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dielectric properties, [ 37,38 ]  optical proper-
ties, [ 39 ]  and so on, [ 40 ]  if they are organ-
ized and oriented in the thickness direc-
tion. The traditional processes involving 
fl ow are not adequate for this alignment 
and thus externally induced directed self-
assembly techniques utilizing electrical, 
magnetic or thermal fi elds may be used. 
To achieve directed orientation, a great 
deal of research has been devoted to 
electric fi eld assisted alignment to create 
spatially and directionally oriented ani-

sotropic nanocomposites in the past decade. [ 41–43 ]  In electric 
fi eld, a particle experiences torque from its permanent dipole 
(charged particles) or induced dipole (dielectric particles) move-
ment. This induces both rotational and translational motion 
of particles in the matrix that leads to orientation as well as 
chaining of particles. [ 44–47 ]  The anisotropy created by motion of 
the particles in electric fi eld leads to changes in optical para-
meters including birefringence, IR dichroism, light transmis-
sion and scattering due to the intrinsic anisotropy in many of 
the nanoparticles [ 48,49 ]  

 In situ electric fi eld induced orientation of suspensions 
of clay platelets has been studied using online small angle 
X-ray scattering (SAXS) [ 50 ]  and wide angle X-ray scattering 
(WAXS) [ 51,52 ]  techniques. However, these are generally not fast 
enough to follow rapid changes that could take place during 
alignment. In addition, WAXS technique relies on the diffrac-
tion signal coming from the still intact tactoids to represent 
the total clay fi lled system excluding fully exfoliated particles 
from their analysis. Birefringence is a powerful technique to 
determine the orientation of anisotropic particles because of 
their varying refractive index in the in-plane and out-of-plane 
direction, hence representing ensemble average contributions 
from exfoliated as well as multilayered clay tactoids. Orienta-
tion studies of clay platelets through electric birefringence have 
been limited to colloidal [ 53,54 ]  and charged solutions [ 55 ]  with low 
concentration (<0.5 wt%) of particles. In addition, these studies 
have been limited to batch processing; however for their wider 
utility, they need to be processed continuously. 

 The present study is divided into two parts: the fi rst part 
focuses on the real time measurement system to determine the 
kinetics of clay orientation under the applied fi eld with a highly 
instrumented integrated measurement system. [ 56 ]  The second 
part involves roll-to-roll continuous photocurable monomer 
casting based processing utilizing optimized process variables 
obtained in the fi rst part, [ 57 ]  to create indefi nitely long direction-
ally anisotropic fi lms where clay platelets are aligned through 
the thickness (Z-direction) of the fi lm. The liquid casting based 
method was chosen for this application since particles are 
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  1.     Introduction 

 The addition of nanoparticles in polymeric systems offers 
potential for new and unique material properties at low par-
ticle concentrations. [ 1–4 ]  This fi eld has been heavily explored for 
mechanical [ 5–7 ]  and diffusion property [ 8,9 ]  enhancements with 
limited success. Many of these nanoparticles exhibit high ani-
sotropy in their properties of interest including thermal con-
ductivity, [ 10 ]  diffusivity, [ 11 ]  capacitance, [ 12 ]  optical, [ 13 ]  compressive 
strength, [ 14 ]  and so on. However, traditional processing methods 
do not take advantage of these anisotropies as they are unable 
to orient the particles in the thickness direction. [ 15,16 ]  In many 
applications like fl exible electronics, [ 17,18 ]  membranes, [ 19 ]  super-
capacitors, [ 20,21 ]  fuel cells, [ 22 ]  photovoltaics, [ 23 ]  and so forth, the 
property of interest to enhance is in the thickness  Z -direction. 
This is possible by utilizing directed fi eld assisted assembly 
techniques such as electric fi eld. [ 24–27 ]  In this paper, we describe 
a comprehensive study of  Z -direction alignment kinetics of 
clays in electric fi eld and demonstrate the manufacture of large 
continuous fi lms using a newly developed continuous roll-to-
roll process that applies electric fi eld for clay orientation fol-
lowed by UV curing to rapidly freeze-in the obtained structure. 

 Layered clay platelets with their high aspect ratio enhance 
gas barrier properties in nanocomposites, [ 28 ]  particularly 
when they are oriented with their broad surfaces in the plane 
normal to the diffusion direction. This orientation is easy to 
achieve by traditional fl ow processes such as extrusion, [ 29–31 ]  
fi lm blowing, [ 32 ]  and fi lm stretching including uniaxial [ 33 ]  and 
biaxial [ 34 ]  stretching. 

