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Abstract
 An inexpensive solid-state powder compaction and sintering 
method to make barium titanate disc structures for use in 
capacitors and piezoelectric transducers was researched. Barium 
titanate powders were uniaxially pressed to 20,000 lbf into discs 
and sintered over 1,100 to 1,400°C for different times. The discs 
were characterized for density, capacitance, and output voltage 
characteristics under uniaxial compression. The output voltage 
exhibited an exponential relationship with disc thickness. The 
experimental relative permittivity revealed a trend with percent 
porosity similar to the theoretical predictions. To strengthen 
BaTiO3 against cracking during mechanical and electrical 
loading, BaTiO3/xAl2O3 (x = 0, 5, 10 and 15 percent by weight) 
composites were prepared by ball-milling, compaction, and 
sintering (1,250°C and 1,350°C, 1h and 4h). The density and 
flexural strength of sintered composites decreased and porosity 
content increased as the amount of Al2O3 increased. Because 
of high incidence of porosity, the composite samples did not 
develop their full strengthening potential. Recommendations 
have been made to further expand this research and achieve 
higher strength in BaTiO3/xAl2O3 composites.  
Keywords:  powder metallurgy, piezoelectric ceramics, composites, 
capacitance, flexural strength, densification

Introduction
 Barium titanate (BaTiO3) is a ferroelectric ceramic with 
piezoelectric properties. It is used in multilayer capacitors in TVs, 
video cameras and computers. It is also used as a piezoelectric 
transducer in microphones and in power generation devices. The 
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standard method to make barium titanate for use in multilayer 
capacitors involves tape casting of barium titanate slurry into 
a thin sheet which is dried and a paste or ink containing silver-
palladium powder is screen printed. The large sheets are then 
diced, stacked, and co-sintered. The electrical properties 
of barium titanate depend upon processing parameters. 
Unfortunately, like most ceramics, barium titanate is brittle and 
it develops cracks during mechanical and electrical loading 
that can cause device failure. The structural stability of barium 
titanate is important because of an increasing demand for 
applications requiring long lifetime and large displacements 
under continuous operation.
 The purpose of this research is two-fold: (i) investigate the 
effect of fabrication conditions on electrical properties of BaTiO3 
synthesized using a simple and inexpensive fabrication method 
and (ii) develop a composite fabrication procedure to strengthen 
BaTiO3 by co-dispersing aluminum oxide with BaTiO3.
 The first objective was accomplished by implementing 
an inexpensive solid-state powder compaction and sintering 
method to make barium titanate disc structures. Barium 
titanate powders were uniaxially pressed into discs that were 
subsequently sintered at different temperatures and for different 
times. The sintered discs were tested for capacitance and output 
voltage characteristics. The second objective was accomplished 
by synthesizing BaTiO3/Al2O3 composites using powder 
blending, compaction, and sintering, followed by testing the 
sintered material for flexural strength. 
 Composites such as barium titanate/silicon carbide [1,2], 
barium titanate/magnesium oxide [3], and lead-zirconate 
titanate/aluminum oxide [4] have been developed and tested. 
In nearly all cases, the composites were fabricated using 
expensive methods such as hot pressing [1], cold isostatic 
pressing [5] and spark plasma sintering [5,6]. Simpler, mixed 
oxide uniaxial pressing methods have been researched [7] 
only sparingly because of variability in the quality of the 
synthesized composites. Nevertheless, a low-cost, mixed-oxide 
pressing method was used in the present study for learning 
and exploration even at some expense to material quality. 
Material testing focused on strength properties of BaTiO3/Al2O3 
composite ceramic and electrical properties of undoped BaTiO3. 
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Experimental Procedure
Sieve Analysis
 High-purity (99.9%) barium titanate powder (< 2 µm) from 
Sigma-Aldrich was used to fabricate test specimens for electrical 
measurements. Ceramic composite samples of BaTiO3/Al2O3 
were synthesized using barium titanate powders from Honeywell, 
Inc., and aluminum oxide powders from Reynolds Metals Co. 
as starting raw materials. Sieve analysis was done to determine 
the grain size of the powders using an ATM Sonic Sifter and U.S. 
Standard Series sieves (180 µm, 150 µm, 125 µm, 106 µm, and 75 
µm). The sieves were individually weighed and then stacked in 
descending order with the 180 µm sieve at the top. Below the 75 
µm sieve a rubber diaphragm was inserted to collect the residual 
powders. Five grams of powder was placed in the top sieve and 
the stack was mechanically vibrated at a frequency of 45 Hz in 
the Sonic Sifter for two minutes and an amplitude setting of 8. 
Upon conclusion of the test each sieve was weighed from which 
the amount of powder residing on each sieve was determined. 
Over 70% of the Honeywell barium titanate powders were 75 µm 
or less in size, and about 50% of the aluminum oxide powders 
were greater than 180 µm in size. While these powder sizes are 
very different and thus not optimal for making composites via 
sintering, mixed size powder fractions are expected to yield 
less porosity in powder blends than matching sizes (e.g., finer 
powders lodge in the interstices between larger powders).

