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In this study, the chaining and preferential alignment of barium titanate nanoparticles (100nm) 

through the thickness direction of polymer matrix in the presence of electric field is shown. 

Application of AC electric field in a well-dispersed solution leads to the formation of chains of 

nanoparticles in discrete rows oriented with their primary axis in the E-field direction due to 

dielectrophoresis. The change in orientation of these chains was quantified through statistical 

analysis of SEM images and was found to be dependent on E-field, frequency and viscosity. 

When DC field is applied a distinct layer consisting of dense particles was observed with micro-

computed tomography.  These studies show that with the increase in DC voltage leads to 

increase in thickness of the particle rich layer along with the packing density also increases. 

Increasing the mutual interactions between particles due to formation of particle chains in the 

“Z”-direction decreases the critical percolation concentration above which substantial 

enhancement of properties occur. This manufacturing method therefore shows a promise to 

lower the cost of the products for a range of applications including capacitors by either 

enhancing the dielectric properties for a given concentration or reduces the concentration of 

nanoparticles needed for a given property. 
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1. Introduction 

Nanocomposites consists of two or more phases with at least one of phases in the nanometer 

scale range. Interest in these materials including polymer-metal,
1–3

 polymer-glass,
4,5

 polymer-

ceramic
6,7

 etc.
8
 have been primarily for the enhancement of properties of interest at low 

concentrations and/or low cost. Nanocomposites can also be differentiated with respect to their 

morphology or connectivity as has been described by Newnham in the late 70’s.
9
 Newnham 

showed that multiphase composite connectivity plays an important role in the property 

enhancement of piezoelectric and pyroelectric materials and could lead to difference of several 

orders of magnitude in the final properties of nanocomposites depending on the connectivity 

present in the materials.
10

 In case of a composite with two phases taking into account that each 

phase can be self-connected in zero, two and three dimensions, ten different connectivities can be 

described. Thus, nanocomposites depend not only on the intrinsic properties of the matrix and 

particles but also on their morphology and interfacial characteristics. Traditional polymer 

processing techniques including extrusion, injection, blow molding etc. cannot efficiently create 

anisotropic networks of particles organized oriented morphologies in the thickness “Z” direction 

as they are primarily dominated by shear, extensional, biaxial or a combination these flows.   To 

achieve directed assembly of such structures, external fields such as electric and magnetic 

fields
11

 to enhance thickness properties useful for flexible electronics,
12,13 

membranes,
14

 

supercapacitors,
15,16

 fuel cells,
17

 photovoltaics
18,19

 etc. Therefore, directed self-assembly 

techniques such as electric field assisted alignment are required.  In the present work, we develop 

polymer nanocomposite films consisting of barium titanate (BaTiO3) particles using electric field 
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assisted assembly to increase the organization and order of nanoparticles oriented in thickness 

direction for high power capacitors. 

Barium titanate has been widely used as a raw material for electronic devices including 

multilayered capacitors,
20,21

 semiconductors,
22

 thermistors,
23

 piezoelectric devices
24

 and various 

other sensors.
25–27

 In addition to its high dielectric properties, BaTiO3 is also thermally and 

chemically stable.
28

 The dielectric properties of BaTiO3 particles depend on their crystal 

structure. Tetragonal crystals exhibit higher dielectric constants when compared to cubic crystal 

structure. The crystal structure of BaTiO3 particles depends on the temperature
29

 and grain size.
30

 

It changes from tetragonal to cubic structure above the Curie temperature (~120
0
C) and with 

decrease in particle size (<100nm). However, in order to increase the efficacy of polymer 

composite systems and a continuous need to decrease the size of devices, smaller particle sizes 

are required. Therefore, we need to create devices with cubic BaTiO3 maintaining the dielectric 

properties achieved by tetragonal particles. 

Polymer nanocomposites consisting of ceramic nanoparticles as a filler represent a new class 

of engineering materials that shows a lot of promise as embedded and flexible capacitors
31,32

. 

