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ABSTRACT

In this study, a new series of 1,5-naphthalene disulfonic acid-doped polypyr-
role (NDA.PPy)-filled polybenzoxazine nanocomposites were produced by a
melt-mixing process. The effect of NDA.PPy ratio on the curing behavior, the
microstructure, and the electrical conductivity, of these nanocomposites was
evaluated by various techniques. The electromagnetic interference shielding
effectiveness (EMI SE) of the developed nanocomposites in the X-band frequency
range (8-12 GHz) was also studied in terms NDA.PPy ratios and the thickness
of specimens. The thermal curing data showed that the addition of NDA.PPy
positively catalyzed the curing process of benzoxazine monomer by decreasing
its higher curing temperature and the enthalpy of cure. The higher aspect ratio
and better dispersion of the NDA.PPy nanofillers resulted in a great improvement
in the electrical conductivity for these nanocomposites compared to the unfilled
matrix, where it increased from 1.24 x 107 t0 22.3 S.cm™ as the NDA.PPy loading
changed from 0 to 30 wt%, respectively. Surprisingly, the presence of conductive
NDA PPy nanofillers into the polybenzoxazine matrix improved its shielding
efficiency by absorption loss mechanism. Moreover, a total EMI SE of 27.2 (81%
by absorption loss) and 46.4 dB (86% by absorption loss) were recorded for the
2- and 5-mm-thick nanocomposites filled with 30 wt% NDA.PPy, respectively.
These findings indicate that the newly developed nanocomposites can meet the
requirements of many industrial electromagnetic radiofrequency shielding appli-
cations by shielding more than 99.9% of incident radiation.
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1 Introduction

In our days, electromagnetic interference (EMI) has
become a serious technological problem due to the
fast development of electronic and telecommunica-
tion devices, which release harmful electromagnetic
radiation and can disrupt the performance of elec-
tronic gadgets and provoke severe health problems
for their users [1, 2]. To protect these electronics tools
against EMI and improve their efficiencies and dura-
bility, extensive research has been directed toward
producing EMI shielding or absorbing materials [3].
Polymer composites filled with various fillers, includ-
ing 2D MXenes, metallic, ceramics, and carbon-based
nanomaterials, have also been developed to ensure
EMI shielding against both the low frequencies and
the radiofrequencies [4-9]. The EMI shielding effec-
tiveness is achieved through three main mechanisms
known as reflection (SER), absorption (SE,), and mul-
tiple reflections (SEy,) of the electromagnetic waves.
Due to the increased demand for microwave absorb-
ing materials, the attenuation of EMI by absorption
mechanisms is preferred instead of reflection [10, 11].

In this regard, a wide range of electrically conduc-
tive polymer composites and nanocomposites based
on intrinsically conducting conjugated polymers (ICP),
such as polythiophene, polypyrrole (PPy), and poly-
aniline (PAni), have been developed for EMI shielding
applications [12-14]. The focus on using these hybrid
systems is attributed to their low densities, corrosion
resistance, tailored electrical conductivity, design flex-
ibility, ease of processing, high thermal stability, high
electromagnetic interference shielding effectiveness
(EMI SE), and higher microwave absorption charac-
teristics [15, 16]. It has been reported that the EMI SE
value in the range of 15 to 30 dB of the EMI radia-
tion, corresponding to 99.9% attenuation, can meet
the requirement of many applications [17]. It is also
reported that the electrical conductivity of microwave
absorbing materials must be varied between 10 and
107! S.em™. Thus, it is thought that the addition of
conjugated polymer particles such as PPy can be very
suitable to satisfy this condition.

In the last two decades, polybenzoxazine thermoset,
as a new generation of phenolic resin, has emerged as
the most versatile and widely used engineering matrix
for producing high-performance composite materials,
because of its exceptional properties, such as no need
for external hardener, its high glass transition temper-
ature, improved adhesion properties, higher thermal
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stability, good chemical resistance, low shrinkage
upon cure, molecular design flexibility, and good bar-
rier properties [18-21]. However, the need for a high
curing temperature and brittleness is still the most
serious problems related to benzoxazines monomers,
while blending with other polymers, synthesizing of
new flexible monomers, or developing their high-per-
formance composites appear as promising solutions
to overcome these shortcomings. On the other hand,
some thermal and physical characteristics promote
the usage of benzoxazine thermosets in a wide range
of applications in various industries, like high-perfor-
mance coatings, matrices for fiber-reinforced compos-
ites in aerospace, and microelectronic packaging [22].

