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Abstract

In order to shield the massive electromagnetic perturbations and meet the more
and more stringent requirement for high-end electronic equipment, development of
diverse, lightweight and high-performance electromagnetic interference (EMI)
shielding materials is urgent but still challenging. Herein, the combination of fused
deposition modeling (FDM) 3D printing, ball milling and microwave (MW)
irradiation technology is proposed to fabricate exfoliated graphene nanoplatelets
(GNPs) incorporated liner low density polyethylene (LLDPE) nanocomposite parts
with porous and complex geometry structure. FDM 3D printing possesses high

flexibility for structure design, which can significantly broaden the application of
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materials in various fields. Benefiting from design of a unique porous lamellar
structure, the printed LLDPE/GNPs nanocomposite parts can achieve a prominent
EMI shielding effectiveness (SE) of ~32.4 dB (with thickness-normalized specific
EMI SE (SSE/t) of 318 dB cm?® g™') in the range of 8.2-12.4 GHz. This remarkable
characteristics is due to internal multiple reflections and absorption. The use of MW
irradiation technology improves mechanical properties, especially for the interfacial
bonding strength between filaments. More importantly, this strategy is highly
beneficial for the fabrication of lightweight EMI shields with tailorable and optimized
shape/structure, which could be expected to be applied in aerospace fields, portable

electronic devices, smart devices and so on.
Keywords: fused deposition modeling, 3D printing, graphene nanoplatelets,

microwave irradiation, EMI shielding

Introduction

With the development of the 5G communication technology based on the
gigahertz electromagnetic (EM) waves, the electromagnetic pollution issue, which is
caused by the corresponding exponential growth of electronic devices, is receiving
more and more attention. ot only does it affect the normal functioning and lifetime of
the electronic devices but also it threatens the human health [1-4]. Thus, high-
efficiency EMI shielding materials are more urgently required to overcome the above
challenges than ever [5-8]. As it is well known, metal-based shields are the most

widely used EMI protectors. However, the metallic shields have some drawbacks such



as high density, easy corrosion under air exposure, poor flexibility and relatively
inferior processability [9, 10]. In addition, they reflect back most of the incident
electromagnetic radiations, increasing thereby the EM pollution around them.
Meanwhile, nowadays, the development of high-end EMI shielding coating in many
fields --including wearable clothing devices, portable electronic equipment, aircraft
and aerospace facility-- increasingly relies on light weight, flexibility and
environmental stability of material. Therefore, conductive polymer composites
(CPCs) are becoming promising candidates to be employed as EMI shields, due to
their specific advantages of easy functionalization, facile design, excellent moldability
and some other intrinsic properties of the polymer matrix such as lightweight, low-
cost and corrosion resistance [11-16]. Obviously, effective reduction of weight,
efficient utilization of energy and materials are crucial to practical EMI shielding

applications in various areas [5, 17].

In general, lightweight CPCs can be obtained by adopting various preparation
methods such as freeze-drying method [18, 19], compression molding [20-22] and
foaming process [23, 24]. In these processes, however, the conductive network
distributed in the polymer matrix is hard to be controlled with the possible
consequence of lowering the effective conductivity [12, 25]. For instance, lightweight
PEI/CNT foams prepared via a sinter molding and further supercritical CO» (scCO,)
foaming, demonstrate an EMI shielding efficiency (SE) ranging from 35.3 dB to 5.5
dB with decreasing density from 1.27 to 0.61 g/cm? [23]. However, it is found that the

EMI shields with low density are far from meeting the requirements of commercial



applications. On the other hand, the aforementioned technologies are also facing
great challenges in fabricating architectures with complex geometric structure. This
would surely restrict their applications in some special fields. More recently, the 3D
printing technology, also known as additive manufacturing (AM), has attracted more
and more attention. Among the 3D printing technologies, fused deposition modeling
(FDM) is currently one of the most frequently applied technologies in practice [26-
28]. FDM 3D printing involves a filament-based printing process, during which the
filament is first fed into a heating nozzle, melted and then extruded out of the nozzle.
Finally, the extruded melts are deposited onto a build plate to generate a three-
dimensional structure in a layer-by-layer process [29]. Due to the high designing and
manufacturing flexibility [30-32] of FDM 3D printing technology, it has been
receiving more and more attention and applied to fabricate the EMI shields for
lightweight and diversity purposes [33-35]. However, less work has been involved in
investigating the effects of the printing structure on the EMI SE. Particularly, it is
worth noting that good-quality interfaces can induce beneficial multiple reflections

of the EM wave in the interior of the 3D printed part [36].

