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be employed in many fields such as biomedicine[4, 5], fash-
ion[6, 7], construction[8], space and aviation[9], automo-
tive, and electronics, etc. [10, 11]. Compared to other 3D 
printing techniques, it offers unique advantages such as 
conceptually simple installation, inexpensive device and 
operating costs, clean, and easy to use even at home, accept-
able mechanical performance, and good surface quality, 
thanks to its convenience in producing and modifying parts. 
The FDM technique is a filament-based production process 
and based on the method of storing thermoplastic materials 
layer by layer on the bed surface (glass, metal, epoxy, etc.) 
by melting them through a hot nozzle. It simply enables the 
production of 3D objects at different layer thicknesses, fill-
ing ratios, speeds, and temperatures with nozzle and table 
movements in three-dimensional axes. Furthermore, many 
thermoplastics including acrylonitrile-butadiene-styrene 
terpolymer (ABS), poly(lactic acid) (PLA), and modified 
poly(ethylene terephthalate glycol) (PETG) are used in 
FDM technology [12]. Polymer viscosity, melt temperature, 
heat capacity, thermal conductivity, printing orientation, 

1  Introduction

Additive manufacturing technology, known as three-
dimensional (3D) printing, has been developing since the 
90s and is mostly used to produce prototypes of elements 
in complex geometries [1, 2]. The 3D printing technology 
is a new generation production technique that enables the 
layered production of three-dimensional objects designed 
by computer aided design (CAD) programs on the computer 
[3]. Today, fused deposition modeling (FDM) technology, 
in which thermoplastics are used, has a 69% share in the 
current 3D printing market. This technology has begun to 
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The multi-walled carbon nanotube/acrylonitrile-butadiene-styrene (MWCNT/ABS) nanocomposite filaments containing 3, 
5, and 10 wt% nanofiller were prepared by an extruder to use the fused deposition modeling (FDM) type three-dimensional 
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to reduced resistance to stress.
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cooling rate, raster angle, raster width, layer height, and air 
gap are some important parameters in the FDM technique. 
While there is no need for a closed cabinet during the 3D 
printing of PLA and PETG filaments, ABS and some other 
thermoplastics require closed-type 3D printers due to their 
rheological behavior. In addition, the mechanical perfor-
mance of printed parts is restricted by weak interlamination 
between partially liquefied filaments and preprinted layers. 
At this point, the optimization of 3D printing parameters 
such as layer height, printing speed, cooling rate, and ori-
entation is frequently applied in practice, however, this way 
brings limited improvements in the mechanical properties 
of printed materials [13–15].

Until now, many researchers have continued to work on 
improving the mechanical, chemical, thermal, and electri-
cal properties of the 3D printed materials as well as giving 
them additional functionalities [16, 17]. Currently, the most 
practical method to improve the properties of 3D printed 
materials is the use of nanofillers, which not only provide 
a reinforcing function but also act as active ingredients in 
the thermoplastic matrix [18]. Due to the large surface area 
that lead to significant interphase or boundary area between 
the thermoplastic matrix and nanofillers; nanocomposite 
filaments can contribute to improvement of mechanical, 
thermal, and other physical properties of 3D printed materi-
als [19–22]. For example, with the homogenous dispersion 
of carbon-based nanofillers such as carbon black, graphene 
oxide, graphene, and carbon nanotube (CNT) [23–28] in the 
thermoplastic filaments, the 3D printed parts can be used 
in many fields including electronic sensors, circuits, micro-
batteries, electromagnetic shielding (EMI), and electrostatic 
discharge (ESD) applications based on their electrical prop-
erties [29–32]. Due to the excellent mechanical, electrical, 
and thermal conductivity properties of CNT, it has been 
used as a reinforcing agent to produce functional nano-
composites [33–36]. In addition to its unique properties, 
its lightweight structure and ability to increase mechanical 
strength and electrical conductivity make it an ideal nano-
filler for polymer nanocomposites. Based on the number of 
graphene cylinders, the CNT is classified as single-walled 
CNT (SWCNT) containing only one graphene layer and 
multi-walled CNT (MWCNT) having many graphene lay-
ers [37]. Compared to the SWCNT, the MWCNT has lower 
price, better availability, higher conductivity, and easier pro-
duction. All these, make it an attractive nanofiller for the 
fabrication of polymer nanocomposites [38–40].

