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We constructed a new type of light-weight, nanocarbon based thin film material having good
mechanical properties, thermal stability, and electromagnetic shielding efficiency. Our
method, 3D printing combined with hot pressing, is a cheap and industrially upscalable
process. First a sandwich structure was created by layer-to-layer deposition of alternating
100 um thick nanocarbon containing plastic layers and 100 um thick pristine plastic layers,
repeated as building blocks. The 3D printed samples were hot pressed to obtain thin films of
10-30 um thickness. We used a commercial nanocarbon 3D printing filament (Black Magic).
TEM investigations revealed the nanocarbon filler to be a mixture of graphene sheets, short
carbon nanotubes, fishbone nanotubes, graphitic nanoparticles, and carbon black. Small-angle
X-ray scattering and X-ray diffraction studies showed some amorphization of the nanocarbon
filler as a consequence of the hot pressing. The nanoindentation hardness, nanoscratch hard-
ness, and Young’s modulus increase gradually by increasing the number of layers in the
films, due to an increase of the amount of nanocarbon filler. Microwave absorption also
increases continuously with the number of nanocarbon layers, reaching 40% for 3 nanocarbon
layers. We demonstrate that unlike most conventional composites loaded with nanocarbons
having pronounced dielectric properties, when the real part of permittivity Re(e) is much
higher than its imaginary part Im(e) at high frequencies, a combination of 3D printing and
hot pressing allows the fabrication of composites with Re ¢~Im ¢ in a very broad frequency
range (0.2-0.6 THz). Our new 3D printed—hot pressed thin films may compete with the
CVD graphene sandwiches in electromagnetic shielding applications because of their easier
processability and low cost. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975820]

I. INTRODUCTION

The run-up of communication systems is responsible for
a concomitant increase of the density of radio frequency
emitters in the environment. As a result, the protection of
sensitive electronic devices against external electromagnetic
perturbations becomes a more and more stringent issue.
Polymer films incorporating graphene and other nanocarbon
fillers were recently studied as a light coating material to
protect micro- and nano-devices in a harsh electromagnetic
environment, due to the promising electromagnetic shielding
efficiency of the carbon nanostructures.'

Graphene has been demonstrated to be an interesting
material in this context. For frequencies up to 100 GHz, the
sheet conductivity of graphene produced by conventional
CVD is a sizable fraction of the intrinsic admittance of air.
Thanks to this nice coincidence, stacking a few layers of
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graphene suffices to match the sum of the admittances of the
media located on both sides, providing thereby the largest
possible power absorption of electromagnetic radiations trav-
eling from one medium to the other.>™ However, it was
found in our previous study that very thin CVD prepared gra-
phene/polymer films are fragile and not easy to be produced
and characterized due to the difficult sample handling.®
Therefore, stronger films and more reliable processing condi-
tions are required to meet the different application needs,
like, for example, nanocarbon based polymer composites.’
Many specific factors, e.g., thickness, microstructure and
texture, and the degree of dispersion of fillers may have a
strong influence on both the mechanical and the electromag-
netic properties of nanocomposite films. Therefore, the
design of reliable and functional thin films relies on the
knowledge and understanding of their mechanical behavior
when subjected to mechanical loading.®

Published by AIP Publishing.
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Thin films with submicrometer thickness warrant
load and displacement sensitivity in the sub-mN and sub-um
scales, hence their mechanical behavior has been rarely inves-
tigated.®” Recently, nano-indentation systems, which work in
pico- to nano-Newton loading range and sub-micron displace-
ment range, are found suitable for local characterization of
thin films.'®"'* The analysis of experiments and calculations
of mechanical characteristics usually relies on the Oliver-
Pharr method.'"*'? For thin films however, the models cannot
account for the elastic mismatch between film and substrate,
depending on whether the film is softer or harder than the sub-
strate. When the indentation depth becomes of the order of
magnitude of the film thickness, there are some indications
that the above mentioned indentation models can provide
erroneous values of the Young’s modulus of the layers.l3’14

In the present study, we propose an additive manufactur-
ing combined with hot pressing, as a straightforward and
industrially upscalable method to produce nanocarbon doped
thin polymer films having good mechanical properties and at
the same time, good electromagnetic shielding efficiency. It
is also important to explore what a procedure like hot press-
ing does to the nanocarbon based composite.

