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INVESTIGATION OF THE ELECTRICAL CONDUCTIVITY AND HUMIDITY SENSITIVITY CHARACTERISTICS OF BaTiO;

CERAMICS WITH PMMA ADDITIVE

BADANIE PRZEWODNOSCI ELEKTRYCZNEJ I CHARAKTERYSTYKA CZULOSCI NA WILGOTNOSC CERAMIKI BaTiO;

Z DODATKIEM PMMA

Humidity sensing is a requirement for human comfort and several industrial processes. There are two main types of
humidity-sensing mechanisms. One of them is the protonic sensor which utilizes ionic conductivity due to water physisorption
or capillary condensation in micropores. The semiconductor sensors use the changes in electronic conductivity due to water
chemisorption. In this study, an ionic type of sensor was fabricated. Barium titanate based ceramic humidity sensors made with
PMMA (Polymethyl metacrylate) as the PFA (Pore-forming agent) were investigated. All compositions included 0.18 wt. % of
La,0; and three different PMMA contents. The green compacts were heated at 1200-1500°C for 2-6 h. in air and then furnace
cooled. The fundamental characteristics of ceramic humidity sensors, electrical conductivity and humidity sensitivity were
determined and discussed in relation to microstructural features, porosity, phase analysis and grain size data. The experimental
results of conductivity measurements were evaluated in terms of practical sensor applications.
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Pomiar wilgotnosci jest istotny dla ludzkiej wygody i wielu proceséw przemystowych. Istnieja dwa gléwne typy mechani-
zmow wykrywania wilgoci. Jednym z nich jest czujnik protonic, ktéry wykorzystuje przewodnictwo jonowe dzigki fizykosorpcji
wody lub kondensacji kapilarnej w mikroporach. Czujniki péiprzewodnikowe wykorzystujg zmiany przewodnictwa elektryczne-
go ze wzgledu na chemisorpcje wody. W ramach niniejszej pracy, zbudowany zostal czujnik jonowy. Badane byly ceramiczne
czujniki wilgotnosci oparte o tytanian baru z dodatkiem PMMA (polimetakrylan metakrylanu) jako czynnika tworzenia poréw.
Wszystkie badane skiady zawieraly 0,18%.wag La,03 i trzy rézne zawartosci PMMA. Zielone pakiety ogrzewano w tempe-
raturze 1200-1500°C przez 2-6 godzin w powietrzu, a nastgpnie studzono razem z piecem. Podstawowe cechy ceramicznych
czujnikéw wilgotnosci, przewodnos$¢ elektryczna i wrazliwos$é na wilgotno$¢ zostaly okreslone i oméwione w odniesieniu do
cech mikrostruktury, porowatosci, analizy fazowej i danych o wielkoSci ziarna. Eksperymentalne wyniki pomiaréw przewodnosci
byly oceniane w kategoriach praktycznych zastosowarni czujnikéw.

1. Introduction ity in resistive or ionic type of humidity sensors depends

on water absorbtion. On the as-sintered surface of the

Humidity sensors are a part of daily life comfort and
several industrial processes. There is a number of ma-
terials that can be used as humidity sensing elements.
Ceramic type humidity sensors are classified into ionic,
electronic, capacitive and solid-electrolyte types based
mechanisms. Two main mechanisms can be grouped as
protonic and semiconductor type of sensing. The con-
duction carriers of the sensor in the humid atmosphere
are ions and electrons. For the ionic or protonic type of
sensors, the source of the electrical conductivity are the
ions as the dominant conduction carrier. lonic conductiv-
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metal oxide based humidity-sensing element, chemical
and physical absorbtion of water molecules take place
during the exposure to humid environment. On the other
hand, capillary condensation in the micropores of ceram-
ics also contributes to total electrical conductivity!™.
Thus a controlled amount of porosity is required for the
humidity sensing ceramics.

Ceramics, in particular metal oxides, have advan-
tages for humidity sensing applications in terms of their
mechanical strength, their resistance to chemical at-
tack and their thermal and physical stability. Perovskites
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are promising materials for humidity sensing applica-
tions. Perovskite denotes a group of crystal structures,
whose basic chemical formula follows the pattern ABOs3,
in which the basic unit is a primitive cube, with the
A-cation in the cube center, the B-cations on the cor-
ners and the anion, commonly oxygen, in the centres
of the face edges®®. In the present study, a spesif-
ic polymer was used for the formation of controlled
porosity in barium titanate based ceramic sensors. Low
amounts of PMMA (Polymethyl metacrylate) were added
and powder preparation was carried out by mixed sol-
id oxide method. The effects of porosity, content of
PFA (Pore-forming agent) and sintering parameters on
the electrical conductivity of the barium titanate based
ceramics were investigated. The humidity sensitivity
graphs were obtained by the ratio of electrical resistivity
in air to electrical resistivity in humid environment.

