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For the first time, graphene nanoplatelets (XGnP) were incorporated at 4 wt% in acrylonitrile-butadiene-
styrene (ABS) filaments obtained by a solvent-free process consisting of melt compounding and extru-
sion. Nanocomposite filaments were then used to feed a fused deposition modelling (FDM) machine to
obtain specimens with various build orientations. The elastic modulus and dynamic storage moduli of

3D printed parts along three different build orientations were increased by the presence of xGnP in
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the ABS matrix. At the same time, a decrease in both stress and strain at break was observed when
XGnP is added to ABS. Moreover, a higher thermal stability was induced on 3D printed parts by xGnP,
as indicated by a reduction in both coefficient of linear thermal expansion and creep compliance. A com-
parison between 3D printed and compression moulded parts highlighted the importance of the orienta-
tion effects induced by the fused deposition modelling process.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Additive manufacturing (AM) is a technology of building objects
layer-by-layer based on computer aided design (CAD) [1]. This
technology attracts strong interest from both industry and aca-
demic for the challenging possibility to build objects with complex
shapes and minimal use of harmful chemicals at a reasonable
speed [2-5]. Among AM methods, fused deposition modelling
(FDM) is one of the most common techniques. In this process, a fil-
ament of a thermoplastic polymer is extruded at above its glass
transition or melting temperature though a nozzle and deposited
layer-by-layer on a platform to build the tridimensional (3D)
object. In fact the term 3D printing is frequently used to refer to
this technology. The most frequently used thermoplastic polymers
are acrylonitrile-butadiene-styrene (ABS) and polylactic acid
(PLA), but also polycaprolactone (PCL) and polycarbonate (PC) have
been considered [6-9]. Single, double, or even triple-head 3D print-
ing machines have been used with different polymers in order to
modulate the properties, as described by Leigh et al. [10] with
ABS, PLA and PCL. One of the main limitations of this AM technique
is related to the limited mechanical properties of the 3D printed
parts [11-13].

Development of composite materials could be a way to improve
the mechanical properties of components produced by FDM. In
recent years, polymer nanocomposites (PNCs) have attracted
attention due to the possibility of improving the properties of host
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matrices with a small amount of filler. Adding nanomaterials such
as carbon nanotubes, nanowires, and nanoparticles to matrices
such as polymers, metals, and ceramics via AM has the potential
to improve the performances of the resulting components [3,14].

A quite limited amount of information are available in the open
scientific literature on the development of ABS-based micro or
nanocomposites for FDM application. In particular, reinforcing
materials have been considered in form of spherical particles (such
as titanium dioxide [13] or fumed silica [15]), microfibers (such as
jute fibres [13], short glass fibres [16] and carbon fibres [11,12])
nanofibers (such as vapour-grown carbon fibres [17]), carbon nan-
otubes [18-21] and nanoclays [22].

Recently, graphene nanoplatelets (xGnP) are under investiga-
tion as potential reinforcing fillers for polymer based nanocompos-
ites. Graphene nanoplatelets are ultrathin particles consisting of
short stacks of graphene sheets. This kind of nanofiller has been
used as multifunctional reinforcement, because it possesses 2D
graphene stacked structure resulting in superior mechanical, elec-
trical and thermal properties. Therefore, for thermoplastic
nanocomposite filled with xGnP dramatic enhancements of
mechanical properties and thermal stabilities were reported [23-
29].

To the best of our knowledge, only one paper has been recently
published in the open scientific literature regarding the addition of
graphene platelets as nanofillers in ABS for FDM applications [30].
Fully exfoliated GO sheets and ABS were mixed in solution in a sol-
vent (N-methyl-pyrrolidone) up to a concentration of 5.6 wt%. The
GO sheets were chemically reduced and the resulting nanocom-
posites extruded in filaments used to feed a FDM machine. Even


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2016.03.013&domain=pdf
http://dx.doi.org/10.1016/j.compositesa.2016.03.013
mailto:alessandro.pegoretti@unitn.it
http://dx.doi.org/10.1016/j.compositesa.2016.03.013
http://www.sciencedirect.com/science/journal/1359835X
http://www.elsevier.com/locate/compositesa

182 S. Dul et al./ Composites: Part A 85 (2016) 181-191

of the mechanical properties were not investigated, for the 3D
printed samples containing graphene a very slight decrease of
the coefficient of linear thermal expansion (by about 4%) was
reported along with a reduction of the loss factor.

In the present study, graphene-ABS filaments suitable for a
FDM process were produced through a solvent-free procedure
based on melt compounding and extrusion. In order to select an
optimal XGnP content for melt compounding and extrusion, a pre-
liminary study was conducted in terms of tensile mechanical prop-
erties and melt flow index (MFI) test. The properties of neat ABS
and ABS-xGnP nanocomposites were monitored on samples
obtained by compression moulding, extruded filament and FDM-
printed parts. Moreover, the effect of xGnP on ABS parts was inves-
tigated along three different building orientations (i.e. horizontal,
vertical and perpendicular) among those possible for the FDM
process.

2. Experimental
2.1. Materials

Acrylonitrile-butadiene-styrene (ABS) polymer (tradename
Sinkral® PD L 322) was provided by Versalis S.p.A. (Mantova, Italy)
in form of white pellets. According to the producer’s technical data
sheet the material is characterized by a density of 1.04 g/cm? and a
melt flow index of 23 g/10 min (220 °C/10 kg). The two ABS phases,
i.e. glassy styrene-acrylonitrile (SAN) phase and rubbery butadiene
(B) phase were analysed by differential scanning calorimetry and
by dynamical mechanical analysis.

