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Abstract

Segmented polycarbonatediol polyurethane has been synthesized and mod-
ified with different amounts of graphite conductive filler (from 0 to 50 wt
%). Thermal and Dynamical thermal analysis behavior of the composites
clearly indicates the changes in polyurethane relaxations upon addition of
graphite. Broadband Dielectric Spectroscopy has been used to study the di-
electric properties of the composites in the frequency range from 1072 to 107
Hz and temperature window of -140 to 170 °C. Conductivity, relaxation pro-
cesses associated with different molecular motions, Maxwell-Wagner-Sillars
and electrode polarization are discussed and related with the graphite con-
tent.
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1. Introduction

In recent years, electrically conductive polymers have attracted a lot of
attention because of their wide possible applications. Since polymers are,
in general, insulating materials, many efforts have been directed to improve
their electrical conductivity [1, 2, 3|. Electrically insulating polymers such as
polyurethane can be specifically modified in order to increase its conductivity
by dispersing conductive fillers [4, 5]. Polycarbonatediol polyurethanes are
widely used as protective coatings for materials that are subjected to environ-
mental degradation. The excellent properties of polyurethanes such as high
impact resistance, high elasticity, resistance to corrosion, sunlight, oxidation
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or weather conditions, made these polymers very useful as protective coatings
[6, 7]. Another important property for coatings is the electrical conductiv-
ity. Conductive metals lack of properties such as elasticity and corrosion
resistance. In contrast, insulating polymeric materials behave as conductive
ones by addition of conductive particles, show good mechanical properties
and are easy to mold. Carbon materials such as Carbon Nanotubes (CNTs)
have been used to increase the electrical properties of polymer matrices [8].
However, CTNs are very expensive for large-scale applications. Other con-
ductive fillers such as graphite and its variants are being used provide elec-
trical conductive properties to polymeric matrices[9, 10]. Graphite, is very
cheap, abundant, has an elevated electrical conductivity (10* S -cm™1), and
increases the mechanical properties of polymers having a reinforcing effect on
the polymeric material [10]. The drawback is the difficult dispersion of the
graphite in the polymer matrix fact that can be overcome by modifying its
surface. For example, graphite can be expanded by chemical oxidation and
thermal shock in order to increase the size of channels, improving thus the in-
teraction with the polymer matrix [11]. In this work, polyurethane has been
synthesized and modified with different amounts of expanded graphite (EG)
as a conductive filler. The composites characterization has been carried out
by means of thermogravimetric analysis, differential scanning calorimetry,
wide angle X-ray diffraction, dynamic mechanical analysis and Broadband
Dielectric Spectroscopy. The main goal of the present work is the study of
these materials as potential candidates for coating applications.

2. Experimental

2.1. Materials

Polyhexamethylene-pentamethylene carbonatediol , PH100, was obtained
from UBE Chem Eur. (Castellon, Spain). 4-4’-diphenylmethane diisocyanate,
butanediol, natural graphite powder of size < 20 pum, N,N Dimethylac-
etamide, nitric acid and sulfuric acid were purchased from Sigma-Aldrich
Co (Madrid, Spain).

2.2. Preparation of expanded graphite

Expanded graphite was obtained by the method of chemical oxidation
[11]. The natural graphite was dried at 75 °C in a vacuum oven for 10 h.
Then, it was blended for 12 h with a 3:1 sulfuric and nitric mixture in order to
form the graphite inserted compound. The nitric acid is used as an oxidizer



and the sulfuric acid as an intercalating agent. The mixture was stirred from
time to time to get an uniform intercalation of the sulfuric into the graphite
flakes. After that, the mixture was washed to obtain a neutral pH, then was
filtered and the resulting material was dried at 60 °C in vacuum for 5 h.
Afterwards it was subjected to a thermal shock at 800 °C for 20 s in order
to form the expanded graphite.

