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ABSTRACT: The results of temperature-dependent dielectric and rheological measurements are reported on polymer-ceramic compos-

ite films, poly(methyl methacrylate) (PMMA) : lead titanate (PbTiO3). Analyses of relaxational processes of the PMMA host matrix

have been investigated using temperature-dependent dielectric and rheological measurements. It is found that the a-relaxation is

more significantly affected by the addition of filler in comparison to b-relaxation. The composite films are found to have much lower

dielectric constants in comparison to the pure ceramic material. Suitable models have been used to explain the observed dielectric

constant of the composite films. Using rheological measurements, occurrence of reinforcement in these composite films due to the

addition of ceramic filler has also been observed and the results are discussed in the article. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Poly(methyl methacrylate) (PMMA) and its derivatives based

composites have attracted significant research interest because of

their potential applications in nonlinear optics, orthopedic and

dental applications, energy storage, etc.1–7 Some of these compo-

sites have shown capacity to act as thermally stable substrates

with the added advantage of inbuilt flexibility and tunable ther-

mal expansion.8–12 The composite systems where relaxational

processes play important role in determining the final property

and industrial application are polymer-piezoelectric/ferroelectric

composites. These composites are being extensively studied as

they provide a route of making thin film capacitors with tunable

dielectric constant and large piezoelectric constants.13–18

It is well known that polymers are characterized by a large

number of dynamic processes involving various length scales

that may extend over more than 15 decades in time or fre-

quency.19–21 In addition to vibrational or librational modes,

these polymers may undergo motion which are fast as well as

localized (e.g., methyl-group rotations).21 Many different experi-

mental techniques such as dielectric spectroscopy, NMR,

dynamic mechanical analysis, and dilatometry have been

employed to investigate these segmental relaxational proc-

esses.19,21–25 These localized motions may involve the secondary

b-relaxations and the segmental motions responsible for a-relax-

ations (which are dominant in the glass transition). Such inves-

tigations in blended systems have shown that the faster relaxa-

tions and those related to the more local dynamics are less

affected in comparison to structural relaxations which are

strongly affected by blending.21,26,27 One important polymer se-

ries in which studies of relaxational processes play an important

role in deciding the final applicability is based on ‘‘poly(alkyl

methacrylates).’’ Main focus of these studies are on the variation

of dynamic glass transition (a) and secondary relaxations (b
and c). More recently, there have also been studies dealing with

the crossover region in polymers where the relaxation times of

the a- and b-relaxational processes approach each other.28–32

The present work deals with the characterization of one such

polymer : ferroelectric ceramic composite system based on

PMMA : PbTiO3 (PT), for which it has been shown earlier

that the thermal expansion coefficient can be suitably tuned by

adjusting the filler concentration.8,9 In this article, results of

temperature-dependent dielectric and mechanical property

measurements in these composite films are presented. The the-

oretical models (or mixing rules) to estimate the effective

dielectric constant in such composite films are discussed. It is

shown that the results obtained by dielectric measurements can

be realistically compared to those obtained by rheological

studies.
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EXPERIMENTAL

PT ceramic particles were obtained from Aldrich (Germany).

The particles have an average size distribution in the range of

1–5 mm as shown in Figure 1. PT has a tetragonal crystal struc-

ture with P4mm space group with a typical X-ray diffraction

pattern as shown in Figure 2(c), while PMMA is amorphous at

room temperature having a typical halo-type X-ray diffraction

as shown in Figure 2(a). The PMMA : PT composites were pre-

pared using the procedure described in earlier publications.8,9

Also, the structural investigation of pure PT and similar systems

have been reported earlier.33–38 Composite formation was con-

firmed by carrying out the XRD and Raman studies. Figure

2(b) depicts one representative XRD pattern for a PMMA : PT

composite film with a volume ratio of 60 : 40. The composites

show partial crystallinity. All the diffraction peaks can be

indexed to the tetragonal phase of the filler (PT) structure. The

halo is due to the amorphous matrix of the PMMA polymer.

Further, the intensity ratio of the diffraction resulting from the

crystalline PT filler is not affected from the matrix which con-

firms a total separation of the filler and matrix phase in the

composite films. Raman spectroscopic experiments also gave no

evidence of any vibrational coupling between the PMMA host

matrix and the PT filler as can be seen from Figure 3. Homoge-

neous dispersion of particles in the polymer matrix was con-

firmed by scanning electron microscopy (SEM) and results have

already been reported elsewhere.9 A typical micrograph showing

the dispersion of particles is shown in the inset of Figure 1.
Figure 1. SEM of PT particles which are used as filler. The inset shows a

typical nature of dispersion of PT particles in PMMA matrix. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. XRD pattern of PMMA : PT (60 : 40) composite films (b) as

compared to the XRD of pure PT (c) and PMMA (a) respectively.