BaTiO3 exhibits high dielectric constant, low dielectric loss and low dielectric breakdown
33

, 

whereas polymers have high dielectric breakdown, ease of processability, low cost and 

flexibility.
34

 Their composites offer  properties that are useful for many current and future 

electronic applications such RFID tag antenna,
35

 hybrid electric vehicles,
36

 microwave,
37

 flexible 

generators,
38

 etc. Research in the past has been focused on investigating the energy storage 

capabilities of different materials and different compositions, and to achieve reasonably high 

energy storage or high dielectric constant nanocomposites often requires very high loading (>50 

vol.%).
39

 Higher loadings of ceramic particles leads to increase in dielectric properties but the 
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nanocomposites lose their flexibility, mechanical properties and dielectric breakdown strength. 

High volume fraction of particles also increases the weight of nanocomposite films due to the 

high density of ceramic particles; therefore, there is a need for nanocomposite films with lower 

filler loading to create cost effective and lightweight materials with enhanced properties. 

However, the dielectric properties depend on the percolation of particles in the matrix which can 

only be achieved at high volume fraction of filler loadings. Hence, these properties can only be 

enhanced by either controlling the morphology of the BaTiO3 particles or by creating anisotropic 

nanocomposites. The connectivity and directional percolation of these particles can considerably 

increase the dielectric properties of even the nanocomposites with cubic particles and this is 

possible through electric field directed assembly techniques 
40–44

. 

These techniques have been used extensively in the past decade to create spatially and 

directionally oriented nanocomposites. During the application of a uniform electric field (AC) to 

a liquid with dielectric inclusions, dipole-dipole interactions occur. In this case, a polarization 

field of one particle disturbs the electric field at the center of the neighboring particles producing 

attractive and repulsive forces. This ultimately leads to chaining of particles creating anisotropic 

composites.
40,45–47

  

In this paper, results on the electric field driven alignment and accumulation of cubic barium 

titanate (BaTiO3) nanoparticles are presented. The effect of electric field at different frequencies 

and particle concentrations creating z-oriented nanocomposites and formation of a layer 

consisting of highly dense particle layer is studied. Micro-morphological features particularly 

connectivity have been quantified to determine optimum composite and process parameters to 

maximize the desired properties to create flexible capacitor films with low filler loading to 

achieve high dielectric constants with low cost.  
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2. Results and Discussion 

 

2.1. Characterization of BaTiO3 Nanoparticles 

BaTiO3 particles used in this study were obtained with a particle size of 100nm. Scanning 

electron microscope (SEM) and transmission electron microscope (TEM) were used to determine 

the particle size, shape and morphology (Figure 1a and b). The particles were nearly spherical in 

shape and had an average particle size of 100nm±15. BaTiO3 are unique perovskite crystals with 

high dielectric constants; however, the crystal structure rapidly changes from tetragonal to cubic 

with the decrease in particle size and increase in temperature. The crystal structure of these 

particles was determined by X-ray diffraction. In general, the difference between tetragonal and 

cubic phases can be confirmed by separation of (002) and (200) XRD peaks.
30

 For the BaTiO3 

particles this peak is located at 2θ = 45
0
. As can be seen from Figure 1d, there was only one 

observable peak at 45
0
 which is attributed to the (200) plane, therefore, these particles were cubic 

in nature. Figure 1c shows the schematic of the cubic crystals of BaTiO3. 
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Figure 1. Characterization of 100nm BaTiO3 nanoparticles, a) TEM, b) SEM showing 

morphology and c) schematic of the cubic structure of nanoparticles and d) X-ray diffraction 

pattern.    

 

2.2. Electric field Manipulation 

Electric field can be used to spatially arrange  particles in a dielectric matrix using three 

techniques: electrophoresis,
48

 electroosmosis
49

 and dielectrophoresis.
50

 The direction and 

magnitude of the force depends on the electric properties of the particle and the matrix along 

with their geometry. In this section, the effect of frequency, concentration and voltage on electric 
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field manipulation of the BaTiO3 particles using electrophoresis and dielectrophoresis was 

discussed. Figure 14 shows the setup used for electric field manipulation.  

Electrophoresis is the motion of a charged particle in an electric field and has been used 

considerably in industrial processes for electrophoretic deposition of uniform, high speed, high 

purity coatings
51

. This process is used to prepare coatings ranging from monolayer thickness to 

millimeter thick coatings with different self-assembly of particles. The process typically includes 

two electrodes dipped in an aqueous solution containing particles. Depending on the charge on 

the particles, applied electric field and application time these particles deposit on top of one of 

the electrodes.  

