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ABSTRACT. The use of components obtained through the additive
manufacturing (AM) technique has become increasingly widespread in recent
years, playing a central role in industrial production, and in particular in some
fields such as automotive, biomedical, acrospace and electronics. Among all
AM techniques, FDM (Fused Deposition Modelling) represents the most used
printing technique to produce polymeric and composite components, thanks
to the flexible printing process, the low cost and the diversity of the materials
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adopted. The aim of the present work concerns the comparison between the
mechanical properties of three plastic materials printed with the FDM
technique (polylactic acid PLA, polyethylene terephthalate glycol-modified
PETG and Acrylonitrile-butadiene-styrene ABS) using an Original Prusa i3
MK3S, by vatying the raster angle between 0°, 45° and 90° degrees. Infrared
Thermography has been adopted to monitor the temperature evolution during
static tensile tests and to assess stress level that can initiate damage within the
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material. Failure analysis was performed to correlate the mechanical behaviour
with the microstructural characteristics of the materials.
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INTRODUCTION

increasingly popular in the last years [1-3]. The growing trend is related to the fact that this technique allows to
manufacture components of complex geometry without removing material with several advantages compared with
conventional manufacturing processes [4—6]. Moreover, with respect to conventional techniques, such as cutting, casting
and turning, the waste of raw material is reduced. The idea at the basis of this technique is to realize a component through
filament/powder of material deposited layer by layer. Additive manufacturing plays an increasingly central role in industrial
production, and in particular in some fields such as automotive [7], biomedical [8—10], acrospace [11] and electronics [12].

T he design and realization of 3D printing objects through Additive Manufacturing (AM) technique has become
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Thanks to the evolution of rapid prototyping, interest has grown in the design of topologically optimized components [13],
due to the development of algorithms such as the stochastic methods [14] or the hollowing method [15], allow to maintain
good mechanical characteristics by reducing their weight, this last parameter is fundamental in light structures. A lot of
printing method are commercially available, such as Fusion Deposition Modelling (FDM) [16], Laminated Object
Manufacturing (LOM), Stereolithography (SL) [17], Powder-Bed Fusion [18], Selective Laser Sintering (SLS) [19], and
Electron Beam Melting (EBM) [20,21]. Among all the techniques, the FDM represents the most used printing technique to
produce polymer and composite components [22], thanks to the flexible printing process, low cost, and diversity of materials
used. To obtain a component by FDM, a 3D model must be established and imported into slicing software setting all
printing parameters such as printing speed, layer thickness, filling speed and printing temperature to control the 3D printing
machine [23]. During the modelling process, a filament is heated and extruded into the nozzle in a semi-liquid state and
deposited on the previous material layer, repeating the process until the object is completely made [24]. Considering the
printing principle of the FDM technique, it is reasonable to consider materials having orthotropic properties. In particular,
the mechanical properties in the direction perpendicular to the material layer are different from those in the transverse plane.
There are many studies in the literature that address the problem of the printing angle. Zhao et al [25] proposed two novel
theoretical models to predict the tensile strength and Young's modulus of FDM additive manufactuting PLA (polylactic
acid) material with different printing angles and layer thicknesses. Firstly, the strength theoretical model is established based
on the transversely isotropic material hypothesis and T'sai-Hill strength criterion. Then, Young's modulus theoretical model
is established based on the orthotropic material hypothesis under plane stress state. Yao et al.[20] studied a new separate-
modes of transversely isotropic theoretical failure model to predict the tensile failure strength and separation angle of FDM
3D printing PLA material based on the hypothesis of transverse isotropy and the classical separate-modes failure criterion.
The tensile specimens designed were fabricated at 7 different printing angles (0°, 15°, 30°, 45°, 60°, 75°, 90°) and three levels
of printing layer thickness (0.1 mm, 0.2 mm, 0.3 mm). Djouda et al. [27] performed an experimental study on FDM by
adopting Digital Image Correlation to assess the local strain behaviour in the proximity of notches. Due to the several
thermal cycles to which the material is subjected during the FDM printing process, structural integrity must be monitored
to ensure reliable devices [28]. Among non-destructive techniques for structures reliability, thermography has a prominent
role due to its easy-to-use and rapidity in providing results. In the last thirty years, it has been applied to a large class of
materials by the Risitano’s Research Group and other researchers around the world [29-32]. More recently, Risitano and
Risitano [33], by observing the temperature evolution during a static tensile test on specimen, correlated the deviation from
the linear thermoelastic law to the onset of irreversible damage within the material. They linked the corresponding applied
macroscopic stress to a “limit stress” that, if cyclically applied, will lead the material to fatigue failure.

