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Abstract:

In most 3D printing technologies, objects are realized layer by layer. This layer-by-layer
construction leads to inherent anisotropic physical properties. Controlling, understanding and
sometimes mitigating such anisotropy is a critical issue in the development of 3D printing. We
demonstrate and quantify in this work electrical anisotropy in conductive materials processed by
the so-called Digital Light Processing (DLP) method. In this method, which enjoys high resolution
and high speed, layers of polymers, are successively cross-linked by UV irradiation of 2D patterns.
Here, we use acrylate based resins and carbon nanotube as conductive fillers for their low
percolation threshold that allows realizing conductive and still sufficiently transparent materials
for UV irradiation. Conductivity parallel to the layers of 3D printed objects is found to be much

greater than conductivity perpendicular to the layers. This electrical anisotropy is explained by the
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high contact resistance between printed layers. High contact resistance results from the slow
diffusion of carbon nanotubes from the uncured material towards the interface of the cured object.
We found that implementing a delay time before curing successive layers, or decreasing the matrix
viscosity with temperature, to promote diffusion of the conductive particles allow substantial
reduction of the contact resistance between layers. As a result, conductivity anisotropy can be
reduced by almost two orders of magnitude. This control and mitigation of conductivity anisotropy
allows reconciliation of the high resolution of the DLP technology with the possibility to realize

uniform 3D materials.

Keywords: Nanocomposite, Single-Walled Carbon Nanotubes, Electrical Conductivity,

Anisotropy, 3D printing

Introduction

The main 3D printing technologies, including Digital Light Processing (DLP) and Fused
Deposition Modelling (FDM), are based on the realization of 3D objects layer by layer! . This
layer-by-layer construction generally results in anisotropic physical properties®. Electrical
anisotropy has for instance been observed in the FDM process, and is explained by two
mechanisms. One is the increase of the contact resistances between layers of polymers loaded with
conductive particles’’ due to air gaps and lack of intimate contacts. The other one arises from
filler and polymer orientation during the printing process *'°. Conductive composites can also be
3D printed by the DLP process if the loaded resins remain sufficiently transparent to allow photo-
polymerization'!. Such composites are particularly promising because they can enjoy better spatial
resolution, complex shapes and faster printing compared to materials manufactured by FDM. Even
if not yet reported, electrical conductivity anisotropy can also be expected in composites made by
DLP since they are made layer by layer. Only dielectric anisotropy has been reported so far in

l‘12

insulating DLP printed materials. Gundrati et a/.’~ have investigated the influence of the layer

sequence on the dielectric permittivity and have observed an orientation of the polymer chains due
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to compression of the uncured resin by the printing platform. Furthermore, Chakraborty et al.'?

have emphasized the influence of interlayer defects on the dielectric permittivity, which can arise

from residual stress during the printing process.

Here, we evidence and quantitatively characterize electrical anisotropy in conductive
composites made by DLP. We use acrylic resins loaded with single wall carbon nanotubes
(SWCNTSs). These materials are selected because they display a low percolation threshold'*'* and
a high electrical conductivity?®*. A low percolation threshold allows the realization of conductive
resins with a small amount of carbon material®>?® to minimize UV absorption and scattering?’.
Electrical conductivity parallel to the printed layers is shown to be much greater than the
conductivity perpendicular to the layers. As demonstrated by polarized Raman spectroscopy, this
electric anisotropy can not be explained here by the orientation of the fillers. Limitation of
conductivity perpendicular to the layers is mainly due to the large contact resistance between
printed layers. This feature is quantified by studying the influence of the thickness of the printed
layers. Anisotropy of conductivity can be exceptionally high, up to two orders of magnitude. If
unwanted, such high anisotropy is a serious limitation in applications, and imposes constraints on
the design of conductive objects and devices. The high contact resistance between layers reflects
the lack of electrical contacts established by the SWCNTs at the interface between the liquid resin
and the already photo-polymerized object. Based on this understanding, we propose an approach
for mitigating the anisotropy (Scheme 1). This approach consists of implementing a certain delay
time before inducing photo-polymerization of a subsequent layer. This delay time allows the
translational and rotational diffusion of the SWCNTs in the liquid resin at the interface of the
printed object. Better electrical contacts can be established and the resistance between layers is
reduced. This mitigation imposes a longer printing time. Nevertheless, the present hypothesis is
also corroborated by a strong decrease in electrical anisotropy with temperature during the printing
process. Increasing temperature makes the resin less viscous, allowing thereby a faster diffusion
of the conductive species. Increasing printing temperature is shown to lead to less anisotropic
materials while keeping fast the printing process. The present findings can therefore be particularly
useful to control 3D printed materials properties that depend on a certain direction in different

applications such as electromagnetic interference (EMI) shielding®® 32, structural health