Ball Milling
 Ball milling was done for the purpose of homogeneously 
blending the barium titanate and aluminum oxide powders 
prior to compaction and sintering. Ball milling was done for 24 
hours using zirconia milling media to obtain batches of powder 
mixtures of BaTiO3/xAl2O3 with different percentages of the 
powder constituents (x = 0, 5, 10 and 15 percent by weight). 
Unblended barium titanate powders used to make samples for 
electrical measurements were not ball milled.  

Powder Compaction
 A weighed quantity (10-12 g) of powder was placed into a 
3-piece die comprised of a tool steel cylindrical die, a punch 
and a base plate, all of which were lubricated liberally with 
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zinc stearate. The die was then mounted on a Carver hydraulic 
press and uniaxially pressurized to 20,000 lbf for 10 s. The 
newly pressed sample was then carefully removed and stored 
at room temperature until sintering. The load of 20,000 lbf was 
selected on the basis of a series of tests that were done to 
press powders using loads from 5,000 lbf through 30,000 lbf 
and measuring the green density of each pressed sample. The 
tests showed that at 20,000 lbf force, the green density began 
to reach a saturation value, meaning that a greater compaction 
load would not increase the densification. A test to qualitatively 
characterize the green strength of pressed samples, referred to 
as ‘rattle test’, was performed on unsintered samples. Samples 
were weighed before and after the rattle test to determine 
percent weight loss, a measure of the green strength of pressed 
samples. The green parts were rattled for 2 min. in a desktop 
tumbler designed to be rotated in a gyratory motion at a 
constant speed of 50 rpm. The test outcomes showed that pure 
(unblended) barium titanate samples lost 0.81% of the initial 
weight whereas a BaTiO3/10Al2O3 sample (10% Al2O3) sample 
lost 3.37% of the weight. A coarser size and a greater hardness 
(low compressibility) of the Al2O3 powders could be responsible 
for a lower green strength of the BaTiO3/10Al2O3 compacts.

Sintering
 Sintering was carried out under ambient conditions in 
a programmable electrical resistance tube furnace rated to 
1,700°C (Rapid Temp, CM Furnaces, Inc.). Samples were heated 
to target sintering temperature at a rate of 80°C.h-1, sintered at 
1100°C, 1250°C, 1300°C, 1350°C, and 1400°C for 2, 4, or 6 hours, 
and allowed to furnace cool for nearly 24 hours. 
 The bulk density of sintered samples was determined from 
weight and volume measurements that were made using an 
analytical balance and a dial caliper. A few samples warped 
during sintering and were not amenable to measurements with 
a dial caliper. The volume of such samples was obtained using 
a water displacement method. Percentage porosity in each 
sintered sample was calculated from the relationship: % Porosity 
= (ptheo – pexp)/ptheo , where  ptheo and pexp are the theoretical (i.e., 
fully-dense) and experimental values of the density, respectively. 
For BaTiO3/xAl2O3 composites, the theoretical density was 
calculated using a powder volume fraction-averaged Rule-of-
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Mixtures.  