The focus of the present work concerns the comparison between the mechanical properties of three plastic materials printed
with FDM technique (polylactic acid PLA, polyethylene terephthalate glycol-modified PETG and Acrylonitrile-butadiene-
styrene ABS), varying the raster angle between 0°, 45° and 90° degrees. Infrared Thermography has been adopted to monitor
the temperature evolution during static tensile tests and to assess stress level that can initiate damage within the material.
Failure analysis was performed to correlate the mechanical behaviour with the microstructural characteristics of the
materials. The findings are of interest in the field of Design for Additive Manufacturing (IDfAM) [34], allowing designers to
orient themselves in the choice of the best materials and printing parameters in function of their needs and to understand
and forecast the ways of failure.

THEORETICAL BACKGROUND: ENERGY RELEASE DURING A STATIC TENSILE TEST

tests of common engineering materials. The first researcher that observed the temperature trend of a cyclically loaded
material was Risitano in 1986 [35]. In 2000, La Rosa and Risitano [36] proposed a rapid procedure to assess the fatigue
limit of the material by monitoring the energy release of material loaded with a stress level above its fatigue limit. The
Risitano’s Thermographic Method (RTM) allows to assess in a few hours and with a very limited number of specimens the
fatigue limit of the material and its SN curve [37].
Lord Kelvin [38] in 1853 discovered the thermoelastic effect of solid materials. The temperature law of variation of a solid
material under uniaxial tensile stress can be expressed as (Eqn. 1):

I n the last thirty years, infrared thermography has been applied to monitor the temperature evolution during fatigue

AT=-K_T,I, M

where Kn, is the thermoelastic coefficient of the material, To the initial temperature of the material and I, the first invariant
of the stress tensor. Caglioti et al. [39] studied the thermoelastic effect defining a temperature vs. time diagram for a steel
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specimen during a monoaxial tensile test. The main aim was to determine the yield strength of the material as the
corresponding stress at which the temperature signal exhibits a minimum value, with a horizontal tangent. Melvin et al.
[40,41] performed studies on the heat generated during a monoaxial tensile test of steel and related the formation of
microcracks with the loss of linearity of the temperature signal in time.

By observing the temperature trend during a static tensile test, it is possible to distinguish three different phases (Fig. 1). In
the first phase (Phase 1), all the material is elastically stressed, and the temperature shows a linear trend. As the applied stress
is increased, some damage within the material is introduced. The material has some microplastic area; however, it is mainly
elastically stressed (Phase II). In such phase, the temperature signal shows a deviation from the first linear elastic trend
(point A). By increasing the applied stress level, the temperature signal reaches a plateau region (point B), then irreversible
plastic deformations have a predominant role and the temperature begins to increase up to the failure of the material (Phase
I1I).

6 [MPa]
AT, [K]

Phase 11

t [s]

Figure 1: Qualitative AT trend vs machine time (t) vs applied stress (o).

Melvin and co-workers evaluated the entropy of the phenomena and obtained the expression of the temperature variation
for a cylindrical specimen made of homogeneous material and subjected to a constant stress rate (stress over time), with om
the average stress in the specimen’s cross section:

2
AT=K, T, B ®)
3¢ . E

v

Such mathematical expression is not easy to apply in practical cases due to the difficulty in assessing some parameters (for
example B is the drag coefficient, strictly related to the Burges vector b). The first term of Eqn. 2 is related to the linear
elastic part, while the second term is related to the plastic one. In this analytical model, the loss of linearity in the temperature
vs. time signal (AT-t) occurs at the first micro-plasticity, which occurs before yielding as verified by numerous experimental
tests.