Recently, polybenzoxazine-based nanocomposites
with various conductive carbon-based nanofillers
have been developed to provide specific electromag-
netic interference (EMI) shielding and microwave
absorbing properties [23-26]. However, to the best
of our knowledge, no work has been reported on the
electromagnetic shielding properties of polybenzoxa-
zine/polypyrrole nanocomposites. In this work, new
type of phenol-aniline-based polybenzoxazine filled
with 1,5-naphthalene disulfonic acid-doped polypyr-
role nanocomposites (Poly(P-a)/NDA.PPy) were pro-
duced by a melt-mixing process to evaluate the effect
of NDA.PPy loading on the curing behavior, electrical
properties, and electromagnetic shielding characteris-
tics of polybenzoxazine matrix from 0 to 30 wt%.

2 Experimental
2.1 Materials

Phenol (99%) was purchased from Alpha Aesar (Ger-
many). Aniline (99%) and paraformaldehyde (99%)
were acquired from VWR Chemicals (France). The
typical nonfunctional phenol A-aniline-based ben-
zoxazine monomer was synthesized from phenol,
aniline, and paraformaldehyde at a molar ratio of
1:2:4, according to the solventless technique that was
reported by Ning and Ishida [27]. Dichloromethane,
chloroform, sodium hydroxide, ammonium persul-
fate, hydrochloric acid, and tetrahydrofuran were
obtained from Honeywell Riedel-de-Haen (Ger-
many). Pyrrole (Sigma-Aldrich; 98%) was distilled
under vacuum and stored in a refrigerator. Iron (III)
chloride hexahydrate (FeCl;-6H,0) (analytical grade,
Sigma-Aldrich) and 1,5-naphthalene disulfonic acid
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(NDA) (97% purity, Sigma-Aldrich) were used without
further purification.

2.2 Synthesis of 1,5-naphthalene disulfonic
acid-doped polypyrrole nanoparticles
(NDA.PPy)

The chemical polymerization of pyrrole was achieved
using a one-step synthesis method as shown in
Scheme 1. To begin, 8.7 g of freshly double-distilled
pyrrole and 45.3 g of NDA were dissolved in 150 mL
of deionized water while being vigorously magneti-
cally agitated to ensure good dispersion and a homo-
geneous system. On the other hand, 42.2 g of FeCl,
were dissolved in 150 mL of deionized water. The two
solutions were cooled to 0 °C. At this temperature, the
FeCl; solution was slowly dropped into the dispersed
pyrrole and 5-naphthalene disulfonic acid (NDA) solu-
tion and stirred for 6 h. To stop the reaction, excessive
quantity of methanol was added to the mixture. The
precipitated polypyrrole was filtered under vacuum
and washed several times with distilled water, etha-
nol, and acetone to eliminate the unreacted chemicals.
Finally, the resultant black cake was dried in an oven
at 60 °C overnight, milled into fine powder, and kept
in a desiccator. The chemical reactions involved in the
synthesis of 1,5-naphthalene disulfonic acid-doped
polypyrrole nanoparticles and its chemical structure
are graphically depicted in Scheme 2.

Scheme 1 Synthesis steps
of 1,5-naphthalene disulfonic
acid-doped polypyrrole nano-
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Scheme 2 The chemical reactions involved in the synthesis of
1,5-naphthalene disulfonic acid-doped polypyrrole nanoparticles

2.3 Preparation of polybenzoxazine/NDA.PPy
nanocomposites
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were produced by adding different weight ratios
of NDA PPy, in the range of 5-20 wt%, into 20 ml
of dichloromethane containing 2 g of benzoxazine
monomer (P-a). The resulting mixtures were then
ultrasonically treated for 2 h to ensure homogene-
ous dispersion of NDA.PPy into the thermosetting
matrix. The obtained solutions were then dried
to evaporate the solvent and afford viscous black
cakes, which were then poured into the respective
molds and melted at 80 °C. The thermal curing pro-
cess for the corresponding poly(P-a)/NDA.PPy was
initiated using a graded thermal curing program of
120 °C, 160 °C, and 180 °C for 2 h.

2.4 Characterization

Fourier transform infrared (FTIR) spectra of the
developed specimen were acquired using a Perki-
nElmer 100 spectrometer equipped with a deuter-
ated triglycine sulfate (DTGS) detector and KBr
optics. Transmission spectra were recorded from
4000 to 500 cm™ with a resolution of 4 cm™ after
averaging two scans by casting a thin film on a KBr
plate. Raman spectra of the synthesized NDA.PPy
PPy conductive nanofillers were investigated using
a Micro Raman System RM3000 spectrometer and
an excitation laser wavelength of 532 nm, which
was focused onto the specimen using a microscope
with a X100 objective.

