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ABSTRACT

Rapid prototyping (also known as additive manufacturing, AM) is a quickly
developing process with increasing new applications in a large variety of industrial
sectors (i.e., aerospace, automotive, medical, among others.) However, despite the
great advantage of a decoupled price to part complexity of an AM fabricated
structure, the material properties (largely governed by filament material and
printing parameters) still present a significant limiting factor. In this context, the
development of new filament materials for a wider range of applications has great
potential. In this study, the influence of micro-scale filler reinforcement (powders),
both natural (curaud) and synthetic (glass fibre), in the fabrication of an
Acrylonitrile Butadiene Styrene (ABS) filament was evaluated. The filler was
controlled by weight fraction (~1%) and the filament was fabricated via extrusion. A
commercially available 3D printer was used to print tensile and flexural specimens
for mechanical characterization as per ASTM standards. The fracture morphology
was analysed after tensile testing via optical microscopy in order to evaluate the
effect of the fillers on the material deposition and void formation. No significant
variation in the tensile properties was reported, except for the strain at failure,
while more significant flexural strength variation was observed as a function of
filler material. The fillers presented a significant effect on the void density of the
fractured surface. It was demonstrated that this simple fabrication technique can
generate novel filament materials that may enhance the mechanical properties or
widen the range of application (e.g., faster decomposition times in nature for single-
use plastics due to the hydrophilic nature of the natural filler and lower water
absorption of the hydrophobic synthetic filler for marine environment applications).
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1. INTRODUCTION

Rapid prototyping (also known as additive
manufacturing, AM) is a fabrication technique in
which a part is made via layer-by-layer material
deposition or resin photopolymerization. In this way,
high-complexity parts can be quickly fabricated at a
very low cost [1], [2].

The most widely used technology of this kind is
the Fused Filament Fabrication (FFF), sometimes also
referred to as Fused Deposition Modelling (FDM) [1],
[3], [4]. The main advantage of this process lies in the
fact that the design complexity is decoupled from the
price. However, the bottleneck is found in the
limitation of the material properties of the used

filament (thermoplastic) [5], [6]. There are a variety
of techniques available that address this problem [2],
[51, [71 - [12]. However, high complexity and
expensive machinery (i.e., continuous synthetic long-
fibre printers) are significant limiting factors.
Therefore, there is a need in the current literature to
address techniques to possibly improve the filament
material properties or widen the range of applications
by creating new materials. Furthermore, the printing
parameters and the filament polymer play crucial
roles in the final mechanical properties of the printed
part. These parameters and their influence have been
widely studied in the literature [13], [14]. Regarding
the improvement of the mechanical properties, one
such possibility is the use of fibre reinforcements.
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Natural fibres are among some of the most promising
materials that have been used in a wide range of
engineering applications. Their aim is not only to
improve mechanical properties, but also decrease the
weight, cost, and carbon footprint of the structures
[2], [15]-[18]. In this context, the application of
natural fibre reinforcements with commonly used
thermoplastic materials in FDM (i.e., Polylactic Acid
(PLA) and Acrylonitrile Butadiene Styrene (ABS))
presents great potential. Another significant factor is
the scale of the reinforcements. It is well known that
long fibres in the direction of the main loading in a
fibre-reinforced structure (composite) are the best-
case scenario [8]. However, given the great
complexity and need for all-new tooling for such a
technique, the  possibility — of  micro-scale
reinforcement (powders) infused directly into the
filament during the extrusion process is a logical first
step.

For example, Safka et al. [19] studied ABS
reinforced with coconut and showed that the resulting
composite presented a slight increase in tensile
modulus (+6%) and a drastic reduction in strength
(—50%) and strain (—15%) compared to a neat ABS.
Daver et al. [20] studied cork powder modified PLA
specimens and found reduced tensile modulus,
strength, and impact strength of printed PLA
composites. On the other hand, Zander et al. [21] have
found an increase in tensile modulus of approximately
60% for Polypropylene PP/10% wood flour and 20%
for PP/cardboard compared to neat PP. However, a
decrease in tensile strength of 7 to 20% for PP/paper
waste fibres and for PP/cardboard fibres was found.
Xiao et al. [22] also found a reduction in tensile
strength of about 20% by adding hemp hurds in PLA.

