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Broadband Dielectric Spectroscopy in PA6 composites

Introduction

Polyamide 6 (PA6) stands as one of the most widely
utilized thermoplastics, owing to the accessibility of its
monomer, e-caprolactam (ECL), its adaptability across
a broad spectrum of applications, and the economic
viability of its production, processing, and recycling.
PA6 combines properties such as high strength and
toughness, effective resistance to chemicals and abra-
sion, and considerable thermal stability. These char-
acteristics position PA6 as the primary choice for the
manufacture of thermoplastic materials. PA6 finds
application in a diverse range of industries, spanning
automotive components, industrial parts, construction
materials, electronic devices, and textile structures,
among others [1, 2].

As an insulating material, PA6 has been the sub-
ject of investigation using dielectric spectroscopy
[3-12], alongside with other polyamides and their
blends [13-18]. The dielectric behavior of polyam-
ides is closely related to their semi-crystalline nature
and the strong interchain interactions by hydrogen
bonding between amide groups. Polyamides are
polar and tend to absorb water leading to a decrease
in the glass transition temperature and changes in
local mobility [5, 6]. In general, the dielectric spectra
of polyamides reveal three main mechanisms asso-
ciated with molecular motions. These involve two
local motions, referred to as the y- and -relaxations,
which are predominant at lower temperatures, and

the segmental a-relaxation at higher temperatures,
the latter being related to the glass transition of the
amorphous phase. Furthermore, at temperatures
above the a-transition, an interfacial polarization
phenomenon known as Maxwell-Wagner-Sillars
(MWS) polarization becomes observable. This polari-
zation emerges from the trapping of free charges at
the boundaries between crystalline and amorphous
regions [14, 15]. It is worth noting that conductivity
effects in polyamides have only been found to be sig-
nificant at relatively high temperatures [7].

To control or modify the insulating characteristics
of polymers, conductive fillers have been employed.
These fillers enable the formation of a continuous
conductive network within the polymer matrix. Vari-
ous examples of such fillers include different carbon
allotropes [19-23], metal particles [24-26], or intrinsi-
cally conducting polymers [27, 28]. Carbon nanotubes
(CNT) are among the most extensively researched con-
ductive carbon fillers employed in polymer composites
due to their ability to significantly enhance electrical
conductivity even in small quantities [29-33]. How-
ever, CNT have a substantial cost and tend to agglom-
erate during the traditional melt processing of com-
posites that contain them. Consequently, researchers
have also explored the electric and dielectric response
of polymer composites containing alternative carbon-
based conductive fillers, including graphite [34], car-
bon black [3], carbon nanofibers [35], graphene [36],
and fullerene derivatives [37].
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The utilization of metal micro- and nanoparticles to
fine-tune the electrical conductivity of polymer matri-
ces has been less common. This is primarily due to
their high density, limited corrosion resistance, and
the associated high processing costs [38, 39]. Instead,
there is a growing trend of combining carbon and
metal fillers. For instance, this is achieved by coat-
ing carbon fibers with metals using cementation and
electroless deposition techniques, with copper (Cu)
or nickel (Ni) being the most commonly used metals
[40]. However, it should be noted that these techniques
are relatively complex and costly, especially for large-
scale industrial applications.

One possible approach to prepare polymer com-
posites with various fillers that have distinct electri-
cal, dielectric, and magnetic properties is the use of
core—shell micro- and nanoarchitecture strategies [41].
In this method, each micro- or nanosized filler particle
is encapsulated by the matrix polymer using different
polymerization techniques. The resulting microparti-
cles can then be transformed into polymer composites
through conventional molding techniques. A simi-
lar two-stage synthetic process has been effectively
employed to produce PA6 hybrids containing both
metal and carbonaceous fillers [42, 43]. First, activated
anionic ring-opening polymerization (AAROP) of ECL
is performed in a hydrocarbon suspension containing
metal [42—44], carbon allotropes [43, 45], or their mix-
ture [46]. This leads to the production of PA6 micro-
particles (PA-MP) loaded with the fillers. Then, the
PA-MP are molded into PA6 composite plates using
compression molding.