Thanks to infrared thermography it is possible to monitor the specimen’s surface temperature during a monoaxial tensile
test and obtain temperature vs. stress vs. time diagrams [42]. In such diagrams it is possible to define the stress level at which
the temperature deviates from the linear trend, the limit stress oim [33] (point A, Fig. 1). Adiabatic test conditions are required
to prevent the specimen to exchange heat with the surrounding environment, so the test velocity must be chosen
accordingly. The limit stress coincides with the macro stress value able to produce micro-cracks within the material and, if
cyclically applied, its fatigue failure.

MATERIALS AND METHODS

FDM specimen preparation
he geometry of the specimen was realized according to Type I of the ASTM D638 standard (Fig. 2a). All specimens
were produced by an Original Prusa i3 MK3S + FDM printer (Prusa Research, Prague, Czech Republic) equipped
with a brass nozzle 0.4 mm in diameter. The slicing was done with the software PrusaSlicer 2.4.0 (Prusa Research,
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Prague, Czech Republic). The filaments studied were ABS, PETG and PLA from Sunlu producer (1.7520.02 mm of
diameter). On the extruder head there are two counter-rotating driving wheels that pull the filament and push it through a
heating block and a hot nozzle. A tube made of polytetrafluorethylene (PTFE) guides the filament to the extruder unit. The
unit also includes a sensor, which detects the incoming filament. FDM technology is based on the deposition of a plastic
filament according to a precise sequence of instructions showing the displacement coordinates of the x, y, z axes of the 3D
printer. These instructions are provided by a special file created by a slicing software that reconstructs the object one level
at a time on the construction plane. After the material was molten, the FDM printer deposited a strand by moving the
printing head according to the predefined geometry. This occurred in a layer-by-layer manner. After finishing the first layer,
the height of the extrusion head was increased by the amount of one layer and the second layer was deposited. This process
was repeated until a defined height of the geometry was reached. The used processing parameters are summarized in Tab.
1. Nozzle and build platform temperatures were chosen for each material to match the producer's material data sheet. To
avoid further influences of different processing parameters, such as layer thickness, temperature, infill percentage, infill
pattern, or printing speed on the mechanical properties, these were kept constants for all specimens produced in this study
(Tab. 1). The printing infill was set to 100% to achieve the highest mechanical properties.

Parameters ABS PETG PLA
Nozzle temperature [°C] 260 240 200
Bed temperature [°C] 90 90 90

Adhesion Brim Brim Brim

Layer thickness [mm] 0.15 0.15 0.15
Printing speed [mm s~ 60 60 60
Printing infill [%4] 100 100 100

Table 1: Processing parameters of ABS, PETG and PLA.

Three different print orientations were chosen for the filling. The approach used consists of positioning the geometries of
the three specimens, already oriented in the three angles considered (0°, 45° and 90°) and setting a single filling angle in the
FDM, i.e., 0 °. Fig. 2b shows the otientation of the specimens with the relative infill.

S91

Oh. AL PRU! MK3

ny Josef Prusa

19
Thickness 7 mm
@ (b) ©

Figure 2: a) Orientation of the specimens with relative infill; b) Original Prusa i3 MK3S+, spool of filament and specimens.
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This type of approach made it possible to obtain a faster production speed of the specimens. Each set of specimens was
printed in the same ambient conditions (external temperatures, humidity). Fig. 2c shows the FDM printing setup consisting
of Original Prusa i3 MK3S+, spool of filament and specimens.

Static tensile tests

The specimens were tested under displacement control, with an elongation rate of 5 mm/min, adopting a servo-hydraulic
loading machine ITALSIGMA 25 kN (Fig. 3). The tests were performed at an ambient temperature and relative humidity,
respectively, of 23°C and 50%. For each material and each raster angle orientation, a number of 3 specimens was tested.
The strain was measured by adopting an extensometer with an initial gauge length of Lo= 50 mm.