In this study, the effects of MWCNT as a functional filler 
on the mechanical and electrical properties of ABS ther-
moplastic matrix was intensively investigated for the FDM 
type 3D printing technique. In the literature, polymer nano-
composites having an electrical resistivity range between 
106 and 1012 ohm.cm can be employed in ESD protection 

applications.[32] For this purpose, the MWCNT/ABS nano-
composites were produced by a coaxial twin screw extruder 
by mixing various amounts of MWCNT (3, 5, and 10 wt%) 
into the ABS matrix. The obtained nanocomposites were 
converted into filament form by an industrial type of mono-
filament production line, and then these filaments were 
printed with an FDM type 3D printer to produce test sam-
ples for the mechanical, electrical, and morphology analy-
ses. Hence, this study was intended to develop 3D printed 
MWCNT/ABS nanocomposites with the combination of 
acceptable mechanical and electrical properties that could 
be used in ESD applications.

2  Experimental

2.1  Materials

The high impact ABS polymer was purchased from the 
Sabic Company (Saudi Arabia) with the code EX58F. 
The pristine MWCNT without any surface modification 
(purity > 95%) was supplied by Nanografi Company (Tur-
key). Based on the technical data sheet, the outer diameter, 
inside diameter and length of the MWCNT were 30–50 nm, 
5–10 nm, and 10–25 μm, respectively. As given in Fig.S6, 
outer tube diameter was determined as 37.5 nm that is in 
the range of the company information. The aspect ratio of 
MWCNT was reported to be between 200 and 833 based on 
given nanotube dimensions.

2.2  Nanocomposite Production and Filament 
Extrusion

A coaxial twin-screw extruder with a screw diameter of 
16 mm and an L/D ratio of 25 was used to homogeneously 
distribute the MWCNT nanofillers into the polymer matrix 
at different ratios. Both ABS and MWCNT were dried 
at 80  °C for 4  h and dried mixed before feeding into the 
extruder. Using the melt mixing method, the MWCNT was 
mixed with ABS polymer matrix at 3, 5, and 10% weight 
ratios. In the extrusion process, the temperature profile 
from the feeding zone to the extruder die were determined 
as T1 = 180  °C, T2 = 205  °C, T3 = 210  °C, T4 = 220  °C and 
T5 = 230  °C, respectively. Polymer nanocomposites were 
extruded in the form of granules and made ready for fila-
ment production (Table 1).

The nanocomposite granules were converted to filament 
form by an industrial type of monofilament production line 
to be used in FDM type printers. The granules were dried 
at 80 °C for 4 h before the process. The temperature pro-
file from the feeding zone to the extruder die were deter-
mined as 200/220/220/230/240/250/255°C, respectively. To 
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produce mechanical, morphological, and conductivity test 
specimens by a 3D printer, 270 m long 750 gr MWCNT/
ABS nanocomposite filaments were produced (Fig. S1). In 
FDM-type 3D printing technology, the extruded filaments 
should provide high diameter precision and the lowest 
ovality, which are critical points for printed parts to have 
higher mechanical performance and good surface finish. It 
was observed that the extrusion speed directly affected the 
filament diameter during filament extrusion. The MWCNT/
ABS nanocomposite materials prepared with nanofiller 
at different ratios were brought into filament form with a 
diameter of 1.75 mm (with a tolerance of ± 0.05 mm) in the 
industrial type of monofilament production line.

