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ABSTRACT

The Fused Filament Fabrication (FFF) method is one of the most important additive
manufacturing (AM) technologies. This technology is used today with various kinds
of thermoplastic materials, including ABS. The present study deals with the flexural
strength and axial deflection of ABS specimens versus relative density, to observe
the influence of build-orientations, build model and microscopic level defects of
these properties. In this study, the mechanical and structural characterization of
AM-FFF ABS material was studied by CAD modelling of different orientations,
three point bending mechanical testing, visual testing, and multifocal light
microscopy observation, including fractography analysis. To that end, three
different standard building orientations (Flat, On Edge and Upright) were printed,
and each was built in two different angle orientations (-45°/+45° and 0°/90°). Based
on the three-point bending testing results, it was found that the specimen with the
highest flexural strength was not necessarily the one with the highest deflection. It
was also observed that On Edge 0/+90° orientations showed a relatively larger
flexural strength difference in comparison to other building orientations (Flat and
Upright). When the mechanical properties achieved from a bending test next to the
building platform were compared to the properties far from the building platform,
only a slight difference was found, which means that the flexural strength difference
results from the building strategy and it is not related to the specific bending
surface. Based on fractography observation, there is a major difference in the
mechanical properties and fracture surface appearance, when the samples are bent
between the layers (Upright orientation) or when the samples are bent through the
layers (Flat and On Edge orientation).

KEYWORDS: Additive manufacturing, ABS, CAD model, Fused filament
fabrication, Fractography, Mechanical properties, Three-point bend flexural test.

1. INTRODUCTION

Additive manufacturing (AM) has been currently
gaining ground through the introduction of new
manufacturing technologies for complex
functional/structural ~ components, needed by
specialized industries, including the biomedical and
aerospace industries, and many others. The polymer
extrusion AM method, commonly referred to as fused
deposition modelling (FDM) and formally known as
fused filament fabrication (FFF), is based on a
thermoplastic fiber fed into a hot-chamber and
extruded through a nozzle at its melting temperature
[1]-[4]. The extruded semi-liquid polymer filaments
cool rapidly to build-chamber temperature, and create
a two-dimensional layer on top of the surface of the

previously deposited stratum (Fig. 1). Commonly, the
FFF parts are printed on a build-platform and the first
few layers constitute a support section to assist in the
removal of the actual part from the build-plate. At this
point, the material is further extruded to print the
actual component layer by layer. The total volume of
the support material depends upon the contact area
between the component and the build-platform, in
addition to the overhung portions of the object [3]-[7].

The structural requests for FFF printed
components continue to expand, leading to complex
loading configurations and requirements for a
thorough characterization of printed parts. The FFF
technology has inherent weaknesses, such as
producing parts with anisotropic mechanical
properties; even the same component normally has a
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different mechanical behaviour when printed in
different orientations [5]-[9]. To overcome the
challenges, many researchers focused on the quality
of structural FFF products, which depends on how
different settings of process parameters impact the
mechanical behaviour of the manufactured end-parts
(8], [10]-[12].

Build material roller

Support material roller Filament feedstock

Feed pinch rollers

Heater element

x=y motion of the
printed nozzle
Print nozzle

Printed object

Fig. 1. Schematic representation of the FFF process.
The technique is based on a thermoplastic filament
fed into the heating chamber and extruded through a
print nozzle to create the 3D components

A partial list of the main FFF process
parameters is given below [13]-[18]:

e Build-orientation, build parameters, e.g., layer
thickness, infill density, raster pattern, air gaps,
number of contours/perimeters.

*  Temperature conditions, e.g. environment
envelope temperature, extrusion temperature and
platform temperature.

Several reports have studied the mechanical properties

of FFF produced components and researchers have

worked on two directions in attempting to improve
the mechanical properties of the end-parts:

*  Design for FFF and evaluation of suitability for
given applications [9], [15]. Hence, the analysis
of the mechanical properties of FFF parts
represents an important subject of interest and
research.

*  Process parameters optimization demonstrated
that joint quality between adjacent fibers is
mainly determined by the envelope temperature
and by variations in temperature conditions
within the build-part [3], [14]-[20].