However, the poor interlaminar bonding strength still remains a challenge for the
3D printed parts. In order to address this issue, specific heat treatments has been
reported in several studies [37, 38]. As we know, in the conventional heating mode, a
material is generally heated from outside to inside through radiation, conduction and
convection [22, 39]. However, this way of doing would require much heating time

and the heating efficiency is also relatively low, especially for parts with large size



and complicated structure, thus easily forming unevenly distributed heating flow
leading to local overheating. For instance, a conventional heat treatment technology
has been applied to reduce the voids between deposition lines in the FDM 3D printed
Polywax parts incorporated with thermally expandable microspheres [37]. However,
for the FDM 3D printed parts without thermally expandable microspheres
incorporated, the heating efficiency was very low and the enhancement of the
mechanical performance (particularly the compressive strength) was very limited,
even if the heating time was extended or the heating temperature was increased.
Obviously, the resulting thermally treated structures should affect the performance
enhancement of the CPCs parts. Recently, a microwave (MW) sintering strategy has
been developed in our research group to fabricate CPCs with excellent EMI SE [21-
23]. As it is well known, MW irradiation may involve electromagnetic radiations
with variable frequencies from 300 MHz to 300 GHz. When the MW radiation energy
are absorbed by non-metallic materials, they can be transformed into heat through the
interaction of the radiations with the material molecules. Clearly, this is a volumetric
heating process which is efficient, energy saving, clean and environmental friendly
[22]. Compared with the conventional heating technology, MW heating strategy
demonstrates an improved heating uniformity, shorter heating time and the higher
efficiency [39]. In addition, more importantly, the MW irradiation possesses selective
heating feature for different materials, which mainly depends on their electromagnetic
characteristics. Generally, thermoplastic polymers are transparent to MW, while

conductive fillers, especially for carbon nanotubes (CNTs) and graphene nanoplatelets



(GNPs), are excellent MW absorbents and can be heated vigorously upon MW
irradiation [40].

In this present work, graphene nanoplatelets were carefully selected as both the
conductive filler and the MW absorbent to fabricate the FDM printed CPCs with
enhanced interlaminar bonding strength. Linear low-density polyethylene (LLDPE)
was employed as the polymer matrix due to its lightweight, low-cost and excellent
processability. Further, the ball-milling technology was used to exfoliate and
selectively distribute the GNPs onto the surface of LLDPE particles so as to obtain
GNPs coated LLDPE composite powders resulting from strong impact and shear
forces of colliding balls. Then, FDM printing technology and MW irradiation
sintering strategy were effectively combined to prepare the LLDPE/GNPs
nanocomposite parts with porous and complex geometry. The experimental results
show that the fabricated LLDPE/GNPs nanocomposite parts with tailorable density
and structure/shape exhibit excellent EMI SE, outstanding specific EMI SE (SSE/t)
and significantly enhanced interfacial bonding strength. The FDM 3D printed
LLDPE/GNPs nanocomposite parts would accordingly show the great potential of
applications and promising prospects as candidates in aerospace systems, portable

electronic devices and smart devices.

2. Experimental Section

2.1 Materials

Thermoplastic linear low-density polyethylene (LLDPE, 2720A) particles with a

size distribution of 100~200 pm, a density of 0.92 g/cm® a melting temperature of



125 °C, and a melt index about 20 g/10min were provided by Sinopec Maoming

Petrochemical Co., Ltd., China. Graphene nanoplatelets (GNPs , SE1233) with a

surface area of 400-550 m*/g were obtained from The Sixth Element (Changzhou)

Materials Technology Co., Ltd., China.

2.2 Preparation of LLDPE/GNPs filaments

A schematic presentation of the fabrication of the LLDPE/GNPs nanocomposites
and the FDM 3D printing process is illustrated in Fig. 1. To prepare the GNPs coated
LLDPE composite powders, LLDPE powder was first mixed with various loading of
GNPs (1, 2, 4, 6, 8 and 10 wt%) using a ball milling machine (QM-3SP4,
Nanjingnanda instrument Co., Ltd, China) at 350 rpm for 1 h. The prepared composite
powders were then extruded in a single-screw extruder (RM-200C, Harbin HAPRO
Electric Technology Co., Ltd. China) to prepare the corresponding filaments through
careful control of the extrusion temperature at 170 °C, screw rotation speed adjusted
at 15 rpm and diameter of the extruded filaments set at 1.75 + 0.05 mm (by adjusting
the drawing speed). Here below, the LLDPE/GNPs filaments with different content of
GNPs are named LLDPE/1GNPs, LLDPE/2GNPs, LLDPE/4GNPs, LLDPE/6GNPs,
LLDPE/8GNPs and LLDPE/10GNPs, respectively, where the “LLDPE/nGNPs”

means that n wt% loading of GNPs were incorporated in LLDPE matrix.



Ball Milling Single-Screw Extruder Extruded Filaments

C
i e LLDPE
i ; granules
aea < Graphene
I U
I T nanoplatelets

I T
i ]

infill

40%, 60%:;
\ 80%, 100%

FDM printing MW irradiation Enhanced Porous part

Fig. 1. Schematic diagram for the preparation of LLDPE/GNPs nanocomposite filaments (a), FDM 3D

printing process (b) and MW irradiation post-manufacture process (c).