2.3. Preparation of segmented polycarbonatediol polyurethane (PUPH)

Polyurethane solutions were obtained by a standard polymerization method
based on the two-step process in dimethylacetamide [12]. In the first step
one equivalent of policarbonatodiol PH100 were inserted in the reactor, pre-
viously dried for 24 hours at 100 °C, was inserted in the reactor with three
equivalents of 4,4’-diphenylmethane diisocyanate. The reaction is carried out
at 70 °C for 2 h under argon atmosphere. The second step corresponds to the
addition of the chain extender, butanediol. Two equivalents of butanediol
were added to obtain a viscous amber polyurethane solution with approx-
imately 25 wt% in solid content. The solution is stored for 24 h in order
to remove the bubbles produced in the synthesis process. Figure 1 shows a
scheme of the chemical structure of PUPH.

2.4. Preparation of composites

Different weight fractions of expanded graphite, from 0 to 50 wt%, were
introduced in the PUPH solution. In order to disaggregate the EG akes
and to obtain a stable dispersion, the blend was sonicated in an ultrasonic
bath for 1h and was stirred vigorously for 5 h, respectively. The suspensions
were cast on glass slides which were previously washed in an ultrasonic bath
with distilled water and later with acetone in order to eliminate the wa-
ter. The polyurethane /expanded graphite composites (PUPH/EG) coated
glasses were kept at 70 °C during 12 h. Films were prepared with dimensions
of (4x2.7) cm? and with a thickness that ranged between 200-250 nm. An
image of the PUPH and PUPH/EG solutions are shown in Figure 2.



{ "hard segment" } { "soft segment" }

Figure 1: Scheme of the chemical structure of the segmented polyurethane in soft and
hard segments.

Figure 2: PUPH solution (left) and PUPH/EG solutions (right).



3. Characterization

3.1. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on a Setaram Setsys
16/18 TGA-ATD analyzer. The samples were analyzed in platinum pans
at a heating-cooling rate of 10 °C/min from 30 to 1000 °C under oxygen
atmosphere. Samples masses ranged from 7 to 10 mg.

3.2. Differential Scanning Calorimetry measurements

Differential scanning calorimetry (DSC) study was performed on a Q-
20 differential scanning calorimeter from TA Instruments calibrated with
indium. The measurements were carried out in the range of -90 to 220 °C at
a heating rate of 20 °C/min under nitrogen atmosphere. A second run (to
delete the thermal history) was used for the thermal characterization of the
films.

3.3. X-ray characterization

The wide angle X-ray diffraction (WAXRD) was acquired on a Bruker
AXS D5005 diffractometer. The samples were scanned at 4 °C/min using
Cu K, radiation (A = 0.15418 nm) at a filament voltage of 40 kV and a
current of 20 mA. The diffraction scans were collected within the range of
20 = 5 — 80° with a 26 step of 0.01°.

3.4. Dynamic mechanical measurements

Dynamic mechanical measurements (DMA) were performed on a 2980 dy-
namic mechanical analyzer (TA instruments). The temperature range went
from -100 to 180 °C by using rectangular samples of dimension (16.540 x
6.000 x 0.250) mm®. Measurements were carried out at 3 °C/min heating
rate and at a frequency of 1 Hz.

3.5. Dielectric measurements

The experimental dielectric behavior (DRS) of PUPH and PUPH/15EG
films was studied with a Novocontrol Broadband Dielectric Spectrometer
(Hundsagen, Germany) consisting of an Alpha analyzer to carry out mea-
surements from 5- 1072 to 3 - 10° Hz. The measurements were carried out in
inert Ny atmosphere between -150 to 150 °C. The temperature was controlled
by a nitrogen jet (QUATRO from Novocontrol) with a temperature error of
0.1 °C during each single sweep in frequency. Molded disc shaped samples of
about 0.1 pm thickness and 20 mm diameter were used. The experimental
uncertainty was better than 5 % in all cases.
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4. Results and discussion

