Impact statement

The article presents a pioneering explora-
tion into the synthesis and application of a
novel composite material. This research sig-
nificantly impacts the field of electromaterials
by introducing a cutting-edge approach that
leverages the synergistic properties of carbon
nanotubes, graphene, and carbon black within
a single filament. The impact of this research
extends beyond the laboratory, influencing the
development of next-generation materials that
bridge the gap between conventional materials
and advanced nanomaterials. The presented
composite filaments open avenues for the
creation of innovafive devices and systems that
demand good mechanical strength, electrical
conductivity, and thermal stability. Moreover,
the versafility of these filaments allows for the
optimization of materials properties, enabling
customization based on specific application
requirements. In addition to its technological
significance, the paper contributes fo sustain-
ability efforts by facilitating the production of
lightweight, energy-efficient materials. The
insights provided by this research have the
potential to reshape the landscape of materi-
als science, inspiring further exploration and
innovation in the quest for versafile and high-
performance electromaterials.
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Addressing the growing demand for conductive and flexible composites,
this research focuses on producing thermoplastic composite fibers made of
polyurethane and carbon nanomaterials featuring the highest possible electrical
conductivity. Based on a recently developed methodology enabling the formation
of very high filler contents of 40% w/w, this work presents a systematic
investigation of the role of all the materials used during the manufacturing process
and selects the materials that ensure the best electrical performance. The results
show that the highest electrical conductivity and current-carrying capacities are
obtained when dimethylformamide is used as a solvent, and small amounts of
AKM surfactant aid the de-agglomeration of carbon nanomaterials. It is also shown
that the hybridization of MWCNTSs filler with graphene nanoplatelets and small
amounts of carbon black is beneficial for the electrical properties. However, the
highest performance is achieved with SWCNTs as fillers, exhibiting two orders of

magnitude higher electrical conductivities of 6.17 x 10* S/m.

Introduction
The quest for innovative materials with
tailored properties has led to remarkable
advancements in the field of composite
materials in recent years.! These materi-
als, formed by combining two or more dis-
tinct components, offer a wide spectrum of
possibilities for designing materials with
superior mechanical, electrical, and ther-
mal properties. Among these composites,
polymer-carbon nanomaterials composites
have gained increasing attention due to
their potential in many applications across
diverse industries.* ™

Carbon nanomaterials, particularly car-
bon nanotubes and graphene, when used as

fillers, offer a unique blend of properties,
including very high electrical conductivity,
thermal conductivity, mechanical robust-
ness, lightweight, and corrosion resis-
tance.” Polymers, on the other hand, are
also lightweight and corrosion-resistant
materials. Additionally, they are inexpensive
and easy to process, which, combined with
their tunable mechanical properties, makes
them a very popular material in countless
applications both in daily life and industry.
Incorporating carbon nanomaterial fill-
ers into these polymers extends the range
of their potential applications. Polymers
enriched with carbon nanomaterials could
become stronger, electrically and thermally
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conductive while retaining their lightweight nature and, in
many cases, processability.

Due to its amazing versatility, one of the very interest-
ing polymers is thermoplastic polyurethane (TPU).!%!! This
block copolymer is composed of soft and rigid segments. By
fine-tuning its chemical structure, TPU can have a range of
mechanical properties, from soft and flexible elastomers to
rigid plastics of high modulus. Additionally, TPU can be both
melt and solution-processed. Therefore, it can be formed by a
variety of processes, such as injection molding, extrusion, or
three-dimensional (3D) printing, and be used for spray coating
or impregnation.

As a result, TPU is used for a wide range of applications,
including sporting goods, technical textiles, medical devices,
automotive and aerospace equipment, packaging, and 3D print-
ing filaments. Increasing the range of these applications by the
formation of composites would be thus highly interesting and
easily find many applications. For this reason, many studies
have recently focused on the formation of composites formed
by TPU and carbon nanomaterials to obtain electrically con-
ductive materials with better mechanical, thermal, or flamma-
bility properties compared to pure TPU,'?"'* for sensing,'>!®
heating,'? or EMI shielding'>!"!'® applications. To address the
variety of potential applications, the composites were prepared
in many forms, including sheets, filaments, and foams, 2!
using various methods and fillers.'®!%?%%3 It is important to
mention that the properties of specific composites depend on
many factors, including the chosen filler, processing method,
or the composite form to be obtained.