Measurement of Capacitance 
 Sintered discs of barium titanate were assembled with silver-
copper conductive thin metal foil into sandwich-like structures 
to create a simple capacitor configuration. Capacitance (C) was 
measured using an LCR (inductance, capacitance and resistance) 
meter by firmly pressing probes on either side of the silver braze 
foil outer layers.  Capacitance in vacuum (C0) was calculated 
using previous measurements, permittivity of vacuum (ε0), and 
area (A) and thickness (d) of the ceramic using the fundamental 
relationship, C0 = (Aε0/d). Relative permittivity (εr) or the dielectric 
constant (K) was then calculated for each sintered sample using 
the capacitance in vacuum from εr = K = (C/C0). 

Measurement of Output Voltage
 For measurement of output voltage, the sintered barium 
titanate samples were again assembled into sandwich-like 
structures with silver-copper metal foil as inner layers and thin 
rubber discs as outer layers. The silver-copper foil was connected 
to a multimeter to record output voltage. The sandwiched 
samples were placed on a hydraulic press and uniaxially 
compressed under loads of 2,500, 5,000, 7,500, 10,000, and 
12,500 lbf. Output voltage generated upon compressing the 
barium titanate discs was measured and recorded. 

Optical Microscopy (OM) and Scanning Electron Microscopy 
(SEM)
 Select sintered samples were mounted in epoxy and ground 
and polished on an automatic polishing unit using magnetic 
discs and diamond suspensions of three different abrasive sizes 
(6 um, 3, um and 1 um). Polished samples were examined on 
an optical microscope to observe the extent of densification 
during sintering. Additionally, un-polished as-sintered samples 
were also observed under a Tescan Vega II Scanning Electron 
Microscope (SEM) with the Chemistry Department at UW-Stout.

Flexural Strength
 Sintered BaTiO3 samples with and without Al2O3 doping, 
were tested for flexural strength (also referred to as Modulus of 
Rupture) using a three-point bend test. The bend test used in 
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this experiment followed the ASTM Standard C1161, “Standard 
Test Method for Flexural Strength of Advanced Ceramics at 
Ambient Temperatures”, except for the fact that non-standard 
test specimens (round discs) were used. The test was conducted 
on a Tinius Olsen tension tester using a three-point bend test 
fixture to record force versus deflection data from which the load 
required to break the sample was obtained. The data collected 
from the tests were used to estimate the modulus of rupture of 
sintered samples. For non-standard round disc-shaped samples 
with a variable rectangular cross-section along the loading 
directions that were used for testing, an exact equation to 
calculate the Modulus of Rupture (MOR) was not readily available 
in the standard literature. Approximate values of the MOR were 
obtained using the following equation for rectangular samples: 
MOR=(3FL)/(2DH2), where F = breaking force (N), L = support 
span (m), H = sample thickness (m), and D = diameter (m).

Results and Discussion
Density and Microstructure
 The test outcomes and observations are summarized 
in accompanying graphs and photomicrographs. 
Samples sintered at different temperatures and soak 
times varied in density. Figure 1(a) shows the effect 
of temperature on measured density (expressed as 
percent of the theoretical density) of undoped BaTiO3. 
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The sintered density is observed to increase with increasing 
sintering temperature. The two lowest density samples at 1300C 
each had visible surface cracks that caused the sample volume 
to be overestimated thus leading to a significant decrease in 
the density values. These two data are outliers but they were 
included in the figure to reflect all of the measurements that 
were actually made. The densest samples (88% dense) were 
sintered at 1,400°C for 4 hours. The samples with the lowest 
density (most porosity) were sintered at 1,100°C. Because of 
the time constraints in processing additional samples, the 
effect of sintering time on density was investigated only at one 
temperature (1,100°C). As shown in Fig. 1(a), the density data 
for 4h and 6h sintering times at 1,100°C yielded nearly identical 
density values. Our limited data suggest that sintering time is 
less critical than sintering temperature in part densification. This 
is consistent with the greater sensitivity of the diffusion processes 
responsible for sintering to temperature than time.
 The density data for the BaTiO3/Al2O3 composite samples for 
different percentage additions of the Al2O3 are shown in Fig. 1b.

