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Abstract

Electric field was found to facilitate the destruction of layer stacking and separation of silicate layers in polypropylene (PP)/layered silicate
nanocomposites, resulting in the penetration of polymer chains into silicate galleries. In this study, we describe the real-time microstructural
evolution of PP/clay nanocomposites under electric field investigated by in situ synchrotron wide-angle X-ray scattering (WAXS) analysis.
We were able to identify two distinctive mechanisms for the formation of nanocomposites depending on the type of electric field. We observed
that the exfoliation process prevails in the AC field, while the alignment of silicates parallel to the electric field predominates in the DC field.
Dielectric relaxation analysis showed that the different mechanisms originate from different charge distributions of bound ions attached to the

clay surfaces due to the applied electric field.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that the addition of only a few percent of
layered silicates can improve the material properties sig-
nificantly compared to the conventional composites with
micron-size fillers [1,2]. Several strategies have been proposed
for the synthesis of nanocomposites, and the key issue lies in
how to achieve good dispersion of the clays and how to control
the degree of exfoliation of the layered silicates.

The application of this concept to polypropylene (PP)/clay
nanocomposite is more challenging at least for two reasons.
One is related to its impact on the market, while the other
is technical. Since PP is widely used in many industries
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including automotives [2], its impact on the market cannot
be overestimated. However, unlike the case of polyamide,
PP does not include any polar group in its backbone and, con-
sequently, it is difficult to obtain homogeneous dispersion of
the silicate layers. Since Toyota group reported the formation
of PP/clay hybrid composites by direct melt intercalation of
montmorillonite (MMT) using maleic anhydride grafted PP
(PP-g-MA) as a compatibilizer [3], PP/clay nanocomposites
have been investigated by many researchers [3—5]. Even
though exfoliated nanostructure can be obtained by this
approach, the additives involved are expensive and need to
be used in a significant amount, which prohibits the commer-
cial application. Recently, several new chemical approaches
have been reported to overcome these difficulties, by eliminat-
ing the need for the compatibilizer [6—8].

In addition to these chemical approaches, a novel physical
approach that exploits electric field was proposed for the for-
mation of PP/layered silicate nanocomposites [9]. With these
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evidences, namely the increase in storage modulus with in-
creasing exposure time to an electric field, the non-terminal
behavior and drastic increase in the storage modulus at low
frequency, the disappearance of the characteristic peak in X-
ray diffraction after electric treatment, and the morphological
changes, it was concluded that the electric field facilitates the
destruction of layer stacking and separation of the silicate
layers, resulting in the penetration of the polymer chains
into the silicate galleries. However, precise mechanism of
this effect has not been fully understood.

In this paper, we report the real-time wide-angle X-ray scat-
tering (WAXS) experiments and dielectric relaxation analysis
(DEA) of PP/layered silicate nanocomposites, with the pur-
pose of understanding the mechanism on the formation of
nanocomposites and the orientation of the layered silicates
in the presence of electric field. We will identify two distinct
mechanisms from WAXS analysis. One is the exfoliation
process in AC electric field and the other is the alignment of
the layered silicates in DC field. Through dielectric relaxation
analysis, we will show these two different behaviors are
closely related with the changes in charge distribution, espe-
cially with regard to the bound ions that are distributed on
the layer surfaces in the presence of electric field.

2. Experimental section

PP (M,, = 127,000, M,= 13,000, PolyMirae Corp.) and
dimethyl hydrogenated-tallow ammonium modified MMT
(Cloisite 20A, Southern Clay Products Inc.) were used in
this study. The melt compounding of the PP/clay hybrid was
performed in an intensive internal mixer (Haake Rheocord
90) at 50 rpm for 10 min after clay feeding at 180 °C. The
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weight fraction of Cloisite20A (C20A) was 5 wt%, and the
corresponding samples are subsequently referred to as HP
(Neat PP), HPC (PP with 5 wt% of clay), HPCA (treated under
AC electric field), and HPCD (treated under DC electric field).