The most commonly studied inexpensive
polymer commonly used in combination with the FFF
process is ABS [(CsHs)x'(CsHs)y (C3H3N),]. ABS is
an amorphous, thermoplastic glassy polymer which is
supplied in the form of a flexible monofiber, fed into
a preheated FFF extruder [5]-[12]. The material
contains acrylonitrile  (A), styrene (S), and
polybutadiene (PB); the most common ABS
microstructure is made of a continuous and rigid A+S
phase with compatible PB inclusions in the range of
0.1 um to 25um radius [16]. In recent years, the most

significant process parameters considered as
influencing FFF specimens’ tensile, compression,
flexural or impact strengths have been studied and
discussed [14]-[20].

The studies show that two inherent
discontinuities affect the mechanical properties of
FFF-ABS components: porosity and defective weld-
zones. Porosity is inherent to all FFF techniques
because the cylindrical warm filament with rounded
features is deposited layer by layer, thus creating
intra-layer and inter-layer porosity. The intra-layer
porosity depends on the raster-pattern; the oval fibers
do not stack into perfectly dense bands leading to
inter-raster porosity. When building a layer, the
bottom of the filament is flattened and the top retains
its cylindrical shape; therefore, porosity is created
between the rounded filament and the flat bottom of
the subsequent layer, forming inter-layer porosity.
Miscellaneous voids therefore persist between rasters,
both within the layers and between layers [3]-[5],
[15]-[20].

The joint between the adjacent filaments takes
place due to thermally driven diffusion bonding.
Complete bonding takes place when a local volume of
material within adjacent fibers, in intimate contact,
reaches an appropriate temperature, thus enabling
polymer chains to diffuse and entangle across the
interface. In fact, the bonding interface is formed
between a semi-liquid polymer brought in contact
with the previously deposited colder polymer. Lower
deposition speeds and higher temperatures can
improve the joint-forming diffusion process, but will
lead to inferior geometric control, higher roughness,
and extended print times. Even when filaments are in
intimate contact, the fiber-to-fiber bond strength is
unlikely to be comparable to that of the bulk polymer
due to the transient nature of the diffusion process; the
temperature rapidly decreases in the movement
direction of the extrusion head. Defective weld-zones
are initiated and found inside the layers (intra-layer
defects) and in-between the layers (inter-layer
defects). All of the above mentioned FFF parameters
affect porosity formation and fiber-to-fiber bonding,
and thus influence the mechanical properties of the
ABS end-parts.

The increase in commercial manufacturing
demands improved the understanding of the
mechanical properties of FFF-ABS made parts and
the optimization of the FFF printing process for
various products. This research, as part of an ongoing
project [21]-[23], aims to identify the correlation
between flexural strength, deflection and density for
different build-orientations and raster patterns.
Fractography and failure surface visualization will be
presented; the mode of failure will be also discussed.

The present results will be compared to other
studies existing in the literature, which are mainly
based on special experimental methodology, covering
different 3D printing parameters.
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2. EXPERIMENTAL PART
2.1. ABS Specimens

ABS plus (STRATASYS) thermoplastic samples
were produced on the STRATASYS Dimension Elite
3D © printer machine according to the ASTM D790
standard for 3-point bending; their dimensions were
127%12.7x3.2 mm. According to the manufacturer,
the ABS plus filament has a glass transition
temperature of 108°C, melt temperature of ~235°C, a
recommended bed temperature of 90-110°C, the yield
tensile strength of 31 MPa and the ultimate tensile
strength of 33 MPa. The 3D printing parameters
defined for this research were solid density
(STRATASYS), with a layer thickness of 0.1778 mm.
Sample orientation was described by the orthogonal
orientation notation as outlined in ISO/ASTM
52921:2013 [24]. In this notation, as shown in figure
2, sample orientations are identified by a three-letter
designation based upon a sample’s bounding box
being aligned parallel to the X, Y, and Z axes. One
lists the axis parallel to the longest overall dimension
first, followed by the axis parallel to the second
longest dimension, and finally followed by the axis
parallel to the shortest dimension.

(a) by
Fig. 3. The experimental test specimens: a) CAD
model of the first and second trays (received from the
Solidworks program); b) the physical AM-FFF ABS
printed specimens of the first and second trays

Twelve three-point bending flexural test ABS
specimens were 3D-printed in the third tray (Fig. 4) at
two orientations: On Edge 0°/90° and On Edge -
45°/+45° (for each configuration three specimens
were 3D-printed and tested). Each of these groups
were divided into two: (1) specimens that were bent
next to the build platform, and (2) specimens bent far
from the build platform, in order to examine whether
there was a change in the mechanical properties
because of the build platform heating gradient.