To evaluate the effect of PPy on the curing
behavior of benzoxazine monomer, DSC experi-
ments were carried out on a DSC 2920 model from
TA Instruments with a heating rate of 20 °C/min
and a nitrogen flow rate was recorded with 60 ml/
min for all tests. The Zetasizer AT is a “Malvern
Panalytical” instrument that uses light scattering to
determine particle size in the range of 1 to 1000 nm
with an accuracy of +/-2%. To determine the par-
ticle size of NDA.PPy nanoparticles, a solution of
0.5 wt% nanoparticles dispersed in water was used.
To assess the dispersion state in poly(P-a)/NDA.
PPy nanocomposite specimens, a scanning electron
microscope (SEM) (FEI-Quanta 600) at voltages of
15 kV and 5 kV was used.

Direct current electrical conductivity (opc) tests
were performed at room temperature on the pure
poly(P-a) matrix and its highly resistive nano-
composites filled with NDA.PPy (<1077 S.cm™)
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by a Keithley 6517 A electrometer connected to a
Keithley 8009 test fixture following the 2-probe
standard technique. On the other hand, the electri-
cal conductivities of conductive poly(P-a)/NDA.PPy
nanocomposites (opc > 107 S.cm™) were precisely
obtained by means of the 4-probe standard tech-
nique using a Jandel RM3000 apparatus at room
temperature. The dimensions used for the nano-
composite specimens in this test were a square form
of 10 x 10 x T mm?”.

The Alternating current conductivity o,c of the
prepared nanocomposite systems were determined
with the help of an impedance analyzer (Solar-
tron impedance/gain phase analyzer 1260) using
a platinum (Pt) electrode at 21 °C at a frequency
range of 100 Hz tol MHz. All specimens were com-
pletely dried before coating with conducting silver
evenly and shaped to plates with a diameter around
20 mm. This experiment was repeated three times
under the same conditions.

The EMI SE and dielectric properties of poly(P-
a)/NDA.PPy nanocomposites were evaluated in
the microwave frequency range of 8.2-12.4 GHz
(X-band), using a standard rectangular waveguide
and a 2-port Vector Network Analyzer (model
8719ES, Agilent Technologies, Santa Clara, Califor-
nia). The real part (dielectric constant, ¢') and imag-
inary part (dielectric loss, €") of the permittivity of
the tested nanocomposites were obtained by Agi-
lent 85071 software. The EMI SE, which represents
the amount of electromagnetic radiation attenuated
in a specific material, can be thus measured. In the
present study, EMI SE was calculated from the S;,
(5,;) measurements (S-parameters) [3] using Eq. (1).

EMISE(dB) = 1010g10(%> + 1010g10<%>, 1)
|S12] |Sa1]

where |S;,| denotes the transmitted power from port
1 to port 2.
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Fig. 1 a Raman spectra for the as-synthesized NDA.PPy nanoparticles and b FTIR spectra of P-a/NDA.PPy nanocomposites, and ¢ Par-

ticle size distribution of NDA.PPy nanoparticles

3 Results and discussion
3.1 Structural analysis

To characterize the structural features of NDA.PPy
nanofillers, Raman spectrum was carried out with an
excitation laser wavelength of 532 nm. In Fig. 1A, a
typical intense tangential resonance absorption band
(G band) at 1559 cm™ and a defect band (D band) at
1375 cm™ were detected in the spectrum of the as-
synthesized NDA.PPy, which correspond to the C=C
backbone stretching and the ring stretching mode of
PPy, respectively [28]. In our case, the intensity ratio
of the D band to that of the G band (Ip/I;) for the
NDA PPy reached 0.78, which is similar to the ratios
reported in the literature [29].

The FTIR spectra of P-a monomer, DNA.PPy, and
their resulting P-a/DNA.PPy mixtures containing 5,
15, and 30 wt% of DNA.PPy nanofillers are depicted

in Fig. 1B. The curve of P-a clearly showed the exist-
ence of the all well-known characteristic peaks of ben-
zoxazine structure, for example, the peak at 944 cm™
is related to the characteristic mode of benzene with
an attached oxazine ring [21]. The bands at 1228 and
1075 cm™! are ascribed to the asymmetric and sym-
metric stretching of C-O-C, respectively. The CH,
wagging and asymmetric stretching modes of C-N-C
are detected at 1323 and 1158 cm™, respectively [18].
Likewise, the band at 1497 cm™ is attributed to the
trisubstituted benzene ring. On the other hand, the
FTIR spectrum of NDA PPy revealed the presence
of methyl and methylene group absorption bands at
2965, 2931, 2894, and 2866 cm ™!, respectively [28]. Also,
the absorption bands related to the in plane deforma-
tion and stretching vibrations of C-N bond occur at
1457 cm™! and 1290 cm™, respectively. The appearance
of peaks at 1044 and 914 cm™’ related to the vibration
of polypyrrole =C-H groups are also identified [27].