2.3  Preparation of Test Specimens by 3D Printing

A Zaxe X1 brand 3D printer with an FDM type closed 
cabinet was used to print test samples from nanocompos-
ite filaments (Fig. S2-4). While the mechanical test samples 
were prepared according to international standards, the 
imprinted test sample was specially designed for electrical 
conductivity measurements and conductivity test system. 
The tensile test specimen was prepared according to ASTM 
D638 Type I standard dog bone test specimen dimensions 
(3 × 20 × 165 mm; thickness (t), width (w), length (l), respec-
tively) (Fig. S2). The impact test specimen (4 × 10 × 80 mm; 
t, w, l, respectively) (Fig. S3) was notched according to 
ASTM D-256 test specimen standards. In addition, the 
test samples for the volume resistivity measurement had a 
wall thickness of 1 mm and a radius (r) of 45 mm (Fig. S4). 
The test samples designed in the 3D CAD program were 
converted to *gcode format in the Zaxe slicing program. 
In the slicing program, printing parameters such as print-
ing and table temperatures, and layer thickness were kept 
constant for mechanical and morphology analysis. Nozzle 
temperature was set as 255  °C and the table temperature 
was kept constant at 100 °C according to the glass transi-
tion temperature (Tg ) of ABS. The thickness of each layer 
was determined as 0.2 mm, and the samples were produced 
with a 100% infill density by the 3D printer [41]. The nozzle 
diameter was 0.4 mm, that is the standard size for desk-type 
FDM printers. To obtain accurate mechanical and resistivity 

results, all test samples were kept at standard laboratory 
conditions (at 25–26  °C, under 65% RH) for 20 h before 
the tests. Parameters of the 3D printing were summarized 
in Table 2.

2.4  Melt Flow Index (MFI) Analysis

The melt flow index (MFI) is a practical test method for 
the simple investigation of the rheological behavior of poly-
mers. In FDM technology, the melt flow behavior of ther-
moplastics is a crucial parameter for optimizing 3D printing 
parameters. For this analysis, the nanocomposite filaments 
were cut into small pieces and fed into the MFI test device. 
The MFI measurements were carried out at 220 °C with an 
applied load of 10 kg by using a Ceast MF20 model (die 
length of 8.000 mm and die diameter of 2.096 mm) follow-
ing ISO 1133 standard. The average values of five measure-
ments were recorded, average and standard deviation (SD) 
values were depicted in the graph.

2.5  Morphological Characterization

Morphology of nanocomposites was studied by using a 
scanning electron microscope (SEM). The conductivity test 
samples were fractured in liquid nitrogen and the fracture 
surfaces were observed at an acceleration voltage of 25 kV 
(FEI Inc., Inspect S50 SEM). Samples were sputter coated 
(Au/Pd alloy, 3–6 nm) before the analysis. Representative 
micrographs of the 3D-printed ABS and 3, 5, and 10 wt % of 
MWCNT filled nanocomposites at various magnifications 
were selected.

2.6  Characterization of Volume Resistivity

The Keithley 8009 resistivity meter was used to measure 
the volume and surface resistance of materials. The device 
could measure direct current resistance or resistivity of 
materials based on ASTM D257 test standards. Samples (t: 

Table 1  Sample codes, contents and 3D printing conditions
Sample code Filler content

(wt%)
3D printing temperature
(ºC)

C0-250 0 250
C3-250 3 250
C5-250 5 250
C10-230 10 230
C10-250 10 250
C10-260 10 260
C10-270 10 270

Table 2  Printing parameters of test samples in FDM type 3D printer
Printing parameters Value Unit
Printing speed 50 mm/s
Nozzle diameter 0.4 mm
Nozzle temperature 255 °C
Bed temperature 100 °C
Infill density 100 %
Layer height 0.2 mm
Cooling after print r.t.* °C
Filament diameter 1.75 mm
Test temperature r.t.* °C
Cooling time 2 h
Sample print plane X,Y –Axis -
*r.t.: room temperature
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secondary interaction is high between nanotubes, generally 
they are found in the form aglomerates that looks like entan-
gled spagetti. As given in Fig. S6, the agglomerate size and 
tube diameter of the neat MWCNT used in this study were 
determined as 11.72 μm and 37.5 nm, respectively.

Since printability is the most important criteria for FDM-
based 3D printing process, MFI values ​​of the MWCNT/ABS 
nanocomposites were firstly investigated to avoid nozzle 
clogging and formation of proper 3D geometry. Then, the 
distribution of nanofillers in the polymer matrix was exam-
ined by SEM analysis. Finally, the influence of nanofiller 
loadings on the 3D printing performance was also evaluated 
in terms of electrical, mechanical, and thermal properties.