The names of the specimens are marked by a
numbering designation system. For example, when
the specimen is described as 3-On Edge 0°/90°-12-]
notation, it means that the specimen was printed in
tray no. 3, where On Edge is the building orientation,
12 is the number of the specimen in the tray, | means
that the three point bending would be in the area
farther from the build platform, and 1 means that the

EXY (Up right)
Load o VZ

127 mm

XN (On Filge)

Loasd sn XY

e XYZ (Flary

e Lond on XZ
A

12.7
=

{b)

Fig. 2. The test specimens: a) Schematic illustration
of the ABS three-point bending flexural test
specimens (front, top and side views); b) the CAD
model of the test specimens’ location on the tray
(isometric view established from the Solidworks
program)

XYZ (Flat), XZY (On Edge), and ZXY
(Upright) samples were considered for the orientation
parameter and 0°/90°, and -45°/+45° for the raster
angle parameter. The CAD model of each test
specimen’s location on the tray is shown in figure 2.

The first two trays are identical and each of
them has eighteen three-point bending flexural test
ABS specimens that were 3D-printed at six different
orientations (Fig. 3).

Fig. 4. The experimental test specimens: (a) CAD
model of the third tray (received from the Solidworks
program); b) the physical AM-FFF ABS printed
specimens of the third tray

three point bending specimen would be in the area
next to the build platform.

2.2. Mechanical Properties

The samples’ geometric dimensions are height, width
and length. Height and width were measured by a
micrometer with an error of 0.01 (mm); the length
was measured by a digital caliper with an error of
0.02 (mm). The mass was weighed by an MRC ABS-
220-C2 analytical balance with an error of 0.0001(gr).
Volume was obtained by multiplying the height,
width and length; the volume was then divided by the
mass in order to get the absolute density. Relative
density was calculated by dividing the absolute
density by the supplier’s provided density, which is
1.04 (gr/cc). The flexural strength of a material is
defined as its ability to resist deformation under load
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and it is calculated by using the maximum applied
load. For materials that deform significantly but do
not break, the load at yield, typically measured at 5%
deformation/strain of the outer surface, is reported as
flexural yield strength.

A universal MTS testing machine (Model No.
E43) was used, equipped with a three-point bending
fixture and a deflection gage (Fig. 5a) to test the
mechanical properties. The bending test presents two
parameters (Fig. 5b): (1) axial deflection with an error
of 0.02 (mm); and (2) force in units of Newton 0.5%
error. The applied (initial load was 15 [N] and the

(@) Anvil P

Bending
specimen

maximal load was up to 100-309 [N]). The crosshead
velocity used for all test specimens was 0.5 mm/min.
Flexural strength was calculated by the formula:

(M

where F is the applied force, L is the distance between
the two anvils, and b and h are the measured
dimensions of the specimen's cross-section.
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Fig. 5. The experimental system: a) the three-point bending fixture including the three-point bending specimen;
b)-d) the experimental results of the deflection (mm) vs. the load (kN) for three different specimens

Visual testing (VT) inspection combined with
multifocal 3D digital light microscopy (LM, HIROX
RH-2000 instrument) observation were performed
following the mechanical testing, to observe the
quality of the printed surfaces, including possible
defects, as well as to examine the fracture surface
morphology (“ductile”, “brittle” or “mixed mode”).

3. RESULTS AND DISCUSSION
3.1. Mechanical Properties

The three-point bending experimental results of the
relative density p; (%) vs. axial deflection 6 (mm) and
relative density pr (%) vs. flexural strength ¢ (MPa)
for Flat 0°/90°, Flat -45°/+45°, On Edge 0°/90°, On
Edge -45°/+45°, Upright 0°/90° and Upright -
45°/+45° specimens are shown in figure 6, and all
orientations are included in table 1.

When the average relative densities of the
different building orientations were compared, it was
revealed that the average Upright samples were within
the range of 88.67-92.09 p; (%), whereas the average
Flat and On Edge samples were within the range of
94.41-98.10 pr (%), and the On Edge -45°/+45°
orientation was the densest one.

The highest flexural strength orientation was
measured in the On Edge 0°/90°, and the weakest
ones were measured in the Upright 0°/90° and
Upright -45°/+45° (at least two times smaller). The
remaining results are slightly below the On Edge
0°/90° orientation. These differences between the
flexural strength results may be explained by the fact
that the Upright samples were broken immediately,
without any warning, while the Flat and On Edge
fractures occurred after plastic deformation, which
indicates a ductile fracture based on metallurgical
terms.
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When the deflections of different groups of the
same orientation are compared, it can be seen that no
orientation is dominant. This can be explained by the
uneven melting distribution of the ABS fibers,
resulting in uneven deflections and structural defects
that cause longer movement during the bending test.