Surface mechanical properties of the thin films at micro
and nanoscale and their electromagnetic characteristics were
determined depending on the initial number of nanocarbon
layers. The applicability of the nanocarbon containing thin
films as lightweight coatings for the protection of micro and
nano-electronic devices, to low power microwave signals is
discussed.

Il. EXPERIMENTAL
A. Materials

The source material for 3D printing was a commercial
composite filament Black Magic'® based on polylactic acid
(PLA) thermoplastic doped with highly conductive nanocar-
bon filler(s). Undoped PLA based commercial filament
was also used. The multilayered structure of the starting 3D
printed samples was fabricated by layer-to layer deposition
of alternating 100 um PLA layer and 100 um Black Magic
layer (BML), repeated as building blocks. Thus, multilayered
samples containing a 300 um thick base PLA layer followed
by one to three building blocks were produced by using
Fused Filament Fabrication/Fused Deposition Modeling
(FFF/FDM) 3D printer with dual head extruder (Extruder
temperature: 230 °C; table heating: 50 °C; speed: 30 mm/s;
extrusion multiplier). The 3D printed disk samples were
hot pressed for 6 min, at 190 °C, applying a 100 Bar pressure
to obtain thin films of thickness ~10-30 ym. Thin films
containing 1 to 3 Black Magic layers were produced, named
here: BML1, BML2, and BML3. Reference samples consist-
ing of undoped PLA Ilayers were also produced for
comparison.

B. Scanning electron microscope (SEM) and TEM
analysis

Transmission Electron Microscope (TEM) at an acceler-
ating voltage 200kV was used for analysis of the residue
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chart after burning of the polymeric film. For this study, a
preliminary preparation technique was applied. A micro-
quantity of water based char suspension was dropped on
standard copper TEM grid covered by membrane from amor-
phous carbon and was dried after that in dust-free atmo-
sphere at ambient conditions, and then visualized at different
magnifications.

Scanning Electron Microscope (SEM) Philips 515 at
accelerating voltage 25kV and 5kV was performed to study
the morphology of the film’s cross section. Before the exami-
nation in the microscope, the samples were cut in the liquid
nitrogen, and the cross section was covered with a metal
layer for better conductivity of the surface and to avoid
charging effects.

C. Small-angle X-ray scattering (SAXS) and XRD
analysis

X-ray diffraction (XRD) analysis was employed for
structural identification using an Ultima IV X-ray diffrac-
tometer operating in parallel beam configuration and
equipped with a CuKa wavelength (0.154179nm) and a
scintillation detector. SAXS spectra were obtained using the
same geometry and 0.3 incidence angle.

D. Nanoindentation test

The nanoindentation test was performed, using the
Universal Nanomechanical Tester (Bruker®, USA). Rectangular
samples of 10 x 10mm lateral size were cut from the
pressed films and placed on a polycarbonate substrate. The
tip used for the nanoindentation process was a Berkovich
Diamond with a tip radius of 70nm. The test was per-
formed at a force of 30mN and a temperature of 20°C,
consisting of 48 indentations made at different locations on
the sample surface. Every single indentation experiment
consists of the following subsequent steps: (i) approaching
the surface; (ii) loading to the peak load of 30mN for
15s; (iii) holding the indenter at a peak load for 10s; (iv)
unloading from maximum force to 10% for 15s; (v) hold-
ing at 10% of max. force for 15s; (vi) final complete
unloading for 1s (load function 15-10—15s trapezoid).
The first hold step (iii) was included to avoid the influence
of the creep on the unloading characteristics of a viscoelas-
tic material since the unloading curve was used to obtain
the elastic modulus of the material.'® To properly deter-
mine the initial contact point and the accurate contact area,
the pull-in interaction was accounted for in our nanoinden-
tation experiments, as pointed by Wang et al.'” The Olive-
Pharr model was used for the calculation of hardness (H)
and Young’s modulus of elasticity (E)'"'?