)33,34 35,36

monitoring (SHM or thermoelectrics
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Scheme 1. Scheme of the electrical anisotropy mitigation in SWCNT composites printed by
Digital Light Processing. The platform compresses the formulation avoiding the contact of the
nanotubes to the cured layer. A strong anisotropy would result if the material would be cured in
this state. Implementation of a delay time, or heating, allows nanotubes to migrate and rotate to
the interphase, minimizing thereby the contact resistance. Last, the UV light is turned on and cross-

linking of the new layer occurs.

Results and Discussion

The use of particles with a high aspect ratio enables the 3D printing of electrically
conductive composites using techniques like stereolithography or DLP. Indeed, high aspect ratio
particles display a low percolation threshold and allow therefore conductive networks to be

realized at low concentrations. The low concentration is critical to limit UV absorption and
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scattering. Homogeneous dispersion of nanoparticles is also crucial in formulating conductive
resins, to limit light scattering by large aggregates. Here, we use SWCNTSs because they are
conductive particles with a very high aspect ratio. Their homogeneous dispersion is achieved by
known methods, using surfactant and sonication. Details of their preparation and composition are

given in the Experimental Section.

Furthermore, the physicochemical properties of the resulting resin were assessed, including
rheology and photoreticulation (Supporting Information: S1 and S2). These analyses demonstrate

that the modified resins possess favorable characteristics for printing applications.

Then, electrical properties are characterized by printing 2x2x2 mm?® cubes with a layer
thickness of 100 um. The samples are thermally annealed at 200 °C for 2 h after printing. Such

37-39 and

type of annealing is known to improve electrical properties of nanocomposite fibers
films**#!. The conductivity is measured with silver electrodes painted on two surfaces of the cubes,
either parallel or perpendicular to the layers. Both conductivities are fitted by the scaling Equation

1:

o =ao(p—pc)’ (1)

Where o is the electrical conductivity of the composite (S m™), oy is the scaling factor (S
m), p is the weight fraction (wt.%), p. is the percolation threshold (wt.%) and ¢ is a critical
exponent that depends on the dimensionality of the system. ¢ is expected to be about 1.8 for a 3D

system, and around 1.3 in 2D** %4,

https://doi.org/10.26434/chemrxiv-2023-b7jfg ORCID: https://orcid.org/0000-0001-7748-8671 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-b7jfg
https://orcid.org/0000-0001-7748-8671
https://creativecommons.org/licenses/by-nc-nd/4.0/

10-2'_:| ¥ T " T ¥ T ¥ T ¥ T " .!

® o
107 1

107 4 1
106 3
107 4

0.00 001 002 0.03 004 005 0.6
p (Wt.%)

Figure 1. Electrical conductivity as a function of the weight fraction of SWCNT nanocomposites.
Conductivity parallel (o)) and perpendicular (c1) to the layers are respectively represented by
black and red curves. The data are fitted by the scaling Equation 1. Schematics of the conductivity

measurements parallel (black arrows) and perpendicular (red arrows) to the 3D printing layers.

Experimental results of conductivity measurements are shown in Figure 1. The fit
parameters are given in Table 1. A significant electrical anisotropy, of about two orders of
magnitude, is observed. Even if observed for the first time for materials 3D printed by DLP,
electrical anisotropy has been reported for materials printed by FDM or DIW. Anisotropy could
be attributed in these cases to the orientation of the fillers**¢ during the 3D printing process. The

absence of extrusion in the DLP technology makes this scenario less likely, but orientation could
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still result from shear during the vertical motion of the printing platform. Raman polarized
scattering was performed in different composites in order to study the order parameter §*'->°
(Supporting Information: S7). The results show actually a poor degree of orientation of the fillers
and confirm that the shear applied by the platform motion is not sufficient to orientate the
nanotubes. Instead, the anisotropy could arise from the layer-by-layer construction of the printed

objects’!1°.