Thermogravimetric analysis was carried out in order to analyze the effect
of expanded graphite insertion on the stability of the polyurethane films.
This analysis allows the evaluation of changes in weight as a function of tem-
perature in a controlled atmosphere. Figure 3 shows the TGA thermograms
obtained for each film and Table 1 collects the characteristic temperatures of
the degradation processes in the materials under study. 7, is the tempera-
ture related to beginning the decomposition process, T, is the temperature
the maximum rate of weight loss and T,,4 is the temperature related to the
ending of decomposition process ending. For PUPH films two degradation
processes have been observed. The first starts around 312 °C and it is due
to urethane bound decomposition. The second process that appears near
486 °C, is related with a weight loss associated with other segments of the
remaining structure or with a probable C-C bound cleavage [13, 14]. In the
case of EG particles only one degradation process has been observed. This
process begins at 609 °C ais related to the carbon atoms oxidation in the EG
particles. In PUPH/EG films three degradation processes can be observed.
The two first are related with the degradation of the polymer matrix and
the last process is due to the degradation of the EG particles. According to
our results, the EG particles have not a signicant effect on the PUPH/EG
composites stability, because the characteristic temperatures of degradation
processes are very similar in the films with and without EG. Instead the
presence of polymer chains decreases the degradation temperature of EG
particles as shown in Table 1. A similar effect has been observed in other
composites [15].

Table 1: Thermogravimetric characteristic temperatures of PUPH/EG composites.
% EG Tonl Tpl Tendl Ton2 Tp2 Tend2 Ton3 TpS TendS
(°C) (*C) (*C) (°C) (°C) (°C) (°C) (°C) (°C))
0 312 349 370 486 501 537
15 308 341 361 460 503 538 578 610 676
30 311 345 363 470 507 531 562 588 680
50 310 352 368 486 510 532 555 580 693
100 609 649 755

In order to study the thermal behavior of the PUPH and PUPH/EG
composites, DSC measurements were carried out in the temperature range
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Figure 3: Weight loss as a function of temperature for PUPH/EG composites.

from -90 to 220 °C. The DSC thermograms obtained for PUPH/EG samples
are shown in Figure 4 and the characteristic parameters obtained are sum-
marized in Table 2. These parameters are: the initial and nal temperature of
the transition, 77, and 75, the glass transition temperature, 7, the variation
of the heat capacity, AC),,, the melting temperature, 7., and the degree of
crystallinity, Y., determined from the enthalpy of crystallization normalized
using x. = AH./AHyg%, where AH, is the enthalpy of fusion of every sam-
ple and A Hyygy is the enthalpy of fusion of the hard segment, taken as 25.85
J/g. For all the analyzed samples, the glass transition temperature (7),
evaluated as the midpoint of the specic heat capacity increment, appears in
the temperature range from -20 to 10 °C, and the melting peak is visible
around 187 °C.
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Figure 4: DSC curves taken at 20°C/min of the PUPH/EG composites.

Depending on the EG content two different trends are observed in the val-
ues of the glass transition temperatures. Thus, for low EG particles content,
a decrease of T} is observed, which indicates that the EG addition tends to
increase mobility. The PUPH with a 5 wt% of EG has a T, of -8.9 °C, which
is even lower than the PUPH T} (-4.8 °C). It seems that the presence of EG
moiety in the composites is unable to increase the T} of the parent polymer.
This tendency is probably associated with an increase of the free volume due
to loosened molecular packing of the chain. So, the presence of EG particles,
at a relative smaller content, reduces the dipole-dipole interactions of PUPH



molecules and, plays an inert diluent role to decrease the self-association in-
teraction of PUPH molecules. Similar tendency has been observed in other
composites[16, 17, 18, 19, 20].However, for high content (15-30 wt%) of EG
particles, an increase in the T} is observed. This can be associated with the
reduction of molecular mobility of the polyurethane chains imposed by the
EG particles. That is a fraction of polymer could be immobilized on the
surface of the EG particles [21, 22, 23, 24, 25, 26, 27].