Consistent with the fact that aluminum oxide has a lower density 
(4,000 kg/m3) than barium titanate (6,020 kg/m3), the density of 
the composite samples decreased with the addition of aluminum 
oxide to BaTiO3 whereas the porosity content of the samples 
increased with the addition of aluminum oxide. This could also 
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be due to the fact that the Al2O3 particles are much coarser with 
a smaller surface-to-volume ratio and inhibit sintering kinetics. 
Coarse powders are known to sinter slower than fine powders. 
Sintering temperatures in excess of 1,300°C caused warping and 
cracking in the composite samples with the result that 1,300°C 
was the highest temperature used. The warping and cracking 
could have resulted from the difference in the coefficients of 
thermal expansion (CTE) between BaTiO3 (CTE: 6×10-6 K-1) and 
Al2O3 (CTE: 8.1×10-6 K-1).
 Sintering occurs by atomic diffusion, usually in the solid state, 
and the diffusion rate is enhanced at elevated temperatures 
facilitated by sintering aids (e.g., minute quantities of additives 
such as MgO). No sintering aids were used either in the BaTiO3 
or in the Al2O3 powders used in the composites. The higher 
melting temperature of aluminum oxide (2,072°C) compared 
to barium titanate (1,625°C) could have led to incomplete 
densification of BaTiO3/Al2O3 composites when sintered at 
a temperature of 1,300°C. This is because undoped BaTiO3 
attained 88% densification at 1,400°C and with the additions of 
higher melting alumina, a temperature of 1,300°C would not 
suffice. To achieve full densification, hot pressing and use of finer 
barium titanate and alumina powders may be recommended.
 Figures 2 through 4 show optical and scanning electron 
microscopy images of undoped and Al2O3-doped BaTiO3 
sintered under different conditions. 

 Undoped BaTiO3 sintered at 1,300°C, 4h (Fig. 2a & b) shows 
partially sintered grains together with intergranular porosity 
dispersed throughout the sample cross-section. At a higher 
temperature (1,400°C, Fig. 2c), there appears to be more 
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complete grain fusion, diminished intergranular porosity, and 
large localized pores. 

The optical photomicrographs of Fig. 3 provide additional 
evidence for the effect of sintering temperature/time on 
porosity in sintered coupons; higher sintering temperatures 
reduce the total porosity content and increase the average 
pore size. Although chemical composition and phase analysis 
were not attempted, prior work [7] has shown that BaTiO3/Al2O3 
composites consist mostly of BaTiO3 with small amounts of 
secondary phases such as BaAl2O4 and Ba4Ti10Al2O27.
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 No sintering aid was used in the BaTiO3/Al2O3 blends. 
Based upon the theory of sintering, however, it is anticipated 
that a sintering aid such as MgO in the blend shall facilitate 
sintering and permit full densification to be achieved at a lower 
temperature. To test the effectiveness of MgO, a demonstration 
experiment on the effect of MgO on densification of Al2O3 
was conducted. Figure 4 shows optical photomicrographs of 
ground and polished MgO-doped aluminum oxide (0.05% MgO) 
sintered under different conditions; a considerable reduction in 
percentage porosity even in samples sintered at 1,350°C for 4 h 
is noted to result from the use of MgO as a sintering aid. While 
a direct proof of the effectiveness of MgO to facilitate sintering 
of BaTiO3/Al2O3 blends could not be demonstrated within the 
constraints of the project, this would be addressed in future 
research.
Capacitance and Piezoelectric Output Voltage
 Figures 5 and 6 show the results of electrical measurements 
conducted on un-doped BaTiO3. The output voltage generated 
across two opposite faces of sintered BaTiO3 discs of different 
thicknesses is shown in Fig. 5.