In situ synchrotron WAXS measurements were performed
at the 4C2 beam line in the Pohang accelerator light source
(PALS, Korea), which consists of 2 GeV linear accelerator
(LINAC), storage ring, Si (111) double crystal monochroma-
tor, ion chambers, and two-dimensional CCD camera with
1042 pixels. The photon energy was set to 5.5 keV. WAXS
patterns were recorded with a two-dimensional camera located
at a distance of 22 cm from the sample. The detector can mon-
itor up to 50 frames (1024 x 1024 pixels) at a rate of 40 s per 1
frame. AC of 1 kV/mm and 60 Hz, and DC of 1 kV/mm were
applied with a function generator (Tektronix AFG 310) and
high voltage amplifier (Trek 677B). The copper electrode
was designed with a gap of 1.5 mm, height of 5.0 mm and
width of 1.0 mm. The homogeneous electric field was applied
perpendicular to the direction of the X-ray beam. No leakage
current was detected.

The dielectric analyzer, DEA 2970 (TA instruments, Inc.)
was used to estimate the dielectric properties such as permit-
tivity, loss factor, and electric conductivity for electrically
activated PP/clay nanocomposites under the isothermal condi-
tion of 190 °C. Each dielectric property was measured over the
frequency range from 0.1 Hz to 10° Hz.

3. Results and discussion
Fig. 1 shows the result of time sweep test for PP/clay nano-

composites under AC (1 kV/mm-60 Hz) and DC (1 kV/mm)
electric field. The storage modulus increases with time and
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Fig. 1. Rheological properties of electrically activated polypropylene/clay nanocomposites under AC and DC electric fields. The experiments were carried out
at the frequency of 1 rad/s and strain of 10%, which is linear region at 180 °C [9].
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reaches a steady value as the AC electric field is applied. The
increase in the storage modulus indicates the morphological
evolution, that is, the layer-stacking destruction and separation
of layered silicates [9]. Compared with that in AC electric
field, the storage modulus becomes saturated much faster
when DC electric field is applied. This means that the morpho-
logical changes in DC field is different from those in AC field.
To verify the difference in its response under AC and DC
fields, real-time WAXS experiments and DEA analysis will
be carried out.

We first investigate the morphological changes in the lay-
ered silicates at 200 °C before applying the electric field. An
isotropic ring pattern is observed, as shown in Fig. 2(A), which
means that the layered silicates are dispersed randomly in
polymer matrix. When the electric field is applied, the scat-
tering pattern changes distinctively depending on the type of
the electric field. In the AC field, the isotropic ring pattern
becomes weaker and gets smaller and smaller as time goes
on (not shown here in detail). This implies that layer-stacking
destruction and separation of the layered silicates are progress-
ing. In other words, the exfoliation process can be induced by
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Fig. 2. One-dimensional characteristic peaks in AC (a) and DC (b) fields, and

two-dimensional WAXS images: (A) initial state, (B) 2385 s after applying AC
field and (C) 318 s after applying DC field.
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applying AC electric field, which is also evidenced by other
measurement techniques, including TEM, XRD and rheometry
[9]. Snapshot (B) in Fig. 2 shows 2D WAXS pattern recorded
2385 s after the application of the electric field. In the DC
field, the alignment of the layered silicates parallel to the elec-
tric field was observed at 318 s, which is shown in Fig. 2(C).
These findings indicate the existence of two different mecha-
nisms responsible for the formation of nanocomposites in
the presence of AC and DC fields.

