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The increasing interest of Large Format Additive Manufacturing (LFAM) technologies in various industrial sectors
mainly lies on the attainable production of pieces reaching several cubic meters. These new technologies require
the development of optimized materials with two-folded capabilities, able to satisfy functional in-service re-
quirements but also showing a proper printability. Acrylonitrile Styrene Acrylate (ASA) is among the most inter-
esting thermoplastic materials to be implemented in a LFAM device due to its excellent wettability and
mechanical properties.
This research focuses on the development and characterization of ASA and carbon fiber (CF) ASA composites suit-
able for LFAM. The rheological, thermal and mechanical properties of neat ASA and ASA containing 20 wt% CF are
addressed. The results evidence the higher performance of the CF loaded composite compared to the raw ASA
polymer (i.e., the 20 wt% CF composite shows a 350% increase in flexural Young's Modulus and a 500% increment
in thermal conductivity compared with neat ASA). Additionally, both materials were successfully printed along
perpendicular directions (X and Z), showing the maximum tensile strain for the composite printed along the X
orientation as was expected. The results of the flexural tests are comparable or slightly higher than those of
injected parts. Finally, the fracture surface was analysed, identifying different types of porosity.
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1. Introduction

Additive manufacturing (AM) [1] has acquired an essential role in
industry along the last decade, especially within Industry 4.0 [2,3]. Basi-
cally, the different technologies of additive manufacturing enable the
creation of 3D pieces directly from digital models, by depositing the ma-
terial layer-by-layer, for almost any shape (or even assembled), in dif-
ferent materials and in a batch as low as a unit [4-6].

Additive manufacturing, also known as 3D printing, includes a wide
variety of technologies, classified into seven categories by the American
Society for Testing and Materials (ASTM) attending to the material,
physical state and the energy used during the printing process [7]. So
far, the material extrusion related technologies are among the most
studied as they offered a cost efficient and easily scalable alternative
for a wide range of materials. By extrusion, the materials are deposited
along lines following a toolpath, resulting in material layers which pile-
up together to create the 3D pieces.

The pioneering work of Scott Crump, based on melting a feedstock
filament deposited along a certain trajectory to create the 3D object,
established the basis of thermoplastic material extrusion technology.
He also founded the company Stratasys Ltd. and coined the term Fused
Deposition Modeling (FDM™ ) to name this new technology [8], com-
monly named Fused Filament Fabrication (FFF) [9]. The typical printing
built volume of these devices used to be about 0.5 m?, imposing one
of the main limitations for their employment in large format
manufacturing. However, in recent years, new printing systems using
thermoplastic polymer pellets as feedstock and a screw-extrusion sys-
tem to melt and deposit the polymer, have significantly increased the
printing volume (up to various cubic meters), while reducing the
manufacturing time. Although due to the fast growth of the field there
is not a standardized name for all those new technologies, they are usu-
ally referred as Large Format Additive Manufacturing (LFAM) [10-12].
Nonetheless, as it happened with FDM™, the commercial names are
widely employed as, for instance, Big Area Additive Manufacturing
(BAAM) and Large Scale Additive Manufacturing (LSAM), developed by
Cincinnati Incorporated and the Oak Ridge National Laboratory in
2014 [13] and Thermowood™ (both in USA), respectively.

The current state-of-art of the regarded technologies evidences their
potential to be implemented in important industrial sectors, such as the
automotive [14-16], the naval [12,17-19], construction [20-23] or en-
ergy [24-26], to produce faster prototypes, moulds, spare parts, or
even final parts.

In spite of the above mentioned advantages, there are few limita-
tions to be overcome. The laminar character of the FFF/LFAM processes,
result in anisotropic properties of the obtained pieces in contrast to
injected parts. In terms of the mechanical resistance, the printing direc-
tion is stronger (normally called as X-direction), while the weakest con-
figuration is perpendicular (in-plane) to the deposition trajectory
(known as Z-direction). This anisotropy might be tuned until some ex-
tend by increasing resistance along Z, for instance, by using a Z-tapping
[27], Z-pinning [28,29] or preheating the surface with infrared lamps
[30], plasma [31], laser [32] or microwaves [33].