@ Springer
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Furthermore, the band related to the vibration of the
C=C bond of the pyrrole rings appears at 1543 cm™.
From the FTIR spectra of P-a/DNA.PPy nanocom-
posites, it appears clearly that the absorption bands
of both components for example, the intensity of the
band corresponding to the vibration of the C=C bond
of the pyrrole at 1543 cm™ is increased as the DNA.
PPy loading in the mixtures increased. These results
confirm the successful synthesis of the P-a monomer,
DNA.PPy, and their nanocomposites.

The particle size of NDA.PPy nanoparticles was
determined by means of “ZetaSizer AT” using a 0.5
wt% solution of nanoparticles dispersed in pure water.
Figure 1C illustrates the resulting particle size distri-
bution. The average particle size for the synthesized
NDA.PPy is 78 nm.

The morphology of the prepared NDA.PPy was
observed by TEM and SEM, while the neat poly(P-
a) and their resulted nanocomposites filled with 10
wt%, 20 wt%, and 30 wt% were examined using SEM
and the corresponding collected images are depicted
in Fig. 2. The morphology of PPy appeared in the form
of granules, as shown from the TEM and SEM pho-
tos in Fig. 2a, b, respectively [30]. However, the cured
polybenzoxazine resin shows a smooth, textured,

] Mater Sci: Mater Electron (2023) 34:1814

contour less structure, as depicted in Fig. 2(c) [31]. Fur-
ther micrographs of PPy-loaded poly(P-a) matrix in
Fig. 2d—f revealed significant changes in the morphol-
ogy of polybenzoxazine matrix, which transformed
from glassy structure to a rough and irregular form,
which means that the ring-opening polymerization of
P-a rings were started on the granular surface of the
interconnected linear network of PPy. Thus, the addi-
tion of PPy resulted in interlocked layers covered with
the benzoxazine matrix over the surface. This inter-
layered morphology is generated due to hydrogen
bonding and m—m stacking interaction between NDA.
PPy with benzene rings of poly(P-a) which promote
the compatibility in these nanocomposites [32]. On
the other hand, the addition of NDA.PPy fillers are
straightforwardly dispersed into the polybenzoxazine
matrix and form adjacent connecting patterns, which
play the role of conductive paths.

3.2 Curing behavior

The curing behavior of P-a monomer and its resulting
nanocomposites were evaluated by means of DSC in
the temperature range of 40 °C to 350 °C. The recorded
thermograms of nanocomposites are displayed in

Fig.2 a TEM image as-synthesized NDA.PPy and b SEM images of NDA PPy, ¢

SEM images of poly(P-a), d—f SEM images of

poly(P-a)/NDA.PPy nanocomposite containing 10 wt%, 20 wt%, and 30 wt% of NDA.PPy nanofillers, respectively

@ Springer
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Fig.3 DSC curves of uncured P-a/NDA.PPy nanocomposite
mixtures

Table 1 Curing characteristics of P-a monomers with different
wt% of NDA.PPy.

NDA.PPy Onset Peak Temperature AH (J/g)
(Wt.%) Temperature (°C) (7p) (°C)

0 221.2 261.4 356

5 209.6 253.1 311.5
10 205.3 247.3 256.3

20 177.2 230.5 233.8

30 173.4 2247 208.6

Fig. 3 and the curing data are collected in Table 1. The
exothermic curing onset of P-a monomer, due to the
ring-opening polymerization, starts at 221.2 °C and
finalizes at 261.4 °C. Accordingly, the trisubstituted
benzene ring transforms into a tetrasubstituted rings
and a three-dimensional polybenzoxazine is formed
as illustrated in Scheme 3. Aiming to reduce this tem-
perature, the curing process of P-a monomer is inves-
tigated in the presence of various ratios of nitrogen-
rich, conductive NDA.PPy. The addition of NDA.PPy
conductive nanofillers gradually reduced the curing
temperature of the P-a monomer, as expected. In
addition, the appearance of a single exothermic peak
for the P-a/NDA.PPy nanocomposites indicates that
polymerization occurs in a single step. The inclusion
of 30 wt% of NDA.PPy resulted in a decrease in the
curing peak temperature of 36.7 °C. In addition, a
remarkable decrease in the onset of curing tempera-
tures and enthalpy of cure (AH) of these nanocom-
posites are equally detected as shown in Table 1. This
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Scheme 3 The curing process of P-a benzoxazine monomer in
the presence of NDA.PPy nanoparticles