The time series of one-dimensional X-ray characteristic
peaks of layered silicates recorded under AC field at 200 °C
are shown in Fig. 2(a). In the WAXS experiment, only the
electric field was applied on the contrary to the rheometry
where both electric and flow fields were applied. The change
in intensity of the intercalated and pristine diffraction peaks
with time reflects the kinetics of the intercalation process,
because the intensities of the pristine and intercalated basal re-
flections correspond to the concentrations of the unintercalated
and intercalated silicates in the sample, respectively, under the
assumption that the number of silicate layers remains the same
during the intercalation process [10]. The initial dyg; spacing
of C20A is 3.0 nm at 200 °C and it shifts to a lower value
of g in AC electric field. The position of the maximum
peak, gmax, decreases as the exposure time increases. We
note that the enhanced dispersion and exfoliation seems to
follow three steps, which are depicted in Figs. 2(a) and 3(a).
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Fig. 3. Maximum intensity and full width half heightin AC (a) and DC (b) fields.
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In the first step, the maximum intensity, /;,,.x, decreases as ¢max
decreases. The decrease in I,,,,, is related to the decrease in the
amount of silicate layers corresponding to ¢,.x, While the de-
crease in gmax corresponds to an increase in the gallery spac-
ing. The full-width at half-maximum (FWHM), ag, increases
at this step, which implies the widening of the distribution
of the gallery height. In the second step, /;,.x changes little
but the value of g,x decreases with 02. This implies that
the gallery height increases as the distribution narrows. In
the third step, both I, and o’fl decrease with decreasing
gmax- This implies there is a decrease in the number of layers
in the clay stack caused by exfoliation. Therefore, the AC field
causes exfoliation by disturbing (the first step) and rearranging
(the second step) the gallery height distribution, leading to the
gradual separation of the layers from the clay stacks (the third
step). Under DC field, the morphological evolution is some-
what different. The isotropic ring pattern turns into two
distinctive peaks at about ¢ =90° and ¢ = 270°, respectively,
after the electric field is applied (see Fig. 2(C)). While the
intensity of the isotropic ring pattern becomes weaker, that
of the anisotropic pattern becomes stronger as time goes on
and appears distinctively at 318 s. The anisotropic pattern im-
plies that the orientation of the layered silicates has a preferred
orientation, parallel to the electric field in this case. In contrast
to the results obtained using AC field, the intensity of the char-
acteristic peak increases with a slight shift of g,.x to the left,
which means that the intercalated silicates align themselves to
the electric field (Fig. 2(b)). Furthermore, the maximum inten-
sity in Fig. 3(b) increases gradually, even after the anisotropic
pattern appears, and then reaches a steady value with a slight
increase of basal spacing. The decrease of 02 means that a tran-
sition occurs from a disordered state into an ordered state,
which can be understood by the increase in the alignment of
the silicate layers parallel to the direction of the electric field.

Fig. 4 shows different morphologies of PP/clay nanocom-
posites after applying AC (1 kV/mm-60 Hz, 2385 s) and DC
(1 kV/mm, 318 s) fields. While the destruction and random
distribution of clay layers are observed under AC field (a),
the orientation of clay tactoids parallel to the electric field
can be found under DC field (b). The degree of orientation
may well be quantified by the average orientation parameter,
S4, which can be defined using the Herman’s orientation func-
tion [11—14];

3(cos’ @) — 1
Se="g
where
(cos® o) — fozﬁ I(¢)cos? ¢ sin @ do M
fOWI(q))sin o do

Here I(¢) is the intensity at the azimuthal angle ¢ and
the orientation parameters reported here are the averages of
four orientation parameters calculated from each quadrant.
The orientation parameter takes values of Sq=0 and 1 for
random orientation and perfect uniaxial orientation, respec-
tively. Fig. 5 shows the orientation parameter for PP/clay

Electric field

Fig. 4. TEM photographs of PP/clay nanocomposites after AC (1 kV/mm-
60 Hz, 2385 s) (a) and DC field (1 kV/mm, 318 s) (b).

nanocomposites under DC and AC fields. The orientation of
clay tactoids rapidly increases with DC field and becomes sat-
urated at about 0.58. The orientation parameter of the fully
aligned system is typically between 0.6 and 0.7, and the value
of 0.58 is comparable to the case of well-aligned low molec-
ular weight nematic liquid crystals [13,14]. On the contrary,
the orientation parameter does not change significantly in
AC field but slightly decreases, which means the distribution
of clay particles becomes more random as exfoliation prog-
resses subjected to the AC field as discussed above.