3.1  Melt Flow Index (MFI) Analysis

The processibility and viscosity of MWCNT/ABS nano-
composites and neat ABS filaments were investigated by 
measuring MFI values. MFI values of the samples can 
be seen from Fig. 1, as a function of filler ratio. A signifi-
cant decrease in MFI value occurred with the increase of 
MWCNT content. The neat ABS exhibited an MFI value 
of 38 g/10 min, whereas the MWCNT/ABS nanocomposite 
containing 3 wt% filler had an MFI value of 15 g/10 min. At 
the highest nanofiller content (C10-250 sample), MWCNT 
was responsible for the much higher MFI reduction, reach-
ing the MFI values in the range of 0.5-2  g/10 min. The 
decrease % of MFI at 3, 5 and 10 wt% filler loading was 
calculated as 60.5, 94.7 and 98.7%, respectively. As obvi-
ous from the outcomes, the increase in the concentration of 
MWCNT led to a raise in the physical interactions between 
the MWCNT nanofiller and ABS matrix, which caused a 
high viscosity and a decrease in melt flow.[43] Also highly 
rigid structure of MWCNT should be considered that led 
to decrease in the flowability of the nanocomposites and 
increase the rigidity of the system in molten state.

3.2  Morphological Characterization

For the morphological analysis, the circular conductiv-
ity test samples were fractured, and their cross-sections 
were investigated by SEM analysis at different magnifica-
tions. The layered additive morphologies were seen from 
neat ABS and all nanocomposite samples regardless of the 
composition. In all cases, ABS was found as the continu-
ous phase and acted as a binder between MWCNT nanofill-
ers. As can be clearly seen in Figs. 2 and 3, neat ABS and 
MWCNT/ABS nanocomposite filaments were successfully 
employed with the FDM-type 3D printer under given con-
ditions (Table 2). Parallel with the printing settings, all 3D 
printed samples showed almost no or very low volume voids 

1 mm, r: 45 mm) were prepared according to the electrode 
dimensions of the test device. The average of five measure-
ments and corresponding standard deviation (SD) values 
were calculated.

2.7  Mechanical Characterization

3D printing provides different options for sample prepera-
tion. Test samples can be prepared in different orientations. 
Based on the previous literature[42], vertical X, Y–axis 
showed higher mechanical performance, therefore, all sam-
ples to be used in mechanical characterization processes 
were produced according to the vertical X, Y–axis configu-
ration (Fig. S5). The tensile and impact strength tests of the 
3D-printed nanocomposites were carried out in accordance 
with ASTM standards. Tensile tests of all samples were ana-
lyzed with Devotrans DVT model universal load frame at a 
speed of 5 mm/min in accordance with ASTM D 638 stan-
dard. Five samples were tested for neat ABS and MWCNT/
ABS nanocomposites and average results were given. The 
Izod impact test was performed in accordance with ASTM 
D-256 standard according to the following parameters. The 
initial width of all samples was 10 mm and the tested width 
was taken as 8 mm since 2 mm was notched. The thickness 
was taken as 4 mm and the area of ​​the samples subjected to 
the impact test was calculated as 32 mm2. Five test samples 
were prepared for neat ABS and MWCNT/ABS nanocom-
posites. The average of the measurements was given as the 
test result.

2.8  Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on an 
EXSTAR S II 6300 TG/DTA apparatus with a heating rate 
of 10 °C/min from 30 to 700 °C under N2 flow (20 ml/min).

3  Results and Discussion

The main goal of this study was to produce MWCNT/
ABS functional nanocomposite filaments with improved 
mechanical and electrical properties that could be suit-
able candidates for the ESD application. The MWCNT/
ABS nanocomposites with different nanofiller loadings 
(from 3 to 10 weight ratio) obtained by using a twin-screw 
extruder were converted into filament form with a diameter 
of 1.75 mm in a filament production line used in commer-
cial production. In this study, ABS terpolymer was used as 
matrix due to its superior rheological, mechanical, and phys-
ical properties in FDM applications, whereas the MWCNT 
was chosen as the nanofiller, due to its higher aspect ratio 
as well as better mechanical and electrical properties. Since 
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3.3  Characterization of Volume Resistivity