results are attributed to the great capacity of NDA.
PPy to decrease the exothermic nature of curing pro-
cess through the construction of low energy activation
path due to its acidic characteristics. In addition, like
other types of amides and oligomeric amines, which
has a secondary amine on five membered hetero rings,
NDA.PPy is also considered as very effective modi-
fier to heatless catalyze the ring-opening process of
benzoxazine resins, which is in accordance with sev-
eral reported studied [33]. In the presence of polypyr-
role, a decrease in the curing temperature of the ben-
zoxazines was observed, which can be attributed to
the catalytic nature of polypyrrole. When the nitro-
gen atom of the polypyrrole ring with its lone pair
is heated, it initiates the ring opening of benzoxazine
moieties, leading to the formation of Intermediate-I
(In-1). Intermediate-I can further proceed through two
pathways. In the first pathway, the lone pair on the
tertiary nitrogen undergoes a highly feasible migra-
tion, followed by a prototropic shift, resulting in the
formation of a Zwitterion (consisting of an iminium
nitrogen cation and a secondary carbanion) and the
regeneration of polypyrrole. The secondary carbanion
of the Zwitterion then attacks the iminium nitrogen

@ Springer
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Scheme 4 Mechanism of PPy-assisted curing reaction of P-a
benzoxazine monomer

cation of another Zwitterion in a chain reaction, fol-
lowed by keto-enol tautomerism, ultimately result-
ing in the formation of the polybenzoxazine network
with polypyrrole stacking in between. On the other
hand, the second process involving the less feasi-
ble migration of the lone pair on the nitrogen atom
of the pyrrole moiety only leads to the formation of
an unstable methylene pyrrolium cation. Therefore,
the first mechanism adequately explains the catalytic
activity of the regenerated polypyrrole, as shown in
Scheme 4. Additionally, it is expected that the linear
and amorphous nature of PPy promotes interaction
with benzoxazine monomers. Consequently, the addi-
tion of 5 wt% to 30 wt% NDA.PPy to the benzoxazine
monomer P-a results in a significant reduction in the
curing temperature and curing enthalpy of the mixed
P-a/NDA PPy systems. Based on these findings, it can
be concluded that NDA PPy exhibits catalytic activity
similar to other amines [33-35].
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Fig. 4 The DC electrical conductivity of poly(P-a)/NDA.PPy
nanocomposites at various nanofiller ratios

3.3 Electrical conductivity
3.3.1 DC electrical conductivity

The evolution of electrical conductivity (¢) of poly(P-
a)/NDA.PPy nanocomposites at various nanofiller
ratios are depicted in Fig. 4. The pure poly(P-a)
demonstrated an isolated feature with a very small
electrical conductivity value of 1.24 x 107* S.cm™
However, the electrical conductivity of the devel-
oped poly(P-a)/NDA.PPy nanocomposites are
enhanced by increasing the NDA.PPy ratio to reach
its maximum value of 22.3 S.cm™ at 30 wt%, due to
the construction of conducting paths into the poly-
benzoxazine matrix, as previously found from their
morphological analysis microstructures. Also, a
sharp increase in the electrical conductivity of these
nanocomposites (approximately eleven orders of

Table 2 The electrical properties of poly(P-a)/PPy.NDA nano-
composites

NDA. NDA.PPy (vol%) o (S.em™)  Log;, (6) (S.cm™)
PPy

(Wt%)

0 0 1.24x1071% - 13.91

5 3.97 8.45x1078 —-7.07

10 7.93 1.3%x1072 —1.89

15 11.92 11.4 1.06

20 15.87 13.8 1.14

30 23.81 22.3 1.35
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Fig. 5 Frequency-dependent AC electrical conductivity of
poly(P-a)/NDA.PPy nanocomposites

magnitude) is noted between 5 wt% (3.97 vol%) and
15 wt% (11.92 vol%) NDA.PPy content, reflecting
that the percolation threshold of these nanocom-
posites is around 10 wt%. This clearly indicates an
insulator—conductor transition as the NDA.PPy nan-
oparticles construct a conductive network within the
poly(P-a) matrix. Expectedly, the increase in electri-
cal conductivity for these nanocomposites was more
pronounced after the percolation threshold (10 wt%),
which can be justified by the higher aspect ratio and
the improved dispersion state of NDA.PPy filler into
polybenzoxazine matrix (Table 2) [36].

