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ABSTRACT

Purpose: The purpose on this article is to study the failure of FDM printed ABS by exhibiting
an exhaustive crack growth analysis mainly based on raster angle parameter.

Design/methodology/approach: Two approaches have been developed in this study;
On one hand, mechanical experiments were carried out to determine the critical stress
intensity factor K. On the other hand, numerical analysis was used to predict the paths
within the part as well as the crack propagation.

Findings: This work has clearly shown the effect of raster angle on the damage mechanism
of the ABS printed by FDM. Indeed, for the combination 1 (0°/90°), the structure presents
an important stiffness and a high degree of stress distribution symmetry with respect to the
notch. Moreover, the crack propagation is regular and straight, and the damage surfaces are
on the same plane. However, for the combination 2 (-45°/45°), the structure is less resistant
with an asymmetrical stress distribution according to two different planes.

Research limitations/implications: In order to present an exhaustive study, we focused
on the effect of two raster angles (including 0°/90°, -45°/45°) on the ABS crack propagation,
additively manufactured. This study is still in progress for other raster angles, and will be
developed from a design of experiments (DoE) design that incorporates all relevant factors.
To highlight more the cracking mechanisms, microscopic observations will be developed in
more depth.

Practical implications: Our analysis can be used as a decision aid in the design of
FDM parts. Indeed, we can choose the raster angle that would ensure the desired crack
propagation resistance for a functional part.

Originality/value: In this article, we have analyzed the mechanism of damage and crack
propagation. This topic represents a new orientation for many research papers. For our
study, we accompanied our experimental approach with an original numerical approach. In
this numerical approach, we were able to mesh distinctly raster by raster for all layers.
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1. Introduction

Over the past decade, a revolution in traditional
manufacturing processes is being considered at the industrial
level, ranging from functional prototyping applications to
tool production, and finally, to product development. The
term "additive manufacturing (AM)" refers to the set of
three-dimensional printing techniques that appeared in the
1980s and were subsequently developed by manufacturers
to keep pace with the evolution of the industry, and which
are progressively gaining acceptance in key sectors such as
automotive, aerospace and medical [1,2].

Considering the statistical data, the research sector
related to the AM has increased by 40% from 2015 to 2019,
which indicates that 3D printing is a growing manufacturing
method. Medical, engineering, aerospace, automotive
marketing and enterprises are mainly the industries
benefiting from the development of 3D printing [3,4].
Therefore, 3D printing can meet the new needs of customers
and generate revenue for companies [5].

Compared to other 3D printing methods, the one based
on fused deposition modeling (FDM) has gained popularity
due to its high prototyping capabilities, low initial investment,
direct fabrication of complex structures, reduced waste
maintenance costs, and availability of low-cost materials [6].

Among the most widely used thermoplastic materials in
industries, we find the Acrylonitrile Butadiene Styrene
(ABS) [7-9], which has a wide processing window and can
be processed on most standard machines. It can be injection
molded, blow molded or extruded. Its low melting
temperature makes it particularly suitable for processing by
3D printing on an FDM machine.

Compared to conventional manufacturing processes,
many studies have identified the scope of application of AM
using the 3D printing process from the polymer filament.
FDM is characterized by many process parameters that
affect the quality of the obtained parts as well as their
performance and mechanical properties [10-12]. This
highlights the importance of studying the mechanical
strength of FDM printed parts, as well as the effect of
manufacturing parameters on the mechanical behavior of
these components. With many printing parameters available,
the advantage will be to know to better understand the
mechanical response of these compact materials in tension.
Some of these parameters include, layer height [13],
perimeter, build orientation, infill pattern, infill density and
raster angle [14]. In this regard, many studies have been
developed [9,15]. Lubombo et al. [16] studied the influence
of the type of infill pattern on the stiffness and strength of
3D printed cellular PLA parts. Yadav et al. adopted an
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experimental method to analyze and observe the two
parameters, namely the infill pattern (rectilinear and gyroid)
and the build orientation of the part, which affect the
mechanical strength of the parts [17].

Through all these studies, we have noticed that the
aspects of damage and cracking are not sufficiently studied
especially by developing numerical simulations of this type
of phenomenon. In present article, these aspects have
particularly highlighted; we have therefore developed axes
that allow us to understand the damage mechanism of parts
obtained by 3D printing in ABS. To do this, we have mainly
based on the impact of the raster angle on the fracture
resistance of SENT specimens, taking inspiration from
several works in the literature such as Jungivala et al., Hart
et al. and Patel et al. [18-20], which confirm that the
orientation of individual tracks of deposited material relative
to the crack tip appears to have the most pronounced role in
altering the fracture toughness of ABS made by FDM. Two
approaches have been developed in this paper. The first one
is experimental and based on tensile tests to determine the
critical stress intensity factor K;. and the second one is
numerical by using the Von Mises stress distribution to
highlight the possible crack propagation paths in this type of
structure.

