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ABSTRACT: Applying an electric field is an efficient way to fabricate polymer/clay nanocomposites. It helps to achieve a good disper-
sion of nanoclays which improves the performance of the polymeric system. In this study, the effect of an alternating current (A.C.)
electric field was investigated on clay exfoliation with various combinations of polymer/clay nanocomposites. Three different types
of organoclays (Cloisite 10A, 20A, 30B) were introduced in polypropylene (PP) and poly(lactic acid) (PLA) matrices. Their rheologi-
cal properties showed that the A.C. electric field was effective in enhancing the dispersion of organoclays in both the PP/clay and
PLA/clay composites. The efficiency of the A.C. field varied depending on the combination of polymer and clay nanoparticles. In the
case of PP, the best combination was PP/C20A followed by PP/C10A and PP/C30B. In contrast, PLA/clay showed an opposite
trend. This difference arises from the different affinities between the polymers and the functional groups of the clays. The Hansen sol-
ubility parameter was introduced to quantify the affinities between the polymer and clay. The electric field was more effective for
polymer/clay combinations that had less difference in the Hansen solubility parameter. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Physical properties of polymer can be improved by adding small
amount of nanoparticles. '™ This hybrid material system is
called polymer nanocomposites. Especially, clay is one of the
most widely used nanoparticles to fabricate polymer nanocom-
posites due to its large surface area and high aspect ratio. The
performance of polymers such as mechanical properties, heat
resistance, flame retardancy, gas barrier properties, and biode-
gradability could be enhanced with relatively small amount of
clay content compared with conventional micron-sized fill-
ers.”™ In order to obtain distinct characteristics of nanoclay in
polymer/clay nanocomposites, it is essential to delaminate stacks
of clay layers, which is called clay exfoliation.'’ There have been
many studies on clay exfoliation in polymer melts which can be
classified into chemical and physical methods. The chemical
methods include solution casting, in situ polymerization and
the use of compatibilizers."*'> On the other hand, the physical
approaches include applying external fields such as electric field,
magnetic field, and ultrasound application.'®™"® Especially,
applying the electric field is unique in fabricating polymer/clay
nanocomposites. The effect of alternating current (A.C.) electric
field for polypropylene (PP)/clay nanocomposite was firstly
reported in 2003." It was found that an A.C. field caused
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exfoliation, while a D.C. field induced orientation of the clay
particles.” Also, Kim et al. confirmed that the number of bound
ions on the clay surface decreased with the application of an
electric field, using dielectric analysis. The degree of exfoliation
of clay was enhanced due to the imbalance between the van der
Waals attraction and the electrostatic repulsion which was origi-
nated from the dissociation of the bound ions from the clay
surfaces.’

In previous studies, only one polymer/clay nanocomposite sys-
tem (PP/Cloisite 20A) was used as a model system.l’4 The
interaction between polymers and clays on the structural change
under the electric field has not been probed yet. In this study,
several polymer/clay combinations were introduced to examine
their structural development according to the affinities between
the polymers and clays under an electric field. PP, a non-polar
polymer, and poly(lactic acid) (PLA), a polar polymer, were
used as base polymers. Three types of clays with different sur-
factants (Cloisite 10A, Cloisite 20A, Cloisite 30B) were melt
mixed with both PP and PLA. The effect of electric field on the
structural development of the polymer/clay nanocomposites
according to various polymer/clay combinations was investi-
gated through morphological observations as well as rheological
analysis. The effect of the affinities between the polymers and
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Substance Trademark Characteristics Supplier
PP HP740T Melt Flow rate (230 °C/2.16 kg) = 6.0 g/min PolyMirae Co. Ltd
PLA 4032D Melt Flow rate (200 °C/2.16kg) = 1.0 g/min Nature Works Co. Ltd.
C10A Cloisite®10A CHs Southern Clay Products, Inc.
CHs—l*l’ —CHz—@
e
HT: Hydrogenated Tallow
(~65% C18; ~30% C16; ~5% C14)
C20A Cloisite®20A Clﬂi Southern Clay Products, Inc.
CHs— N* —HT
HT
C30B Cloisite®30B CHzCHzOH Southern Clay Products, Inc.
CHI—N' —T

CH2CH20H

T: Tallow (~65% C18; ~30% C16; ~5% C14)

clays on the efficiency of the electric field in clay dispersion was
also examined.