 Clay nanocomposites can also be used for other proper-
ties including thermal conductivity, [ 35 ]  ionic conductivity, [ 36 ]  
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easier to disperse at lower viscosities of monomer as compared 
to melt systems. In monomer dispersed particles, the lower 
drag forces increase the effi cacy for rotational and translational 
motion of particles under electric fi eld, thus increasing the 
orientation of aligned nanocomposite fi lm. To control various 
processing parameters and conditions along with optical prop-
erties, the optical anisotropy was measured using a real time 
birefringence measurement system which helped determine 
the kinetics of rotation of anisotropic nanoparticles and devel-
opment of orientation during electric fi eld alignment. Further 
using the kinetics measurements, a master curve was devel-
oped with the electric-optic superposition (EOSP) principle 
which acts as a useful tool in building a structure property rela-
tionship to tailor various properties of nanocomposites along 
with processing parameters required for roll-to-roll manufac-
turing of oriented fi lms.  

  2.     Results and Discussion 

  2.1.     Real Time Electric-Birefringence Measurement 

 We recently developed a real time measurement system for 
tracking fast temporal changes in birefringence, weight, thick-
ness and surface temperature during drying of solution cast 
fi lms ( Figure    1  a). Details of the instrument and its measure-
ment capabilities on various polymeric systems can be found 
elsewhere. [ 56,58–60 ]  For this study, its design was enhanced to 
measure the changes in both in-plane and out-of-plane birefrin-
gence during electric fi eld application. It uses two indium tin 
oxide (ITO) coated glasses on top of each other separated by 
a glass spacer which is placed in the light path (Figure  1 b) of 
the optical system described below. Different voltages with var-
ying frequencies were applied through the ITO coated glasses 
and resulting fast temporal changes in the birefringence were 
recorded.  

 The optical system that measures the birefringence consists 
of two light sources with wavelengths in the visible range, linear 
polarizers, fi ber optic cables and visible spectrometers (Avantes, 
Avaspec-NIR256–2.5). One linearly polarized light beam passes 
normal (parallel to the electric fi eld vector) to measure in plane 
retardation (thus birefringence). The second linearly polarized 
light beam passes through the fi lm at 45 °  to the fi lm normal 

and electric fi eld vector oriented to measure the out of plane 
retardation (and birefringence). The data was collected by four 
channel spectrometers and real time calculations at 10 data/s 
were carried out with custom designed software. Detailed pro-
cedures were discussed in our previous publication. [ 61 ]  

 The in-plane birefringence can then be calculated by dividing 
the retardation measured at 0° ( R  0 ) by thickness ( d  eff : effective 
thickness contributing to retardation development) as shown 
in Equation   1  . Out-of-plane birefringence was calculated using 
Equation   2   [ 62 ]  where  d  eff  is the thickness,  R  0  is the measured 0° 
retardation,  R θ   is the retardation value measured at  θ  degrees 
(where  θ  = 45° in our system) and n  is average refractive index 
of the material. Though the system measures the full disper-
sion curve from 350–700 nm, only the optical properties cor-
responding to 546 nm is reported.
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 The optical components in the system were set up to get a pos-
itive in-plane retardation when higher refractive index is in the 
long axis of the machine (Figure  1 a) whereas negative in-plane 
retardation values indicate higher refractive index is in the trans-
verse to the long axis of the machine. Similarly, a positive out-of-
plane retardation is observed for higher refractive index in the 
fi lm plane whereas a negative out-of-plane retardation implies 
higher refractive index is in the thickness direction of the fi lm. 

 When electric fi eld is applied to a dielectric matrix con-
taining inorganic particles, these particles undergo induced 
polarization, the extent of which depends on the fi eld variables 
(AC or DC). The fi eld gradients experienced by these polar-
ized particles lead to rotational and translational motion within 
the matrix. [ 63 ]  Using the setup described above, the rapidly 
occurring rotational motion and preferential orientation direc-
tion of the intrinsically optically anisotropic particles can be 
tracked. 
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 Figure 1.    a) Real time solution drying platform which measures changes in out-of-plane and in-plane retardation along with thickness, weight and 
temperature measurements, b) modifi ed setup to measure electric birefringence in both in-plane and out-of plane direction.
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 As the clay platelets (Cloisite 30B) in monomer (NOA65) 
were subjected to an AC (100Hz) electric fi eld through the 
thickness direction ( Figure    2  b), the in-plane retardation 
remained at zero value, however, the out of plane retardation 
rapidly decreased to a negative value. To verify if this response 
was only due to clay orientation and there was no contribu-
tion of monomer on retardation, the same test was repeated 
(Figure  2 a) without any fi ller and no appreciable change in 
both in-plane and out-of-plane retardation was observed with 
applied electric fi eld. Since the retardation changes were only 
observed in the presence of clay platelets, the effective thick-
ness of clay platelets in the polymer fi lm was used to calcu-
late the corresponding in-plane and out-of-plane birefringence 
changes using Equation   1  , 2 . The average refractive index of the 
clay fi lled monomers was measured using Abbe Refractometer, 
Table S1 (Supporting Information) shows the refractive indices 
at different clay concentrations.  