Our recent study focused on manufacturing carbon nano-
tube—TPU filaments.?® Filaments are an interesting form
of composites that enables their convenient use as sensors,
base materials for thermal transfer, or 3D printing. One of
the first major areas of research concerning the use of carbon
nanotubes was in the field of polymer composite fibers.+>’
Despite the fact that CNT-containing fibers can achieve high
conductivity of up to 50 S/cm, the choice of polymers that
could be used at that time was severely limited. For this rea-
son, research has focused on producing fibers only from CNTs;
however, due to their properties, these fibers have limited elas-
ticity, which is crucial in the textile industry.?® Targeting the
high electrical conductivity of these composites, we developed
a method that enabled the manufacturing of composites with
a very high loading fraction of CNTs (40% w/w). Such load-
ing fraction ensured obtaining an order of magnitude higher
conductivity than reported so far for analogous compos-
ites,?? 2 where composites were obtained with conductivities
of: 26.3 S/m, 116.98 S/m, 677 S/m, and less than 10~ S/m,
respectively.

The manufacturing process is very important for optimizing
the electrical properties of the composites; however, it is the
filler which is the key to obtaining electric current percolation
pathways within the insulating polymeric matrix. In this case,
the composite’s conductivity depends on many aspects, which
can be generally divided into two categories of intrinsic and
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extrinsic factors. Intrinsic factors will include the conductivity
of micro-/nanoparticles originating from their elemental com-
position and atomic arrangement (e.g., graphene with pure sp?
bonding will be more conductive than amorphous carbon).*?
This category will also include structure-related bandgap size,
concentration of defects, type of defects or doping type, and
level. On the other hand, extrinsic factors will include the
concentration (weight percent) of the nano-/microparticles,
which should be as high as possible to form electric current
percolation pathways effectively, but should not compromise
the desired mechanical properties. Further factors are the size,
shape, and aspect ratio of the particles.>** For example, we
may expect that large graphene platelets or higher aspect ratio
carbon nanotubes will facilitate the formation of the percolation
pathways. It has also been shown in the literature that mixing
different sizes and shapes of nano-/microparticles may increase
conductivity.>® The larger particles may work like bridges,
while the smaller ones may become the fillers of voids. In the
case of such particles as carbon nanotubes, conductivity also
depends strongly on alignment due to the high anisotropy of
its properties.’’

Finally, it is important to mention processing-related fac-
tors—agglomeration and uniformity of distribution of nano-
and microparticles, which, if not appropriately addressed, do
not ensure good electrical performance.

In the following, we test the possibility of increasing the
conductivity further via the change in processing methodol-
ogy and filler composition. We, therefore, examine the new
capabilities of the developed method for producing highly
conductive composites. We show that the hybrid carbon com-
posites, with sufficient fabrication processes enabling their
dense packing, outperform the parameters of previously
known similar heterophase materials. In the paper, we also
undertake the verification whether the change of components
such as solvent or surfactant affects the parameters of the final
composite.

Materials and methods

Materials

The functional phase of the composites was prepared based
on NC7000 multiwalled carbon nanotubes (MWCNTs) from
Nanocyl SA (Sambreville, Belgium). Additionally, two dif-
ferent types of graphenes were employed. The first type,
denoted as G1, comprised nanoplatelets obtained from Cheap-
Tube (Cambridgeport, Vt., USA), characterized by a thick-
ness ranging from 8§ to 15 nm and a diameter of 1-2 um. The
second type, G2, was produced by XG Sciences (Lansing,
Mich., USA) and exhibited a 6- to 8-nm thickness with a diam-
eter of 5 pm, per the provided datasheet. Further materials
used as functional phase included carbon black (CB) from
Graphene Supermarket (New York, USA) with a particle size
of 30 nm and a surface area of 254 m%/g as well as highly con-
ductive single-walled carbon nanotubes (SWCNTSs) purchased
from Sigma Aldrich (Darmstadt, Germany), with >93% carbon
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content, SWNT length of >5 pm, and diameter in the range
of 1.2-2.0 nm.

