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Functionalities of clay-polymer nanocomposites (CPN) are related to the degree of clay particle exfoliation and
orientationwithin the polymermatrix. Exploration of new physicalmethods for such CPN processing is currently
an active field of research. In the present work, organoclay polypropylene nanocomposites were prepared by
melt intercalation and subsequently exposed to an electric field (E) and studied in-situ bymeans of synchrotron
X-ray scattering. Experiments were performed both at room temperature, and in the melted state (up to 200°C)
and during solidification (cooling down to room temperature). Structural changes and time evolution of the
alignment of the layered silicates at different E-field strengths, as well as, the final degree of their orientation is
discussed. Despite many efforts, i.e. applying different E-field strengths, frequencies, and temperatures;
E-field-induced clay particle exfoliation was not observed. The final state of the solidified sample is a
semi-crystalline polymer matrix with embedded aligned clay particles having intercalated morphologies.
E-field-assisted control of clay layers exfoliation in polymer matrices remains challenging.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In this work clay mineral particles are added as nano-fillers to poly-
mer matrices. The increase in separation of the layered structure of the
claymineral in part or inwhole, known respectively as intercalation and
exfoliation, produces layers, which have large specific surface area, and
this in turn allows for efficient load transfer from the matrix, and en-
hancement in stiffness and strength. Dispersed layers also act as barriers
to diffusion increasing the tortuosity of the path and inhibiting the flow
of gases (Wang et al., 2006). Several chemical approaches have been uti-
lized to prepare clay-polymer nanocomposites (CPN), including in-situ
polymerization (Sun and Garces, 2002; Mauroy et al., 2013a,b) and
direct melt intercalation. For the polypropylene (PP) matrix, a proper
compatibility between the polymer and the clay mineral surface
requires modification of the polymer with maleic anhydride (MAPP)
or hydroxyl groups (HOPP) (Liu and Wu, 2001; Nam et al., 2001). It
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would be beneficial if the dispersion and alignment of exfoliated clay
layers within polymeric matrices were achieved without chemical
modification. Therefore other methods have been investigated includ-
ing mechanical shearing (Okamoto et al., 2001; Murata and Haraguchi,
2007). A relatively novel idea was explored (Kim et al., 2003) using
the effect of an external electric field to assist the penetration the
polymer chains into the interlayer spaces that led to clay mineral
exfoliation. An electric field (AC-60 Hz, 1 kVmm−1) is applied on clay
PP melts between the parallel layers of a rheometer, resulting in the
increase of the rheological properties and exfoliation (Kim et al.,
2003). However, the explanation for this behaviour was not provided
within the article. Further measurements performed by the same
group led to the conclusion that the exfoliation process prevails in the
AC field due to the imbalance between the van der Waals attraction
and the electrostatic repulsion, originating from the dissociation of the
bound ions from the clay mineral surfaces (Kim et al., 2006; Park
et al., 2006). In these two latter reports the clay PP nanocomposites
were investigated by means of X-ray scattering in the presence of
both DC and AC electric fields without any mechanical shear. Thus, a
time-dependent clay exfoliation in the AC case was reported to occur
purely due to the electric effects. The clay mineral alignment was also
studied by the same group. They found a very strongDCelectricfield de-
pendence on the claymineral alignment, while for the AC electric fields;
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Fig. 1. Experimental set-up for SAXSmeasurements. Sample is placed between two copper
electrodes. Two heating units are used to ensure the smallest temperature gradient
between sample and environment.
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the particle alignment was considerably smaller and was decreasing
with time, as exfoliation progressed.

These interesting phenomena were the main motivation for
conducting similar experiments and understanding the mechanisms
behind the E-field manipulation of different CPN morphologies.