From the static tensile tests, the engineering stress-strain curve, the Young’s Modulus (E), the ultimate strength (ou) and the
ultimate strain (€u) for each material were evaluated. The engineering stress was obtained as the ratio between the
instantaneous force and the nominal cross-section area of the specimen, while the engineering strain was estimated as the
ratio of the instantaneous elongation and the initial gauge length of the extensometer. Young’s Modulus was estimated as
the linear regression of the stress vs. strain between the strain levels of e;= 0.0005 e e2= 0.0025 according to the ISO527
standard. The ultimate strength and strain were evaluated as the values at failure of the specimen.

Hydraulic testing
machine
(ITALSIGMA)

FDM specimen
‘t

4

Figure 3: Experimental test setup.

During static tensile tests, the surface temperature evolution was monitored with an infrared camera FLIR A40 with an
image resolution of 320x240 pixel, thermal sensitivity of 0.08 °C at 30°C and frame rate of 1 Hz. The specimens’ sutface
was painted with black paint to increase thermal emissivity up to 0.98. The maximum temperature value of a rectangular
area placed on the specimen’s length has been acquired.

The evaluation of the fracture surface of the printed materials was performed using optical microscopy.

RESULTS AND DISCUSSION

Mechanical behaviour of FDM material

tatic tensile tests have been performed on three different plastic materials (ABS, PET'G and PLA) obtained by FDM.
S Three raster angle orientations have been investigated (0°, 45° and 90°) by testing three specimens for each raster

angle. The engineering stress-strain curves of the materials have been obtained and reported in Fig. 4 for all the tested
specimens. The ABS stress-strain curves (Fig. 4a) exhibit an almost linear trend followed by a very short hardening region
before the specimen’s failure. The specimens with a raster angle orientation of 0° (blue curves, Fig. 4a) have the worst
mechanical performance; indeed, the plane orientation is perpendicular to the loading direction, leading to a premature
failure of the specimens. The specimens with a raster angle orientation of 45° (red curves, Fig. 4a) have better mechanical
petformance respect to the 0° configuration. Indeed, the plane otientation is at 45° respect the loading direction, inducing
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a failure mechanism governed by sheat. The 90° raster angle configuration (black cutves, Fig. 4a), where the planes are
parallel to the loading direction, shows the best mechanical performances for the ABS specimens.
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Figure 4: Engineering Stress-Strain curves at several raster angles for: a) ABS; b) PETG; ¢) PLA.

The PETG specimens, compared to the ABS ones, show a more marked hardening region, except for the 0°-oriented
configuration (blue curves, Fig. 4b) which exhibits a brittle fracture behaviour. On the other hand, the 45°- and 90°-oriented
specimens (red and black curves, Fig. 4b) have better mechanical petformances. As for the ABS 0°-otiented specimens, the
plane orientation respects the loading direction has a predominant role in the mechanical behaviour of the material. PLA
specimens (Fig. 4c), as the previous material, show a marked mechanical behaviour strictly dependent on the raster angle
orientation. This matetial also exhibits a hardening region, even for 0° raster angle orientation. However, the 90°-oriented
has the best mechanical performances, compared to 0° and 45°, due to the parallel otientation of the plane respect to the
loading direction.

Comparison of mechanical properties

From the engineering stress-strain curves of the different materials, it has been possible to evaluate the mechanical properties
such as Young’s Modulus, ultimate tensile strength, and ultimate strain. The average values, estimated on three specimens
per material type, with one standard deviation band have been reported in Fig. 5 respect to the raster angle.