The composite matrix was made of thermoplastic polyure-
thane (TPU) purchased from BASF (Ludwigshafen, Germany)
with a catalogue name Elastollan soft 35AP. According to the
datasheet, its density amounts to 1.18 x 10° kg/m>.

In this study, two different solvents were employed. Both
tetrahydrofuran (THF) with a molecular weight of 72.11 g/
mol and N,N-dimethylformamide (DMF) with a molecular
weight of 73.09 g/mol were purchased from Sigma Aldrich
(Darmstadt, Germany). The surfactants tested included AKM
- 0531 (AKM) from NOF Corporation (Tokyo, Japan) and
Triton X-100 (Triton) purchased from Sigma Aldrich (Darm-
stadt, Germany).

Manufacturing process

Composite preparation
The composites were prepared following the previ-
ously described method.?® Initially, all components of the
functional phase were accurately weighed and combined in
appropriate ratios along with the surfactant. The solvent was
then added in a sufficient quantity, allowing the particles to
de-agglomerate freely during the sonication process. De-
agglomeration was carried out using a VCX 750 ultrasonic
homogenizer with the amplitude set at 80% of nominal power
for 30 min. In the next step, the weighed amount of polymer
was added. The composite was stirred on a Heidolph MR - Hei
magnetic stirrer at several Celsius degrees below the solvent’s
boiling point until the solvent was preliminarily evaporated.
Next, the composites were transferred to a Czylok FCC
7-SM laboratory oven for complete solvent evaporation. The
drying process was conducted in two steps to ensure thor-
ough solvent evaporation without rapid drying. The work-
ing temperatures for both steps were selected based on the
specific solvent used (50°C and 80°C for THF and 100°C
and 150°C for DMF). Each drying step lasted 5 h.

Extrusion process

After the composite material was cooled and cut into pellets,
it was placed in a purpose-designed screw extruder.?’ This
extruder facilitates the formation of filaments from the com-
posite material. The machine has two heating zones: the first
set at 170°C and the second at 190°C. The screw works at a
constant speed of 38 rpm. The machine allows the extrusion
of filaments of different diameters, adjustable by the nozzle.
In this work, a nozzle with a diameter of 1.8 mm was used.

Testing of the composite filaments

The resistance of the filament samples was measured by the
two-point method. The samples were coated with room-tem-
perature drying silver-paint Electrolube, Leicestershire, UK.
Each measurement was performed on five 60-mm-long
samples. The measurements were performed using True

RMS UT804 multimeter, Uni-Trend Technology Co., Ltd.,
Guangdong, China.

The current-carrying capacity was measured in a pur-
pose-built setup composed of a QL564P DC power supply,
Aim TTi, Huntingdon, UK, a Keithley 2000 DC multimeter,
Keithley Instruments, Cleveland, Ohio, USA, both controlled
by dedicated LabVIEW software, National Instruments Cor-
poration, Austin, Texas, USA. The current was increased at a
rate of 10 mA/s up to 2A or thermal failure of the composite.

For the investigation of electrical properties, two param-
eters were considered, namely absolute electrical conduc-
tivity (o) and specific conductivity (o) often used to char-
acterize CNT-based materials.?® These parameters were
calculated using the following formulas:
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where R is the resistance in Q, L is the length in m, A4 is the
cross-sectional area in m?, and m is the mass of the sample
in kg.

The static tensile test was performed on 40-mm-long
fibers, with a test section length of 20 mm and 10 mm
clamped in the jaws on each side, on a QC-506B1 material
testing machine manufactured by Cometech Testing
Machines Co., Ltd, Taichung City, Taiwan.

