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Abstract

One of the most significant parameters of the Fused Deposition Modelling (FDM) for 3D printing process
is the raster angle. In this study, the five different raster angles are used to fabricate the 3D parts using
thermoplastic material - polylactic acid (PLA), and tensile properties of these parts are investigated to
identify the best raster position to fabricate the strongest 3D printing part. In this study, the
microstructural analyses on fracture interface, and on outer and inner surfaces of these 3D parts are
performed using a scanning electron microscopy (SEM) to examine material failure modes and reasons,
and defects in the 3D parts. This study identified the best raster orientation to lie down the layers of 3D
printing material during the process. This study also identified that there are several defects in 3D
printed parts at micro level that have large impact on mechanical properties of 3D printed part.

Keywords: 3D printer, PLA, Fused deposition modelling (FDM), additive manufacturing (AM),
microstructural analysis, raster angles, scanning electron microscopy (SEM), tensile test.

Introduction

Additive Manufacturing (AM) is a process that can join materials in an additive way (layer upon layer)
to make complex physical parts from 3D digital models. This manufacturing technique can be
categorised into three fundamental groups such as liquid based, solid based and powder based. Liquid
based AM technique construct an object in liquid or high viscose material state and then use heat to
harden the object such as material jetting and VAT Photopolymerization [1]. Solid state AM technique
use solids in one form or another to create an object such as fused deposit system and Ultrasonic
consolidations [2], [3]. Powder based AM technique such as powder bed fusion (PBF) methods use
either a laser or electron beam to melt and fuse material powder together [4], [5].

3D printing, is referred to as solid state AM technique, is a process of making an object in three
dimensions by stacking up multiple best thin layers of selected material. The first step of this process is
to produce a digital model using a CAD software and transfer it into the 3D printer machine to turn it
into a physical object [6]. This technology becomes more famous for fast manufacturing process for the
small industries and personnel usage. The most significant advantage for 3D printing is that it can
speed up the production process compared to the traditional method of manufacturing [7]. Complicated
designs can be uploaded from a SolidWorks software in digital forms to the 3D printers and can be
printed in a few hours’ time [8]. This technology can be applicable in various fields such as medical
sciences [9],[10], construction, automotive, aerospace and architecture [11]-[13]. It has great potential
in the medical industry. A Kumar et al elucidated the scope of 3D printing technology for tissue
engineering such as development of 3D scaffolds for tissue regeneration [14]-[16]. These studies also
discussed the biocompatibility and mechanical properties of 3D scaffolds that are fabricated with
different 3D additive manufacturing approaches and concluded that the technology is envisaged to meet
the requirements of the biomedical industry. However, some of these applications are still under
investigation and considerable research is required to improve their product performance. Moreover,
one of the biggest advantages of the materials used for the additive manufacturing processes can be
recycled and it can be used back [17], [18]. The small products can be printed using 3D printer with
small cost compared to traditional manufacturing process. However, the cost of the large parts in 3D
printer is high compared to the traditional manufacturing method [19], [20]. The 3D printing technique
is on board from the last three decades, but it is still an under developing technology. This technique
requires deep research to get more information so that it extends can be understood and the benefits
of this technology can be increased.

There are number of raw materials being used in additive manufacturing processes include metals,
alloys, plastics, and other substances in the form of liquids, sheets, powders, and filaments for various
applications. Titanium alloys have been electron and laser beam printed and studied for biomedical and
mechanical response [21], [22]. The thermoplastic filaments are most commonly used in Fused
deposition modelling to fabricate the 3D parts. These materials include acrylonitrile butadiene styrene
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(ABS), polycarbonate (PC), polylactide (PLA) and Polyamide (PA)[23], [24]. PLA is the one of the most
popular materials in 3D printing due to its low cost, good stiffness and strength, high reliability and good
dimensional accuracy and surface finish [25], [26]. PLA is a polymer, called polylactic acid which made
from the organic and renewable resource such as potato starch and sugar cane. It is easy to print with,
compared to other 3D printer material such as ABS. It is strong but more brittle compared to ABS [27].
It has low coefficient of thermal expansion which limits its applications where the printed part is exposed
to temperature higher than 50 °C [28], [29].

