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Preparation and 3D-printing of highly conductive
polylactic acid/carbon nanotube nanocomposites
via local enrichment strategyf

Shaohong Shi, Yinghong Chen, 2* Jingjing Jing and Lu Yang

In this paper, a local enrichment strategy was adopted to prepare carbon nanotube (CNT) enriched
polylactic acid (PLA) composite filaments, which were used to fabricate the corresponding conductive
3D-printed parts by fused deposition modeling (FDM) technology. Combined with computer simulation,
the carbon nanotubes (CNTs) were found to be successfully kept and supported on the surface of
filaments after 3D-printing. With this strategy, the prepared 3D-printed parts showed a remarkably
enhanced electrical conductivity, which was approximately eight orders of magnitude higher than that of
the conventional 3D-printed parts at the same loading of CNTs. This encouraging result provided a new
method for fabricating the high-performance parts through FDM printing, and also opened up new
routes for 3D-printing technologies to prepare other advanced binary or multicomponent polymer

rsc.li/rsc-advances composites.

Introduction

In recent years, there has been increasing interest focusing on
the preparation of multifunctional parts by using 3D-printing
(also known as additive manufacturing) technologies due to
their immensely potential applications in various areas such
as aerospace, medicine and electronics.”™ The 3D-printing
technologies are fundamentally different from the conven-
tional processing and molding technologies, because they
utilize a ‘layer by layer stacking’ approach rather than integral
manufacturing to fabricate the parts. The advantages in 3D-
printing technologies could be that they can fabricate
a series of desired parts with complex geometries and
personalized characteristics. These advantages can impart
a great application potentiality to this technology in the
manufacturing field in the future.>” However, the deficiencies
in raw materials, especially multifunctional materials, which
are suitable for 3D-printing, restrict the development of this
technology to a great extent.*®

Generally, the multifunctional polymer composites consist
of a polymer matrix and functional fillers. Carbon based fillers
including graphene, carbon nanotubes (CNTs) and carbon
fiber (CF) are commonly used as the second component to
satisfy the demands of polymer materials for the function-
ality.’*** For the conventional functional composites, such as
conductive polymer nanocomposites (CPNs), the construction
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of conductive networks is mainly depended on the traditional
percolation theory, which is due to the formation of long-range
filler's connectivity in random systems.'>™” While above the
percolation threshold, a giant connected network could be
formed. In order to achieve this connectivity in random
systems, a high loading of fillers is generally required. This
would not only result in waste of materials, but also lead to the
deterioration in processability of composites. The extrusion
based additive manufacturing, also known as fused deposition
modeling (FDM) or fused filament fabrication (FFF), is one of
the commonly used 3D-printing technologies."® A good proc-
essability is a Dbasic guarantee for the successful
manufacturing.'**® Therefore, how to coordinate the loading
of filler and the processability of material has become an
urgent issue to be solved.

It is well known that the properties of one material not only
depend on the content of functional fillers but also are influ-
enced by the distribution of filler in matrix. The selective
distribution of fillers would impart an excellent functional
property to the composites with lower filler loading.>*~>* Typi-
cally, the construction of segregated structures, which is done
by incorporating a small amount of highly conductive nano-
particles in a polymer matrix, could fabricate the composites
with improved electrical conductivity over traditionally
randomly distributed composites.>*?® In order to achieve
above purpose, our group has also utilized simple but effective
strategies to realize the preparation of high-performance
materials with lower filler loading.*”** By using solution
dispersion and physical deposition, the fillers were selectively
coated on the surface of polyamide 11 (PA11) particles. Then,
the coated PA11 particles were used for selective laser
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sintering (SLS), which was also one of the important 3D-
printing technologies. Finally, a filler network was found to
be successfully constructed in polymer matrix. The sintered
parts exhibited an excellent electrical property.>® Because there
is very weak shear field in sintering process and the polymer
particles coated with the functional fillers can be directly
melted and printed under the irradiation of laser, it is easy to
tailor the filler distribution and maintain the filler network at
the interface between layers of parts. However, compared with
selective laser sintering technology, for FDM technology, it is
very difficult to effectively keep the filler network structure
whether in preparation of the filaments or in processing of the
parts. The filler network is very easily destroyed by stronger
shear flow field in melt processing. In recent years, the great
success in the precise manipulation and construction of the
filler network is still deficient in FDM 3D-printing tech-
nology.*"** Typically, Green et al.** used a standard desktop
FDM printer to achieve the selective distribution of CNT-
enriched layer at the interface of parts, which is sensitive to
radio frequency. The intense localized heating of carbon
nanotubes (CNTs) under microwave irradiation would greatly
strengthen the interfacial welding of filaments, finally result-
ing in a 275% improvement of the weld fracture strength of
3D-printed parts. This remarkable result opens up entirely
new design spaces for FDM 3D-printing. However, the distri-
bution mechanism of fillers and the functionality were not
involved. Whether the 3D-printed parts have the functionality
needs to be further investigated and developed.