2.3 Fabrication of LLDPE/GNPs nanocomposite parts via FDM 3D printing

All the measured samples were fabricated on a German RepRapx350pro FDM
printer. The corresponding 3D model was constructed using Pro/Engineer 5.0, and
then exported as a STL file for printing. The following 3D printing parameters were

adopted: nozzle diameter of 0.4 mm, layer thickness of 300 um, nozzle temperature of

170 °C and printing speed of 150 mm/min. To investigate the influence of different

printing structure on the EMI SE of the obtained LLDPE/GNPs nanocomposite parts

with cylindrical shape, three different filling patterns were selected : 0 x 0 (pattern 1),



0 x 60 (pattern 2) and -60 x 0 x 60 (pattern 3). These filling patterns are illustrated in

Fig. S1. The notations 0 x 0, 0 X 60 and -60 x 0 x 60 mean that the printing filaments

were alternately deposited onto the building plate along 0°, 0°/60° and -60°/0°/60°

directions (relative to a fixed horizontal direction), respectively. In addition, the object
infill density used in this study was chosen at 40, 60, 80 and 100%, respectively, as
illustrated in Fig. 1b. When the infill density is less than 100%, it is believed that the
3D printed part possesses a porous structure. For convenient discussion, the obtained
LLDPE/GNPs nanocomposite parts with different printing pattern and infill density
are named LGy.,, where the “L.G,.,” means that the samples were made using the
"m™" printing pattern and infill density of “n%”, respectively. For instance, LG4, LG
and LG; samples represent the LLDPE/GNPs nanocomposites parts printed with
pattern 1, 2 and 3, respectively ????, and 100% infill density????; LG .4 sample
represents the LLDPE/GNPs nanocomposite parts which were obtained by adopting
the printing pattern 1 and the infill density of 40%. However, for tensile test, the
required dumbbell-shaped samples (with dimension of length 25 mm, width 5 mm

(narrow section) and 10 mm (wide section), and thickness 2 mm) were printed

according to three different filling patterns (0 x 0, 45 x 45 and 90 x 90). The

corresponding printed samples were named FSo, FS4s and FSq, respectively. These

three different filling patterns are illustrated in Fig. S2. Here again 0 x 0, 45 x 45 and



90 x 90 mean that the printing filaments are deposited onto the building plate along

0°, 45° and 90° direction (relative to the sample length direction), respectively. To

investigate the effect of the MW irradiation on the mechanical property and EMI SE,
the corresponding FDM parts were put in a microwave furnace for irradiation
sintering. Considering that a large concentration of GNPs in LLDPE would lead to
strong MW absorption and hence a high temperature due to long irradiation time and
high irradiation power which could destroy the sample, we specially sintered the
LLDPE/GNPs nanocomposite 3D printed parts with different loading of GNPs (0-
10.0 wt%) over different irradiation time (10-40 s) under a fixed MW power of 300
W. The irradiation time for the sample with 0.0/2.0, 4.0, 6.0 and 8.0/10.0 wt% loading
of GNPs was selected as 40, 30, 20 and 10 s, respectively. The microwave irradiated

sample was correspondingly named M-FS where x represents one of the 3 filling

patterns (0 x 0, 45 x 45 and 90 x 90).

2.4 Characterization

The morphology of the surface and the fractured surface of the filaments and the
corresponding 3D printed parts was investigated with a scanning electron microscope
(SEM) (FEI Instrument, USA) at an accelerating voltage of 20 kV. The test samples
were first fractured in liquid nitrogen and then sputtered with gold particles before

observation.

The tensile properties of LLDPE/GNPs nanocomposite 3D printed parts (FSo,



FSs and FSq) were evaluated using an Instron 5567 instrument (Instron Co., Ltd,
United States) and the crosshead speed was 20 mm min™. For each sample, there were
five printed specimens with the same filling pattern for tensile test, and the averaged

value was calculated as the final result.

The bulk densities (p) of the sintered 3D printed parts were obtained from the
equation p=m/v, where m and v are the weight (g) and volume (cm?®) that were

measured with an electronic balance and a vernier caliper.

The rheological measurements of the LLDPE/GNPs nanocomposites were
carried out on a parallel-plate rotational rheometer (TA Instruments, USA). The
dynamic frequency sweeps were carried out by using a 25 mm diameter parallel plate
with a 2 mm sample thickness and a fixed strain of 5% at 170 °C. The scanning

frequency ranged from 0.01 to 100 Hz.

The electrical conductivity measurement was performed with a digital

multimeter (Fluke 8062A, USA), and the corresponding electrical conductivity was

calculated according to the equation o=L/(SxXR), where o and R represent the

electrical conductivity and electrical resistance, respectively, and L and S represent
the distance between two electrodes and the cross-section area of the cylindrical 3D
printed sample, respectively. Before measurement, both ends of the cylindrical 3D
printed sample were coated with a conductive silver glue to ensure good contact
between the sample and the electrodes. For each sample, five replicates were

performed and the averaged value was used.



