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Ceramic nanoparticles with high polarizability are embedded in 
thermoplastic polystyrene matrix through a simple solution dispersion 
procedure. The degree of the reinforcement of the polymer is ranged 
between 1 and 30 wt% in order to analyze the microstructural changes, 
under the form of percolation networks that are influencing the surface 
and bulk properties of the samples. Surface energy characteristics, 
determined through contact angle data, are explained in correlation with 
morphological features, evaluated from atomic force microscopy 
measurements. The effect of nanoceramic content on the surface 
mechanical properties, particularly adhesion, is discussed. The dielectric 
constant of the prepared materials is assessed with two mathematical 
models. The resulted data are important in designing polymer 
nanocomposites with high dielectric constant materials for electronics 
where good adhesion is essential for the devices reliability. 

 

 
 

INTRODUCTION* 

The development of organic–inorganic 
composites has gained considerable attention in many 
applications, such as packaging material, circuit 
board, interlayer dielectrics, antenna, and passive 
protection.1 Current trends in the field of material 
science are focused on enhancing dielectric, thermal 
and mechanical properties of polymers by 
introducing micro- or nano-particles that have 
superior physical characteristics.2,3 Among them, 
barium titanate (BaTiO3) ceramics are particularly 
studied due to their ferroelectric, piezoelectric and 
thermoelectric properties. BaTiO3 is mainly used for 
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the construction of capacitors, including multilayer 
ceramic capacitors and integral capacitors in printed 
circuit boards, while its polarization below Curie 
point is suitable for fabrication of dynamic random 
access memories.4,5 Moreover, this type of ceramic 
material presents semi-conducting and nonlinear 
optic features, when it is doped with other elements, 
and therefore can be used for resistors with positive 
temperature coefficient of resistivity, temperature–
humidity-gas sensors, as well as electro-optic 
devices. The performance of barium titanate filler is 
strongly dependent on the size, shape, composition, 
morphology, and impurities present inside the 
ceramic particles. 
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The composite characteristics are strongly 
dependent on polymer matrix in which the particles 
are embedded. Polystyrene (PS) is a widely 
investigated polymer matrix owing to its 
thermoplastic feature that enables an easy processing, 
while the mechanical resistance is maintained.6,7 In 
addition, the good adhesion surface characteristics 
and high transparency are widely exploited in 
applications.  

Another factor determines the performance of the 
composite materials is represented by the utilized 
processing procedure. Literature8 reports several 
methods for reinforcing polymers, including solution 
processing, melt mixing compounding, mechanical 
stretching, curing/in situ polymerization, the use of 
latex technology or magnetic fields, and coagulation 
method.9  

Depending on some experimental factors the 
microstructure of the nanocomposites can be 
controlled. Dramatic changes in the physical 
properties of composites occur when filler particles 
begin to form a percolating network through the 
polymer continuous phase, particularly when the 
difference between the properties of the constitutive 
phases is large. 9-11 

In this work, some polymer nanocomposites 
based on BaTiO3 and PS are studied with respect to 
the surface and dielectric properties. The percent of 
reinforcement is ranged between 1 and 30 wt% in 
order to surprise the microstructure modifications that 
are reflected in the morphology and the surface 
features of the nanocomposite films. The influence of 
ceramic nanoinclusions with high polarizability on 
the dielectric constant (ε) is theoretically assessed for 
evaluating the suitability of the studied materials as 
dielectrics for capacitors. 

RESULTS AND DISCUSSION 

The effect of the reinforcement with ceramic 
nanoparticles on the PS physical characteristics is 
investigated at different levels starting from the 
surface properties and continuing to the bulk ones. 
In order to understand the correlation between the 
sample structure and the resulting properties a deep 
analysis of the morphology must be performed. 
Atomic force microscopy (AFM) is employed for 
examination of the topography of the samples. For 
comparative purposes the surface features of both 
continuous and disperse phases are evaluated. 
Figure 1 shows the morphology of the pure 
polystyrene film. The matrix displays a flat 
surface. The bidimensional AFM images also 
reveal that there at this scanning level there are no 
pores at the polymer film surface. Moreover, the 

phase image from Fig. 1(b) indicates the existence 
of a single phase, highlighting the lack of 
reinforcement or other impurities that could 
determine phase changes. 

