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ABSTRACT: Broadband dielectric spectroscopy (107" to
10° Hz) in combination with TSDC were employed to study
the relaxations and the conductivity phenomena in polyamide
6/CaCO; composites loaded with different contents and par-
ticle sizes of treated and untreated CaCQOj;. In addition to the
primary o-relaxation associated with the glass transition, sig-
nificant interfacial relaxation and ionic conduction processes
have been revealed. The temperature dependence of the
relaxation rates of o-relaxation and Maxwell-Wagner-Siller-

process as well as that of the hopping rate of the conduction
mechanism were found to follow the Vogel-Fulcher-Tam-
mann-model. This may support the idea that the three mecha-
nisms are not completely independent. The modification of
the filler does not add any effect on the resistivity values.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 2039-2046, 2011
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INTRODUCTION

Nylon 6, which is widely used in the field of fibers
and engineering plastics due to its excellent combi-
nation of good mechanical properties and easy proc-
essability, ™ is a semicrystalline polymer and is rich
in molecular dynamics that are influenced by its
degree of crystallinity. Its composites and nanocom-
posites research has focused recently on the com-
pounding and formulation in conjunction with post-
processing materials properties and microstructural
characterization. In general, there are a lot of well-
known inorganic materials such as clay minerals,
talc, mica, kaolin glass fibers, and calcium carbonate
that have been successfully used as additives or
reinforcement to improve the mechanical as well as
the electrical properties of the polymers.”'* The
dielectric properties of nylons and their composites
have received a wide attention, since these materials
have quite complicated dielectric relaxation spectra
reflecting their highly complex structure containing
semicrystallinity, great strength of interchain force
due to hydrogen bonding between amide groups as
well as interphase interactions in their composites.
The dielectric properties of Nylon 6 and Nylon 12
were reported very early, by Hirota et al."> in 1966,
on a frequency range between 100 pHz and 1 Hz. As
expected, the more effective dynamics on this low
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frequency range were the interfacial polarization at
the boundaries between crystalline and amorphous
regions, conductivity due to proton jump passing
through hydrogen bonds, and an o-relaxation due
the segmental motion in the amorphous region.
Above T,, a space charge polarization mechanism
due to the accumulation of charges at the crystal-
line-amorphous interfaces inside nylon’s thin films
was observed'* using thermally stimulated discharge
technique that commonlg works in ranges of equiva-
lent frequencies of 107 to 10™* Hz. In the mean
time, the same technique in addition to the spectros-
copy of dielectric relaxation and dynamic mechani-
cal were widely used'>** to probe the origin of the
high and low temperature relaxation modes in Ny-
lon 6 and the effect of moisture and crystallinity on
the chain dynamics. In addition to the o-relaxation
due to polymer segmental motion associated with
the onset of the glass transition, another o’-relaxation
was investigated.'®'” It was attributed to the water
molecules and their intermolecular hydrogen bond-
ing. The Maxwell-Wagner-Siller (MWS) relaxation
in Nylon 6 has been observed many years ago.'” >
Recently,23 we have found a two step-like behavior
in the investigations of ac conductivity measure-
ments of Nylon 6 and its composites with CaCOj; in
dependence on frequency at relatively higher tem-
peratures using RLC-meter (40-10° Hz). Lower fre-
quencies investigations will give insight on the
charge transport mechanism and lower temperatures
will give us the opportunity to study the local dy-
namics. Because of its ability to probe molecular
fluctuations and charge transport in a broad
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frequency and temperature ranges, Broadband
Dielectric Spectroscopy (BDS) turned out to be a use-
ful experimental tool for probing charge transport in
polymeric systems. BDS measures the complex
dielectric function, €%, which is equivalent to the
complex conductivity function, c*. This is expressed
as o*(o,T) =ig0e*(w,T), implying that o' = g,we”
(g, being the vacuum permittivity and o the radial
frequency). In this study, two intermediate concen-
trations of two different particle sizes were chosen
to investigate the effect of particle size and its load-
ing on the different dynamic processes in the consid-
ered composite systems.

