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ABSTRACT: Polymer composites incorporating ferro-
electric and piezoelectric crystal particles, randomly dis-
tributed within the host matrix, represent a novel class of
materials. In this study, composite materials consisted of
novolac resin and barium titanate nanoparticles were pre-
pared and examined, varying the nanofiller content. Struc-
tural characterization was conducted via X-ray diffraction
and scanning electron microscopy. Mechanical and dielec-
tric properties were examined by employing bending and
shear strength tests and broadband dielectric spectroscopy,
respectively. Bending and shear strength found to decrease
with the filler content. Dielectric permittivity was found to
increase significantly with filler content, and the detected

relaxation processes were attributed to interfacial polariza-
tion, glass to rubber transition of the matrix, and reorienta-
tion of polar side groups of the polymer chain. Although,
the mechanical performance of the examined systems
seems not to be attractive in applications due to its brittle-
ness, nanocomposites’ dielectric response could be proved
interesting in electrical and electronic devices applications.
© 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000
000, 2012

Key words: polymer nanocomposites; novolac; ferroelectric
crystal; barium titanate; mechanical properties; broadband
dielectric spectroscopy

INTRODUCTION

In our days, the increasing demands and the compet-
ing characteristics on the performance of materials
and structures require the development of new
classes of materials with advanced properties or
behavior. Functional or smart materials are materials
systems able to control some of their physical charac-
teristics like the natural vibrational frequency, the
coefficient of damping capacity, their shape, their
polarization etc., in response to an appropriate stimu-
lus."” Recently ceramic-polymer composites have
been studied in various applications including inte-
grated capacitors, acoustic emission sensors, and for
the reduction of leakage currents.” Furthermore, if
the embedded ceramic particles are ferroelectric,
functional, or self-tunable properties can be disclosed
to the composite structure. Ferroelectric materials ex-
hibit spontaneous polarization and are characterized
by a temperature-dependent disorder to order transi-
tion. The electrical response of polymer matrix partic-
ulate composites depends on various factors such as
the permittivity and conductivity of the constituent
phases, the size, shape and volume fraction of the fil-
ler, and the type of distribution of additives.
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Composite materials of this type are not well-
known for their remarkable mechanical properties,
but for their specialized electrical response.
Ceramic-polymer composites consisting of piezo/
ferroelectric crystal particles (such as BaTiO3), homo-
geneously distributed, in the polymer host represent
a novel class of materials, which exhibit several
interesting properties.®'! High-tech electronic devi-
ces require new high dielectric permittivity materials
(known as high-K materials), which combine, at the
same time, suitable dielectric properties, tunable
polarization, energy storing efficiency, and easy
processing.'*"'°

In this study, novel composite systems have been
produced, by integrating ceramic barium titanate
nanoparticles within a phenolic (novolac) resin, at
various filler loadings. Produced systems were
tested by means of different experimental techniques
in order to assess their morphology, mechanical and
dielectric properties, and functional response. X-ray
diffraction, scanning electron microscopy, mechani-
cal tests, and broadband dielectric spectroscopy
scans provided the aforementioned information.

EXPERIMENTAL
Samples preparation

Composite specimens were prepared by employing
commercially available materials. Barium titanate



was purchased by Sigma-Aldrich. The mean particle
diameter was less than 50 nm. Novolac resin is a
phenol-formaldehyde resin and was created in our
laboratory by progressive polymerization. The syn-
thesis of novolac resin, comprises the polycondensa-
tion of phenol (Merck) with the presence of formal-
dehyde (Fluka), as catalyst has been used acetic acid
(Fluka).'®” Hexamethylenotetramine, purchased by
Merck, was used as the curing agent. The prepara-
tion procedure involved the following steps: At the
first stage, novolac and hardener (hexa) were pulver-
ized. After being carefully selected from a sieve that
allows only particles smaller than 300 pm to pass
from novolac and hexa, the pre-selected amounts of
BaTiO3; were added (0% w/w, 3% w/w, 5% w/w,
10% w/w, 15% w/w, 20% w/w BaTiO3). The novo-
lac powder was mixed with Hexa powder in the ra-
tio of 7:2 w/w, the specific amount of barium tita-
nate powder was consequently added and all of
them were mixed in order to produce a macroscopi-
cally homogenous powder.