An important parameter that is involved in all electrokinetic flows is known as zeta potential (ζ). 

Zeta potential is the potential at the slip plane that separates the bulk fluid from the boundary 

layer fluid
52

. This developed charges at slip plane between the boundary layer of particles and 

liquid medium with applied DC field leads to electrophoretic mobility, µ, and is defined as the 

coefficient of proportionality between the velocity and the applied field given by: 

� =
�

�
                  (1)                  

where, u is the velocity of particle under the applied electric field E. The electrophoretic mobility 

increases with increase in zeta potential and decreases with increase in viscosity (η) of the liquid 

medium. The electrophoretic mobility of the particles is thus defined by Helmholtz-

Smoluchowski equation: 

� =
����

	
      (2) 

Page 7 of 32 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



In the following section, we will discuss the use of electrophoresis to create a micrometer thick 

and dense layer of particles in a flexible elastomeric film. 

Dielectrophoresis is another alternative to manipulate particles in electric field and is caused by 

AC fields. The particles in a suspension with applied AC field are neither attracted nor repelled 

by the electrodes as the sign of the electrode polarization changes constantly. However, AC field 

leads to formation of induced dipoles on the particles leading to particle-particle interaction.
53

 

These induced dipoles also interact with the gradient of the field leading to dielectrophoretic 

force:
54

 

  
��� = 2�����
�∇��    (3) 

where, FDEP is the dielectrophoretic force, εm is dielectric constant of matrix, K is the Clausius-

Mossotti function, r is the radius of the particle and E is the applied field. 

The sign and magnitude of the dielectrophoretic force depends on the effective polarizability of 

the particles which is given by real part of Clausius-Mossotti function (K): 

   � =
�����

������
       (4) 

where, εp , εm is the dielectric constant of the particle and matrix respectively. 

 

Effect of Frequency on Alignment: Electric field alignment is highly dependent on the 

frequency of applied field. The ideal frequency depends on the particle and the fluid medium 

utilized, hence it is important to determine the ideal frequency range for each system. Figure 2 

shows fractured cross-sectional images of the BaTiO3 nanocomposites at different frequencies 
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showing alignment characteristics in the frequency range of DC, 10Hz–1kHz, at a constant 

applied voltage of 1400V/mm.  

It was observed that the application of a DC voltage leads to the formation of a particle rich layer 

in the film, consisting of highly concentrated particles that are closely packed. However, 

applying AC voltage to the system led to the nanoparticle chain formation. At lower frequency of 

10Hz and high frequency of 1000Hz, the observed chaining of particles was not very high. 

However, at 100Hz long chains of BaTiO3 particles with the average chain length of 3-4µm were 

observed. 

As the frequency decreases, the time between each cycle increases and thus low frequencies 

behave much like biased DC voltage. This causes the redistribution of ionic components in the 

charge layers near the electrodes, leading to space charge electrode polarization. Electrode 

polarization thus screens the potential drop in the suspension resulting in negligible 

dielectrophoretic forces.
55

 However at higher frequency AC voltages, the effective polarization 

of the particles is not able to keep up with the applied changing field. This again leads to a 

transient dielectrophoretic force that is not enough to cause chaining of the particles in the 

matrix. 
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Figure 2. Effect of frequency at constant voltage (1400V/mm) on alignment characteristics of 

10wt% BaTiO3 nanoparticles in PDMS, a) DC, b) 10Hz, c) 100Hz d) 1KHz.  

 

Formation of Particle Rich Layer: Electrophoretic deposition of BaTiO3 nanoparticles in PDMS 

was studied at different voltages. The electrophoretic mobility of particles was highly dependent 

on the zeta potential of the particles. The zeta potential of the BaTiO3 nanoparticles was 
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measured using a dilute dispersion of the particles in deionized water and was found to be 

negative (ζ =-26.3 mV) with the electrophoretic mobility of -20.63 µm/s. The electrophoretic 

deposition was studied in 10wt% dispersion of BaTiO3 nanoparticles in PDMS by applying 

varying DC voltages for 30 minutes. The dispersions were then cured for 2 hours with the 

applied voltage and the resulting film was used for further characterization. 