 As mentioned earlier, the montmorillonite based clays are 
optically anisotropic. [ 33 ]  They exhibit the same refractive index, 
1.57, in all directions within the basal plane (001). Normal to 
the basal plane, the refractive index is 1.55 making the intrinsic 
birefringence Δ n°  clay  =  n ° ⊥  –  n ° �  = −0.02 (Figure  2 c). This 
showed that the (001) planes orient along the thickness or the 
electric fi eld direction when the fi eld is turned on. Simultane-
ously, we observed zero in-plane retardation as these particles 
exhibit rotational randomness in the through–view direction as 
the  n ° ⊥  and  n ° �  values statistically average leading to zero in 
plane retardation and thus birefringence (Figure  2 d).  

  2.2.     Kinetics and Orientation of Alignment 

 Colloidal particles suspended in aqueous medium, liquid crys-
tals and other dilute systems have complex frequency depend-
ence on electric fi eld polarizability. The effect of frequency 

depends on the composition, shape, size, electric double layer 
and conductivity of the solvent. A series of tests at constant 
voltage and particle concentration with varying frequency from 
DC to 1 kHz (system limitation) was carried out for clay plate-
lets in photocurable monomer system. However, in contrast to 
the colloidal particles and liquid crystal systems, no frequency 
dependence in the maximum orientation or rate of change of 
orientation was observed in our system (Figure S1, Supporting 
Information). Similar observations have been previously seen 
for clays in viscous solutions. [ 50 ]  

 To study the orientation kinetics, birefringence studies were 
carried out at varying concentrations and applied voltages. A 
constant frequency of 100 Hz was used for all experiments as 
we did not observe any frequency dependence during electric 
fi eld alignment at a constant voltage. 

 At low voltages, the birefringence rise was slow and eventu-
ally reached a plateau value at relatively low levels ( Figure    3  ). 
As the voltage was increased, the rate of rise of birefringence 
and fi nal plateau value rapidly increased. Needless to say, vis-
cosity plays a very important role in the reorientation kinetics. 
For the particles to rotate and orient, the torque due to die-
lectrophoretic force which is directly proportional to induced 
dipole and applied voltage has to be greater than the inertial 
and drag forces contributed by the viscosity. Interparticle 
interactions allows the sytem to reach a quasi-equilibrium 
(plateau) state as a critical amout of electric fi eld is required 
to break that interaction. The viscosity increases with the 
increase in clay concentration (Figure S2, Supporting Infor-
mation), along with the interparticle interactions. At higher 
concentration of clays, the size of tactoids were much larger 
compared to low concentrations as exfoliation becomes more 
diffi cult. When the three different concentrations of clay were 
compared at a single voltage, both the rate of orientation and 
fi nal orientation decreased with increasing clay concentration 
(Figure  3 d).  
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 Figure 2.    Response of in-plane and out-of-plane retardation on application of electric fi eld on a) pure resin and b) 6 wt% clay fi lled system with applied 
fi eld of 724 V/mm at 100 Hz; c) schematic showing in-plane and out-of plane refractive index of clay platelet and d) schematic of the of clay platelets 
aligned in polymer fi lms. Arrows indicate the start of the e-fi eld.
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 To further elucidate and study the effect of voltage on the 
alignment of clay platelets at varying concentrations, the 
electro-optic behavior was expressed using Equation   3   which 
helps to correlate the birefringence values with the voltage and 
exposure time:

   

n t n

n n
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V V

V V 1 exp0
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 where, Δ n  V ( t ) is the birefringence at any time  t , nV
0Δ  is the ini-

tial birefringence, nV
fΔ  is the fi nal birefringence, and  a V   is the 

characteristic time for the applied voltage  V . 
 Equation 3 can be used to fi t the non-linear response of the 

clay during alignment under electric fi eld. It can also be used 
to predict Δ n  values for all voltages and concentrations of clays 
which implies the electric fi eld strength and duration time 
are complementary. Therefore, normalized birefringence was 
plotted as a function of reduced time,  t/a v  , to obtain a master 
curve ( Figure    4  a) that is independent of the applied fi eld. This 
was plotted for all three different clay loadings (Figure S3, 
Supporting Information), which, in turn, 
implies a universal relationship between 
the electric fi eld strength and time of expo-
sure during the structural development. 
Equation   3   used is similar to the time tem-
perature superposition, hence it is called the 
electro-optic superposition principle (EOSP) 
relating exposure time and electric fi eld 
strength with orientation. [ 64 ]   