The ABS Young’s Moduli have intermediate values compared to the PETG and PLA specimens, with an average value of
2276139 MPa for 0°, 2190£65 MPa for 45° and 2403£181 MPa for 90°. The higher the raster angle orientation, the higher
the standard deviation. The highest value of Young’s Modulus has been reached for the 90° raster angle orientation, with
fibres aligned to the loading direction. PETG has the lowest value of Young’s Modulus, with a minimum value at 0°

80



@g D. D’Andrea et alii, Frattura ed Integrita Strutturale, 62 (2022) 75-90; DOI: 10.3221/IGF-ESIS.62.06

(1633138 MPa). The 90°-otiented specimens have the highest value (180315 MPa) with a smaller standard deviation
compated to the 45°-oriented specimens (1727128 MPa). PLA specimens have the highest Young’s Modulus compared to
the other materials (3021£127 MPa for 0°, 31611102 MPa for 45°, 25561254 MPa).
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Figure 5: Comparison between mechanical properties of ABS, PETG and PLA: a) Young’s Modulus; b) Ultimate strength; c¢) Ultimate
strain.

The ultimate tensile strength of PLLA specimens (Fig. 5b) is the highest compared to the ABS and PETG specimens in each
raster angle otientation (41.920.8 MPa for 0°, 45.5+6.1 MPa for 45°, 55.210.8 MPa for 90°). However, a large scatter is
present in the 45°-oriented specimens. ABS and PETG specimens have a comparable ultimate tensile strength (ABS: 23.8+4
MPa for 0°, 31.6+1.2 MPa for 45°, 38.7£0.9 MPa for 90°) even if in the 90° direction PETG has a higher ultimate tensile
strength (PETG: 23.4+3.6 MPa for 0°, 30.313.0 MPa for 45°, 45.2+1.2 MPa).

Regarding the ultimate strain (Fig. 5¢), PET'G shows higher values as the raster angle is increased (0.016111+0.0031 for 0°,
0.02398+0.0032 for 45°, 0.03888%0.00103 for 90°). ABS and PLA specimens do not show significative differences, except
for the 0°-oriented specimens (ABS: 0.01254£0.0026 for 0°, 0.017998%0.001385 for 45°, 0.01988%0.00038 for 90°; PLA:
0.01709£0.00038 for 0°, 0.0185710.0043 for 45°, 0.0213+0.0005735 for 90°). A large scatter of the data is present in the
0° direction for ABS and PETG specimens and in the 45° direction for PETG and PLA specimens.

The above results confirm the strong anisotropy of the 3D printed specimens with mechanical properties severally
dependent on the printing orientation compared to the loading direction. Dawoud et al. [43] investigate the mechanical
behaviour of ABS specimens obtained by injection moulding and FDM technique. The main parameters considered were
the air gap and the raster angle. Injection moulded specimens had a higher density compared to the FDM ones. This has
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been addressed to the pressure settled during the injection moulding process, which compensates for the material shrinkage
and reduces the air gap. Indeed, with only positive raster gap, raster touch only along one line, while with positive and
negative raster angles the rasters overlap and the adjacent filaments are induced to squeeze, so this can enhance the tensile
strength of the material. For injection moulded specimens they report an ultimate tensile strength of 37.7 MPa, while for
FDM specimens 34.3 MPa was obtained for a positive-negative raster angle configuration of +45°. As main obsetrvation,
they report that the mechanical strength was improved when the subsequent layers are bonded with a negative raster angle,
where more bonding sites by fused deposition are created. The findings of the present study are in agreement with the
finding of Ziemian et al. [44], where the 90° raster angle has the highest mechanical performance, while the 0° raster angle
has the lowest one. Rodriguez-Panes et al. [45] performed a comparative analysis on ABS and PLA specimens manufactured
via FDM with £45° raster angle orientation and different infill percentages. A higher infill percentage leads to better
mechanical performances, however they are lower than the pure filament tested. Samykano et al. [46], by testing ABS
specimens obtained by FDM, found that the optimum parameters for 3D printing using ABS are 80% infill percentage, 0.5
mm layer thickness, and 65° raster angle. The obtained ultimate tensile strength, Young’s Modulus and ultimate strain are
respectively 31.57 MPa, 774.50 MPa, 0.094. These values are coherent with the ones obtained in the present work and they
are within the range of 45° and 90° raster angle orientation.