EXPERIMENTAL
Materials

The preparation of the investigated composites and
the materials used are described in detail in a previ-
ous study by Moussa et al.*®> The Nylon 6/CaCOs
composites was formed using melt blending method,
with 4 and 6 wt % CaCO; powders in polyamide 6,
in Brabender-like machine. The machine was heated
to 503 K and Nylon 6 beads was added allowing the
two screw revolving till the polymer completely
melted, then the filler was added again allowing the
two screw revolving for 3 min to enable homoge-
nous mixing. The samples were molded under high
pressure press (30 MPa) to sheet of thickness
1.5 mm in stainless steel mold at 503 K with two
Teflon papers sandwich the sample.

Treating CaCO; powders with oleic acid

The adsorption isotherms of oleic acid on the surface
of CaCOj; particles with 4 and 2 p sizes were carried
out from 0 to 0.1M solutions in toluene. Also, the
effect of adsorbed amount on the sedimentation
properties was recorded. This clarifies multilayer
formation with just single chemically adsorbed layer.
CaCO; powder was vigorously mixed with oleic
acid solution using the optimum concentration
obtained from both sedimentation and adsorption
isotherm results. Allowing equilibrium concentration
to be attained we waited for at least 48 h, then filter-
ing, washing with toluene and allowing it to evapo-
rate in open air, then in dry oven at 353 K for 2 h.

Abbreviation names of the samples

Since the samples have relatively long names, the
priority needs for mentioning them. One can sim-
plify the long name of each sample by coding them
as shown in Table I below.
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TABLE I
List of the Investigated Samples
No. Sample name Code
1 Blank Nylon 6 N
2 4% of unmodified 4p CaCOs; 1B
3 6% of unmodified 4p CaCOj3 1C
4 4% of modified 4p CaCO; 2B
5 6% of modified 4u CaCO;3 2C
6 4% of unmodified 2 CaCO; 3B
7 6% of unmodified 2p CaCO; 3C

Dielectric relaxation spectroscopy

Complex dielectric function & =¢' —ig” as well as
conductivity was measured by means of an Alpha
Analyzer (Novocontrol GmbH, Hundsagen Ger-
many). Temperature was controlled with accuracy
better than 0.5 K by a Quattro Cryosystem manufac-
tured by the same company. Specimens used, were
of square shape with a surface of ~ 30 x 30 mm
and thickness of the order of mm. To form the ca-
pacitor, circular brass electrodes of diameter 20 mm
were utilized. Measurements were carried out iso-
thermally in the temperature range 123-473 K in
steps of either 10 K (below 223 K) or 5 K (above 223
K) and in the frequency range 107" to 10° Hz.

Thermally stimulated depolarization currents
(TSDO)

TSDC is a special dielectric technique in the temper-
ature domain, which corresponds to measuring
dielectric losses as a function of temperature at fixed
low frequencies in the range (10* to 107 Hz).?
Owing to its low equivalent freguency, it is charac-
terized by high resolving power.”**

By this technique, the sample is placed in a capac-
itor and heated to a temperature Tp, where a dc field
of the order of several hundreds V/m is applied for
time tp, which is by orders of magnitude higher
than the relaxation time of the investigated mecha-
nisms. With the field still applied, the sample is
cooled at a steady rate to a low temperature T,
where the relaxation times of the mechanisms are
higher than the experimental time. The field is
switched off, the capacitor is short circuited with a
sensitive electrometer, and the sample is heated at a
constant rate b, while the depolarization current is
recorded by the electrometer.

In our study, the capacitor was formed as in DRS
experiments, Tp = 333 K, dc voltage V =1kV, T; =
123 K, b = 3 K/min.

RESULTS AND DISCUSSION

Figure 1 shows the dielectric loss as a function of
frequency at two fixed temperatures (a) 233 K and
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Figure 1 Dielectric loss, ¢, of the considered composites
versus frequency, v, at two different temperatures: (a)
lower temperature (233 K), (b) higher temperature (348 K).