 Using the EOSP, shift factors were 
obtained at different voltages. When the 
shift factors were plotted against the applied 
voltage, a non-linear response was observed. 
This was attributed to the fact that above 
a saturation voltage, there was little or no 

change in the birefringence and the rate at which the birefrin-
gence value was achieved, but at lower clay concentrations the 
saturation voltage was much lower compared to samples with 
higher clay loading. As indicated earlier, this is because of the 
increase in viscosity with higher loading and also increase in 
frustration between the particles due to interparticle interaction 
during electric fi eld alignment. However, the linear response of 
the shift factor, which was similar at all three concentrations 
of clay loading, indicated that the shift factor has an exponent 
of −1.5 (Figure  4 b). Hence, the EOSP can be used to tailor 
the alignment of anisotropic particles under electric fi eld by 
selecting the voltage and time for desired orientation. 

 Polarized light microscopy is useful in assessing the ori-
entation of individual particles when they exhibit inherent 
anisotropy. Optical micrographs ( Figure    5  a) were taken with 
fi rst order red tint lambda ( λ ) plate (553 nm, red wave plate) 
inserted with the gamma direction (highest refractive index 
direction indicated in Figure  5 a) at 45° to the crossed polar-
izer and analyzer. The particles oriented with higher refractive 
index axis parallel to the gamma direction (slow axis) appeared 

Adv. Funct. Mater. 2014, 24, 7698–7708

www.afm-journal.de
www.MaterialsViews.com

 Figure 4.    a) Master curves from normalized birefringence and reduced time developed using 
electro-optic superposition principle (EOSP) for 6 wt% clay loading and b) dependence of shift 
factor on electric fi eld strength.

 Figure 3.    Kinetics of clay orientation as detected by birefringence response at a series of voltages and clay concentrations of a) 2 wt%, b) 4 wt%, and 
c) 6 wt%, and d) birefringence response to varying clay concentrations at fi xed voltage of 120 V/mm.
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blue as they were in addition position with high refractive index 
direction of the particles oriented in the same direction as the 
high refractive index direction of the ( λ  plate and particles 
with higher refractive index normal to the gamma direction 
appeared yellow as they were in subtraction position.  

 The clay platelets aligned in-plane were observed under the 
polarized optical microscope with a red wave plate. When a ran-
domly oriented monomer mixture of clay platelets was placed 
under the cross polarizers and the red wave plate, all observ-
able colors including yellow and blue color platelets were seen 
as they were oriented in different directions due to randomness 
of the mixture. With the application of electric fi eld normal to 
the slow axis of the red wave plate all particles turned yellow; 
similarly when electric fi eld direction was parallel to the slow 
axis, they turned blue. As discussed earlier, clay platelets exhibit 
higher refractive index (1.57) in the basal plane when compared 

to the normal to the plane (1.55). Therefore, with the appli-
cation of electric fi eld all platelets changed to the same color 
under the red wave plate showing that the major axis or the 
higher refractive index axis was oriented in the direction of the 
electric fi eld. However, it is important to note that since the 
refractive index of the clay platelets within the basal plane was 
the same in all directions, clay particles with this orientation 
appeared red. 

 When the electric fi eld ( V  = 40V/mm) application direc-
tion set parallel to the slow axis, the time sequence of images 
showed rotational motion of the highlighted clay platelet. The 
color of the particle changed from yellow (subtraction position) 
to blue (addition position) as it rotated with higher refractive 
index parallel to the electric fi eld or parallel to the slow axis 
of the red wave plate (Figure  5 b). As depicted by the sche-
matic, the yellow particle fi rst rotated to go to darker red state 
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 Figure 5.    a) Birefringence response of clay platelets aligned under electric fi eld observed with polarized optical microscope with fi rst order red wave 
plate b) time sequence images showing rotation of particles in the electric fi eld (40 V/mm) with the electric fi eld parallel to the slow axis of red wave 
 λ  plate.
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at  t  = 8 s where Δ n  = 0, following this state it became blue ( t  = 
11s) depicting the higher refractive index or major axis parallel 
to the red wave plate. With increasing voltage, the color transi-
tion occurs faster showing faster orientation of particles. Above 
a critical voltage, all the particles turned blue instantaneously 
upon the application of the electric fi eld oriented parallel to the 
slow axis. The video in the Supporting Information shows the 
real time transition of particles from randomly oriented state to 
aligned state where higher refractive index of the clay platelets 
align in the direction of the electric fi eld. 

