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Abstract: Multiwalled carbon nanotube (MWCNT) nanopaper (NP)-reinforced in-mold coating (IMC)
nanocomposites were fabricated by dip soaking without organic solvent. The thermally activated
IMC resin was selected to provide electromagnetic interference shielding protection for sheet molding
compound (SMC) material as well as other plastic materials due to the proven good adhesion of IMC
resin to the substrate. In this work, the technical feasibility of a continuous fabrication process was
evaluated for a nanopaper/IMC (NP/IMC) composite. The curing behavior of the candidate IMC
resin was studied for a better understanding of the fabrication of NP/IMC nanotape as a prepreg
(with 10% polymerization), as well as the final curing once the nanotape was applied to the substrate.
The required limiting maximum temperature to prevent curing during infiltration was established.
This allows the fabrication of multilayer nanotape or coatings by stacking several layers of tape to
improve the EMI shielding protection. To be specific, the average EMI shielding effectiveness for a
one-layer composite was 21 dB, while it increased to 48 dB on average for a six-layer composite.

Keywords: EMI shielding; multiwalled carbon nanotube nanopaper; in-mold coating resin; process
window

1. Introduction

Electromagnetic interference (EMI) resulting from electronic devices with high packing
density contains numerous unwanted radiated signals, which may result in the intolera-
ble degradation of communication systems or severe damage to the safety of electronic
devices [1,2], and could even cause health hazards [3,4]. This pollution has even become cru-
cial in recent years due to the application of more immense power and higher frequencies
of electromagnetic waves [5].

To attenuate the interference, electrically conducting materials, such as metals and
conductive polymer composites, are usually utilitzed to reflect or absorb the incident
electromagnetic waves [6]. EMI shielding by absorption nowadays, however, is more
important for many applications than EMI shielding by reflection [6]. Although metals or
materials with a metallic coating exhibit very high EMI shielding effectiveness (EMI SE) (up
to 100 dB), their intrinsic drawbacks limit their application in many scenarios; i.e., metals
are high-density, easily corroded, and low absorbents of electromagnetic waves [5,6]. These
drawbacks may result in the rusty bolt effect of nonlinearity causing intermodulation issues,
thus affecting the overall performance and reliability of equipment or systems, especially
operating in sea environments [2]. Thus, conductive polymer composites are usually
suggested for these applications [7,8]. Moreover, some researchers also apply ferromagnetic
iron oxide (Fe30y) as its synergetic effect with CNT allows a broader effective absorption
range and stronger absorption at microwave frequencies [9,10].
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To provide polymer composites with enough conductivity, carbon-based nanoparticles
have been used in various polymer matrices as electrical reinforcements for their low
percolation threshold [11-13]; i.e., a tiny amount of these materials can provide sufficient
electrical conductivity. Previous results suggest that polymers filled with high-aspect-ratio
nanofillers usually possess high EMI SE (multiwalled carbon nanotubes > carbon nanofiber
> carbon black) [14,15]. However, unsuitable dispersion methods could significantly de-
crease the EMI SE and increase the required percolation threshold value, thus increasing the
cost of composites [13,16]. However, it is not easy to obtain a uniform dispersion of carbon
nanotubes (CNTs) in a polymer resin, especially for a high concentration (usually > 5 wt.%),
due to their large saurface area (~1500 m?/g) [11,17,18], which significantly increases the
viscosity of resins. A bad dispersion of CN'Ts may also result in the aggregation of CNTs
and, thus, decrease the mechanical properties of composites [11].

To solve this issue, CNTs can be dispersed in water or an organic solvent, after which
the dispersion can be filtered under a vacuum to prepare a paper-like thin film, often called
CNT nanopaper (CNT NP) [11]. Resins then can be infiltrated into the CNT NP substrate
to prepare CNT NP/polymer composites [11].