The main aim of this study was to reduce the electrical 
resistivity of 3D printed parts that could be suitable for ESD 
applications. In the literature, thermoplastics presenting 
ESD protection should have an electrical resistivity range 
between 106 and 1012 ohm.cm [45]. Since the 3D printing 
temperature directly affects the filler-matrix interactions 
(Table S1), melt rheology and the electrical properties of 
printed parts, the MWCNT/ABS nanocomposite contain-
ing 10 wt% nanofiller was printed at different temperatures 
(230, 250, 260, and 270 °C). The volume resistivity values 
of the obtained 3D printed samples were determined and the 
optimum 3D printing temperature was found as 250 °C in 
this study (Fig. 5a).

After determination of the optimum temperature, the 
volume resistivity values of all MWCNT/ABS nanocom-
posites were measured under similar conditions and their 
results were compared with the neat ABS sample (C0-250). 
As shown in Fig. 5b, the volume resistivity values of the 
C0-250, C3-250, C5-250 and C10-250 samples were found 
as 8.2E15, 3.96E15, 3.27E15, and 2.13E7 ohm.cm, respec-
tively. The significant reduction in the volume resistivity of 
C10-250 could be due to the tunneling effect of the conduc-
tive network facilitated by the MWCNT nanofillers [45]. 
In this case, a high number of MWCNT connections could 
considerably reduce the tunneling distance where the elec-
trons could tunnel from one MWCNT to another, thereby 

between layers, which was an indication of good layer-layer 
bonding and effective 3D printing.

To observe the morphology from micro to sub-micro 
scale, the SEM images of the printed samples were cap-
tured at various magnifications (Figs. 2, 3 and 4). Based on 
the SEM investigations, foam-like porous morphology was 
detected in all nanocomposite samples. This behavior was 
more dominant for C5-250 and C10-250 samples (Fig. 3). 
This might be due to nanofiller agglomeration at higher 
MWCNT loadings that was also reported previously for 
MWCNT/ABS nanocomposites [44]. As previously given 
in Fig. S6, although the average outer tube diameter was 
around 37.5 nm, the tubes formed relatively big agglomer-
ates with an average size of around 11.72 μm. However, the 
average size of the agglomerate was found less than 1 μm for 
all 3D printed nanocomposite samples. That can be cross-
checked from the Fig. 4, SEM images those have 1 μm scale 
bar. Even formation of the agglomerates were obvious, their 
size was lower than 1 μm and that is related with the mix-
ing efficiency of the extruder. The average agglomerate size 
decreased from 11.72  μm to less than 1  μm. Since SEM 
analysis was performed by a random system, the resolution 
of the images was not good enough to calculate the actual 
average size of the agglomerates.

Fig. 1  The MFI values ​​of neat 
ABS and MWCNT/ABS nano-
composite filaments
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result was also supported by SEM analysis (Figs. 2, 3 and 
4).

defeating the high resistance of the ABS matrix [46]. This 

Fig. 4  SEM images of 3D printed C3-250 (a) C5-250 (b) and at 100k x magnification

 

Fig. 3  SEM images of 3D printed C5-250 (a) and C10-250 nanocom-
posites (b) at various magnifications

 

Fig. 2  SEM images of 3D printed C0-250 (neat ABS) (a) and C3-250 
(nanocomposite) (b) at various magnifications
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That behavior was attributed to non-covalent interactions of 
MWCNT and phenyl group of SAN in ABS [44]. At that 
point, even if mixing conditions were sufficient enough 
to disperse fillers, MWCNT can be mostly found in SAN 
phase as islands/sea and electron flow decreases. That 
behavior can lead to higher percolation concentrations as 
seen in MWCNT/ABS 3D printed [22, 28, 49].

In addition to these the orientation of 3D printing was 
reported to affect electrical properties of the samples. Ori-
entation of the fillers can be affected by printing conditions 
such as speed and temperature. Based on the rastering speed, 
direction and temperature MWCNT-MWCNT network con-
nection, MWCNT alignment, filling ratio and void volume 
can change [49]. So optimum temperature and orientation 
should be determined. In our case 250 °C was the optimum 
temperature for obtaining percolating network (Table S1). 
Below and above temperatures probably led to destruction 
of the conductive network [53]. Samples were printed in 
horizontal direction and further investigation is required in 
terms of optimum rastering direction.