There are many studies on the orientation of silicate layers
under flow field [12,15—18], but only a few on the orientation
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Fig. 5. Herman’s orientation parameter, Sq, in AC and DC fields.

of the layered silicates under electric field [14,19,20]. They are
in the form of electrorheological (ER) fluids [21,22], a kind of
suspension in which conducting particles are suspended in
a non-conducting medium such as mineral oil. Our system is
unique in that the conducting particles are distributed in highly
viscous polymer melt rather than mineral oil, which is much
less viscous and the particles are easy to align and orient.
The time scale for the layered silicates to align themselves par-
allel to the electric field can be estimated based on the simple
polarization model [22],

UB
o= 2
Y 2ege SPE? @)

where ¢y is the permittivity of space and § is the effective
polarizability defined as (e — 1)/(e; +2) where & = ¢,/¢;
& and & are the dielectric constants of particles and that of
suspending medium, respectively. £ and 7, are the applied
electric field and the viscosity of solution, respectively. In
general, the time scale for the alignment of typical ER fluid
is of the order of a few milliseconds. As & = 2.5, ¢, = 4.2,
e = 8.85x 10712 F/m, =0.25, E=1000 V/mm, 7, =
800 Pa, in this case, the time scale for the alignment of the
layered silicates under DC field is about 288 s. This seems
to be reasonable because the mobility of the clay in this
case is restricted by the highly viscous matrix. The calculated
value of f is in good agreement with the experimental results
of the WAXS measurements as well as the rheological mea-
surements. The bright strings in 2D WAXS images become
distinct in this time scale (between 200 and 318 s) and the ori-
entation parameter reaches a saturation value at this time scale
as well. The storage modulus also saturates at the same time
scale in DC field (see Fig. 1). This means that the clays
respond to DC field in the same way as ER fluids do, and
that the silicate layers or their clusters align themselves to
the direction of the electric field.

To understand the mechanism under AC field, dielectric
relaxation analysis is carried out, that provides information
on the molecular mobility in polymer melts and, particularly
the information on the behavior of the ions on the clay surface
in this case. The electric conductivity of HP is in the order of

Table 1

Electric conductivity and dielectric properties with and without electric fields
Sample code ¢ ;" Tro0K” &° e 4 B¢ 7t Nyt
HP 3.38 9.69 — - - - -
HPC 10.7 254 272 244 045 0.049 506
HPCA 13.9 358 333 265 039 050 12.0
HPCD 16.8 301 276 240 045 0.065 49.0

 Electric conductivity at 0.1 Hz (x10~'2 S/cm).

" Electric conductivity at 100 kHz (x10~° S/cm).

¢ Real part of dielectric constant at low frequency used in Eq. (8).
Real part of dielectric constant at high frequency used in Eq. (8).
¢ Broadness of the distribution of the relaxation time.

Mean relaxation time (ms).

£ Number of bound ions, eode//r (X 107° S/m).

d

10~"2—107? S/cm, which is typical of an insulator (Table 1).
The electric conductivities of HPC, HPCA and HPCD are in
the range of 10~°—10"" S/cm, that is 1—2 orders of magnitude
higher than that of HP. This suggests that PP/clay has a large
amount of carriers contributing to the electric conductivity.
These carriers would be surfactant ions originating from the
clays [23—25].
The complex dielectric constant ¢* is defined as

=& —id" (3)

where ¢ and ¢’ stand for the real and imaginary parts of the
complex dielectric constant, respectively. The real part of
the complex dielectric constant ¢ is shown in Fig. 6(a). ¢ of
HP slightly decreases below 6 rad/s and becomes independent
of frequency above 6 rad/s. ¢’ of HPC decreases below 6 rad/s
and reaches a plateau in the frequency range between 6 rad/s
and 60rad/s, after which it gradually decreases with
frequency. The decrease in ¢’ below 10 rad/s can be attributed
to the electrode polarization effect. On the other hand, the
decrease in ¢ above 10° rad/s is considered as the dielectric
relaxation of the ions. To figure out the dielectric relaxation
of the ions in PP/clay melts, the electrode polarization, which
is the contribution of electrode screening and conductivity
effects in low-frequency region under the action of the applied
electric field (1.0 V) in DEA measurements, was subtracted
from as measured ¢'. The as measured ¢ can be decomposed
by two contributions; one from electrode polarization ¢, and

the other from relaxation eéelax.

