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ABSTRACT 

 
This work reports data on the preparation and properties 

of cast films of BaTiO3 nanoparticles (high dielectric 
constant) in the polyetherimide, Ultem® 1000.  Ultem has 
good mechanical properties and a high glass transition 
temperature, Tg (217º C), but a low dielectric constant of 
about 3.1 (room temperature and pressure and audio 
frequencies) [1,2].  A series of cast films was prepared with 
up to 69% by mass BaTiO3 (0.33 volume fraction).  
Electrical and thermal properties implied good dispersion of 
the BaTiO3.  The real part of the dielectric constant of the 
films is reported and compared with predictions from 
theories of mixtures of materials [3,4].  In a recently 
published equation [3], the dielectric constant of a 
composite is related to the dielectric constants of the 
components and the volume fraction of the the components 
using an empirical constant, .  The data reported here fit 
well when μ = 3.34, in contrast to the original Hanai 
equation [4] (μ = 3) which underestimates the composite 
dielectic constant values.  The complex impedance 
measurements show a low temperature relaxation the 
strength of which increases as nano-particle content 
increases.  The breakdown field decreases as nanoparticle 
content increases. 
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1 INTRODUCTION 
The need for improved energy storage in such systems 

as energy load leveling, hybrid vehicle propulsion has 
stimulated interest in developing new dielectric materials 
for high energy capacitors [5,6].  A strategy of addition of 
ceramic dielectric particles to cast polymers hopes to take 
advantage of the dielectric properties of ceramics, and their 
high dielectric constant in particular, with the processing 
flexibility of polymers [7].  Ultem® is a poly(etherimide) 
(dielectric constant of 3.1 at room temp. and 1000 Hz) with 
an elevated working range up to 171°C, a glass transition 
(Tg) of 218°C, a melting point of 349°C and a 
decomposition temperature of ~500°C.  Thus it can be melt 
processed and high quality films can be made in large 
quantities.  Barium titanate (BaTiO3) is a dielectric ceramic 
with a substantial dielectric constant in the nanoparticle 

cubic phase[8].  In this investigation we explore properties 
of the nanoparticle BaTiO3/Ultem cast polymer matrix, with 
focus on the dielectric constant, loss and strength.  The 
goals of the study were to i) develop methods to cast film 
for experimentation, ii) inform the discussion of the physics 
of high dielectric solids in a low dielectric host, and iii) find 
optimization parameters for making an better dielectric.   

 
2 EXPERIMENTAL 

 
2.1 Sample Preparation 

A poly(ether imide), Ultem 1000 [CASRN 61128-46-9], 
was obtained from the SABIC Innovative Plastics, 
Pittsfield, MA.  Barium titanate (BaTiO3) was obtained 
from Alfa Aesar.  The 99%+ by metals basis BaTiO3 was in 
the form of 50 - 70 nm diameter particles.  Scanning 
electron microscopy confirmed the size range and the 
approximately spherical nature of the as-received particles.    
A typical film was cast from a 10% Ultem by weight 
solution in CH2Br2 (Alfa Aesar, 99%).  The BaTiO3 was 
incorporated into the Ultem solution by shearing with a 
FlackTec, Inc. SpeedMixer™ for 10 minutes at 3500 rpm.  
The mixture was cast into a 90 mm glass petri dish and 
covered with a lid.  Room temperature evaporation 
overnight produced a film.  The film was placed between 
two sheets of aluminum foil, and placed in a vacuum oven.  
The sample was weighted down to prevent curling of the 
edges, and was heated to 220°C under vacuum (0.1 torr) for 
no less than two hours to remove entrained solvent.  
Thermogravimetric analysis (TGA) of the films was 
performed on a TA Instruments Q500 thermogravimetric 
analyzer.  A typical 5 mg sample was analyzed at 10°C/min 
from room temperature to 700°C under a flow of air.  The 
BaTiO3 content was determined from the mass that 
remained after combustion. 