Results and discussion

The influence of surfactants and solvents

on the electrical performance of the composites

The first part of the study focused on the manufacturing
process and investigated the influence of surfactants and
solvents on the electrical performance of the composites.
The composites with the highest MWCNT concentration of
40% w/w developed in our previous study were chosen as
the base material. >’

First, the change of surfactant was studied. The tested
surfactants included Triton and AKM. The experiments
followed the protocols developed previously.?® In brief,
MWCNTs with a concentration of at most 2% were soni-
cated in THF. Next, 2 wt% of a chosen surfactant in relation
to MWCNTs was added and sonicated further. Finally, TPU
was mixed into the dispersion. The dispersion was then dried
and extruded in the form of a filament.

The obtained filaments were tested electrically. The
obtained absolute conductivity values were 1.28 - 10° S/m
for AKM and 3.89 - 10 S/m for Triton, and the spe-
cific conductivity values were 9.76 - 10™' S m*kg and
2.81 - 107" S m%/kg, respectively.

The results indicate that selecting an unsuitable sur-
factant can significantly degrade the material’s conductivity.
The sample containing AKM showed an order of magnitude
better conductivity. Therefore, further research was limited
to the AKM surfactant.
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Next, tests investigated the effect of using different
amounts of AKM and different solvents. Both the amount of
surfactant and type of solvent can influence the properties of
the manufactured composite. However, the accurate amount of
surfactant could also be dependent on the solvent type, as the
solubility of the surfactant is solvent-dependent. The choice
of solvents was limited by the solubility of the thermoplastic
polymer Ellastolan soft 35AP and restricted to two solvents,
specifically DMF and THF. The results of the electrical param-
eters obtained are shown in Table I.

Analysis of the results presented in Table I shows that using
10% AKM significantly decreases the electrical conductivity
of the composites independent of the solvent used. This could
be explained by the fact that surfactants are in a nonconductive
phase. They have a crucial role in separating CNTs and inhibit-
ing their agglomeration in the composite, which improves the
percolation of electric current through the composite. How-
ever, with larger amounts of surfactants, a decrease in the elec-
trical conductivity of the composite is observed. That could be
caused by the amphiphilic agents, added in excess, not only
homogenize the composite by reducing the agglomerates of
carbon particles, but at the same time they may isolate some
CNT nanoparticles through their presence, which inhibits the
transportation of charge between them.

The results presented in Table I also showed that when
DMF was used as the solvent, the electrical conductivities of
the final composite were higher. This means that the choice

Table I. Conductivity and specific conductivity for composites with
40% w/w MWCNTs in TPU composites with different amounts of
surfactant and different solvents used.

Material Absolute Conductivity = Specific Conductivity
(S/m) (S m%/kg)
THF_AKM2% 1.28-10° 9.76 - 107
THF_AKM10% 4.90 - 10? 359107
DMF_AKM2% 1.86-10° 142107
DMF_AKM10% 5.25 - 102 3.77-107
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of solvent significantly affects the dissolution of the polymer
and its bonding to the functional phase, which can improve the
properties of the final composite.

The electrical testing of composite filaments prepared
using different solvents and different amounts of surfactant
also included an investigation of their current-carrying capac-
ity. The results are presented in Figure 1b, along with a photo
of an example specimen of the tested composites (Figure 1a).

The obtained results follow the previous observations and
discussion. First, increasing the AKM amount from 2% to
10% deteriorates the electrical performance of the filaments
independent of the solvent used. For the composite prepared
using THF solvent, there was a decrease in the maximum cur-
rent recorded by 0.35 A and for those containing DMF by 0.2
A. However, the choice of the solvent itself, with the same
amount of surfactant for both 2% and 10%, also significantly
affected the value of the maximum current recorded. The cur-
rent-carrying capacity of DMF-based filament was higher than
those for which THF was used (difference of 0.15 A for 2%
and 0.3 A for 10% samples).