Table 2: Parameters obtained from DSC of PUPH/EG composites.
% EG T1 T2 ( T2 — T1 ) Tg ACpnOT TC Xe
(°C) _C) (¢ (C) J/g°C (°C) (%)

0 -104 04 10.8 -4.8 0.1784 153.0 149
) -13.7  -3.7 10.7 -89 0.208 186.0 37.7
10 -12.3  -3.9 8.4 -9.6  0.165 187.0 36.8
15 -7.3 8.7 16.0 -1.0  0.191  191.0 38.5
20 -93 11 10.4 -4.0 0142 1913 37.1
30 -6.6 8.3 14.9 -04  0.147 1928 35.0
20 -6.6 3.0 9.6 -3.1 0.061 1926 304

The temperature range of the glass transition (75 — 77), which is a mea-
sure of the sample heterogeneity [18], does not show a clear trend with the
composition. So, according to our results, for the composites with low EG
content (5-10 wt%), the temperature range of the glass transition decreases
with the EG content. However, for the composites with 15 wt% and 30 wt%
EG content, this temperature range signicantly increases significantly. On
the other hand, the heat capacity jump at Ty, normalized to the fraction
of PUPH, which is a measure of the fraction polymer participating in the
glass transition, systematically decreases with the EG content. Similar re-
sults have been obtained also for other polymer composites [28], and can be
interpreted in terms of the amount of the amorphous polymer which makes
non contribution to the glass transition. Therefore it is related to the frac-
tion of polymer being immobilized on the surface of the EG particles [18, 29].
This fraction increases with the EG content, excepting for the sample with
15 wt% wt of EG, in which case the obtained value shows the opposite ef-
fect. The analysis shows that the melting temperature, T, increases with the
EG content. The degree of crystallinity, shown in Table 2 is 14.9% for the
pure PUPH, and increases with the filler content up to 15 wt%, suffering a



reduction for higher contents of EG. This is an indication that from a cer-

tain concentration of EG particles, the creation of crystallization nuclei is
restricted.

Intensity (u.a.)
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Figure 5: X-ray diffraction pattern for PUPH (black curve) and PUPH/15EG (red curve).

The X-ray patterns obtained for PUPH and PUPH/15EG composite are
shown in Figure 5. The spectra show the presence of a broad peak centered
in the vicinity of ¢ = 1.31 nm™! (26 = 20.65°) and a small shoulder at ¢=0.8
nm~! (20 = 12.6°). These peaks are ascribed to the micro-phase separated
morphology into “soft” and “hard” phases occurring during polymerization
and are an indication of short range order commonly sees in polyurethanes
(30, 31]. Also, for PUPH/15EG at ¢=1.87 nm~! (20 = 26.5°) a narrow
diffraction peak associated with the expanded graphite it is observed. The
plot of I.¢* vs ¢ for PUPH and PUPH/15EG exhibits a positive slope (see
inset in Figure 5). This behavior is called as a positive deviation from Porod’s
law [32], and is typical of multi-phase polymeric systems containing thermal
density fluctuations and diffuse phase boundaries. The inter-domain spacing,
d, which only depends on the molecular weight of the macrodiol, was esti-
mated using Bragg’s law to be equal at a value of d ca. 5 nm. Accordingly,
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interfaces in the nano-domains of PUPH and PUPH/15EG may condition
charge transport in the polymer melts at low frequencies, as discussed below.
It should be noted that the intensity of the peak at 20 = 20.65° decreases
significantly after EG incorporation but the small shoulder remains constant.
This intensity reduction reflects, in some way, an eventual reduction in the
number of existing nano-domains in the film. So, according to the WAXRD
results, incorporation of EG governs the polymer chain movement and conse-
quently molecule polarization, which is important to the dielectric properties,
and will be discussed later.

DMA analysis were performed in order to determine the viscoelastic prop-
erties of PUPH and PUPH/EG films. Figure 6 shows the storage modulus,
E’, and loss modulus, E” as a function of temperature. The storage mod-
ulus increases as the EG content increases suggesting that the particles of
expanded graphite have a reinforcing effect on the polyurethane matrix. The
temperature of the maximum of E” is related to the 7}, of the material and
shifts to higher values as the EG content increases. Similar trend is observed
in the DSC experiments.