 
2.2 Dielectric Measurements 

Aluminum electrodes were vacuum evaporated onto the 
surfaces of the sample to form a parallel plate 
configuration.  Complex conductance measurements were 
then carried out using a CGA-85 Capacitance Measuring 
Assembly, which operates at 17 frequencies from 10 to 105 
Hz.  The equivalent parallel capacitance, C, and 
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conductance and conductance divided by the angular 
frequency, G/, were measured.  At room temperature 
measurements were made on the as-prepared materials and 
after the materials had been heated to 120°C.  In the latter 
case, the materials were transferred directly from a vacuum 
furnace into a glove box.  (The furnace was built-into the 
glove box.)  The measurements after heating were carried 
out inside the glove box. 

Two different systems were used to vary the 
temperature.  Measurements were carried out in vacuum 
from 5.5 K to 350 K in a Precision Cryogenics CT-14 
dewar and the temperature was controlled using a Lake 
Shore Cryotronics DR92 temperature controller.  Other 
measurements were carried out at atmospheric pressure in 
flowing nitrogen gas using a Novocontrol sample holder 
and Quatro temperature controller.  That system operated 
from 150 K to 523 K.   

The data were transformed to the complex dielectric 
constant as follows.  First, geometrical measurements were 
made and the real part of the dielectric constant, , was 
calculated at room temperature using the usual equation for 
a parallel plate capacitor 

  
    

.     (1) 
 


o is the permittivity of free space, A is the area of the 
electrodes and d is their separation.  The dielectric 
constants at room temperature and 1000 Hz for the 
materials that had been heated to 120°C are shown by the 
points in Fig. 1.   
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Figure 1:  Dielectric Constant at 1000 Hz vs Weight 
Fraction BaTiO3 content for Ultem containing BaTiO3 50 
nm diameter nanoparticles.  The solid line is the modified 
Hanai equation proposed by Calame [ref. 1] and the dashed 
line is the original Hanai equation. 

 
The real part of the dielectric constant was calculated at 

other temperatures assuming that the dielectric constant 
scales with the capacitance.  Finally, the imaginary part of 

the dielectric constant at all temperatures was calculated 
using 

C
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The DC dielectric strength was measured using a 

Hippotronics model HD140 Auto A, AC/DC hipot tester.  
The samples were immersed in a Fluorinert FC-77 high 
dielectric strength fluid to suppress surface events that were 
not indicative of the bulk dielectric properties.  The sample 
was placed on a polished conducting steel ground plane.  
The upper electrode was a 1 cm diameter tool steel post 
approximately 75 mm in length.  The weight of the post 
was used to establish a consistent contact pressure between 
the electrodes and the sample.   The edge of the cylindrical 
electrode post was radiused in accordance with ASTM 
D3755 test procedure in order to minimize the probability 
of edge breakdown during testing.  The face of the 
electrode was polished to a mirror finish with 0.1 micron 
polish compound to minimize the probability of a 
breakdown event being initiated by the surface texture of 
the electrode.  A voltage ramp rate of 500 VDC/s was used 
throughout the test.  The Hippotronics was set to trigger at a 
current of 1 mA for all tests.   

The applied voltage at breakdown was converted to an 
electric field using the measured sample thickness.   The 
cumulative probability for failure was estimated use the 
median rank approximation.  A Weibull 2 parameter 
probability distribution was fit to the experimental data. 
The Weibull parameters are shown in Fig. 2.     
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Figure 2: Dielectric breakdown parameters vs. weight 
fraction BaTiO3 content for Ultem containing BaTiO3 50 
nm diameter nanoparticles.  The solid diamonds represent 
Eo and the open diamonds represent W. 
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P(E) is cumulative probability of failure for a given electric 
field, E, and Eo, the characteristic field, is the electric field 
with a 63.2% probability of failure.  The exponent, W is a 
shape parameter that is related to the spread in observed 
values.   
 