In this study, the main objective was the
fabrication and characterization of novel micro-scale
natural and synthetic  fibre-reinforced ABS
thermoplastic ~ filaments. The materials  were
characterized in tensile and flexural tests and a
morphological fracture analysis was carried out via
optical microscopy.

2. MATERIALS AND METHODS
2.1. Materials

The ABS material used in this work was provided by
BASF GP22 ABS in pellet form. Pure curaua powder
was used as a second reinforcement phase (in-natura
curaud long fibers were supplied by the Federal
University of Para (Para, Brazil)). The filler was
fabricated by first shredding long curaua fibers, then
using a ball milling machine (MA 500, MARCONI,
SP) for 6h with ball sizes of 12, 10 and 2 mm in
diameter. The milled fillers were then filtered using
an ASTM 14 mesh 12 sieve. No chemical treatment
was used on the fillers. They were stored in a
hermetically sealed container since fabrication. No
drying was done before filament fabrication. The

glass powder used is a commercially available micro-
scale reinforcement.

2.2. Filament Fabrication

The filament was produced by a common extrusion
process using an extrusion machine Filmag3D
supplied by GTMax3D (Americana, SP, Brazil). The
fillers and the ABS material were manually mixed
and heated together for 3 minutes at 80°C. It is known
that filament production is an important step in
additive manufacturing fabrication. Any defect that
occurs at this stage (e.g. porosity) is transferred to the
3D-printed specimens [23], [24]. The weight fraction
of the fillers relative to the pellets was approx. 1%.
The extrusion process can be seen in figure 1.

Curaud

Fig. 1. Filament extrusion process
2.3. Specimen Fabrication

The 3D-printed specimens were fabricated using a
Core Alv2 3D printer form GTMax3D (Americana,
SP, Brazil). The printing process parameters used in
this work are presented in table 1 and were chosen
based on the literature and some in-house laboratory
trials. The printing process can be seen in figure 2.

Table 1. Printing parameters used [24]

Printing Parameters Value
Nozzle diameter [mm] 0.40
Layer height [mm] 0.30
Raster width [mm] 0.44
Raster angle 0°

Infill % 100
Extruder temperature [C°] 250
Printing bed temperature [C°] 120
Printing speed [mm/s] 45

Number of contours 44
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The printing speed used was 45 mm/s, as it was
shown in the literature. This printing speed presented
the best results by providing increased diffusion,
larger interfacial width and lower internal voids. The
slower speed also allows a longer exposure to heat,
increasing diffusion between rasters and layers [10].
Finally, the extruder and bed temperature values used
were chosen based on the fact that the temperature has
a significant impact on the part’s properties. A
continuous rise in material properties was observed as
the nozzle temperature increased, while the bed
temperature (i.e. 120 °C) was chosen to reduce a
possible temperature gradient between the top and
bottom layers [11].

Fig. 2. 3D printing process fabrication of AM
specimens

Fig. 3. Scheme of the specimens (dimmensions in
milimetres)

Slicing was performed with Simplify3D® and all
test specimens were fabricated in a flat-edge
orientation. The specimen dimensions (in mm) can be
seen in figure 3. Photos of AM fabricated specimens
can be seen in figure 4, variations were within 5% in
all dimensions.

Fig. 4. Photos of AM parts specimens: a) tensile; b)
flexural

Fig. 5. Tensile test set-up
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2.4. Test Method

Tensile and flexural tests were performed at room
temperature using a testing machine INSTRON®
model 5966 (Norwood, Massachusetts, USA). The
tensile tests were done with a crosshead speed of 2
mm/min and a load cell of 10kN. A strain gauge

extensometer was also used to record the strain. For
the flexural tests, a three-point bending rig with a
span of 116 mm, crosshead speed of 1 mm/min and a
1 kN load cell were used, as per ASTM D790
standard (specimen span to depth ratio of 1:32). At
least three specimens were tested for each condition.
The tensile test set up can be seen in figure 5.