(b) 348 K, for the neat polymer as well as three dif-
ferent composites with the same filler content (6 wt
%). More than four dynamics could be observed in
this figure. At lower temperature, Figure 1(a), one
can see a broad dynamic relaxation (y-relaxation) at
higher frequencies. This dynamic was attributed to
the fluctuations of the amide group with short seg-
ment of CH, sequences.'®'®"” By the addition of the
filler, the y-peak shifted remarkably toward lower
frequency (became slower). It is, for Nylon 6, out of
the considered frequency window. There is no re-
markable effect of the particle size or the treatment
of the filler surface on the peak position. At lower
frequencies, a more intense and sharp peak namely,
B-process, is observed. The peak position is shifted
by more than one decade toward lower frequency
by adding the filler whatever its size or if it is
treated. At higher temperatures, Figure 1(b) shows
a-relaxation process associated with the glass transi-
tion at higher frequencies followed by an interfacial
polarization peak of MWS overlaid by conductivity
contribution in decreasing frequency. Both former
processes became broader and shifted toward lower
frequency on the addition of the filler.

The isochronal graph, Figure 2, illustrates the de-
pendence of the imaginary part of the complex
dielectric permittivity €’ on temperature for the neat
Nylon 6 (N) and the sample, 1B (4% of unmodified

4 n CaCO;), as a function of temperature at a spot
point frequency 1 kHz. All relaxation dynamics as
well as charge transport can be identified in both the
composite and the pure polyamide 6. These relaxa-
tions were previously identified and reported for the
pure polyamide 6.°*° The figure shows the effect of
addition of the highest average particle size of
CaCO; powder (4 p) within the moderate percent on
the dynamic behavior of the neat polyamide 6. This
gives results similar to the effect of drying the neat
polyamide 6 as shown by Laredo et al.'® All proc-
esses are shifted to higher temperature on the addi-
tion of the filler as expected. The lowest temperature
process at about 173 K is the so-called y-process. In
increasing temperatures, another secondary relaxa-
tion peak appears at about 253 K that is called B-
process. There is a number of varying opinions exist-
ing in the literature regarding the origin of this
dynamic. Frank et al.'® attributed the B-relaxation to
the movement of more extended CH, segments as
well as motions of the amide groups. These motions
are exacerbated by the presence of water in the sys-
tem. Laredo et al.'® believe that the B-relaxation is
due solely to firmly bound water that is often pres-
ent in polyamides despite drying and can be com-
pletely eliminated only by extremely rigorous drying
procedures. In the review by McCrum et al.,* the
dielectric B-relaxation was attributed to NH, and
OH chain end group movements, while others
attributed it to the motion of a water polymer com-
plex.* The higher temperature peak appears at
about 328 K that is close to the glass-rubber transi-
tion temperature obtained by DSC, called a-process
is connected with the onset of large-scale motions of
the chain segments. The highest temperature process
that appears at about 393 K is attributed to the inter-
facial polarization called MWS relaxation.®
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Figure 2 The temperature dependence of ¢’ for the neat
sample N and the composite 1B at spot frequency point
1 kHz.
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Figure 3 Separation of the dynamic peaks for the neat
Nylon 6 at (a) 223 K and (b) 343 K. Lines are fit of HN-
equation.

The study and analysis of the isothermal data ena-
ble detailed study of each relaxation process. The
relaxation rate at maximal loss (mean relaxation
rate), Vmax is extracted by fitting the following model
function of Havriliak-Negami on the data.

<1 + (iv—vo)l_a)ﬁ

In this expression, v, is the characteristic fre-
quency of the relaxation, &, is the dielectric
response at frequencies v >> vy, Ae is the dielectric
strength, that is, the contribution of the relaxation to
the static dielectric permittivity, while o and B are
shape parameters expressing the broadening and
asymmetry of the peak with respect to Debye model
respectively. (For Debye relaxation o = 0 and B = 1).
For B = 1, the equation reduces to the symmetric
Cole—Cole model, which is known to apply for local

)

=g+
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secondary relaxations. o-relaxation is known to be
asymmetric; however, due to the strong overlapping
with other relaxations, studying asymmetry led to
ambiguous results, therefore Cole-Cole model was
utilized for segmental a-relaxation, too.