Interestingly, the fitting parameters of conductivity differ for the conductivity parallel and
perpendicular to the layers. Even if these parameters are deduced from fits of a limited number of
points, they suggest the dominant contribution of distinct networks along different directions. 7 is
about 1.7 for the conductivity parallel to the layers, suggesting that the network controlling the
conductivity is three dimensional. By contrast, the lower value of ¢ for the conductivity
perpendicular to the layers would reflect the dominant contribution of a network of lower
dimensionality such as the 2D interfacial region between printed layers. Nevertheless, this analysis
has to be taken with caution considering the possible non-universality of scaling exponents due to

51-53

the influence of the contact resistance between particles® °, and of possible aggregation

mechanisms in response to attractive interactions™.

To confirm and quantify the hypothesis that electrical anisotropy actually arises from the
presence of interfacial domains between printed layers, we study the impact of the layer thickness,

which is directly related to the number of interfaces per unit length.

Table 1. Parallel ) and perpendicular . conductivities of SWCNT-based composites. Fits to

Equation 1.
Direction omax (S m?) oo (Sm™) pe (Wt.%0) t
o 2.01-10°% 4.60-10" 0.006 1.70
oL 3.07-10* 6.03-10* 0.014 0.80

We fabricated 2x2x1 mm?® cuboid objects with different numbers of layers and similar
weight fractions of nanotubes of 0.03wt%. We analyzed their electrical anisotropy (Figure 2a).

The conductivity perpendicular to the layers is 61 = (15.2 = 9.6) x 10 S m"'when using 10 layers
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with a thickness of 100 um (total height 1 mm), c1= (3.3 £ 1.6) x 10°® S m™! for 50 layers of 20
um (total height 1 mm). The ratio between the above perpendicular conductivities is 4.6, which is
close to 5, the number of layers ratio. The conductivity (o)) parallel to the layers is much greater
than o, and is weakly affected by the thickness layer. o) decreases from (4.7 £ 0.2) x 10* S m'!
to (2.8 £0.5)x 10* S m™! with decreasing the layer thickness from 100 to 20 [Jm. Overall electrical

anisotropy defined as the ratio of ? increases from 31 to 85 for this layer thickness decrease.
1

The present results show that the conductivity perpendicular to the layers is limited by the
contact resistance between layers. This interlayer resistance is greater than the bulk resistance of
the material in between layers. The total resistance perpendicular to the layers R., can be viewed
as a series of resistors with R, = Y. R, and where Ry is the net resistance of an individual layer.
The values of conductivities for 10 and 50 layers respectively correspond to a net resistance R;us of

1.6 £ 1.0 and 1.5 £ 0.7 MQ for each layer, almost independent of the layer thickness.
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Figure 2. a) Electrical conductivity parallel (grey column) and perpendicular (red column) to the
layers and the interlayer resistance (blue point) of 0.03 wt.% composite as a function of number of

the layers at room temperature; b) Scheme of the layered model as a series of resistors.

The high contact resistance between layers reflects poor connectivity of nanotubes at the

interface of the cured and uncured layers as printing proceeds. This poor connectivity is likely due
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to the slow Brownian rotation and translation of nanotubes from the uncured resin toward the solid

cured material. The Brownian rotation diffusion coefficient of a rod can be approximated to:

kpT
T Sl In(L/a) (2)

where ks is the Boltzmann constant, T is the temperature, 70 is the viscosity of the fluid and
L, d are the length and the diameter respectively of the nanorod™. The characteristic rotation time
given by 1/D, and using Equation 2 is 50 s for a nanotube of 1 um in length, 1 nm in diameter,

with a resin viscosity of 0.15 Pa s at room temperature.

Implementing a delay time of a few tens of seconds before curing the resin could therefore
allow the establishment of better electrical contacts at the interface between layers. This
expectation is experimentally confirmed by our experiments, when we imposed a delay between
the time the platform reaches the printing height and the time the UV screen is activated to cross-
link the next layer. As shown in Figure 3 for samples with a layer thickness of 20 pm and a fraction
of nanotubes of 0.03 wt%, o, substantially increases with the delay time. o,=(38.0 £18.5) x 10
S m'and (94.3 £ 14.4) x 10° S m™! for respectively delay times of 30 s and 60 s, compared to
(3.3£1.6) x 10° S m™! in absence of delay. These conductivities correspond to a decrease of Rix
to 131.7 = 64.2 kQ and 53.0 = 8.1 kQ when delay times of 30 s and 60 s are respectively
implemented, compared to 1.5 + 0.7 MQ for a 0 s delay. At the same time, o also increases with
the delay time, but this increase is much less pronounced than for g, and the conductivity

anisotropy is typically reduced by one order of magnitude.