E-field-assisted dispersion and alignment of claymineral particles in
different surroundings have been recently actively studied. Paineau
et al. (2012) have shown how to produce novel hydrogel-based
polymer-clay nanocomposites inwhich claymineral layers are perfectly
exfoliated and aligned by means AC E-fields. Alignment of clay mineral
particles in various carrier fluids has been extensively studied
(Rozynek et al., 2013b), including various oils (Fossum, 2012; Fossum
et al., 2006; Meheust et al., 2011; Dommersnes et al., 2013; Rozynek
et al., 2013c), and oligomers (Rozynek et al., 2013a).
2. Samples, experimental set-up and techniques

2.1. Sample preparation

A commercial grade of isotactic polypropylene PP H103 (Braskem,
Brazil), with melt flow index 40 g/10 min at 230°C/2.16 kg and density
0.905 g/cm3, was used as polymer matrix for CPN preparation. This
grade is appropriate for injection moulding of thin walls products and,
according to the manufacturer, contains heat stabilizers to protect
against thermal degradation during compounding and processing. The
organoclay used in this study (Cloisite® 20A)was obtained from South-
ern Clay Products (Gonzales, TX). It is a Na+− montmorillonite, chem-
ically modified with dimethyl dihydrogenated tallow quaternary
ammonium chloride. Organoclay PP nanocomposites master batches
were prepared in an intensive internal mixer (Haake Rheocord 90) at
50 rpm for 10 min after organoclay feeding at 210°C. Polymer and
organoclay C20A were dried in a vacuum oven at 80°C for 24 h before
melt mixing. The master batches were pelletized and dried for 2 h in
the same conditions described above before being added to PP in
order to obtain compounds with 5 mass% organoclay. These com-
poundswere extruded in a counter-rotating twin screw extruder acces-
sory (TW 100) coupled to a Haake operating at 60 rpm and with a
temperature profile in the 150–210°C range. After extrusion, the mate-
rials were air cooled, ground and then injection moulded in a Ray Ran
machine at 210°C, and 100 Pa/cm2 of pressure for 5 seconds.
2.2. Experimental set-up and techniques

Initial synchrotron small-angle X-ray scattering (SAXS) experiments
were performed at the beamline D02A of LNLS in Campinas, Brazil.
These experiments were the base for the SAXS results reported here,
which were all performed at the I711 beamline at MAX-lab, Sweden.
The beamline was equipped with a CCD detector with 165 mm active
area. The SAXS patterns were recorded using a two-dimensional detec-
tor located 67 cm from the sample. An X-ray beamwith awavelength of
1.1 Åwas used, which enabled detection of scattering in a q-range of ap-
proximately 0.02–0.6 Å−1. AC electric fields up to 2 kVmm−1 and fre-
quency of 10, 100 and 1000 Hz, and a DC electric field of 1 kVmm−1

were applied using a function generator (TG215ThurlbyThandar Instru-
ments) and a high voltage amplifier (AS-3B1 Matsusada Precision Inc.).
The two copper electrodes had a height of 7 mm and a width of 2 mm,
and they were separated by a 2mm gap. An electric field was applied in
the horizontal direction and perpendicular to the X-ray beam direction.
A schematic of the experimental set-up is shown in Fig. 1. A custom-
made heating cell consisting of a two-wall heating unit was used to en-
sure the smallest temperature gradient between sample and environ-
ment. The sample chunks were placed in-between copper electrodes
and thin mica elements glued to the flat sides of the electrodes using
high temperature resistant glue.
3. Results and discussion

3.1. Structural changes

The structural changes of two samples exposed to DC (Sample 1)
and AC (Sample 2) electric fields were monitored during melting and
solidification. Samples were kept in the melted state for more than 1 h
at around 200°C before application of the E-fields.

3.1.1. SAXS patterns and the azimuthal integration
Examples of the 2-D SAXS patterns are shown in Fig. 2. These were

collected from organoclay PP sample without (left) and with (right)
anAC E-field of 1 kVmm−1 applied, respectively. Prior to the application
of the electric field, the organoclay particles are randomly dispersed into
the melted polymeric matrix. The alignment of clay mineral particles
with their stacking direction being normal to the E-field direction (hor-
izontal) is observed after its application. Both the scattering at small an-
gles and diffraction rings (P1 and P2) become anisotropic, i.e. the lowest
scattering intensity is found at φ ~ 0° and 180°, whereas it peaks at φ
~ 90° and 270°.

All the 2-D SAXS patterns (raw data) have been processed prior to
the integration, i.e. SAXS images of both the organoclay PP
nanocomposite inside the sample cell and the background image of
the empty sample cell were normalized by their transmissions followed
by background subtraction. The contribution from pure PP was also
taken into account (diffractograms of pure PP at each temperature
were subtracted from the organoclay PP nanocomposite corrected
data), and then the beam stop and its holder were masked out.