Previous researchers have found that the selection of the polymer matrix does not
significantly affect the EMI SE, especially the absorption and reflection of waves [11-14].
Thus, the selection of a polymeric matrix is mainly based on the envisioned applications.
To obtain well-infiltrated CNT NP /polymer composites, resins should have a viscosity of
less than 1 Pa-s at a low shear rate (e.g., 1 s~ 1) [19,20]. The commercial in-mold coating
(IMC) resin developed by OMNOVA Solutions Inc. (now Synthomer) has already been
demonstrated to have good adhesion to sheet molding compound (SMC) material, PC,
PC/ABS, and TPO [21]. Thus, CNT NP/IMC composites have great potential to be used
as commercial products, and their acceptance by industry should be easier due to the
commercial success of the IMC process.

Herein, we used MWCNT NP and IMC resin to prepare an MWCNT NP /IMC compos-
ite. In this study, we evaluated the technical feasibility of the process. The curing behavior
was characterized for a better understanding of the fabrication of NP/IMC nanotape (with
10% polymerization) and the full curing as coatings. EMI shielding protection was also
analyzed to better understand the NP/IMC composite.

2. Experimental
2.1. Materials

In this work, the MWCNTs were purchased from Hengqiu Graphene Technology Co.,
Ltd. (Suzhou, China) with a diameter of 8-15 nm, a length of 3-12 pm, and a purity of
>95 wt.%. The surfactant used to disperse the CNT in water, sodium dodecyl sulfate (SDS),
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

The resin in the composite is a one-component heat-activated resin supplied by Syn-
thomer (previously OMNOVA Solutions Inc., Beachwood, OH, USA) with a density of
1.258 g/ cm? and a viscosity of 4.5 to 8.2 Pa-s at 30 °C. The initiator used in this research is
T-butyl peroxybenzoate (TBPB, Akzo Nobel, Richmond, CA, USA). A typical composition
of the resin is shown in Table 1 [22].

Table 1. Components of a single-component IMC [22].

Component Weight (%)
LP90 (polyvinyl acetate in styrene) 20.00
Urethane 783 (unsaturated urethane oligomers) 20.00
Chemlink 600 (polyoxyethylene glycol dimetharrylate) 10.00
Hydroxypropyl methacrylate 10.00
Styrene 15.00

2% benzoquinone 1.70
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Table 1. Cont.

Component Weight (%)
t-Butyl peroxybenzoate 1.00
Zinc stearate 2.00
12% cobalt octoate 0.10
Talc 20.20

2.2. Sample Preparation

The preparation of the MWCNT NP is detailed in references [11,12]. In brief, an
MWCNT was first dispersed in water containing the surfactant SDS. The mixture was
then sonicated for 4 h, after which the NP was prepared by pouring the solution through
a PTFE membrane (TriSep Corporation, Goleta, CA, USA) utilizing vacuum filtration.
The NP was ready for use after 24 h of drying in an oven. The SEM image shown in
Figure 1 [12] confirms the effective dispersion of nanotubes with 30-100 nm pores. A
pilot-scale continuous manufacturing process of the nanopaper was developed based on
this method, as shown in Figure 2 [12]. All the water and surfactant used to disperse
MWCNTs can be recycled; thus, no waste is generated by the manufacturing process. The
nanostructured MWNT NP has a very low permeability [12], and thus for an industrially
viable process, it is desired to provide a preimpregnated nanopaper or nanotape, which
serves as the final coating.

Figure 2. A continuous nanopaper fabrication process on a pilot scale.
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For the resin infiltration, the heat-activated resin was first degassed and mixed with

1.75 wt.% of TBPB at 50 °C for 10 min (200 rpm). After degassing, the NP was infused with
the resin by dip soaking at 50 °C for another 10 min.

2.3. Characterization
2.3.1. Rheology

Viscosity measurements were carried out with a TA ARES-G2 rheometer using a
25 mm parallel plate with a 1 mm gap. Temperature sweep viscosity tests were carried
out between 30 and 100 °C with a shear rate of 1 s~1. The rheology result of IMC resin is

shown in Figure 3. It can be seen that the viscosity did not change much after 50 °C.
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Figure 3. Temperature sweep viscosity test for IMC resin with a shear rate of 1 rad/s.