2. Fabrication of test specimens
and testing

In this paper, manufacturing specimens from a virtual
model until printing operation was investigated. CAD model
should be converted to STereo-Lithography (STL) format
which is a surface tessellation model that consists of an
irregular mesh corresponding to the curved surfaces of the
model. It is converted into a set of machine instructions
describing the paths into the estimated printed part [21]. We
have made two types of specimens according to the
standards. Dogbone specimens (ISO 527-1 standard) [22]
for material characterization and SENT (Single Edge Nibble
Transmission) specimens (ISO 13586 and ASTM D5045
standard) [23,24] for the determination of the critical stress
intensity factor Kic.

Both types of specimens were produced by the FDM
process using a RAISE 3D printer equipped with a 0.4 mm
diameter extruder (see Fig. 1).

In order to print the specimens, one parameter was
varied, which is the notch length. All other parameters such
as print speed, filament diameter, and infill percentage are
kept fixed (Tab. 1).
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Fig. 1. a) RAISE 3D printer, b) Dogbone test specimens and ¢) SENT test specimens

Table 1.
Printing parameters of the dogbones
Parameters Values Units
Layer thickness 0.2 mm
First layer printing speed 30 mm/s
Print speed of other layers 150 mm/s
Raster angle 0/90 Deg
Infill percentage 90 %
Number of perimeters 2
Fill type Rectilinear
Temperature 230 °C

For dogbone-shaped specimens (Fig. 2), specimen
dimensions are selected in accordance with ISO 527-1 [22],
using a single set of parameters including a layer thickness
of 0.2 mm, a fill percentage of 90% with a raster angle of
(0°/90°) (Tab. 1).

12 %

"—; f/ . 1.5
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Fig. 2. Dimensions of the dogbone test specimen ISO 527-1

SENT samples was performed in several steps. First, the
shape and dimensions of these samples according to the
standards [23-25] was specified. The dimensions of the
conceded samples are shown in Figure 3. For these samples,
four crack lengths were studied as well as two raster patterns.
In this study, we were interested to two combinations,
crossing layers with -45°/45° and 0°/90° of raster angle.

Fracture toughness of ABS additively manufactured by FDM process
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Fig. 3. Dimensions of the SENT test specimen ISO 13586
and ASTM D5045

In order to avoid any accidental damage of the filaments,
we recall that the geometrical model that allowed us to
realize these specimens by FDM includes the notch. After
obtaining the specimens, we manually initiated the crack at
the root of the notch for the two conceded combinations
(Tab. 2).

Table 2.
SENT specimen printing parameters for both combinations
.Layer Raster Number of Notch
Factors thickness, angle, . lengths,
o~ perimeters
mm mm
Combination1 0.2 0°/90° 2 4,6,8, 10
Combination2 0.3  -45°/45° 3 4,6,8,10

From the two types of specimens mentioned above, we
therefore carried out our tensile tests for the characterization
of the material and the determination of the toughness.
To do this, we used a machine type DELTALAB which has
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a maximum load of 50 kN, and a displacement of 0.01 mm/s
(Fig. 4).

Fig. 4. Tensile test device “DELTALAB”

3. Characterization of ABS obtained
by FDM

Pure ABS is considered one of the first and main
materials used in manufacturing by FDM technology. To
better analyze the damage of an ABS sample obtained by
FDM, it is necessary to perform a basic mechanical
characterization based on the tensile tests of dogbone
samples, and extract the main mechanical characteristics
(Fig. 5a), such as Young's modulus and yield strength
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mentioned in Table 3. In addition, we extracted from the
stress-strain curve of the ABS filament (Fig. 5b) [26,27], the
constitutive law that will be introduced later in our
numerical simulations.

Table 3.
Mechanical properties of ABS manufactured by FDM

Mechanical Young's Ela§tlc Breaking Bregkmg
operti modulus, limit, stress, strain,
properties GPa MPa MPa %
Printed ABS =, 1674 2075 174

test specimen

According to these results, the yield strength of printed
ABS is 16.74 MPa. This value will be taken into
consideration when we analyze the tensile test results of the
SENT specimens.

The tensile tests on the SENT specimens allowed us to
obtain the curves represented in Figures 6 and 7. Through
these curves, it can be clearly seen that the notch affects the
strength of the specimens in both combinations of pa-
rameters. The values of the elastic limit are about 10.58 MPa
for combination 1 (Fig. 6), and 8 MPa for combination 2
(Fig. 7). From these results, we can deduce that combination
1 seems to have better tensile strength compared to
combination 2.