In Fig. 3 are shown, azimuthally averaged 2-D SAXS patterns of the
organoclay PP nanocomposite duringmelting (left panel), and exposure
to the electric fields (right panel). The position of maximum intensity,
qm, and the width of the basal reflections were found by fitting to
Pseudo-Voigt profiles (solid lines). The scattering intensities were plot-
ted against the momentum transfer q = (4π/λ) sinθ, where 2θ denotes
the scattering angle and λ is the wavelength of the X-rays. The average
d-value was calculated as d = 2π/qm.

3.1.2. Samples at RT
Two major broad peaks (P1 and P2) are observed with their centres

located at around q1 = 0.16 and q2 = 0.38 Å−1 for both samples in a
solid form at ~25°C (the initial state: t = 1 min), and these correspond
to the real space distances around d1=4.0 and d2=1.7 nm, respective-
ly. The former reflection (P1) is attributed to polymer chains intercalation
between the organoclay layers which increased the initial interlayer
space dClo = 2.4 nm of pure Cloisite®20A organoclay (Nam and Son,
2010). The reduction of attractive forces between the clay mineral
layers due to the chemical treatment of clay mineral particles (sur-
factant intercalation) and the presence of polar functional groups
(maleic anhydride) in PP enabled the polymer chains to intercalate
into the clay mineral interlayer space and changed the initial d-value
dClo = 2.4 to d1 = 4.0 nm. It should be noted that the distribution of



Fig. 2. 2-D SAXS images of a PP-organoclay nanocomposite inmelted state (around 200°C) before (left) and after (right) application of an AC electric field of 1 kVmm−1, 100 Hz for 5min.
Strong anisotropy can be seen in the right image. The direction of the AC E-field is horizontal.
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the d1 values is very broad, thus structureswith somedegree of disorder
were obtained. The second reflection (P2) can be assigned to either
the presence of a small amount of non-modified montmorillonite
(dMt =1.2 nm) particles acting as an impurity in a commercial prod-
uct (Riva et al., 2002) or another (more likely) explanation could be
that the initial Cloisite®20A structure collapsed to the bilayer and
monolayer arrangement of the alkyl chains during melt processing
(surfactant molecule intercalation). Similar observations were noted
by Yoon et al. (2001). Another hypothesis was suggested by Mandalia
and Bergaya (2006) and also by Zhang et al. (2005). They observed
Fig. 3. Azimuthally integrated 2-D SAXS patterns of sample 1 (top) and sample 2 (bottom) duri
fitted to Pseudo-Voigt profiles (solid lines).
the presence of three reflections in X-ray patterns of organoclay
and CPN based on polyethylene (PE) and PP respectively, attributed
to the (001), (002) and (003) reflections of one intercalation state.
The possibility that P2 is the second order reflection of P1 is ruled
out in the present case, since the q-values are not positioned at mul-
tiples integer of P1, and in addition the P2 reflection is significantly
narrower than the P1 reflection. In order to be more conclusive at
this point, one would need to employ other experimental tech-
niques, namely FTIR and DSC. However, this is not the main subject
of the current study.
ngmelting and temperature stabilizing (left); and E-field application (right). The data was
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Fig. 4. Development of basal reflections related to populations of clay mineral particles with polymer d1 and surfactant intercalated d2 structures, respectively, as a function of time, tem-
perature and the E-field presence. The dotted line shows the temperature inside the heating cell (2mm from the sample). Filled and opened symbols represent changes in the values of the
characteristic distances d1 and d2 for samples without and with the E-field applied. Cooling down of the samples is represented by blue stars.
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3.1.3. Melting of the samples
Fig. 4 illustrates the development of the two characteristic distances

(d1 and d2 associated with the reflections P1 and P2 respectively), as a
function of time, temperature and E-field. During the first phase (tem-
perature rise and stabilization) the positions of P1 and P2 clearly shift to-
wards higher q-values indicating the decrease in basal reflection of two
different populations of clay mineral particles, namely organoclays with
polymer (d1) and surfactant (d2) intercalated structures, respectively.
These changes are Δd1 ~ 0.4 nm and Δd2 ~ 0.1 nm for both samples.
Since the initial values (sample at RT) of basal reflections recover (par-
tially) rapidly during cooling (see the discussion in Section 3.1.5), it is be-
lieved that the collapse comes from the exudation of the surfactant
molecules and the polymer chains out from the interlayer space during
heating (Silva et al., 2007). Riva et al. (2002) and Priya and Jog (2003)
have also stated that, thermodynamically, at high temperatures
(N180°C), when the entropy gain due to exudation is greater than the
Coulombic interaction energy betweenmodifier and silicate layer, organ-
ic modifiers can be exuded from the interlayer space of the organoclay.