Figure 7 shows the temperature dependence of the dielectric permittivity
and loss factor at several frequencies for the PUPH and PUPH/15EG films.
In order to a clear visualization of the samples behavior with temperature,
Figure 8a plots the real and imaginary part of the complex permittivity as a
function of the temperature at 1 Hz. The isochrone that shows the temper-
ature dependence of & presents two steps. At low temperatures a rst step
associated with the glass rubber or a relaxation is followed by a second step
at higher temperatures, associated with the Maxwell-Wagner-Sillars (MWS)
relaxation. Finally, at the higher temperatures an important increase of the
permittivity related with the electrode polarization (EP) effects is observed.
The second step is more clearly visualized for the PUPH film, since for the
PUPH/EG composites the EP process is more important and makes diffi-
cult the MWS process denition. EP process proceeds from the accumulation
of charges at the electrodes-polymer interface, whereas the interfacial polar-
ization or MWS process is due to the build-up of charges at the interfaces
of components of heterogeneous systems. The PUPH is a heterogeneous
system due to the existence of micro-phase separation associated with the
“soft” and “hard” micro-domains. The polarization of micro-domains result-
ing from the separation of the “hard” and “soft” segments of PUPH chains
can cause the accumulation of charges, a process that can be attributed to the
different conductivity between “soft” and “hard” micro-domains. Probably
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Figure 6: Temperature dependence of storage and loss modulus for the PUPH/EG com-
posites at 1 Hz.

these micro-domains are the responsible of the observed MWS process. The
a relaxation appears at high temperatures with the increasing of EG content,
indicating a mobility in the polymer chains. This result is in agreement with
the DSC and DMA results previously reported, which show an increase in
the T, upon addition of 15% wt of EG particles. Low temperature spectrum
shows the presence of almost two secondary processes. These processes seem
to be unaffected the by addition of EG, as can be expected due to their local
character.
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Figure 7: Temperature dependence of the permittivity (¢/) and loss factor (¢”) for
PUPH100 and PUPH/15EG at several frequencies.

To get insight of the complex conductive behavior of the films, it is ad-
visable to use the electric modulus formalism (M=1/¢ ) for the data repre-
sentation. This formalism has several advantages, namely,(i) it allows the
determination of the dc conductivity from the M" spectra, since the EP ef-
fects often do not mask the features of the spectra, and (ii) the results of
the analysis are seemingly analogous tothose of the mechanical modulus of
solids. As we can see in Figure 8b, better definitions of the loss peaks are
obtained by plotting the dielectric results in terms of the dielectric loss mod-
ulus, M”. The isochrone of M" exhibits three ostensible peaks corresponding
in increasing order of temperature to the overlapped secondary relaxations
(8 and ), the a-relaxation and the MWS process overlapped with the EP
process in the high temperature region. The last process is better visualized,
as a peak, in the tan § representation as we can observe in Figure 8c.

For a clear visualization, the dielectric permittivity and loss factor of
PUPH and PUPH/15EG were also plotted in the frequency domain in Figure
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Figure 8: Temperature dependence of (a) the permittivity (¢')/loss factor (¢”), (b) mod-
ulus (M’) and loss modulus (M”) and (c) tan ¢ for PUPH (black curve) and PUPH/15EG
(red curve) at 1 Hz.

9. As we can see, the MWS process related to the nanodomains formation of
“soft” and “hard” segments is hindered by the inclusion of EG filler. Figure
10 shows the frequency dependence of the dielectric loss modulus at 0 and 80
°C. The «a relaxation becomes slower with increasing EG content, indicating
a reduced mobility in the composites. This result is in agreement with the
DSC and DMA results previously reported, which show an increase of the T,
upon addition of EG particles. On the other hand, the relaxation strength
increases significantly in the composite (Aepypy ~ 1.3 front Acpypu/ispa ~
4.9). This increase may be due to the reduction of the immobilized polymer
fraction. Significant effect of EG content is observed on the definition of
the MWS process pointing out of showing that the micro-phase-separated
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Figure 9: Dielectric Permittivity (¢') and loss factor (¢”) as a function of frequency for
PUPH and PUPH/15EG films in the temperature range -100-120 °C.

morphology of the PUPH matrix is significantly modified with the addition
of EG.