Figure 3. Evolution of Raman spectra in PMMA:PT composite films as a

function of PT content.
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For dielectric measurements, a sample capacitor in sandwich

geometry consisting of the polymer-film (�few 100 mm thick)

with sputtered gold electrodes (60 mm thickness and 10 mm

diameter) on both sides of the polymer-film was used. A broad-

band dielectric spectrometer Novocontrol BDS 4000 (based on

the high resolution ALPHA Analyzer) was used to measure the

dielectric function e*(x) ¼ e0(x) – ie00(x) at 10 points per fre-

quency decade in the frequency range of 10�1–107 Hz and in

the temperature range of –100 to þ150�C under inert condi-

tions (dry nitrogen gas). Temperature accuracy of 6 0.5�C was

maintained during the measurement.

A dynamic mechanical spectrometer (GABO Eplexor 150N) was

used to perform the temperature-dependent rheological meas-

urements in tensile mode under oscillatory regime. The samples

consisted of dumbbell shaped samples cut from dried films,

with typical cross-sections of 0.35 � 2 mm2. Contact forces

around 3 N were used to keep the sample stretched during the

measurements. The experiments were performed at a fixed fre-

quency of 1 Hz and strain amplitude of 0.1%. Temperature con-

trol to within 60.5�C was maintained over a temperature range

from �100 to 150�C, at a heating rate of 1 K/min.

RESULTS AND DISCUSSIONS

Dielectric Measurements

It has been observed that most of the glass forming polymers

have a loss peak in the b-relaxation which is very close to a

symmetric shape (in log frequency) with the relaxation times

following an Arrhenius temperature dependence (log s ! 1/T).

On the other hand, the a-relaxation is asymmetric with a high

frequency broadening. The a-relaxation time follows a non-

Arrhenius dependence that can normally be described by the

Vogel Fulcher (VF) equation.19 It has been found earlier that if

the measurements are performed in the frequency domain, the

response is normally well described by the phenomenological

Havriliak–Negami (HN) equation given as39:

e � ðxÞ ¼ e1 þ
X
k

Dek
1þ ixskð Þakð Þck

(1)

with x ¼ 2pm, e1 being the high frequency limit of e0(x) out-

side the dispersion zone, De are the respective intensities of

each process, and a, c are the shape parameters with the con-

straint 0 < a � 1, 0 < c � 1. However, in most of the cases,

the b relaxation can be described by the special case of the HN

equation where c ¼ 1. This symmetric HN function is known

as the Cole–Cole (CC) equation.40

The maximum loss frequency xmax for each process is given

by31:

xmax ¼
1

s
sin pa=2½ �

tan pa=2ðcþ 1Þ½ � � cos pa=2½ �
� ��1=a

(2)

For x<< xmax and x >> xmax the HN function for e00(x)
respectively reduces to power laws with the exponents a and ac.
In the present case, using the nonlinear least-squares Levenberg–

Marquard minimization method, the relaxation processes were

fitted by a superposition of two Havriliak–Negami (HN) func-

tions (k ¼ 2):

It should be noted that the ester group in the side chain of

PMMA contributes to the electric dipole. The b-relaxation in

PMMA arises from the hindered rotation of the ACOOCH3

group about the CAC bond which links it to the main chain.31

Therefore, most of the polarization relaxes through the b-relaxa-
tion and only a smaller part relaxes through the main chain

segmental dynamics as reflected in the a-relaxation. To fit the

a-process, all parameters were free, while for the b-processes the
asymmetry parameter c was set to 1. The adjustment of the two

HN functions on the continuous data points for each of the two

regions produced two stable maximum frequencies although

their intensities varied significantly with the temperature. Typical

good fits were obtained at temperatures below Tg, near Tg, above

Tg, and well above Tg for pure PMMA (Tg (PMMA) ¼ 100�C) as

shown in Figure 4. Similar good quality fits were also obtained at

other intermediate temperatures. For the data analysis, the con-

tributions from the conductivity of the sample (which become

significant at high temperatures) have also been considered in the

fitting procedure. The same strategy was also used to determine

the relaxations in PMMA : PT composite samples.

Figure 5 shows the variation in the Arrhenius plots of the peak

maximum frequencies from the HN fits obtained for the pure

PMMA and the composite films. From this curve, we can mark

two regions, namely Region A where the splitting of a and b
processes is observed and a low temperature Region B where

the b process is evidently dominant in the films. It is quite evi-

dent from Figure 5 that both, a- and b-relaxation processes are

getting modified when a ceramic filler is added to the polymer

matrix but the nature of the relaxation remains the same. The

b-relaxation (related with the side chain rotational motion) is

less affected in comparison to the a-relaxation (related with the

main chain segmental motion). This can be understood because

a motion which is more dependent on the local dynamics of

the smaller side chains will feel little obstruction due to the

addition of micron-sized filler inorganic particles. On the other

hand, the a-relaxation experiences the obstruction due to the

presence of filler and therefore expectedly shows significant

modification in its relaxation frequency. Slight modification to

the motion related to the b-process can be a result of the in situ

polymerization method of sample preparation which may

induce some coupling between the inorganic filler and the sam-

ple. Results of the dynamical measurements presented later in

this article further strengthen this observation.

