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Abstract Parts produced by FDM (fused deposition modelling) technique, where polymer
filaments are used, are anisotropic and their properties vary depending on the printing parame-
ters, one of which is raster angle. In this study, the effects of this parameter on the tensile and
the surface roughness properties were investigated. It was determined that the ultimate tensile
strength (UTS) decreased with increasing raster angle; hence, 0° raster angle where tensile
loading direction is parallel to the raster yielded the highest strength. Besides +45° raster angle
resulted the most ductile behaviour with the highest fracture strains. Fracture occurred due to
raster failure for 0° raster angle but for 90° raster angle, it was due to the failure of the interlayer
raster bonds. In the case of +45°, both of the failure mechanisms were effective. Surface
roughness values increased up to 7 um when measurement was perpendicular to the raster
and dropped below 1 um when it was parallel to the raster.

1. Introduction

Fused deposition modeling (FDM ®) is a 3D printing process which is defined in ASTM Stan-
dard Terminology for Additive Manufacturing as “a material extrusion process used to make
thermoplastic parts through heated extrusion and deposition of materials layer by layer” [1].
This technique has been favored greatly and found many application fields in a couple of dec-
ades. Today, FDM technology is at an affordable cost which made it possible to reach a high
number of users in a short span of time. Thanks to their low prices, it has become possible to
see FDM printers in schools, homes, many other small and large organizations. Currently, FDM
printers have diverse applications e.g. producing prototypes, 3D models for educational pur-
poses or anatomical parts for surgical planning or training and so on [2, 3].

3D printing owes this popularity to its advantages over to conventional production techniques.
The most important one is the flexibility in design which enables changing the design of com-
plex parts, which is much more time consuming and costly in conventional techniques. Another
advantage is the minimization of the waste or even causing no waste. Possibility of using recy-
cled filaments have also taken attraction due to environmental and cost considerations [4, 5].

As the interest for FDM technology is growing rapidly, producing structural parts with in-
tended mechanical properties rather than parts only serving visual purposes has become a
need. A current example is the employment of 3D printing to produce face shields, masks or
parts of respiratory equipment to fight against Covid-19 pandemic [6]. This example clearly
showed that in situations which requires responding rapidly, 3D printing could be of vital impor-
tance. The mechanical properties of the filaments used in FDM process directly affect the me-
chanical properties of the printed parts. The printed parts exhibit anisotropy and the mechanical
properties vary according to the basic printing parameters:

+ Building orientation (see Fig. 1);

+ Raster angle/orientation (see Fig. 1);
* Layer thickness;

« Infill percentage.
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Fig. 1. Printing parameters: (a) building orientation : yx (upright), xy (on-
edge), xz (flat); (b) raster orientation/angle ().

Therefore, using printed samples to determine the mechani-
cal properties will give more realistic results. In order to evalu-
ate the effects of the above-mentioned printing parameters on
mechanical properties, most of the researchers conducted
tensile and bending tests [7-9] where for tensile testing, ASTM
D638 and ISO 527 standards were preferred [10, 11].

ABS (acrylonitrile butadiene styrene) and PLA (polylactic
acid) are the most common filaments used in 3D printing; con-
sequently, they have taken the most attention in the literature.
Although not as common, mechanical properties of PEI, PEEK,
PC (polycarbonate), PA (poliamide) and some other filaments
were also determined in some studies [7]. It is pointed out that
as layer thickness decreases/infill percentage increases, ulti-
mate tensile strength (UTS) improves. However, this would
bring higher production time and cost.

While there is a common conclusion in literature concerning
the effects of layer thickness and infill percentage on tensile
properties, different experimental results exist for raster angle.
Es-Said et al. and Lanzotti et al. determined that UTS de-
creased as raster orientation increased, respectively, for PLA
and ABS [12, 13]. However, Lecther identified 45° raster orien-
tation as the strongest for PLA filament. In another study, he
observed that 0° raster angle yielded the highest mechanical
strength compared to 45° and 90° when ABS filament was
used [14, 15]. Durgun et al. also investigated the effect of
raster orientation with respect to building orientation for ABS
filament [16]. Their study showed that 0° raster angle revealed
optimum mechanical properties for flat and on-edge building
orientations, but upright orientation exhibited inconsistent re-
sults compared to those of the other two building orientations.
Contrary to all these results, Hernandez et al. concluded that
altering the raster orientation resulted in no significant differ-
ence in tensile strength of ABS [17].