EXPERIMENTAL

Materials and Sample Preparation

The PP (HP740T) used in this study was supplied by PolyMirae
Co. LTD. The PLA (4032D) was provided by Natureworks Co.
LTD. Three different commercial grades of organoclays, Cloisite
10A, Cloisite 20A, Cloisite 30B, were obtained from Southern
Clay Product. The clay content was fixed to 5 wt %. All the
samples were used after drying in a vacuum oven for 12 h at
80°CC. The nanocomposites were prepared by melt compound-
ing using an intensive mixer (Rheomix 600 & Rheocord 90,
Haake) at 100 rpm for 10 min at different temperature, 190 °C
for PP and 210°C for PLA in order to match the applied shear
stress at a given mixing rpm. Information about the materials
used in the study is presented in Table I, and the notations of
each polymer/clay nanocomposites are listed in Table II.

Electric Field Activation

Prior to measuring the rheological properties, a specimen with
a thickness of 1 mm and a diameter of 25 mm was prepared by
compression molding for 6 min using a hot press (Carver,
CH4386) at the same temperature with melt compounding. As
shown in Figure 1, the fixture of a conventional rheometer
(RMS-800, Rheometrics) was modified to directly apply an A.C.
field during the dynamic time sweep test.'™ The electric field

Table II. Sample Notation (the Numbers in Parentheses are the

Compositions)
Polymer Organoclay Nanocomposite
C10A (5%) PP10A
PP (95%) C20A (5%) PP20A
C30B (5%) PP30B
C10A (5%) PL10A
PLA (95%) C20A (5%) PL20A
C30B (5%) PL30B
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was applied using a function generator (AFG 310, Tektronix)
and a high-voltage amplifier (677B, Trek). The A.C. field was
applied for 20 min at a fixed A.C. frequency of 60 Hz with vari-
ous field strengths (325, 550, 775, and 1000 V/mm) at 20°C
lower temperature than compounding condition depending on
the polymeric systems. A dynamic time sweep test was con-
ducted at a fixed angular frequency (o =1 rad/s) during apply-
ing the A.C. electric field. In order to examine the structural
change of nanocomposites under the electric field, the normal-
ized G’ growth, [(G'(t) — G§)/G}], was introduced. Here, G} is
G' at t=0, G'(1) is G’ at time f, and G'ippny is G’ at
t=1200 s.

Characterization

A dynamic frequency sweep test before and after applying the
electric field was performed at a frequency range from 0.1 to
100 rad/s within a linear strain regime in order to observe the
structural development of the nanocomposites. The rheological
property of PP/clay was measured at 170 °C, while that of PLA/
clay was measured at 190°C. The degree of clay dispersion after

Function

High Voltage
___ Amplifier

Digital
Oscilloscope.

Figure 1. Schematic representation of electric field activation tool in a
conventional rheometer. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2. G’ and G” as a function of the angular frequency for neat PP at
170°C and neat PLA at 190 °C.

the application of an electric field was confirmed by Transmis-
sion Electron Microscopy (JEOL 2100F at an acceleration volt-
age of 200 kV). The electric field treated samples were cut by
cryo-ultramicrotomy for TEM observation.

RESULTS AND DISCUSSION

Effect of Electric Field on Clay Dispersion

The linear viscoelastic properties (G’ and G”) of the base poly-
mers are shown in Figure 2. As described in the experimental
section, different temperatures were selected for the measure-
ment of each polymer (170°C for PP and 190°C for PLA) to
match the shear stress of each polymer. Key parameters affecting
clay dispersion in polymer/clay nanocomposite system are spe-
cies of clay, viscoelasticity of matrix, and processing conditions.
To prove the effect of clay species, we tried to eliminate the
effect of viscoelasticity by changing temperature, and processing
conditions by fixing mixing rate at 100 rpm. Both polymers
show the typical behavior of a polymer melt. The storage (G')
and loss (G”) moduli decrease as the angular frequency
decreases showing a terminal behavior. The slope of G’ and G”
at the terminal region approaches approximately two and one,
respectively. Although the moduli for PP and PLA are not
exactly same, similar trend of storage and loss modulus for
both PP and PLA is observed. In this sense, it can be considered
that initial levels of viscoelasticity for neat PP and neat PLA are
similar, suggesting that the only meaningful difference in this
study is the structural difference or the affinities between the
polymer and clay.

The structural development of polymer/clay nanocomposites
under an electric field was confirmed by observing G’ growth,
[(G'(1) = G'¢)/G’], during the dynamic time sweep test. Figure
3 shows the G’ growth of PP20A with respect to the exposure
time under an A.C. electric field with different field strengths
(325, 550, 775, and 1000 V/mm). The G’ growth of PP20A
increases with time under the electric field at lower electric field
strength (325, 550 V/mm), whereas the modulus is found to be
saturated, as the electric field strength increases (775, 1000
V/mm). The G’ after the application of electric field for 20 min
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various electric field strengths measured at 170°C (G'y is G’ at t=0).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

is highly enhanced with the increase of the field strength. The
modulus increment corresponds to the structural development
of the nanocomposites due to the application of A.C. field. On
the other hand, the G’ of PP remains constant without any
change even under the electric field (not shown here). Thus, the
change in modulus of PP20A can be considered to reflect
the structural change of the clay particles. In order to analyze
the influence of the A.C. field on the structural development,
the modulus change as a function of frequency and the TEM
images were analyzed before and after applying the electric
field.