P
H=-— 1
1 (1
1 1= 1-0u7
— = 2
E, 7T E (2)

where P is the indenter load, A the projected contact area at
that load, v is the Poisson’s ratio of the test material, E;-the
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modulus of the indenter, v;-the Poisson’s ratio of the
indenter, and E, is the reduced modulus.

For a diamond-tipped indenter, E;=1141GPa and
v;=0.07GPa, thus the second term of the equation
becomes negligible. The aforementioned procedure was
used to calculate the hardness and modulus at the maxi-
mum penetration depth from a single load—unload indent
cycle.

E. Nanoscratch test

The Universal Mechanical Tribometer UMT-2MO
(Bruker®, USA) was used for carrying out the nanoscratch
experiments. A diamond conical indenter with a spherical
tip having a 2.5 um radius was mounted on a 500 mN force
sensor and was used to produce 10 scratches (in the same
direction) on the surface of each of the films. The follow-
ing scratch parameters were determined—scratch coeffi-
cient of friction (SCOF), u; corresponding normal force,
F7 (mN); and scratch hardness, Hg (GPa)—at a maximum
penetration depth of 10 um and scratch length of 5mm.
The friction force F¢ was also determined for the sake of
completeness.

The scratch hardness, Hg was calculated using the fol-
lowing equation:'®

_8F.
s nb27

3

where F is the applied normal load and b is the scratch track
width, observed via an optical microscope. The scratch coef-
ficient of friction (SCOF), p, represents the ratio between the
tangential and the normal load, p;=Fx/Fy. The friction
force is also equal to the normal force F, multiplied by the
coefficient of friction, Fr= p, Fy

J. Appl. Phys. 121, 064105 (2017)

FIG. 1. ((a) and (b)) TEM micrographs
of the residue carbon ash obtained after
burning of the polymer in the hot
pressed film at 500 °C.

F. Electromagnetic characterization

The microwave measurements in frequency range from
26 GHz to 37GHz were provided by a Scalar Network
Analyzer R2-408R, ELMIKA, Lithuania, at room tempera-
ture. The transmitted/input (S5;) and reflected/input (S, ;) sig-
nals have been measured with a frequency stability 10~° and
power stability 7.0 mW = 10 uW. Measurement errors of S5,
were 6|Sy;| = % (0.6 4 0.06|S5:]). Reflectance (R), transmit-
tance (T), and absorbance (A) were obtained from measured
S-parameters as R = 5112, T:S212, A=1—R—T. THz time-
domain spectrometer, T-SPEC Ekspla, Lithuania, was used
for THz experiments (see Ref. 7 for measurement details).
Spectrometer is based on the femtosecond laser (wavelength
1 um, pulse duration less than 150 fs) and GaBiAs photocon-
ductive switch as THz emitter and detector working at
100 GHz-3 THz.

lll. RESULTS AND DISCUSSION
A. Microstructure and morphology

The nanocarbon filler inside the hot pressed films was
characterized by heating from 30 to 500 °C at a heating rate of
10°C/min. At these heating conditions, the polymer in the
film is fully burned, and the residue char contains only the
nanocarbon filler, which remains non-degraded at these tem-
peratures. Figs. 1(a) and 1(b) present the TEM micrographs of
the carbon ash residue obtained after burning the polymer in
the film. As seen, the nanocarbon filler is a complex mixture
of graphene sheets, short carbon nanotubes including fishbone
carbon nanotubes, graphitic nanoparticles, and carbon black.

In Fig. 2(a), an optical image of the cross section of the
starting 3D printed specimen was presented. The multilay-
ered structure of alternating PLA (transparent) layer and the
Black Magic layer (BML), repeated four times is visualized,

FIG. 2. ((a) and (b)) Cross section of:
(a) the starting 3D printed multilayered
specimen (optical image), and (b) the
thin film after hot pressing of the start-
ing specimen (SEM micrograph).