After homogenization samples were cured and
postcured in the thermo-compressor. The curing
process lasted for 1 h at 140°C, and the postcuring
process lasted for another hour at 170°C while
applying pressure of 8.5 MPa.'®"’

Morphological characterization

X-ray diffraction (XRD) (Siemens D5000, using a Cu
Ka source, scanning in the range 5 to 120, with a
step of 0.0020 and a step time of 1 s) characteriza-
tion was carried out on the following samples: 0%
(pure and cured novolac), composites with 3% w/w,
10% w/w, and 20% w/w BaTiO; and pure BaTiO;
powder. Furthermore, specimens’” morphology was
examined by means of scanning electron microscopy
(FEI Quanta 200 Scanning Electron Microscope)
equipped with element dispersive X-ray analysis
(EDAX). Filler distribution within the specimens is
characterized as satisfactory, and as expected both
clusters and nanodispersions coexist, Figure 2. The
insulating nature of this type of composite materials
acts as a restriction, upon the resolution of SEM
imaging. Nevertheless, because of the backscattered
electrons satisfactory images can be taken. Images
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TABLE I
Values of EDAX Measurements for the Sample with 5%
w/w BaTiO; Content

Element C @) Ba(L)

Ti(K) Total

Percentage % 66.62 2.75 25.15 5.49 100.00

reveal voids, created during curing process, clusters,
and isolated barium titanate particles. Image contrast
distinguish barium titanate particles from the poly-
mer matrix, since they appear as “white rocks,”
while polymer matrix appears as “dark sea”. EDAX
measurements (Table I), verify the presence of bar-
ium titanate, while polymer matrix contributes in
the detected carbon percentage.

Mechanical characterization

Composite specimens were mechanically tested using
the three-point method, employing bending (DIN-
53452) and shear (ASTM-NORM D 2344-65T) strength
tests.” The only difference between these two tests is
the following: in the shear strength test the distance
between the two points was 10 mm, while in the
bending strength test was 100 mm. In both of them,
the evaluated parameter was the deflection in pm.
The whole experiment took place at room tempera-
ture, 25°C. Specimens’ dimensions were 17 mm
width, 3 mm thickness, and more than 10 mm length
for shear tests, while specimens’ dimensions, for
bending tests, were 1 mm width, 3 mm thickness,
and more than 100 mm length. Values of shear and
bending deflection, as well as the corresponding
strength values®>?! are listed in Table II.

Dielectric measurements

Dielectric measurements were conducted by means
of broadband dielectric spectroscopy (BDS) in the
frequency range of 0.1 Hz to 10 MHz, using an
Alpha-N Frequency Response Analyser (Novocon-
trol Technologies, Hundsagen, Germany). The
employed dielectric cell (BDS-1200, Novocontrol) is
a parallel-plate capacitor with two gold-plated elec-
trodes. Temperature was controlled via Novotherm
device, supplied also by Novocontrol. Experimental

TABLE II
Values of Shear, Bending Deflection, and Shear, Bending Strength for All the Examined Systems
Shear’s Bending's Shear Bending
Sample deflection (um) deflection (um) strength (MPa) strength (MPa)
Resin+0% w/w BaTiO; 7.5 1.00 1.81 24.44
Resin+3% w/w BaTiO; 6.1 0.20 1.47 4.89
Resin+-5% w/w BaTiO; 2.8 0.15 0.68 3.67
Resin+10% w/w BaTiOs 1.8 0.10 0.43 2.44
Resin+15% w/w BaTiO; 1.8 0.05 0.43 1.22
Resin+20% w/w BaTiO3 14 0.02 0.34 0.49
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Figure 1 XRD spectra of the systems with 0, 3, 10, 20,
and 100% w/w content in BaTiO3; nanoparticles (bottom to
up). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

data were obtained by performing isothermal fre-
quency scans, for each examined specimen, from
ambient to 150°C with a temperature step of 5°C.
The amplitude of the applied test voltage was kept
constant at 1000 mV.