Due to the variation in results, this study aimed to determine
the effect of raster angle on tensile mechanical properties; i.e.,
UTS, strain at fracture, elastic module by using four different
flaments. In addition to the largely used filaments ABS and
PLA, two other commercial filaments with the commercial
names STH and power ABS were investigated. The obtained
results were also compared with the values reported by the

Table 1. Printing parameters.

Parameters

Layer thickness 0.3 mm

Extrusion width 0.5mm

Nozzle diameter 0.4 mm

Printing speed 50 mm/s

Table 2. Printing temperatures and filament densities.
Density Nozzle Bed
[g/em’] temperature [°C] | temperature [°C]

ABS 1.100 250 80
PLA 1.240 190 55
POWER ABS 1.032 225 75
STH 1.220 195 70

suppliers of the filaments for 0° raster angle. Lastly, fracture
patterns and sections were presented and evaluated consider-
ing the tensile test results. Also, surface roughness measure-
ments were carried out for each sample in two directions, i.e.
parallel and perpendicular to the tensile loading direction.

2. Materials and methods

In this study, ASTM D638 guidelines were followed for ten-
sile tests [10]. Specimens were flat and had dog bone geome-
try with the dimensions in Fig. 2, where experimental set-up
and a schematic for raster angles are also depicted. Tensile
test samples were printed at three different raster angles,
namely, 0°, +45°, 90°, using the xz (flat) building orientation.
For each angle, three samples were produced using the print-
ing parameters in Tables 1 and 2. Tensile tests were carried
out at a displacement rate of 5 mm/min at ambient temperature
by a WDW 100 electronic universal testing machine. The strain
rate test samples were subjected to was 1.7x10-3 s™. A hand-
held digital microscope was utilized to observe the fracture
patterns and sections of the failed samples.

Besides the most widely used filaments ABS (acrylonitrile
butadiene styrene) and PLA (polylactic acid), two other com-
mercial filaments, that is, STH and power ABS were investi-
gated [18-20]. These two filaments are reported to have im-
proved properties such as higher impact and heat resistance
compared to ABS and PLA. Similar to PLA, STH is also a veg-
etable-based filament yet it its chemical specification is not
reported by its supplier. The chemical composition of the power
ABS is very similar to traditional ABS basically because it is
produced by adding a third material to ABS to enhance the
ductility properties. Likewise, this material is not revealed by its
supplier.

Surface roughness measurements were performed by port-
able Time TR200 device according to the ISO standard. Arith-
metic average of the roughness, R,, values were recorded for
directions parallel and perpendicular to tensile test direction.
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Fig. 2. Tensile test specimen schematic: (a) dimensions according to ASTM
D638 with units in mm; (b) the experimental setup; (c) raster angles.

Three measurements were recorded for each sample and
average value was calculated.

3. Results and discussion
3.1 Tensile test results

In Figs. 3(a)-(d) engineering stress-strain curves of each fila-
ment for 0°, £45°, 90° raster orientations are presented. While
the curves of ABS and PLA exhibited more brittle nature with
instant stress drops following a maximum stress, STH and
particularly power ABS revealed necking for most of the sam-
ples. All curves were used for determining the average values
of the mechanical properties: UTS, fracture strain and elastic
module.

The average values for UTS, fracture strain and elastic mod-
ule for all filaments are plotted with respect to raster orientation
in Figs. 4(a)-(c). 0° raster orientation exhibited the highest UTS
for all filaments and it consistently decreased with increasing
angle. The reason is that for 0°, the filament itself endures the
tensile load but as the raster orientation changes from 0° to 90°,
the bond strength, which is weaker, plays role in the overall
strength. Lanzotti et al. [13] also observed a consistent de-
crease in UTS values for intermediate raster angle values for
PLA filament, which is in agreement with this study.