Importantly, this technology requires from materials with a proper
printability, while retaining their functionality, meaning low coefficient
of thermal expansion (CTE), adequate melt flow index and high me-
chanical properties [12,34,35]. These requirements push the study and
development of improved materials. One interesting strategy consists
on combining different materials into a composite, to produce new or
optimized materials with the sought properties. Different polymer com-
posites are usually obtained by the addition of fibers (especially glass fi-
bers, GF or carbon fibers, CF) playing a reinforcement role and reducing
the CTE, which is fundamental to reduce warping or bending [36].

The most widely used thermoplastic in LFAM is Acrylonitrile Butadi-
ene Styrene (ABS), specially reinforced with 20% carbon fibers (CF) in
weight (wt%), because of its high balanced properties of impact
strength, stiffness, and processability [27,35,37]. Other technical mate-
rials such as, Polyphenylene Sulfide (PPS) [38], Polyphenylsulfone
(PPSU) [10], Polyamide (PA) [15], Polyether Ether Ketone (PEEK) [39]
or Polyethylene Terephthalate Glycol (PETG) [12] have been also tested
in these technologies. However, their high cost and hard processability
restrict their employment to few applications.

Acrylonitrile Styrene Acrylate (ASA) is an amorphous technical co-
polymer which has excellent UV properties, with good chemical resis-
tant and high mechanical properties, widely used in automotive,
gardening and other outdoor parts sectors with a feasible cost [40,41].

The chemical structure of ASA is schematically graphed in Fig. 1. It
consists in rubber particles of alkyl acrylate (that works as impact mod-
ifier), compatibilized by a graft shell of poly (styrene-co-acrylonitrile)
(PSAN), homogenously dispersed in a PSAN matrix [41].

Even though Jianbin Song et al. studied ASA CF [42] and the company
Shanghai Construction Group has printed a 15.25 m long pedestrian
bridge, using ASA reinforced with glass fiber [43], no research has
been published using ASA as a base material for additive manufacturing.

In this research neat ASA and a developed ASA reinforced with car-
bon fiber were assessed and implemented in LFAM and study the influ-
ence in mechanical properties of printing orientation.

2. Materials and method
2.1. Materials

ASA Luran® S 777K from BASF (Germany) was used as thermoplas-
tic base in this research. Not a commercial ASA CF is available, so as a re-
inforcing component, polyacrylonitrile (PAN)-precursor chopped
carbon fibers Sigrafil® C30 from SGL Carbon (Germany) were used,
with 3 mm length and 7 pm diameter. We have worked with two
types of compositions, neat ASA and ASA-base composite with 20% of
CF in weight (wt%). Hereinafter, we will refer to these materials as
neat ASA and ASA 20CF, respectively.

With the intention to eliminate residual moisture that could inter-
fere negatively during the manufacturing process, all the components
and blends were dried in an oven for at least 4 h at 80 °C before any use.

In a first step, small amounts of ASA 20CF were blended in an inter-
nal mixer Rehoscam Scamex, (Fig. 2a), during 10 min, at 260 °C, at

Poly (styrene-co-acrylonitrile)

Graft shell of Poly (styrene-co-acrylonitrile)

Rubber base on alkyl acrylate

Fig. 1. Structure of ASA polymer.

Based on [41].
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Fig. 2. Compound of ASA 20 CF a) small amount using an Internal Mixer; b) massive production using a Twin Screw.

50 rpm, intended for the creation of injected pieces for the composite
characterization. At least 5 normalized tensile, 5 flexural test samples,
10 non-notched impact pieces and 2 thermal conductivity discs, of
neat ASA and ASA 20CF were injected in a Babyplast 6/10 P and
measured.