The G’ of PP20A with various field strengths is given in Figure
4. The G’ of pristine PP at 0.1 rad/s is 2.9 Pa, and the terminal
slope is approximately 1.5, showing a typical behavior of poly-
mer melts. The G' of PP20A is almost the same with that of
neat PP. However, PP20A exhibits a significant increase in G’ at

105 E'”'| A R U | R BT | L IR BT | E
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=100k 8t ¢
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Figure 4. G’ of neat PP and PP20A measured after stopping the applica-
tion of the electric field for 20 min (0, 325, 550, 775, and 1000 V/mm).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table III. G’ at 0.1 rad/s and the Terminal Slope of PP20A (E= 1000 V/mm, t= 1200 s)

0 V/mm 325 V/mm 550 V/mm 775 V/mm 1000 V/mm
G’ at 0.1 rad/s 3.92 85.4 452 92.9 119
Terminal slope 1.41 0.71 0.62 0.42 0.32

a low frequency (35.1 Pa at 0.1 rad/s) when an electric field of
325 V/mm is applied for 20 min. In addition, the terminal slope
decreases to 0.71 at low frequencies. As the intensity of the A.C.
field increases, the G’ at 0.1 rad/s gradually increases, and the ter-
minal slope decreases (see Table III). The disappearance of this
terminal behavior signifies that a networked structure between
PP and C20A is formed upon the application of the electric field,
which implies an enhancement of clay dispersion.'>*°

Figure 5 shows the TEM images of PP20A before and after the
application of the electric field. Clay tactoids are clearly
observed in the PP matrix without an electric field while the
tactoids are destroyed and separated layers of silicates are
observed when 1000 V/mm is applied. Both the TEM morphol-
ogy and rheological data confirm that the dispersion of clay
particles are enhanced due to the application of the electric field
which is in good agreement with previous report.' ™

Figure 5. TEM images of PP20A before (a) and after (b) the application
of the electric field (E= 1000 V/mm, t= 1200 s).
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Figure 6. G’ of pristine PLA and PL30B measured after stopping the elec-
tric field which had been applied for 20 min (325, 550, 775, and 1000 V/
mm). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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The change in G’ of PLA/clay before and after applying the
A.C. electric field is shown in Figure 6. Similar to the PP/clay
composites, the G’ of PLA/clay at the terminal regime increases
with the increase in field intensity. For example, the G’ of
PL30B at 0.1 rad/s is 14.2 Pa and it increases with the increase
in field intensity, 34.5 Pa (325 V/mm)< 133 Pa (550 V/
mm) < 331 Pa (775 V/mm) < 480 Pa (1000 V/mm). The G’ of
PL30B increases more than that of PP20A. PL30B contains
either thick agglomerates or thin layers of clays before applying
the electric field. However, the dispersion is significantly
improved after the application of electric field (see Figure 7).
The PP/clay composites are basically a micro-composite system
consisting of tactoids of clays, whereas PLA/clay composites are
intercalated to some degree.”"** Because of this difference, the
G’ of PL30B (Figure 6) is larger than that of PP20A (Figure 4).
Additionally, the number of thin layers in PL30B [Figure 7(a)]
is much larger than that of PP20A [Figure 5(a)]. The TEM

Figure 7. TEM images of PL30B without (a) and with (b) the application
of the electric field (E= 1000 V/mm, = 1200 s).
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Figure 8. (G'ispnity — Go)/G§ at 1 rad/s measured right after the electric
field application (where Gj is G’ at t=0; Glypniry is G' at t=1200 s
under 1 kV/mm).
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Table IV. The Parameters Used to get the HSP of the Materials Used in
this Study

Polar Hydrogen Total

Dispersion interaction bonding HSP

(3 (39) () (54)

PP 15.8 0 0 15.8
PLA 15.7 18.4 10.3 26.3
C10A 19.1 2.3 5.5 20.0
C20A 16.9 1.5 52 17.7
C30B 21.6 3.2 10.9 24.4

images clearly show enhanced clay dispersion with the electric
field, which implies that the A.C. electric field is effective in
improving the clay dispersion in both PP/clay and PLA/clay
composites (Figures 5 and 7).