As for fracture strains, £+45° raster angle noticeably outper-
formed the other raster angles for all filaments. Just for ABS
filament which acted the most brittle, 0° raster angle’s fracture
strain was close to that of +45°’s. Not as significant as UTS and
fracture strain, but elastic modules had also some variation
according to raster angle. It may be concluded that 0° raster
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Fig. 3. Stress-strain curves for ABS, PLA, Power ABS and STH with re-
spect to raster angles 0°, 45°, 90°.
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Fig. 4. UTS, Strain at fracture and elastic modules with respect to raster
angles 0°, +45°, 90°.

angle exhibited higher elastic modules. Nevertheless, later it
will be shown that this has been the parameter with the highest
deviation between the experimental and reported values from
the suppliers.

As regards filament comparison, ABS had the highest UTS
values but it behaved more brittle compared to other filaments
exhibiting lower strain at fracture values. Power ABS was the
weakest filament with the lowest UTS but when it comes to
ductility, it had a better overall strain at fracture values (consid-

ering all raster angles) compared to those of the other filaments.

If all mechanical properties are considered, it can be concluded
that PLA was found to be favourable with optimized values.

Table 3. Mechanical properties of the filaments provided by their suppliers
with the percentage differences from this study’s results.

Power
ABS PLA ABS STH
st Ztti”[‘::;d/}n o | 150527, | 180527, |ASTMDGSS, ASTMDGSS
A "| 50,90% | 50,90% | 2,100% | 50,100 %
infill percentage
UTS [MPa] 39.0 495 104 40.7
Strain at
fracture [%) 48 52 na na
Blasticmodule | 46715 | 23465 800 4100
[MPa]
% difference for
UTS 24 24 137 5
% difference for
strain at fracture 18 16
% difference for 23 57 3 75
elastic module

In Table 3, mechanical properties of the filaments provided
by their suppliers are listed with the corresponding differences
from this study’s results. ISO 527 and ASTM D638 test stan-
dards were applied by the suppliers using 90 % and 100 %
infilled samples. It should be recalled that in this study, 100 %
infilled samples were subjected to tensile testing at a rate of
5 mm/min.

The differences between UTS values were minimal for STH
filament while for PLA and ABS, the difference increased to
24 %. UTS determined for power ABS was more than the dou-
ble of the supplier's value though the 100 % infill percentage
was used for both. Strain at fracture values were only reported
for PLA and ABS which were found to be in agreement with the
current results exhibiting 16-18 % differences. Elastic module
values showed some inconsistency that may depend on other
printing factors which would affect bonding strength. Another
possible reason for the significant variations in the material
properties between the provided data by the supplier and the
experiments could be high the sensitivity of the polymer fila-
ments’ physical and mechanical properties to the waiting pe-
riod after their production.

As mentioned before, tensile test samples were produced by
3D printing so as to reflect the mechanical properties of the
printed parts. Table 4 presents the percentage differences in
mechanical properties for tests carried out for the printed and
the molded samples of ABS. Both the UTS and elastic module
values are close, while the test data for the molded parts indi-
cates a much higher ductility, thus a much higher strain at frac-
ture value.

3.2 Surface roughness results

Good surface quality is important in all manufacturing meth-
ods in terms of friction, wear and mechanical integrity (i.e.,
crack forming). The mentioned aspects as well as visuality of
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Table 4. Mechanical properties of the ABS filament obtained by ISO 527
tensile tests for the injection molded samples and the percentage differ-
ences between the values of the molded and the printed samples.