In a second step, after the evaluation and validation of the properties
obtained, 30 kg of ASA 20CF were produced by a twin screw extruder
SHJ (Fig. 2b), to be processed in the LFAM 3D printer. The twin screw
was set at 300 rpm with the following temperature profile: 140-215-
215-220-225-225-225 °C in the different zones of the barrel. The
blended material was cut after extrusion in a blade mill WSGM-250,
obtaining pellets of about 3-5 mm in length and 3 mm in diameter, fol-
lowing recommendations identified in bibliography for the extrusion
process [44].

2.2. Printed samples

The studied samples were printed by using the Cartesian printer S-
Discovery (Fig. 3) from CNC-Barcenas developed in a previous project
[12] and located at Navantia Bay of Cadiz Shipyard. This large format
3D printer has a built volume of 3.5 m?, with a vertical single-screw ex-
trusion system attached to a gantry, which is directly fed with pellets
delivered from a drier machine, and a heating bed. The extrusion sys-
tem, with three heating zones, is able to reach up to 500 °C and the
heating bed up to 120 °C.

In order to assess the degree of anisotropy of the printing process by
determining the strongest and weakest mechanical resistance of the
studied materials (neat ASA and ASA 20CF), flat samples of

ory 3DE i

é@o‘\-

=
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Fig. 3. S-Discovery LFAM device property of Navantia S.A., S.M.E. (placed at Bay of Cadiz
Shipyard, Puerto Real, Cadiz, Spain).
Adapted from [12].

420 x 300 x 5 mm> were printed along perpendicular directions
(i.e., X and Z, shown in Fig. 4) using a 5 mm nozzle in diameter. The
X-axis horizontal sheets have a height of 2 layers and do not have
outer perimeter shell. The vertical sheets, called Z, contain one outer
shell (perimeter) and consecutive sheets are joint together by an arc,
creating a continuous toolpath to get vertical thin walls. A brim made
of 5 beads at the first layer avoids the warping of vertical samples.

All the gcode files were generated using the slicer software Simplify
3D, widely used when working with FFF printers. The main parameters
settled to fit the slicer to a single-screw extrusion system were a diam-
eter nozzle and virtual filament diameter of 5 mm; a 2.5 mm layer
height; a speed of 50 mm/s; heating bed at 110 °C; and 100% infill
with 40% overlap. The temperature of the three zones of the barrel and
the extrusion multipliers (EM) of each material, which allows managing
the flow rate of different materials, are shown in Table 1. The values of
these factors were determined using thermal and rheological character-
ization results of the materials and finely adjusted by the resulting di-
mensions and filling of printed blocks of 150 x 150 x 100 mm? for
each material.

At least 5 tensile and flexural testing specimens were directly cut
from the printed sheets, using a machining centre DMG Mori DMU 80
eVo. The cuts were aided with a tool developed and designed to avoid
vibrations during the cutting process.

2.3. Characterization

In a first step, the neat ASA and ASA 20CF composite were character-
ized in terms of their mechanical, rheological and thermal properties.
The mechanical properties were addressed by testing injected tensile,
flexural and impact pieces. The melting flow rate (MFR) and the glass
transition temperature (Tg), determined by differential scanning calo-
rimetry (DSC), were measured for the two compositions. The thermal
conductivity was measured using cylindrical injected discs.

In a second step, X and Z printed specimens were analysed by tensile
and flexural tests, assessing the influence of the printing orientation in
the mechanical properties of both, neat ASA and ASA 20CF.

Finally, the microstructure of the materials is analysed by means of
optical and scanning electron microscopies. Specifically, tensile tested
samples were study at the fractured surface of printed specimens
aiming to discus and correlate microstructural features with differenti-
ated mechanical performance of the two materials.

Rheological Characterization - The melting flow rate (MFR) of raw
materials were measured in a plastometer Tinius Olsen MP600, fol-
lowing UNE-EN ISO 1133:2006 at 250 °C/10 kg.