Figure 3(a) clarifies the existence of three relaxa-
tion processes in this frequency range at that rela-
tively low temperature (233 K). Also analyzing the
dependence of imaginary part of the complex dielec-
tric permittivity, ¢, on frequency at 343 K [Fig. 3(b)]
shows the effect of dc conductivity, MWS process,
and o-relaxation process in the order of increasing
frequency. Figure 4 shows the activation plot
obtained by fitting with HN-equation to the data.
The obtained results of the relaxation rate as a func-
tion of the temperature follows Arrhenius equation:

(In 10)E,

K T @)

log v, = log vy, —

where v, is the frequency of maximal loss or the
relaxation rate of the dynamic process, v, = 271100 the
relaxation rate in the high temperature limit, £,
the activation energy and Kp the Boltzmann con-
stant. From this equation, the activation energies for
the three relaxation processes at lower temperatures
v, B, and p' were found to be 0.341, 0.720, and
0.728 eV, respectively. On the other hand, o and
MWS-relaxation processes were found to follow

Vogel-Fulcher-Tammann (VFT) equation:

®)

D is a constant and T, denotes the Vogel tempera-
ture (some times called the ideal glass transition
temperature).

8 Neat Nylon 6

od pom

1000/T, K

Figure 4 Activation plot of the neat Nylon 6 for v, B, §,
o and MWS processes. The results of v, B, p’ follow the
Arrhenius equation, while o and MWS were fitted with
VFT equation.
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Considering the relationship between the a-relaxa-
tion and the P'-relaxation, which disappeared for all
the investigated composites, a close inspection on
Figure 4 shows that both processes merge at higher
temperatures and form the so-called af- or a-pro-
cess. It was called Williams process since it was first
discussed by Graham Williams and his co-
workers.*>?! With decreasing temperatures, both
processes will separate from each other in a certain
temperature region called splitting region according
to Donth and coworkers.*** This scenario is
assured according to the relaxation rate at maximal
loss at very low frequency determined for a-process
using TSDC technique that deviates remarkably
from that of the B-process.

Effect of the filler on the dynamic of polyamide 6

There are numerous effects, since one observes four
or even five peaks for the neat sample and the com-
posites, respectively. One can study the effect on
each process separately.

y-process

The relaxation peak of this relaxation has more in-
tensity for the composite than that of the neat Nylon
6 and is shifted toward lower frequencies (higher
temperatures). The effect of adding the inorganic fil-
ler to the neat polymer seems to be similar to the
effect of drying the wet sample of neat Nylon 6
obtained by Laredo et al.'” This behavior can be
explained on the origin responsible for this dynamic
process. It is related to the rotational motion of am-
ide group with short segment of CH, sequences as
previously mentioned. But one can think about co-
operative rotational motion of N—H and C=0 with-
out any accompanying CH, sequences, since the
decrease in the dipoles intensity by hydration is due
to tightly bound water molecules that join two car-
bonyl groups and so hinder mobility while shifting
to a higher temperature due to firmly adsorbed
water molecules or due to the interaction of this
dipoles with water molecules present in the polymer
matrix. One can assume that CaCOj; disturb hydro-
gen bonds formed between carbonyl groups (CO)
and the amine groups (NH) so increase the number
of reorienting dipoles, and hence increase the length
of moveable CH, sequences, which explain the shift
to higher temperature.

B-process

B-process has lower intensity for the composite than
that of the neat Nylon 6—in opposite trend to the
former process—also shifted toward lower frequen-
cies. From the literature, this process is attributed to

the dynamics of firmly adsorbed water with amide
groups through hydrogen bonding. The modification
should lead to reducing or even disappearing of the
relaxation peak that is not the case considering the
modified and unmodified samples. In the review by
Williams and Watts,> the dielectric p-relaxation was
attributed to —NH, and —OH chain end group
movements by some groups, based on this mecha-
nism CaCOj; can form hydrogen bonds with both
types of chain end groups, and hence decrease the
number of movable dipoles relate to this process.
The small shift to higher temperature, more symme-
try, and less broadening of the peak due to CaCOj;
particles bonded in majority to the longer polymer
chain. In our opinion, this process is due to C—N
bond of the amide group with accompanying of CH,
sequences, and hence we explain the decrease in the
number of reorienting dipoles by the interaction of
CaCOQO; particles with the amide groups that have no
adsorbed water molecules, so, the process appears
due to only C—N of the amide group that have
firmly adsorbed water molecules and so shift the
peak to higher temperature.