However, printing with a long delay time increases production time and costs. For example,
it can take over an hour to produce a 1 mm thick object using additive manufacturing with a delay

of 45 seconds between cross-linking of each layer.
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Figure 3. a) Scheme of the anisotropy mitigation by implementing a delay time once the platform
is lifted down or increasing the temperature; b) Electrical conductivity parallel (grey column) and
perpendicular (red column) to the layers and the interlayer resistance (blue point) versus different
delay times for a 0.03 wt.% composite with a layer thickness of 20 um (50 layers) at room
temperature and c) at 50 °C.

This issue can be addressed by decreasing the viscosity of the resin in order to accelerate
the Brownian motion of the nanotubes. By increasing the temperature from 25 °C to 50 °C, the
viscosity of the resin decreases by a factor of 4 (Supporting Information: S8), resulting in faster
Brownian rotation and translation. We employed the same formulation and 3D printer and placed

them in a chamber at 50 °C to confirm the interest of operating at higher temperatures. As depicted

10
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in Figure 3c, the composites printed at the higher temperature exhibit an increase of the parallel
and perpendicular conductivities with a lower degree of anisotropy compared to those printed at
room temperature. This phenomenon is attributed to the increased mobility of the tubes, which
allows them to reorganize in all directions. We find o,= (1.4 £ 0.2) x 10* S m™ and 0,= (4.6 +
2.3) 10* S m™! for 0 and 30 seconds of delay. These values of 6. are greater than that of samples
printed at room temperature, even with a delay of 60 s per layer (94.3 + 14.4) x 10° S m™.
Corresponding values of R, are decreased down to 36.6 = 4.8 kQ and 10.8 = 5.5 kQ for 0 and 30

seconds of delay.

Conclusion

We have developed a new strategy for making 3D conductive composites by DLP and for
controlling their electrical anisotropy. Surfactant-assisted SWCNT-acrylic resins have been
carefully formulated in order to obtain homogeneous printable inks free of aggregates. Working
curves and viscoelastic properties of the formulations have been studied to validate the 3D
printability of the formulated inks. We have probed the electrical conductivity, and its anisotropy,
of objects printed by DLP. The high contact resistance between printed layers explains a high
electrical anisotropy of about two or three orders of magnitude for materials printed in standard
conditions at room temperature. This interfacial resistance can be reduced by promoting the
rotational and translational diffusion of the SWCNT from the uncured resin to the cured solid
object when photo-polymerizing a layer. Diffusion is favored by implementing a delay time before
UV irradiating the resin and/or increasing temperature for faster operation. These approaches allow

substantial improvements of conductivity, and reduction of conductivity anisotropy below 10.

This approach shows therefore great promise for achieving high-performance, 3D printed

objects with shorter manufacturing times and greater uniformity.
Methods
Materials

Tuball SWCNTs powders were purchased by OCSiAl (Luxembourg). According to the
datasheet, the SWCNTSs have a diameter of 1.6 + 0.4 nm and a length 5 of um. Disperbyk 168-TF

11
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was purchased from BYK (Germany). According to the data sheet, the active substance is
dissolved in propoxylated glyceryl triacrilate (GPTA) at 30% wt. Acrylic-based photocurable
commercial resin Industrial Blend (IB) was purchased from FunToDo. Bile salts were purchased

from Fluka. Isopropanol (IPA) purchased from Carlo Ebra Reagents was used as received.

Formulation

The surfactant-assisted composites were prepared as follows: Disperbyk 168-TF is added
to the IB resin and dissolved by vigorous magnetic stirring for 1 hour in a light-opaque container.
Then, the SWCNT powder is directly added to resin and dispersed by tip sonication. For that, a
Branson digital sonifier 450 is used in order to homogenize the suspension and disrupt the CNT
aggregates with a sonication tip tapped exponential horn 13 mm for 45 minutes, amplitude set to
40% with pulses of 0.5 s on, and 0.2 s off. Finally, to remove the bubbles formed during the

sonication, the formulation is put under vacuum for 2 hours.