Srnivasan et al. [47] investigated the mechanical properties of PETG specimens obtained by FDM with different infill

densities. They had shown how the best mechanical performances (ultimate tensile strength 32.12 MPa) were obtained with
an infill density of 100%.

Energy release during static tensile tests

During the static tensile tests, the specimen’s superficial temperature evolution has been monitored to assess possible
deviation from the linear thermoelastic law.
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Figure 6: Energy release of ABS specimens during static tensile test with different raster angle: a) 0% b) 45°; ¢) 90°.

The maximum value of temperature of a rectangular spot placed on the specimen’s gauge length has been evaluated
(continuous line) and plotted versus the applied stress level (dashed lines) and test time (Fig. 6, Fig. 7 and Fig. 8). The
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temperature signal has been referred to the relative value respect to the beginning of the test, i.e. when the specimen is
unloaded.

Fig. 6 reports the temperature evolution for ABS specimens at different raster angle orientations. The temperature signal
for the 0°-oriented specimens (Fig. 6a) shows a decrement with a noisy signal, with relevant differences among each of the
three tested specimens. It is difficult to assess the two temperature phases and the third phase is not present due to a sudden
failure of the specimens. The temperature signal of 45°-oriented specimens (Fig. 6b) is characterized by a matked linear
decrement followed by a sudden failure of the specimens with a very high temperature increment. The 90°-oriented
specimens (Fig. 6¢) have a clear temperature trend compared to the previous raster angle orientations. A slight change in
the slope of the temperature signal can be identified between 17 s and 20 s. After Phase II, the specimens experience a
sudden failure with a high temperature increment.

PETG 0°-oriented specimens (Fig. 7a) show a very noisy temperature signal without any significative temperature increment
at failure. On the other hand, the 45°-oriented specimens (Fig. 7b) exhibit a linear decrement up to the sudden specimen’s
failure, with a relevant temperature increment. Regarding the 90°-oriented specimens (Fig. 7c), it is cleatly possible to
distinguish the two temperature phases, followed by a sudden failure of the specimens with high temperature increment.
The transition between Phase I and Phase II can be identified within 4045 s time interval.
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Figure 7: Energy release of PETG specimens during static tensile test with different raster angle: a) 0% b) 45°; ¢) 90°.

PLA specimens with 0° raster orientation (Fig. 8a) have a clear temperature signal, however they show an almost linear
decrement up to the sudden failure of the specimen. On the other hand, the 45°-otiented specimens (Fig. 8b) have a clear
distinction between Phase I and Phase II but followed by a sudden failure of the specimens with the highest temperature
decrement respect to the other materials analysed (about -1 K). The same observation applies to the 90°-oriented specimens
but without a clear distinction between the two phases.

For those specimens that has shown a clear distinction between Phase I and Phase II (ABS 90°, PETG 90° and PLA 45°),
it has been possible to assess the value of the limit stress by performing the intersection of two straight lines related to the
temperature signal. As in the previous analysis, the temperature signal has been reported versus the applied stress level and
time. In this case, to enhance the linear elastic trend and to neglect some possible outliers, the temperature signal has been
filtered with a rlowess filter with a data span of 5%, then it has been divided into two different temperature sets. The first
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temperature set (AT1) is related to the first linear thermoelastic temperature trend (Phase I), while the second set is related
to Phase II (AT5), where the variance to the linearity has been noticed, and before Phase III. The temperature points near
the transition area from Phase I and Phase II have been neglected (Experimental temperature set). For sake of brevity only
the analysis of a single test for material has been reported considering that the same specimens exhibit similar behaviour.
The ABS 90°-oriented specimen (Fig. 9a, Specimen no. 2) exhibits a deviation from the linear elastic trend of the signal for
a testing time of 16.95 s, identified by performing the intersection between the linear regression of the AT and AT time
series. The corresponding stress level where the transition from Phase I to Phase 11 happen is the limit stress. For this test,
it is equal to olim= 26.4 MPa. For the three tested ABS specimens, with a raster angle orientation of 90°, an average value of
the limit stress has been found to be equal to oym= 25.3%1.1 MPa.
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Figure 8: Energy release of PLLA specimens during static tensile test with different raster angle: a) 0°; b) 45°; ¢) 90°.