In our previous work [46], we described the syn-
thesis of PA-MP loaded with both metals and CNT
using AAROP in their presence and their subsequent
conversion into molded composite plates. Our inves-
tigation demonstrated that by changing the type and
ratio of metal and CNT, we could produce binary PA6-
based composites exhibiting a significant increase in
electrical conductivity. This enhanced electrical con-
ductivity resulted in a good performance in terms
of electromagnetic shielding properties [47]. So far,
however, no studies have explored the frequency- and
temperature-dependent conductivity of these dually
loaded composites obtained via AAROP. Broadband
dielectric spectroscopy (BDS), a technique that reflects
both molecular relaxation and electrical conductivity
phenomena [48], has proven to be an effective non-
destructive method for the electrical characterization
of polymer composites over a wide frequency range.

@ Springer

This study is the first report on the frequency and
temperature dependence of the electrical conductiv-
ity in PA6-based composites loaded with both metal
and CNT (Me-CNT) fillers, obtained through reactive
encapsulation followed by compression molding. Cu,
Al, and Fe are all abundant and industrially important
metals that can be pulverized into micron-sized parti-
cles relatively easily. Notably, the nature of the metal
directly influences the shape and size of the resulting
particles. Moreover, Al and Cu are excellent electrical
conductors with diamagnetic or paramagnetic proper-
ties, respectively, whereas Fe has lower electrical con-
ductivity but displays ferromagnetic properties. Al is
a lightweight metal with a density of 2.7 g/cm?, while
Cu and Fe are considerably denser, with densities of
8.99 g/cm?® and 7.87 g/cm’, respectively.

The electrical conductivity of various dually loaded
PA6 composites is determined over a wide range of
frequencies and temperatures, i.e., —150<T (°C) <100
and 107" <f (Hz) < 10°. This BDS study reveals the syn-
ergy between the metal and CNT fillers that enhance
the electrical conductivity of metal/carbon PA6 com-
posites. It contributes to a deeper comprehension of
the nature of electrical conductivity in polymer com-
posites loaded with mixed Me-CNT fillers that could
lead to novel effective applications.

Experimental section
Materials

The ECL monomer, AP-Nylon® Caprolactam, with
reduced moisture content, was purchased from
Briiggemann Chemical, Germany. Difunctional hex-
amethylene-1,6-dicarbamoyl-caprolactam, Bruggolen
C20P® (C20), purchased from Briiggemann Chemi-
cal, Germany, was used as a polymerization activator.
According to the manufacturer, it contains 17 wt% of
di-isocyanate blocked in ECL. Sodium dicaprolactamo-
bis-(2-methoxyethoxo)-aluminate, Dilactamate® (DL),
80% in toluene solution, delivered by Katchem Co.,
Czech Republic, was used as the polymerization initia-
tor. The powders of Cu (>99.5%, grain size <40 pum)
and Al (>93%, grain size <100 um) were supplied by
Merck-Sigma-Aldrich. The soft, non-insulated car-
bonyl Fe powder (>99.5, average grain size 3-5 um)
was kindly donated by the BASF Group, Germany.
The multi-walled CNT (MWCNT, = 98% carbon basis)
with an outer diameter of 10 nm and length of 3-6 um
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were purchased from Merck-Sigma-Aldrich. Toluene,
methanol, and other solvents, all of “puriss” grade,
were purchased from Sigma-Aldrich. All chemical rea-
gents, payloads, and solvents were used as received,
without further treatment.

Preparation of the microparticles
and respective composites

The synthesis of the loaded PA-MP involved the
solution-precipitation AAROP of ECL, following a
procedure published elsewhere [43, 46]. In a typical
polymerization process for neat PA-MP, 0.5 mol of
ECL were introduced into a toluene/xylene mixture
(180 mL) under stirring. The mixture was then refluxed
under a N, atmosphere for 10-15 min to stabilize it.
Subsequently, 3 mol% of DL and 1.5 mol% of C20 were
added at once. The polymerization was carried out for
2 h while maintaining the temperature in the range of
125-135 °C at a constant stirring rate of ca. 800 rpm.
The neat PA-MP were obtained in the form of fine
white powder and separated from the reaction mix-
ture through hot vacuum filtration. They were then
washed several times with methanol and dried for 4 h
at 80 °C in a vacuum oven.

For the mono-loaded PA and dually loaded PA-MP,
a mixture containing the desired quantities of CNT,
metal particles (Al, Cu, or Fe), or a combination of
both was introduced into the polymerization medium.
In the case of samples containing CNT, a sonication
process was conducted for 30 min as a part of the
protocol to prevent agglomeration. The mixture was
then added to the ECL, and the total solvent volume
was adjusted to 180 mL. From this point onward, the
AAROP procedure was executed as it was for the neat
PA-MP. The mono- and metal-CNT-loaded PA-MP
were obtained as a fine dark powder with metallic
luster typical of the respective load and were isolated
from the reaction mixture, washed, and dried in the
same way as for neat empty PA-MP.