As can be observed from Figure 3, the electrophoretic deposition of the particles in the polymer 

matrix led to the formation of dense particle layer in the film. This layer observed had a clear 

demarcation at the interface as can be seen in the higher magnification SEM images. The BaTiO3 

nanoparticles were deposited on the positive electrode indicating they are negatively charged in 

the dispersion, which is in agreement with the negative zeta potential measured earlier. 

 This particle rich layer observed in the SEM image was densely packed with the BaTiO3 

particles. With increasing voltage the layer thickness increased from 15µm at 300V/mm to 45µm 

at 1400V/mm as seen from Figure 3c. Thus, the thickness of the layer formed due to 

electrophoretic deposition is highly dependent on applied voltage and time of deposition, as has 

been shown by other researchers who have deposited nanoparticles from a colloidal solution onto 

an electrode.
56,57

 However, electrophoretic deposition has not been studied in detail in polymer 

films for the formation of particle rich layer with the application of voltage.  
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Figure 3. Formation of particle rich layer or the BaTiO3 rich layer at different DC voltages a) 

300V/mm, b) 800V/mm and c) 1400V/mm, the concentration of particles was kept constant at 

10wt%. 

During the formation of the layer due to electrophoretic deposition, voltage increases the layer 

thickness, however there is no experimental evidence regarding the packing structure or density 

for these nanoparticles. To understand the packing of the BaTiO3 nanoparticles during 

electrophoretic deposition with varying voltages, X-ray microtomography was carried out. In 

Micro-CT, the X-ray images are stored while the sample is rotated. Internal structures are 

reconstructed as a series of 2D cross-section that are then used to analyze the two and three-

dimensional morphology of the object. Ceramic particles like BaTiO3 have density of 5.85 

g/cm
3
, whereas the PDMS matrix has a density of 1.03 g/cm

3
.  This density contrast leads to 

creation of spatial distribution of the particles and their arrangement in the films.  
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Figure 4a shows the false color images of 3D micro-CT experiments where the particle rich layer 

can be clearly observed. As the voltage during electrophoretic deposition was increased, the 

thickness of the layer increased and its color darkened. In addition, the layer became more 

compact with the increasing voltage indicating that the particles were more densely packed at 

higher voltages. The difference in packing density of the particles was also evident in the high 

magnification SEM images (Figure 3). This was an important finding that showed that higher 

voltages during electrophoretic deposition impact not only the thickness of the deposited layer 

but also its density gradient. 

 

Figure 4. a) Micro-CT scans of 10wt.% BaTiO3 nanocomposites aligned with DC voltage to 

observe the dense particle layer and b) average layer thickness. 
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Effect of Concentration and Voltage on Chaining: Dielectrophoresis leads to structuring of 

particles in the matrix between the two electrodes when a large number of particles are present in 

the suspension
58

. The application of AC electric field leads to induced dipoles on the particles 

causing them to interact with each other if they are close enough, therefore producing attractive 

and repulsive forces between them. Hence, these induced particles interact with each other if 

they are close enough, producing attractive and repulsive forces. This ultimately leads to the 

formation of chains along the electric field lines resulting in maximum energy gain. The chaining 

force between the adjacent particles is dependent on the square of the electric field strength and 

square of the particle radius, and the equation is given by:
59

 


����� = −!��
����

���              (5) 

where, C is the coefficient ranging from 3 to 10
3
 depending on the distance between particles and 

length of the particle chain,
53,60

 r is the radius of the particle, εm is the dielectric constant of the 

matrix, K is the Clausius-Mossotti function, and E is the applied field.  