The same procedure followed for the ABS specimens has been adopted to identify the limit stress of the PETG specimens
with a raster angle orientation of 90°. Fig. 9¢ reports the filtered temperature trend of Specimen no. 2, where it is cleatly
identifiable the first linear temperature decrement followed by a second temperature decrement phase. The transition time
has been identified as 32.8 s with a corresponding value of the limit stress equal to oiim= 34.4 MPa. For the PETG specimens
with a raster angle orientation of 90° an average value of the limit stress has been assessed as oim= 34.310.4 MPa. For the
PLA specimens, the raster angle otientation that shows a transition between Phase I and Phase II has been the 45° one.
Results of the test performed on Specimen no. 1 (Fig. 9¢) show a value of the limit stress equal to oim= 33.3 MPa. For the
three tests performed on this PLA configuration, the average value has been oym= 33.7£0.6 MPa.

The assessed value of the limit stress, according to the model proposed by Risitano and Risitano [33], can be related to a
macroscopic stress level that, if applied cyclically, can lead to the failure of the specimen. This stress level is responsible for
the activation and growth of irreversible damage within the material. Infrared thermography has been applied for the damage
investigation of composites materials [48]. Santonocito [49] applying infrared thermography on 3D-printed PA12 specimens,
obtained by MultijetFusion printing system, identified a limit stress for that material. Constant amplitude fatigue test
performed at a stress level near the identified limit stress showed failure and run out (i.e. infinite life of the specimen)
confirming those findings. Santonocito et al. [50] applying the STM on PA12, specimens obtained by Selective Laser
Sintering, confirmed that the limit stress is in good agreement with the findings of the test performed according to the RTM.
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Energy-based approaches have been proved to assess the fatigue properties of additive manufactured material with a limited
number of specimens and in a short amount of time. To verify the correlation between the limit stress of FDM materials
and their fatigue limit a traditional fatigue test campaign have to be performed in future studies.

40 - 11
10.6
of 7 :
1 104 1
201 I I 10.5
1 1
10 1 ABS-90° Sp.2 102 1
= O AT fit point o = ETG-90° o
g |9 dnien Z z L Z
= 0 X A Exp. Temp. 0 - = 0 | a AT, fit point 0 -
N — — = ATy =2.60E-02: -6.95E-02 oY Exp. Temp.
© 10k o L, AT, =-1.00E-02+¢ -3.41E-01 < ® 1o ©°0Q | o = S AT 2958024 4741503 <
- -0 | 102 soo [ — AT, =-745E-03:¢ -4.86E-01
~. 1 ool 1
20+ ¥, ' 20 Goop 1-0.5
DA 1704 30+ -5
30 Bs SF TR A
brfian | s 2ol entagly on
40 + [l o S ~ ’ S N =T N -1
50+ N
0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
t[s] t[s]
(a) (b)
I
1
1
1
1
10 1 PLA-45° Sp.1 0.2
E 1 O AT, fit point Z
= R R e lo %
N ~a L o AT =1.99E-02: +2.94E-02 4
| S L AT, =-4.28E-03+¢ -4.36E-01
-10 o 1-0.2
OQQ !
Qr !
=20 S A ! A -0.4
DA AL
300 Tl ST
~ \D‘ln- ‘E~d-ﬂ-u. 1-0.6
401 -
L L 1 L 1 L ] -0.8
0 10 20 30 40 50 60

Figure 9: Limit stress assessed in: a) ABS 90°%; b) PETG 90°; ¢) PLA 45°.