18 pym238 kY 1A1EZ @
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FIG. 3. SAXS spectra of: (a) starting 3D printed sample BML2-3D printed, and (b) BML2-hot pressed film.

and the thickness of the initial sample is measured of
~1000 um. Fig. 2(b) shows a SEM micrograph of the cross
section of the thin film, prepared by hot pressing of the 3D
printed multilayered sample containing 3 BML layers.
During hot pressing, the 3D printed sandwich structure
almost disappeared as the BML layer is infiltrated into the
PLA layer forming a homogeneously colored structure.
Black Magic filament has a given, fixed concentration of
nanocarbon. By this printing and pressing procedure, we can
modify, alter the nanocarbon concentration and thus study
indirectly the effect of this concentration on the properties.

B. SAXS and XRD characterization of the hot pressed
films

Small angle X-ray analysis (SAXS) and standard X-ray
analysis (XRD) were used to characterize the structure and
the state of dispersion of nanocarbons in both the starting 3D
printed multilayered samples and the hot pressed thin films.
Both samples have the same composition, but differ in the
post processing (hot pressing) applied to produce the film.
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In Fig. 3 SAXS spectra of the starting 3D printed sam-
ples and the spectra of hot pressed films in both cases con-
sisting of two carbon containing layers are presented. As
PLA is a crystallizing polymer, then the formation of supra-
molecular structure is affected by its sample preparation
technology, i.e., the cooling rate of the melt, the melt orien-
tation. In Figure 3(a), there is a partial scattering of the X-
ray beam at 20 = 16°, which indicates a relatively small and
defective crystals due to the rapid cooling of the melt during
the printing process. At the same time, for hot pressed sam-
ples, a greater absorption was observed due to the slow cool-
ing of the melt during the pressing process. The values of
angles 20 =26.4°; 44.6° correspond to the hexagonal unit
cell of crystallographic carbon structure. The G(002) and
G(101) peaks almost disappear in the case of the hot pressed
samples, which indicates some amorphization of the nano-
carbon fillers. During the hot pressing process, the modifica-
tion of the carbon structure such as a lateral shift of the
layers (because the graphitic layers can easily be detached
from each other) may take place under the influence of the
applied load, which changes the inter-plane distance in

PLA
E i :G (002)
] [\ i pLA
[ 4 i G (100)
\ 3

~~ - \ :
3: i:G(101)
© ;
N H
> i
= bl BLM2-hot-pressed
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100

FIG. 4. XRD spectra of: (a) 3D printed starting sample, and (b) hot pressed film; G002 peak appears in Fig. 4(a).
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FIG. 5. Load-displacement curves vs. penetration depth at a maximum load of
30mN for the hot pressed films, as varying the initial number of BML layers.

graphene nanoplatelet particles and causes the changes in the
X-ray diffraction.

Figure 4 indicates a clear peak in the (a) panel between
the peak labeled G(002)—which is present only in the carbon
doped sample—and the second broken line labeled PLA.
After hot pressing (Fig. 4(b)), this develops as a broad shoul-
der both in the carbon doped and in the reference sample, too.
This is an indication that the modification that occurred due to
hot pressing is linked mostly to the polymer. The G(002) peak
is weakly visible even in the hot pressed sample as a small
feature on the right side of the first PLA peak.

C. Nanoindentation results

Berkovich nanoindentation is the most common and the
most promising contact load testing for determining the
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surface mechanical properties of thin films. It has become the
reference method for locally measuring the mechanical prop-
erties of materials at the nano and microscale. In this study,
the hot pressed films were placed on a substrate and subjected
to the nanoindentation measurement using Berkovich nano-
head at a maximum load of 30 mN. The polycarbonate sub-
strate was chosen in order to minimize the effects of the
substrate (much harder or softer than the film) on nanoindenta-
tion characteristics. The hardness and the Young’s modulus
are calculated by Olive-Pharr model (Egs. (1) and (2)). Fig. 5
presents the load-displacement curves for the hot pressed films
as varying the initial number of nanocarbon layers. The curves
of the reference PLA film (REF) and the films containing 1 to
3 Black Magic layers (BML1-3) were compared. As seen, the
contact indentation depth decreases strongly by increasing the
initial number of BML layers, from 7.5 um for the reference
PLA film (REF) and the BML1 film, respectively, to 4.1 um
for the film with 3 nanocarbon layers (BML3). This is associ-
ated with increased hardness by increasing the amount of the
nanocarbon filler inside the hot pressed film.