3.3.2 AC electrical conductivity

Figure 5 illustrates the results of frequency-dependent
AC electrical conductivity measurements conducted
on poly(P-a)/NDA.PPy nanocomposites at room
temperature. The neat poly(P-a)-based thermoset
behaves as an electrical insulator with a conductivity
of approximately 107® S/cm. However, the addition
of a mere 5 wt% of NDA.PPy significantly enhances
the electrical conductivity of the nanocomposite to
5x107 S/cm at 10 Hz. As the frequency increases from
10 Hz to 1 MHz, the electrical conductivity values fur-
ther increase t0 9.88 x 1074 17 x 1073, and 4.96 x 1072 for
poly(P-a)/NDA.PPy nanocomposites containing 10
wt%, 15 wt%, and 20 wt% NDA. PPy, respectively. The
highest electrical conductivity of 12.3 S/cm is observed
in the nanocomposite containing 30 wt% of NDA.PPy.
The frequency-independent plateau region indicates
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the formation of a percolating network-like structure
of NDA.PPy within the poly(P-a) nanocomposite. This
suggests that the constant conductivity represents the
direct current conductivity, which increases with the
higher weight fractions of NDA.PPy in the nanocom-
posites. Consequently, an increase in the NDA PPy
content leads to enhanced electrical conductivities in
polybenzoxazine nanocomposites due to the develop-
ment of conducting paths within the matrix [37, 38].
The significant change in conductivity with respect to
filler content can be attributed to the dispersion mode
of the filler. At lower filler contents (<5 wt%), the filler
particles, in various shapes and sizes, are uniformly
distributed within the insulating matrix, with larger
distances between adjacent filler particles. However,
as the filler content increases, the interfacial interac-
tion between the individual filler particles and the
polymeric matrix improves, increasing the probability
of developing a conductive network throughout the
matrix. This phenomenon highlights the homogene-
ous dispersion of NDA.PPy nanofillers in the poly-
benzoxazine matrix and their inherent higher electrical
conductivity.

3.4 Electromagnetic shielding properties

Total EMI SE is defined as the sum of three main EMI
attenuation mechanisms: reflection loss (SEy), absorp-
tion loss (SE,), and multiple internal reflection loss
at the material interface (SE,,) (conductive fillers or
porosity). In the present study, the multiple reflection
effects were neglected as they cannot be evaluated as
a distinct factor [39]. The transmittance (T) and reflec-
tance (R) coefficients were determined through the
S-parameters obtained by the vector network analyzer
[40, 41], as given in Egs. (2) and (3):

Er

T=|%|=15al = |sal )
1
E
R=|Z=sul =[52l" ©)
1

The absorbed coefficient was computed, by taking
into account that the incident power utilized in the
measurements was 5 dB, using Eq. (4).

A=I-T-R (4)

The total EMI SE average, absorption loss (SE,),
and reflection loss (SER) were determined from the
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transmittance (T) and reflectance (R) coefficients and
assessed by using Egs. (5, 6, 7) [40].

EMI SE = SE + SE, = 10108(%) + 1010%(#)
= 1010g<%)

6)

SEg = 1010g(ﬁ) (©)

SE, = 101og<#) @)

when an EM wave hits a polybenzoxazine/NDA.
PPy nanocomposite shield, the electrons and other
charged particles inside this shield respond to the
incident wave by creating a scattered field or induced
field. The induced field changes the total field inside
the shield, which affects the charge motion. Three dif-
ferent mechanisms contribute to the shielding of an
incident EM wave, namely reflection R, absorption A,
transmission T, and multiple reflection MR [42]. The
addition of conductive polypyrrole nanoparticles to
a poly(P-a) matrix can lead to changes in the absorp-
tion, reflection, and transmission coefficients of their
resulted nanocomposite material. These effects are
mainly driven by the unique electrical and electromag-
netic properties of PPy nanofillers, such as their strong
absorption characteristics, electrical conductivity mod-
ifications, and EM-scattering performance. The con-
centration, dispersion, and size of PPy nanoparticles

32
28 30 wt.% NDA.PPy
I I N S N

24 -
. 20 wt.% NDA.PPy
% 20 A IIIIIIIIIIIIOIIIIaaa
16
5 15 wt.% NDA.PPy
E 124 \AAAAAAAAAAAAAALAAAALAAAALAAAAALALAALAAA
8 10 wt.% NDA.PPy
o 8+ AAAAAAAAAAAAAAAAAAAAAAALAALAAAAAD
= 5 wt.% NDA.PP

44 0000000000000 000O0OCOC0OOCGOCOCOIONOGOINNDS

poly(P-a)
o_ EEEEEEEEEEEEEEEEENEEEEEEEEEEEER

T . T L T . T e T
8,00E+009 9,00E+009 1,00E+010 1,10E+010 1,20E+010
Frequency (Hz)

Fig. 6 The variation of total EMI SE values of poly(P-a)/NDA.
PPy with frequency at X-band
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within the polybenzoxazine matrix can control the
final EM shielding properties of their composites [43].