RESULTS AND DISCUSSION

The XRD spectra of pure novolac resin, all compos-
ite systems, and BaTiO; powder are depicted in
Figure 1. The crystalline nature of BaTiOj is reflected
in its spectrum, via the formation of sharp peaks,
noted on the graph. The presence of barium titanate
particles in all composites becomes evident via the
formation of the characteristic peaks, the intensity of
which increase with the BaTiO; content. Pure novolac
displays a broad peak in its spectrum, the intensity of
which diminishes, in the case of the nanocomposites,
with the percentage of barium titanate. Consequently,
the XRD spectra can be employed, not only for the
qualitative verification of the composite systems com-
position, but after a normalization procedure for the
estimation of the corresponding proportions of each
component in similar composite materials. Figure 2
provides typical SEM images of the examined nano-
systems. Ceramic nanofiller appear to be satisfactory
distributed, while images reveal the presence of both
nanodispersions and clusters. At the two higher bar-
ium titanate contents (not shown here) extensive
voids can be detected between matrix and filler.
Thus, the dielectric response of these composites,
although presented here, it is not considered as
reliable.

Figure 3 depicts shear and bending strength (MPa)
versus deflection (um) for all the examined specimens.

Table II summarizes shear-bending deflection and
shear-bending strength values for all the examined
systems.

From Figure 3, it results that the bending strength
is decreased, as long as the percentage of barium ti-
tanate is increased. Thus the 20% w/w in barium ti-
tanate composite sample presents the minimal
strength in bending. Still we observe a huge
strength’s reduction of the 3% w/w in barium tita-
nate sample in comparison with the 0% w/w in bar-
ium titanate sample (pure novolac). Therefore, it can
be concluded that because of the presence of barium
titanate, an important reduction of strength values
take place. Further, it should be noted that the ulti-
mate failure of all samples had the characteristics of
a fragile fracture. Consequently, phenomena such as
necking did not appear. On the contrary, the fracture
was abrupt and instantaneous. As far as shear
strength of the composites is concerned, once again
it can be observed a declining tendency of shear

Figure 2 SEM images from the composite specimen with
5% w/w BaTiO; content at two different magnifications.
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Figure 3 Bending (a) and shear (b) strength for each
sample. Subscripts denote the w/w percentage of barium
titanate in each sample. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

strength with increasing the barium titanate content.
A notable difference with respect to the bending
strength is that now the shear strength, does not
present as huge reduction of its values with ceramic
filler, as it happens in the respective bending plot.
Although, a lower rate of strength reduction takes
place in shear mode, the ultimate failure is again ab-
rupt and instantaneous implying a fragile fracture.
In polymer composite systems dielectric relaxation
effects arise from the polymer matrix (o, p and
y-relaxation), interfacial phenomena, and conductiv-
ity effects. In many cases, at low frequencies and
high temperatures space charges build up at the
interface between specimen and electrodes giving
rise to the parasitic phenomenon of electrode polar-
ization, which leads to enormous values of the real
and imaginary part of dielectric permittivity.”>* In
this study the obtained dielectric data were first
expressed in terms of real and imaginary part of
dielectric permittivity and then transformed via eq.
(1) to the electric modulus presentation. Electrical
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relaxation phenomena present in composite systems
can be described via different formalisms, such as
dielectric permittivity, electric modulus, ac conduc-
tivity, and tand. However, a specific formalism could
be proved more effective, under some circumstances,
in extracting information concerning the occurring
physical mechanisms. Electric modulus presentation
has been proved suitable for neglecting the influence
of electrode polarization upon dielectric data; argu-
ments have been exhibited and discussed else-
where???* Electric modulus is defined as the inverse
quantity of complex permittivity, as shown in eq.