The compression molding of the PA-MP into
composite plates was carried out in a 25-ton Moore
hydraulic hot press (England). A rectangular mold
with dimensions of 85 x 75 x 1 mm was employed. The
quantity of each PA-MP deposited into the mold was
determined considering the mold’s volume, the den-
sity of PA6, and the chosen fillers. A pressure of 5 MPa
was applied for 5-7 min at 230 °C. Subsequently, the
composite plates were cooled down to 80 °C at a rate
of 40 °C/min.

Morphological and thermal characterization

Thermogravimetric analysis (TGA) was used to
determine the effective real load (R;) in PA-MP. A
Q500 TGA equipment (TA Instruments, USA) was
employed, heating the samples from 40 to 600 °C at
10 °C/min in a nitrogen (N,) atmosphere. The typical
sample weights were in the 10-120-mg range. The R,
value was calculated according to Eq. 1:

Ry = R¢ — Rppg, % (1)

where Rp,g is the carbonized residue at 600 °C of
empty PA-MP, and R; represents the carbonized resi-
due of the respective loaded PA-MP measured by
TGA.

Differential scanning calorimetry (DSC) meas-
urements were carried out in a 200 F3 equipment
of Netzsch (Germany) at a heating rate of 10 °C/min
under N, purge in the 0-250 °C range. The typical
sample weights were in the 10-15-mg range. The
crystallinity index, X, of the PA6 matrix, was calcu-
lated according to Eq. 2:

AH!
X. = —mo, % (2)
weAH,
where AH! is the registered melting enthalpy of the
current sample, w is the weight fraction of the polymer
present in the sample, and AHY is the melting enthalpy
of a 100% crystalline PA6 (190 J/g) [49].

Scanning electron microscopy (SEM) analyses
were performed in a NanoSEM-200 apparatus of
FEI Nova (Hillsboro, USA) using mixed secondary
electron/back-scattered electron in-lens detection.
The composite samples were cryo-fractured, and the
obtained sections were sputter-coated with gold—pal-
ladium (Au-Pd) alloy, 80-20 wt%, with a thickness of
about 8 nm using a 208 HR equipment of Cressing-
ton Scientific Instruments (Watford, UK) with high-
resolution thickness control.

Broadband dielectric spectroscopy

To obtain a detailed profile of the temperature- and
frequency-dependent electrical properties, the BDS
measurements were performed with the composite
plates based on dielectric relaxation defined by the
complex function [48]:
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e* =€ —ig" (3)

where £* is the complex dielectric permittivity, £’ is
the real component or dielectric constant, and " is the
imaginary component or dielectric loss. Thus, sput-
tered gold electrodes (20 mm in diameter) were depos-
ited on both surfaces of each sample, and the latter was
then placed between the two metallic electrodes of the
spectrometer. The BDS measurements were performed
over a frequency window of 107! <f (Hz) <10° and a
temperature range of -150< T (°C) <100. To cover
the said frequency range, a Novocontrol system inte-
grating an ALPHA dielectric interface was employed.
The control of the temperature during every single-
frequency sweep was secured by the N, gas jet system
(QUATRO Cryosystem from Novocontrol) with a tem-
perature error of +0.1 °C. After that, the alternating
current (a.c.) electrical conductivity, o,., was obtained
from the frequency dependence of the real part of &

according to Eq. 4:
O =¢€"omeg (4)

where o is the angular frequency (o = 2zf), and ¢, is
the vacuum dielectric constant.

Results and discussion
Structural and morphological characterization

All mono- and dually loaded pulverulent PA6 hybrid
precursors were prepared through consecutive
AAROP of ECL in suspension followed by compres-
sion molding to plates. The synthesis, morphology,
and crystalline structure of the MP precursors and
plates containing metal monoloads and Me-CNT are
described in the previous works [46, 47]. This study
focuses on the alterations in the electrical conductivity
of PA6/metal-CNT composites’ response to changes in
frequency and temperature, which has not been inves-
tigated before. Table 1 summarizes the sample desig-
nations and compositions, as well as AAROP yields
and real load in each composite.