2.3.2. Thermal Gravimetric Analysis (TGA)

The weight percentage of the nanocomposites was measured on a TGA 550 instrument

from 30 °C to 800 °C in a nitrogen environment (flow rate: 40 mL/min) as carried out in
our previous work [11,12].

2.3.3. SEM

The fracture surface microstructure morphology of the NP/IMC nanocomposites
(from a tensile test) was observed under a Carl Zeiss Ultra 55 plus field-emission SEM

The samples were sputter-coated before SEM characterization. Both low-resolution and
high-resolution images were taken.

2.3.4. Cure Model

As the main chemical reaction of the IMC involves the vinyl groups, cure models
were developed to describe the curing process for IMC resin in three steps, i.e., initiation,
propagation, and termination. The detailed cure models can be found in [21]. However, as
the initial concentration of the inhibitor and initiator were kept fixed in this work, the inhi-
bition time can be determined using a simplified free radical model, while the propagation
process can be expressed by an autocatalytic model with an assumed initial conversion of
0.001 at t = t, [22]. The simplified model is represented by Equations (1) and (2), as shown
below [21-23].

E
tZ — e(Tg“_kd)

)
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where ¢, is the inhibition time in seconds, E; is the reaction constant, R is the ideal gas
constant, T is the temperature in K, and k; is the frequency constant.

do

E
i kpa™ (max — )", where k, = kpoe*R*l; )

where k), is the kinetic rate constant, E, is the activation energy, ko is the pre-exponential
factor, m and n are reaction orders, and &, is the maximum conversion, which is a
temperature-related variable.

2.3.5. Differential Scanning Calorimetry (DSC) Tests

The parameters for the cure model were obtained via DSC tests with a TA Q20 dif-
ferential scanning calorimeter in a nitrogen atmosphere. The typical temperature for IMC
curing utilized in industry is over 130 °C, while DSC experiments need to be performed at
temperatures no higher than 120 °C, because there is always a lag time before the recording
of DSC devices. Although the temperature at which predictions are needed is out of the
experimental range, previous researchers have demonstrated the reliability of this method
by comparing the predictions with experimental results [22-24].

Polymerization at low temperatures is usually not complete. In order to investigate
this issue, a dynamic DSC scan is usually conducted after the isothermal scan to evaluate
the residual cure after the isothermal run. The maximum dynamic scan temperature is
typically 250 °C to assure 100 percent conversion [22]. The degree of cure, a time-related
variable, can be calculated with the following equation. The maximum conversion can also
be calculated with this equation.

1 trdH
‘X(t) - Htotal/o (dt)dt (3)

where H is the heat, t is time, and Hy,; is the total heat for complete conversion.
In this work, DSC experiments were conducted at 90 °C, 100 °C, 110 °C, and 120 °C to
generate curing curves and, thus, cure models, as shown in Figure 4.
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Figure 4. DSC curves for uncured NP /IMC composite at 90, 100, 110, and 120 °C.

2.3.6. EMI Shielding Test

The electromagnetic shielding effectiveness (EMI SE) of the nanopaper composites was
tested under ASTM standard D4935 using an N5230A PNA-L network analyzer (Agilent
Technologies, Santa Clara, CA, USA) ranging from 13 MHz to 1.5 GHz, which typically
belongs to the very high frequency (VHF) and ultra high frequency (UHF) of the radio
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wave range. The set-up consisted of a sample holder (two 6-inch-diameter brass halves)
with an input and output connected to the network analyzer [11,12].

3. Results and Discussion
3.1. Process Window Study for NP/IMC Composite

A process window is used to delimitate the suitable controllable process parameters
for the fabrication of NP/IMC composites.