Graphene nanoplatelets (xGnPs) were purchased from XG
Sciences (East Lansing, MI). For the selected type of nanoplatelets
(type M5), the manufacturer reports average lateral dimension of
5 um, thickness in the range 6-8 nm, surface area of 120-
150 m?/g and bulk density of 2.2 g/cm?>.

2.2. Materials processing and sample preparations

2.2.1. Compounding

Various amounts (2, 4 and 8 wt%) of xGnPs were melt com-
pounded with ABS by a Thermo-Haake Polylab Rheomix counter-
rotating internal mixer at 190 °C, rotor speed 90 rpm for 15 min.
ABS was melted in the first 4 min, and after the addition of gra-
phene (at minute 5) a direct increase of torque was observed, fol-
lowed by a slight decrease of torque up to minute 6 due to a partial
degradation of ABS matrix. Then in the last 9 min of compounding,
a constancy in the torque value suggested the absence of further
degradation of the matrix and the leveling of filler’s dispersion.
Neat ABS was also processed under the same conditions. Three
batches of about 50 g were processed for each composition and
the resulting material was granulated in a Piovan grinder Model
RN 166.

2.2.2. Compression moulding (CM)

Compounded materials were hot pressed in a Carver Laboratory
press at a temperature of 190 °C under a pressure of 3.9 MPa
applied for 10 min and a cooling rate of 20 °C/min to obtain square
plaques with dimensions 160 x 160 x 1.2 mm. Compression
moulded samples will be identified with the code CM.

2.2.3. Filament extrusion

Compounded materials were also used to feed a Thermo Haake
PTW16 intermeshing co-rotating twin screw extruder (screw
diameter = 16 mm; L/D ratio = 25; rod die diameter 3 mm). The
processing temperature gradually increased from 180 °C (zone 1),
to 190 °C (zone 2), to 195 °C (zones 3 and 4) to 200 °C (zone 5 -

rod die). The screw rotation speed and collection rate were regu-
lated in order to obtain a final diameter of the extruded filament
of 1.75 £ 0.10 mm with an output of 195-200 g/h. Screw speed at
9 and 10 rpm, and pressure of about 6.7 and 7.8 bar were selected
for neat ABS and graphene nanocomposite extrusion, respectively.
A constant collection rate of 1.3 m/min was imposed by using a
take-up unit Thermo Electron Type 002-5341. The code E will be
used to identify extruded filament samples.

2.2.4. FDM printed samples preparation

3D printed specimens were manufactured by a Sharebot Next
Generation desktop 3D printer (Sharebot NG, Italy) feed with the
filaments extruded as described in the previous paragraph.

As schematically represented in Fig. 1, dumbbell and paral-
lelepiped specimens were built-up along three different orienta-
tions, i.e. horizontal, vertical and perpendicular, and coded as H,
V and P, respectively. X is the direction of filament deposition
and Z is the direction of the overlapping layers.

Infill type of concentric and maximum fill percentage were used
in Slic3r software along with the following printing parameters:
concentric type of infill; object infill 100%; no raft; nozzle diameter
0.35 mm; layer height 0.20 mm; nozzle temperature 230 °C; bed
temperature 60 °C. The deposition rate has been fixed at 40 mm/
s for H and V samples, whereas P specimens were produced at
lower deposition rate (4 mmy/s) in order to allow the solidification
of deposited beads and provide a support for the growing part. For
V specimens it was necessary to generate a support material
deposited at 50 mm/s. The size and the processing parameters of
FDM specimens are summarized in Table 1.

2.3. Testing techniques

2.3.1. Scanning electron microscopy

The fracture surfaces were observed through a Carl Zeiss AG
Supra 40 field emission scanning electron microscope (FESEM),
operating at an acceleration voltage of 5kV. Specimens were
immersed in liquid nitrogen for about 60 min and broken in a brit-
tle manner.

Fig. 1. Schematic of 3D-printed dumbbell and parallelepiped specimens at different
orientations: (a) and (d) horizontal (H); (b) and (e) vertical (V); (c) and (f)
perpendicular (P).
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Table 1
Dimensions and processing parameters of FDM specimens.
Sample X (mm) Y (mm) Z (mm) F " filaments D deposition time D/F deposition time Number Total Analysis
in a layer of a single layer (s) of a single filament (s) of layers time € (min)
Dumbbell
H 75 4-12.5% 2 11 43 4 10 8 Tensile test
\% 75 2 4-12.5° 5 21 4 20-63 14 Tensile test
P 4-12.5% 2 75 5 11 2 375 89 Tensile test
Parallelepiped
H 25 4 1 11 10 1 5 1.2 Creep
25 4 2 11 10 1 10 2 DMA
\'% 25 1 4 3 4 20 1.6 Creep
25 2 4 5 5 20 21 DMA
P 1 4 25 3 6 2 125 15 Creep
4 25 5 9 2 125 21 DMA

2 min and max values of specimen’s width are reported.

> Number of contiguous filaments in a single layer in the gage length.

¢ For production of one FDM specimen taking into account non-print moves of nozzle.