Comparing the two combinations (0°/90°) and (-45°/45°),
we can see a very marked difference in the mechanical
behavior. Indeed, the raster angle plays a significant role in
the damage process of SENT samples, as we will specify in
the following paragraphs.
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Fig. 5. Stress-strain curves: a) ABS dogbone specimen obtained by FDM, b) ABS filament
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Fig. 6. Tensile curves of test specimens of combination 1 (0°/ 90°) as a function of notch length a (4 mm, 6 mm and 10 mm)
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Fig. 7. Tensile curve of test specimens of combination 2 (-45°/ 45°) as a function of notch length a (4 mm, 6 mm, 8§ mm and
10 mm)

To do this, we first determined the critical stress o,
(Equation 1) from which the crack can propagate:

4. Determination of tenacity

From the results of experimental tests performed on -
simply notched specimens (SENT) (ISO 13586 and ASTM o = ;Q )]
D5045), we determined for two distinct combinations the

critical stress intensity factor Kjc that characterizes the
strength.

Fracture toughness of ABS additively manufactured by FDM process

where Fy is the crack initiation force and S (S= B*(W-a),
Fig. 3) is the cross-sectional area of the specimen. And
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finally, from this critical stress, we deduced the critical stress
intensity factor by [28]:

Kic = oc.Vma f (%) (2)
In this equation (2), "a" is the length of the notch, W is the
width of the specimen, and f (%) is a geometric function
given by [25,29]:

f(%)=112-023 (£)+1056 (%)2 —21.74 (%)3 +

30.42 (%)4 3)

According to the evolution of the curves of the two
Figures 6 and 7, we can observe three phases in the behavior.
For the first phase, the behavior is linear which corresponds
to the elastic deformations of the filaments. In the second
and third phases, the behavior is non-linear. Initially, there
is a plastic deformation of the filaments with a slight
increase in the resistance. In a second stage, this resistance
decreases significantly, which corresponds to the
progressive advance of the crack until the final rupture. This
propagation can occur more or less quickly depending on the
length of the notch. The smaller the notch, the greater the
resistance and the slower the propagation.

Applying the above approach, we determined from the
curves (Fig. 6 and Fig. 7) the K;. values for the two
combinations studied. The results obtained are grouped in
Table 4.

Table 4.
Critical stress intensity factor Kic of printed ABS specimens
length of the notch "a", 4 6 3 10
mm
Combination 1
Kie. (0°/90°) 230 3.08 3.08 6.37
MPa-m!'? Combination 2
(-45°/45°) 1.71 284 387 6.63

For each parameter combination, we obtained Kjc values
ranging from 1.7 MPa‘m'? to 3.87 MPa-m'? for notch
lengths ranging from 4 mm to 8 mm. These values are of the
same order of magnitude as those in the literature [30,31].
But for notch lengths greater than 8mm, the Kjc reaches
values greater than 6 MPa-m'?2. Indeed, from these long
notch lengths we approach the perimeters of the specimen,
which opposes a great resistance to the propagation of the
crack.

Overall, from the results of this part of our study, we can
deduce that combination 1 (0°/90°) generates a better
resistance to crack propagation compared to combination 2
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(-45°/45°), which has been confirmed by the work of
McLouth et al. [32].

5. Numerical simulations

Based on all the experimental results and deduced
conclusions, we related the resistance to crack propagation
with the geometry of the structure, in particular the raster
angle. To do this, we performed simulations of the behavior
of the specimens with the notch in order to locate the stress
concentration zones that can give an idea of the possible
propagation paths of the crack.

In order to perform the numerical simulations in
accordance with the FDM manufacturing method, a script in
"Python", which is a programming language integrated in
the "Abaqus Standard" calculation code, was developed.
This script executes into "Abaqus Standard" all the
instructions of the G-code file to draw the trajectories [33].

5.1. Geometric model and boundary conditions

To numerically analyze the mechanical strength of the
virtual specimen, we considered a specimen that complies
with the ISO 13586 standard. To prepare the virtual
specimen for the static tensile test, we created 'Tie' type
interaction contacts between every two successive layers of
the specimen and between the filaments. Then we
introduced, in the material part of Abaqus, the behavior law
of the ABS filament (Fig. 5b) [26,27] from which we
extracted the following characteristics: Young's modulus
equal to 2.0 GPa, Poisson's ratio equal to 0.3 and density of
1050 Kg/m®.

The boundary conditions applied during the numerical
simulation are identical to those applied during a physical
test. Thus, we imposed an embedding on one face of our
virtual specimen while we imposed on the other face a
forced displacement u, = 4 mm along the longitudinal axis.
This value was obtained from our experimental tests on
physical specimens.