The modifications induced in the PS matrix by 
embedding the BaTiO3 nanoparticles are closely 
examined by AFM. Fig. 2 presents the bidimensional 
and phase images of the investigated nanocomposite 
films. For 1 wt % BaTiO3 no significant changes 
comparatively to PS are noticed and the 
corresponding AFM results are not discussed here. 
Starting from 5 wt% nanofiller the recorded AFM 
data reveal that ceramic nanoparticles are well 
distributed in the PS matrix. The phase images 
indicate a high phase contrast confirming the 
presence of the nanophase in the polymer. In 
addition, it can be noticed that by adding more 
BaTiO3 in the system, the nanoparticles are brought 
more closely one to another and at a critical 
concentration point they begin to form a pseudo-
network. This aspect is more pronounced after the 
percolation threshold where the physical properties of 
the reinforced polymer are enhanced. According to 
AFM data, which are collected for 5, 10 and 30 wt% 
BaTiO3, the percolation network in the studied 
samples begins to take shape at a concentration 
below 5 wt%. 

Another morphological factor important in 
applications is the roughness of the nanocomposites. 
When the reinforcement degree is high the studied 
films present heights of at least the ceramic particle 
size. This constitutes the reason for which the 
samples are prepared to present a thickness much 
larger than the particle size to achieve uniformity. 
The implementation of this type of composites in 
integrated circuits requires a surface roughness much 
less than a 100 nm. The studied samples meet these 
demands of film thickness and smoothness, having a 
root mean square roughness (rms) ranging from 16 
nm to 64 nm. 

Practical utilization of the nanocomposites as 
high-ε dielectric for capacitors demand, besides the 
topographical and roughness features, a good 
adhesion with several materials that composite 
come in contact. In this context, surface 
mechanical properties of the samples are 
determined by performing specific AFM 
experiments. Various adhesive forces between the 
nanocomposite and the silicon AFM tip were 
measured. These adhesive forces can be estimated 
directly from the force-distance curves – displayed 
in Fig. 3. When the AFM tip withdraws, it loses 
contact to the sample surface upon overcoming of 
the adhesive forces (at level 0). Thus, the surface 
hardness can be evaluated through the force-
distance curves, offering information on flexibility 
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and toughness of the studied materials. The 
withdraw force is equal with the adhesion force 
and can be determined from Hooke’s law: 

 xKF e ∆⋅=  (1) 
where x∆  is the cantilever shift in rapport with 
sample film surface. 

  

 
Fig. 1 – The bidimensional AFM image (a) and and the corresponding phase data (b) of PS film. 

 

 
Fig. 2 – The bidimensional AFM images (a,b,c) and phase data (a’,b’,c’)  

of PS/BaTiO3 films containing 5, 10, 30 wt% nanofiller, respectively. 
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Fig. 3 – Curve-DFL (Height) for the PS/BaTiO3 films containing (a) 5 wt %, (b) 10 wt % and (c) 30 wt % nanofiller. 

 
The adhesion forces for PS/BaTiO3 films, 

determined from Hooke’s law (1), are 131 nN for 5 
wt%, 55.9 nN for 10 wt% and 39.5 nN for 30 wt%, 
respectively. It results that the values of adhesion 
force decrease with addition of the nanofiller in the 
system. This indicates that the structural 
organization is slightly changes by the presence of 
the formed pseudo-network. Thus, the mechanical 
toughness of the surface is easily improved by the 
presence of the ceramic nanoparticles.   

The surface energy properties are also 
important in applications since the surface tension 

components are strongly influencing the adhesion 
ability of the materials. The surface free energy 
can be evaluated from contact angle measurements 
using equations of the molecular theory of wetting. 
An approach of the solid films surface energy 
considers the surface tension as being composed of 
two components, namely dispersion forces (van 
der Waals forces) and polar forces. The extended 
Fowkes’ theory is based on additivity and 
geometric mean for determining the surface 
tension components. When in experiments two test 
liquids are used one can write: 

 

 5.0p
s

p
l

5.0d
s

d
ll )(2)(2)cos1(Wa γ⋅γ⋅+γ⋅γ⋅=θ+⋅γ=  (2) 

 

where Wa is the work of adhesion, θ is the contact 
angle, γ is the surface tension, while the subscripts 
“l”, “s” refer to the liquid and solid phase, 
respectively; the superscripts “d” and “p” are 
related to the disperse and polar components of the 
surface tension.  

Table 1 presents the contact angle values 
between formamide (F) and 1-bromo-naphtalene 
(BN) made with the surface of studied 
nanocomposite films. A slight variation in the 
values of the contact angles can be distinguished 
when the percent of the introduced nanofiller 
ranges from 1 to 30%.  The values of test liquid the 

surface tension components are taken from 
literature.12 By introducing these values together 
with the contact angle data in equation (1) the 
surface tension components of the samples are 
obtained. The resulted values are listed in Table 1 
revealing that PS/BaTiO3 films present prevalently 
disperse character, as reflected in the values of 
disperse comparatively with polar component. The 
presence of the nanofiller leads to a slight 
enhancement of both surface tension components, 
particularly the polar one. This aspect may be 
ascribed to the high polarizability of the BaTiO3. 
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Table 1 

Contact angle, disperse component, polar component and total surface tension 
θ, degrees Sample 