The numerical data from the first two trays
correlates well with the results of a preliminary
experiment conducted two years ago (groups start
with the letter ‘A’, tables 1 and 2), using the same
printer machine and the same printing parameters;
however, a different filament of the same kind of
material was applied during the preliminary
experiment. The On Edge average properties of the
ABS 3D-printed three-point bending experimental
results are shown in table 1, and the average
properties for all orientations of the three-point
bending experimental results are shown in table 2.

The third tray was designed and printed in order
to check whether there was a difference in the
mechanical properties, when the bend was next to the
build platform or the farther from the build platform.
To that end, twelve samples of On Edge of two
orientations were printed: (1) On Edge 0°/90°, and (2)
On Edge -45°/+45°. Each of those groups was divided
into two: (1) bent next to the build platform
(designated by 1), and (2) bent far from the build
platform (designated by |).

Table 1. All orientation average properties of the ABS
3D-printed three-point bending experimental results

Specimens ¥ d o

[%] | [mm] | [MPa]
1-On Edge -45°/+45° avg | 98.10 | 3.85 | 65.34
2-On Edge -45°/+45° avg | 97.83 | 3.67 | 63.30
A-On Edge -45°/+45° avg | 94.49 | 4.29 | 63.67
3-On Edge -45°/+45° 94.53 | 596 | 66.05
3-On Edge 0°/90° 95.60 | 5.05 | 70.11
1-On Edge 0°/90° avg 97.94 | 4.63 | 71.27
2-On Edge 0°/90° avg 97.14 | 475 | 70.03
A-On Edge 0°/90° avg 94.39 | 4.65 | 68.15
1-Flat -45°/+45° avg 9441 | 517 | 61.83
2-Flat -45°/+45° avg 95.92 | 5.62 | 64.24
1-Flat 0°/90° avg 95.72 | 3.33 | 58.92
2-Flat 0°/90° avg 95.35 | 3.20 | 58.42
1-Upright -45°/+45° avg 92.09 | 1.42 | 26.56
2-Upright -45°/+45° avg 90.17 | 1.43 | 25.32
A-Right -45°/+45° avg 89.12 | 1.12 | 22.24
1-Upright 0°/90° avg 90.95 | 1.45 | 24.39
2-Upright 0°/90° avg 91.39 | 1.54 | 23.94
A-Upright 0°/90° avg 88.67 | 1.18 | 24.70

Group 3-On Edge -45°/+45°-1 with a range of
94.36-95.90 percentage of relative density, 63.85—
69.40 (MPa) flexural strength, and 4.50-7.20 (mm)

axial deflection. Group 3-On Edge -45°/+45°-] with a
range of 93.11-94.30 percentage of relative density,
64.85-66.52 (MPa) flexural strength and 5.65-6.13
(mm) axial deflection.

Table 2. On Edge orientation average properties of the
ABS 3D-printed three-point bending experimental results

Specimens 4 d o

[%] |[mm]) [MPa]
1-On Edge -45°/+45° avg 98.10 | 3.85 | 65.34
2-On Edge -45°/+45° avg 97.83 | 3.67 | 63.30
A-On Edge -45°/+45° avg 94.49 | 429 | 63.67
3-On Edge -45°/+45°-1 avg | 95.18 | 5.82 | 66.25
3-On Edge -45°/+45°-] avg | 93.88 | 6.10 | 65.85
1-On Edge 0°/90° avg 97.94 | 4.63 | 71.27
2-On Edge 0°/90° avg 97.14 | 4.75 | 70.03
A-On Edge 0°/90° avg 94.39 | 4.65 | 68.15
3-On Edge 0°/90°-1 avg 96.04 | 4.99 | 70.41
3-On Edge 0°/90°-| avg 95.15 | 5.11 | 69.82

The three-point bending experimental results of
relative density pr (%) vs. axial deflection 6 (mm) and
relative density pr (%) vs. flexural strength ¢ (MPa)
of the ABS 3D-printed three-point bending On Edge
orientation are shown in figure 7.