2.3.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) tests were performed
by a Mettler DSC 30 calorimeter under nitrogen flow of 100 ml/
min on samples with a mass of about 10 mg. The samples were
first heated from 30 °C to 260 °C at a rate of 10 °C /min followed
by an isothermal stay at 260 °C for 5 min. The samples were then
cooled down from 260 °C to 30 °C at a rate of —10°C /min and
re-heated at the same rate from 30 °C to 260 °C. Glass transition
temperature (Tg) of SAN phase was measured as inflection point
of the thermogram.

2.3.3. Melt flow index

The melt flow index (MFI) measurements were carried out
according to ASTM D 1238 standard (procedure A), through a Kaye-
ness Co. model 4003DE capillary rheometer, at a temperature of
220 °C with an applied load of 10 kg.

2.3.4. Quasi-static tensile test

Uniaxial tensile tests were carried out at room temperature by
an Instron® 5969 electromechanical testing machine equipped
with a 50 kN load cell.

Ultimate strength (o},) and strain at break (&,) were evaluated at
a crosshead speed of 10 mm/min as average value of at least three
replicates. Specimens consisted of (i) compression moulded (CM)
materials ISO 527 type 1BA dumbbell (gauge length 30 mm; thick-
ness 1.2 mm); (ii) extruded filaments (E) (gauge length 100 mm
diameter 1.75 mm); (iii) 3D printed materials (H, V and P), ISO
527 type 5A dumbbell (gauge length 25 mm; thickness 2 mm).

Elastic modulus of CM and 3D-printed H, V and P specimens
was determined at a cross-head speed of 1 mm/min by an electri-
cal extensometer Instron® model 2620-601 with a gage length of
12.5 mm; whereas the modulus of E specimens was measured at
a cross-head speed of 10 mm/min without extensometer with a
gage length of 100 mm taking the system compliance into account.
According to ISO 527 standard, the elastic modulus was deter-
mined as a secant value between strain levels of 0.05% and 0.25%.

2.3.5. Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMA) tests were per-
formed under tensile mode by a TA Instruments DMA Q800 device.
For CM and 3D-printed materials, rectangular specimens were
tested with a length of 25 mm, and different cross section (width
5 mm and a thickness 1.2 mm for CM and width 4 mm and a thick-
ness 2 mm for 3D-printed materials). Extruded filaments 25 mm in
length and a diameter of 1.75 mm were tested. The gauge length of

all samples was fixed at 11.8 mm. Tests were performed from
—100 °C to 150 °C at a heating rate of 3 °C/min applying a dynamic
maximum strain of 0.05% at a frequency of 1 Hz. Storage modulus
(E"), loss modulus (E”) and loss tangent (tand) as a function of the
temperature were reported. From the thermal strain curve, a coef-
ficient of linear thermal expansion (CLTE) below Ty and a coeffi-
cient of linear thermal deformation (CLTD) above T, were
determined according to Eq. (1):

AL/Ly

where Ly and AL are the initial specimen gauge length and the
length variation, and AT is the selected temperature interval (i.e.
—50/-20°C; 20/50°C; 70/90°C, 108°C/113°C for CLTE and
120/150 °C for CLTD).

CLTE (or CLTD) =

2.3.6. Creep test

Creep test were preformed through a TA Instruments DMA
Q800 under a constant stress of 3.9 MPa (i.e. about 10% of yield
stress of neat ABS) at 30 °C up to 3600 s. Rectangular samples with
length of 25 mm, width of 5 mm and thickness of 0.9 mm were
machined from compression moulded plaques. Cylindrical
extruded specimen with diameter 1.75 mm with length of
25 mm were used. Rectangular specimens with length of 25 mm,
width of 4 mm and thickness of 1 mm were also prepared by 3D
printing. The adopted gauge length of all samples was 11.8 mm.

3. Results and discussions
3.1. Optimization of xGnP content

A preliminary study was performed to select an optimal con-
centration of graphene nanoplatelets in the ABS matrix for the
intended application. Graphene nanoplatelets were melt-
compounded with ABS and plaques were compression moulded
as described in the Experimental section. Fig. 2 summarizes the
tensile mechanical properties and melt flow index values deter-
mined on the CM materials as a function of the xGnP content.
The elastic modulus of nanocomposite materials increases with
the amount of xGnP. On the other hand, the tensile strength of
materials slightly decreases when the xGnP concentration
increases. At the same time, a remarkable reduction of the defor-
mation at break can be observed when xGnP nanoparticles are
added. This experimental evidence could be attributed to a poor
adhesion level between the xGnP nanoplatelets and the ABS
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Fig. 2. Tensile modulus, tensile strength and melt flow index values for compression moulded neat ABS and ABS-xGnP nanocomposites.

matrix. It is worthwhile to observe that the MFI values strongly
decrease with the xGnP content due to the increasing viscosity in
nanocomposites induced by the formation of a nanofiller network,
as documented by the torque increase after addition of graphene to
ABS in melt-compounding process. Considering the necessity of
extruding filaments for the 3D printing process, the viscosity can-
not be too high and therefore a graphene nanoplatelets content of
4 wt% has been considered to be an optimal value. Therefore, all
the subsequent investigations have been limited to nanocompos-
ites containing 4 wt% of xGnP and the corresponding samples were
identified with a code starting with 4.

3.2. Filament extrusion

Filaments of ABS and ABS with 4 wt% of graphene nanoplatelets
were extruded with an apparent draw ratio (ADR) of 2.95 calcu-
lated, according to Eq. (2), as the ratio between the cross sectional
area of the extrusion die (Sp) and the cross sectional area of the fil-
ament (Sg).