As shown from Table 1, the sample designation cor-
responds to the load percentage introduced during the
AAROP stage, which is based on the monomer weight
(column 2). The real load (R;) is consistently higher
since no load is lost during the isolation of the MP,
resulting in a yield of PA6 MP always below 100%.
Notably, only this strategy, including microencapsula-
tion of the two loads in PA6 MP with their subsequent
compression molding into plates, ensures an effective
distribution of the Me-CNT binary load throughout
the PA6 matrix [46]. In the monoload MP, the real

Table 1 Sample

. . . Sample designation Load (wt%)* Composition (vol.%)® Yield (wt%)* Real
designations, compositions, load
yields, and percentages of Metal CNT PAG6 d

(Wt%)
load

PAG6 0 0 0 100 56.2 -
CNT5 5 0 445 95.6 53.2 8.2
Al5 5 4.18 0 95.8 459 9.4
Cu5 5 1.33 0 98.7 424 9.6
Fe5 5 1.06 0 98.9 453 7.0
Al3-CNT7 3+7 1.96 5.71 92.3 61.0 144
Al5-CNT5 545 3.84 4.80 914 56.4 16.7
Al7-CNT3 7+3 4.68 2.51 92.8 58.9 14.7
Cu5-CNT5 545 1.03 4.29 94.7 51.8 14.8
Fe5-CNT5 545 0.93 3.38 95.7 63.0 11.9

“Percentage based on the weight of the ECL monomer in the starting AAROP mixture

The relation between the volumes of load (metal-CNT or metal + CNT) and PAG6 in the respective

PA6-MP sample

“Calculated as a relation between the PA6-MP weight and the sum of the ECL plus fillers weight

9Determined by TGA according to Eq. 1
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amount of the CNT is ca. 8 wt%, i.e., well above the
percolation threshold in PA6 [50]. The metal load in
both mono- and dually loaded samples in Table 1 var-
ies between 1 and 5 vol.%. These metal and CNT loads
are close to the maximal since any attempt to increase
either of them during AAROP results in significantly
lower yields of the MP precursors.

Figure 1 shows the SEM images of selected cryo-
fractured molded plates produced from the respective
PA-MP. In the monoload metal composites (Fig. 1a—c),
the electron-rich metal particles are observed as
microsized and differently shaped bright spots, fully
enclosed in the non-conductive, dark PA6 matrix. In
the Me-CNT binary loaded samples (Fig. 1d—f), the
CNT filler particles are visible as bright nanospots,
well-dispersed throughout the polymer. Further-
more, there is visible good contact between the CNT
and metal particles, which is most clearly observed
in Fig. 1f.

Based on the SEM data presented in Fig. 1, the
microstructure of the monoload metal-PA6 (Me-PA6)
samples can be likened to a composition of many
capacitors where conductive metal domains are sepa-
rated by relatively large insulating PA6 matrix zones.

The SEM micrographs clearly illustrate the distinct
presence of white spots that correspond to the metal
fillers themselves— Al appears as platelets (Fig. 1a), Cu
adopts dendritic-like shapes (Fig. 1b), and Fe presents
spherical particles (Fig. 1c) [47]. It is important to note
that the metal fillers maintain their morphology after
compression molding.

In contrast, the microstructure of dually loaded
Me-CNT samples, as shown in Fig. 1d-f, closely corre-
sponds to a network of randomly connected resistors.
Conductive zones are formed by the contact between
metal and CNT while insulating zones are represented
by PA6 with either no or insufficient CNT nanofiller.
This structural description aligns with findings in
the works of Almond et al. [51-53] and is commonly
referred to as a random R-C network.

Notably, these SEM images reveal fewer white spots
and a distinct absence of filler aggregation in the com-
posite plates of dually loaded Me-CNT. The small,
bright nanometric dots observed in these images
correspond to the CNT, highlighting their effective
spreading within the PA6 matrix. Furthermore, CNT
dispersion extends atop the metal particles, creating
an even distribution. Consequently, the metal particles

Figure 1 SEM micrographs of composite plates containing metal (5 wt%) and metal/CNT (5+5 wt%) loads: a Al5, b Cu5, ¢ Fe5, d

Al5-CNTS5, e Cu5-CNTS, and f Fe5-CNTS5.
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appear less bright than in the composites with only
metal (Fig. 1a—c). This phenomenon can be attributed
to several factors, including the high aspect ratio of
CNT and their excellent dispersion within the polymer
matrix, significantly reducing filler aggregation. This,
in turn, promotes the formation of a continuous con-
ducting network within the composite that results in
a more effective charge carrier movement. This effect
is expected to improve the conductivity in the dually
loaded Me-CNT composites.