The EMI shielding performance was evaluated by using a coaxial test cell (APC-
7 connector) in conjunction with an Agilent N5230 vector network analyzer (USA) in
the range of X-band frequency (8.2-12.4 GHz). FDM 3D printed disk samples with
13.0 mm diameter and 2 mm thickness were completely enclosed by the coaxial test
cell consisting of two waveguide connectors and the S-parameters (S and S») of
each sample were accordingly recorded [33]. The power coefficients including
reflection (R), absorption coefficient (A) and transmission (T), and the corresponding
electromagnetic reflection shielding (SEg), absorption shielding (SEA) and total EMI
SE (SEr) were calculated from the measured scattering parameters (Si; and

Sz1)according to the following equations [24, 41]..

R:SHZ:SZZZ,T:SuZ:SZlZ (1)
1 1
SE,=10lg|——|=101
R 9(1—R) N1=s 2 )
1-R 1-S,°
SEA=10lg| ——|=101lg 5 3)
21
SE,=SE+SE,=201g|(S,, (4)

3. Results and discussion

3.1 Preparation and characterization of LLDPE/GNPs nanocomposite filaments

The GNPs coated LLDPE particles prepared by ball-milling are illustrated in
Supporting Information (Fig. S3). From the magnified SEM image of the coated

particles, it can be seen that the surface of the dark modified LLDPE particles are very



rough. There are many GNPs particles uniformly and tightly attached to the surface of
LLDPE particles under the effect of the very strong impact and shear force of the
grinding balls generated during ball milling. To investigate the influence of ball
milling on the exfoliation of GNPs particles, Raman spectroscopy measurement was
applied to characterize the exfoliation of GNPs produced by ball milling. The results
are shown in Fig. 2. As can be seen, the intensity of G’-band at approximately 2680
cm™ increases relative to the small peak nearby with increasing milling time from 0 to
60 min (Fig. 2a). It is simultaneously noted that the ball milling also produces a down
shift of the G'-band. The above results suggest that the ball milling process could
decrease the thickness of GNPs layers, which is consistent with a previous work
reported by other researchers [42]. Furthermore, it is known that the G-band is
associated with the in-plane vibration of the SP* carbon atom of GNPs [33]. When the
number of GNPs layers decreases, the intensity of the G-band decreases significantly,
and meanwhile the intensity of G'-band increases instead [42]. From Fig. 2a, it can
be also seen that, after ball milling for 60 min, the intensity I of G-band obviously
decreases while I (the intensity of G’-band) significantly increases (as mentioned
before). As a result, the I/l ratioof the milled GNPs is significantly less than that of
the unmilled GNPs. The above results demonstrate an exfoliation of the GNPs
particles under ball milling. To further investigate and confirm this observation,
TEM and AFM characterizations of the samples were carried out as well. The TEM
image o Fig. 2b shows a typical few-layer graphene which was exfoliated by ball

milling for 60 min, where the GNPs presents a micro-scale length and a much thinner



thickness. The AFM results of Fig. 2c also show that the GNPs extracted from the
coated LLDPE particles after 60 min treatment possess an obviously decreased
thickness of 3.5 nm. In combination with the previous Raman analysis data, it can be
concluded that the ball-milling technology can really produce an exfoliation of the

GNPs.

On the basis of successful GNPs exfoliation by ball milling, the milled mixture
of LLDPE and GNPs were extruded to prepare nanocomposite filaments. The digital
photos of the obtained filaments of pure LLDPE and nanocomposites (with 6 and 10
wt% GNPs incorporated) are shown in Fig. S4. As can be seen, the appearance of the
latter is as smooth as that of the former. The morphology of the fractured filaments
surface is illustrated in Figs. 2d-e. It can be seen that pure LLDPE filaments shows a
relatively smooth fractured surface (Fig. 2d.i). After ball milling process, the
LLDPE/10GNPs nanocomposite filaments show well-dispersed GNPs in LLDPE
matrix due to the exfoliation of GNPs (Fig. 2e;). It is also found that there is even a
connected network structure formed in 10.0 wt% loading GNPs/LLDPE filaments
(Fig. 2e;, magnified image). This is because under the effect of the single-screw
extrusion shear force field, the segregated GNPs network structure in the coated
polymer particles could be dynamically stretched to form an interconnected network
[43],. This is further illustrated in Fig. S5c;i (Supporting Information). The above
results indicate that the ball milling process contributes to the exfoliation of GNPs

particles and may lead to the formation of connected network structures.
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Fig. 2. Preparation and morphology of LLDPE/GNPs composites filaments. Raman spectra of
LLDPE/10GNPs co-powders with different milling time at 532-nm excitation wavelength (a),
TEM image of GNPs separated from co-powders (b), AFM image of GNPs deposited on mica
using ethanol solution (c) (inset is the corresponding height curve), and SEM images of the

fractured surface of as-prepared filaments, pure LLDPE (d;.;) and LLDPE/10GNPs (e;.i;).