ADR = Sp/Sr (2)

The apparent draw ratio includes the effect of die-swelling (DS),
i.e. the ratio between the cross sectional area of extrudate (Sg) and
the cross sectional area of the die.

DS = S¢/Sp 3)

For nanocomposite filaments a lower DS value (1.19) was
experimentally determined with respect to neat ABS that pre-
sented a value of 1.34. This difference could be attributed to the
effect of graphene nanoplatelets on the rheological behaviour of
the investigate material. Combining Eqs. (2) and (3), an effective
draw ratio (DR) can be calculated as:

DR = ADR - DS = Sg/S¢ (4)

DR values of 3.9 and 3.5 were evaluated for ABS (E) and
nanocomposite (4-E) filaments, respectively.

About 40 m of ABS (E) and nanocomposite (4-E) filaments were
produced with linear density of 2490 + 143 tex and 2516 + 145 tex,
respectively [31]. Corresponding bulk density of 1.036 + 0.008 g/
cm? and 1.049 + 0.016 g/cm® were also estimated from direct mea-
surement of filament weight and volume.

Extruded nanocomposite filaments were less flexible and more
brittle than unfilled ABS filaments, and for this reason were

wounded onto spools with diameter of 20 cm, instead of spools
with 10 cm diameter suitable for standard ABS, in order to avoid
fracture of filament during the printing process.

3.3. Microstructure and differential scanning calorimetry

Fig. 3a-c shows low magnification FESEM pictures of the frac-
ture surface of neat ABS of H, V and P dumbbell specimens, respec-
tively. Identification of the FDM process parameters significantly
affecting the quality of FDM processed parts is of primary impor-
tance [32]. In Fig. 3a and b the cross-sections of single filaments
in samples H and V can be observed; the trapezoidal shape (final
thickness of 0.20 mm and width of about 0.41 mm), indicates not
only a shape variation from the initial circular section (nozzle
diameter of 0.35 mm), but also a slight reduction of the filament
cross-section due to the polymer orientation during FDM process.
In particular, a draw ratio of 1.2 could be estimated as the ratio
between the original section of the filament at the nozzle and
the average section measured from Fig. 3a and b. This drawing is
expected to improve the mechanical properties along the corre-
spondent direction (X), as direct consequence of the orientation
of polymer chains [33]. Of course, the above considerations do
most probably underestimate the drawing of the filament during
the FDM process since any filament expansion when it leaves the
nozzle is neglected. Moreover, the coalescence of material showed
in the upper level determines an almost flat plane for the next layer
deposition; whereas the lack of continuity is evident in triangular
cavities at the base of deposition plane. Sample V has been built-
up by layering five contiguous filaments that have been deposited
as follows: first the external frame (filaments 1 and 5), then the
infill process with an inner concentric frame (filaments 2 and 4)
and the last third filament in the middle. Fig. 3b shows some
defects between the second and the third filament (see highlighted
zone in Fig. 3b), evidencing a non-regular co-contiguity in the mid-
dle part of the layer; however these small local imperfections do
not compromise the mechanical performances of the sample. On
the other hand, the fracture surface of sample P (Fig. 3c) indicates
a brittle fracture of an almost homogeneous material, and no traces
of the precursor filament are evident. This suggests that deposited
filaments completely merge together in kind of single coalesced
layers, due to the shorter time of deposition of contiguous fila-
ments in the plane X-Y. Moreover, the total deposition time of five
filaments of a layer in sample P is 11 s (Table 1), much faster than
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Fig. 3. SEM micrographs of 3D-printed dumbbell specimens printed from neat ABS, H (a), V (b) and P (c¢); and from graphene nanocomposites, 4-H (d), 4-V (e) and 4-P (f).

that of samples H and V. Taking into account the number of fila-
ments, about 4 s is the average time between the contact deposi-
tion in dumbbell specimens H and V, whereas for sample P the
average time is about 2 s. This processing time is even lower in par-
allelepiped specimens (about 1-2 s). The shorter the time, the bet-
ter the interaction and inter-joining between contiguous filaments,
because the filament temperature is higher and closer to the poly-
mer T, determining a higher quality of filament bonding [34].
FESEM pictures at higher magnification of the cross-section of
the 3D-printed dumbbell specimens of ABS/graphene nanocom-
posite are reported for horizontal, vertical and perpendicular orien-
tation, in Fig. 3d, e and f, respectively. According to Fig. 3d and e,
the graphene nanoplatelets for H and V parts appear to be mostly
perpendicular to the fracture plane and therefore most likely ori-

ented along the loading direction of dumbbell specimens. On other
hand, Fig. 3f clearly proves that in P specimens, graphene nanopla-
telets appear to be distributed parallel to the cross-section. It can
be therefore inferred that, during FDM process, the graphene nano-
platelets are forced to align along the layer plane. A relatively good
dispersion of graphene nanoplatelets in ABS matrix can be
observed for all building directions.