In this paper, for the first time we proposed a novel “local
enrichment strategy (LES)” to successfully achieve the
construction of filler network at the interface of polylactic acid
(PLA)/carbon nanotubes (CNTs) nanocomposite filaments at
a low CNTs loading used in FDM printing technology. Firstly, we
used computer numerical simulation to predict the filler
movement paths in FDM printing. The simulation results
showed that when the printing conditions were delicately
controlled, the distribution of filler particles coated on the
surface of filaments would not change during FDM printing
process, which provided a theoretical basis for our local
enrichment strategy. We adopted above idea to realize the direct
enrichment of CNTs on the surface of PLA filaments. The CNTs
enriched filaments were then used to prepare the 3D-printed
parts using FDM printer. Compared with the conventional 3D-
printed parts, where the used filaments were prepared
through simply melt-compounding in twin screw extruder at the
same material composition, the current 3D-printed parts, where
the used filaments were prepared through local enrichment
strategy, showed a dramatical improvement in electrical
conductivity, which was approximately eight orders of magni-
tude higher than that of the conventional parts (the detailed
descriptions and measurements were provided in the ESIT).
Obviously, above encouraging result showed that our local
enrichment strategy has a very promising future. It provided
a new idea to fabricate the high-performance binary or multi-
component composites through 3D-printing
technologies.

polymer
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Results and discussion

In order to carry out the local enrichment strategy during FDM
printing, simulation was used to investigate whether the fillers
could be still located at the interface of filaments after FDM
printing. First of all, the intrinsic parameters of PLA used for
simulation, including zero shear viscosity, relaxation time, shift
factor and power law index, were obtained by combining with
the rheological measurements. Fig. 1a and b presented the
frequency sweeping curves, the corresponding time-tempera-
ture shift master curve of PLA (reference temperature 190 °C)
and the shift factor ar of PLA for generating master curve. In
Fig. 1a, a typical characteristic of homopolymer-like terminal
flow behavior was exhibited.**** For the G’ and G” at different
temperature, the variation tendency of their viscoelastic
responses was similar and all increased monotonically with the
frequency increasing. In addition, both G’ and G” showed the
decreasing tendency with the temperature increasing. In order
to obtain the rheological parameters more accurately, a time-
temperature shift (TTS) was conducted for all frequency
sweeping curves. The TTS master curve (reference temperature
190 °C) and the shift factor were shown in Fig. 1b. Here, the
rheological parameters of PLA were fitted by Carreau-Yasuda
model.*® Combining these rheological parameters and the
geometry of FDM printing liquefier channel, the obtained
simulation results were shown in Fig. 1c and d (the detailed
description of the simulation was provided in the ESI}). In
Fig. 1c-c1, the movement paths of labeled particles were rep-
resented by the blue curves. The obtained smooth curves
revealed that the melting flow in whole liquefier channel was
steady. This result was also verified by the shear rate distribu-
tion shown in Fig. 1d and the inset of the shear rate curve along
the radial direction (Fig. 1d1). It was clearly observed that there
was a small shear fluctuation in the shear rate range from 10>
s™' to 10° s™'. These typical characteristics implied that
a “streamline flow” existed in the whole liquefier channel and
there is no obvious “turbulent flow” phenomenon occurring in
the convergence region. This flow pattern indicated that the
fluids of either polymer melt or filler were steady through the
liquefier channel during the whole processing. Hence, we could
preliminarily believe that the filler particles coated on the fila-
ment surface could basically maintain at its original state by
delicately controlling the printing conditions.

Subsequently, a tracing experiment using dyes as the tracer
was conducted to verify above simulation results. The experi-
mental results of filaments before and after printing were
shown in Fig. 1el and e2. As we expected, the location of dyes
marked on the surface of filaments did not change after
printing. This experimental result further verified that the filler
particles could be effectively kept on the surface of filaments
after printing.