Reactivity to Electric Field of Different Composites

The G’ growth [(Ginginity — Go)/Gp] of the PP/clay nanocompo-
sites after the application of the electric field for 20 min at 1 kV
was compared with that of the PLA/clay nanocomposites. As
shown in Figure 8, the G’ growth, (G'inanity — G'0)/G'o, of the
PP/clay nanocomposites under the electric field increases the
most for PP20A followed by PP10A and PP30B. In contrast, the
G’ of PL30B increases the most followed by PL10A and PL20A.
These results demonstrate that C20A and C30B are the most
effective combination for PP and PLA, respectively. It also signi-
fies that the A.C. electric field is highly effective for a polymer/
clay combination with similar chemical structures. It was previ-
ously observed that the gap between the clay platelets was wid-
ened and the attraction between clay platelets decreased under
the A.C. electric field.”> Once the gap between the clay galleries
widened, the affinity between the polymer and clay had a domi-
nant role in the exfoliation process of the clay.

The solubility parameter is commonly used to estimate the
affinity between the chemicals. Especially, the Hansen solubility
parameter (HSP) is widely used as a method to predict the
affinity between polymers and additives. Thus, the affinities
between the polymer and the functional groups of the clays
were quantified with the HSP. The total Hansen solubility
parameter (J,) can be calculated from eq. (1) which consists of
three components: the dispersion (d,4), polar interaction (6,),
and hydrogen bonding (J,) terms. Two materials are more com-
patible with each other as the difference in the HSP of the two
materials becomes smaller. The HSP of the materials used in

this study are shown in Table IV.*>**
8t=(8§+8§+8f1>71 (1)
212
whlere, 8= [ZZ‘EFd)Z} , 8= [ZZ S,Fp)j , and 8;1:(22 -U,/
V).

Here, F is the attraction constant, U is the internal energy, and
V is the Van der Waals volume. The G’ growth under a 1 kV
electric field for 20 min [(G'infinity — G'0)/G'o) with the HSP
difference (Ad = |Jpolymer — Oclay|) is shown in Figure 9. The G’
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growth is inversely proportional to the HSP difference, irrespec-
tive of polymer species and electric field strength. Additionally,
the G’ growth becomes larger with the increase in electric field
strength. According to the HSP calculation, PP has the highest
affinity with C20A followed by CI10A and C30B. On the other
hand, the preferential clay of PLA is C30B followed by C10A
and C20A. The non-polar PP has the highest affinity with C20A
which also has the non-polar functional groups, while a polar
PLA is the most compatible with C30B which has polar func-
tional groups (Table I). These results are in good agreement
with the different reactivities to the electric field of the poly-
mer/clay nanocomposites as shown in Figure 8. This suggests
that the A.C. electric field for clay exfoliation is more efficient
for polymer/clay combinations with higher affinities. The affin-
ity between the polymer and the clay is one of the most impor-
tant factors when fabricating polymer/clay nanocomposites by
applying the electric field.

(a) PP/clay
- 5 T T T T
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.= 4 ¥ 550 Vimm -
(D B 775 V/imm
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o
O 2 — O =
i L 2
z 1k v @ |
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| 1 1 |
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Figure 9. (G'infinity — G'0)/G'g versus Ad (|Opolymer — Oclay|) for (a) PP/clay
and (b) PLA/clay nanocomposites after the application of the electric field
(E= 325, 550, 775, and 1000 V/mm; t= 1200 s). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

Polymer/clay nanocomposites with two base polymers (non-polar
PP and polar PLA) and three kinds of organoclays functionalized
with different surfactants (Cloisite 10A, Cloisite 20A, and Cloisite
30B) were melt compounded, and the efficiency of the electric field
was investigated in PP/clay and PLA/clay nanocomposites. The
dynamic moduli of the composites increased under the A.C. field,
and the terminal behavior disappeared. The G’ growth as well as the
disappearance of the terminal behavior in the low frequency domain
suggested the formation of a network structure of the PP/clay and
PLA/clay nanocomposites under an A.C. electric field. Rheological
and morphological analyses revealed that the A.C. electric field
improved the dispersion state of the organoclays. The A.C. electric
field was more effective for the PLA/clay composites than for the
PP/clay composites. The electric field efficiency of three different
types of clays for PP showed opposite trend compared with PLA.
These results implied that the response to the electric field was dif-
ferent according to the affinities between the polymers and clays. To
analyze the influence of affinities, we quantified the affinities
between the polymers and clays by the Hansen solubility parameter.
The electric field was the most effective for the polymer/clay combi-
nations of PP/Cloisite 20A and PLA/Cloisite 30B which had the
highest affinities to each other.
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