(1):

1 1 ¢ g’

— = = 1
M - 8* 8/ _]'8// 8/2 + 8//2 +] 8/2 + 8//2

_ M/ “l‘jMN
)

where ¢, M’ and ¢/, M" are the real and the imagi-
nary parts of dielectric permittivity and electric
modulus, respectively.

Figure 4 depicts the variation of the real part of
permittivity with the frequency of the applied field
at 30 C, for all the examined systems. In all cases
permittivity diminishes with frequency, reflecting
the reduction of the achieved polarization. As the
frequency increases permanent and induced dipoles
fail to follow the alternation of the applied filed.
Between 1 and 10 Hz permittivity becomes, practi-
cally, independent from frequency. Increase of filler
content leads to a systematic increase of (¢’) since
permittivity values of barium titanate are remarkable
higher than the corresponding of novolac resin. Sys-
tems with the two higher concentrations of BaTiOj;
decline from this tendency exhibiting lower values
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Figure 4 Real part of dielectric permittivity as a function
of frequency, for all the examined systems, at 30°C. The
indicated percentages represent the w/w content in
BaTiOs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 5 Real part of dielectric permittivity as a function
of barium titanate percentage content at 0.1 Hz, for three
different temperatures (50, 100, and 150°C). Lines are eye
guides. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

of (¢'). The occurred discrepancy is attributed to the
quality of the produced samples, since at the two
higher concentrations of BaTiO; nanoparticles, mix-
ing with the polymer matrix was difficult, resulting
in a nonhomogeneous distribution of ceramic par-
ticles. The specific two specimens suffered from
voids and clusters. Phenolic matrix-based compo-
sites exhibit porosity because of their curing mecha-
nism, which is a step-polymerization process and
especially polycondensation in opposite to the cur-
ing mechanism of other resins.”

The dielectric reinforcing efficiency of barium tita-
nate nanoparticles is clearly depicted in Figure 5,
where the real part of dielectric permittivity is pre-
sented as a function of barium titanate content, at
0.1 Hz and for three different temperatures (50, 100,
and 150°C). It is obvious from the diagram that
dielectric permittivity increases with both barium ti-
tanate content and temperature. Under isothermal
conditions (¢') raises steeply with filler content up to
the specimen with 10% w/w BaTiO; concentration,
indicating the enhancement of energy storing capa-
bility of the systems. Specimens with higher concen-
trations of BaTiO; nanoparticles, namely 15% w/w
and 20% w/w, deviate from this general tendency,
because of their increased porosity and the
entrapped air inside of them. Temperature acts as an
accelerating parameter upon the reinforcing effi-
ciency of barium titanate nanoparticles, since values
of (¢/) grow up by a factor of 2 at 50 C compared
with the values of pure matrix. The raising factor, in
the case of 150°C, exceeds the value of 8. Figure 5
signifies that the optimum dielectric reinforcement is

achieved at the 10%w/w barium titanate content.
The remarkable increase of the real part of dielectric
permittivity with temperature at this filler content,
besides the presence of BaTiOj, is related to the
enhanced interfacial polarization due to the
increased heterogeneity of the system.

The energy per volume or density of energy is
proportional to the real part of dielectric permittivity
and the square of the electric field intensity. Figure
6(a) displays isothermal plots of the density of
energy for all the examined systems up to 10% w/w
in BaTiO; content. It is evident that the energy stor-
ing efficiency steeply increases with filler content, in
the whole frequency range. On the other hand, Fig-
ure 6(b) presents isochronal plots normalized upon
the pure resin efficiency. The 10% w/w BaTiOj; rein-
forced system exhibits an energy reinforcing effi-
ciency increased by a factor of almost 8, at
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Figure 6 (a) Density of energy as a function of frequency
at 30°C and (b) normalized density of energy upon the pure
novolac specimen as a function of temperature at 0.1 Hz, for
the examined systems. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7 Real (a) and imaginary (b) part of electric mod-
ulus versus frequency for the specimen with 3% w/w con-
tent in BaTiOj;, at various temperatures. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