Differential Scanning Calorimetry (DSC) - The glass transition tem-
perature (Tg) of the materials was measured in a Metteler Toledo 1
Stare System.

Thermal Conductivity - The thermal conductivity was measured in a
DTC-25. According to ASTM E1530, at least two injected discs of each
material were measured.
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Fig. 4. Samples printed along the two different configurations studied: a) neat ASA sample printed along X direction outside the printer (XY plane displayed, being the Z-direction
perpendicular to the image plane (outwards)); and b) ASA 20CF sample printed along Z direction inside the printer. X, Y and Z directions are indicated at the images.

Mechanical Characterization - Stress-strain curves were carried out
at both, injected and printed parts at 2 mm/min in a Shimadzu
AGS-X, in agreement with UNE-EN ISO 527 and UNE-
116005:2012, respectively. UNE-116005:2012 considers the influ-
ence of orientation deposition. Charpy impact characterization of
injected parts was performed using a Metrotest IMPats 2281, ac-
cording to UNE-EN ISO 179 for non-notched specimens. Flexion
characterization was carried out at 2 mm/min in a Tinius Olsen
H10KS device following recommendations of UNE-EN ISO
178:2011.

Scanning Electron Microscopy (SEM) - A Nova NanoSEM 450 scan-
ning electron microscope operated at 1.50 kV was used to character-
ize the fracture surfaces of the specimens. All printed parts were
studied in X and Z orientations after tensile tests; On the other
hand, two fractured samples of ASA 20CF were analysed (injected
parts) in order to evaluate the interface between the fibers and the
thermoplastic matrix (i.e., a cryogenic fragile fracture, induced at liq-
uid nitrogen temperature and the standard fracture occurred in ten-
sile test at room temperature).

Optical Microscopy - A Nikon SMZ-64 optical microscope was used
in order to take fractographies of printed test tubes along X and Z
orientations, for neat ASA and ASA 20CF.

3. Results and discussion
3.1. Materials characterization

Fig. 5 evidences the strong influence upon CF addition on the me-
chanical properties of the ASA, by comparing the strain-stress curves
for both blends, neat ASA and ASA 20CF. The ultimate tensile strength
(UTS) increases up to 67% and the Young's Modulus (E) reaches 223%
while reducing the deformation or strain (¢) in a 95%, for the 20 wt%
case, (Table 2). The SEM images included in Fig. 6 also indicate that
the CF are well integrated within the polymer matrix, even after the

Table 1
Printing parameters of samples created by LFAM.

Extrusion temperature [°C]

250/255/255 0.54
240/260/260 0.86

Extrusion multiplier [%]

Neat ASA
ASA 20CF

tensile test, where the physical bonding remains incomplete pulled-
out fibers. Jianbin Song et al. [42] explain this entanglement by the for-
mation of chemical rings between the acrylonitrile and the surface of
the CF precursor during blending, favoured after the surface oxidation
of the CF precursor when undergoing the required temperatures for
the process (200-300 °C [45,p.,39]).

These results are in good agreement with previous researches in
which the addition of carbon fibers modifies the behaviour of the poly-
mers into a brittle-like performance. During fracture, the propagation of
the crazes is affected by the fibers pull-out; resulting in an increase of
the ultimate tensile strength and Young's Modulus, while the strain is
dramatically reduced [37,46,47]. Even assuming a perfect adhesion be-
tween the constituent phases, the smaller effective area of the polymer
within the composite may explain the lower strain, as the plastic defor-
mation of the CFs during the stress application must be also accounted.

