¢
4
O. Aourik et alit, Frattura ed Integrita Strutturale, 63 (2023) 246-256, DOI: 10.3221/IGF-ESIS.63.19

Analysis of the resistance to crack propagation in SENT test
specimens printed in ABS using parallel or crossed filaments
between layers

O. Aourik, A. Chouaf, M. Othmani

Hassan 11 University, National School of Electricity and Mechanics, Casablanca, Morocco
onmaima.aourik@ensem.ac.ma, http:/ [ orcid.org/ 0000-0002-7451-5213
a.chonafl@ensem.ac.ma, http:/ [ orcid.org/ 0000-0003-1765-6762
mounrad.othmani@ensem.ac.ma, http:/ [ orcid.org/ 0000-0001-8601-807 3

ABSTRACT. Additive manufacturing techniques continue to develop and
cover all industrial fields. However, the performances of aspect and
mechanical behavior of the parts obtained by this process remain to be  ciution: Aousk, O, Chousf, A Othmani,
mastered and are still the subject of current research works. Among these M. Analysis of the resistance to crack

; . . propagation in SENT test specimens printed
performances, the one corresponding to the resistance to the propagation of | "\gs wing parallel o crossed flaments
cracks. In order to improve this very interesting property in various industrial —between layers, Fratura ed  Integrita

i : . ... Strutturale, 63 (2023) 246-256.
fields, it is desirable to master the understanding of crack propagation in this
type of structure obtained by 3D printing. The objective of this paper is to Received: 21.07.2022
Accepted: 30.09.2022

analyze and understand the effect of the adopted raster angle on the crack ¢ jne firse: 10.12.2022
propagation in SENT specimens obtained by FDM in ABS (Acrylonitrile- Published: 01.01.2023
Butadiene-Styrene). Two approaches were developed: one is experimental t0  copyrighe © 2023 This is an open access
determine the critical stress intensity factor Kic and the other is numerical to article under the terms of the CC-BY 4.0,

. . . hich permits untestricted use, distribution,
predict the possible paths of crack propagation. o e o e, o

and reproduction in any medium, provided
the original author and source are credited.

KEYWORDS. Additive Manufacturing, FDM, Raster Angle, ABS, Crack,
Numerical Simulation.

INTRODUCTION

ver the past decade, additive manufacturing (AM) has attracted considerable attention in the development and

manufacturing industries. We can mention the medical, engineering, aerospace, and automotive fields [1-4].

Despite the progress that additive manufacturing methods ate experiencing, in addition to significant
technological and material advances, the quality of printed objects still needs to be improved. Indeed, by this process,
which involves many manufacturing parameters, it is very difficult to obtain a part with the desired mechanical
performance. This is due to the lack of control of the multi-physical interactions of these parameters [5-12].
Given the complexity of the problem, it is essential to make an optimal choice of a particular permutation of these
parameters for a given performance. It is in this sense that many researchers have developed their studies on the qualities
of printed parts. Among these works is that of Turner et al, who addressed the relationship between printing parameters
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and the dimensional and surface properties of finished parts [13]. Lubombo et al. examined the influence of the type of
filling pattern on the stiffness and strength of 3D printed PLA parts [14]. In parallel to these studies, a numerical approach
was conducted by Othmani et al. to improve the meso-structural modeling of a tensile specimen obtained virtually by
FDM [15]. This modeling made it possible to simulate by the finite element method the mechanical behavior of the parts
obtained by FDM in ABS. Through the results of the study by Othmani et al., we were able to correlate the choice of
parameters with the mechanical resistance of the part.

Among these performance issues, the mechanical behavior of printed parts is still of great interest to industry and
researchers. In this regard, many studies have been developed to examine the effect of printing parameters on the
mechanical performance of printed parts. The review by Sood et al. addressed the effect of five printing parameters,
which are layer thickness, part build orientation, raster angle, raster width, and filament gap on the compressive strength
of these parts [16].