Fracture Surface

To confirm the mechanical behaviour of FDM printed materials, a failure analysis of fracture surfaces was performed. As
has already been highlighted by the engineering stress-strain curves, depending on the type of material and the raster
orientation, the morphology of the fracture surface also changes. It is necessary to underline that all materials analysed
exhibit a brittle behaviour, as also shown in Figs. 10, 11 and 12. Analysing the fracture surfaces of the samples obtained
with raster angle orientation at 0° degrees (Fig. 10), it is possible to notice a brittle behaviour, with reduced areas of
plasticization, more evident in Fig. 10a in the external skin of the ABS specimen. However, it is necessary to specify that
the two external layers that characterize the samples have an otientation of 90° and therefore a different behaviour. On the
other hand, Fig. 10c shows a slight plasticization of the PLA sample, as evident from the lower part of the fracture surface
and confirmed by the bar chart of Fig. 5.

For the samples obtained with the raster angle orientation of 45°, a fracture mechanism governed by shear is noted, which
involves the formation of different fracture planes, as shown in Fig. 11. In Fig. 11a, it can be seen that ABS, in the case of
45 ° orientation, has a brittle behaviour with a fragmentation of the fracture surface in many planes. As regards PETG and
PLA, on the other hand, there are large areas of plasticization with less fragmentation of the fracture surface (Fig. 11b, c).
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(c)
Figure 11: Fracture surfaces of raster angle 45° orientation specimens: a) ABS; b) PETG; ¢) PLA.

As regards the behaviour of the samples obtained with the orientation of the raster angle at 90°, is it possible to note a
clearly different behaviour from the samples at 0° and 45°. First of all, since the fibres ate oriented along the ditection of
the load, large areas of plasticization can be seen on the fracture surfaces (Fig. 12). In particular, by analysing the fracture
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surface of the ABS sample (Fig. 12a), we can see a generalized plasticization of the fibres over the entire surface and a high
delamination effect. Especially in the central area there is the decohesion of the fibres and the creation of large voids. Also
for the PETG specimen (Fig. 12b) a large plasticization of the fibres can be highlighted as shown by the diagram in Fig. 6,
but unlike ABS this is not localized over the entire fracture surface. Also for PETG a delamination of the fibres can be
highlighted, but to a lesser extent than for ABS. Finally, as shown in Fig. 12c, PLA is characterized by a fracture surface
with a plasticization zone and consequent delamination and void formation, and a fracture surface area with brittle behaviour
and less delamination. The phenomenon of delamination and consequent formation of voids that characterizes all the
samples with a raster angle orientation at 90° is due to the stretching phenomenon of the fibres which, being oriented along
the load direction, undergo plasticization and decohesion.

Figure 12: Fracture surfaces of raster angle 90° orientation specimens: a) ABS; b) PETG; ¢) PLA.

CONCLUSIONS

materials under study were ABS, PETG and PLA. Three different raster angle orientations have been chosen to print

the specimens (0°, 45° and 90°). From the static tensile tests, the engineering stress-strain curves of the materials have
been retrieved and the superficial temperature trend has been monitored with an infrared camera. The main results of the
study are the following:

: ; tatic tensile tests have been performed on 3D-printed specimens obtained via Fused Deposition Modelling. The

e The materials have linear elastic behaviour followed by a small hardening phase. The mechanical properties are
strictly dependent on the raster angle orientation, with the plane perpendicular to the loading direction (0°) showing
the worst mechanical performances compared to the plane parallel to it (90°). The 45°-oriented planes are more
subjectable to shear failure.

e The materials show the typical trend of the linear thermoelastic law in a more marked way with 45° and 90° oriented
planes. Especially, in the 90° direction it has been possible to identify two different phases of the temperature signal.
The transition stress level at which the temperature signal deviates from the linearity can be related to the limit
stress of the material, i.e. the first irreversible damage within it.

e A failure analysis was performed on the fracture surfaces to confirm the behaviour of the material, highlighted by
the engineering curves
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Further studies must be performed to correlate the limit stress with the fatigue limit of FDM material. The adoption of
energy methods, as the Static Thermographic Method or Risitano’s Thermographic Method, allows to obtain time and
material-safe useful information regarding the fatigue life of 3D-printed materials where the mechanical and fatigue
performances are severally affected by changing some printing parameters.
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