3.2 FDM 3D printing of LLDPE/GNPs nanocomposites

To further evaluate the 3D printability of the LLDPE/GNPs nanocomposites,
dynamic rheological measurement was used to characterize their rheological
behaviors. The apparent viscosity (n) and storage modulus (G') dependence on

frequency () is shown in Figs. 3a-b. It can be seen that the incorporation of the rigid

GNPs particles in LLDPE matrix significantly increases both 1 (Fig. 3a) and G’ (Fig.

3b). This increase can be attributed to enhanced interfacial interactions between
GNPs and LLDPE molecular chains due to the high surface area of the exfoliated

GNPs and the formation of GNPs networks in polymer matrix [44, 45]. In addition,



the pronounced G’ plateau of the nanocomposites with 6-10 wt% loading of GNPs
occurs at low frequency and this adequately indicates the formation of a well-
interconnected filler networks structure in nanocomposites [46, 47]. Furthermore, it is
also found that the apparent viscosities (1) of all samples almost linearly decrease
with increasing frequency, suggesting that the LLDPE/GNPs nanocomposites have an
obvious shear thinning behavior. This property could ensure that the melt of filament
can smoothly pass through the nozzle and the corresponding parts could be
successfully printed. Figs. 3c-e show the digital photo of a printed cylindrical part of
LLDPE/10GNPs together with SEM images of its porous microstructure. It can be
clearly seen that the printed part exhibits a perfect profile (Fig. 3c), and the deposited
filaments are aligned very regularly and also present a very smooth surface. Each
printed layer of the parts has the same thickness. More importantly, triangle porous
structures consisting of multilayer filaments are formed through the FDM 3D printing.
It is worth noting that such the porous structures inside the printed parts could
effectively enhance the interfacial areas, which are advantageous for the attenuation
of the electromagnetic waves, thus enhancing the EMI shielding property (this will be
discussed below). Additionally, the super-depth-of-field images of 3D printed parts
(Fig. 3f) clearly show the layer thickness of the printing filaments could be as small as
the designated 300 pm, indicating that the FDM printing of LLDPE nanocomposites

can achieve a high level of accuracy.
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Fig. 3. Printability exploration of LLDPE/GNPs nanocomposites. Dynamic rheological properties:
complex viscosity 1 (a) and storage modulus G (b) of pure LLDPE and LLDPE/GNPs nanocomposites
with different GNPs loading versus angular frequency at 170 °C; FDM 3D-printed porous part of
LLDPE/10GNPs with 40% infill density: digital photo (c), SEM image of the internal microstructure in
low magnification (d) and high magnification (e); super-depth-of-field image of the corresponding

FDM 3D-printed part along thickness direction (f).

3.3 Mechanical properties of FDM 3D printed LLDPE/GNPs parts
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Fig. 4. Mechanical properties of LLDPE/GNPs nanocomposite parts prepared for tensile test.



Stress-strain curves of LLDPE/10GNPs parts for different printing pattern (FSo, FS4s and FSq) (a);
mechanical property comparison between FSg and M-FSg, parts: tensile strength (b) and
elongation at break (c); SEM images of the stretched fractured surfaces of LLDPE/6GNPs (d) and

LLDPE/10GNPs (e) parts before (d-i and e-i) and after (d-ii and e-ii) MW irradiation.

The tensile properties of the FDM 3D printed LLDPE/GNPs nanocomposites

with different loading of GNPs and filling pattern (0 x 0, 45 x 45 and 90 x 90) are

compared in Fig. 4. Fig. 4a compares the stress-strain curves of LLDPE/10GNPs parts
for different filling patterns. It is clearly seen that the parts FS, show the highest
ultimate tensile strength of 10.5 MPa and elongation at break of 20.26%, which are
nearly 1.5 and 3 times as much as that of FSq, (with 7.14 MPa in strength and 6.13%
in strain), respectively. This is because in FSq pattern, the bonding interfaces between
filaments in the same deposition layer is perpendicular to the stress direction, thus
making the bonding interfaces be the weakness of the whole structure. The tensile

property of FSq sample is therefore much lower, as also reported in the previous

publications [37, 48]. For this reason, the 90 x 90 printing pattern was selected to

characterize and evaluate the interfacial bonding strength of FDM 3D printed parts
here. In order to enhance the interfacial strength, MW irradiation was applied to treat
the LLDPE/GNPs nanocomposite parts so as to increase their interlaminar bonding
strength. The mechanical property results of FSqy and M-FSq, samples with various