The chaining of particles in the BaTiO3 nanocomposites was studied at 100Hz and an applied 

voltage of 1400V/mm at different concentrations of the BaTiO3. As can be seen from the Figure 

5, with the application of the AC field, BaTiO3 chains were formed in the PDMS matrix. These 

chains were particularly long in the range of 3-5 micrometers at particle concentrations of 10 and 

20wt.%; however with the increase in the particle concentration, the average chain length 

decreased considerably. At the extremely high 50wt% concentration, the average chain length 

was down to 400nm. This can be attributed to the decrease in particle mobility with the increase 

in particle concentration, as the viscosity increases considerably when the particle concentration 

is increased above 20 wt.% as can be seen in Figure 6. The dielectrophoretic force during the 
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particle chaining competes with the inertial and drag forces that increase with increase in 

viscosity. The mobility of the particles undergoing dielectrophoretic motion is inversely 

proportional to the viscosity and is given by the following equation: 

" =
����#

$%

&�'	
      (6) 

where, εm is the dielectric constant of the matrix, ε0 is the permittivity of air, R is the radius of 

the particle, K is the Clausius-Mossoti function, and η is the viscosity of dispersion. 

 

Figure 5. Concentration effect on alignment of BaTiO3 nanoparticles at 1400V/mm and 100Hz, 

a) 10wt%, b) 20wt%, c) 30wt%, d) 40wt%, e) 50wt%. 

 

Thus, as the viscosity of the matrix is increased with particle concentration, the mobility of the 

particles decreased leading to formation of shorter chains. Also with the increase in particle 

loading, there was an increased frustration between the particles because of restricted motion to 

form long chains. As a result, reduction in the distance between the chains and also the order of 
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the chains was observed. As can be seen from Figure 5, at lower particle concentration, the 

particle chains were much farther apart and almost parallel to the direction of applied field. 

However, increasing concentration led to skewed chains and reduction in the distance between 

the adjacent chains.  

 

 

Figure 6. Concentration effect of BaTiO3 nanoparticles on viscosity of dispersion. 

 

To quantify the alignment characteristics due to dielectrophoresis, statistical analysis of various 

parameters including chain length, distance between the chains, and the angle of orientation with 

respect to the applied electric field using multiple SEM images at different sample locations was 

performed. A sample size of 100 was used for the statistical analysis. Figure 7 shows the analysis 

for three different concentrations of BaTiO3 nanocomposites. For this analysis, the 100 chains 

chosen consisted of at least three or more particles. 
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Figure 7. Statistical analysis of chaining characteristics including angle of orientation with 

respect to electric field direction, chain length, and distance between the two chains at different 

concentrations a) 10wt%, b) 20wt% and c) 30wt% of dielectrophoretically aligned BaTiO3 

nanocomposites at 1400V/mm.  

 

To determine the orientation factor using the statistical analysis, we defined the order parameter 

S. If θ is the angle of a chain with respect to the electric field, the order parameter was 

determined by averaging the orientation angles of all chains according to: 

( =
)��*+$,�&-

�
                     (7)  
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The two limiting values from the above equation are i) S = 1, in the case of perfect alignment 

where all chains are parallel to the direction of electric field and ii) S = -0.5, if the chains are 

perpendicular to the field.  

Thus, the average orientation of the chains was quantified from the SEM images by averaging 

more than 100 samples. For the control experiments i.e. without the application of any electric 

field, there was no chain formation and all the particles were uniformly dispersed, hence the 

orientation parameter cannot be calculated. 

The order parameter as a function of concentration plotted in Figure 8 (red curve). The 

orientation factors for lower particle concentration of 10 and 20wt% remained almost constant 

and were very close to perfect alignment with S = 0.99.  As the concentration is increased, 

orientation factor decreased to S = 0.86 for 50 wt.% particle concentration. This was due to the 

restriction of motion at high particle concentration and viscosity as has been discussed above. 
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Figure 8. Change in orientation factor (S), chain length and distance between chains as a 

function of concentration. 

 

Dielectrophoresis of particles caused both attractive and repulsive forces, which led to the 

chaining of particles as can be seen in Figure 9a and Figure 9b. In the current study, the chains of 

BaTiO3 nanoparticles comprised of single particles attached to each other with a uniform 

distance between two chains, as can be seen from the statistical analysis shown in Figure 7. The 

distance between the two chains (2d) is depicted in Figure 9c. Half of this distance (d) can be 

called as a depletion layer, which means that a particle present in this zone will attach to the 

closest chain resulting in absence of particles in this region. As seen from Figure 8, the depletion 

zone decreased with increase in particle concentration from 450 nm to around 80 nm. This was 

caused due to three factors: the first two as discussed above were restriction of motion due to 

increased viscosity, and particle frustration
61

. The third factor was the increase in particle density 
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with increased concentration. With the increase in the volume fraction, the particles were 

inherently much closer to each other leading to particle-particle interaction and causing the 

depletion layer to decrease.  