3.4.1 Effect of NDA.PPy loadings on the EMI SE
of nanocomposites

The influence of NDA.PPy conductive filler content on
the average total EMI SE, which comprises the absorp-
tion phenomena, reflection phenomena, and the elec-
trical conductivity of the studied nanocomposites, is
shown in Fig. 6. The EMI SE tests were carried out
in the X-band frequency range (8.2 at 12.4 GHz) on
nanocomposite specimens with a thickness of 2 mm.
It is observed that the pure poly(P-a) has the lowest
EMI SE value of 1.1 dB. In addition, lower values are
detected for nanocomposites filled with NDA.PPy
filler before their percolation thresholds, which cor-
responds to 10 wt%. However, after the percolation
threshold, the developed nanocomposites demon-
strated dissimilar behaviors due to the formation of
conductive networks, where the EMI SE values are sig-
nificantly increased to reach their maximum value of
27.2 at 30 wt% NDA. PPy loading. These nanocompos-
ite shields tend to be conductive, due to mobile charge
carriers as confirmed by previous research works [44].
Our newly explored nanocomposites showed higher
EMI SE values compared to some polyurethane and
epoxy systems containing NDA.PPy conductive fillers,
as reported in the literature [45-47].

Table 3 lists the experimental data on the total EMI
SE average, SE,, SEg, and the EMI SE percentage by
absorption for the studied nanocomposites. In the
case of poly(P-a)/NDA.PPy nanocomposites with
higher nanofiller content, SE, rises and SEy becomes
fixed. This behavior is attributed to the high dielectric

Table 3 Total EMI SE average, SE,, SEg, and percentage of
EMI SE by absorption of the developed nanocomposites having
a thickness of 2 mm

NDA. Total EMI SE(dB) SE,(dB)  SER(dB) SE, (%)
PPy

(Wt%)

0 1.1+0.1 0.1+£0.1 0.8+0.1 9

5 4.7+0.2 1.1+£0.2 3.6+02 23

10 72+0.3 41+£0.1 3.1+£06 57

15 11.3+0.2 7.1+£03 42+02 63

20 19.8+0.6 151+£06 4.7+0.1 76

30 27.2+0.1 21.9+0.1 53+02 81
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loss of NDA.PPY nanofiller-reinforced polybenzoxa-
zine nanocomposites and reflects a trend between the
absorption mechanism and nanofiller ratio. In addi-
tion, exceeding the percolation threshold makes SE,
as the principal EMI shielding mechanism for both
(2 and 5 mm) nanocomposites. This is ascribed to
the formation of conductive routes in the polybenzo-
xazine matrix, which eases the charge carrier move-
ment, increases electromagnetic radiation contacts,
and the existence of electric and/or magnetic dipoles
in the polybenzoxazine/NDA.PPy shielding material,
which interacts with the electromagnetic field. There-
fore, high EMI SE and SE , values were detected for the
poly(P-a)/NDA.PPy nanocomposites as the conductive
NDA PPy nanofiller content increased while the SEy
values remained practically unchanged. These effects,
however, were not observed in pure poly(P-a) or its

Table 4 Total EMI SE; average, SE,, SEy, and percentage of
EMI SE by absorption of some poly(P-a)/NDA.PPy nanocom-
posites having a thickness of 5 mm

PPy Total EMI SE, dB SE,,dB  SEy,dB EMISE,,%
content

(Wt%)

10 18.1+0.5 12.2+0.1 59+03 67

20 25.6+0.3 195403 6.1+0.2 76

30 46.4+0.1 40.1+04 6.3+0.2 86

()

50 -

{a) Poly(P-a)

{b) 5 wt.% NDA.PPy

{c)10 wt.% NDA.PPy
40 (d) 15 wt.% NDA.PPy
{e) 20 wt.% NDA.PPy
{f) 30 wt.%NDA.PPy

PEE b Br )
20| C 1< ¢<«««<«~-¢«‘«4«, oy

Yy Yy Yy y vy yyy V¥ VY Y'YV Yy yy vy
10]CIAAAAAAAAAAALAAAAAMAAAAAALAAL
(blosoeeoosesessessescsnosssoense
(a)mEgEgsapEEEEgEpEg gl amSapn

() >y >y
>
30 b>;>>,>>)

Real Permitivity (¢')
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Frequency (GHz)
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nanocomposites, which have lower electrical conduc-
tivity values (lower than 8.45x 10 S.cm™).