Analysis of the previously discussed results showed that
the best electrical performance of the composite filaments is
obtained when DMF is used as solvent and AKM as surfactant.
The 2% of AKM in relation to the MWCNT weight allows
de-agglomeration of the carbon particles, which is clearly vis-
ible during composite preparation, as a clear foaming of the
sonicated carbon particles is observed. This content, there-
fore, allowed dense packing of the functional phase, which
translated into high electrical conductivity of the composite.
We considered that any higher amount of surfactant, even
if it caused an increase in homogenization would result in a
decrease in electrical parameters; hence, this content was cho-
sen for further studies. Therefore, this manufacturing protocol
was chosen for the following experiments.

Functional phase modification

As explained in the introduction, although the manufacturing

process is very important for optimizing the electrical properties
of composites, the filler, as

an electrically conductive

-
o 20

2% wiw AKM in THF
10% w/w AKM in THF
2% wiw AKM in DMF
4 — 10% w/w AKM in DMF

—
40

phase, is the key determi-
nant affecting the electri-
cal properties. Consider-
ing this, we first tested
the possibility of enhanc-
ing the electrical perfor-
mance of the composite
filaments by hybridizing
MWCNTs with other car-
bon nanomaterials (i.e.,

|
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Figure 1. (a) Composite filament multiwalled carbon nanotube-thermoplastic polyurethane (MWCNT-TPU).
(b) The current-carrying capacity of MWCNT-TPU fibers with different AKM amounts and two different

solvents.

nanomaterials of different
atomic structures, sizes,
and shapes). The latter
fillers included two types
of commercial graphene
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nanoplatelets—G1, characterized by a thickness of 8—15 nm
and diameter of 1-2 mm; G2 of 6—8 nm thickness and 5 mm in
diameter, as well as commercial carbon black with a particle size
of 30 nm and a surface area of 254 m?/g.

The scanning electron microscope images of the chosen
fillers are presented in Figure 2a—c. The images clearly illus-
trate the differences in the structures of these materials. The
clear forms of MWCNT branches (Figure 2a), the flake struc-
ture of graphene powder (Figure 2b), and the spherical form
of carbon black (Figure 2¢) are evident. The differences in the
dimensions of the structures are also apparent, consistent with
the manufacturers’ declarations in the materials’ datasheets.

The filler mixtures were composed of either MWCNTs-
graphene nanoplatelets or MWCNTS-carbon black in two
ratios of 1:1 and 3:1. The total filler ratio in every composite
amounted to 40% w/w. Composites with 30% G1/G2 and 10%
MWCNT content were not considered in the work, as such a
phase ratio resulted in a composite being overly brittle. The
manufacturing procedure followed the previously proposed
procedure based on sonication and evaporation of the excess
solvent during mixing, which should guarantee effective
de-agglomeration of the functional phase particles and their
uniform distribution in the composite. However, modifying
the functional phase’s shapes and dimensions can change the
structure at the nanoscale. For verification of whether hybridi-
zation with either flake graphene or spherical carbon black
structure will change the homogeneity of the cross-sectional
structure of the filament, we performed SEM image analy-
sis for composites filled purely with MWCNTs as well as
MWCNTs-graphene G1 and CNT-carbon black hybrid
composites for a 1:1 ratio (Figure 2d—f).

Different filament morphologies can be observed in the pre-
sented images due to the apparent presence of different forms

of nanocarbons in the composites. The cross-sectional images
indicate a uniform distribution of different carbon nanostruc-
tures in the composite fibers, both in the case of pure MWCNT
filler (Figure 2d) and MWCNTs-graphene (Figure 2e) and
MWCNT-carbon black (Figure 2f) fillers.