Comparative DSC studies on PA6 composites

Table S1 of the Supporting information presents the T,
and X_ of all composite plates under investigation after
the first DSC scan. The X values of almost all samples
(except for Cub) vary in the range of 34-46%, which
is clearly above that of the neat PA6 (X.=24%). Hav-
ing in mind that the composite plates were obtained
by compression molding of hybrid microparticles, the
increased crystallinity of the composite plates should
be explained with the strong nucleating effect of the
fillers, best expressed in the mono-loaded CNT5 and
all dually loaded samples. This is confirmed by the T,
values in Table S1, wherein the neat PA6 displays a T,
being up to 14-17 °C lower than the composites.

During the first DSC scan, the respective T, transi-
tions were superimposed with physical aging effects
so they could not be properly determined and ana-
lyzed. This was made using the T values of the second
scan that were all around 45-50 °C. Notably, after the
second scan, the T, and X, values of the composite
plates become quite similar. More comprehensive DSC
and TGA studies, as well as solid-state 3C NMR and
mechanical tests in tension with all samples investi-
gated by BDS in this work, have been communicated
by us previously [46].

Broadband electrical conductivity of the binary
composites

Figure 2 shows the logarithmic plots of the a.c. elec-
trical conductivity, o,., versus frequency for the neat
PAG6 plates (Fig. 2a) and plates produced from mono-
loaded PA-MP with 5 wt% of either Al (Fig. 2b) or CNT
(Fig. 2c). Notably, for both the neat PA6 (Fig. 2a) and the
Al5 hybrid (Fig. 2b), the o(w) function exhibits linearity
within the frequency range of 10"'-10° Hz at tempera-
tures ranging from — 150 to 0 °C. This range falls below
the glass transition temperature, Tg, of the matrix, which
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for all samples of this study is below 50 °C (see Table S1).
At temperatures above Tg, T > Tg, (i.e., at 50 and 100 °C),
the nonlinear behavior of ¢(w) may be attributed to the
segmental a-relaxation associated with the glass tran-
sition in the amorphous phase of the matrix [54, 55].
Both the PA6 matrix and Al5 hybrid exhibit conductivity
values ranging from 107 to 10% S/cm at lower frequen-
cies, which converge to 107® S/cm at higher frequencies.
The Cub and Fe5 hybrids display very similar frequency
dependencies. Table 2 presents the conductivity values
at 0.1 Hz for PA6 and Me-PA6 samples as a function of
the metal load and type.

From the data presented in Fig. 2a and b and Table 2,
it can be inferred that both the PA6 matrix and mon-
oload Me-PA6 composites display relatively similar fre-
quency- and temperature-dependent behaviors of o,
acting as insulators even at effective metal loads ranging
from 7.0 to 9.5 wt%. This justifies the assumption that
PA6 and Me-PA6 hybrids act as capacitors at the micro-
structural level. In theory, this effect can be attributed
to the MWS polarization, which has been reported in
both neat PA6 [14, 15] and PA6-metal hybrids obtained
by AAROP [44].

For the hybrid plate with 5 wt% of CNT (Fig. 2c), the
o(w) curve is very different, following the so-called uni-
versal dynamic response (UDR) given by [56, 57]:

o6(w) = 64c + 0y = 0gc + A’ (5)

where o, is the frequency-independent dc conductiv-
ity, A is a temperature-dependent parameter, and s

Table 2 Temperature dependence of o, for PA6 and monoload
Me-PA6 containing composite plates

Sample Real load (wt%) T (°C) 6, (S/
cm) at
f=0.1Hz

PA6 20 4.77E-14

- 50 7.33E—12

100 3.01E-09

AlS 20 7.54E—12
9.4 50 3.79E-10

100 2.08E-08

Cu5 20 2.24E-12
9.6 50 3.90E-10

100 2.37E-08

Fe5 20 2.88E—12
7.0 50 2.84E-10

100 4.32E-08

is a temperature-dependent exponent (0.5 <s < 1.0).
Expectedly, the s values should increase with decreas-
ing temperature and increasing frequency [58].

The UDR concept defines that below a critical
frequency, F., o(w) shows a frequency-independent
plateau, whereas above F., a power-law dependence
appears, i.e.:

o(®) = 6,4 x @° (6)

The power law is recognized as an indicator of the
translational motion of charges along the conductive
network [31, 35, 59], which is formed by the nanosized
CNT filler. In the case of CNT5 and all dually loaded
samples of this study, it was considered that 6(w) = o4,
at f =0.1 Hz [58]. Table 3 provides the values of oy,
F., and s extracted from the curves in Fig. 2c (CNT5)
and Fig. 3a and b (all dually loaded metal-CNT plates)
over the temperature range of 20-100 °C.