Table 2. Tensile properties of the tested specimens

Material Tensile strength Young’s modulus Strain at failure
[MPa] [GPa] [mm/mm]
Neat-ABS 35.76 £0.07 1.99 + 0.004 0.02 £ 0.008
ABS+ Curaua 35.51 = 0.60 1.99+0.04 0.06 £ 0.017
ABS+ Glass 33.13+0.24 1.96 + 0.005 0.037 = 0.02
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Fig. 6. Representative tensile stress-strain curves as a function of filler material

3. RESULTS AND DISCUSSION
3.1. Tensile tests

Figure 6 shows representative tensile stress-strain
curves obtained from the tensile tests of the FDM
parts as a function of the material. From the
stress/strain curves, the tensile data was calculated
(tensile strength, Young’s modulus and elongation at
break), and the results are presented in table 2.

From figure 6 it can be seen that the behaviour
up to the failure of the materials was initially similar.
That is echoed in the material stiffness, where little
variation was reported. However, the strain at failure
varied significantly. This will be further discussed as
a function of the failure modes. In Table 2, the
quantitative data of the tensile tests can be seen. The
tensile strength of all tested materials did not present a
significant variation. For example, the Neat-ABS
presented a variation in tensile strength of approx. 1%
and 7% when compared to the curaud and glass

specimens. Regarding Young’s modulus, similar
variations were reported. This demonstrates that the
present technique is capable of fabricating filler-
reinforced specimens without deleterious effects of
the tensile properties.

In the literature, it is well known that the
presence of fillers exhibits a strong tendency to
significantly decrease the properties [2], [25].

The strain at reported failure variations was
significant. For example, the elongation of the ABS-
Curaud and Glass specimens was higher when
compared to the Neat-ABS (approx. 67% and 46%).
However, the standard deviations were significant due
to the specimen failure morphology (Fig. 7).

It can be seen in figure 7, that the tensile failure
morphology of the tested specimens varied
significantly. From Fig. 7a, the failure cross-section
of the Neat-ABS specimens can be seen and the
filament deposition pattern (similar to half-circles)
can be clearly observed. Furthermore, the voids
depicting the deposition spacing can also be clearly
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seen (the triangle-shaped voids). Finally, the rough
surface of the failure propagation across the deposited
filaments displays the characteristic ductile behaviour
of the ABS material [23].

In figure 7b, the morphology of the ABS-Curaua
tensile failure can be observed. A very different
failure mode is found in these specimens. The
deposition voids are less uniform and significant

voids are observed.

These voids are within the deposited filaments,
sometimes almost completely hollowing out the semi-
circle. This observation would be consistent with a
significant decrease in tensile properties as it is well
known that voids within any material under tensile
loading will generate local stress concentrators and
therefore, crack nucleation sites.

Fig. 7. Representative tensile failures of: a) cross-section of Neat-ABS specimen; b) ABS+Curaua specimen;
¢) ABS+Glass specimen
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Fig. 8. Representative flexural stress-strain curves as a function of filler material
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Table 3. Flexural properties of the tested specimens
Material Flexural Flexural
strength [MPa] modulus [GPa]
Neat-ABS 37.36 +4.67 2.23+0.91
ABS+ Curaua 48.31+11.96 1.7+£0.13
ABS+Glass 34.17 +5.82 1.87£0.30

However, as previously reported, the tensile
properties  (strength and stiffness) did not
significantly decrease, when compared to the Neat-
ABS specimens. Therefore, it is concluded that the
failure mode variation was more expressly seen in
the elongation at failure. There, more random stress
states, as a function of the voids, generated failures
at different elongation values.

Water is likely the reason for the voids within
the ABS-Curaud specimens. The natural fillers did
not undergo any chemical treatments nor were they
oven-dried prior to filament fabrication (they were
stored in hermetically sealed containers since
fabrication). However, it is well known that the
molecular components of natural fibres (i.e.,
hemicellulose and cellulose) are highly hydrophilic
[10]. Therefore, during specimen printing, the water
evaporated, and the gas expansion created localized
voids. This indicates that the curaud fillers presented
a very good fibre/matrix interface with the ABS
since even with a number of voids that may be
qualitatively described as nearly catastrophic (e.g.,
entire depositions hollowed out), the material
properties still matched the unfilled case.

Therefore, the application of these fillers with
ABS has great potential with careful pre-drying of
the fillers in order to remove as much water, as
possible as well as chemical treatments to decrease
moisture uptake after filament extrusion.