All prepared samples were tested electrically. As shown
in Table II, in the case of MWCNT-graphene nanoplatelet
samples, both absolute and specific conductivity increased
compared to samples containing only MWCNTs. In the case
of samples containing 30% w/w of MWCNTs and 10% of
G1, the absolute and specific conductivity increased by 17%
and 10%, respectively. For the 1:1 ratio of MWCNTs and G1,
the increase was higher and amounted to 37% and 48% for
absolute and specific conductivity, respectively. This indicates
that large G1 nanoplatelets of 1-2 mm contribute to better
formation of percolation pathways. Larger G2 nanoplate-
lets (5 mm in diameter) are even more effective in forming
current pathways. In the case of MWCNTs-G2 samples, the
absolute conductivity increased by 10% for the 3:1 ratio and
106% for the 1:1 ratio, while specific conductivity increased
by 15% and 120% for the 3:1 and 1:1 ratio, respectively. In
the case of carbon black, the effect is quite different. These
amorphous carbon particles of 30 nm in diameter improve the
conductivity (absolute by 51% and specific by 49%) when
added in small amounts (3:1 ratio) by filling the gaps between
high aspect ratio carbon nanotubes. However, an increase in
their share to 20% w/w (1:1 ratio) is no longer beneficial
and results in an apparent decrease in conductivity of —25%
for absolute conductivity and —26% for specific conductiv-
ity. It is worth mentioning that these results are an order of
magnitude higher than for TPU-CNT composites produced
by other methods that do not allow such dense packing of the
functional phase.>4

Some more insight

Figure 2. Scanning electron microscope images of nanocarbon structures (a) multiwalled carbon nano-
tubes (MWCNTs); (b) graphene nanoplatelets G1; and (c) carbon black; used in hybrid fibers together with
the images of fiber composites containing those nanocarbons (d) 40% MWCNTSs; (e) 20%CNT20%G1;

() 20%CNT20%CB.

into the effect of the
hybridization of fillers
on the electrical proper-
ties of the filaments has
been obtained from the
current-carrying capac-
ity tests presented in
Figure 3. The results
showed that the fibers
with 10% graphene
content of both G1 and
G2 could not carry the
same current as with
carbon nanotubes alone
(a decrease of 0.11 A
(=7%) and 0.13 A (—8%),
respectively). However,
at 20% graphene content,
both composites reached
higher current values (an
increase of 0.19 A (12%)
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Table Il. Absolute and specific conductivities for fibers of varying
functional phase.

Material Absolute Specific
Conductivity Conductivity(S

(S/m) m?/kg)
MWCNT40% 5.25- 102 3.77 - 107
30%MWCNT/10%G1 6.15- 102 414107
20%MWCNT/20%G1 7.21.102 5.58-107"
30%MWCNT/10%G2 5.77 - 102 432 .10
20%MWCNT/20%G2 1.08 103 8.31-107
30%MWCNT/10%CB 7.92 - 10? 5.63- 107
20%MWCNT/20%CB 3.92.10? 2.80- 107
SWCNT40% 6.17 - 10 37.6-107

and 0.36 A (23%), respectively). This result indicates that
the large graphene platelets may be less effective than CNTs
in heat removal. However, a significant improvement in the
formation of conductive pathways for a 1:1 ratio will help
overcome this issue. In the case of carbon black, the results
are in good agreement with the conductivity measurements
and conclusions. The 3:1 ratio of CB caused a slight increase
in current-carrying capacity thanks to denser phase packing
in the composite, resulting in better electrical connections.
However, at a 1:1 ratio, replacing the carbon nanotubes with
an excessive amount of carbon black resulted in a reduction
of maximum current.

Considering all the filler parameters that may affect the elec-
trical transport within the composite, one more filler has been
tested. The industrial-grade MWCNTSs have been replaced by
single-walled CNTs, which are expected to be less defective
and thus more conductive intrinsically than industrial-grade
MWCNTs. Like all previous samples, the SWCNT composite
contained 40 weight percent of the filler. The SWCNT indeed
showed much better electrical performance than all previ-
ous samples. The absolute conductivity (Table I1) was two
orders of magnitude higher than the composite containing
MWCNTs. The specific conductivity was one order of mag-
nitude higher for SWCNTs than for MWCNTs. The composite
based on SWCNTSs carbon nanotubes showed the ability to carry
a significantly higher current (Figure 3). The value obtained was
almost 2.5 times higher than for MWCNTs. This means that the
proper selection of CNTs contained in the functional phase can
drastically improve the properties of the composite.