Figs. 6(a) and 6(b) present the nanoindentation hardness
and Young’s modulus of the nanocarbon containing multilay-
ered films with 1 to 3 BML layers as compared to the undoped
PLA film used as a reference. Table I summarizes the average
values and the standard deviation of the calculated Oliver-
Parr model characteristics. The nanoindentation hardness and
Young’s modulus increase gradually by increasing the num-
ber of BML layers in the films, due to increase of the amount
of nanocarbon filler. Thus the hot pressed films containing 3
nanocarbon layers (BML3) show about 200% increase of
hardness and ~366% increase of elastic modulus if compared
to the reference PLA film (REF).

D. Nanoscratch characteristics

The scratch test is currently used as a standard test proce-
dure for surface mechanical properties characterization. It con-
sists in pulling a diamond stylus over the surface of a sample
under a normal force. In our case, we apply the nanoscratch
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w
4 08-
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=
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=
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FIG. 6. Comparison of (a) nanoindentation hardness and (b) Young’s modulus of the hot pressed multilayered films containing 1-3 BML layers, as well as the

reference PLA film (REF).
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TABLE I. Summarized mean values and standard deviations for the nanoindentation and nanoscratch characteristics of multilayered thin films as a function of

the number of nanocarbon layers.

Berkovich nanoindentation

Nanoscratch with spherical-conical stylus

Sample short Nanoindentation Young modulus, Scratch hardness Scratch coeff. Normal force Friction force
name hardness, Hy (GPa) E (GPa) Hg (GPa) Friction (SCOF) F7 (mN) Fi (mN)
REF 0.041 = 0.009 0.173 £0.036 0.417 =0.130 1.08 = 0.190 16.47 = 9.09 19.443 = 1.727
BML1 0.049 = 0.002 0.212+0.013 0.355 £0.100 1.111 =0.200 14.00 = 3.90 15.554 +0.780
BML2 0.068 = 0.007 0.311 £0.021 0.577 =0.217 1.085 £ 0.150 22.77 = 8.57 24.705 = 1.286
BML3 0.123 £0.014 0.806 = 0.127 0.684 £ 0.082 1.600 = 0.250 27.00 +3.23 43.200 = 0.807

loading procedure for characterization of the supported hot
pressed films. The scratch hardness and the coefficient of fric-
tion are determined at a certain penetration depth. Figs. 7(a)
and 7(b) give graphical representations of the calculated val-
ues for scratch hardness (Hs) and scratch friction coefficient
(SCOF), comparing the reference PLA film and the multilay-
ered films containing 1 to 3 BML layers. Table I summarizes
the statistical data (mean values and standard deviations) of
nanoscratch characteristics from all conducted experiments.

The results demonstrate that the scratch hardness gradu-
ally increase by increasing the number of initial nanocarbon
(BML) layers, thus the highest value was obtained for the
sample BML3 corresponding to ~64% increase of hardness
compared to the reference PLA film (REF). The correspond-
ing maximum normal force at 10 um penetration depth, F,
shows a similar tendency. This means that when penetrating
the pressed film of 3 BML layers, the tip of the indenter
comes across more nanocarbon particles at this penetration
depth compared to the films with a smaller number of BML
layers. While the scratch coefficient of friction for the
thin films has values almost similar to the reference PLA
film, insufficiently depending on the number of initial BML
layers. The data scattering (i.e., the standard deviations) for
the values of both scratch characteristics is relatively high,
which can be a sign of the non-homogenous distribution of
the nanocarbon particles of the BML layers infiltrated among
the polymer layers, leading to the formation of carbon rich
and carbon poor regions in the hot pressed films.

E. Microwave and THz properties of hot pressed
samples

No frequency dependence of the EM response properties
was observed in Ka-band (26-37 GHz), that is why all data

are present for a given frequency, 30 GHz. The thickness of
all samples is 10 um. One can see from Fig. 8 that the base
plastic being 10 um thick is absolutely transparent for micro-
wave radiation, whereas adding only one nanocarbon doped
layer of Black Magic filaments decreases the transmittance
level to 70% mostly due to the absorption (approx. 25%).
The absorption increases continuously as the number of
nanocarbon doped layers increases in the sandwich structure
(40%). At the same time, the reflection also increases to
20%. Finally, as summarized in Fig. 8, EMI SE (or -S,) is
as high as 1.5, 2.2, and 4dB for 1 to 3 nanocarbon doped
layers being 10 um thick.