gl = Eél + Si'elax (4)
The contribution of electrode polarization to the real part of
the dielectric constant is known to have a power relation with

frequency [26,27]

e = aw (5)

Here, o is a constant, » stands for the frequency of the
electric field. By assuming o = &g, wS{fHZ, the electrode
polarization term was evaluated. The real part of the dielectric
constant due to the relaxation of the ions is shown in Fig. 7(a).
No dielectric relaxation occurs in PP without clay although
small increment in &/ is observed at high frequency end.

relax
On the contrary, the dielectric relaxation is observed in
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Fig. 6. Frequency dependence of the real part (a) and imaginary part (b) of the
dielectric constants at 190 °C.

HPC, HPCA, and HPCD. This strongly suggests that the di-
electric relaxation observed in this frequency regime is attrib-
uted to the relaxation of the ions in the clay. A clear difference
between these samples is the dielectric increment. HPCA dem-
onstrates a large dielectric relaxation compared to the others.
The dielectric increment of HPCD is as large as that of HPC.
The imaginary part of the complex dielectric constant &” is
shown in Fig. 6(b). At low frequency, ¢’ decreases for all the
samples by a power of frequency, suggesting the electrode po-
larization effect. The imaginary part of the dielectric constant
can be decomposed into the term due to relaxation and the
DC-conductivity originating from the electrode polarization:

"

& = S:Ielax + egC (6)

According to the theory of dielectrics, the DC-conductivity
term can be simplified as

0pC
S;II)C :7 (7)

where ¢ and w are the DC-conductivity and frequency, respec-
tively. We use this empirical equation to estimate the
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Fig. 7. Frequency dependence of the real part (a) and imaginary part (b) of the
dielectric constants after subtracting the electrode polarization term.

relaxation contribution by subtracting the DC-conductivity
term from the as measured ¢”. Fig. 7(b) shows the relaxation
contribution of ¢’. A pronounced peak is observed in HPCA
and comparatively weak peaks in HPC and HPCD. HP does
not show any peak in the frequency range we are interested
in. The relaxation can be fitted with the theoretical equations,
which are often referred to as the Cole—Cole’s circular arc law
[26,27],

’ / + 86 — e/oo sinh ﬂx
€ =& -
relax © 2 cosh 6-x + COS(W)G/Z) ’
, &) —é, sinh Bx
8relax = (8)
2 cosh fx + cos(mgB/2)

where x = In w7y, and w is the angular frequency of the ap-
plied electric field, 7 is the mean relaxation time, and § stands
for the parameter representing the broadness of the distribution
of the relaxation times. Nonlinear least mean squares fitting
was carried out and the results are presented in Table 1 and
in Fig. 7 as dotted lines. As can be seen in Table 1, the § value
of HPCA is much lower than that of HPC and HPCD, suggest-
ing that there is a wide distribution of the relaxation times
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under AC field, which is far from Debye type relaxation. The
relaxation time of HPCA is longer than those of HPC and
HPCD, and the relaxation peak of HPCA is much higher
than those of HPC and HPCD. Moreover, the peak frequency
is in the order HPCA < HPCD < HPC, which coincides with
the order determined by Eq. (8). The decreased peak fre-
quency is related with the increased amount of layered silicate
surface area as a result of the increased degree of exfoliation
as discussed by Davis et al [23].

