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1 Introduction

Additive manufacturing is a rapidly growing manufacturing process having the enor-
mous capability to make state-of-the-art products. It was developed in the 1980s,
when Japan (Murutani), France (Andre et al.), and the USA (Masters and Hull) filed
different patents on a similar concept describing fabrication of a 3D object by addition
of material in a layer-by-layer manner. Further, different concepts of layer addition
were developed and patented with time, which shows the potential and prospect of
AM processes [1]. Initially, it was primarily used for prototyping because of the high
initial cost of machinery and devices. FDM process is used to fabricate thermoplastic
polymer parts through depositing heated molten material using extrusion process [2].
ABS is a lightweight thermoplastic with many applications in automotive hardware
parts [3, 4], appliances, piping, etc. ABS is the most commonly used thermoplastic
because of its high dimensional stability and low glass transition temperature [5]. Its
peculiar property of having good adhesion to metal coating makes ABS a suitable
candidate for various impact loading components [6].

Much research has already been carried out to investigate the FDM-printed
polymer and plastic materials for different applications. Kristiawan et al. [7] have
reviewed filament processing and printing parameters to fabricate PLA, ABS, and
PP using the FDM process. The effect of different raster angles and infill density on
strength and quality of FDM-printed ABS was studied [8] and concludes that the
part fabricated at 55° raster angle with maximum infill density gives better mechan-
ical strength. Hossain et al. [9] performed experimentation with different raster scan
strategies to improve the mechanical properties of 3D-printed parts. Attempts to
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determine the anisotropic material properties with the effect of FDM build parame-
ters for ABS show that the strength in a local area depends on the scanning direction
[9]. Hatch orientation and hatch area also have an appreciable effect on 3D-printed
plastics [11]. FDM-printed ABS and HIPS specimens were tested for tensile impact
test and compression test to study the effect of layer thickness on fracture morphology
[12, 13]. The presence of voids and bonds between deposited filaments has a more
significant influence on the FDM-fabricated parts [14, 15].

Based upon the literature, it has been observed that it is very critical to correctly
estimate the mechanical properties of FDM printed parts to make them suitable for
various applications. Hence, the present work has been aimed to test 3D-printed ABS
material with different orientations along with the horizontal and vertical directions.
The FDM-fabricated ABS specimens have been tested for tensile and flexural (3-
point bend test) to study its modulus, yield strength, and strain-energy absorption of
ABS for its suitability in aerospace and automotive industries. Microscopic images
have been used to study the type of failure in the fabricated parts and compared with
the stress—strain behavior.

2 Materials and Methodology

2.1 Materials and Part Fabrication

Acrylonitrile butadiene styrene (ABS), a thermoplastic, has a lot of real-life applica-
tions. Natural color ABSplus- P430 with SR-30 as support material is used to fabri-
cate the required specimens using FDM-based Stratasys makes Mojo 3D printer.
The 3D printer used specimen fabrication has a built volume of 127%127%127 mm?>.
The process parameters used for the fabrication of the test specimen are as shown in
Table 1.

The specimens used for tensile testing and flexural test (3-point bend Test) are
fabricated as per Type-III, confirming ASTM D638-14 and ASTM D790 standard,
respectively. The specimens were modeled using SOLIDWORKSe with specified
dimensions, as shown in Fig. 1. The CAD model is then converted to STL format

Table 1 FDM material’s

property and process Properties Values

parameters used for the Density of ABS 1.05 g/em?

fabrication of specimen Melting point of ABS 230 °C
Nozzle temperature 200 °C
Platform temperature 70 °C
Infill density 100%
Layer thickness 0.17 mm
Filament diameter 1.75 mm
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(b)

Fig. 1 Specimen with dimensions and CAD model of 0-90° at a step of 30° oriented specimen in
the horizontal and vertical direction a Tensile testing, b Flexural test (3-point bend) (All dimensions
are in mm)

and then sliced using open-source slicing software CURA with a minimum layer
thickness of 0.178 mm (minimum layer thickness printed by Mojo 3D printer) with
100% infill density. The specimens were fabricated at different orientation angles to
understand the mechanical behavior and bonding of material during the deposition
in FDM process. The study of FDM-fabricated specimens with different orientations
will enable the understanding of the characteristics of layer deposition, which will be
helpful to analyze and optimize the design of any part with inclined features. Hence,
in this work, tensile and flexural specimens were fabricated at varying angles ranging
from 0-90 degrees with a step of 30 degrees (Fig. 1).

2.2 Mechanical Characterization

The specimens fabricated at different orientation angles were tested to study the
tensile and flexural behavior. Universal testing machine (Make-Tinius Olsen, Model-
HS50KS) was used for the testing with SOkN load cell. A deformation rate of I mm/min
was maintained for the tensile and flexural tests until fracture, which was then
analyzed under the optical microscope. The fracture behavior was observed with
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the help of optical microscopic image analysis. The required stress—strain values for
FDM-fabricated ABS specimens were calculated for both the tests using the obtained
force and displacement data from the UTM test by using respective formulae (Fig. 2);

Force(N)
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Fig. 2 Testing of FDM-fabricated specimen under different conditions a Uniaxial tensile test, b
3-point bend test
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3 Results and Discussion

3.1 Uniaxial Testing

In total, three sets of ASTM standard tensile specimens of each category were 3D
printed and tested to determine the mechanical properties. Deformation rate has a
considerable effect in determining the stress—strain behavior; hence, a moderate rate
of 1 mm/min was used to perform the tensile test experiment. Figure 3a shows the
stress—strain plot for the vertically oriented specimens. The results indicate that the
vertically printed parts have less plastic flow and are prone to brittle failure. The
horizontally oriented specimens show better plastic flow as compared to vertically
oriented specimens with the exception of H_30° (Fig. 3b). The horizontal specimens
undergo 20-22% elongation before fracture, whereas the vertically aligned specimen
is strained about 12—-16% only. Hence, the horizontal specimen can withstand more
stress as compared to vertically printed specimens.