O-process

The position of a-process relates to the onset of glass
transition, cooperative motion of macromolecular
chain. It appears in some other works®' as two
peaks, the first process called plasticized one that
was attributed to the glass transition and facilitated
by hydration due to plasticization effect. The second
one, called unplasticized process, was related to the
glass transition, and is not affected by the hydration
referring to the local modes. The coexistence of these
two peaks seems to agree better with a representa-
tion of different spatial scales, that is, smaller coop-
erative rearrangement regions (CRR) sizes corre-
sponding to faster modes, and larger CRR giving
rise to slower ones. The addition of the inorganic fil-
ler reduces the intensity of the peak and also shifts
its maximum position toward lower frequency
(became slower). This effect is attributed to the
unplasticization effect of CaCO;. Even CaCOj;
decreases the degree of crystallinity, and its particles
can serve as crosslinking of polymer chains.

MWS-process

Maxwell-Wagner-Sillars relaxation process relates to
the interfacial polarization. This process thought to
be due to the trapping of free charge carries at the
boundaries between crystalline and amorphous
regions. It is well known that the electrical conduc-
tivity of the crystalline phase is much lower than the
conductivity of the amorphous phase in such semi-
crystalline polymers. Free charge -carriers (ions)

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Maxwell-Wagner—Sillar process mean relaxation
rate, (Vmax)Mws and dielectric relaxation strength, Asyws
for the legend samples.

moving through the amorphous phase of the sample
are hindered in their motion by crystalline domains.
This reduces the conductivity at its frequency range
and to be discussed later in the text. The model
function HN, is fitted to the isothermal data of MWS
dielectric relaxation peak to extract the relaxation
rate at maximum loss, vyws, and the dielectric
strength Ae. The characteristic frequency vmws and
the dielectric strength Ae of MWS relaxations are
plotted against temperature for some selected sam-
ples to show the effect of concentration, modifica-
tion, and the particle size of CaCO; and displayed in
Figure 5. MWS relaxation is not only detected in the
composite systems, but also found in the neat poly-
mer. MWS effect in the neat semicrystalline nylons
originates from protonic ion conduction through the
two-phase crystal/amorphous solid that results in a
polarization at the crystal/amorphous interface,
which has been observed in Nylon 6 and other
nylons.'*?!?¢ Tt is pointed out that vyws follows the
VFT equation for all investigated samples. Figure 5
shows that MWS mechanism is faster at lower tem-
perature for the neat polymer till the calorimetric
glass transition and then became of comparable val-
ues with the different composites. Its dielectric
strength decreases gradually till about 420 K and
then is stabilized. There is clear coincidence between
the dielectric strength of the unmodified and modi-
fied 4 p composites at the concentration of 6 wt %
(1C and 2C, respectively). The same concentration of
2 p unmodified filler has the lowest values of dielec-
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tric strength. This behavior reflected the higher
degree of crystallinity of the neat Nylon 6 than that
of the composites, so neat Nylon 6 has in general
greater interfacial area between the crystalline and
amorphous phases. But at higher temperatures,
adsorbed water molecules in the amorphous phase
will be degassed and allow the polymer chains to be
ordered and increase the crystallinity at the expense
of the overall interfacial area. However degassing of
water molecules are also possible for the composite;
the increase of crystallinity hindered by the presence
of CaCOj; particles due to the well-known unplasti-
cizing effect of the filler.

Conductivity mechanism

Typical spectrum of the real part of complex con-
ductivity, ¢’, at different temperatures for the neat
polymer is presented in Figure 6. It is well known
that o'—for highly conductive disordered poly-

%% and many jon-conducting glass-forming
liquids and glasses™ ™ is characterized on the low
frequency side by a plateau (the value of which
directly yields the dc conductivity, c,) and a charac-
teristic radial frequency, o, at which dispersion sets
in and turns into a power law (o = ©°) at higher fre-
quencies. Also, at lower frequencies, it was observed
that ¢’ decreased from o, value and this was attrib-
uted to electrode polarization that results from the
interfacial effects attributed to the slowing down of
charge carriers at the electrodes. The results
obtained for the investigated samples (Figs. 6 and 7)
exhibit a dc conductivity plateau o, at lower fre-
quencies for higher temperatures. There is no indica-
tion of the electrode polarization for such semicrys-
talline polymer or even for its composites. It is clear
that o, decreases and the characteristic radial