3.1.4. Samples exposed to E-fields (DC and AC) at the melted state
During the second phase (open symbols in Fig. 4) a DC E-field of

1 kVmm−1 was applied to Sample 1 for about 3 h, both in the melted
state and during cooling. Sample 2, however, was exposed to an AC
(100 Hz) E-field of 1 kVmm−1 for 60 min and then the electric field
strength was increased to 2 kVmm−1 and maintained during the
cooling.

For Sample 1 (DC) both reflections remain almost at their position.
The changes are within the error bars and can be considered as negligi-
ble. For Sample 2 (AC), on the other hand, both reflections P1 and P2
continue shifting in the same direction and the values of d1 and d2 de-
crease by around 0.15 nm and 0.05 nm, respectively. There is no electric
field influence on the d-values observed, and the process seems to be
time-dependent. The increase of the electric field strength (from 1 to
2 kVmm−1) seems to have no effect on the d-values either (see also
Supplementary Materials).

3.1.5. Cooling and solidification of the samples
In the last phase, the samples are cooled downwhile still exposed to

E-fields. In case of Sample 1, the d-value of P1 recovers to around
3.85 nm, whereas P2 comes back to 1.6 nm. Similarly, the d-values
from Sample 2 recover to around 3.88 nm and 1.6 nm, for P1 and P2
respectively. In both situations, the time gradient of the temperature
is practically the same and the reached d-values become constant as
the temperature is decreased below 150°C.

3.1.6. Summary
The results reported in Fig. 4 seem to indicate that the changes of

d-values are primarily due to the temperature increase or decrease of
the sample, but also this process is time-dependent. Unfortunately
due to the synchrotron time restrictions it was not possible to measure
for longer times (many hours or days). Also, it would be interesting to
investigate the behaviour of these CPN during several heating andmelt-
ing cycles.

The observations described above differ clearly from those present-
ed by Kim et al. (2006) and Park et al. (2006). They showed that the ex-
foliation was due to electric field application and it was prevailed over
by AC electric field rather than DC fields. In the present study, the exfo-
liation was not achieved. Several other samples of PCloisite®C20A-PP
nanocomposites were studied at higher and lower temperatures as
well as different frequencies (see Supplementary Materials) and
strengths of electric fields, and the results also do not show exfoliation.

3.2. SAXS – Development of anisotropy

Application of an external electricfield polarizes claymineral particles.
If the resulting electric forces overcome the homogenization effect of the
temperature, particles rotate and align normal to the electric field lines
with respect to their stacking direction. The alignment of particles can
be monitored by means of X-ray or neutron diffraction (Knudsen et al.,
2004; Rozynek et al., 2010). In order to quantify the degree of anisotropy
of the system, i.e. how well the clay mineral layers aligned with respect
to a specific direction, it is necessary to integrate radially over a narrow
q-range of the 2-D SAXS patterns (see Fig. 5) and fit the obtained 1-D
azimuthal plots (see Fig. 6) to a parametric function. In this paper, the
Maier-Saupe model of the functional form f(α) ~ exp(mcos2α) is used.
The parameter m quantifies the width of the distribution and α is
the angle between the chosen reference direction, which is along
the E-field, and the claymineral particle stacking direction. The fitting pa-
rameterm can be expressed using the standard orientational (‘nematic’)
order parameter (S2). In short, the fitting parameter is related to the full
width at half maxima and can be expressed as the S2 parameter,
ranging from−½ to 1, where 1 indicates perfectly oriented particles
in the ‘nematic’ configuration, 0 states no orientation, and−½ indi-
cates perfectly oriented particles in the ‘anti-nematic’ configuration

image of Fig.�4


Fig. 5. 2-D SAXS images of a clay PP nanocomposite inmelted state (around 200°C) under DC electric field of 1 kVmm−1. Very strong anisotropy can be seen (right) after 55min of E-field
application. The direction of the DC E-field is horizontal.
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(for further details see Meheust et al., 2006; Hemmen et al., 2009;
Dozov et al., 2011). It is expected here that the S2 parameter should
range between 0 and -½, since the clay mineral particles align in the
‘anti-nematic’ fashion, i.e. the direction of the clay mineral stacks is
perpendicular to the field, independently on the polar angle.