temperature above 90 C, with respect to the pure
novolac system. However, it should be noted that
the energy storing efficiency is both altered and lim-
ited by the applied field’s intensity. The energy per
volume enhances with the field, but at a value of the
applied field dielectric breakdown occurs. This value
acts as a restricting factor for the service life of the
specimen and also sets a limit to the energy storing
efficiency. In this study electric field kept at low
level, varying slightly with the specimens’ thickness.
The effect of strong fields and the determination of
the systems’ dielectric breakdown strength were not
experimentally feasible to be investigated.

Figures 7 and 8 present isothermal scans of the
real and imaginary part of electric modulus as a
function of frequency, for the composites with 3%,
and 10%w/w content in BaTiOj; particles, at temper-
atures varying from 30 to 150 C. Concerning the M’
= F (log (f)) diagrams, the existence of a clear “step-
like” transition from low to high values of (M’), at
moderate frequencies, is evident. The recorded tran-
sition shifts to higher frequencies with increasing

Journal of Applied Polymer Science DOI 10.1002/app
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temperature and BaTiO3 content. In the M” = F (log
(f) plots and in the vicinity of this transition dielec-
tric loss peaks are clearly formed. The temperature—
frequency superposition shifts peaks towards higher
frequencies as temperature is raised, since at ele-
vated temperatures dipoles acquire enhanced ther-
mal energy being thus able to follow faster alterna-
tions of the applied field. As a consequence
relaxation time of the occurring process becomes
shorter. The recorded relaxation process, present
also in the pure novolac spectra, is attributed to the
glass to rubber transition of the polymer matrix
(o-relaxation), where large parts of the polymer
chain relax simultaneously.?

Figure 9 presents comparative isochronal plots, for
all the tested samples, of loss modulus index as a
function of temperature at two different frequencies.
In Figure 9(a) (f = 1 Hz) a wide loss peak is present
in the low temperature range, which is assigned to
o-mode, and is the same process with the one
recorded in Figures 7 and 8. It should be noted that
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Figure 8 Real (a) and imaginary (b) part of electric mod-
ulus versus frequency for the specimen with 10% w/w
content in BaTiO;, at various temperatures. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 9 Loss modulus index as a function of tempera-
ture at (a) f = 10° Hz and (b) f = 10° Hz for all the exam-
ined specimens. Specimens’ notation is the same with the
one in Figure 4. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

for the systems with BaTiO; content varying from 0
to 10% w/w loss peak position shifts to lower tem-
peratures systematically indicating lowering of glass
transition temperature with ceramic filler content.
This type of behavior has been attributed to weak
interactions between filler and polymer matrix or to
moderate adhesion level of the nanoinclusions by
the matrix.””?® In the high temperature range of Fig-
ure 9(a) a hump can be observed in the dielectric
spectra, implying the existence of another process.
This process is slower than a-mode, characterized by
larger relaxation time, and is easier detectable in the
spectra of nanocomposites. The physical origin of
the process is attributed to interfacial polarization,
resulting from the accumulation of unbounded
charges at the interface of the systems. Charges arise
from the stage of specimens’ preparation, and at the
interface between filler and matrix form large
dipoles, which fail to align themselves parallel to the
applied field with increasing frequency, giving thus
a relaxation process.””** Interfacial polarization is
present in electrically heterogeneous systems, but
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Figure 10 Loss peak position as a function of the recipro-
cal temperature for a-relaxation process, for all the nano-
composite systems. The indicated percentages correspond to
the w/w content in BaTiO;. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com. |

also in polymers because of the presence of additives,
plasticizers, impurities, etc.”*>* Figure 9(b) displays
the electric modulus loss spectra as a function of tem-
perature, at f = 10° Hz. The aforementioned processes
shift to higher temperatures, and a new one in the
low temperature region inserts in the experimental
“window”. Since it is recorded at low temperatures
and high frequency is the faster relaxation mecha-
nism present in all systems including pure novolac.
This process (B-mode), which is relatively weaker, is
ascribed to reorientation of polar side groups of the
main chain of the matrix. Novolac resin contains such
polar groups (i.e.,, -OH and/or -CHz).”®