In spite the fact 3D printed initial structures containing
three nanocarbon layers are opaque for the microwave radia-
tion, the absorption provided by them (800 pm thick) is less
(30%)’ in comparison with that observed for hot pressed 3D
printed sample being 80 times thinner (10 um), i.e., 40%.
Obviously, the difference in the electromagnetic response of
initial 3D-printed and hot pressed samples is due to the dif-
ference in their thickness as well as their structure: (i) the
sandwich structure of original samples with carbon contain-
ing layers (10 wt. % of nanocarbon additives), of which EM
response is governed mostly by the reflection from the front
edge and (ii) hot pressed homogeneous thin films, in which
the laminated structure is completely lost and the concentra-
tion of the filler becomes less than 10 wt. %.

The absolute values of the complex transmission func-
tion (transmittance) in THz range for reference sample and
samples contacting 1-3 nanocarbon layers are presented
in Fig. 9. In THz frequency range, the transmittance of the
base plastic is around 90%—100% and decreases with the
frequency. As compared to a microwave range, the fre-
quency dependence of carbon-containing samples is more
pronounced and determined by the dispersion of the

1.6
0.8
[ Scratch Hardness o
= 0.7 [ ) b) [
g a) J 121 ] I I
9. 0.6+ J l
7 1.0
e l FIG. 7. Mean values and standard
”n - . e ~
2 0> & 0.8 deviation of (a) scratch hardness Hg
5 ol [ 2 o6 (GPa), and (b) scratch coefficient of
T ] friction SCOF of films as varying the
5 0.3 0.4 initial number of nanocarbon layers.
©
o
<2 0.2
0.2+
T T T T 0.0 T T T T
REF BML1 BML2 BML3 REF BML1 BML2 BML3
Sample Sample



064105-7 Kotsilkova et al.

5 4

1 S11
m -10{ —e—S, -
-C -
5 1,0
» 151 : -
—-R
©
8 0 0.8 \. -@-T| 1
el 0,6 TT—e A A
25 04 "
] 0.2 A— )
-30 1 0.0 gj:j. ]
s ] REF BML-1 BML-2 BML-3]
- T T T T T T
REF BML-1 BML-2 BML-3

FIG. 8. Measured S-parameters of hot pressed sandwich structures in dB at
30GHz. Inset: Reflectance, absorbance, and transmittance reconstructed
from the experimental data of reference sample and samples contacting 1-3
nanocarbon layers at 30 GHz.

dielectric permittivity of resultant carbon-containing compo-
sites produced by hot pressing (see Fig. 10). Addition of
only one nanocarbon layer strongly reduces the transmit-
tance level to 60% and 50% for the samples consisting of
1 to 2 and 3 BML at 0.5 THz.

F. Mechanical and electromagnetic properties:
Common tendencies

In the case of the hot-pressed 3D-printed samples, each
extra layer results in the increase of the nano-carbon concen-
tration. Figure 10 presents the dependence of the real part of
the dielectric permittivity, ac conductivity in the THz fre-
quency range, and the mechanical properties vs. the number
of layers in the original sample (or filler concentration,
wt.%) after hot pressing. The details of dielectric permittivity
reconstruction can be found in Ref. 7. The frequency depen-
dence of the real and imaginary part of permittivity for
BML2 shows a similar behavior lying between the curves
presented in Fig. 10(a), and was omitted in order to not
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FIG. 9. Terahertz transmittance spectra of the reference sample and samples
contacting 1-3 nanocarbon layers.