Through all these studies, we found that the aspects of fracture behavior and crack path are not sufficiently studied,
especially with regard to numerical simulations in this type of research work. Among the few works, we can cite the article
by Ayatollahi et al. who confirmed that the orientation of the filament of deposited material relative to the tip of the crack
seems to play the most important role in modifying the fracture toughness of printed parts [17]. The study developed by
Ameri et al., focused on the effect of the raster angle on the crack path using the extended finite element method and the
cohesive zone model XFEM-CZM) [18].

Finally, this aspect of damage by crack propagation in printed parts has been little developed, especially the understanding
of the mechanism generated during the process of rupture [19-25]. It is this mechanism that we have tried to highlight in
the present study limited to the effect of the raster angle on the crack propagation for printed parts. For this purpose, we
have developed two approaches, one is experimental and the other is numerical. From the experimental approach, we
have characterized the mechanical behavior of SENT specimens made in two configurations. For the first configuration,
the filaments are parallel between layers and for the second, the filaments are crossed between layers. The curves resulting
from this experimental approach allowed us to determine the critical stress intensity factor (IKKic) for the studied cases. For
the numerical approach, we performed numerical simulations of the behavior of these SENT specimens, and it is from
the Von Mises stress distributions that we tried to predict the possible paths of crack propagation.

EXPERIMENTAL APPROACH

Manufacture of test specimens
n this approach, Single Edge Notch Tension (SENT) specimens (Fig. 1), were made to study the impact of several
raster angles on the crack propagation resistance in printed ABS specimens.

100 mm

Figure 1: Dimensions of the SENT specimen ISO 13586 and ASTM D5045.

These specimens were modeled on CAD software according to ISO 13586 and ASTM D5045 [26-27]. Then, the model is
converted into a Stereolithography (STL) file, which was also translated into a machine instruction file, written in G-code
language describing the trajectories of the filling material. Once the file is obtained, the samples will be ready to be printed
with the RAISE 3D printer using the FDM technique (Fig. 2). The notch was made during the 3D printing of the test
sample. However, the pre-cracking or initiation of the crack was carried out manually with a cutter. Its depth is around 0.5
mm (see figure above). The pre-cracks were checked by profile projector.
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Figure 2: 3D printer used: RAISE 3D.

The parameters used to print SENT specimens are listed below in Tab. 1.

Parameters Values Units

Layer thickness 0.2 mm
First layer printing speed 30 mm/s
Print speed of other layers 150 mm/s

Build orientation XYZ

Infill percentage 100 %

Number of perimeters 2
Temperature 230 °C

Table 1: Parameters considered for the printing of the specimens.

We recall that this FDM printing technique is a successive layer building process that allows us to control the raster’s angle
of each layer separately, and produce samples with different raster angles from one layer to another.

We have therefore chosen to work with two different types of specimens. The first type adopts aligned layers (parallel
filaments between layers), while the second type adopts crossed layers (crossed filaments between layers). In this case, two
successive layers are printed with two different angles. To realize these specimens, we have considered two configurations:
For Configuration (1) the layers are aligned with raster angles of 15°, 30°, 45°, 60° and 75°. For Configuration (2) the
successive layers are cross-filament with alternating raster angles (15°/-75°), (30°/-60°) and (45°/-45°) see Fig. 3.

Figure 3: Raster angles used for: (a) Configuration (1): filaments are parallel between layers and (b) Configuration (2): filaments are
crossed between layers.

(b)
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Mechanical tests

To carry out our tensile tests on the SENT specimens for which crack initiation was introduced, we used an MTS
Criterion Model 45 machine with a maximum load of 100 kN (Fig. 4).

(@ (b)
Figure 4: (a) SENT test specimen printed in ABS, (b) 'MTS Criterion Model 45' tensile testing device.

Results

From our tensile tests according to the standards, we obtained the stress-strain curves for the two configurations as
shown in Figs. 5 and 6.