In figure7b, the failure surface morphology of
the ABS-Glass specimens can be seen. A similar
situation to the curaud specimens is observed,
however, an even higher void density can be seen.
Differently from the natural fillers, the glass
particles are not hydrophilic and the explanation for
the voids is likely to be found in the dispersion of
the fillers. Given the propensity for the synthetic
fillers to form agglomerates if not dispersed
homogeneously within the extruded filaments,
localized glass particle clumps may form. During
specimen printing, these agglomerates will obstruct
the correct material flow and consequently, voids
will form randomly.

The addition of natural fillers within the
current work had little to no impact on the tensile
properties of the tested specimens. These results can
be considered positive since the current literature
states that in general, the addition of natural fillers
will tend to reduce the tensile properties of the
materials [26]. This indicates that the fillers had a
good quality interface with the matrix.

3.2. Flexural Tests

Figure 8 presents representative flexural stress-strain
curves of the AM parts as a function of the material.
From the stress/strain curves, the flexural data was
calculated and presented in table 3.

Similar to the tensile behaviour up to failure, the
initial behaviour of the specimens did not vary
significantly. However, a more pronounced angle
variation (stiffness) is observed. This is confirmed in
the quantitative data in table 3. AIll specimens
presented a dominantly ductile behaviour due to the
primary phase being ABS.

In table 3, the quantitative flexural properties
can be seen. The variation in the flexural properties
was more significant than the tensile properties. This
is due to the fact that in flexural loading, the top and
bottom layers are going to be under maximum
compressive and tensile stresses. The variations in
flexural strength when the Neat-ABS is compared to
the curaua and glass specimens were approx. 33% and
9%. However, it is reported that the standard
deviations were significant, especially for the curaua
specimens, due to the random distribution of voids
and variation in filler/matrix interface quality [2].
Despite this, the curaud specimens presented a
significant improvement in flexural strength, echoing
the previous observation that the interface quality was
overall good and able to counter the effect of the
voids in the tensile properties. Similarly, for the glass
specimens, the small decrease in the properties is
likely to be linked to the higher void density.

Regarding the flexural modulus, the variations
when the Neat-ABS is compared to the curaua and
glass specimens were approx. 31% and 19%.
However, given the high deviation in the Neat-ABS
specimens (likely due to printing variations from
filament thickness) no definite statistical variation
conclusion may be drawn.

The failure mode of all specimens was tensile
(crack propagation on the bottom face). This is due to
the fact that the ABS presents a higher resistance to
compression than traction [27], [28].

Similar to the tensile properties, the flexural
properties presented a different trend when compared to
the literature, where the flexural strength presented a
tendency to decrease, and the flexural modulus presented
a tendency to increase [26]. This is due to higher filler
interface properties and void content. In flexural
properties, the void content will impact the rigidity of the
specimens, higher contents being detrimental.
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4. CONCLUSIONS

In this work, the mechanical behaviour of filler-
reinforced ABS composites made via fused deposition
modelling was investigated. Two different fillers
(curaud and glass fibre powder) with 1%
concentration in filler weight percentage were used to
fabricate the Neat and filler-modified ABS filaments.
Tensile and flexural tests in accordance with their
respective ASTM standards were performed. The
following conclusions can be drawn:

e The tensile properties were mostly unaltered by
the presence of the fillers. After careful analysis
of the fracture morphology of the failed surface, a
significant presence of voids was found for both
filled cases for different reasons. Significant
improvements to the tensile properties may be
achieved with careful natural filler drying before
the fabrication of the filament and higher filler
dispersion homogeneity.

e Significant improvement to flexural strength is
possible given the apparent high quality of the
curaud/ABS interface. Further improvements are
expected with filler drying and chemical
treatments, in order to remove hydrophilic
contents and low molecular weight waxes.

e The application of natural and synthetic fillers in
ABS filaments still presents many challenges but
even a simple process can generate significant
improvements. This research also gives insight
regarding the possibility to use natural fillers for
single-use plastics, in order to leverage the
hydrophilicity of natural fibres for faster
degradation of the plastic in nature, promoting its
biodegradation. On the other hand, for the
synthetic fillers, much lower water uptake is
expected given the hydrophobicity of glass for
plastics with application in humid environments
without any significant material property loss.
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