Fig. 4 shows the typical DSC thermograms of compression
moulded specimens, extruded filaments and 3D printed H speci-
mens of neat ABS and nanocomposites. Two transitions are clearly
visible both in the first (Fig. 4a) and in the second heating scan
(Fig. 4c), i.e. the glass transition temperature of styrene-acryloni-
trile copolymer phase (SAN) at about 105 °C (in conformity to liter-
ature indications [30,35]), followed by an endothermic peak at
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Fig. 4. DSC thermograms of neat ABS and nanocomposite. First heating scan (a),
cooling scan (b), and second heating scan (c) of CM (compression moulded), E
(extruded) and FDM specimens.

about 140 °C. Differently from the interpretation provided by
Rytlewski et al. [36], in our opinion this endothermal peak cannot
be attributed to the melting of acrylonitrile AN crystallites, but it is
most probably related to a mould lubricant that is generally added

for better processing of commercial high viscosity ABS, as
described by Reed et al. [37].

In Table 2, the T of SAN phase and data of melting (T, AHm)
and crystallization (T, AH.) of mould lubricant are summarized.
The transition temperatures T, and Ty, for pure ABS were fairly con-
stant at about 105 °C and 137 °C, respectively, independently from
the processing technique. Addition of xGnP did not significantly
affect the glass transition temperature measured by DSC. On the
other hand, no crystallization peak was found in the cooling step
of nanocomposites (thermograms shown in Fig. 4b; see data in
Table 2). However, the melting peak in the second heating scan
(Fig. 4c) suggests that graphene could favour the progressive crys-
tallization of the lubricant and to play a nucleating effect on it.

3.4. Quasi-static tensile tests

The effect of xGnP nanoplatelets on the elastic modulus (E), ten-
sile strength (o) and strain at break (e,) of neat ABS and ABS
nanocomposite compression moulded, extruded and 3D-printed
parts with different orientations are summarized in Table 3. In gen-
eral, it can be noted how the presence of graphene nanoplatelets
promotes a remarkable increase of the elastic modulus of the
ABS matrix, but slightly decreases its ultimate tensile strength.
Concurrently, a noticeable drop of the strain at break values can
be observed when xGnP nanoparticles are added. The reduction
of ultimate properties could be attributed to a poor adhesion level
between the nanofiller and ABS matrix as documented by the
FESEM observations of Fig. 3.

As it clearly emerges from Table 3, for neat ABS the elastic mod-
ulus of compression moulded samples is higher than that of 3D-
printed samples along horizontal direction (sample H). This beha-
viour could be explained by the fact that a compaction pressure is
applied only in the compression moulding process, while both
extrusion and FDM processes are characterized by low or no com-
paction pressure. On the other hand, the almost similar elastic
modulus of CM and E parts could be the result of two opposite fac-
tors: from one side the underestimation of true strain in tensile
test on E samples due to the impossibility of using a contact exten-
someter, and from the other side the positive effect of orientation
during extrusion. Moreover, for 3D-printed specimens the pres-
ence of voids (about 6vol% as observed from Fig. 3a) in the
microstructure leads to a lower effective cross-section. The
strength values of neat ABS compression moulded samples is of
about 39 MPa and it remains almost constant on both extruded fil-
aments and FDM samples along horizontal direction (sample H).
Tekinalp et al. also reported similar tensile strength values for neat
ABS processed by CM or FDM [12].

Upon addition of 4 wt% of xGnP the elastic modulus improves
by about 30% compared to unfilled ABS for all the investigated pro-
cessing conditions, i.e. CM, extruded and horizontally oriented 3D
printed samples. As expected, the build orientation remarkably

Table 2

Glass transition temperatures of styrene-acrylonitrile phase (Tg), melting tempera-
ture (Ty,) and enthalpy of fusion of lubricant (AH,,), crystallization temperature (T¢)
and crystallization enthalpy (AH.) for ABS and relative nanocomposite from DSC.

Sample First heating Cooling Second heating

T, Tm AHp, Tc AH. T, Tm AHp,

() () (g cc) dlgg O O (g
M 1048 137.8 3.0 117.8 2.3 1056 137.6 25
E 1022 1375 3.1 1162 24 1055 1373 26
H 103.8 137.7 34 1153 2.6 105.7 137.0 2.7
4-CM 105.6 1374 25 - - 105.8 1365 2.3
4-E 1032 1368 2.6 - - 106.0 137.2 2.0
4-H 103.7 1368 2.7 - - 105.5 1369 2.0
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Table 3

Quasi-static tensile properties of ABS and its nanocomposite as measured on
compression moulded (CM), extruded (E) and 3D-printed specimens with different
orientations (H, V, P).

Sample E (MPa) o (MPa) ep (%)

™M 2147 +118 39.0+0.5 284+52
4-CM 2868 + 202 35.7+0.7 51+15
E 2080+ 68 393+1.2 32.5+9.8
4-E 2563 + 93 37.3+0.7 32+14
H 1866+ 118 38.8+0.8 42+0.2
4-H 2463+ 76 359+1.0 3.0£0.1
\% 1687 + 104 357+24 45+0.2
4-V 2151+ 78 30.5+0.9 34+05
P 1560 + 85 23.8+1.3 33+1.0
4-p 1686 + 129 13413 1.8+04

affects the tensile mechanical properties of 3D printed samples. In
fact, as reported in Table 3, the horizontally built sample exhibits
the highest elastic modulus and ultimate strength, followed by ver-
tical and then by perpendicular parts, respectively. Also of H and V
samples results to be higher than that of P sample. The behaviour
observed for H and V samples is certainly related to the direction of
the deposited filaments preferentially aligned along the tensile
applied load, while the deposited beads in P specimens are mostly
oriented transversally to the tensile load. According to the existing
literature information on the effects of build orientation on the
elastic modulus and tensile strength of ABS 3D printed parts sim-
ilar trends were reported [2,13,38]. Valentan et al. [39] reported
a significant effect of nozzle temperature on tensile elastic modu-
lus and strength. Complementary information on mechanical prop-
erties of ABS FDM samples as a function of building directions were
also reported by Jami et al. [40].