SWCNT dispersion in water for Raman polarized corrections was prepared as follows. 0.35
wt.% of bile salt surfactants was dissolved in distilled water under magnetic stirring. Then 10~
wt.% of SWCNTs were added to the solution and homogenized by sonication with a tip (microtip
3.2 mm) for 30 min, an amplitude set at 15%, and pulses of 0.5 s on and 0.2 s off. The stabilization
of the SWCNTs by the bile salt in water was very efficient without any aggregation or

sedimentation®.

3D printing

The IB/SWCNT formulation is poured into the tank of the DLP 3D printer Phrozen Sonic

Mini 4k. This printer operates with UV irradiation at a wavelength of 405 nm.

A printing layer thickness of 20 to 100 pm is selected along with an irradiation time that
depends on the SWCNT weight fraction. As explained in the supplementary information, these
printing conditions have been chosen after characterizations of the working curves. The platform’s
lift and retract speed was 60 mm min™! with a lift height of 5 mm. Once printed, the IB/SWCNT
composite is soaked in an [PA bath for 15 minutes to remove the non-reticulated resin. It is then

placed in a UV irradiation chamber (UltraV360) for 1 hour to complete cross-linking of the resin.

12
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After that, the obtained IB/CNT 3D printed samples were thermally annealed in air at 200 °C for
2h.

Characterization

The distribution of CNT inside the matrix has been qualitatively studied by TEM imaging.
The thermal stability of the resin has been characterized by thermogravimetric analysis (TGA)
(TA TGA 5500). About 5 mg of sample were loaded into the aluminum pan and heated from room
temperature up to 200 °C, with an isothermal segment of 120 min at 200 °C. Then, it was cooled
to room temperature and heated again at 300 °C for 2h. Finally, the sample is cooled down to room
temperature. All the experiments were carried out under airflow. Differential scanning calorimetry
(DSC) was used to define the glass transition temperature of the resin. Experimentally, the analyses
were carried out with a TA Instrument Q2000 where about 10 mg of sample was placed in a
crimped aluminum crucible. Experiments are performed in an inert environment under nitrogen
flow. The samples were heated from 20 °C to 240 °C at 10 °C min™! and kept at 240 °C for 60 min.
Then, they were cooled to room temperature at 10 °C min™' and kept at 20 °C for 5 min. Three

cycles were performed each time.

The formulations were poured into the printing tank, and 2x2 mm square patterns were
irradiated at different times to study the working curves. The power of the LCD’s 3D printer has
been measured with a Thorlab PM1000A power meter. It is 1.27 mW cm™. After irradiation, the
non-crosslinked formulation was rinsed and removed with 2-propanol. The thickness of the

photopolymerized resin was measured with a caliper.

The rheological measurements were performed at 25°C and 50 °C using a controlled strain
rheometer (TA AR2000) with a 40mm and 2° cone-plate geometry. The rheological tests were
performed in the linear viscoelastic regime determined from steady-state flow experiments. The

frequencies were in the range of 0.1 to 100 s™'.

The electrical conductivity of the thermally treated composites has been measured by a
two-point method using an MX24B multimeter and an impedance analyzer (7260 Impedance

Analyzer, Materials Mates Italia) under a voltage of 5 V in a frequency range of 1 Hz — 10 Hz.
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Silver paint has been used in order to ensure good electrical contact between the sample and the

electrodes.

The Raman spectra were recorded using a Horiba Jobin-Yvon Xplora microscope equipped
with a cooled Andor CCD detector, using excitation wavelengths of 633 nm, a laser spot size of ~
1 ym, and an Olympus 50 x LWD objective. Raman polarized intensities denoted as /; where i is
the axe polarization of the laser and j is the axe polarization of the analyzer. Besides, V' stands for

Vertical and H for Horizontal.

Statistical analysis:

The electrical conductivity is the mean and standard deviation of impedance spectroscopy’s
fits. The size of the sample is 5 for each point. For the Jacobs curves each point contains a sample
size of 4 values and it is the average value + standard deviation. For each point of the scalar nematic
order parameter (S), we captured 4 Raman spectra and utilized the maximum from the Lorentz Fit

as the peak for each polarization at the bottom, middle and top layer of the composite.
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