It is worth to note that other blends with higher CFs loads tested
(i.e., 30% wt. CF) have shown poorer mechanical improvements than
that observed for ASA 20CF. The measured tensile behaviour and the
T variation of ASA 30CF [48] show a slight increment of 5.5% (UTS)
and 1 °C (Tg) compared with ASA 20CF, meaning 80.5 MPa and 112 °C,
in UTS and T, respectively. This poor increase on the mechanical prop-
erties using the same materials and procedure, might be attributed to
the reinforcement saturation effect of the fibers. Thus, the mechanical
improvement provided by the addition of higher CF amounts do not
compensate the associated economic costs with commercial purposes.
Moreover, the probability of the nozzle clogging is higher as the CF/
polymer ratio is increased, involving a deeper optimization of the mor-
phology of the fibers (i.e., optimized length), turning into a specific re-
search work itself. Therefore, and in agreement with most reported
works on LFAM of CF/polymer blends [27,35,37], in the following we
have focused on neat ASA and ASA 20CF.

The impact test results in a great reduction of the absorbed energy
(87%) by the 20 wt% CF composite as compared with the bare polymer
(neat ASA). Therefore, it can be concluded that the new bonding be-
tween fibers and polymers does not compensate the reduction in effec-
tive area of the polymer.

The flexural properties are in agreement with the rest of the tests
performed, evidencing the larger brittleness of the CF/ASA composite.
The addition of 20 wt% CF results in a sharp increase in the ultimate flex-
ural strength, UTSf (75%) and an increment of 350% in flexural Young's
Modulus (Ef) is observed, while flexural strain (&f) decreases a 61%.

The measured MFR shows a flow reduction upon CF addition, as ex-
pected. During the MFR test, the amount of melt polymer decreases
(44.7%) when increasing the CF percentage from 0 to 20%, due to the
larger contact area between the fibers and the polymer, hindering the
polymeric chains movement.
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Similarly, the observed increment of T, between the unfilled and the
filled polymer may be related to the polymer chain mobility (needing
more energy those composites with higher loads to produce the ther-
mal transition of the blend [42]). In addition, there is a significant incre-
ment of up to 500% in the thermal conductivity of the composite
induced by the high thermal conductivity of the CFs, turning these poly-
mers into highly attractive materials for applications such as moulding,
while requiring an extra control of the cooling rate during the printing
procedure.

Duty et al. reported that rheological and thermo-physical properties
are the most important parameters to reach a proper polymer printabil-
ity in LFAM [34]. From the rheological characterization it is possible to
establish the optimum value of the extrusion multiplier during printing,
usually used to compensate small variations between the filament di-
ameter or the printers configuration, in our system EM allows to control
the flow rate of the extruded material with different viscosity,
preventing lack-or-excess material defects. On the other hand, the ther-
mal characterization is crucial to set the printing temperature and the
feed rate, that is, the maximum and minimum layer time available en-
suring the bonding between successive beads, to prevent defects such
as delamination, warping or drooping [49-52]. A printing temperature
at least 120 °C over Tg is recommended [10].

3.2. Printed parts characterization

As it can be observed in Fig. 5, both, neat ASA and ASA 20CF, were
successfully printed in our LFAM printer with no major issues. The

Table 2
Mechanical, rheological and thermal properties of the studied neat ASA and ASA
composite.

Properties Units Neat ASA ASA 20CF
Tensile properties UTS [MPa] 45.7 +£ 09 763 £ 1.9
€ [%] 41 + 8 1.72 + 0.13
E [GPa] 1.98 + 0.02 64 + 0.1
Flexural properties UTS¢ [MPa] 526 + 1.9 92 +2
& [%] 49 £ 01 19 + 0.1
Ef [GPa] 1.48 + 0.05 6.7 £ 0.1
Impact [kJ/m?] 140 + 30 18+ 1
MFR [g/10 min] 47 26
Tg [°c] 103 111
Thermal conductivity [W/mK] 0.17 0.90

UTS: Ultimate Tensile Strength; €: Strain; E: Young's Modulus; UTS;: Ultimate Flexural
Strength; &g Flexural Strain; Eg: Flexural Young's Modulus.