overload the graph. One can see that Re(¢) and Im(e)
decrease with increasing frequency, while their absolute
values are close, especially in high frequency range
200-600 GHz (tand ~1). The analogous behavior was
observed for polymer composites filled with carbon nano-
tubes'®! in case of long tubes for which no EM screening
effect of inner walls takes place, and the CNT concentration
is well above the percolation threshold.** The physical
analysis of the observed dependencies can be done using
Maxwell Garnett approximation for an effective medium
combined with the Drudt-Lorentz model describing the fre-
quency dispersion of the electromagnetic response of the
individual inclusions. Thus in the microwave range, the EM
response is denoted by the Drude behavior, whereas in THz
range, the contribution of Lorentz term is determinative.
Comparative analysis of the mechanical (Young’s mod-
ulus) and electromagnetic properties (data are presented only
for the THz range) is shown in Figure 10(b) vs. the number
of BML layers (or nanocarbon concentration in hot pressed
sample). An important feature of the composites obtained by
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FIG. 10. (a) Frequency dependence of Re (¢) and Im (¢) for BML1 and BML3 samples. (b) The dependence of the real part of the dielectric permittivity and ac
conductivity in the THz frequency range, and the mechanical properties (black curve) on the number of layers in the original sample (or filler concentration,

wt. %) after hot pressing.
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hot pressing is the possibility to control precisely the concen-
tration of nanocarbon fillers through the varying of the layer
thickness in the initial 3D printed structure and the number
of layers. It is important that the maximal possible concen-
tration for hot pressed sample could be 6 wt. % for “infinite”
number of layers in the initial sandwich structure consisting
of the PLA substrate and equal numbers of PLA and BML
(10 wt. % of nanocarbon additives) layers.

There are quite a lot of papers devoted to modeling
and experimental observation®® of dependencies of physical
properties of composites vs. their microstructure. Many fac-
tors have to be taken into account such as (i) functional addi-
tives filling fraction, (ii) their functional property, (iii)
geometrical parameters (including aspect ratio®’2?), (iv)
percolation threshold and concentration at which saturation
of particular physical properties takes place, (v) issues with
composite fabrication (i.e., interaction between the filler and
matrix®’), etc. Sometimes it is possible to observe empiri-
cally, the simultaneous variation in filler concentration and
physical properties,? or even a particular correlation, that is
when various characteristics manifest them self differently
with the variation of the concentration according to some
correlation law.*! The case of hot-pressed 3D printed sam-
ples is especially interesting because of the tendencies of
simultaneous improvement of mechanical, electric, and EM
properties of hot-pressed samples shown in Fig. 10(b) for
1...3 BML and pure BML layer (made of black magic fila-
ment without adding PLA layers and substrate), could be
used for the prediction of physical behaviors of hot pressed
samples depending on the number of layers.

23-25

IV. CONCLUSIONS

Recently we demonstrated’ that 3D printed structures
made of BML—commercial composite filament Black
Magic'® based on polylactic acid thermoplastic doped with
highly conductive nanocarbon fillers—may have a great
potential for electromagnetic compatibility applications in
microwave frequency range, giving EMI SE at the level of
8—15dB being 0.4—1 mm thick. This paper shows that an
additional step of samples production such as hot pressing
may give extra advantages. In spite of the fact that SAXS
and XRD studies showed some amorphization of the nano-
carbon filler as a consequence of the hot pressing, resultant
material being although 30-10 times thicker than CVD
graphene/polymer heterostructure (1-3 um in total), but still
thin enough in comparison with the conventional polymer
composites used for applications in the microwave range
(1-2mm),**** may compete with the CVD graphene sand-
wiches®” because of much better processability, and final
product cost.

We demonstrate that unlike most conventional compo-
sites loaded with nanocarbons, with pronounced dielectric
properties (Re ¢>>1Im ¢) at high frequencies, combination
of 3D printing and hot pressing allows to fabricate compo-
sites with Re e~Im ¢ in a very broad frequency range
(0.2-0.6 THz) and high enough Re (¢)=40, 60, 110 for
BML-1, BML-2, BML-3, respectively, at 30 GHz, being at

J. Appl. Phys. 121, 064105 (2017)

the same time mechanically robust. That means that much
higher absorption ability in comparison with the conven-
tional polymer composites together with much smaller thick-
ness (10-30 pm) could provide high EMI SE.
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