 Dielectrophoresis additionally causes both rotational and 
translational motion due to non-uniform fi eld. An important 
manifestation of dielectrophoresis is dipole-dipole interaction 
that occurs even in a uniform electric fi eld, a polarization fi eld 
on one inclusion disturbs the electric fi eld on the neighboring 
inclusion, hence producing attractive and repulsive forces 
between these inclusions. These attractive and repulsive forces 
lead to formation of chains of the inclusions in the matrix 
( Figure    6  b). To observe the formation of chains and aligned 
orientation the morphology of the clay nanocomposites was 
studied using the optical and electron microscopes.  

 In TEM images (Figure  6 a), only edges of the clay platelets 
were visible when observing the oriented fi lm in the direction 
perpendicular to the electric fi eld (top view).Examination of 
surface parallel to the electric fi eld through SEM, revealed that 
the major axes of the clay are aligned parallel to electric fi eld 
(Figure  6 a). 

 SEM was also used to observe the chaining of the tactoids 
and single platelets by studying the surface parallel to the elec-
tric fi eld direction. The SEM image shows the overall view of 
the cross section where the edges of the clay platelets were 
chained in the direction of the electric fi eld, some of the chains 
are marked for ease of observation (Figure  6 b). To further illus-
trate the chaining, we recorded a video under the polarized 

microscope shown in the supplemental information. The orien-
tation of clay platelets was random in the plane, the (001) plane 
normals are oriented randomly transverse to electric fi eld. 

 The induced orientational order parameter can be calculated 
from the birefringence values using

   

n n
%orientation 1000

�= Δ − Δ
Δ

⎛
⎝⎜

⎞
⎠⎟ ×

  
(4)

 

 where, �Δ  = 0.01 intrinsic birefringence of the clay platelets 
( Figure    7  a inset) as the matrix resin does not contribute to the 
measured orientation as mentioned earlier.  

 With the increase in clay loading, the level of orientation 
decreased (Figure  3 ). With 2 wt% clay loading, the orientation 
of clay platelets through the thickness of the fi lm was around 
70–75% (Figure  7 a), however, at higher clay loadings of 6 wt% 
the orientation decreased to 50%. This is attributed to the 
increase in frustration between the particles due to interpar-
ticle interaction as shown in the schematic (Figure  7 a inset). 
The saturation voltage was also observed by plotting orientation 
factor with the square of voltage (Figure S4, Supporting Infor-
mation). No change in orientation occurred above this critical 
voltage. 

 The rate at which the orientation occurred was calculated 
from the slope of the birefringence vs voltage curves (Figure  3 ). 
A sigmoidal behavior was observed for the rate of change of ori-
entation when plotted against voltage (Figure  7 b). The dielec-
trophoretic force competed against inertia and drag forces as 
shown in the schematic (Figure  7 b, inset). Hence, at lower volt-
ages only single platelets and smaller tactoids rotated, whereas 
with increase in voltage, the dielectrophoretic force increased 
overcoming the inertial and drag forces and giving a higher 
rate of orientation. Increase in particle concentration increased 
inertial and drag forces, due to the increase in viscosity and 
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 Figure 6.    a) Orientation of clay was observed by TEM of microtomed samples microtomed through surface showing in-plane and fractured cross sec-
tion SEM images showing out-of-plane orientation. b) Chaining of clay platelets observed through cross section SEM with visible clay edges marked 
with yellow lines and schematic of the dielectrophoretic chaining.
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interparticle interaction. Therefore, the rate of orientation 
decreased considerably with increase in particle concentration.  

  2.3.     XRD of Aligned Nanocomposites 

 The samples were further characterized off-line using WAXS 
diffraction patterns for clay orientation. The (001) Bragg diffrac-
tion ring from crystal lattice of the still intact layered clay plate-
lets (Cloisite 30B) is located at 18.5 Å. Three X-ray patterns were 
obtained with X-rays directed along two mutually perpendicular 
transverse directions (TD) and one out of plane normal direction 
(ND). With applied voltage, we observed that the clay platelets 
orient in the Z-direction or the thickness direction of the fi lm, 
which is parallel to the applied electric fi eld. However, there was 
no anisotropy and hence orientation observed when the X-rays 
pass through the thickness of the fi lm were in agreement with 
the zero in-plane birefringence observations earlier ( Figure    8  a). 
Also, as the voltage increased, the azimuthal breadth of diffrac-
tion peak became narrower signifying increase in preferential 
orientation of these particles. The orientation parameters were 
further calculated by plotting the intensity as a function of the 
azimuthal angle, the orientation factor was given by