Fused deposition modelling (FDM) is one of the popular AM techniques for fabricating plastic parts due
to its low cost, minimal wastage and ease of material change [20]. However, FDM is a complex process
which is based on many parameters [30], [31]. These parameters can be categorised into four groups
such as, part depositing parameters, FDM machine settings, filament properties and environmental
factors. Part depositing parameters are infill speed, infill pattern, layer thickness, raster angles, raster
width, air gap and contour width. FDM machine settings include nozzle temperature, nozzle diameter,
print bed temperature. Filament material properties include its density and colour. Environmental
factors include temperature and humidity [32]. Any small change of these process parameters can
influence the part quality and material properties. There are limited investigations have been reported
on the effect of FDM process parameters on material properties. Therefore, it is crucial to investigate
FDM process parameters to ensure the good quality of the parts using this technique. Different studies
investigated different 3D printing process parameters and identified their influence on material
properties and its behaviour. The raster width and air gaps had been identified as important parameters
in affecting the material porosity and mechanical strength [33]. The one of the previous studies pointed
out the five important process parameters (layer thickness, orientation, raster angle, raster width and
air gap) that have large influence tensile, flexure and impact strength of 3D printed part made up with
ABS material [34]. In another study, the two raster orientations, one is cross (0°/90°) and other one is
crisscross (45°/-45°) direction were investigated using ABS material and found crisscross (45°/-45°)
orientations provides better material strength compared to the other orientation [35]. In another previous
study, the effect of layer height, infill density, layer orientation on the mechanical properties of PLA and
ABS were investigated and identified that PLA is more suitable for the use of 3D printing material [36].
Letcher et al [37] investigated the three raster orientations 0°, 45° and 90° using PLA material and
identified that the 45° raster orientation provided a strongest material behaviour. However, it was not
identified that the material behaviour when the raster angle is gradually increased from 0° to 90°. What
are microstructural changes occurred within the 3D parted part while using different raster angles.

Raster orientation is one of the most important parameters of FDM 3D printing process. Raster
orientation — part build orientation refers to the inclination of a part in a build platform with respect to X,
Y and Z axis as shown in Figure 1. The X and Y axes represent the plane parallel to build platform and
Z axis represents the vertical plane along the direction of the part build [34]. In this study, part depositing
parameter — raster orientation is studied and five different raster orientation angles (0°, 30°, 45°, 60°
and 90°) are investigated, and three specimens with each raster angle orientation setting are printed.
The tensile test is performed for each 3D printed specimen and the effects of this process parameter is
investigated on its tensile strength. The micro structural analysis on fracture interface of the specimens
after tensile testing are also performed using the scanning electron microscope to explain material
failure modes and reasons. In this study, the micro-level structural changes on outer and inner surfaces
of the 3D parts that are fabricated using the five different raster orientations are also examined in detail.



Figure 1: Tensile specimen on 3D printer bed — Image is captured from 3D printer software Cura
4.3.0.

3D printing Material Specification

For this study, the standard PLA material is used for 3D printing. Table 1 and Table 2 show the
specifications and mechanical properties of PLA filament [38].

Table 1: PLA Filament specifications

Diameter 2.85+ 0.10 mm
Max roundness deviation 0.10 mm
Net filament weight 750 ¢
Filament length 95 m

Table 2: Mechanical properties of PLA filament

Tensile modulus 2.34 GPa
Tensile stress at break | 45.6 MPa
Elongation at break 52 %

Experimental procedures

For this study, the experimental work consists of preparation of standardised tensile test specimens
using 3D printer, testing of 3D printed specimens and detailed microstructural analysis of outer and
inner surfaces of 3D printed specimens. The information about each step is provided below in detail.