In Fig. 6, for each of the combinations studied (15°/-75°, 30°/-60°, and 45°/-45°) we have integrated the corresponding
photo showing the crack propagation from the pre-crack. On the other hand, in Fig. 5, we have integrated only the
corresponding photo at the angle of raster 30°, for reasons of congestion.

20 1 -. '. :
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—45°
—60°f
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Figure 5: Stress-strain curves configuration (1): parallel filaments between layers.

0 5 :

According to these results, the damage mechanism for the ABS SENT samples obtained by FDM, seems to be affected by
the raster angle for both configurations but to different degrees.

For configuration (1) (parallel filaments between layers), the curves show a very marked difference in the mechanical
behavior between the different cases of raster angle. Indeed, the raster angle plays a significant role in the damage process
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of SENT samples. When the raster angle created between the filament and the axis of the applied load is small, the tensile
strength is better. This resistance decreases with the increase of the angle in a remarkable way.

For configuration (2), the curves in Fig. 6 show that the three specimens (15°/-75° 30°/-60° and 45°/-45°) have a
mechanical strength of the same order of magnitude (between 14 MPa and 15 MPa). However, the case (45°/-45°) is
clearly distinguished from the other two cases by a large phase of non-linear behavior. This very marked phase could be
generated by the multitude of internal bifurcations of the crack during the progtressive damage of the (45°/-45°).

For the determination of the critical stress intensity factor Kic, we applied the usual approach that many researchers in the
tield have well adopted [28].
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Figure 6: Stress-strain cutves configuration (2): cross filaments between en layers: (a) 15°/-75°, (b) 30°/-60° and (c) 45°/-45°.
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Figure 7: Principle of determination of C and Fc.
To do this, we considered our Force-Displacement curves on which we drew the best straight line (AB) to determine

compliance 'C', as schematically shown in Fig. 7. The value of C is given by the reciprocal of the slope of the line (AB). A
second line (AB') was drawn with a compliance 5% greater than that of line (AB). If the maximum load the specimen can
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support, Fmax, falls between the (AB) and (AB') lines, then Fmax is used to calculate the Kic. If Fmax is outside of line
(AB) and line (AB'), then the intersection of line (AB') and the load cutve can be considered the critical load Fe.

It is this critical load Fc that we used to calculate the critical stress o ¢ by considering the net section of the specimen.
Finally, from the obtained values of o ¢, we calculated those of Kic by the classical formula below:

Kie ZUC\/Ef( ) Q)

2
|14

whete d¢ is the critical stress, a is the notch length, W is the specimen width, and f (—j is a geometric function given
w

f(iJ =1.12-0.23 [i) +10.56 (ij —21.74 [ij +30.42 (i) ©)

The results obtained for the two configurations studied are grouped in Tab. 2.

by:

Configuration (1): parallel filaments between layers

Raster angle 15° 30° 45° 60° 75°
Ky (
3.064 2.72 2.16 1.74 0.66
MPa~lm )
Configuration (2): cross filaments between layers
Raster angle 15°/-75° 30°/-60° 45°/-45°
Ko (MPa'm) 3.31 3.13 3.41

Table 2: Critical stress intensity factors Kic obtained.

For the first configuration (parallel filaments between layers), when the raster angle is small, the behavior of an FDM
printed ABS part approaches that of continuous ABS [29]. In the literature, authors Khatri et al. [30] were able to find a

Kic value of 3.66 MPax/m for an angle of 0°. This value is of the same order of magnitude as the value we found (3.64

MPam ) for our smallest studied angle (15°). As the angle increases, the resistance to crack propagation becomes lower.
For the second configuration (cross filaments between layers), the Kic is almost the same for the three cases studied
(15°/-75°), (30°/-60°) and (45°/-45°). However, the (45°/-45°) case has a slightly higher Kic value than the other cases.
These results are discussed in section IV.