    
S

1
2

3cos 12 θ= −
  

(5)
 

 where, S is the orientational order parameter and  θ  is the angle 
between the clay platelet and the normal director. For a per-
fectly oriented system  S  = −0.5. The order parameter decreased 
with increasing voltage. As the clay orientation increased, the 
order parameter at low clay loadings and high voltages was 
 S  = −0.4 which is very close the theoretical limit of −0.5.  

 Orientation factors calculated (Figure  8 b) from birefringence 
measurements and X-ray diffraction were determined to be dis-
tinctly different. Birefringence technique provides ensemble 
average of orientation of particles regardless of their state of 
exfoliation and is very sensitive to rapid changes in optical 
anisotropy. WAXS relies on the presence of crystalline lattice, 
meaning multiple layered tactoids and intercalated clay struc-
tures to show diffraction peak. Hence, the WAXS technique 
does not sample fully exfoliated platelets and is blind to their 
reorientation behavior. Since the large particles (tactoids and 
intercalated particles) reorient slower in a given fi eld due to 
the drag forces, they exhibit lower orientation as detected by 
WAXS.  
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 Figure 7.    a) Effect of voltage on change in orientation calculated through birefringence (inset showing schematic showing movement of clay platelets 
with change in clay concentration) and b) kinetics of orientation of clay platelets at different voltages and concentrations (inset showing schematic of 
movement of single platelet and tactoids in electric fi eld, at a constant viscosity the single platelets/smaller tactoids were easy to rotate)

 Figure 8.    a) WAXD patterns taken with X-rays taken in three principal directions and b) orientation factors calculated from XRD for different voltages 
and concentration.
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  2.4.     Roll-to-Roll Electric Field Assisted Alignment 

 To the best of our knowledge, a Roll-to-Roll manufacturing 
process for electric fi eld assisted alignment to make  Z -oriented 
functional fi lms has not been demonstrated. The most common 
approaches for electric fi eld alignment through the thickness 
are batch processes that include two electrodes separated by 
spacers, with the solution poured in between the electrodes and 
cured using thermal or UV curing after the application of elec-
tric fi eld; however transparent electrodes are required for UV 
curable matrices. As has been previously studied, for electric 
fi eld alignment to be effective, it is necessary to have the two 
electrodes touching the solution. If the electrodes are separated 
by an air gap the undulation occurs on the top of the polymer 
fi lm, since the solution as a whole is polarized and attracted 
towards the electrode. [ 65,66 ]  

 Continuous electric fi eld alignment of clay particles dis-
persed in photocurable resin as the matrix was carried out. The 
electric fi eld setup is part of a newly developed large roll-to-roll 
manufacturing machine called electromagnetic processing 
(EMP) line, detailed elsewhere, [ 57,67 ]  and is capable of applying 
three electric, magnetic and thermal gradient fi elds depending 
on the specifi cs of the materials to be oriented. 

 The electric fi eld setup consists ( Figure    9  a) of two PVC 
rollers that are connected to a back plate that in turn sits on 
two rails connected to pneumatic motor used to jog the whole 
assembly upwards and downwards (Z-direction), thereby con-
trolling the distance between the rollers and the steel belt or 
any conducting substrate acting as ground. A continuous loop 
of transparent ITO coated PET fi lm surrounds these rollers and 
it is pre-tensioned using the spring loaded assembly on one of 
the rollers. This ensemble acts as the top electrode. The rollers 
are also connected to a drive motor allowing a forward and back-
ward motion of the ITO coated PET at different speeds. In most 
cases the speed of the ITO coated PET fi lm on top of the rollers 
is matched with the speed of the stainless steel belt below. This 
is done to prevent any shearing effect on the cast fi lm. After 
adjusting the speed, the whole assembly is lowered to match 
the distance between the PET fi lm and the substrate to that of 
the thickness of the cast fi lms. A copper roller is placed on top 
of the PET fi lm, this copper roller is connected to a high voltage 

power supply. The HV amplifi er (Matsuda, model 20B20) can 
be used to generate a DC voltage, this amplifi er is combined 
with an H-P function generator and can generate three types of 
fi elds: AC, DC, and biased AC fi elds. The copper roller is spring 
loaded and hence is always in contact with the conducting fi lm 
while rotating with the fi lm as it moves, creating a potential dif-
ference between the ITO coated PET fi lm on top and the sub-
strate. A UV wand that radiates at the wavelength suitable for 
curing the resin to freeze the aligned morphology is placed in 
the center of the setup.  