 

 

Figure 9. Schematic of a) attractive and b) repulsive forces during dielectrophoretic alignment 

and c) showing depletion layer d in an aligned BaTiO3 nanocomposite. 

 

Chaining was also studied at different voltages keeping the concentration of the particles fixed at 

20wt%, as shown in Figure 10. It was observed that at 300V/mm, there was no formation of 

chains in the BaTiO3 nanocomposites. As the voltage increased from 300 V/mm to 800 V/mm, 

chains were formed although not fully developed. At 1400 V/mm, the chains were fully 

developed and this was due to increase in the dipole moment which is directly proportional to the 

square of the voltage.  
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Figure 10. Chaining of BaTiO3 at different AC (100Hz) voltages a) 300V/mm, b) 800V/mm and 

c) 1400V/mm. The concentration of particles was kept constant at 20wt%. 

 

2.3. Dielectric Properties of Aligned Nanocomposite Film:  

We demonstrate the enhancement in the Z-direction properties of BaTiO3 nanocomposite films 

using dielectric measurements. The dielectric properties of both oriented and unoriented films 

were measured through the thickness of the film. All the oriented film samples were subjected to 

1400 V/mm. Figure 11 compares the dielectric permittivity and dielectric loss of unoriented and 

oriented samples at room temperature. The dielectric constant above 0.1 Hz remains constant, 

however it starts increasing below 0.1 Hz for oriented systems as compared to unoriented 

systems as the nanocomposites incorporate more ionic dipoles in the direction of measurement 
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leading to ionic polarization. It can be seen the dielectric properties are enhanced with addition 

of BaTiO3 nanoparticles and also with the alignment of nanoparticles.  

 

Figure 11. Change in a) dielectric constant and b) dielectric loss for oriented and unoriented 

nanocomposite films of BaTiO3. (EF: Electric field oriented films) 

 

Figure 12 compares three films at same concentration of particles (10wt%), including the 

unoriented films, oriented films with BaTiO3 chains using dielectrophoresis and phase separated 

films with particle rich layer consisting. The dielectric properties of aligned composite was 

observed to be higher when compared to the particle rich layer and the unoriented sample. 
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Figure 12. Difference between a) dielectric constant and b) dielectric loss for oriented samples 

using dielectrophoresis and particle rich layer formation in electrophoresis. 

 

Figure 13 shows the dielectric properties of films produced by different routes are compared at 

10Hz. The dielectric constant of pure matrix is 3.9 and increases with addition of BaTiO3 

nanoparticles to 6.3 till 30wt%, however with further increase of nanoparticle concentration only 

slight increase in dielectric constant was observed. However, for the oriented films which are 

directionally percolated there is an increased interaction between the particles thus showing 

much higher dielectric constant of 9.5 with only 40wt% particle concentration. Hence, alignment 

of particles increases the dielectric properties considerably, therefore, less amount of 

nanoparticles are required to achieve the similar dielectric properties.  It should also be noted that 

dielectric loss tangent increases with increase in concentration for oriented samples, which can 

be attributed to the electrode polarization caused by alignment of particles. However, the 

dielectric loss remains constant for unoriented samples. 
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Figure 13. Increase in a) dielectric constant and b) dielectric loss for oriented nanocomposite 

films of BaTiO3. 