We now analyze the mobility of the ions based on the the-
ory of dielectrics. Ions in the melts can be divided into two
types. One is free ion (cationic surfactants in polymer matrix)
which contributes to the electric conductivity, and the other is
bound ion (cationic surfactants on clay surface) which contrib-
utes to the dielectric relaxation. We consider the behavior of
the bound ions attached to the clay surface. The number den-
sity of the bound ions can be obtained by the following rela-
tions [23—25,28]. The relaxation time 7 can be determined
by the equation

L2
D

T ©)

Here, L and D represent the diffusion length and the diffu-
sion constant of the bound ions, respectively. As mentioned
above, the relaxation time and the dielectric increments of
HPCA are larger than those of HPC and HPCD. The dielectric
increment Ae is expressed as

N
Ae:a b

10
- (10)

Here N, is the number density of the bound ions in the
melts and o, is the electrical polarizability due to a bound
ion given by

L

S

(11)
where e is the elementary charge, £k and T are Boltzmann
constant and temperature, respectively. The following relation
between the number density of the bound ions and the dielec-
tric increment can be obtained using Eqgs. (9—11)

eole

- OCNb (12)

The estimated values of IV, are listed in Table 1. The num-
ber density of the bound ions, N, of HPCA is much smaller
than those of HPC and HPCD, even though HPCA has as
many free ions as HPC and HPCD. From these observations,
it will be natural to think that the number density of the bound
ions is related to the increase in the degree of exfoliation under
AC field. While the PP/clay composites have a large amount of
free ions and bound ions after melt compounding (HPC), the
PP/clay nanocomposites electrically activated under AC field
(HPCA) have a smaller number of bound ions. This implies
the transformation of bound ions into free ions, due to the dis-
sociation of the bound ions in the presence of AC electric field.

The dissociation of the bound ions indicates there is a change
in the charge distribution on the clay surface, which causes an
imbalance between the van der Waals attraction and the elec-
trostatic repulsion. When the electrostatic repulsive force over-
comes the attractive van der Waals force between the layers,
they repel each other resulting in the destruction of layer
stacking. On the other hand, we note the role of non-bound
ions dissociated from the clay surface. The dissociation of
ions from the clay surface causes the collapse of clay layers
by thermal degradation [29,30] or the diffusion into polymer
matrix during melt processing [31] opposite to the observation
of this study. In these cases, there are no external driving
forces like electric field. The other possibility is the screening
effect from dissociated ions. The non-bound ions would screen
the applied electric field and weaken the local field acting on
the clay surface, thereby suppressing the exfoliation to some
extent. Important is the balance between the forces, i.e., elec-
trostatic repulsion and van der Waals attraction as we men-
tioned above. If the screening effect is dominant, the
exfoliation process may not proceed so far. However, the exfo-
liation process under strong AC electric field was significant as
evidenced from our observation; from WAXS, TEM and rhe-
ology. Therefore, we believe that the screening effect by
non-bound ions is negligible in this study. From these reasons,
the layer-stacking destruction and separation of the silicate
layers arise from this imbalance between the two forces in
strong AC electric field. On the other hand, the N, value of
HPCD does not change, which means that the electrostatic
balance does not vary significantly under DC field. In this
case, the stacks of clay layers are not dissociated but align
to the field direction like anisotropic particles as in the case
of ER fluids.

4. Conclusions

We demonstrated the existence of two distinctive mecha-
nisms of electrically activated polymer layered silicate nano-
composites under AC and DC electric fields for the first
time using real-time synchrotron WAXS measurements, di-
electric relaxation analysis and rheology. The exfoliation pro-
cess prevails in the AC field due to the imbalance between the
van der Waals attraction and the electrostatic repulsion origi-
nating from the dissociation of the bound ions from the clay
surfaces. On the other hand, the alignment of the silicate layers
parallel to the electric field prevails in the DC field as in the
case of typical ER fluids. The time scale of this alignment pro-
cess, calculated by means of the simple polarization model, is
in good agreement with the experimental results. This means
that we can regulate the degree of exfoliation (or intercalation)
and alignment of the layered silicates by controlling both the
applied electric field and the flow field.
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