loading of GNPs are compared in Figs. 4b-c. As can be seen, with increasing GNPs



loading, the tensile strength first increases and then decreases, while the elongation at
break continuously decreases. More importantly, it is found that MW treatment
equivalently enhances the tensile strength and the elongation at break of all the 3D
printed parts. For tensile strength, the higher GNPs loading produces to the greater
enhancement , but for elongation at break, the optimum increase degree occurs in the
range of 4-6 wt%. For instance, M-LLDPE/10GNPs shows a remarkably enhanced
tensile strength of 15.5 MPa, which is more than twice as high as that of untreated
LLDPE/10GNPs at 7.14 MPa. However, pure LLDPE and LLDPE/2GNPs after
microwave irradiation show only slight increase. Similarly, the elongation at break of
M-LLDPE/6GNPs reaches the optimum value of ~20%, which is about two times as
high as that of LLDPE/6GNPs at 10%. The above results show that post-manufacture
microwave irradiation could effectively enhance the interfacial bonding strength of
LLDPE/GNPs 3D printed parts, especially in the GNPs loading range of 4-10 wt%.
The above enhancement can be explained by the selective absorption of microwaves
by the GNPs fillers. Obviously, the higher loading of homogeneously dispersed
GNPsin LLDPE matrix facilitate more MW absorption and thereby heating of parts.
This effect can significantly improve the interfacial bonding and hence produces a
dramatic enhancement in interfacial strength, and therefore tensile property. However,
for the parts with low GNPs loading (0-2 wt%), there is much less microwave
absorption. Consequently, the improvement in mechanical performance is very
limited. The above analyzes have been verified by a morphological characterization of

LLDPE/GNPs 3D printed parts (LLDPE/6GNPs and LLDPE/10GNPs) before and



after microwave treatment (Figs. 4d-e). It is very clear that the interfacial bonding of
the 3D printed parts is substantially enhanced after microwave irradiation, particularly

for LLDPE/10GNPs sample (Fig. 4d-i versus ii and Fig. 4e-i versus ii).

3.4 EMI shielding performances of FDM 3D printed LLDPE/GNPs parts
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Fig. 5. EMI shielding performance of the FDM 3D printed parts (2.2 mm thickness, LGs, filling
pattern of -60 x 0 x 60, ????100 % infill density???) treated with microwave irradiation: EMI SEr
of the printed parts with different GNPs loading (a), average dc electrical conductivity of the
printed parts as a function of GNPs loading (b), EMI SEr, SE4 and SEr of the printed parts with
different GNPs loading at the frequency of 10 GHz (c) and skin depth of the printed parts with

different GNPs loading at the frequency of 10 GHz (d).



EMI shielding measurements of the LLDPE/GNPs nanocomposites parts were
performed in the X-band (8.2-12.4 GHz), which is the frequency range widely used in
telecommunication applications. To investigate the effect of MW post-manufacture
treatment on the total EMI SE of the LLDPE/GNPs printed parts, the EMI SEr of the
printed parts with different GNP loading before and after MW irradiation was
evaluated and the results are shown in Fig. S6 (Supplementary Information). As can
be seen, the MW treatment has little impact on EMI SE at various GNPs loadings.
However, given the fact that the microwave treatment significantly enhances the
mechanical performances of LLDPE/GNPs printed parts with higher loading of
GNPs, all the following discussion is based on the MW irradiated parts. Fig. 5a
compares the EMI SE of the LLDPE/GNPs printed parts with various GNPs loading
(EMI SE of pure LLDPE is not represented here because pure LLDPE is almost
transparent to electromagnetic waves in the X band). It can be seen that the EMI SE
of the printed part dependents only slightly on frequency in the X-band range,
especially at higher GNPs loading. This indicates the absence of resonant effect
between the wavelength and the substructure of the sample. The higher the GNPs
loading, the larger the EMI SE. Generally, with increasing GNPs loading, the EMI SE
of the printed parts increases significantly. It is also seen that only 6.0 wt% GNPs
loading can impart the printed parts the EMI SE value of about 20.3 dB, which
already achieves the minimum level (20 dB) required for the general commercial
applications [23] Furthermore, it is worth noting that by increasing GNPs loading to

10.0 wt%, the printed parts show an excellent averaged EMI SE of 32.4 dB at only 2



mm thickness. This remarkably-small EM transmission is due to the existence of
GNPs conductive network in the LLDPE matrix, which was verified by SEM analysis
of the morphology (Fig. 2e) and rheological characterization (Fig. 3b). As we know,
the EMI SE of the printed parts depends on the electrical conductivity of the
nanocomposite . The results of electrical conductivity are displayed in Fig. 5b. It can
be seen that with the increase of GNPs loading from 1 wt% to 10 wt%, the

corresponding static electrical conductivity shows a remarkable increase (S-curve)

from 8.76x10° to 12 S/m. The significant increase of electrical conductivity with

GNPs loading results from the construction of 3D conductive networks and thus

contributes to the substantial improvement of EMI SE.