 During a typical process, particles are fi rst dispersed in the 
photocurable resin using sonication, magnetic stirring, high 
shear mixing or other dispersion techniques. The monomer 
mixture is then cast onto the carrier using a slot die or a doctor 
blade assembly. The blade gap is set using the micrometers 
or feeler gauges to the desired thickness of the fi lms. The 
gap between the top electrode fi lm (ITO coated PET fi lm) and 
the conducting substrate is kept smaller than the thickness 
of the cast fi lm. The speed of the substrate and the top ITO 
coated fi lm is then matched. As the cast fi lm approaches the 
electric fi eld setup it touches the transparent conducting fi lm 
on top, while the top electrode is maintained at high voltage 
using a copper contact roller. After the sample orients due to 
the potential difference between the two electrodes, it is neces-
sary to freeze the structure before the fi lm reaches the end of 
the setup. This is carried out by irradiating UV light uniformly 
through the width of the sample using a UV wand, curing the 
cast fi lm. Surface energy of the substrate is always kept higher 
than that of the transparent top electrode. This helps the fi lm to 
always peel off from the top electrode making the fi lm stick to 
the bottom substrate. During the rewinding of the fi lms, these 
oriented fi lms can fi rst be peeled off and rewound separately or 
can be wound with the substrate. 

 To establish that the electric fi eld induced alignment can 
be accomplished using the roll-to-roll setup with realistic 
manufacturing conditions, we were able to cast fi lms of ori-
ented clay (3” wide and 10” long) nanocomposites at 2, 4, and 
6 wt% clay concentration with applied voltage of 724 V/mm at 
10 cm/min speed. To verify the uniformity of orientation of the 
samples, WAXS patterns were obtained at different positions 
in the sample. The aligned 6 wt% clay nanocomposite had the 
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 Figure 9.    a) Schematic and b) picture of roll-to-roll processing equipment developed to create indefi nitely long oriented fi lms using electric fi eld align-
ment. c) WAXS patterns at different locations for a roll of fi lm with 6 wt% clay loading aligned at 724 V/mm.
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orientation factor S of −0.2 ± 0.02. Figure  9 c shows the fl exible 
oriented clay nanocomposite fi lm and WAXS patterns at three 
locations of the fi lm.  

  2.5.     Ionic Conductivity Enhancement in Aligned 
Nanocomposites 

 Finally, we demonstrate the enhancement in  Z -direction prop-
erties of clay nanocomposites using dielectric measurements 
on the roll-to-roll processed oriented fi lms. The dielectric prop-
erties of both oriented and unoriented fi lms at a series of clay 
concentration were measured through the thickness of the fi lm. 
 Figure    10   compares the dielectric permittivity and dielectric 
loss of unoriented and oriented samples at room temperature. 
The dielectric constant above 100 Hz does not show any varia-
tion in between the oriented and unoriented clay nanocompos-
ites due to the lack of dipole orientation. The dielectric constant 
starts increasing below 100 Hz to 0.03 Hz for fi lled systems as 
compared to unfi lled systems as the clay fi lled nanocomposites 
incorporate more ionic dipoles leading to ionic polarization. 
The dielectric properties of oriented clay nanocomposites in 

this region is further enhanced due to the formation of oriented 
ionic dipoles. As we go below the frequency of 0.03 Hz there is 
an drastic increase in dielectric constant with increasing clay 
concentration due to charge migration at the electrode-polymer 
interface leading to electrode polarization. [ 38 ]  The increase in 
dielectric properties below 0.03 Hz is attributed to ionic con-
ductivity of clay platelets. Electrode polarization also causes an 
increase in the dielectric loss, this loss dominates the true die-
lectric loss from the clay nanocomposites till 1Hz.  

 Clay nanocomposites have anisotropic ionic conductivity 
in parallel and perpendicular oriented fi lms. [ 68 ]  It has been 
suggested that the difference in ionic conductivity of MMT 
nanocomposites is due to tortuosity of ionic migration which 
is caused by the orientation direction of MMT layers perpen-
dicular to the measurement direction. [ 69 ]  Therefore, MMT 
nanocomposites show higher ionic conductivity if the MMT 
layers are oriented in the direction of measurement compared 
to perpendicular orientation. [ 70 ]  Below 0.03 Hz, oriented sam-
ples show much higher dielectric constant as compared to the 
unoriented samples. This is attributed to the fact that the ori-
ented nanocomposites have higher ionic conductivity since the 
ionic migration is much easier when clays are oriented parallel 
to the direction of measurement. Also, the oriented nanocom-
posites have higher interparticle interaction due to chaining of 
clay platelets caused by dielectrophoretic alignment, making 
the ionic migration easier leading to the higher dielectric con-
stant for the oriented samples. Hence,  Z -oriented clay nano-
composites can be used to increase the ionic conductivity at 
lower particle concentrations.   