 

3. Conclusions 

The electric field application allows Z-(thickness direction) alignment and organization of 

nanoparticles in polymer matrix, facilitating the tailoring of properties in this direction. In this 

study, results on the quantitative analysis of dielectrophoretic chaining of barium titanate 

particles in a polymer matrix have been demonstrated. At low particle concentration, chains of 

particles up to 5 microns in length were obtained consisting of 35-45 particles per chain. The 

orientation, chain length and depletion zone of the chained particles decreased with increase in 

viscosity. Electrophoresis of the particles inside the polymer matrix was also shown for the 

formation of densely packed particle layer in DC field. The thickness of the layer decreased with 

increasing voltage. Micro-CT experiments revealed that increasing voltage also resulted in 

decreased packing density. Aligned nanoparticles show considerable enhancement in their 

dielectric properties, nanocomposite films show upto 30% increase in dielectric properties for 

oriented nanocomposite samples. 
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4. Experimental Section 

4.1 Materials 

BaTiO3 nanoparticles with an average particle size of 100nm were obtained from US Research 

Nanomaterials, Inc., Houston, TX. A thermally curable resin polydimethylsiloxane (PDMS), 

Sylgard 184 was obtained from Dow Corning Co., Midland, MI and used as the matrix to 

prepare aligned nanocomposites. Sylgard 184 silicone elastomer is a two-part system consisting 

of monomer and cross linker mixed in a 10:1 ratio. It is a solvent free resin and can be cured at 

80
0
C for 1hr. Operating temperature range for the PDMS is from -45 to 200

0
C. Along with 

flexibility, it has high dielectric strength, shear stability and good UV resistance. The BaTiO3 

particles and the PDMS matrix were used without further modification. Indium Tin Oxide (ITO) 

coated glasses obtained from SPI Supplies, West Chester, PA were used as electrodes for electric 

field assisted alignment. 

 

4.2 Preparation of ordered nanocomposite films using Electric field 

To prepare aligned polymer nanocomposites, BaTiO3 particles at a range of concentrations were 

dispersed in the PDMS resin using Thinky Planetary Centrifugal Mixer ARV-310 to achieve 

reproducible dispersions for all samples. The cross linker was added to the dispersions and the 

samples were then placed in a vacuum oven for 10 min. for degassing. A cell consisting of two 

ITO coated glass electrodes separated by 1mm spacer was prepared as shown in Figure 1. The 

top electrode was connected to high voltage amplifier Matsuda 20B20 which was connected to 

H-P function generator and the bottom electrode was grounded. The suspensions were then 

loaded in the cell kept on a hot plate. Electric field was applied between the two electrodes for 30 
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min and the morphology of the resulting nanocomposites was frozen by heating the sample at 

80
0
C for two hours. 

 

 

Figure 14. Schematic of the setup used for the electric field assisted alignment. 

 

4.3 Characterization 

X-Ray Diffraction: The crystal structure of the BaTiO3 nanoparticles was determined using 

Bruker AXS D8 Goniometer generator equipped with a copper tube and a two dimensional 

detector. The generator was operated at 40kV and 40mA with a beam monochromatized to CuKα 

radiation (λ=0.1542nm). A typical exposure time of 10 min was used for measurements.  

 

Scanning Electron Microscope: The morphology of the BaTiO3 powder and fractured surfaces of 

cured films were characterized using a high resolution Scanning electron microscope (JEOL JSM 

5310; SEM). The nanocomposites were brittle fractured under liquid nitrogen followed by 

sputter coating by silver before SEM characterization. The operating voltage and current used 

were 1kV and 20mA.  
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Transmission Electron Microscope: BaTiO3 powders were also characterized using a JEOL-1230 

transmission electron microscope (TEM) with an accelerating voltage of 120kV. TEM images 

were taken using a digital CCD camera and processed with the accessory digital imaging system. 

 

Zeta Potential: The zeta-potential measurement was conducted using a Malvern Instrument 

(Nano ZS90) equipped with a 632.8-nm He-Ne laser. The instrument calculated the zeta 

potential by determining the electrophoretic mobility and applying the Henry equation (equation 

1).  

U/ =
�0123)45-

�6
               (8) 

Where, UE is the electrophoretic velocity, εm is the dielectric constant of the medium, ζ is the 

zeta potential, f(Ka) is the correction function and η is the viscosity. The electrophoretic mobility 

was obtained by performing an electrophoresis experiment on the sample and measuring the 

velocity of the particles using a laser Doppler velocimeter. 

 

Micro-CT: A high resolution micro-CT Skyscan 1172 was used to determine the thickness of the 

particle rich (dense) layer during the electric field alignment using a DC voltage. This layer was 

easily observable in the micro-CT due to high contrast in density between the BaTiO3 particles 

and the polymer matrix. 
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