As discussed above, the numerical simulation laid the
theoretical basis for successfully implementing the local
enrichment strategy. It was also essential to support the fillers
on the surface of filaments before printing. For this purpose, we
adopted a simple support method. Firstly, the CNTs were
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Fig. 1 Frequency sweeping curves (a), the corresponding time—temperature shift master curve of PLA (reference temperature 190 °C) and the
inset image showing the shift factor a of PLA for generating master curve (b-bl); simulated result of the movement track of particles in whole
liquefier channel (c-cl); shear rate distribution of melt along the symmetry plane in the convergence region and the inset image showing the
shear rate curve along the radial direction (Y-axis direction) (d-d1); digital photo of the surface of filament marked with dye tracers before printing
(el) and polarized microscope photo of the fractured surface of filament after printing (e2).

dispersed in a polycaprolactone solution using dichloro-
methane as the solvent at a certain concentration. Then, the
pure PLA filaments were coated with CNTs particles by going
through the prepared CNTs contained polycaprolactone solu-
tion at a constant drawing speed. The constant drawing speed
ensured the uniform deposition of CNTs particles on the PLA
filament surface. In whole processing, the introduced poly-
caprolactone played an adhesive role in controlling the solution
viscosity and made it possible to realize the physical deposition
of CNTs. Fig. 2a, b and b1 showed the SEM results of filament
surface before and after CNTs deposition. Clearly, after treat-
ment, the smooth surface became very rough. Particularly, in
the SEM image with higher magnification (Fig. 2b1), the
aggregates of CNTs were clearly observed on the filament
surface. In order to investigate the quality of adhesion between

29982 | RSC Adv., 2019, 9, 29980-29986

CNTs and PLA, SEM was used to carefully observe the corre-
sponding fractured surface of filaments (Fig. 2c—c3). In Fig. 2c1,
clearly, a thin CNTs layer with about ~25 pm thickness adhered
tightly to the surface of filament, and at high magnification
(Fig. 2c2), numerous rod-like CNTs are found to be embedded
in the PLA matrix. These phenomena indicated that the adhe-
sion between CNTs and PLA might be strong. On the contrary,
in the inner region (Fig. 2c3), it was smooth and flat. This
obvious difference showed that the CNTs were successfully
enriched on the surface of filaments after CNTs deposition. FT-
IR measurement was also tried to investigate the possible
interaction between the enriched CNTs and PLA matrix (see the
ESIT). The results showed that there were almost no changes in
the characteristic absorptions of PLA before and after intro-
duction of CNTs. This indicated that there was possibly no

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM micrographs of the filament surface before (a) and after (b and bl) CNTs deposition; the corresponding fractured surface of the

filament after deposition (c—c3).

chemical interaction, e.g. grafting reaction, occurring between
CNTs and PLA.

The preliminary experimental results showed that the CNTs
coated filaments had been successfully prepared through the
local enrichment strategy. However, in order to make it clear
whether this structure can be effectively kept on the surface of
filaments after FDM printing, more investigations need to be
conducted. Here, we used the same printing conditions as
mentioned before. A single filament was firstly used to print the
parts so as to investigate the microstructure of filament after
printing. The SEM results were shown in Fig. 3a and al.
Compared with the SEM results before FDM printing, the rough
surface of filaments became smoother, except that a few of
impurities were randomly distributed on the filament surface,
which were possibly attributed to the adhesive of poly-
caprolactone. Obviously, during this printing process, the
reconstruction possibly took place on the surface of PLA fila-
ments coated with CNTs layer due to an effective melting in the
liquefier channel, resulting in a smooth surface of PLA filament
after printing. However, based on our strategy, the strong
interaction and diffusion between PLA matrix and CNTs was not
beneficial to the support of CNTs in local enrichment struc-
tures. For studying the structures of filament, the fractured
surface was further observed and the results were shown in
Fig. 3b-b3. Fortunately, it was found that the desired CNT-
enriched structures were successfully kept on the surface of
PLA filament. In the higher-magnification field of view, it was
clearly observed that the numerous dot-like CNTs were located

This journal is © The Royal Society of Chemistry 2019

in the outer region (Fig. 3b3), but in the inner region (Fig. 3b1)
the fractured surface was still smooth and flat, which was in
accordance with the previous results before printing (Fig. 2c-
¢3). The reference R-PLA/CNTs material with the same compo-
sition was prepared by the conventional melt-compounding
method. The FDM printed reference filament was further
observed by SEM. The results showed that on the fractured
surface of filament, there was the distribution of CNTs in either
the outer region or the inner region (Fig. 3c-c2). This difference
between two methods proved that the local enrichment struc-
tures were successfully obtained on the surface of filaments by
controlling the printing conditions with assistance of simula-
tion. In order to clearly illustrate the local enrichment strategy,
a schematic diagram was shown in Fig. 4, which clearly
explained how to conduct the deposition of CNTs on the surface
of filament and how to form the local enrichment structures on
or nearby the surface of filament.