In the further step, the mechanical properties of fibers were
compared to verify the influence of modification of the func-
tional phase. The exact results are shown in Table III.

The results indicate that replacing the industrial-grade,
multiwalled nanotubes with high-quality single-walled ones
caused the material to be able to operate at significantly higher
stresses (an increase of almost 3 MPa). Hybridizing MWCNTs
with graphene, in both ratios tested, resulted in a reduction of
the maximum stresses, inducing specimen breakage. As for the
material’s tensile susceptibility, both with SWCNT or graphene,
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Figure 3. Comparison of the maximum current of composites
for 40% w/w multiwalled carbon nanotube (MWCNT), 40% w/w
single-walled carbon nanotube (SWCNT), 40% w/w hybrid fillers
of MWCNT-graphene, 40% w/w hybrid fillers of MWCNT-carbon
black.

the recorded changes were marginal (not exceeding a few per-
centages). For the hybridization of carbon nanotubes with car-
bon black, the average maximum strains were similar to those
recorded for the composite containing the MWCNTs solely.

Conclusions

This article investigated the role of materials selection used
in the manufacturing process on the electrical performance
of the TPU-carbon nanomaterials composite filaments. The
analysis shows that every substance used during the manu-
facturing process may affect the final electrical properties of
the filament.

The modifications of the manufacturing process of TPU
filament with 40% w/w of MWCNTs showed that a properly
selected surfactant can significantly improve the electrical
properties. Simply changing the surfactant used from Triton to
AKM in the fiber preparation process resulted in almost three
times higher conductivity (increase from 3.89 - 10> S/m to
1.28 - 10* S/m). The material produced with AKM also showed
the ability to operate at a higher maximum current. The research
also showed that the amount of surfactant used also plays a key
role. For both the composites prepared with THF and DMF, we
observed that increasing the amount of surfactant from 2% to
10% deteriorated the electrical properties of the material.

The solvent used during fabrication, although being evapo-
rated and therefore absent in the final filament, also appears to
affect the properties of the composite. Composites containing
DMF had better electrical conductivity than those with THF
for both composites containing 2% and 10% of the surfactant
and were capable of conducting a higher current.
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Table Ill. Tension of tested composite fibers.

Material Smax (MPa)
MWCNT40% 6.49
SWCNT40% 9.46
30%CNT/10%G1 3.22
20%CNT/20%G1 2.67
30%CNT/10%G2 411
20%CNT/20%G2 3.72
30%CNT/10%CB 5.82
20%CNT/20%CB 6.27

Finally, it is crucial to choose the proper functional phase.
The results showed that when cheaper and, therefore, more
achievable multiwalled nanotubes need to be used, it is ben-
eficial to hybridize them with other materials. Addition of
graphene nanoplatelets can significantly improve the electri-
cal properties as in the case of 20% of graphene G2 where
the obtained conductivity was almost twice as high even
though the maximum stress at which the fiber could work
had decreased. Analysis of the results obtained also showed
that the use of a small amount of carbon black can improve
the conductivity of the material. However, in the case of this
material, the chosen amount must be optimized because, by
replacing the carbon nanotubes too excessively with carbon
black, the electrical properties of the material were lowered
relative to the original composite.

However, if less restricted by the price of the composite,
the SWCNTs are a much better choice, ensuring two orders of
magnitude higher absolute electrical conductivity, an order of
magnitude higher specific conductivity, and 2.5 times higher
current-carrying capacity. Fibers based on SWCNTs showed
higher maximum stress resistance.

As mentioned in previous work,”’ CNT-TPU fiber com-
posites can be used in many applications such as smart cloth-
ing, textiles, or 3D printing. The improvement in electrical
properties we obtained in this work brings us closer to this
destination.
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