3 RESULTS 
 

3.1 Sample Preparation 

Process investigation or commercial exploitation of a 
nanoparticle/polymer composite would likely use a 
sophisticated melt processing unit.  However for the 
exploratory investigator, samples of this scale are 
unnecessary, and the equipment and material costs are 
prohibative.  We have tried to develop methods that are 
consistent, reliable and at a scale that can provide sufficient 
amounts of a wide range of samples using a reasonable 
amount of material and time in a cost-effective manner.   

When casting quality films of polymer solutions with 
dispersed solids, many factors come into play including 
polymer concentration, solid loading, solvent, mixing 
technique and drying conditions.  Previous investigators 
used a solvent mixture of CH2Cl2 and CHCl3, dispersed the 
solid ultrasonically and sheared the mixture with a Waring 
blender[9].  We found a) ultrasonication was insufficient to 
disperse the nanoparticle solid (visual inspection), and b) 
upon shearing with a blender the solvent mixture vapor 
pressure increased to a point where it was impractical to 
keep the lid on.  Changing to the higher boiling CH2Br2 
reduced the vapor pressure while dissolving the polymer 
and made shearing practical.  An added benefit is that we 
obtained a smooth surface on the cast films when they were 
dried without a lid.  Shearing the casting mixture with the 
SpeedMixer was faster, cleaner and made better dispersed 
samples than with the blender shearing and/or 
ultrasonication.  

Annealling the samples near Tg removed the solvent as 
determined by TGA.  The amount of BaTiO3 was also 
determined by combustion TGA.  The Ultem combusted 
cleanly in two steps.  Both combustion features shifted to 
lower temperature as the amount of BaTiO3 increased.  This 
shift is approximately linear with temperature as evidenced 
by the plot of volume fraction of BaTiO3 vs. the 
temperature of greatest rate of mass loss as illustrated in 
Figure 3.  Though it does not prove that the BaTiO3 is well-
dispersed, it is consistent with it.   

 
3.2 Dielectric Properties 

It is apparent from the results shown in Fig. 1 that, in 
general, the real part of the dielectric constant in the dried 
samples increases with increasing BaTiO3 content.  The as-
prepared materials exhibited dielectric constants that were 
on the order of 5% higher though for the 43 wt-% materials 
the measured dielectric constants were substantially higher. 

  
Figure 3: Volume fraction of BaTiO3 vs. the temperature of 
greatest rate of mass loss.  Mass loss temperature 
determined by maximum of the derivative, Δ% loss/ΔT, of 
the higher temperature loss feature. 
 

The results shown in Fig. 1 are consistent with mixing 
laws for dielectric permittivity [3,4].  The best explanation 
of the data was obtained using a modified Hanai equation 
recently proposed by one of the authors [3]: 
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The solid line in Fig. 1 is the best-fit modified Hanai 
equation where  = 3.34.  For comparison, the prediction of 
the Hanai equation ( = 3) is shown.  The Hanai equation 
underestimates the dielectric constant.   
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Figure 4: Imaginary part of the dielectric constant vs. 
temperature at 1000 Hz for as-prepared 54.8 wt-% BaTiO3 
in Ultem where the data are taken in flowing nitrogen. 
 

A plot of the imaginary part of the dielectric constant at 
1000 Hz vs. temperature for a typical as-prepared sample is 
shown in Fig. 4.  A relaxation is observed at about 225 K.  
This relaxation is very similar to what is observed for 
Ultem® containing water [1,2].  The sample was rerun after 
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heating and there were no traces of the 225 peak similar to 
what was observed in pure Ultem® so this relaxation is 
attributed to water.  It will not be considered further in this 
paper. 