For good infiltration, because the viscosity of resins is required to be less than
1 Pa-s [25], the infiltration temperature for IMC resin (with 1.75 wt.% initiator) should
be higher than 50 °C, as shown in Figure 3. For the upper limit of the infiltration tem-
perature, the infiltration temperature should also be no higher than 80 °C to avoid any
polymerization in the infiltration step for a typical soaking time of 10 min, as can be de-
duced from Figure 4. Thus, a suitable temperature range for the infiltration of IMC resin
is 50-80 °C. However, for a continuous process, the recommended temperature for the
infiltration is 50 °C (also used in this work) to make sure that no reaction occurs during
the infiltration process. Moreover, lower infiltration temperatures are also favorable for
process control and economics.

TGA and SEM tests were conducted for the fully cured NP/IMC composite (cured at
150 °C for 12 h). The quantitative analysis of TGA suggests that the CNT weight percentage
of the composite was around 28 wt.%, which is similar to the result of our previous
NP/polymer composites [11,12] and thus indicates the feasibility of this process. For
the qualitative analysis of microstructure morphology, both the low- and high-resolution
images of NP/IMC composite show that the pores of the NP were filled by IMC resin, as
shown in Figure 5. No voids being observed also confirms the feasibility of this process.

Y ; » o "
Mag= 800KX EHT= 3.75kv  Signal A=InLens Date :16 Jun 2021 Mag= 4049KX EHT= 3.75kv  Signal A= inLens Date :16 Jun 2021
WD= 20mm Photo No. = 18518 Time :10:58:16

Photo No. = 18519  Time :10:59:44

Figure 5. SEM images of fully cured NP/IMC composite under (a) low and (b) high resolutions.

Thus, these results demonstrate the potential of a continuous dip-soaking process
to fabricate an NP/IMC composite, as represented schematically in Figure 6 [12]. As
envisioned, the production line consists of four different zones with a porous carrier going
through. The membrane will not inhibit the impregnation process because it is much more
permeable than the NP. An uncured NP/IMC composite can be fabricated with suitable
roller speed control when the NP goes through the resin tank, after which excess surface
resin is removed with a tip. The uncured composite then goes through the oven to be
partially cured (usually 10%) to obtain enough strength but remain flexible enough, after
which it finally gets packaged as NP/IMC nanotape (or prepreg). The nanotape product
can be used to cover a polymer substrate to form a solid coating with additional heating to
complete the cure, as discussed in the following section.
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Figure 6. A continuous dip soaking process to fabricate nanocomposite.

3.2. Curing Analysis

As IMC resin is a heat-activated resin, the analyses of the curing stage were used to
design the fabrication condition of the NP/IMC nanotape (or prepreg) and the curing of the
prepreg as coatings. From the DSC curves shown in Figure 4, equations were developed
for predicting the inhibition time and the reaction for times larger than the inhibition time,
as shown in Equations (4) and (5), respectively, where T is in K.

In order to evaluate the technical viability of the fabrication process and the ability to
predict curing during manufacturing, a nanotape was coated onto an SMC part. The effect
of infiltration was negligible on the curing because the infiltration time (10 min) was much
shorter than the inhibition time at an infiltration temperature of 50 °C. Thus, uncured the
NP/IMC composite impregnated with the IMC resin was set up in an oven at 90 °C for
49 min (calculated utilizing the prediction equations) to prepare the prepreg, after which
the prepreg was immediately coated onto an SMC part and cured at 150 °C for 6 h with a
1 kg part on top of a 2 cm by 2 cm prepreg. The results show that the prepreg could not be
torn out of the SMC part, even with a knife, which demonstrates the good adhesion of the
IMC resin to the SMC substrate as expected. Further experiments are ongoing to prototype
the process.

t, = (2 —-2567) (4)

dt “

da 0.7131
— 3.81 x 1010, 197 06238 (1 _ 3059-0.0884T _ ) )

3.3. EMI Shielding Effectiveness

As the uncured NP/IMC composite or prepreg is stable at room temperature, it can
be stacked to fabricate prepreg or coatings with different thicknesses, which increases its
versatility for potential EMI shielding applications.