a. The 3D printing process

Firstly, the test specimens were prepared using 3D printer according to the required specifications. For
that, the 3D CAD SolidWorks 2019 software was used to develop three-dimensional virtual geometry
of the test specimen. The geometry of the specimen was developed according to the ASTM D638
standard tensile test specimen [39] as shown in Figure 2. After developing the virtual specimen
geometry, the SolidWorks file was converted into STL format. The 3D printer can accept this format to
physically print the specimen. Then, the STL file was transferred to the 3D printer-controlled computer.
The 3D printer Ultimaker 5 as shown in Figure 3 was employed to print the specimens as it is a powerful,
simple and reliable 3D printer technology. It operates through a touchscreen interface guides and
displays detailed status information. The PLA spool is used to print the specimens as shown in Figure
4. Cura 4.3.0 — 3D printing software was used to prepare the design that was developed in SolidWorks
for 3D printing. This software can manage, monitor the print progress, maintenance schedules, queue



prints and manage the different software design. For the printing, custom printing settings were used to
get in-depth control to the printing software which allow printer to specific printing parameter settings
such as different raster orientations. This 3D printer extruded the material at 200 °C at a speed of 70
mm/s with the heated bed surface at 60 °C, this is to prevent warping on the first layer of specimen.
The specimens were printed with five different raster orientation angles (0°, 30°, 45°, 60° and 90°) one
by one as shown in Figure 5 . The 100% infill density was used for each raster orientations. There were
three identical tensile specimens printed with each raster orientation and altogether 18 specimens were
printed. All these specimens were built with 1Kg spool of PLA material. This printer starts a printing with
the build of a thin layer of base support as shown in Figure 6 and then it builds an outer layer base and
fill the specimen with specific raster orientation. The process of the 3D printing for these tensile
specimens is shown in Figure 7.
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Figure 2: Geometry of the tensile test specimen according to ASTM D638 standard (all dimensions
are in mm).

Figure 3: The 3D printer Ultimaker S5 Figure 4: PLA spool — Material used for
3D printing
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Figure 5: Five raster orientations used — Images are captured from 3D printer software Cura 4.3.0.

Outer layer Thin base support

Figure 6: 3D printed specimen

Create 3D virtual geometry using CAD software for
tensile test specimen according to ASTM D638

$

Convert CAD file into .STL format to make it
acceptable for 3D printer software-Cura
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Slice the .STL file into thin cross-sectional layers
that controls the part built layer by layer through
depositing the filament material
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Define all printing parameter settings in Cura
including specific raster orientation
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Let the specimen to print by one layer on top of
other until the part is completed

Figure 7: Flow diagram for the process of 3D printing.



b. Tensile testing for 3D printed specimens

All 3D printed specimens were testing according to ASTM D638 standard testing method for tensile
testing of plastics material [39]. Universal tensile testing machine was used to conduct the tensile test.
The specimens were tested at a speed of 5 mm/min. Specimens were set for this test machine using
the desktop testXpert2 software. This software also collected the displacement (mm) and force (N)
values for each test in order to obtain stress-strain curves. Figure 8 shows the tensile test set up to
perform the test for 3D printed specimens.
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Figure 8: shows the tensile test set up to perform the test for 3D printed specimens.

C. Sample preparation for microstructural examination

Material strength of any material directly relates to its microstructure. Therefore, the microstructure
examination of the fractured surface is vital to understand the failure behaviour and failure mode. In this
study, the fractured interface of the tensile specimens after the tensile testing were analysed. In addition
to this, the outer surfaces of the tensile specimens are also examined to identify any defect formed
during 3D printing. In this study, Scanning Electron Microscope (SEM) S-3000N, Hitachi was used at
an acceleration of 5 KV with high vacuumed mode to examine microstructure of the material. In order
to prepare the samples for SEM analysis, specimens were broken into small pieces along the fractured
surfaces. Then, the samples were vacuum sputter coated with a thin layer of gold-palladium alloy to
eliminate the charging effects of the surface. This thin layer coating is important as it provides a
homogeneous surface for analysis and imaging.