Notably, all samples containing CNT display
power-law responses, which correspond remarkably
well to the structural inhomogeneity of these samples,
as demonstrated by the SEM images in Fig. 1. This
observation also indicates that these samples contain
an effective random resistor—capacitor (R-C) network,

Table 3 Parameters describing the electrical properties of the
CNTS5 and all dually loaded composite plates at different temper-
atures between 20 and 100 °C

Sample T (°C) 04 (S/cm) at F.(Hz) s
f=0.1Hz
CNT5 20 9.97E-05 8.61E+04 0.63
50 1.04E—-04 5.34E+04 0.57
100 1.02E-04 1.80E+04 0.52
Al3-CNT7 20 6.61E-03 - -
50 9.90E-03 - -
100 1.63E—02 - -
AI5-CNT5 20 7.14E-04 2.93E+05 0.13
50 9.43E-04 2.88E+05 0.15
100 1.28E-03 2.24E+05 0.23
Al7-CNT3 20 1.42E-05 1.13E+04 0.41
50 1.38E-05 5.64E+03 0.41
100 1.21E-05 1.92E+03 0.43
Cu5-CNT5 20 2.78E-03 2.79E+05 0.11
50 2.76E—-03 2.79E+05 0.11
100 3.71E-03 1.94E+05 0.17
Fe5-CNT5 20 4.04E-04 5.71E+04 0.28
50 4.31E-04 5.48E+04 0.29
100 4.08E-04 2.54E+04 0.30
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Figure 3 Electrical conductivity as a function of frequency at
20 °C of a AI-CNT composites and b metal-CNT 5/5 wt% com-
posites. In both plots, composite plates containing 5 wt% of filler

consisting of conducting and dielectric insulating
islands, respectively [53].

In the case of the PA6/Al-CNT composites (Fig. 3a
and Table 2), it is evident that the electrical conduc-
tivity of the samples is predominantly influenced by
the CNT content, while the sample containing only
Al is an insulator. The o4, of CNT5 is 9.8 x 107> S/cm,
which is lower than that of Al5-CNT5 binary hybrid
with a 64, = 8.1 x 107 S/cm. This indicates a syner-
getic effect arising from the presence of Al micropar-
ticles within the CNT random conducting network.

@ Springer

Frequency (Hz)

(either metal or CNT) are included for comparison. The plots on
the right provide the respective magnified views of a and b for
the most conductive composites.

Therefore, incorporating more CNT in the A13-CNT7
sample raises the conductivity to 6.6 x 10~ S/cm, while
conversely, reducing it in the Al7-CNT3 sample below
that of the CNT5 sample. It seems that the charge
transport within the dually filled composites pre-
dominantly relies on the nanosized CNT filler, which
is enhanced by Al. Considering that the electrical con-
ductivity for neat, 100 wt% CNT and Al metal com-
ponents fall within the range of 0.5-2.0 x 10> S/cm and
above 10° S/cm, respectively, it can be inferred that
the significantly lower conductivity values observed
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in the AI-CNT polyamide hybrids result from charge
transport through a percolating network [31, 35]. The
concentration, size, shape, and distribution of the
filler particles within the matrix will be important fac-
tors in this case. Other studies have shown a similar
effect involving different types of CNT- or graphene-
containing composite materials [50, 60-64]. Figure 3a
also demonstrates that at 20 °C, F. falls below 10° Hz
for CNT5, Al7-CNT3, and Al5-CNT5 samples. Con-
versely, in the Al3-CNT7 sample with the highest CNT
amount, the electrical conductivity remains constant
across the entire frequency range, indicating that F_
value has shifted above 1 MHz.

Figure 3b displays the electrical conductivity of
metal-CNT 5/5 wt% composites at 20 °C, and the
numeric data extracted from these curves within the
20-100 °C range are summarized in Table 2. Once
more, it is observed that CNT determines the elec-
trical conductivity of the binary composites, as the
composites containing Fe and Cu particles behave as
insulators like the neat matrix and Al5 samples (Fig. 3b
and Table 2). Moreover, metals such as Cu and Fe also
display a synergetic effect on electric conductivity
when combined with CNT. The Cu metal particles,
with volume content three times lower than that of
Al, result in higher conductivities in the Cu5-CNT5
composite compared to the AI5-CNT5 sample. On the
other hand, for the Fe5-CNT5 composite with a similar
volume fraction of metal, the electrical conductivity
values are lower than those of the AI5-CNT5 system.

