle (Gyc 1369.416 587.823 0
(Gn)c 0 1112.872 861.381
(Gr)c 1369.416 1700.695 861.381
Hexagon (G)c 1032.875 559.275 0
(Gn)c 0 1059.022 1112.298
(Gr)c 1032.875 1618.297 1112.298

The critical strain energy release rates (Gc) calculated for
different interior architectures of the FFF samples are shown in
Table 3. These quantities indicate how much energy must be
given to create new fracture surfaces at the crack-tip of the
samples. The (Gi)c, (Gi)c and the resultant of (Gr)c values based
on the experimental values obtained for different interior
architecture of 3D printed samples and using Eq. 2 are given in
Table 3. As can be seen in Table 3, the samples of triangular
filling type represented the highest strain energy release rate with
value of ~1369 J/m? under opening mode of loading. (G))c appears
to be greater than (Gy)c for all filling types, showing that the
propagation of crack in mode-I loading requires higher energy as
compared to mode-I1 loading.

In this study, the mixed-mode fracture behavior of samples
produced with 70% pristine PLA polymer at four different interior
architectures in FFF process was investigated by performing a
series of fracture experiments. The results of experiments,
combined with a FEA developed for specially designed Arcan
samples, were employed to determine the fracture toughness of
3D printed PLA samples with different internal architectures. The
outstanding results of this research are as follows:

1. Among the 3D printed samples with different internal
architectures, the ones with triangular structure
represented the highest fracture load either at opening or
mixed-mode fracture loadings. In contrast, the samples
with hexagonal internal architecture showed the highest
shear strength. The linear structure represented the
highest crack-mouth opening before fracture. However,
the lowest fracture resistance belongs to the samples of
3D infill filling pattern.

2. The samples of triangular and 3D infill filling types
represented the highest and lowest fracture toughness
values under opening mode of loading with the Kic =
2.03 and 1.14 [MPa.m"?], respectively. This pattern for
the shear mode of loading was observed for the samples
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with hexagonal and 3D infill internal architectures with
the Kjic = 1.65 and 0.84 [MPa.m"?], respectively.

3. The samples of triangular filling type represented the
highest strain energy release rate with the value of ~1369
J/m? under opening mode of loading. (Gi)c appears to be
greater than (Gu)c for all filling types, showing that the
propagation of crack in mode-I loading requires higher
energy as compared to mode-11 loading.

4. The results of fracture toughness tests revealed that for
the sections of the samples that are mainly exposed to
opening and mixed mode loading conditions, printing
with the triangular filling pattern provides the highest
fracture toughness of the final product. In contrast, for
the sections exposed to pure shear loadings, hexagonal
printing pattern provides a better resistance against
fracture.
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