The dielectric response of the samples with 15%
w/w and 20% w/w in BaTiO3 content deviates sig-
nificantly from the corresponding ones of the other
composites due to their high porosity and possible
air trapping in their bulk body. Thus these results,
although shown in this study, are not considered as
reliable and thus are not further analyzed.

The temperature dependence of the loss peak
position for the main dielectric relaxation process is

TABLE III
Fitting Parameters of VFT Equation for 3% w/w, 5%
wiw, 10% w/w, 15% w/w, 20% w/w in BaTiO3 Examined

Systems
Sample To (K) A
Resin + 3% w/w BaTiO; 321.0 0.39
Resin + 5% w/w BaTiO3 283.7 0.74
Resin + 10% w/w BaTiO3 275.0 0.87
Resin + 15% w/w BaTiO3 265.1 1.47
Resin + 20% w/w BaTiO; 290.0 0.48
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depicted in the Arrhenius plot of Figure 10. As it
can be seen data of loss peak frequency versus recip-
rocal temperature, for all nanocomposites, remark-
ably deviate from a pure Arrhenius-type behavior.
Data can be fitted via the Vogel-Fulcher-Tamann
(VFT) equation, which accounts that relaxation rate
increases rapidly at lower temperatures because of
the reduction of free volume. VFT is expressed by

eq. (2):

o =frexp (-~ 725 ) @)

where fy is a pre-exponential factor, A is a constant
being a measure of the activation energy of the pro-
cess, Ty the Vogel temperature or ideal glass transi-
tion temperature, and T the absolute temperature.
Fitting parameters of eq. (2) for the nanocomposite
systems are listed in Table III. The agreement
between data and produced curves provides an
additional indication for the physical origin of the
recorded process in Figures 7 and 8, since it is
widely accepted that glass to rubber relaxation
mechanism (o-mode) exhibits a VFT behavior.?*
Further, it should be noted that Ty diminishes with
barium titanate content following the same qualita-
tive tendency with that of glass transition tempera-
ture as derived from Figure 9(a).

CONCLUSIONS

Polymer nanocomposites consisting of novolac resin
and barium titanate nanoparticles were prepared
and studied. Mechanical and dielectric behavior was
investigated experimentally by means of shear and
bending tests and broadband dielectric spectroscopy
respectively. Mechanical performance becomes
worse with the presence of ceramic filler, indicating
poor adhesion between matrix and nanoparticles.
All samples exhibit brittle fracture with no evidence
of necking. On the contrary barium titanate nanopar-
ticles improve the dielectric response of the compos-
ite systems by raising the values of permittivity in
the whole frequency range. Especially at the low fre-
quency edge the reinforcing efficiency of ceramic
particles enhances permittivity by a factor close to 2
at ambient, with respect to the pure novolac, which
exceeds 8 at 150'C. The variation of real part of
dielectric permittivity with barium titanate content
and temperature indicates that this type of compo-
sites can be proved useful in developing of energy
storing devices. Concerning the dielectric relaxa-
tions, three distinct mechanisms have been detected.
From the slower to the faster one, they have been
attributed to interfacial polarization, glass to rubber
transition of the polymer matrix (a-mode) and reor-
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ientation of polar side groups of the polymer chain
(B-mode). Dielectric relaxations data imply reduce of
glass transition temperature with barium titanate
content, which could be related to weak interaction
between the constituents and/or insufficient adhe-
sion of the ceramic particles by the polymer matrix.
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