The explanation of these observations can be related
primarily to the specific electrical conductivity of the
different metals. Specifically, the electric conductiv-
ity of Cu is about 6 times higher than that of Fe [62],
which accounts for the differences in electrical con-
ductivities of the respective binary composites. Fur-
thermore, the morphology of the metal particles may
have also played a role in influencing the conductivity.
For instance, the Cu dendritic particles have sizes of
ca. 20 pm [47], which could contribute to closer con-
tact between the Cu particles and the CNT filler. In
contrast, the spherical Fe particles have diameters of
3-5 um [47], resulting in weaker contact with the CNT
filler. Al particles were characterized as platelets [47],
offering a larger surface area for interaction with the
CNTs. This increased contact area likely facilitates
enhanced electrical connectivity within the compos-
ite. Hence, the interaction between Al particles and
CNTs may possess unique characteristics that enhance
electrical conductivity. This interaction is believed to
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promote more efficient charge transfer between the
components, thus justifying the observed synergistic
effect within the CNT conducting network. This syn-
ergy is likely responsible for the improved connectiv-
ity and charge transport within the PA6 composites,
resulting in enhanced electrical conductivity.

As mentioned above, both Fig. 3a and b illustrate
that the electrical conductivity remains constant up to
a certain F,. Beyond the F > F_, the conductive sam-
ples follow the power law o, « F°. The F® character-
izes the transport behavior in disordered materials
and describes the frequency-dependent response of
electrical conductivity [59], in this case for the conduc-
tive composites. Subsequently, at a certain F, there is a
positive deflection of the conductive curve that can be
attributed to the presence of charge carriers with dif-
ferent permittivities and conductivities (MWS relaxa-
tion) at the interfaces between different phases [50],
which are PA6, CNT, and metal.

Figure 3 shows that o4, and F, exhibit two instances
of increase: (i) As the CNT content increases in the Al-
CNT system (Fig. 3a), such that for the AI3-CNT7 sam-
ple, the 64 plateau extends across the entire frequency
range, and (ii) as the electrical conductivity of the pure
metal particles increases in the metal-CNT 5/5 wt%
system (Fig. 3b). This behavior can be attributed to
the formation of a conductive network that relies on
both the CNT content and the electrical conductivity of
the pure metal particles. Figure 4 represents this trend,
incorporating data obtained at different temperatures
as indicated in Table 2.

The s-exponent values (Table 2) for the CNT5 sam-
ple fall within the range of 0.52-0.63, aligning pre-
cisely with the UDR theory. With increasing temper-
atures above the Tg of ca. 50 °C, the s values decrease,
indicating that higher temperatures enhance the
mobility of charges through the conductive network.
For samples with dual loading, the s values are lower
than expected, ranging from 0.11 (Cu5-CNT5) to 0.41
(Al7-CNT3), where lower s-exponents correspond
to higher conductivities. This discrepancy may be
attributed to the fact that these samples exhibit rel-
atively high electrical conductivity, causing the s
exponent to not fully represent its true value within
the measured frequency range. In these samples with
dual loading, the s exponent is primarily associated
with the initial part of the positive deflection in the
conductivity curve. Nevertheless, the s values of the
metal-CNT composites once again underscore the
synergistic effect between CNT and metal particles
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Figure 4 Electrical conductivity as a function of critical fre-
quency for PA6-based composites at 20, 50, and 100 °C.

concerning conductivity. All composites with mixed
loading have lower s values compared to the sample
with single CNT loading.

The temperature dependence of F. was also inves-
tigated. Figure 5 shows the F_ as a function of the
reciprocal absolute temperature T for the conductive
composites. As observed, the F, values appear to be
temperature independent for T < T,. However, at
temperatures near or exceeding T,, there is a slight
decrease in F..

This temperature-related effect is more evident
in samples with lower F_ values, such as Al7-CNT3,
Fe5-CNTS5, and CNT5, while it is less pronounced in
AI5-CNT5 and Cu5-CNT5 samples. These findings
suggest that temperature affects the conductance of
the percolating network in all the composites stud-
ied. It is worth noting that Fig. 5 does not include
sample Al3-CNT7 as its F, would exceed the upper
limit of the studied frequency range, i.e., above
10° Hz.