Of central importance to understanding the outcomes of Fig. 
5 is the overall trend in the voltage versus thickness data rather 
than the relative behaviors of individual samples. As is evident 
from Fig. 5, there are several different types of data points being 
used at inconsistent thicknesses. The problem was caused due 
to fewer samples surviving large loads. Of the samples tested at 
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10,000 and 12,500 lbf, a large number shattered, leaving only a 
few surviving samples that could be tested. 
 On an average, thin discs generated greater voltage than 
thick discs when loaded under the same pressure. The thickness 
of the sample and the output voltage exhibited a roughly 
exponential relationship. The actual magnitude of the voltage 
output was, however, inferior to an industrial piezoelectric 
sample of tape-cast lead-zirconate-titanate (PZT) ceramic that 
was obtained from APC International, Ltd. This is believed to be 
due to the limitations inherent in the fabrication technique used 
in the present research. It in envisioned that the method used in 
the research could be refined to approach the properties of the 
commercially available piezoelectric ceramics. 
 The effect of percentage porosity on relative permittivity 
of sintered BaTiO3 discs is shown in Fig. 6. Samples containing 
high percentages of porosity yielded small values of the 
dielectric constant. A theoretical model [8] for the effect of 
porosity on dielectric constant was invoked to predict the 
dielectric constant as a function of percentage porosity in 
sintered samples. According to this model, the dielectric 
constant (K) varies with fraction porosity (vp) according to 
[8] wwεr= K = Km(9-14vp)/(9+vp) where Km is the measured 
relative permittivity of the individual sintered sample. 

The experimentally measured values of the dielectric constant 
are much less than the theoretical values predicted by the 
above equation (Fig. 6). A possible reason for the degradation 
is dielectric aging, which is time-dependent loss of capacitance 
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in a ceramic after it is cooled through its Curie Point (125ε for 
BaTiO3). The loss follows a logarithmic law with time and can 
continue indefinitely.
 Besides testing the output voltage generated with sintered 
BaTiO3 samples fabricated in the study, select industrial samples 
of another piezoelectric material, lead zirconate titanate (PZT), 
were tested for output voltage characteristics. Small (1 cm x 1 
cm x 0.2 cm) PZT samples donated by APC International, Ltd., 
were tested under the same loading conditions as the BaTiO3 
samples. Unfortunately, the PZT samples could not sustain such 
large loads (2,500 - 12,500 lbf), and shattered when tested for 
output voltage characteristics. As a result, PZT samples had 
to be tested under a different set of loading conditions, thus 
making a comparison with the BaTiO3 samples impossible. A 
simple setup was designed and built to test the output voltage 
generated by PZT samples under small impact loads. A metal 
tube with a hole drilled in at 3 ft. from one of the ends was held 
vertically in a fixture. A ball bearing that fitted inside the tube 
was held vertically with a dowel pin at 3 ft. A force dynamometer 
was positioned directly under the tube to record the impact 
force. Five sample drops of the ball bearing from 3 ft. height 
were used to find the average impact force. Following impact 
force measurements, the ball bearing was dropped on individual 
PZT samples and output voltage waveform was observed 
on an oscilloscope screen. Strong spikes in voltage signal 
were observed upon impact on PZT. No such voltage spikes 
occurred when the BaTiO3 samples were tested under identical 
conditions. This suggested that sintered BaTiO3 samples 
fabricated in the study were more rugged but less sensitive than 
the industrial PZT samples, and needed much larger loads (2,500 
- 12,500 lbf) to reveal their piezoelectric behavior.

Flexural Strength
 The flexural strength was found by calculating the modulus 
of rupture (MOR) using the results of the three-point bend test. 
Typical load versus strain curves for sintered BaTiO3 and BaTiO3/
Al2O3 composites and test configuration are shown in Fig. 7. 
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The average modulus of rupture for the tested samples is 
shown in Fig. 8 as a function of the percentage of Al2O3 
(results on un-doped BaTiO3 correspond to 0% Al2O3). 