Figure 4 represents the young’s modulus and yield strength of the tested speci-
mens, respectively. The young’s modulus values were plotted and fitted with a second-
order polynomial to correlate with the orientation angle (Fig. 4a). The modulus
values increase with orientation angle for vertical specimens, whereas the horizontal
specimen shows the highest modulus for 60° specimen. The yield strengths were
calculated using 0.2% offset method for all the specimens. The yield strength of the
vertical specimen represents a decreasing trend with an increase in orientation angle,
while for horizontal specimen, it is maximum for a 90° oriented specimen (Fig. 4b). It
indicates that the horizontally oriented specimens have better bond strength as well as
they undergo more plastic deformation (more ductility) as compared to vertical spec-
imens. As the deposition pattern for vertical and horizontal specimens are different
hence the orientation of deposited filament has a more significant influence on part
strength. In a horizontal specimen, the load is acting along the direction of deposited
filament, whereas it is in the transverse direction for the vertical specimens (Fig. 5).
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Fig. 3 Tensile stress versus strain plot for horizontal and vertical oriented FDM printed specimen
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As the angle increases in the case of the vertical direction, the area of deposition
for an instant also keeps on decreasing, which ceases the flow of material during
UTM tensile testing. Hence, vertical oriented has less strength under tensile loading
compared to horizontal specimens.

In Fig. 6, strain energy is computed and plotted against the respective strains
up to the fracture using Eq. 6. When compared between vertical and horizontal
results, the horizontal specimens are found to have more energy storage capacity
than the vertical ones under the same loading conditions. The strain energy stored by
horizontal specimens is more (almost twice) than that of vertically built specimens.
Strain-energy absorbed till the yield point has been represented (in the inset image
of Fig. 6) to understand the behavior of specimens in the elastic range.
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Fig. 4 Obtained results from stress—strain data for a Young’s Modulus, b Yield Strength
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Fig. 5 Pattern of filament deposition in horizontal and vertical part printing
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Fig. 6 Strain energy density obtained from tensile stress—strain data a Vertically oriented specimen,
b Horizontally-oriented specimen

3.2 Flexural Testing

The 3-point bend test is the best method to measure the flexural properties under
applied loading conditions. A set of 3-point bend test specimens were designed as
per the ASTM D790 and 3D printed for further testing using ABS material. Like
tensile test specimens, these specimens were fabricated in vertical and horizontal
directions with a step of 30° angle. The specimens were tested at a velocity of
1 mm/min under 3-point load, and flexural modulus and flexural yield strength were
calculated and compared (Fig. 8). The vertical specimen shows significantly less
strain and flexural strength with increasing orientation angle (Fig. 7a), whereas in the
horizontal specimen, the 0° and 90° specimen show approximately similar behavior.
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Fig. 7 Flexural stress—strain curve of vertically and horizontally oriented specimen
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Fig. 8 Obtained results from Flexural stress—strain data for a Flexural Modulus, b Flexural Yield
Strength

3.3 Fractography

Figure 9 represents the optical images of the fractured tensile specimens (for both
vertical and horizontal orientations) to illustrate the type of failure that occurred in the
specimen as itis clear that the outer peripheral layer for each specimen is fractured and
tore off differently than the inner material. It happens due to the inherent fabrication
constraint of the FDM process by printing the outer layer before filling the inner part
in a defined scanning pattern. Fractographs of specimens of angle 0° and 30° with
vertical show abrupt delamination of deposited filaments representing brittle failure.
The 30° oriented horizontal specimen also shows a similar trend. Whereas in the case
of 0°, 60° and 90° oriented horizontal specimens show material accumulation at the
fractured zone, indicating ductile fracture. In a few cases (like V_60, H_0, H_60, and
H_90), the accumulation of voids and crack formation is also visible, which explains
the ductile fracture of the designed specimens.

4 Conclusion

The FDM process is the most versatile 3D printing process because of its ease to
fabricate any customized part using thermoplastics for different applications. In the
present work, it has been observed that the part orientation during printing plays
a crucial role in its strength and behavior under different loading conditions. The
obtained results show that the part orientation directly relates to material deposition
and layering to bond the deposited material cohesively. Horizontally printed parts
show qualitatively better tensile and flexural properties than the vertically printed
specimens. For the horizontal specimens young’s modulus and flexural modulus are
about 350-385 MPa and 4.8-5.3 GPa, respectively, whereas for vertical specimen,
it lies in the range of 275-325 MPa and 3.6—4.4 GPa, respectively. The obtained
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Fig. 9 Magnified optical images of the fractured surface of tensile specimens (scale bar —1.0 mm)
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fractography indicates the modes of failure that occurred during tensile testing. This
work will pave for future studies of complex geometries, metamaterial designing and
optimal printing orientations.
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