NUMERICAL APPROACH

T o better understand this notion of resistance to crack propagation in printed structures, we have performed
numerical simulations of the behavior of SENT specimens. It is from the stress distributions that we will try to
predict the possible trajectories of crack propagation.

Geometric model and boundary conditions

The numerical approach we adopted to simulate the mechanical behavior of our SENT specimens was developed in our
laboratory by Othmani et al. (co-authors of this article) [31]. Through the imitation of the manufacturing method of the
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FDM process, we created digital models of the SENT specimens using a program written in "Python" language. This
program imports a G-code file generated by the "Slic3t" software. The latter imports a complete model of the specimen
in STL format and cuts it into several layers and trajectories, according to the selected manufacturing parameters. The
execution of the program allows the calculation code "Abaqus Standard", through a Macro, to draw the trajectories as
lines. From the instructions of the numerical control written in the G code file, a section is assigned to the different paths.
This allows to model the cross section of the deposited filament. This section will be generated on all the lines, thus
obtaining a three-dimensional part that reproduces the structure of a printed part. To create the contact between the layers
and the successive filaments, we used a "Tie' type interaction. The mesh of the digital specimen is realized with 3D
tetrahedral linear elements (C3D4).

All the steps of the procedure are summarized in the flowchart below (Fig. 8) :

Simple model of a
specimen in a CAD
software

STL format

Setting of manufacturing ¢
parameters

| Slicing software (Slicer) |

A 4

Filament path G-Code file

v

Preparation of the code in

the 'Phyton’ Ia_nguage o Macro/Program
L
Applied Boundary FDM model of a
Conditions > specimen in a CAD
software

v

Calculation code:
= Numerical simulation of
mechanical behavior

Visualization of results

Figure 8: Steps to build the numerical samples to run the simulations

For the material used, we considered the properties of ABS filament that were obtained from the literature [32]. The
values, are : 2.0 GPa for the Young's modulus, 0.3 for the Poisson's ratio and 1050 kg/m3 for the density. The boundary
conditions applied during the numerical simulation are identical to those applied during a physical test. We imposed an
embedding on one face of our virtual specimen and on the other face, a forced displacement ug along the longitudinal axis

(Fig. 9).

Embedding

forced
Displacement w1
(Or applied
Stress oy,

Figure 9: Geometric model of SENT specimen and boundary conditions.
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Stress distribution
From the results of our simulations, we have plotted the Von Mises stress distributions for the two configurations of the

printed specimens (Fig. 10).

35e+01
e+01

%)
871e+01
48e+01

Figure 10 : (ai) Von Mises stress distribution and (bi) Damage paths for angles: (i=1) 15°, (i=2) 30°, (i=3) 45°, (i=4) 60°, (i=5) 75°.

According to these analyses, we can see for configuration (1) that the distribution of stresses highlights concentrations
oriented according to the angles of the raster (Fig. 10(al :15°), (a2 :30°), (a3 :45°), (a4 :60°) and (a5 :75°)).

These stress concentrations are characterized by their location at the interfaces between filaments. These zones are
ptivileged for possible crack propagation. This was confirmed by our observations (Fig. 10(b1:15°), (b2:30°), (b3:45°),
(b4:60°) and (b5:75°)). Indeed, the crack initiates at the notch tip and follows a path oriented along the raster angle.

For configuration (2), which has crossed filament layers, the resistance to crack propagation is almost the same for all
angle combinations, as shown by the Kic values in Tab. 2. However, the crack propagation when it initiates, it follows the
path of the largest angle for the cases (15°/-75°, 30°/-60°). This is because the crack easily progresses in the layers that
have the weakest Kic in the structure. This finding was confirmed by our observations (Fig. 11 a and b). For the case
(45°/-45°), the crack propagation in the vicinity of the initiation follows the 45° angle once on the left and once on the
right in a staircase form. After this localised area, the crack propagates almost straight.