In general, the MOR decreased with the addition of Al2O3 to 
BaTiO3 because of incomplete sintering and higher resultant 
porosity that impaired the mechanical strength. This was 
independently confirmed via a rattle test that measures weight 
loss in samples in a rotating tumbler. The rattle test showed the 
un-doped BaTiO3 sample lost 0.81% of the total weight whereas 
the BaTiO3/Al2O3 composite sample with 10% Al2O3 lost 3.37% of 
the total weight.

in a ceramic after it is cooled through its Curie Point (125ε for 
BaTiO3). The loss follows a logarithmic law with time and can 
continue indefinitely.
 Besides testing the output voltage generated with sintered 
BaTiO3 samples fabricated in the study, select industrial samples 
of another piezoelectric material, lead zirconate titanate (PZT), 
were tested for output voltage characteristics. Small (1 cm x 1 
cm x 0.2 cm) PZT samples donated by APC International, Ltd., 
were tested under the same loading conditions as the BaTiO3 
samples. Unfortunately, the PZT samples could not sustain such 
large loads (2,500 - 12,500 lbf), and shattered when tested for 
output voltage characteristics. As a result, PZT samples had 
to be tested under a different set of loading conditions, thus 
making a comparison with the BaTiO3 samples impossible. A 
simple setup was designed and built to test the output voltage 
generated by PZT samples under small impact loads. A metal 
tube with a hole drilled in at 3 ft. from one of the ends was held 
vertically in a fixture. A ball bearing that fitted inside the tube 
was held vertically with a dowel pin at 3 ft. A force dynamometer 
was positioned directly under the tube to record the impact 
force. Five sample drops of the ball bearing from 3 ft. height 
were used to find the average impact force. Following impact 
force measurements, the ball bearing was dropped on individual 
PZT samples and output voltage waveform was observed 
on an oscilloscope screen. Strong spikes in voltage signal 
were observed upon impact on PZT. No such voltage spikes 
occurred when the BaTiO3 samples were tested under identical 
conditions. This suggested that sintered BaTiO3 samples 
fabricated in the study were more rugged but less sensitive than 
the industrial PZT samples, and needed much larger loads (2,500 
- 12,500 lbf) to reveal their piezoelectric behavior.

Flexural Strength
 The flexural strength was found by calculating the modulus 
of rupture (MOR) using the results of the three-point bend test. 
Typical load versus strain curves for sintered BaTiO3 and BaTiO3/
Al2O3 composites and test configuration are shown in Fig. 7. 
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 Conclusions/Future Work
 Powder-based processing and electrical and mechanical 
characterization of a piezoelectric ceramic, BaTiO3, with and 
without Al2O3 dopant were investigated. Powders were uniaxially 
pressed into discs and sintered at various temperatures and for 
different times. The discs were characterized for density and 
assembled with conductive metal foil into ceramic capacitors 
and piezoelectric transducers and tested for capacitance and 
output voltage characteristics. When discs were compressed 
uniaxially an output voltage was generated which exhibited an 
exponential relationship with disc thickness. The experimental 
values of relative permittivity revealed a trend with percent 
porosity similar to the theoretical predictions although the values 
were substantially lower than predictions.
 Barium titanate is brittle and it develops cracks during 
mechanical and electrical loading. In order to strengthen BaTiO3, 
composites of BaTiO3 containing different percentages (5, 10 
and 15 percent by weight) of Al2O3 were prepared by ball-milling, 
compaction, and sintering. The effect of Al2O3 addition and 
sintering temperature on density, porosity, and flexural strength 
was evaluated. The density and flexural strength of sintered 
BaTiO3/Al2O3 composites decreased and porosity increased as 
the Al2O3 content in the composite increased. Because of high 
incidence of porosity, the composite samples did not develop 
their full strength.
 There are a number of improvements that can be made 
to improve the research study to achieve higher strength in 
BaTiO3/Al2O3 composites. These include use of higher sintering 
temperatures, finer aluminum oxide powders, and judiciously 
selected sintering aids to increase the densification, reduce the 
porosity, and enhance the fracture strength. Additional research 
could discover relationships between measured grain size and 
sintering parameters, and between electrical or mechanical 
properties and sintering parameters. 
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