An effort was made to have a comprehensive understanding
of the construction of the local enrichment structures. However,
whether such a structure can exhibit the excellent property we
expected was still not clear. So, a LES PLA/CNTSs circular part
with a diameter of 12 mm and a thickness of 2 mm from LES
materials was prepared by FDM 3D-printing technology under
the same condition as stated before. For purpose of compar-
ison, the reference R-PLA/CNTs circular part from the melt-
compounding materials with the same composition was also
prepared under the same FDM 3D-printing conditions. The
electrical conductivities of above two FDM 3D-printed parts

RSC Adv., 2019, 9, 29980-29986 | 29983
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Fig. 3 SEM micrographs of one single filament surface (a and al) and the corresponding fractured surface (b—b3) after printing; the reference
filament (R-PLA/CNT) in the fractured surface (c); the corresponding distribution of CNTs in outer (c1) and inner region (c2).

were shown in Fig. 5a. As can be seen, compared with the
electrical conductivity of conventional R-PLA/CNTs FDM part
(2.42 x 107° S m™ "), the one of LES PLA/CNTs FDM part
dramatically increased to 3.28 x 10~' S m™ ', showing an
increase by eight orders of magnitude. This remarkable
enhancement implied that the PLA/CNTs FDM part experienced
a transformation from the insulator (conventional part) to the
conductor (LES part) by adopting the local enrichment strategy.
Obviously, the construction of filler networks in FDM 3D-
printed part played a crucial role in improving the electrical
conductivity. The local enrichment strategy we proposed was
successfully used to make the CNTs aggregates selectively
distributed on or nearby the filaments surface before and after
FDM printing. During the “layer-by-layer stacking” 3D-printing
process, the surfaces of filament melts coming out of nozzle
would be bonded with the surfaces of the old solidified ones
below, and thus the CNT networks could be effectively built

29984 | RSC Adv., 2019, 9, 29980-29986

between interface of filaments during FDM printing. As a result,
the conductive functional parts with high conductivity could be
successfully fabricated at a low CNTs loading. However, for the
conventional R-PLA/CNTs sample, it was difficult to construct
the conductive network through the connectivity between filler
particles, since in the random system the content of CNTs was
lower than the percolation threshold. For more intuitive
comparison, a simple direct-current circuit was constructed by
using the conventional R-PLA/CNTs FDM wave-like part and the
LES PLA/CNTs FDM wave-like part as the conductive connec-
tion, respectively (both FDM parts were not made from one
single filament but from the layer-by-layer stacking of filaments
during FDM printing). As shown in Fig. 5b, when the LES PLA/
CNTs FDM wave-like part was connected with both ends of the
circuit, the LED light was on. This indicated that a conductive
path was successfully formed and the LES PLA/CNTs FDM wave-
like part had a very good electrical conductivity. It should be

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Schematic diagram of the local enrichment strategy for
deposition (a) and printing (b) processing.
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Fig. 5 The electrical conductivity of the conventional R-PLA/CNTs
FDM part (reference sample) and LES PLA/CNTs FDM part (a) and the
light-on demonstration experiment using R-PLA/CNTs and LES PLA/
CNTs FDM wave-like parts to form a direct-current circuit, respectively
(b1 and b2).

noticed that the layer-by-layer adhesion would possibly lead to
the anisotropism in conductivity of the 3D-printed parts to
a certain degree. The conductivity of the 3D-printed parts is at
the best along the melt flow direction during FDM printing.
That is to say, the layer-by-layer adhesion may have an effect on

This journal is © The Royal Society of Chemistry 2019
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conductivity due to the contact resistance. This is interesting
and remains the further investigation later. Comparatively,
when the conventional R-PLA/CNTs FDM wave-like part was
connected with both ends of the circuit, the light was off. This
meant that the conventional R-PLA/CNTs FDM wave-like part
had the high electrical resistance (poor electrical conductivity)
which impeded the directional movement of electrons. Above
comparison showed that the highly conductive functional FDM
3D-printed part could be really fabricated by using the local
enrichment strategy.

Conclusion

In conclusion, a novel local enrichment strategy was adopted to
fabricate the conductive PLA/CNTs FDM 3D-printed parts.
Combining the numerical simulation and the experimental
design, the conductive filler network was successfully con-
structed by locally enriching the CNTs on the surface of PLA
filament. Compared with the FDM 3D-printed part of the
conventional R-PLA/CNTs composite filaments, the corre-
sponding FDM 3D-printed part of the PLA/CNTs composite
filaments prepared through local enrichment strategy had the
substantially enhanced electrical conductivity, which was eight
orders of magnitude higher than that of the former. This made
it possible for PLA/CNTs composite with the same composition
to dramatically transform from insulator to conductor. The
encouraging results occurring in preparation of multifunctional
polylactic acid composite 3D-printed parts also provided a new
idea for fabrication of the other high-performance functional
composite parts through FDM 3D-printing.
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