To investigate the EMI shielding mechanisms of LLDPE/GNPs nanocomposite
parts, the total shielding (SEr), absorption (SEA) and reflection (SEg) of the printed
parts with different GNPs loading at the frequency of 10 GHz are collected in Fig. 5c¢
for further analysis. As can be seen for SEr and SE,, which both contribute to SEr,,
with increasing GNPs loading, SE, increases remarkably whereas SEg just increases
slightly. For instance, the SEr, SEx and SEr of LLDPE/10GNPs part reach ~32.4,
~29.2 and ~3.2 dB at 10 GHz, respectively. Obviously, the contribution of SE, to
SEr is much larger than that of SEg, indicating an absorption-dominant EMI shielding
mechanism (electrical loss mechanism) of the LLDPE/GNPs nanocomposite 3D
printed parts [24, 49]. The involved SEr can be defined as the logarithmic ratio of the

incident to the transmitted power, as is given in Eq. (5) [22]:



SE.|dB|=10Ilg(Pi/Pt) (5)

where Pi is the incident power and Pt is the transmitted power in decibel (dB).
Generally, the blocking of 99% incident electromagnetic power can make the
materials meets the requirement for practical application (20 dB) in EMI shielding
devices [21]. The results indicate that only 0.93% to 0.058% of EM irradiation is
transmitted through the printed porous shielding parts with 6-10 wt% of GNPs
loading, i.e. 99.07% to 99.942% of electromagnetic power is blocked, showing the

excellent EMI shielding properties of our LLDPE/GNPs printed parts.

The skin depth, 6, is an important parameter for evaluating the shielding
capability of a material. Skin depth usually determines the SE, values of materials
with a fixed thickness d [50]. According to the classical electromagnetic theory, for

the CPCs, the absorption effectiveness SEa can be expressed by Eq. (6) [51].

_ond
SEA(dB)_zoglge (6)

which is valid when d >> §. The skin depth depends on the frequency f according

to Eq. (7) [52]

()

where o is the electrical conductivity and p is the magnetic permeability of the
material ( - = Wo for the nonmagnetic LLDPE/GNPs parts). Fig. 5d shows the
calculated skin depth of the LLDPE/GNPs printed part with various GNPs loading at
the frequency of 10 GHz. A sharp decrease in skin depth is clearly observed with

increasing GNPs loading, as the result of an increase of ac conductivity. For instance,



the skin depth of the printed parts with 4 wt% and 10.0 wt% GNPs loading is 10.4 and

5.0 pm, respectively, which is much smaller than that of the thickness of the tested

sample (2.2 mm). This also reveals that the LLDPE/GNPs parts printed in this study

possess the excellent EMI shielding properties.
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Fig. 6 Effect of the printed porous structure on EMI SE properties of LLDPE/10GNPs parts:

digital photos of LGi.¢ (a-i), LGa.¢o (a-ii) and LGs.¢o (a-iii) FDM printed parts, SEM images of the

corresponding fractured surfaces of LG (b-i), LGz (b-ii) and LGz (b-iii), EMI SEr of the

LLDPE/GNPs parts with different filling pattern (1-3) and different infill density (60% and 100%)

(c), EMI SEq, SEa and SEg dependence of filling pattern and infill density at the frequency of 10

GHz (d), effect of infill density on EMI SEr of the LLDPE/GNPs parts (e), and effect of infill

density on the SSE/t of the LLDPE/GNPs parts in X-band frequency (f).

To evaluate the effect of filling pattern on the total EMI SE of the LLDPE/GNPs

printed parts, three different filling patterns were designed for printing (0x0, 0x60 and




-60x0x60). The digital photos of the corresponding 3 printed parts (i-iii) are shown in

Fig. 6a. Accordingly, the filament alignments of the above mentioned 3 printed parts
are clearly presented by SEM and super-depth-of-field images (Fig. S7, Supporting

Information). Fig. 6b shows the low-magnification SEM morphology of the fractured

surface of LGy (0X0), LG2ogo (0x60) and LGs.e (-60x0x60) parts. The deposition

structures of the filaments can be clearly observed from the cross-section SEM
images. After MW treatment, the filaments are relatively more closely bonded,
resulting in excellent interfacial strength. Fig. 6c shows the total EMI SE of the
LLDPE/10GNPs printed parts with the mentioned three filling patterns at 60% and
100% infill density, respectively. As can be seen, when the infill density is 100%, the
EMI SE of all samples is approximately in the range of 30~32 dB and the filling
pattern shows small effect on EMI SE (LGg. is the optimum). However, when the
infill density decreases to 60%, the difference between different filling patterns is very
significant, e.g., at 10 GHz, the LG3. part possesses the optimum EMI SE of 32.4
dB, and however LG.¢ part has the lowest one (23.8 dB). Overall, the EMI SE of
infill density of 100% is higher than that of 60%, and the difference among different
patterns following the order: filling pattern LG3>LG,>LG;. For in-depth
understanding of such difference, the SEr, SE,, and SEg of the LLDPE/10GNPs parts
obtained with different filling pattern and infill density at the frequency of 10 GHz are
further compared in Fig. 6d. As can be seen, both SEr and SE, basically contribute to