Results and discussions
a. Tensile test

There are three identical tensile specimens were tested with each raster orientation. The individual
results for each test are shown in Table 3 and the summary of all the tensile test results are given in
Table 4.



Table 3: Tensile test results of 3D printed specimens.

Raster Actual Actual Elongation at Modulus Ultimate
Orientation Width Thickness Break Elasticity Stress (MPa)
(degree) (mm) (mm) (%) (GPa)

0° (1) 13.34 6.02 1.35 1.13 13.71
0° (2) 13.39 5.98 2.081 0.85 15.15
0° (3) 13.39 5.98 2.22 0.85 13.22
30° (1) 13.37 6.01 3.07 0.77 21.06
30° (2) 13.43 6.03 1.89 0.92 14.48
30° (3) 13.36 6.04 2.21 0.85 15.79
45° (1) 13.00 5.87 4.44 1.21 53.94
45° (2) 12.94 5.85 3.93 1.49 54
45° (3) 12.97 5.89 4.34 1.67 58.4
60° (1) 13.35 6.03 1.82 0.79 13.7
60° (2) 13.29 6.05 2.18 0.95 16.8
60° (3) 13.39 6.02 2.03 0.88 15.3
90° (1) 13.35 5.98 3.63 1.73 47
90° (2) 13.39 6.06 3.25 1.81 42.5
90° (3) 13.33 5.98 2,51 1.47 31.5

Table 4: The summary of all the tensile test results

Raster Orientation Elongation at Break Modulus Elasticity Ultimate Stress

(degree) (%) (GPa) (MPa)
0° 1.88 0.94 14.03
30° 2.39 0.85 17.11
45° 4.24 1.46 55.45
60° 2.01 0.87 15.27

90° 3.13 1.67 40.33
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Figure 9: Tensile test results (stress-strain curves) for each of the raster orientation.

Table 3 and Table 4 results show the effect of raster orientation on tensile properties including the
ultimate strength, the modulus of elasticity and elongation at break that for the material of PLA. The 45°
raster orientation produced a strongest specimen with the average ultimate tensile is 55.45 MPa and
highest elongation of 4.24 %. The 90° raster orientations produced the specimen with the average
ultimate tensile strength is 40.33 MPa (27% less than the strength of the specimen produced with 45°
raster orientation), which is the second highest strength compared to the results of all other printed
specimens. The 0°, 30° and 60° orientations produced weak specimens with the average ultimate
strength are 14.04 MPa, 17.11 MPa and 15.27 MPa respectively. These results show that the position
of raster is an important parameter for 3D printing, and it has a vital role in the specimen strength. Figure
9 shows the stress strain curves for the specimens printed with five different raster orientations. From
these curves it can be identified that which specimen have strongest, toughest and brittle material
behaviour. In order to identify which orientation produced a strongest specimen, the stress value at
break are compared for all these five specimens. The orientation 45° shown a strongest specimen with
the value of 55.45 MPa and specimen printed with the orientation of 0° produced a weakest specimen
with the value of 14.03 MPa. The specimen printed with the orientations of 45°, 90° and 60° shown both
elastic and plastic deformation, therefore these specimens are identified as hard materials. The
specimen printed with the orientations of 30° and 0° deformed only elastically and show brittle material
behaviour. The toughness is the measure of material’s ability to absorb energy before it breaks and it
can be measured by the area under the stress strain curve. In term of identifying toughest specimens
among all these five specimens, Figure 9 shows that the specimen printed with the orientations of 45°
produced a specimen with high toughness, and for the specimen with the orientations of 90°, 30°, 60°
and 0° produced specimens with gradually reduction of the value of toughness from high to low
respectively.



b. Outer surface observations of tensile specimens

Figure 10 shows SEM micrographs of outer top surfaces of the tensile specimens. These micrographs
confirmed the printed patterns formed with five different raster orientations.
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Figure 10: SEM micrographs represent printing patterns those are formed with five different raster
orientations (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 90°.