As summarized in Table 3, the addition of xGnP induces an
improvement of the elastic modulus by 32%, 28% and 8% for H, V
and P samples, respectively. Kim et al. [26] observed that the ten-
sile moduli of xGnP-PA6 composite fibres showed significant
improvements over bulk materials attributed to the drawing
induced alignment of PA6 molecular chains as well as the align-
ment of XGnPs. Our results also suggest that the filler plays the best
reinforcement efficiency when the deposited beads lie parallel to
tensile load, because the filament orientation induce a certain
alignment of graphene platelets along the extrusion direction
(see the dotted zones in Fig. 3d and e).

Concerning the ultimate properties, FDM sample built in per-
pendicular direction exhibit strength values much lower than
those along horizontal and vertical directions. Fracture occurs in
between two layers, and hence the tensile strength of about 24
and 13 MPa could be considered as an indication of the tensile
bonding strength of neat ABS and graphene composites in FDM
deposited layers, respectively. At the same time, deformation at
break decreases from 3.3% to 1.8% after addition of graphene, sug-
gesting that the interlayer bonding could be significantly reduced
by the higher viscosity in molten state. Moreover, other possible
reasons for the observed reduction in interlayer bonding could be
related to local stress concentration induced by graphene nanopla-
telets and to the intrinsically brittle nature of graphene
nanoplatelets.

3.5. Dynamic mechanical response and coefficient of thermal
expansion

Dynamic mechanical thermograms of ABS and its nanocompos-
ite after compression moulding, extrusion and 3D-printing with
different orientations are shown in Figs. 5 and 6, respectively. In
Table 4, selected values of storage modulus (E’), loss modulus
(E”) and glass transition temperature from loss tangent (tang) are

(a) —0—CM

Storage modulus (MPa)

Tansd

0.1

Temperature (°C)

Fig. 5. Dynamic mechanical thermograms (a) storage modulus (E') and (b) loss
tangent (tand), of neat ABS and nanocomposite samples as measured on compres-
sion moulded (CM), extruded (E) and 3D-printed specimens along horizontal
orientation (H).

summarized. Due to the orientation of polymer chains during
extrusion, in the entire temperature range the storage modulus
of extrudate (E) is higher than that of compression moulded sam-
ples and FDM printed parts (Fig. 5a). In FDM samples the positive
effect of filament orientation are counterbalanced by the negative
effect of some cavities, as shown in cross section micrographs
(Fig. 3a and b).

Due to the XGnP addition in the ABS matrix, the storage modu-
lus of CM, extrudate and FDM parts increases of about 30-50% with
respect to the neat ABS below the Tg. The effect of xGnP nanofiller
is manifestly more evident above Ty. In fact, as shown in Table 4,
the storage modulus of composite materials at 125 °C is more than
twice that of neat ABS for all investigated samples, thus revealing a
positive stiffening effect of graphene nanoplatelets in the molten
state.

Two damping peaks can be clearly observed in Fig. 5b and b as
expected in ABS copolymers. In particular, the first peak at about
—76 °C is related to the glass transition temperature (Tg;) of the
butadiene rich phase [41], while the second transition (Tg) at
about 120 °C is associated to the styrene-acrylonitrile (SAN) rich
phase.

For all processing routes, the presence of the xGnP causes an
increase of Tg; values by about 1°C and Tg, values by about 2 °C
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Fig. 6. Dynamic mechanical thermograms a) storage modulus (E’) and b) loss factor
(tand) of neat ABS and nanocomposite as measured on 3D-printed specimens along
different orientations (H, V, P).

due to the restriction of motion of macromolecules. This observa-
tion agrees with what reported by Wei et al. [30] on a shift from
105 °C to about 106 °C for SAN phase transition after addition of
3.5% of graphene in fused deposition modelled ABS.

It is worth noting that the position of the glass to rubbery tran-
sition damping peak in ABS has been observed in the range 100-
124 °C [42-44] and it does depend on various factors, such as
copolymer composition, molecular weight and additives.

Table 4

DMA parameters of FDM samples at various build orientations
are also compared in Table 4. Horizontally built specimens show
the highest storage modulus followed by vertical and perpendicu-
lar specimens, respectively. The trend is the same previously
observed for the tensile Young’s modulus, thus confirming that,
as recently reported by Arivazhagan and Masood [45], dynamic
mechanical properties strongly depend on the deposition orienta-
tion in FDM. Addition of XGnP causes an increase of the storage
modulus in comparison to neat ABS for all build orientation parts:
at room temperature the storage modulus increases by 23%, 34%
and 5% for H, V and P orientation respectively. Therefore, it is con-
firmed that graphene nanoplatelets play the best stiffening effect
in FDM printed parts when the deposited layers are aligned along
the tensile load direction. It is worthwhile to note that the presence
of graphene also causes a shift in loss modulus (E”) peak tempera-
ture by about two degrees (see Table 4) for all investigated sam-
ples. At the same time, a slight enlargement of width of loss
modulus peak in graphene-ABS composite indicates the coexis-
tence of differently constrained polymer chains, probably due to
the restriction of chain motion of ABS matrix in the surrounding
of graphene platelets.