The arrows in Figure 5 indicate the glass transition temperatures

determined from the DSC measurements. The variation of position

of the a-peak obtained from the temperature-dependent dielectric

spectroscopic measurements also clearly predicts the temperature

at which we should see the glass transition temperatures. It may be

noted that the temperatures of glass transition slightly shift as a

function of filler concentration, possibly because of the presence of

ceramic fillers during the polymerization process which may affect

the molecular weight (and hence Tg) of the host polymer matrix

and also the appearance of reinforcing effects on the basis of inter-

actions along the phase boundaries (as shown later).

From Figure 5, we also see that as the temperature increases, the

a- and b-relaxations are less separated in frequency and finally
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they show a trend of merging into one apparent relaxation

(Region A). This phenomenon has been named as crossover

region in the literature and has also been discussed by many

authors in relation to the fundamental understanding about the

behavior of the ‘‘liquid–glass transition.’’ It can also be important

for understanding the complex dynamics of biopolymers, early

stages of crystallization or in the theoretical field of nano-ther-

modynamics. However, all these aspects are not being dealt in

detail in this article but the fact of the occurrence of such phe-

nomena in the material discussed has been mentioned to direct

the interested readers to other relevant literature.27–29

In the present composite system, the room temperature dielectric

constant of the filler material and host polymer matrix is �400

and �3, respectively. But if we compare the room temperature

dielectric values of the PMMA : PT composite films as a function

of filler concentration, we observe that the values do not change

significantly even for higher filler concentrations. There are math-

ematical models which deal with the prediction of the overall

dielectric constant in composite systems as a function of filler con-

centration. The results of applying these theoretical models on the

PMMA : PT composite films are discussed in the next section.

Theoretical Considerations

Calculations for dielectric systems consisting of two phase sepa-

rated dielectrics (which can be connected in parallel or series) is

generally done using the following equation14:

Figure 4. Imaginary part of dielectric constant (e00) as a function of log frequency for pure PMMA at various temperatures. The isotherms have been fit-

ted using the HN equations. The open symbols represent the observed data. The solid lines show the simulated data and the dashed line show the fitted

functions.

Figure 5. Arrhenius diagram for the e00 peak maximum frequencies

(xmax) from the HN fits in PMMA:PT composite films. Open and closed

symbols represent the a and b processes, respectively. The dashed line

shows the region where the splitting of a and b processes starts. The

arrows indicate the glass transition temperatures obtained from DSC

measurements.
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e ¼ v1e
n
1 þ v2e

n
2 (3)

where, v1 and v2 are the volume fractions of phases 1 and 2. ‘‘n’’

is value of the exponent which determines the rate of any inter-

action effects (for a non-interactive system, n ¼ 1). For a more

general case of systems having m different dielectrics, eq. (3)

transforms into

en ¼
Xm
i¼1

ðvieni Þ (4)

However, in most cases the true values of the dielectric constant

of several components is expected to lie between the values

determined by eq. (4) for n ¼ 1 and n ¼ �1. Several equations

have been proposed to calculate the dielectric constant of statis-

tical composites. One equation frequently used is the Lichte-

necker logarithmic law.41 It can be written as:

loge ¼ v1loge1 þ v2loge2 (5)

For a general multicomponent system, it can be written as

loge ¼
Xm
i¼1

vi logei (6)

Nevertheless, this equation can only be applied if e1 differs

slightly from e2. On the other hand, the effective dielectric con-

stant eeff for a composite having polymer of dielectric constant

ep and dispersed ceramic particles of dielectric constant ec can

be calculated from the Maxwell–Wagner mixing rule as written

below42:

eeff ¼ ep½ð2ep þ ec þ 2vcðec � epÞÞ=ð2ep þ ec � vcðec � epÞÞ� (7)

Figure 6(a) shows the logarithm of the room temperature

dielectric constant in PMMA : PT composite films as a function

of volume fraction of PT. The solid line shows the theoretical

values predicted by the Lichtenecker logarithmic mixing law,

showing acceptable fits between observed and calculated points.

However, it should be remembered that this law only holds for

cases where the dielectric constant of the polymer matrix differs

only slightly from the dielectric constant of the filler particles.