As a final part of the BDS study, we investi-
gated the temperature dependencies of o4, for all
PA6-based composites with single metal and CNT
loading, as well as dual loading of metal-CNT.
In Fig. 6, o4 for these composites is presented as
a function of the reciprocal of the absolute T at a
selected frequency. Figure 6a indicates that the
insulating plates of PA6 and metal samples exhibit
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Figure 5 Critical frequency, F,, as a function of the reciprocal
temperature for conductive composites. Selected temperatures:
100, 50, 20, 0, —50, — 100, and — 150 °C. The dashed line indi-
cates the T, of the neat PA6 matrix.

a temperature-dependent behavior across the entire
temperature range, from - 150 to 100 °C. This behav-
ior involves an increase in oy4. as the temperature
rises above T, of the neat PA6 matrix. This phenom-
enon can be attributed to the improved mobility of
dipoles as the material is heated. Conversely, in the
CNTS5 and all dually loaded samples (semiconduc-
tors), the o4, remains nearly temperature independ-
ent at low temperatures and exhibits a temperature-
activated character at higher temperatures. This type
of electrical conductivity is characteristic of percolat-
ing networks with a fluctuation-induced tunneling
conductance (FITC) mechanism that is temperature
independent and is commonly observed in CNT-
containing polymer-based composites [31, 50, 63].
As shown in Fig. 6b, the temperature dependence
of these materials can vary, as indicated by the slope
of the segments at high temperatures. The previous
studies [64, 65] have demonstrated that at T > T,, the
temperature dependence of o4, can be influenced by
morphological variations within the matrix polymer,
resulting in either a positive temperature coefficient
(PTC) or a negative temperature coefficient (NTC). The
PTC and NTC effects are associated with an increase
or decrease in the resistivity of the studied system,
respectively. In the context of this study, the Al3-
CNT7, Cu5-CNT5, and Al5-CNT5 samples exhibit a
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Figure 6 Electric conductivity, o,.,, of the PA6-based compos- dual-loaded composites. The dashed line represents the 7, of the
ites as a function of the reciprocal temperature at f = 0.1 Hz: a neat PA6 matrix.
mono- and dual-loaded composites and b magnification of a for

clear NTC effect, while the Al7-CNT3 and Fe5-CNT5 in a semiconductor composite displaying a universal
samples display the opposite PTC behavior. Interest- dynamic response, which is characteristic of the trans-
ingly, the CNT5 sample remains largely unaffected by ~ lational motions of charges within resistor-capacitor
temperature in the high-temperature segment of the conducting networks. In the case of dually loaded
curve above T,. metal-CNT composite plates, ¢, increased by nine

to eleven orders of magnitude at a temperature of

20 °C and a frequency of 0.1 Hz. This remarkable
Conclusions enhancement in electrical conductivity can be attrib-

uted to the coexistence of metal particles embedded
The present study is the final publication of a series of ~ within the CNT conducting network. Furthermore,

papers investigating various aspects of the prepara- this interaction also influenced the values of the criti-
tion, structural, and properties characterization of the cal frequency, F.. The temperature dependence of the
mono- and dually reinforced PA6-based thermoplastic critical frequency, F., and o4 for all binary composite
composites obtained via reactive microencapsulation  plates aligns with the fluctuation-induced tunneling
strategy [43—47]. It represents a BDS study on the elec- conductance mechanism, which can be associated with
trical conductivity of dually loaded PA6-based com- a positive or negative temperature coefficient, depend-
posite plates as a function of frequency and tempera-  ing on the type and concentration of the metal filler.

ture. These thermoplastic composites, containing both The present study demonstrates a remarkable
metal (Me) and CNT, were obtained through sequen- increase in the electrical conductivity of PA6-based
tial reactive encapsulation and compression molding. composites by incorporation of both metal micropar-

For comparative purposes, molded composites with ticles and CNT into the thermoplastic matrix. This
only metals or CNT were also studied under the same increase, driven by the synergistic interaction between

conditions. CNT and metal particles, unveils promising prospects

The results confirmed that the systems with metal for structural and functional applications in industries
monoloads remained electrical insulators across the such as automotive and electronics. These applica-
entire range of temperatures and frequencies inves- tions demand a rigorous control over electromagnetic
tigated. However, the same amount of CNT resulted interference shielding or dielectric behavior. Future

@ Springer
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research will aim to enhance composite fabrication for
industrial scalability and fine-tuning of loads within
the PA6 matrix.
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