discrepancies between the two EMs required for printing both materials
studied (60% higher for ASA 20CF (Table 1)) denote the tight relation-
ship of the EM parameter with the materials rheological properties. In
our case, the EM value controls the material flow rate, connecting a va-
riety of parameters involving the software managing procedure (i.e. vir-
tual filament diameter or path overlap) and the printer device itself (i.e.
spin-speed of the screw or temperatures of the barrel). The higher EM
required for printing more viscous materials might be related to the
higher spin-speed of the screw to move the fused material, in concor-
dance with the above observed reduction of MFR by CF inclusion. Note
that EM = 1 means that the flow rate and settings parameters are
well balanced, while EM = 0.5 means that only 50% of the flow rate
would be ‘stablished’ in the slicer. In our case, the lower values in both
cases might lead to the underestimation of the deposited amount of ma-
terial (the amount of extruded material by the printer might be more
than the virtual filament of 5 mm in diameter).

Table 3 shows the results obtained during the mechanical testing
(tensile and flexural) of neat ASA and ASA 20CF for printed pieces
along X and Z orientations. The error bars display the standard deviation
of the measurements. Fig. 7 (tensile test) and Fig. 8 (flexural test) gather
the mechanical results got on injected pieces, while SEM and optical im-
ages for both studied orientations are shown in Fig. 9 (neat ASA) and
Fig. 10 (ASA 20CF).

As it is expected, all the printed pieces (neat ASA and ASA 20CF)
present poorer mechanical performance than injected ones as a com-
mon trend, especially along Z orientation. For example, neat ASA
shows a reduction of 11% and 58% in UTS for X and Z orientations re-
spectively, as compared to injected pieces. The addition of CF leads to
variations in UTS of 21% and 87% for X and Z, respectively, in the case
of ASA 20CF. However, an increase of 12% in strain is noted when com-
paring injected and X orientated printed pieces made of ASA 20CF. Such
increment would be explained by the preferential orientation of CF
experimented during printing, which would need an extra displace-
ment in order to pull out fibers from polymeric matrix during breakage
[51].

In flexural test, however, the measured properties for printed sam-
ples are similar, even slightly superior, than for injected ones, mainly
those printed along X orientation for neat ASA. Probably, the laminar
character, compressive residual stress and preferential alignment of
the polymer chains for those parts might improve the mechanical prop-
erties against flexural load application.

The reinforcement behaviour of the CF in injected pieces compared
with printed neat ASA (in X orientation) is clear in both, tensile and flex-
ural tests. An improvement of 220% and 157% is observed in Young's
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Fig. 6. SEM images of the fracture surface of ASA 20CF after a) flexural fracture at liquid nitrogen temperature (without mechanical test); b) tensile test and c) detail of the bonding
interface between ASA and CF.

Table 3
Tensile and flexural results for neat ASA and ASA 20CF along different printing orientations.
Mechanical Properties Units Neat ASA ASA 20CF
X Z X Z
Tensile UTS [MPa] 40.71 4+ 1.48 19.1 £+ 034 60.37 £+ 4.22 9.83 + 0.65
€ [%] 18.84 + 0.09 431 + 036 1.92 £+ 0.08 0.64 + 0.07
E [GPa] 14 £ 0.1 13+ 03 454+ 03 1.7 £ 0.1
Flexural uTSf [MPa] 75.50 + 0.50 266 £ 1 72.0 + 2.10 152 £ 09
ef [%] 49 + 0.1 53+ 03 14 + 0.1 1.7 £ 0.1
Ef [GPa] 24 £+ 0.1 0.8 + 0.1 6.2 £ 05 0.94 + 0.04
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Fig. 7. Comparison (injected vs. printed materials) of the tensile results, a) Strength (UTS); b) Young’s modulus (E) and c) Strain (¢). The two different printing directions (X and Z) are
indicated. Neat ASA (unfilled bars) and ASA 20CF (filled bars).
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Modulus for tension and flexion tests, respectively. The ultimate
strength also increases up to 48% and 44% for tension and flexion
tests, respectively, while the strain before breaking is reduced (90% for
tensile test and 71% for flexural test).