2-D SAXS images of a organoclay PP nanocomposite in melted state
(around 200°C) under DC electric field of 1 kVmm−1 are shown in Fig. 5.
The anisotropy starts to build up (left) in a direction perpendicular to
the direction of the electric field lines (horizontally in the plot). Very
strong anisotropy can be seen (right) after 55min of E-field application.
Azimuthal plots of the first Bragg reflection (P1, polymer intercalation)
are shown in Fig. 6.

The degree of anisotropy grows clearly, starting immediately after the
application of the electric field. The first collected datawere takenwithin
the first minute (black circles) of the X-ray exposure. The value of the S2
parameter was calculated to be around S2 =−0.19. The next integrated
image is plotted using orange diamonds, and it can be seen that the full
width at half maximum becomes smaller when compared to that of the
first integrated plot. This is reflected in the magnitude of the S2 parame-
ter, which is around S2 =−0.28. The further development of the degree
of anisotropy is no longer evident by inspection of the azimuthal plots in
Fig. 6. Azimuthal plots of the first Bragg peak amplitude (q1, polymer intercalation)
for PP-clay sample under DC electric field of 1 kVmm−1. The degree of anisotropy
grows starting immediately after the application of the electric field.
Fig. 6, in particular comparison of data plotted using blue stars and green
crosses. Similar azimuthal plots were obtained for Sample 2 exposed to
the AC electric fields (not included here).

The calculated values of the S2 parameter are shown in Fig. 7. The
values of S2 in zero E-field are the reference values which are set to
zero. It can be seen that (for both samples) the degree of anisotropy
develops with time and also it depends on the temperature, and more
precisely, the phase of the polymer matrix (melted vs. solidified). The
time for the rotation of clay particles is directly proportional to the vis-
cosity of the hostingmedium and depends on the electric field strength
that scales as 1/E2 (Castberg et al., 2012).

For Sample 1 (DC), the highest value of the S2 is around−0.31 and
it was achieved approximately 15 min after the application of the DC
E-field (1 kVmm−1), whereas the S2 is around −0.3 for the last data
point collected before cooling started. The polymer solidification pre-
vents better particle orientation, and themagnitude of the S2 parameter
decreased. The final value of the S2 was found to be around −0.26,
when Sample 1 was cooled down to about 70°C.

For Sample 2 (AC), the highest value of the S2 is around −0.3 and
it was achieved approximately 25 min after the application of the
AC E-field (1 kVmm−1). The degree of anisotropy increases slightly
(ΔS2 ~ 0.005) when the strength of the electric field is increased to
2 kVmm−1 (filled circles). Again the polymer solidification prevents
better particle orientation, and the magnitude of the S2 decreases. The
final value of the S2 was found to be around −0.285, when Sample 2
was cooled down to about 70°C.

4. Conclusions

The primary objective of this research was to investigate the struc-
tural changes and time evolution of the alignment of the layered clay
minerals under different E-field strengths. Development of the average
stacking distances as a function of time, temperature and the presence
of E-field was measured by means of SAXS. E-field application has a
noticeable effect on particle arrangement, which can be important
for production of CPN (for example gas barrier applications). Unfortu-
nately, no particle exfoliation to single layerswas observed as previous-
ly reported (Kim et al., 2006; Park et al., 2006). While monitoring
changes of the degree of anisotropy, the polymer solidificationmay dis-
organize the particle alignment, as the magnitude of the S2 parameter
decreased slightly when compared to those of the sample at a melted
state. The semi-crystalline CPN after the heating and cooling cycle, pres-
ent highly oriented intercalated CPN structures. Application of either DC
or AC electric fields resulted in very similar particle alignment and nei-
ther of them should be considered superior.

image of Fig.�5
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Fig. 7.Development of the degree of anisotropy as a function of time and the phase of the polymermatrix (melted vs. crystallized). A DC electric fieldwas applied to Sample 1 (left) and an
AC electric field was applied to Sample 2 (right).
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