We used the same approach to prepare MWCNT NP and the EMI shielding testing
method, as described in our previous work [11,12]. The NP itself (around 50 pm) had
an effectiveness of 30 dB, while NP/epoxy, NP/PDMS, and NP/TPU composites all
had an effectiveness of around 20 dB due to the swelling of the NP during the resin
infiltration [9,10]. The EMI shielding effectiveness also showed a flat distribution within a
frequency range of 13 MHz to 1.5 GHz [11,12].

To understand the shielding behavior of NP/IMC composite, six samples (samples 1 to
6) were prepared and tested using the same process for effectiveness tests. The approximate
thickness of each layer was around 80 pm. The results suggest that the average NP /IMC
composite effectiveness was 21 dB, as shown in Figure 7a. For the one-layer sample,
our results indicate an enhanced effectiveness below 100 dB and a wave behavior of
effectiveness (18.7 dB around 300 MHz and 19.1 dB around 900 MHz). Samples 1 to 6
were measurements of different nanopaper samples. The similarity of curves for these six
samples additionally demonstrates the consistency of the fabrication process. By randomly
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selecting and piling up samples, the EMI shielding effectiveness was analyzed for the
NP/IMC composite with multiple layers, as shown in Figure 7b. The results suggest that
the effectiveness of an NP/IMC composite increases with the increase in layers, while
the partial increment decreases when the layers of the composite increase. For a six-layer
sample, the average effectiveness reached 48 dB, while its effectiveness was over 65, 60, and
54 dB for a frequency below 100, 200, and 300 MHz, respectively. Also, for a frequency below
200 MHz, our result was even higher than the one-layer SWCNT NP (57 dB) described in
our previous work [26]. The excellent EMI shielding effectiveness indicates the potential
application at the very high frequency (VHF), especially for FM and TV broadcasts, cellular
phones, and aviation communications, which are typically below 200 MHz.

a
100
——Sample 1 —1 layer
Sample 2 2 layers
Sample 3| | 3layers|
A40 ——Sample4|| ~ 80 —4 layers
% ——Sample 5 % —>5layers
~ ——Sample6|| = ——©6 layers
g g %0 ’
=} b
2 2
ﬁ 20 \ f, 40 -
= =
w w
20 W
0 : : 0 : :
0 500 1000 1500 0 500 1000 1500
Frequency (MHz) Frequency (MHz)

Figure 7. EMI shielding effectiveness for MWCNT NP /IMC composite (a) with one layer and (b) with
multiple layers.

However, unlike NP/epoxy, NP/PDMS, or NP/TPU composites, the NP/IMC com-
posite showed a wavy curve for the shielding effectiveness, which even became more
significant for the multiple-layer samples. As the polymer inside the composite does not
affect the absorption and reflection of waves [11,12], the wavy behavior of the effectiveness
as a function of frequency should account for the transmission through multiple internal
reflections [25].

4. Conclusions

In this study, we conducted an evaluation of the technical feasibility of fabricating
an MWCNT NP/IMC composite. Additionally, we analyzed its curing behavior and
electromagnetic interference (EMI) shielding effectiveness.

Our findings indicate that the infiltration temperature required for feasible NP /IMC
composite fabrication ranges from 50 to 80 °C. To further investigate the infiltration of the
nanopaper (NP), we performed thermogravimetric analysis (TGA) and scanning electron
microscopy (SEM) tests, which confirmed the successful infiltration of the IMC resin into
the MWCNT NP. Since the reaction temperature of the IMC resin was much larger than
room temperature, it allowed for the proper design of the processing conditions for the
infiltration and final curing of the coating using a curing model based on differential
scanning calorimetry (DSC) data. This characteristic also allowed us to build multiple-layer
NP/IMC composites by simply stacking one-layer composites.

Regarding the EMI shielding effectiveness, our results show that the one-layer NP/IMC
composite exhibited an EMI shielding effectiveness of 21 dB. As we increased the number
of layers to six, the average effectiveness reached 48 dB. For frequencies below 100, 200,
and 300 MHz, it exceeded 65, 60, and 54 dB, respectively, which indicates the potential use
for high-frequency applications.

As the next step, we plan to build a prototype to demonstrate the entire fabrication
process and validate its industrial viability.
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