C. Fracture interface observations after tensile test

Figure 11 shows SEM micrographs of fracture interface of tensile specimens with five raster angles (a)
09, (b) 30°, (c) 45°, (d) 60° and (e) 90°. As shown in Figure 11 (a, b and d) the specimens got ruptured
along the layers and formed smooth fractured surfaces, which indicates that the raster angles 0°, 30°
and 60° are not given the opportunity to the material to resist the tensile load instead of this the
specimens failed due to poor interfacial adhesion between the layers. The specimens formed with these
raster orientations are not effectively transferred tensile load from one layer to another layer so that
small tensile strength and tensile modulus were attained. However, in the contrary, the specimens
formed with the raster angles 45° and 90° are showed rough fractured surfaces as shown Figure 11 (c)
and (e), and these specimens are featured due to material failing during tensile loading so that larger
tensile strength and tensile modules were achieved.
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Figure 11: SEM images of fractured interface of tensile specimens with five raster angles a. 0°, b. 30°,
c. 45°,d. 60° and e. 90°.

d. 3D printing defects

Any defects such as openings, cracks, voids and air gaps in 3D printed parts are adversely affected on
part material properties. Therefore, these defects are needed to be avoided in the final finished form of
the 3D printed part. In this study, SEM microstructure images are used to identify these defects in 3D
printed specimens that were fabricated using five different raster orientations. Figure 13 shows SEM
microstructure images for the outer top surfaces of the all five specimens and identified several
problems with the print quality. These problems are most notable in the specimens that are printed with
the 0°, 30° and 60° raster angles as shown in Figure 13 (a), (b) and (d). The outer surfaces of these
specimens showed the cracks in between two rasters, these rasters are not properly bonded with each
other during printing and caused inner layer cracks on outer face of the printed specimens. The
averaged crack lengths for the specimens printed with 0°, 30° and 60° raster orientations are 0.7 mm,
0.8 mm and 1.2 mm respectively. It showed that the specimens printed with 60° raster angle formed
lager cracks compared to the raster angles 0° and 30°. In 3D printing process, the rapid heating and
cooling cycle of the material causes non-uniformed thermal gradient and produces thermal stresses
within the material. These stresses cause deformations in inner layer or form cracks in two adjacent



rasters, which cause dimensional inaccuracy and de-lamination. The specimen with 60° raster angle is
more prone to deform by these stresses and cause large cracks and openings compared to other two
raster angles. This might be because, it is more difficult to the material for the regain its original shape
or dimension completely after the melting at the angle of 60°. In contrast of this, the specimens with
raster angles with 45° and 90° formed compact outer surfaces and any defect cannot be seen on them
as shown in Figure 13 (c) and (e). Also, the curve edge of the tensile specimen fabricated with 45°
raster angle is examined by SEM and images are shown in Figure 12. It shows that 45° raster angle
formed a good quality of 3D print and solve the problems near the radius section of the tensile specimen
that were identified earlier in the specimen fabricated with the raster angle 0° [37].