On the contrary, for the Z orientation, the reinforcing character of the
filler vanishes and the measured values drop even below the unfilled
ASA (ultimate strength and strain in both, tensile and flexural tests).
The close results obtained in stiffness compared with unfilled ASA
(Young's Modulus for tensile and flexural tests) suggest that the ther-
moplastic matrix drives the behaviour of the composite under this con-
figuration. Such statement relies on the assumption that the
thermoplastic base is the only phase able to bond itself. The physical
barrier imposed by the fibers hinders the bonding of the polymer
when a new layer is deposited, explaining in part the low tensile strain
before breaking for this kind of specimens. The role played by other fac-
tors (out of the scope of this work), such as the cooling rate or the pres-
ence of voids and porosity on the observed reduction of the mechanical
properties should be carefully evaluated.

Chad E. Duty et al. obtained similar anisotropy in tensile results for X
and Z orientation using ABS reinforced with CF and GF [27,53]. They also
obtained an increment of 13% in Young's modulus over injected ABS
13 wt% CF pieces printed along X orientation, due to the fibers align-
ment during the extrusion process along this direction. The discrepan-
cies when comparing our results to those reported elsewhere [27,53],
for X orientation in reinforced materials, are more likely induced by
the dissimilar materials studied and the configuration in test parts.
Note that their X tensile specimens were machined from a vertical hexa-
gon part, while in our research, tensile test specimens have been ma-
chined from horizontal sheets.

Regarding fracture mechanism, the propagation of crazes occurs
through an interlayer in the Z orientation but across the beads for X ori-
entation. These results could be considered as an indication of the effec-
tiveness of the layer-layer bonding and the maximum load that can be
reached for each building direction. Fig. 9a) shows the trajectory of
the crazes during the fracture in neat ASA in X orientation promoted
by a ductile fracture, while for ASA 20CF is not possible to identify that
trajectory for the same printing orientation (Fig. 10a) in a fragile
fracture.

Figs. 9 and 10 show the presence of different kind of pores for both
materials, labelled as Type 1-4. Type 1 pores (see Fig. 9a) and b)), also
called inter-bead pores, exhibit a triangular or rhomboidal shape,
being the characteristic voids created at the union of adjacent beads
during the printing process. These Type 1 pores are directly dependent
on the infill pattern, the printing material and the bead thickness
employed. With the addition of carbon fibers, the size of these voids is
reduced (Fig. 10a) and b)). Halil L. Tekinalp et al. have correlated the ad-
dition of carbon fibers with the elimination of die-swell effect during the
extrusion process and the increase in thermal conductivity that pro-
motes an accurate bead and a compact structure [51]. Additionally, the
effect of the shrinkage reduction with carbon fibers addition must be
considered, which avoids significant macroscopic distortions and allows
filling the gaps with the outline overlap. The type 2 pores, also called
inner-bead pores and pointed in blue in Figs. 9 and 10, are almost spher-
ical, partly induced by the polymer contraction. The porosity observed
in ASA 20CF at the interlayers and within the bulk material resemble po-
rosity type 2, but the rougher surface beads at the interlayer creates ir-
regular contact areas resulting in pores classified as type 3, hampering
the evaluation of type 2 pores. The addition of CF not only increases
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Fig. 9. Optical (a, ¢) and SEM (b, d) images of fracture surfaces in tensile specimens of neat ASA: a) in X orientation; b) detail of inter-bead porosity in X orientation; c) in Z orientation;
d) detail of inner-bead porosity in Z orientation. Black/white arrows represent Cartesian axes; other arrows indicate different kind of porosity (pores of type 1. Inter-bead and type 2. Inner-
bead porosity) and red square areas mark on optical micrographs the zones observed by SEM. White lines represent the scale bars.