For the mesh of the virtual specimen, we considered
tetrahedral 3D linear elements, as can be seen in Figure 8
which shows an example of a SENT specimen obtained with
combination 1 (0°/90°).

5.2. Stress distribution

From our numerical simulations, we have represented in
Figure 9 the distribution of equivalent Von Mises stresses
for the two combinations (0°/90°) and (-45°/45°) studied.
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Fig. 8. Modeling of the SENT specimen obtained by FDM
with the boundary conditions and the imposed displacement,
in the case (0°/90°)

Through the maps of Figure 9, we can clearly observe a
strong concentration of stresses in the vicinity of the notch
due to the geometric discontinuity of the notch. This
concentration differs from one combination to another.

Volume 108 - Issue 2 « December 2021

For combination 1 (0°/90°), the concentration is
symmetrical with respect to the notch. As the load increases,
this concentration extends downward symmetrically. This is
illustrated in Figure 10a, showing a cross-sectional plane of
the specimen in which, it can be seen that the stress
concentration is well distributed symmetrically across the
width. This distribution as well as the level of the Von Mises
stress that exceeds the elastic limit of the printed specimen
would partly condition the path of the crack propagation. For
this combination (0°/90°) the crack path could only be
straight, parallel to the crack plane and regular as shown by
the fracture surfaces (see Fig. 10b) and the front view of the
crack (see Fig. 10c¢).

In contrast, for combination 2 (-45°/45°), the stress
concentration is not symmetrical as shown in Figure 9b and
this is due to the raster angle. As the load increases, this
asymmetry changes with the advancement of the crack by
changing the areas of high concentration from one side to
the other with respect to the axis of symmetry of the notch.

+
+
H
A
+
4
=
*
¥
+
+
+
5,

Fig. 9. Distribution of Von-Mises stresses in the vicinity of the notch, a) combination 1(0°/90°), b) combination 2(-45°/45°)
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Fig. 10. Combination 1 (0°/90°): a) Von Mises stress distribution, b) fracture facies and c) right crack
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Fig. 11. Combination 2 (-45°/+45°): a) Von Mises stress distribution, b) fracture facies and c) crack bifurcation

With this change of stress concentration zone, the crack
propagates with very marked bifurcations as shown by the
fracture surface (Fig. 11b) and the frontal view of the crack
(Fig. 11c¢). The fracture surface (Fig. 11b) clearly shows that
the crack changes plane as it advances. The rugged crack
path is clearly seen in the front view (Fig. 11c¢).

The previous results are almost in respect to those
obtained by Isaac et al [34]. They observed that, for a raster
angle of (0°/90°), the crack propagated symmetrically along
the axis of the notch. On the other hand, for a raster angle
of (-45°/+45°), the crack growth evolved along with the
-45°/+45° directions in an asymmetrical manner.

For both combinations studied, the crack propagation
plane follows the path of least resistance of the unaligned
filaments, as previously mentioned by Zaldivar et al [35].
For the combination (0°/90°) the aligned filaments, which
are perpendicular to the propagation plane, act as strong
barriers to crack propagation.

As result, the first combination (0°/90°) is recommended
due to the best mechanical properties that present including
resistance and toughness.

6. Conclusions

In this study, experimental and numerical analysis to
determine the damage mechanism of 3D printing ABS have
been developed by studding the effect of the raster angle on
the crack propagation.

For Kjc, the values obtained ranged from 1.7 MPa-‘m'to
3.87 MPa-m'?, These values are in respect to the literature.
Comparing the two combinations studied, it can be seen that
the combination generates a better resistance to crack
propagation. This can be confirmed by comparisons of the
tensile curves obtained from the tensile tests. The maximum
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stress level of the combination (0°/90°) is higher than that of
the combination (-45°/45°).

Numerical simulations have revealed high stress
concentrations around the notch. This concentration differs
from one combination to another. For combination 1
(0°/90°), the concentration is symmetrical with respect to the
notch and when the load increases, it extends downwards in
a symmetrical manner. Indeed, on a cross-sectional plane of
the specimen, the stress concentration is well distributed
symmetrically across the width, which is in harmony with
the crack growth path.

In contrast, for combination 2 (-45°/45°), the stress
concentration is not symmetrical and this is due to the raster
angle. As the load increases, this asymmetry changes by
changing the areas of high concentration from one side to
the other with respect to the axis of symmetry of the notch.
Taking this observation into account, the crack propagation
would follow a path with bifurcations as shown in the
fracture surface.

Finally, a structure obtained by 3D printing in ABS with
a combination 1 (0°/90°) presents a better mechanical
resistance and a better toughness. Whereas, with a
combination 2 (-45°/45°), the specimen is less resistant to
crack propagation.
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