F BN 
γs

d, mN/m γs
p, mN/m γs, mN/m 

PS 87 71 19.54 0.42 19.96 
PS1 76 70 20.01 3.38 23.39 
PS5 70 64 22.47 5.45 27.92 
PS10 66 63 23.49 5.73 29.22 
PS20 63 61 24.47 6.61 31.08 
PS30 62 60 25.00 6.76 31.76 

 
The utilization of prepared samples as 

capacitors with enhanced dielectric constant 
requires a good contact with different metallic 
parts of the electronic devices. Therefore, a good 
adhesion between the two mentioned phases is 
required. The adhesion characteristics of the 
nanocomposites are evaluated through the 
adhesion work, Wa, derived from Young-Dupre 
equation (3):  

 Wa = p
mv

p
sv

d
mv

d
sv  22 γγ+γγ  (3) 

where the index m is for materials that are used in 
the construction of electronic devices. 

The results regarding the adhesion properties 
are plotted in Fig. 4. It can be noticed that the work 
of adhesion is enhanced by adding the ceramic 
nanofiller in the PS matrix. Since in an electronic 
device the sample may be in contact with silicon 
components, the adhesion force with this material 
is evaluated and presented in Fig. 4. 

For all considered materials with surface 
parameters taken from literature13 there is observed 
a sudden increase of adhesion work below the 
reinforcement concentration of 5 wt%.  Thus, at 
about 3.21 wt% the microstructure of the 
nanocomposites is changes into a percolating 
network. 

The dielectric constant of the studied 
nanocomposites is evaluated by applying two 
models developed for predicting the dielectric 
behavior of multiphase materials. Thus, the 
permittivity of each phase must be determined 
first. Previous works reported a dielectric constant 
of 2.57 for PS11 and 665 for barium titanate.14 
Jayasundere–Smith model developed a relation 
based on Kerner theory.15 They applied the finite 
element model for spheres having the same radius 
and they considered that the nanoparticles present 
a higher dielectric constant than that of the matrix 

pε >> mε . 
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Fig. 4 – Dependence of adhesion work on nanofiller loading in PS/BaTiO3 samples. 
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Fig. 5 – Dependence of dielectric constant on the nanofiller loading in PS/BaTiO3 samples. 

 

 
Fig. 6 – Preparation steps of the PS/BaTiO3 samples. 

 
Another analytic model has been developed to 

calculate the dielectric enhancement of 
nanocomposites of randomly dispersed filler 
throughout the composite, as defined by equation 
(5): 

 
p
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pp

mc 23
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ε

εφ
+

ε=ε    (5) 

 Both models reveal an increase in the dielectric 
constant as the reinforcement percent increases. 
The analytic model gives higher values 
comparatively with Jayasundere–Smith. However, 
as shown in Fig. 5, the latter offers values that are 
closer to the experimental data reported 
previously.16 The percolation threshold is similar to 
that regarding the adhesion characteristics.  

EXPERIMENTAL 

Materials. PS with average molecular weight  
Mw = 90 000 g/mol, and the BaTiO3  nanopowder (under  
100 nm particle size) are purchased from Sigma Aldrich and 
used as received A standard procedure for preparing the 
sample solutions is used, as shown in Fig. 6. 

 
Characterization. The static contact angles are measured 

on CAM-101 system equipped with a liquid dispenser, video 

camera, and drop-shape analysis software, at room 
temperature. Formamide and 1-bromo-naphthalene are used as 
test liquids. Atomic  force  microscopy  (AFM) measurements  
are  performed  on  a  SPM SOLVER Pro-M platform  (NT-
MDT,  Russia)  at  room  temperature,  using  a  commercially  
available  NSG03rectangular shaped silicon cantilever 
(length=135±5 µm, width=30±5 µm, thickness=1–2 µmand 
probe tip radius=10 nm) with the resonant frequency of 97 
kHz. Due to its low resonancefrequency, the NSG03 
cantilever could be used both in semicontact mode 
(topography and phaseimaging) and in contact mode (adhesion 
force measurements from force-distance curves). 

CONCLUSIONS 

The paper deals with the effect microstructure 
modification on surface and dielectric properties of 
some nanocomposites based on PS and barium 
titanate. The microstructural features of the surface 
are experimentally determined, while dielectric 
properties of the nanoparticles inserted in the matrix 
are theoretically evaluated.  The introduction of high 
polarizable ceramic nanoparticles leads to the 
increase of polar surface tension and implicitly to 
the adhesion work with some metals and oxides 
that the sample might come in contact when 
implemented in electronic devices. When the 
percolation threshold is reached the adhesion and 
dielectric properties are suddenly changed. The 
analyzed samples exhibit appropriate dielectric 
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behavior as required for high performance 
capacitors.  
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