10"

v, Hz

Figure 6 Real part of conductivity, ¢’ against frequency
at temperatures from 273 to 423 K with 10 K increasing
step for the neat Nylon 6, N.
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v, Hz

Figure 7 Real part of the conductivity, ¢’ against fre-
quency at relatively higher temperature (378 K) for the
neat Nylon 6, N, with samples 1B, 2B, 1C, and 3C.

frequency, o, shifts toward lower frequencies with
decreasing temperature. Figure 6 shows that the
increase of temperature from 273 to 423 K increases
o, by about eight decades (from the order of 10"
to 107°). This is due to the fact that as temperature
increases, the degree of crystallinity decreases and
the polymer chain acquires faster internal modes in
which bond rotations produce segmental motion.
This, in turn, favors hopping interchain and intra-
chain ion movements and accordingly, the conduc-
tivity increases. On the other hand, at higher tem-
peratures ¢’ is obeying the power law, (¢ = ®°).

The conductivity curves also show a strong bend
between the dc plateau and ac conductivity forcing
the conductivity by another critical frequency. This
phenomenon was observed previously in RCL-inves-
tigation and it is attributed to the MWS polariza-
tion.”> Focusing now on the effect of filler modifica-
tion and its content on the dc conductivity, o,
Figure 7, clearly shows that the addition of the
CaCO; generally reduces the conductivity of Nylon
6. However, no remarkable effect of modification on
the dc conductivity is noticed here since there is
coincidence for unmodified, (1B) and modified (2B)
4 wt % 4 p CaCOs. The main effect of the filler on
the neat Nylon 6 is the unplasticizing, so it is
assumed that the conductivity mechanism is mainly
due to polymer chain movements that assist the
migration of charge carriers. So, surface modification
of the filler does not add any effect on resistivity
values. Comparing now between different loading
percentage of the filler, 1B: 4 wt % and 1C: 6 wt %
of the unmodified 4 p CaCO; samples and different
particle size 1C: 4 p and 3C: 2 p of the unmodified
filler at the same loading 6 wt % shows that the
decrease in particle size and the increase of loading
give more pronounced increase of resistivity.

The real part of the conductivity function ¢’ (®)
obeys the Jonscher’s equation expressed as:

&/(®) = 6o + A" = &, {2 + (ﬂﬂn @)

Oc

where o, is the characteristic frequency at which the
real part of the conductivity begins to increase with

e

log [v_/HZ]

2.0 2.2 2.4 2.6 2.8 3.0

1000/T, K"
-4

b

-8

log [o (s/m)]

N
o

2.0 l 2.2 l 2?4 . 2?6 . 2.8 3.0
1000/T, K"

-4

**D>poeon

o -8

log [v, (H2)]

Figure 8 Temperature dependence of the characteristic
charge transport rate, vy (a), dc conductivity, o, (b)

and o, versus Vg (c) for the legend samples. The
solid lines are the fit of VFT (a and b) and linear
relations (c).
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frequency from the dc conductivity o, and n denotes
power law exponent. The temperature dependence
of both v, and o, are illustrated graphically in Figure
8(a,b), respectively. Both obtained fit parameters fol-
low the Vogel-Fulcher-Tamman dependence. This
expresses an empirical scaling law relating the dc
conductivity to the value of ®., known as the Bar-
ton-Nakajima-Namikawa (BNN) relation: ¢, ~ o, as
given in Figure 8(c). The relation can also be stated
as: o, = pg,Aew., where p is numerical constant, of
order 1, g the permittivity of free space and Ae is
the dielectric strength.

CONCLUSIONS

Based on the obtained data, one can concluded that

 Surface modification of CaCO; with oleic acid
increases its compatibility with Nylon 6.

* Nylon 6 has four dynamic relaxation processes
namely; vy, B, p/ and o in addition to MWS
polarization.

* v, B, and B’ processes obey Arrhenius activation
equation, while o and MWS processes obey VFT
activation.

* The additions of CaCO; to Nylon 6 shift all
processes to higher temperatures in similar
manner to drying the neat polymer.

* The strong bend in the conductivity curves is

due to the strong dynamic MWS process.

The shift of o, to lower values in the presence

of CaCOy; is higher for smaller size.

* The relation between , and v, obey BNN rela-
tion. So the Ae is temperature independent.
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