Thermal strain of various specimens is compared in Fig. 7. As a
common feature, an almost linear increase with temperature is
observed up to about 100 °C, then in proximity of T, a steep incre-
ment of thermal strain indicates a transition into the rubbery state
with a higher mobility of polymer chains. Eventually, after a rela-
tive maximum at about 110-120 °C, an abrupt contraction sug-
gests the tendency to recover a random coil conformation. The
values of coefficient of linear thermal expansion (CLTE) of ABS
and ABS-xGnP nanocomposites for different processing routes
and along various 3D-printing orientations have been calculated
from the thermal strain, and summarized in Table 5. Four temper-
ature ranges have been selected in the glassy zone, i.e. at low tem-
perature (AT, = —=50/-20 °C), at room temperature
(AT, =20/50°C) and at high temperature close T, (AT3 =70/90 °C
and AT, =108°/113 °C), respectively. CLTE values of neat ABS up
to 50 °C are in the range 60-75 x 10~%/K, which are slightly lower
than 90 x 107%/K, the literature value of general purpose ABS [46].
After addition of xGnP nanoplatelets, CLTE is remarkably reduced
with values in the range 44-66 x 10~%/K, which means a better
thermal stability in all the temperature intervals. In particular,
XGnP causes a reduction of CLTE of about 15% for CM specimen
and about 42% for extruded specimen.

FDM specimens (H, V and P) printed with neat ABS, present
room temperature CLTE values of 66-74 x 1075/K (Table 5), com-
parable to the values of 78-87 x 107%/K previously reported for
FDM printed ABS [11,30]. After the dispersion of xGnP nanoplate-
lets CLTE at room temperature reduces by 26% and 27% for H and
V specimens, whereas only 1% for P specimen, respectively. The

Dynamic mechanical properties of neat ABS and its nanocomposites as measured on compression moulded (CM), extruded (E) and 3D-printed specimens with different

orientations (H, V, P).

Sample Storage modulus Damping peaks Loss modulus of SAN peak
—50 °C (MPa) 30°C (MPa) 125 °C (MPa) B-phase Tg; (°C) SAN-phase T, (°C) Egeak (MPa) Tpeak (°C) Wpeak” (°C)

CM 2009 1769 6.1 -77.6 120.7 333 112.2 10.1
4-CM 2271 1995 12.3 -76.7 122.7 402 1134 114
E 2191 1889 6.0 -80.1 120.2 316 110.5 12.5
4-E 2661 2337 14.0 -79.6 122.4 413 112.6 131
H 1871 1598 9.9 -76.9 1233 286 1135 12.6
4-H 2248 1975 273 ~77.4 125.7 372 116.2 12.9
\% 1611 1399 6.1 -76.6 120.7 275 112.4 11.2
4-V 2159 1883 15.3 -76.0 1235 364 114.6 11.9
P 1517 1306 5.8 -76.8 121.7 235 112.8 11.2
4-P 1580 1371 114 -75.8 123.9 257 1153 113

2 Width at half peak.
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Fig. 7. Thermal strain of neat ABS and nanocomposite samples as measured on (a)
compression moulded (CM), extruded (E) and 3D-printed specimens along
horizontal orientation (H) and (b) along different orientations (H, V, P).

behaviour of P specimen indicates that the graphene nanoplatelets
have an almost negligible effect on CLTE of ABS matrix, because in
this case the main role is determined by the adhesion layer (see
Fig. 3¢). In the proximity of T, (AT, = 108/113 °C) the effect of gra-
phene on ABS matrix indicated a certain reduction of CLTE of CM
and E specimens (about 25-30%), and a stronger variation for all
FDM printed specimens (about 55% of CLTE reduction).

Table 5
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Fig. 8. Creep compliance, D(t) at 30 °C and 3.9 MPa, of neat ABS and nanocompos-
ites as measured on a) compression moulded (CM), extruded (E) and 3D-printed
specimens along horizontal orientation (H) and (b) along different orientations
(H, V, P).

The thermal dilation behaviour above the glass transition tem-
perature of SAN phase (range (ATs = 125 °C/150 °C) is described by
the CLTD coefficients reported in the last column of Table 5. Poorly
oriented samples, such as CM and P, show a positive thermal strain,
corresponding to CLTD values of about 750 and 1250 x 10~5/K for
ABS, respectively, that slightly decrease (—7/12%) after graphene
addition. On the other hand, negative CLTD values can be found

Coefficients of linear thermal expansion (CLTE) and linear thermal deformation (CLTD) of ABS and its nanocomposites as measured on compression moulded (CM), extruded (E)

and 3D-printed specimens with different orientations (H, V, P).