SEr, and SEg varies little under different conditions. The difference comes chiefly



from SE,, i.e. absorption. Obviously, SEx of LGs series is the largest. For this reason,
LGs series are selected to be further explored. The influence of infill density on the
total EMI SE (SEr) of LG; printed parts (LLDPE/10GNPs) in the X-band frequency
range is demonstrated in Fig. 6e. As can be seen, overall, the averaged EMI SE of
various sample decreases from 32.5 to 29 dB as following: LG3.100>LG30>LGs.
60> LGs.40, i.€., the highest infill density leads to the highest SE. However, it should be
noted that the EMI SE values for infill density in the range of 60-100% are actually
close and that of 40% is lower to some extent. Because high infill density means
high weight, the fabrication of the heaviestparts withsimilar EMI SE is not cost-
effective. In other words, the density and performances of the 3D-printed parts
should be comprehensively considered. The 3D printed parts with low infill density
and lightweight porous structure seems to be more favorable. For this purpose, a
thickness normalized specific SE value of SSE/t (SE divided by the sample density
and thickness) [23]_was used to further evaluate the EMI SE performance of
LLDPE/10GNPs parts (Fig. 6f). Obviously, there is a significant difference between
different infill densities. The printed part with lower infill density clearly shows a
much higher SSE/t. For instance, by decreasing the infill density from 100% to 40%,
the average SSE/t of printed parts increases remarkably from 152 to 318 dB cm® g™'.
As aresult, the lightweight porous LLDPE/10GNPs parts printed with filling pattern 3
and infill density of 40% actually possesses the optimum SSE/t while having a

transmission shielding effectiveness around 30 dB.

Based on the structure of the printed porous LLDPE/GNPs part, a possible EMI



shielding mechanism is proposed in Fig. 7. When the incident EM waves are applied
to the LLDPE/GNPs part surface, a small fraction of the electromagnetic waves are
reflected back. The remaining electromagnetic waves are transmitted inside and
further interact with the porous structures of the printed parts, leading to energy loss
of the electromagnetic waves. At the same time, the printed porous layered structure
of the LLDPE/GNPs parts enhance the interfacial areas and hence facilitate multiple
internal reflections of electromagnetic waves, resulting in more absorption and energy
dissipation [36, 53], as shown in the enlarged picture (Fig. 7-iii). Of course, this
simple explanation needs further confirmation by computer simulation of the EM
wave propagation inside the structure. Herein, it should be stressed again that the
lower infill density can simultaneously achieve an enhancement in the specific EMI
SE and reduction in density (lightweight of part). The LLDPE/GNPs 3D printed part
with infill density of 40% possesses an attracting low density (only 0.42 g/cm®) and
the highest SSE/t value, showing a very promising application prospect. The various
types of complex porous parts can be printed under the similar conditions, which are
represented in Fig. S8 (Supporting Information). Obviously, this is a facile strategy
which could be highly proposed to fabricate the lightweight and multifunctional parts

through the FDM 3D printing technology.
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Fig. 7 Schematic diagram for illustrating the EMI shielding mechanism of LLDPE/GNPs printed part.
Conclusions

In conclusion, lamellar porous and lightweight LLDPE/GNPs nanocomposite
structures with enhanced interfacial bonding strength and the excellent EMI SE were
successfully prepared through a combination of FDM 3D printing, ball milling and
microwave irradiation strategies. The LLDPE/GNPs printed parts show a remarkable
EMI SE of 32.4 dB at 10 GHz. The ball milling technology was used to realize
exfoliation of GNPs and prepare GNPs encapsulated LLDPE particles, which is
advantageous for the dispersion of GNPs in the polymer matrix, the construction of a
segregated conductive network and microwave absorption. The FDM 3D printing
strategy could enable us to tailor the EMI SE of the LLDPE/GNPs printed parts by
adjusting the printing parameters, and realize the fabrication of lightweight and
layered porous 3D printed parts with complex shape/structure. The results obtained in
the present work show that the specific EMI SE (SSE/t) of the LLDPE/GNPs printed

parts is dramatically improved with decreasing the infill density from 100% to 40%.



In addition, microwave irradiation technology significantly enhances the interfacial
bonding between filaments of the 3D printed parts with higher GNPs loading (4-10 wt
%), thus resulting in a remarkable increase in both tensile strength and elongation at
break. Under the optimized preparation conditions, the fabricated LLDPE/GNPs 3D
printed porous parts possess excellent EMI shielding effectiveness with SSE/t equalto
318 cm’g’’, significantly enhanced mechanical robustness with 13.63 MPa tensile
strength and lightweight feature (density of only 0.42 g/cm’). By an innovative
combination of the above approaches, high-performance EMI shielding parts with
various complex geometry and structure can be fabricated. The current study provides
a promising facile strategy for fabricating high-performance EMI shielding 3D printed
parts to be potentially applied in aerospace facilities and lightweight portable
electronic devices. Still higher EMI shielding performance of 3D printed parts can be
expected by optimizing more complex 3D printing structures, and applying different

filling patterns along their thickness direction.
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