3.4  Mechanical Characterization

Mechanical properties of the 3D printed MWCNT/ABS 
nanocomposites were investigated by tensile and impact 
tests and both test results were compared with the neat ABS 
sample under identical conditions (Fig. 6). Based on the ten-
sile test results, the elastic modulus of the nanocomposites 
firstly increased from 375.05 to 576.71 MPa for the C3-250 
sample, while these values decreased significantly to 461.82 
and 441.88  MPa for the C5-250 and C10-250 nanocom-
posites due to the agglomeration of MWCNT nanofillers 
at higher loadings (Table  3) [54]. However, the C3-250, 

As known, FDM type 3D printing is a process carried 
out in the molten phase of the thermoplastic polymers. Mor-
phology, rheology, thermal stability of the polymer[44], 
CNT properties, processing conditions (speed, layer thick-
ness, filling ratio, orientation of the rastering, printing tem-
perature, cooling table temperature, cooling speed etc.), 
geometry, size of the sample, measurement system and 
standard method are of significance for electrical properties 
of the 3D printed samples (Table S1) [22, 28, 43, 47–51]. 
In all these, measurement system and standard method are 
very critical for obtaining accureate results. The system that 
consisted of an electode pair and high resistance meter are 
used for determination of volume resistivity and this reflects 
the bulk properties of the sample. However 2 or 4-probe 
systems are used to measure the surface/sheet resistance (R) 
and resistivity (σ) is calculated from the R, area (A) and 
length (l) values (σ = R*A/l) [52]. In that case it is assumed 
that sample is isotropic and current flow is same throughout 
the sample. In our case volume resistivity was measured by 
a system (Keithley 8009/ Keithley 6517B) based on ASTM 
D257 standard, that reflects the bulk property of the sample 
and can be different and/or lower compared to resistivity 
calculated from 2 or 4-probe resistance. As reported in the 
literature, the resistivity of the 3D printed samples are gen-
erally higher than injection molded samples and that was 
reported to be caused by high contact resistance between 
deposited layers [47]. Under that condition, polymer mor-
phology, filler dispersion[44], 3D printing orientation and 
printing temperature are critical (Table S1). Polymer mor-
phology is of significant not only for rheology and thermal 
degradation of the polymeric system but also for melting 
point. When ABS is considered, MWCNTs prefer to uni-
formly disperse in the styrene-acrylonitrile (SAN) phase. 

Fig. 5  Volume resistivity of samples as a function of filler content (a), volume resistivity of 10 wt% MWCNT filled ABS filament as a function of 
printing temperature (b)
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ABS sample. While the tensile stress values of neat ABS 
(CO-250) was determined as 41.55 MPa, these values of the 
C3-250, C5-250, and C10-250 nanocomposites were found 
as 38.84, 37.61, and 32.10 MPa, respectively. In addition, 
the elongation at break values of the C3-250, C5-250, and 
C10-250 nanocomposites were determined as 6.81, 7.88, 
and 6.40% were slightly lower than that of the neat ABS 
sample found as 9.39%. That decrease was probably due to 
nanofiller aggregations as given in the morphology section. 
The change in morphology and foam-like porous structure 
probably resulted in decreased resistance to stress.

The impact strength values of the MWCNT/ABS nano-
composites were also compared with that of neat ABS. It 
was noted that the impact strength of the neat ABS was 
higher than the corresponding nanocomposites (Fig. 7). By 
increasing the MWCNT content, the impact strength val-
ues of the nanocomposites were significantly decreased. 
The presence of MWCNT with 3 wt% in the ABS matrix 
reduced the impact resistance by approximately 25%. The 
reduced impact strength at higher nanofiller concentrations 
was due to the agglomerations of MWCNT nanotubes in the 
SAN phase [55]. Impact strength was generally expected to 
decrease with the incorporation of the rigid MWCNT into 
the tough polymers [56–59]. These findings were also con-
sistent with morphology and tensile test results. Foam-like 
porous morphology was observed for nanocomposites when 
the filler content was higher, and the impact strengths of the 
3D printed samples were sequentially decreased.