In this study, the fracture interface of all five tensile specimens printed with five different raster
orientation were investigated to explore internal quality of 3D printed specimens. Figure 14 shows the
SEM images for all five fracture interfaces that formed after tensile test. These images identified several
problems in the placement of layers of 3D printing process. The specimens fabricated with the raster
orientations of 0°, 30° and 60° formed series of air gaps between the layers all along the thickness of
the specimen that can be seen in Figure 14 (a), (b) and (d). In Figure 14 (e) shows the far edge of the
fracture interface for the specimen formed with raster angle 60° and clearly identified the air gaps in the
placement of layers and to adjacent rasters. Moreover, the Figure 14 (c) shows the fracture interface of
the specimen printed with raster angle 45° and identified the triangular voids of average 2200 pm?2
between the two layers. Similarly, the Figure 14 (f) shows the fracture interface of the specimen printed
with raster angle 90° and identified the diamond shape openings of average 18000 um?2 between the
two layers. These defects in 3D printed specimens can be caused due to temperature variations during
the placement of layers. In FDM process, the 3D printer deposits the filaments layer by layer and these
layers bond by local re-melting of previously solidified material. These openings, air gaps and voids can
be formed because of the non-uniform heating and cooling during printing process. This non-uniformed
temperature gradient causes non-uniformed stresses and produces deformations [34]. Overall, the
specimens fabricated with the raster orientations of 0°, 30° and 60° identified printed defects in both
outer and inner surfaces of the specimens. These defects directly affected on specimen’s material
strength and formed weaker specimens. In this study, the specimens fabricated with the raster
orientations of 0°, 30° and 60° showed less tensile strength compared to the specimens fabricated with
the raster orientations of 90° and 45°. Although, the specimens fabricated with the raster orientations
of 90° and 45° formed good outer surfaces of the specimens and any defect cannot be seen on outer
faces of these specimens. However, some inner defects can still be seen on the fracture interfaces for
these specimens. It is clearly evident that the strength of these specimens can be further improved by
avoiding these printing problems and defects. Thus, raster orientation is affected on 3D printed part
strength, accuracy and surface finish. Suitable selection of this angle can increase the strength of the
part by reducing the gaps between the deposited layers, by reducing these gaps, and better surface
finish can be achieved specially for the difficult sections of a part such as curved surfaces.

Figure 12: SEM images of the curve edge of the tensile specimen fabricated with 45° raster angle.
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Figure 13: SEM images of outer surface of the specimens show the defects-openings or cracks for
the orientation of 0°, 30°, 45°, 60° and 90°.
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Figure 14: SEM images show the fracture interface formed after tensile test of the specimens
fabricated with five different raster orientations.

Conclusion

In this study, the five different raster angles were used to fabricate the 3D printed specimens using PLA
material. The tensile properties for all these specimens were investigated to identify the best raster
position to fabricate the strongest 3D printed part. In this study, the fracture interface of these specimens
after tensile testing were also examined using a scanning electron microscopy (SEM) to explain material
failure modes and reasons. In this study, the micro-level structural changes on outer and inner surfaces
of these 3D printed specimens due to use of different raster orientations were also assessed. The
following conclusions are drawn from this study.

e The position of raster is an important parameter for 3D printing process, and it has a vital role
in the specimen strength, accuracy and surface finish. The 45° raster orientation produced a
strongest specimen with the average ultimate tensile is 55.45 MPa and highest elongation of
4.24 %. The 90° raster orientation produced the second highest strength compared to the
results of all other printed specimens.

e The specimens fabricated with the raster angles 0°, 30° and 60° formed smooth fractured
surfaces, which identify that the specimens with these orientations are not given the opportunity
to the material to resist the tensile load instead of this the specimens failed due to poor
interfacial adhesion between the layers which gave the less value of tensile strength and tensile
module were achieved. However, the specimens fabricated with the raster angles 45° and 90°
showed rough fractured surfaces and these specimens are fractured due to material failing
during tensile loading which gave larger tensile strength and tensile modules.

e The microstructural analysis identified that the outer surfaces of the specimens that are printed
with the 0°, 30° and 60° raster angles showed the cracks between two rasters. In contrast of
this, the specimens with raster angles with 45° and 90° formed compact outer surfaces that
provide a better surface finish.

e Also, the micro level observations of fracture interface (inner surfaces) of all five specimens
showed the series of air gaps and voids between the layers all along the thickness of the
specimens.

e The specimens fabricated with the raster orientations of 0°, 30° and 60° identified several
printing defects in both outer and inner surfaces of the specimens. Although, the specimens
fabricated with the raster orientations of 90° and 45° formed compact outer surfaces and any
defects cannot be seen on them at micro level and they provide better surface finish. However,
some inner defects can still be seen on the fracture interfaces for these specimens. These
microstructural observations can be correlated with the tensile strength results. The strength
and accuracy of 3D parts can be further improved by avoiding printing problems and defects.
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