Sample CLTE (x1075/K) CLTD (x1075/K)
AT, = —50/—20°C AT, =20/50 °C ATy = 70/90 °C AT, =108/113 °C ATs = 120/150 °C
M 62.0£0.2 64.7+0.2 159.7£0.9 5784 + 281 773+8
4-cM 542+0.1 54902 169.0+1.2 4389+ 180 6784
E 60.0 +0.2 74703 2322+2.1 8266+ 111 ~3292£57
4E 43810.1 433102 193.0£1.9 5692 +179 247533
H 64.9+0.1 65.5+0.3 1742 £0.9 4081 + 144 ~5722+78
4-H 48.9+0.1 483+0.2 141.7+0.9 1907 + 62 —4466 £ 52
\% 65.9+0.1 73.5+03 212.6+09 6601 +209 —4854+83
4v 493+0.1 53.7+0.3 151.0£0.7 2933 +112 ~3768 £55
P 65.6+0.1 66.3 0.3 1833+1.2 5660 +217 1257 £24
4-p 60.4+0.1 65.6+0.3 187413 2476 £ 90 1169+ 18
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Table 6

Elastic (D), viscoelastic Dy,(t=3600s) and total D(t=3600 s) creep compliance at 3600 s, and fitting parameters (Eq. (6)) of ABS and its nanocomposites as measured on
compression moulded (CM), extruded (E) and 3D-printed specimens with different orientations (H, V, P).

Sample Dei (GPa™1) Dye(t =3600s) (GPa™1) D(t=3600s) (GPa™1!) De (GPa™ ) k (GPa~'s™™) n R?

M 0.59 0.21 0.80 0.576 0.037 0.219 0.9853
4-CM 0.43 0.18 0.61 0.437 0.010 0.345 0.9877
E 0.67 0.42 1.08 0.688 0.039 0.280 0.9786
4-E 0.45 0.27 0.72 0.454 0.013 0.371 0.9959
H 0.66 0.36 1.02 0.660 0.024 0.331 0.9950
4-H 0.53 0.37 0.89 0.532 0.020 0.356 0.9947
\% 0.68 0.45 113 0.696 0.017 0.399 0.9961
4-V 0.55 0.31 0.86 0.543 0.023 0.323 0.9953
P 0.89 0.59 1.48 0.879 0.041 0.329 0.9968
4-P 0.76 0.57 133 0.742 0.039 0.333 0.9977

on extruded filaments and on FDM samples along H and V orienta-
tion. In this elevated temperature range, the reinforcing effect of
graphene is markedly evident in the more oriented samples (E, H
and V) with a shrinkage reduced by about 24% with respect of neat
ABS. It is worthwhile to observe that nanofiller causes a reduction
of both CLTE (below Tg) and CLTD (above Tg), suggesting an effec-
tive interaction between graphene and ABS both in the glassy
and in the rubbery state.

3.6. Creep stability

Fig. 8a and b shows the isothermal creep compliance of neat
ABS and relative nanocomposite. If no plastic deformation is pro-
duced in the course of creeping, the total creep compliance in
isothermal tensile creep in the linear viscoelastic region, D(t), is
generally viewed as consisting of two components, (i) elastic
(instantaneous, reversible), Do, and (ii) viscoelastic (time-
dependent, reversible) Dy.(t) [47,48]:

D(t) = Dei + Dye(t) ()

Elastic (Dep), viscoelastic Dye(t = 3600 s) and total D(t = 3600 s) creep
compliance at 3600 s have been estimated on creep curves and
summarized in Table 6. It is evident that the addition of graphene
nanoplatelets can promote the reduction of creep compliance for
each investigated process and build orientation. The role of nanofil-
ler is to restrict the polymeric chain mobility, thus promoting a bet-
ter creep stability. According to the results, extrudate sample
exhibits the highest reduction of creep compliance compared to
compression moulded and printed specimens. For FDM printed
specimens at various orientation, vertically built specimens show
the highest reduction of creep compliance by about 24% owing to
addition of xGnP.

To model the viscoelastic creep response Findley’s model
(power law) is commonly adopted to fit the experimental data
[49]. This model can be obtained by expanding the Kohlrausch-Wil
liams-Watts (KWW) model [50], generally described by a Weibull-
like function as a series and ignoring all but the first term [51]:

D(t) = De + k " (6)

where D, is the elastic instantaneous creep compliance, k is a coef-
ficient related to the magnitude of the underlying retardation pro-
cess and n is an exponent tuning the time dependency of the
creep process. The parameters resulting from best fitting of experi-
mental creep data are summarized in Table 6. The elevated R? val-
ues indicate that the Findley equation can satisfactory represent the
experimental data. The reduction of the creep compliance due to
the addition of XGnP seems to be mostly associated to a reduction
of the values of parameters D, which is comparable to D, and k.
In fact, the coefficient n, which represents the kinetics of the flow
process of macromolecules during creep time, is only marginally
affected by the presence of xGnP.

4. Conclusions

Graphene nanoplatelets were successfully melt compounded in
an ABS matrix by using a completely solvent-free process, and then
extruded in filaments suitable for fused deposition modelling. Due
to the processing constraints, the filler content was optimized at
4 wt%. The thermo-mechanical properties of neat ABS and its
nanocomposites have been compared on samples obtained
through various processing routes such as compression moulding,
extrusion and fused-deposition modelling. In all cases, the pres-
ence of graphene nanoplatelets improved the tensile modulus of
ABS. This positive effect was also verified along several different
orientations in FDM samples. Concurrently, the presence of xGnP
causes a slight reduction of ultimate tensile stress and strain at
break for horizontal and vertical 3D built specimens and a more
severe effect along perpendicular direction. Moreover, XGnP was
also proven to reduce the coefficient of thermal dilation of 3D
printed parts and to improve their stability under long lasting
loads. In fact, the creep compliance significantly reduced by addi-
tion of the nanofiller. For FDM-printed parts the graphene nanopla-
telets resulted to play the best reinforcement effect for horizontal
and vertical orientation and to be less effective for perpendicularly
printed specimens.
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