Figure 6. (a) Variation of the room temperature dielectric constant

obtained experimentally and using the Lichtenecker equation. The open

symbols represent the observed data and the solid line shows the simu-

lated data. (b) Variation of the room temperature dielectric constant

obtained experimentally and using the Maxwell–Wagner equation. The

open symbols represent the observed data and the solid line shows the

simulated data.

Figure 7. Variation of elastic modulus (E0) and damping factor (tan d) of
the PMMA:PT composite films as a function of PT content.
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Furthermore, it should also be mentioned that the fitting has

only been done in the range where the increasing trend in

dielectric constant is being seen. In films with PT > 50%, we

see a decreasing trend in the dielectric constant. Such decreasing

trend has been reported in few other systems consisting of

polymer : ferroelectric filler composites.14,43 But, satisfactory

explanation for this observation remains elusive.

Figure 6(b) depicts the observed dielectric constant values in

PMMA : PT composite films and its comparison with the values

predicted by Maxwell–Wagner mixing rule. We can clearly see

that there is a large difference between the observed and theo-

retically predicted values. The values being predicted by Max-

well–Wagner mixing rule are lower than the values which are

being experimentally observed.

It is also important to mention that there are a few other mix-

ing rules/models for studying binary systems which have been

recently proposed by Yamada et al. and Jayasundere and

Smith.44,45 But these models are not being applied to the pres-

ent data since the Lichtenecker logarithmic law of mixing gives

acceptable fits.

Rheological Studies

It is known that the dielectric and mechanical relaxation proc-

esses follow almost similar nature. Therefore, it is logical to

investigate the variation of the mechanical properties for

different composites. Figure 7 shows the variation of the elastic

modulus (E0) and damping factor (tan d) of the PMMA : PT

composite films, for different filler concentrations. The nature

of the elastic modulus at low temperatures is not significantly

affected with the concentration of the micron-sized fillers. Only

the terminal modulus (seen at high temperatures) changes as a

function of filler concentration; the maximum elastic moduli

are rather independent from filler content and so is the glass

Figure 8. Variation of real and imaginary parts of dielectric constant in pure PMMA as a function of temperature and frequency in (a) pure PMMA

and (b) 60 : 40 composite film. Data observed at frequencies namely 1 Hz, 10 Hz, 100 Hz, 500 Hz, 1 kHz, 10 kHz, 100 kHz, 500 kHz, and 1 MHz are

shown in the figure.
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transition. This points toward the occurrence of reinforcement

effects in the films because of the interactions between filler and

the host polymer matrix. The presence of such interactions

between the filler and the polymer chains was also obtained in

the dielectric measurements (discussed in sections earlier). Fur-

ther, the reinforcement has important consequences in terms of

using the materials at higher temperatures, due to the increased

mechanical stability. From the results of tan d in Figure 7, it is

also possible to see some change on the a-relaxation of the com-

posites (in the range between 75�C and 115�C) in comparison to

pure PMMA. The b-relaxation, however, does not change much

in accordance with the previous dielectric data (see Figure 5).

Analyzing the frequency and temperature-dependent dielectric

data in the composite films (shown in Figure 8), these differen-

ces can well be observed, marked on the figure as Regions A

and B. These point toward the temperature regions where each

of the relaxations a, b or their combination are dominant in

deciding the overall relaxation in the polymer matrix. In the

Region B, it is basically the b-relaxation which is dominant and

in Region A, the a-relaxation (related to the glass transition

temperature) starts coming to the picture.

From both, Figures 7 and 8 it is evident that only the a-relaxa-
tion gets markedly affected by the filler. In the region where the

b-relaxation dominates, it is seen that this process is only

slightly affected by the filler. This further confirms previous

statements based on the dielectric studies (see previous sections)

which stated that the addition of the filler particles significantly

affects the a-relaxation (related to the motion of larger sized

polymer main chain segments) but that the b-relaxation (related

to the local rotational motion of the smaller side chains of the

polymer) is not much affected. Another strategy which has been

reported in the literature19 to investigate the effect of molecular

relaxation process is based on the analysis of dielectric strength

of each process and on the shape of the response, in addition to

the effects on the time scale.

CONCLUSIONS

The formation of PMMA : PT composite films have been con-

firmed using XRD and Raman measurements. Although some

reinforcement has been seen from the rheological measure-

ments, no clear signature indicating interaction of particles with

the macromolecular chains was observed from Raman phonon

mode analysis. The dielectric constant variation in these com-

posite films shows interesting features. It is observed that the

a-relaxation is more affected in comparison to the b-relaxation.
This feature has also been confirmed with rheological measure-

ments. It is shown that it is possible to decipher the regions

where the a- b- or a combination of these two relaxation proc-

esses play the dominant role in deciding the overall nature of

the composite films. It is also shown that the Lichtenecker mix-

ing rule is quite successful in theoretically predicting the

expected magnitude of the dielectric constant in the PMMA :

PT composite films as a function of filler concentration.
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