Concerning this configuration 2, the numerical simulations are very complex. They are the subject of our perspectives.

@)
Figure 11: Macroscopic crack paths: (a) 15°/-75°, (b) 30°/-60° and (c) 45°/-45°.
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DISCUSSION

observations from a digital microscope (Fig.12).

For configuration 1, the crack propagation develops between filaments following the raster angle. The fracture
facies clearly show that from one layer to another, the filaments remain in the same plane (Fig. 12a). In this case, all the
layers of the specimen resist the crack propagation in the same way. Depending on the raster angle, this resistance changes
from one case to another. Indeed, the normal stress, which separates in mode I two adjacent filaments, is determined
from the stress applied to the specimen multiplied by the sine of the raster angle. When this angle is small, the normal
stress on the filament becomes small. This makes it difficult to separate the filaments. For this case, we have a better
resistance. On the contrary, with the increase of the angle, the normal stress increases and can easily separate the
filaments. This finding is in agreement with the values obtained by Kic (Tab. 2).

T o analyze the difference between the behaviors of the two configurations (1) and (2), we have deepened our

Figure 12: Rupture facies: (a) Configuration (1): filaments separation and (b) Configuration (2): layer (i); filaments separation, layer
(i+1); filaments rupture.

For configuration (2) with filaments crossed from one layer to the other, two types of damage can be observed (Fig. 12b).
One type corresponds to filament separation and the other corresponds to transverse filament breakage. These two types
of damage are alternated from one layer to the other. Indeed, the stress g applied at the end of the test piece is
decomposes into tangential Ti and normal gi components for a filament of a layer (i). And for the filament of layer (i+1),
this stress 0o can be decomposed into tangential Ti+1 and normal 0i+1 components with 7,,, = o, and o,,, = 7,. These
are the components that generate the two types of damage mentioned above. The normal component to the filament
generates the separation of the filaments and the tangential component, which develops longitudinally to the filament
causes its rupture.

Finally, in one layer (i), we observe a damage by separation of the filaments and in the other (i+1) a transverse break of
the filaments. It is this last type of damage that reveals that the resistance to crack propagation is almost identical for the
different cases of configuration 2. Indeed, the filament breakage is identical for all specimens. This is why we obtained an
almost identical stress intensity factor Kic for the different cases of configuration 2 studied (Tab. 2).

CONCLUSION

this phenomenon is quite complex, we limited our study to the effect of the raster angle on the propagation of the

crack in a SENT specimen printed in ABS by FDM. To do this, two approaches have been developed. One is
experimental to determine the Kic and the other is numerical to highlight the possible paths of crack propagation in this
type of structure.

I n this contribution, the phenomenon of the breaking strength of parts obtained by 3D printing has been treated. As
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From our experimental results, we determined the stress intensity factor Kic for the two studied configurations. For
configuration 1 (filaments parallel between layers), the Kic is very sensitive to the raster angle. When the angle is small, the
Kic value is high, indicating good resistance to crack propagation. However, when the raster angle is large, this resistance
becomes low and the damage by separation of the filaments is eminent. For this configuration, the crack propagation
follows the raster angle. This finding was confirmed not only by our macroscopic observations but also by our numerical
simulations.

For configuration 2 (filaments crossed between layers), the Kic values are almost identical for different combinations of

raster angles. The order of magnitude of the Kic is 3 MPa~n , this value is still lower than for continuous ABS. Indeed,
in this type of configuration, only 50% of the layers constituting the specimen that generate a good strength. By analyzing
the damage phenomenon of this configuration 2, we observed two types of failures. The first type is the separation of
adjacent filaments. In this case, the crack follows the largest raster angle of the structure. Except for the case (45°/-45°),
where the crack remains more or less straight but with small bifurcations. The second type corresponds to the transverse
rupture of the filament which opposes a resistance somewhat close to that of the continuous ABS.
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