the roughness of the bead surface, but sometimes produces sharkskin porosities, 2 and 3. The type 2 porosity has been previously discussed in
effect, impeding the adhesion between consecutive layers [38,54]. bulk reinforced materials, not only for LFAM pieces [27,35,51,] but also
Fig. 10d) displays a SEM image at the transition region between the con- for FFF parts [55-58]. Vaxman A. et al. also identified this porosity for ex-
tact area and the interlayer side of the beads, showing these two kind of truded materials containing fibers by a double effect of air entrapping
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Fig. 10. Optical (a, c) and SEM (b, d) images of the fracture surfaces in ASA 20CF tensile specimens: a) in X orientation; b) detail of the inter-bead and inner-bead porosity in X orientation;
¢) inZ orientation; d) detail of the fibers in Z orientation. Black/white arrows represent Cartesian axes and other arrows indicate different kind of porosity (pores of type 1. Inter-bead, type
2. Inner-bead, type 3. Roughness porosity and type 4. Pull-out porosity). White lines represent the scale bars.
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during mixing and extrusion processes, and by shrink-voids created
by an uneven contraction during the melt solidification of the poly-
mer. In addition, they correlate the fiber load, length and cooling
rate with the amount and size of pores created. Moreover, the
voids appear preferably at the end of the fibers due to different ther-
mal expansion of the phases involved [59]. The type 2 porosity is also
observed in neat ASA at the interlayer region, (blue arrows in Fig. 9¢)
and d)), with only one pore identified within the bulk (Fig. 9a)),
while type 3 pores were not detected. Overall, the presence of the
type 2 pores might be explained as a consequence of the material
contraction in this area, which is the last region that cooled up [60].
Thus, these defects might be considered inherent to the manufactur-
ing process. Finally, type 4 pores (see Fig. 10) are created by the pull-
out of fibers during tensile test as reported by Fuda Ning et al. among
others [57]. These pores are hardly likely to be created during the
printing process, and they must be understood as a result of the ten-
sile stress. The homogeneous CF distribution inside the polymer ma-
trix before the mechanical test, might be responsible for the
observed type 4 pores (Fig. 10b).

4. Conclusion

The influence of CF incorporation in ASA has been studied for both,
injected and LFAM 3D printed samples. For injected samples, the addi-
tion of 20 wt% CF results in an increase of the thermal conductivity
(up to 500%) and T,, while MFR decreases compared with neat ASA.
Concerning the mechanical behaviour, the materials have been evalu-
ated by means of tension, flexural and impact tests, pointing to the
brittle-like performance of the composites induced by the carbon fibers.
A maximum UTS value of 76.3 4+ 1.9 MPa is achieved with the incorpo-
ration of the fibers.

Additionally, neat ASA and ASA with 20 wt% CF were successfully
printed and their mechanical behaviour was studied along the strongest
and weakest orientations (X and Z orientation respectively). A pro-
nounce anisotropy, negligible in injected pieces, is observed in the me-
chanical properties. A maximum UTS of 60 + 4 MPa is achieved for X
orientation in ASA CF composite, while the flexural tests results are sim-
ilar, even higher, than for injected parts. This increase might be attrib-
uted to the laminar character of the pieces and the preferential
alignment of polymer chains.

Neat ASA specimens show higher strain values than the reinforced
composites. The reinforcement effect of CF remains for X orientation
but disappear for Z orientation. A prealignment of the fibers along the
printing deposition direction was observed; likely imposing a physical
barrier in Z direction avoiding polymer diffusion and explaining this be-
haviour. The addition of CF results in higher roughness porosity and
inner-bead porosity, while reducing the inter-bead porosity. The
inner-bead is usually considered as an intrinsic defect of extrusion pro-
cesses, whereas the observed roughness and inter-bead porosity are
characteristic of printing procedures.
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