  3.     Conclusions 

 The electric fi eld assisted alignment allows  Z -(thickness direc-
tion) alignment and organization of nanoparticles facilitating 
the tailoring of properties in this direction. These include 
thermal conductivity, dielectric properties, barrier properties, 
ion exchange depending on the fi ller. In this study, the develop-
ment of birefringence measurement system was described cou-
pled with electric fi eld. Using this tool, kinetics of  Z -direction 
orientation in the presence of electric fi eld was studied. This 
information enabled the development of electro-optic superpo-
sition principle that relates the birefringence, voltage and time. 
As a result, the properties of nanocomposites can be tailored by 
selecting required voltage and time to obtain required micro-
structures. The orientation of the clay particles substantially 
enhanced the ionic conductivity properties in oriented nano-
composites. A roll-to-roll process to obtain  Z -oriented nano-
composites has also been reported for the fi rst time. This is 
critical for commercializing oriented polymer nanocomposites 
with  Z -enhanced properties.  

  4.     Experimental Section 
  Prepartion of Nanocomposites : Clay nanocomposites were prepared 

using Cloisite 30B (organo-modifi ed clay from southern clay products) 
as the fi ller and a photocurable resin Norland 65 (Norland products) 
as the matrix. Both the matrix and the fi ller were used as is without 
any further modifi cations. The photocurable resin NOA65 was chosen 

 Figure 10.    Enhancement of dielectric properties electric fi eld oriented 
clay fi lled nanocomposites a) relative dielectric constant and b) dielectric 
loses (EF: Aligned nanocomposite fi lm).
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since it is a colorless, clear liquid photopolymer, thus making the 
birefringence measurements possible at different wavelengths. It is 
reported in literature that this compound is made essentially of four 
constituents: trimethylolpropane diallyl ether, trimethylolpropane 
tris thiol, isophorome di-isocyanate ester and 5 wt% photoinitiator 
benzophenone. NOA65 cures when exposed to ultraviolet light and has 
fast curing times with maximum absorption between 350–380 nm at 
ambient temperatures. This eliminates the heat curing and post curing 
operation common in other adhesives. The fast curing helps to freeze the 
structure rapidly at required morphology and leads to faster production 
time during the roll-to-roll process, since the polymer curing is the 
time determining step when compared to the alignment step which 
typically takes a few seconds. The curing by UV light generates radicals 
that start a chain of polymerization reactions according to the standard 
process. Being a one part system containing 100% solids, the shrinking 
effects upon curing are minimized and therefore the gap between the 
two electrodes during the alignment can be kept constant. The cured 
adhesive is fl exible and transparent even at higher clay loadings. The 
clay particles were dispersed in the resin using Hielscher UP400S 
ultrasonic processor and planetary centrifugal mixer (Thinky Mixer) to 
achieve reproducible dispersion for all samples. The suspensions were 
then loaded between two ITO coated transparent glasses obtained 
from SPI supplies with 1mm glass spacers. Different voltages at varying 
frequencies were applied between the two conducting ITO electrodes 
and the retardation was measured real time using the equipment 
described earlier. The morphology after applied electric fi eld was frozen 
by shining UV light on top of ITO coated glass using OmniCure 2000 
UV lamp. 

  Sample Characterization : The morphology of cured fi lms was 
characterized using X-ray diffraction, transmission electron microscope 
(JOEL-1230) and scanning electron microscope (JEOL JSM 5310). Bruker 
AXS Generator equipped with a copper tube and a two dimensional 
detector was used to obtain the XRD patterns of the oriented fi lms. 
The generator was operated at 40 kV and 40 mA with a beam 
monochromatized to Cu Kα radiation. A typical exposure time of 20 min 
was used. The optical microscope used to study the orientation was a 
Leitz Laborlux 12 Pol S microscope stage between the crossed polarizers. 
A fi rst order red wave plate was also inserted with its slow axis oriented 
at 45° to the crossed polarizers. The pictures of the samples were taken 
with a DC 290 Kodak Zoom digital camera connected to the optical 
microscope.  
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