Group 3-On Edge 0°/90°-1 with a range of
95.24-96.55 percentage of relative density, 69.62—
71.69 (MPa) flexural strength, and 4.43-5.28 (mm)
axial deflection. Group 3-On Edge 0°/90°-| with a
range of 94.34-95.43 percentage of relative density,
68.82-70.70 (MPa) flexural strength and 4.89-5.53
(mm) axial deflection.

The overlapping values and the On Edge
average results seen in table 1 lead to the conclusion
that the difference in the mechanical properties results
from the building orientation and not from the
different area of bending.

3.2. Fractography and Fracture Visualization

A simple CAD model was prepared to visualize and
predict the expected fracture surface morphology of
the specimens prior to the bending test. The idealised
model was based on average filaments and layer
dimensions, which in turn were based on the received
fractography images, with an elliptic filament cross-
section (0.18 mm by 0.31 mm). These filament
dimensions were used to draw the horizontal and
vertical layers. This procedure was applied to create
visualization models for two printed geometries,
Upright -45°/+45° and Upright 0°/90°, which were
compared to the actual LM observation of the fracture
faces (Fig. 8a, 8b). Some disadvantages of the
visualization model were observed, i.e., (a) the model
described a perfect surface fracture with no filament
melting and/or asymmetric filament cross section; all
were clearly visible in the fractography examinations.
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Fig. 6. ABS 3D-printed three-point bending experimental results of the Flat, On Edge and Up-right
configurations: a) density vs. deflection; b) density vs. flexural strength
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Fig. 7. ABS 3D-printed three-point bending experimental results of the On Edge orientation: a) density vs.
deflection; b) density vs. flexural strength. Arrow up refers to bending in area with contact to tray, arrow down
refers to bending at the area where the building of the specimen was finished
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Fig. 8. a) Upright 0°/90° CAD model (upper image) and LM photo (lower image); b) Upright -45°/+45° CAD
model (upper image) and LM photo (lower image)

The visualization model used emphasizes the
need for a proper machine G-code for pre-print design
and the need for well-conceived dimensional planning
for the prevention of defects and cavities in the
printed structure.

During the three-point bending test, there is a
major difference in the mechanical properties and
fracture surface topography when the samples are

bent between the layers (Upright orientation) and
when the samples are bent through the layers (Flat
and On Edge orientation). Figure 9¢ shows an On
Edge -45°/+45° orientation of a single cut (crack
propagation during the bending test) through the
layer, whereas figure 9f shows an On Edge 0°/90°
orientation of one half vertical weaved layer and the
second half horizontal weaved layer. In contrast to the
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Upright samples, the Flat and One Edge orientations
(Fig. 9a-d) result in rough surface topography, with
height differences between the broken material layers,
which indicates impure fracture topography with
correlation to the mechanical data.

5 mm

Fig. 9. The fracture surfaces of the ABS printed
specimens after the three-points bending tests:

a) 1-Flat 0°/90°-2 specimen; b) 1-Flat -45°/+45°-10
specimen; c) 1-On Edge -45°/+45°-12 specimen;
d) 1-On Edge 0°/90°-4 specimen; e) 1-Upright -45°/-
45°-17 specimen; f) 1 Upright 0°/90°-14 specimen

The present flexural results cover a wide range
of FFF build-up strategies and printing positions [25];
for alike specimens the data presented here is fairly
similar to that published in other research papers, as
each describes only some of the relevant parameters
[11], [26]-[27].

5. SUMMARY

In this study, the mechanical and structural

characterizations of AM-FFF ABS material were
performed to broaden the understanding of flexural
properties. Thus, specimens with rectangular cross-
sections were 3D-printed in various densities with
three different building orientations (Flat, On Edge
and Upright), and two different angle orientations (-
45°/+45° and 0°/90°), and were characterized by the
three-point-bend test, VT, and multifocal LM,
including fractography analysis, to study the influence
of build-orientations, build model and microscopic
level defects on the mechanical properties. The results
revealed that the specimen with the highest amount of
flexural strength was not necessarily the one with the
highest deflection. It was also found that the
specimens that were printed parallel to the x-y plane
of the tray (On Edge 0°/90°) exhibited relatively
larger flexural strength differences than other building
orientations (On Edge and Up-right). It was also
observed that there was no major difference in the
data value when the bending test was performed next
to the building surface or far from it. Based on the
fractography results, there is a major difference in the
mechanical  properties and fracture  surface
appearance, when the bending samples are bent

between the layers (Upright orientation) and when
they are bent through the layers (Flat and On Edge
orientation).
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