3.4.2 Effect of nanocomposite thickness on the total EMI
SE

The effect of poly(P-a)/NDA.PPy specimen thickness
(2 and 5 mm) on the total EMI SE was studied, and
the measured EMI SE, SE,, SE, and the percentage
of EMI SE by absorption data of the nanocomposite
with 5 mm thickness are summarized in Table 4. As
anticipated, the EMI SE values of specimens having
a thickness of 5 mm are more pronounced than those
with a 2 mm thickness. This result is probably due to
the increased shielding efficiency by absorption mech-
anism in the thick nanocomposites, as the shielding
efficiency by reflection mechanism (SEg) value was
almost fixed [48]. The 5-mm-thick nanocomposite con-
taining 30 wt% of NDA.PPy demonstrated an EMI SE
of approximately 46.4 dB, which is more than one and
a half times recorded for a similar nanocomposite with
2 mm thickness (27.2 dB).

3.5 Dielectric properties of nanocomposites

The complex permittivity (¢* = ¢’ — je") of poly(P-a)/
NDA.PPy nanocomposites were determined directly
from scattering parameters and phase shift measure-
ments by following the standard Nicholson-Ross-Weir

30 - (a) Poly(P-a)
] (b) 5 wt.% NDA.PPy
25 {c)10 wt.% NDA.PPy
|| (d) 15 wt.% NDA.PPy
~ 204 M {e) 20 wt.% NDA.PPy
I (f) 30 wt.%NDA.PPy
@ (e)
8" W«
e 1
L R 4 o s L R R RARASRAL D A
o
2 1 {c)
a 5
RO s e e YR TR R
0 () pm-mmeu -
J T T T T T T

8 9 10 11 12
Frequency (GHz)

Fig. 7 Variation of a Real and b imaginary part of permittivity of poly(P-a)/NDA.PPy at various weight ratios nanocomposites with

X-band frequencies
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technique [49]. The real (¢') and imaginary (¢") per-
mittivity of the poly(P-a) matrix and their resulting
2 mm-nanocomposites as a function of frequency in
the X-band are shown in Fig. 7. Both ¢’ and ¢" are
enhanced with the rising of PPy.NDA content due to
the formation of conductive chains, which provokes
higher dipole intensity and improves the interfacial
polarization phenomena. Expectedly, the values of
¢"and e" of poly(P-a)/NDA.PPy nanocomposites are
higher than that of the unfilled resin due to the homog-
enous dispersion of conductive NDA.PPy nanofillers
into this matrix, which increases the dipole intensi-
ties and promotes the interface polarization, which
increases the shielding efficiency values by absorp-
tion mechanism (SE,). Furthermore, minor resonant
effects and fluctuations for ¢’ and ¢” are detected with
increasing frequency beyond the percolation thresh-
old for the poly(P-a)/NDA-PPy nanocomposites. These
effects are most commonly observed in polymer com-
posites filled with conductive high aspect ratio nano-
filler and exhibiting increased electrical conductivity
[50].

4 Conclusions

Electrically conductive polybenzoxazine nanocom-
posites filled with NDA.PPy conductive fillers were
successfully produced with a thickness of 2 and 5 mm
and their curing behavior, electrical, and shielding
properties were evaluated. DSC analysis confirmed
the heatless catalytic effect of doped polypyrrole,
where a significant reduction in the curing tempera-
ture and the enthalpy of cure as the contents of NDA.
PPy are increased. As the ratio of nanofillers increased
in the polybenzoxazine matrix, the EMI SE, the AC
electrical conductivity, and the DC electrical conduc-
tivity were gradually increased; this was due to the
high aspect ratio of the fillers used, which eased the
construction of well-dispersed conducting pathways
even at lower amounts of filler (percolation threshold
of 10 wt% NDA.PPy). In addition, the concentration
of conductive fillers influenced the electromagnetic
interference attenuation mechanism; as the NDA.PPY
loading into the thermosetting matrix increased, so did
the absorption loss (SE ). Moreover, the EMI SE data
of these nanocomposites were affected by both their
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thicknesses and their tested frequencies. Furthermore,
as the PPy.NDA ratio increased in the matrix, both
the dielectric constant and dielectric loss values for
the newly developed nanocomposites were signifi-
cantly increased, which reflects the presence of higher
dipolar and interfacial polarization. Remarkably, the
addition of conductive NDA.PPy nanofillers into
the polybenzoxazine thermoset enhanced its shield-
ing efficiency by absorption loss mechanism, where
a total EMI SE of 27.2 (81% by absorption loss) and
46.4 dB (86% by absorption loss) were recorded for
the 2- and 5-mm-thick nanocomposites containing 30
wt% NDA PPy, respectively. These findings indicate
that the newly developed polybenzoxazine/NDA PPy
nanocomposites can meet the requirements of many
industrial electromagnetic radiofrequency shielding
applications by shielding more than 99.9% of incident
radiation in the X-band.
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