The ac conductivity has been calculated from the dielectric permittivity
according to the relationship:

0" = jwepe" (w) (1)

In general at a constant temperature, the ac conductivity can be expressed
as[33, 34]

o(w) = 04e + Aw’® (2)

where oy, is the w — oo limiting value of o(w) and A, s are parameters
depending on the temperature. Equation (2) is often called “the ac univer-
sality law” since it has been found to satisfactorily describe the ac response
of numerous different types of materials, which can be classified as disordered

solids [34, 35, 36].
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Figure 10: Frequency dependence of the dielectric loss modulus at 0 (open symbols) and
80 °C (full symbols) for PUPH (black curve) and PUPHI15EG (red curve).

Figure 11 depicts the frequency dependence of the ac conductivity at
several temperatures in the range from 45 to 140 °C ( 5 °C step).

In the low frequency and high temperature zone, a frequency independent
conductivity is recorded, which is attributed to resistive conduction through
the bulk of polymer. On the other hand, when frequency is raised, the
main displacement of the charge carriers is reduced, and the conductivity
appears to be proportional to the frequency following the law o/ (w) o w®
with 0 < s < 1 characterizing hopping conduction. As expected, the EG
particles inclusion produces an increase in the electrical conductivity of the
films. The inset of Figure 11 shows the values of dc conductivity, obtained
from extrapolations at low frequencies, as a function of the temperature
reciprocal. As we can see, the dc conductivity is thermally activated and can
be described by

Ode = 00 ° e_lfTa (3>

The corresponding activation energies are 108 + 1(PUPH) and 95.2 +

16
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Figure 11: ac conductivity against frequency for PUPH and PUPH/15EG at temperatures
in the range of 45°C to 140°C (step 5°C). Inset: Arrhenius plot of de¢ conductivity.

0.8k.J/mol(PUPH/15EG), pointing out the similar origin of the conductiv-
ity process in both films.

Table 3: Parameters of equation and o4, at 25 °C
EG% FE, (kJ-mol™) Inoy (S-em™) o279 (S-cem™)
0 108 +£1 109 +0.3 7.564 - 101
15 95.2+0.8 8.6+0.3 1.110- 10713

5. Conclusions

The obtained results obtained from the thermogravimetric analysis indi-
cate that inclusion of EG particles does not significantly increases the thermal
stability of the polyurethane matrix. However, expanded graphite reduces its
temperature decomposition in presence of polyurethane. The mechanical and
dielectric results provide a reasonable explanation of the improved thermal
stability of the composites in terms of the segmental dynamics restriction.
The physical properties of polyurethanes (PUPHs), like glass transition tem-
perature (7,), strongly depend on the degree of the micro-phase separation.
In our case, only one T, was observed in the analyzed films. For low EG con-
tent a decrease of the T, value of the composite is observed. This behavior
is associated with an increase of the free volume due to loosened molecu-
lar packing of the chain, resulting in an increase of the molecular mobility.
Besides, for high EG contents, the interaction between PUPH-EG produces
a reduction of the molecular mobility and therefore an increase in 7. The
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higher value of the AC),,,, for the PUPH/15EG composite, associated with
an increase of the fraction of polymer contributing to the glass transition, is
in accordance with the dielectric/mechanical results. So, the strength of seg-
mental relaxation was increased upon addition of 15 wt% of EG, indicating
an increase of the polymer fraction participating in the glass transition tem-
perature. This can be interpreted as the reorganization imposed for the EG
particles, that leads to the loosening of the crystalline constraint imposed on
the amorphous phase. Two kinds of interfaces coexist in PUPH/EG compos-
ites, those between soft and hard segments in amorphous regions and those
between polymer and EG particles. The MWS process is more important for
PUPH than for PUPH/15EG, which might indicates a qualitative change of
the morphology with the composition. The crystalline phase and EG parti-
cles, probably preclude the formation of nano-domains of “soft” and “hard”
segments responsible of the MWS process. The presence of EG particles pro-
duces an enhancement of trapping of charge carriers. Thus, increasing the
electrical conductivity.
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