C5-250, and C10-250 samples displayed 53.8, 23.1, and 
17.8% higher elastic modulus compared to the neat ABS 
sample as the reference. On the other hand, the tensile stress 
and elongation at break values of the C3-250, C5-250, and 
C10-250 samples were slightly lower than those of the neat 

Table 3  Summary of tensile test results of 3D printed the samples
Sample Code Tensile stress

(MPa)
Elongation at break
(%)

Elastic modulus
(MPa)

C0-250 41.55 ± 1.38 9.39 ± 0.87 375.03 ± 8.43
C3-250 38.84 ± 1.23 6.81 ± 0.65 576.71 ± 12.67
C5-250 37.62 ± 1.15 7.88 ± 0.54 461.82 ± 10.31
C10-250 32.10 ± 1.02 6.40 ± 0.42 441.88 ± 9.69

Fig. 7  Impact strengths of the samples as a function of filler content

 

Fig. 6  Tensile test graph of 3D 
printed C0-250 (neat ABS), 
C3-250, C5-250 and C10-250 
nanocomposites
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chains enabling to enhance the thermal properties of result-
ing 3D printed MWCNT/ABS nanocomposites.

4  Conclusion

In conclusion, the MWCNT/ABS nanocomposite filaments 
with the filler content of 3, 5, and 10 wt% were successfully 
prepared by a specially designed extruder for the FDM-
type 3D printing. Then, these nanocomposites were readily 
converted into monofilament forms used in the FDM-type 
3D printers to produce test samples to reveal their morpho-
logical, mechanical, and electrical properties for the poten-
tial ESD application. By the addition of MWCNT into the 
ABS matrix led to a raise physical interactions that caused 
a high viscosity and a decrease in melt flow. Based on the 
morphological analysis, foam-like porous morphology that 
directly affected the conductivity and mechanical properties 
of the nanocomposites was detected. With the addition of 
MWCNT nanofiller, the tensile modulus and thermal proper-
ties of the 3D printed samples were significantly improved, 
but the elongation at break and impact strength values were 
notably decreased. As a result of the volume resistivity test, 
the 3D printing temperature and content of MWCNT were 
optimized and the optimum values were found as 250 oC 
and 10 wt% respectively. The obtained sample displayed the 
lowest volume resistivity as 2.13E7 ohm.cm, which fulfills 
the requirement of the ESD protection.

3.5  Thermogravimetric Analysis

Thermal properties of 3D printed MWCNT/ABS nanocom-
posite samples were compared with the neat ABS sample 
by thermogravimetric analysis under inert atmosphere with 
a heating rate of 10 °C/min from 30 to 700 °C. As shown 
in Fig. 8; Table 4, the neat ABS and MWCNT/ABS nano-
composites displayed a single degradation step between at 
390 and 520 °C as similar to conventional vinyl polymers 
proceeding by random-chain and end-chain scissions [60]. 
The temperatures at 5% weight loss (T5%) and 50% weight 
loss (T50%), and char yields at 700 oC were noted for neat 
ABS and 3D printed MWCNT/ABS nanocomposites. The 
increases in T5%, T50%, and char yields were determined by 
increasing MWCNT loading. The T5%/T50%, and char yield 
% of neat ABS were found as 322.60, 452.77 °C, and 0.65%, 
whereas these values were 362.38/467.47 °C and 11.16% for 
the nanocomposite containing the highest MWCNT load-
ing (C10-250). The incorporation of MWCNT in the ABS 
matrix led to restrict the segmental movements of polymer 

Table 4  Thermal degradation behavior of the samples
Sample Code T10%

(°C)
T50%
(°C)

Tmax
(°C)

Char Yield wt%
@ 700 °C

C0-250 373 452 458 0.70
C3-250 382 457 463 3.30
C5-250 385 460 465 6.03
C10-250 389 466 470 10.15

Fig. 8  TGA thermograms of 
3D printed C0-250 (neat ABS), 
C3-250, C5-250 and C10-250 
nanocomposites
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