UTS [MPa] 43.6
Strain at fracture [%] 34
Elastic module [MPa] 2030
% difference for UTS 11
% difference for strain at fracture 86
% difference for elastic module 17
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Fig. 5. Surface roughness, R, values with respect to raster angles 0°, +45°,
90° taken in two directions: (a) parallel; (b) perpendicular to the tensile
loading.

the finished surface are of significance in 3D printing. However,
high surface roughness is a drawback in 3D printing compared
to traditional methods. The surface quality in 3D printing varies
significantly due to the printing parameters; thus, it is important
to identify the critical printing parameters which influence it.
Surface roughness results consist of R, values taken in di-
rections parallel and perpendicular to the tensile loading. All
filaments exhibited lower R, values for 0° raster angle when
measurement direction was parallel to the tensile loading,
since the measurement was also parallel to the raster for this
case (see Fig. 5(a)). Confirming this result, when the meas-
urement was carried out in the perpendicular direction, the
measurement direction was parallel to the raster for raster an-

Fig. 6. Fracture patterns (paths) (left) and sections (right) for raster angles
0° (top), +45° (middle), 90°(bottom) for STH filament.

gle of 90°; consequently, lowest values were obtained for this
raster angle (see Fig. 5(b)).

In general, R, increased up to 7 um for the highest and
dropped below 1 um for the lowest cases. While STH exhibited
the highest surface roughness values in most of the cases, the
values for ABS and power ABS were found to be closer and
lower than both STH and PLA.

3.3 Fracture patterns

Representative fracture paths and sections for all filaments
are given in Fig. 6 which were taken from STH filament results.
Despite the fact that samples were printed with 100 % infill
percentage and proper printing parameters to ensure minimum
overlap of rasters, some interlayer porosity was noticed in the
sections, which could be due to shrinkage of the polymer lay-
ers during solidification. This could be possibly improved by
adjusting the parameters in Table 1.

In all cases, the fracture initiated from the edge and propa-
gated till a complete fracture occurred. For 0° raster angle, the
crack propagated in transverse direction to the applied load
and fracture happened due to raster failure.

As for 90° raster angle, the fracture path was also transverse
to the applied load but this time, fracture occurred between the
interlayer bonds.

The fracture of £45° printed sample comprised the failures of
both raster and interlayer bonds with the path starting at +45°
angle and continuing transverse to the tensile load.

According to the obtained UTS values, it is clear that inter-
layer bonding strength is lower than the strength of the raster
itself, which explains the higher tensile strengths obtained for
0° raster angle.

It is noted by some researchers that the mechanical strength
depends on the effective area (area excluding voids) rather
than the total cross-sectional area [21]. Porosity in the bonding
area could influence fracture paths as well as worsen the me-
chanical properties and is possibly one of the reasons for the
weak bonding strength [12]. Investigation of the bonding
strength is another interesting point some current studies fo-
cused on because enhancement of the effective bonding area
would result in higher mechanical strength [22].

3351



Journal of Mechanical Science and Technology 35 (8) 2021

DOI 10.1007/s12206-021-0708-8

4. Conclusions

Raster angle is one of the key parameters affecting the me-
chanical properties of FDM printed parts. In this work, the influ-
ences of this parameter on UTS, strain at fracture and elastic
module were evaluated by using four different filaments: PLA,
ABS, STH and power ABS. According to the tensile test results
carried out for samples printed at 0°, +45°, 90° raster angles:

+ 0° raster angle exhibited the highest ultimate strength for
all filaments and UTS values decreased with increasing
raster angle. For 0°, the fracture of the tensile samples
occurred perpendicular to the applied load due to the fail-
ure of the raster; while for 90°, it was due to the failure of
the interlayer bonds rather than raster itself. The fracture
paths of 45° raster angled samples exhibited both fracture
types.

* Highest fracture strains were obtained at +45° raster an-
gle for all the filaments.

* Elastic module values were not significantly affected by
raster angle. Even though the results from this study and
the reported values from the suppliers were in agreement
for UTS and strain at fracture, inconsistency was noted for
elastic module values.

* PLA was found to have the optimum values if both UTS
and fracture strain values are considered.

« Surface roughness values were lowest when the meas-
urement direction was parallel to raster direction, dropping
below 1 pym; but rose up to 7 um when the angle between
was perpendicular or +45°. STH exhibited the highest
overall values for roughness, while ABS and power ABS
showed the lowest.
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Nomenclature

FDM : Fused deposition modelling
UTS :Ultimate tensile strength

ABS  : Acrylonitrile butadiene styrene
PLA  :Polylactic acid

PC : Polycarbonate

PA : Poliamide
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