Typical results for the imaginary part of the dielectric 
constant at 1000 Hz are shown in Fig. 5.  It is clear that the 
relaxation spectrum consists only of a peak at very low 
temperature, about 15 K.  Further, it was found that the 
strength of this relaxation is proportional to BaTiO3 
content.  As can be seen by the inset in Fig. 1 of ref. 2, 
relaxations exist in this region in pure Ultem®.  
Consequently, it is tempting to assign the relaxation to the 
polymer itself.  In particular, it might be attributed to 
defects in the polymer, itself.  However, recent work in our 
laboratory has revealed a similar relaxation in the BaTiO3 
nanoparticles.  Consequently, the 15 K relaxation is 
attributed to the nano-particles, themselves. 
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Figure 5:  Imaginary part of the dielectric constant vs. 
temperature at 1000 Hz for dry 39.7 wt-% (solid squares) 
and 15.3 wt-% (open squares) BaTiO3 in Ultem where the 
data are taken in vacuum. 

 
Further details concerning the 15 K relaxation are as 

follows.  As expected, the shape of the 15 K relaxation is 
almost independent of the concentration of nano-particles.  
The isochronal data were analyzed in order to find the peak 
position, Tmax.  The double asymmetric sigmoidal function 
(DAS) in the form 
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was best-fit to the data.  ADAS is the amplitude (=0.0014), yo 
is the offset, xC is the center, and w1, w2, and w3 are width 
parameters.  In this case, x =T.  A typical best-fit DAS has 
ADAS =0.0014, yo = 0.00307, xC =19.35, and w1 = 20.50, w2 
= 2.00 and w3 = 6.09.  Tmax was determined numerically 
using the function and fitting parameters.  A plot of the 
logarithm of the frequency vs. 1000/Tmax was found to be 
Arrhenius, i.e. 

 
f  = fpreexp(E/kBTmax).    (6) 
 
The best-fit parameters are E  = 0.037 eV and log10(fpre 
(Hz)) = 14.8.  The pre-exponential is a typical frequency 
for vibrational processes.  Most importantly, the relaxation, 
presumably associated with defects, is a relatively low 
activation energy process. 

As can be seen in Fig. 2, both parameters associated 
with the dielectric breakdown decrease with increasing 
nano-particle content.  A decreasing value of Eo shows that 
the breakdown field decreases with increasing nano-
particle content.  This is typical for materials where the 
surfaces of the nanoparticles have not been modified.  The 
second parameter, W, shows that the width or scatter in the 
breakdown field increases with increasing nano-particle 
content.  Both results are consistent with a material that is 
more defective at higher nano-particle content.   

 
4 ACKNOWLEGEMENTS 

 
This work was supported in part by the U. S. Office of 

Naval Research.  We would like to thank SABIC 
Innovative Plastics for generous quantities of Ultem®.  We 
appreciate the helpful discussions on casting technique 
from Leander Nunez of the U.S. Naval Academy. 

   
REFERENCES 

[1]  S. Theoleyre, C. W. Reed, 1984 Annual Report of 
the CEIDP, IEEE, 1984, p. 510. 

[2]  J. J. Fontanella, J. T. Bendler, D. E. Schuele, C. A. 
Edmondson, J. F. Lomax, J. Non-Cryst. Solids 353, 
4528 (2007). 

[3]  J. P. Calame, J. Appl. Phys. 104, 114108, (2008). 
[4]  T. Hanai, Kolloid-Z. 171, 23 (1960). 
[5]  K. C. Kao, Dielectric Phenomena in Solids. San 

Diego: Elsevier Academic Press, 2004.  
[6] X.-Y. Zhao, H.-J. Liu, Polym. Int., 59, 597 (2010). 
[7] M. Roy, J. K. Nelson, R.K. MacCrone, L.S. 

Schadler, C.W. Reed, R. Keefe, W. Zenger, IEEE 
Trans. Dielec. Elec. Insul., 12, 629 (2005). 

[8] B.D. Begg, E. R. Vance, J. Nowotny, J. Amer. 
Ceram. Soc., 77, 3186 (1994). 

[9] S. Takahashi, D.R. Paul, Polymer, 47, 7519 (2006). 
 

NSTI-Nanotech 2011, www.nsti.org, ISBN 978-1-4398-7142-3 Vol. 1, 2011250