2. Experimental procedure

Barium titanate ceramics were prepared by using
the BaCO; and TiO, raw materials. The compositions
studied consist of 0.18 wt.% of La,O3. The composi-
tions containing 1, 1.75 and 2.5 wt. of PMMA (Poly-
methyl metacrylate) were coded as BTLP-1, BTLP-2
and BTLP-3, respectively. The mixture of powders were
ball-milled in acetone for 24 h in a plastic jar using
ZrO, as the grinding media. The ball-milled slurries
were dried at 100°C in an oven for 30 min. After-
wards, PMMA was added in another ball-milling step
at a rate of 90rpm. The powders were pressed into bars
with dimensions of 15X12X7mm using cold pressing.
Prior to sintering, BTLP compositions were subject-
ed to binder removal at one step using thermal pirol-
ysis. The binder removal was done at a heating rate
of 1°C/min. on alumina plates up to 650°C for 2h. us-
ing Protherm binder removal furnace. The green com-
pacts were heated at 1200-1500°C for 2-6 h. in air and
then furnace cooled. The crystalline structure of the
as-sintered ceramics was analyzed with X-ray diffrac-
tion (XRD) (Rigaku DMAX 2500) using Co K, radia-
tion within arrange of 26 = 20°-80°. The microstructure
of the as-sintered ceramics was examined using a scan-
ning electron microscope (SEM) (JEOL 5600). The grain
size of the as-sintered ceramics was measured by lineal
interception method. The porosity of the ceramics was
measured using Archimedes method. The electrical re-
sistance values were measured by a standard multimeter
(Digital Multimeter DY-64) using 2-probe measurement

method under humid environment (Heraeus/Votsch-HC
4033).

3. Results and discussion

The microstructures of the as-sintered samples are
shown in Fig. 1. PMMA addition resulted in a slight
grain refinement. After sintering at 1500°C for 6h., the
grain size of BTLP-1 was 14.87 ym whereas the grain
size of BTLP-3 was 13.75 um. Also at lower sintering
temperatures, PMMA addition caused a grain size inhi-
bition. The grain sizes of BTLP-1 and BTLP-3 were 5.41
pm and 5 um, respectively after sintering at 1200°C for
2h.

After sintering at 1500°C, the relative density of the
as-sintered samples increased greatly. The pore elimina-
tion was present for all the sintering durations at 1500°C.
This could be explained by the rapid increase in the
grain growth kinetics of the samples when sintered up
to 1500°C.

At lower sintering temperatures (except 1500°C)
SEM images showed uniformly distributed pores in the
matrix. Spaces were observed between the pores and in-
tergranular pore morphology (Fig.1a) was present. How-
ever, after sintering at 1500°C, porosity was eliminated
and grain size increased significantly.

Fig. 2 and Fig. 3 show XRD diagrams of the samples
sintered at 1200°C. As the sintering duration increased
from 2h. to 6h., the intensity of the XRD diagram in-
creased. This was valid for all the sintering temperatures
studied. (101) plane reflection was observed in Fig. 2 and
3, which has the maximum intensity at 260 = 36.701°
and plane distance was 2.8412A°. In Fig. 2 and 3, a
split peak was observed at 20 =52.595 and 53.220°, that
correspond to (002) and (200) plane reflections, which
is not observed in cubic symmetry of barium titanate
and was used for the determination of tetragonal and
cubic crystal structures. The plane distances of (002) and
(200) reflections were determined by JCPDS card num-
ber 05-0626 as 2.0190 and 1.9970A°, respectively. Since
all the compositions studied consist of a constant amount
of LayOs;, split peaks of tetragonal barium titanate
gradually merged upon doping. This could be explained
by the modification of crystal symmetry of tetragonal
phase. Following the doping of barium titanate ceram-
ics, a pseudo-cubic crystal symmetry formed. The reason
for the merging of peaks could be the internal stress-
es formed via doping process. However, the amount of
doping was not sufficient to transform room-temperature
tetragonal barium titanate phase to cubic symmetry.
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Fig. 2. XRD diyagram of barium titanate ceramics sintered at 1200°C for 2h., * denotes tetragonal phase
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Fig. 3. XRD diyagram of barium titanate ceramics sintered at 1200°C for 6h., * denotes tetragonal and x unknown phase

It was clear that all the as-sintered ceramics showed
a tetragonal perovskite structure, whatever PMMA con-
tent was. As a result, room temperature crystal structure
of porous BaTiO3 ceramics did not depend on the ad-
dition, or the amount of the pore-forming agent. On the
other hand, PMMA added compositions did not contain

residual carbon (invisible as XRD reflections) besides
barium titanate phase. XRD peaks of BTLP-3 compo-
sition containing 2.5%wt. PMMA did not show consid-
erable shifting in comparison to BTLP-1 and BTLP-2
compositions. There was no evolution of a secondary
phase due to the existance of PMMA addition. It was
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concluded that all the compositions studied contained
variable percentages of porosity with a single perovskite
BaTiO; phase.

The grain size vs. sintering temperature graph was
given in Fig. 4. The grain sizes of BTLP-1 were 4.5 and
12.3 um when sintered at 1200 and 1500°C, respectively.
There was a great change in the grain sizes when sintered
at minimum and maximum sintering temperatures. After
sintering at 1500°C, the grain growth was evident. After
sintering at 1200°C for 6h., the grain size decreased from
5.41 to 4.5 um with the addition from 1 to 2.5wt. of PM-
MA. The largest grain size which was measured at the
maximum sintering temperature was 14.87 um, which
was measured for BTLP-1 composition which contains
1 wt. of PMMA.

The porosity vs. sintering temperature graph was
shown in Fig. 5. The porosity percentage vs. sinter-
ing temperature and PMMA content relationships were
expressed as the eq. (1). The coefficients of the follow-

ing quadratic equation was calculated to be & 5.91x10?,
B -746x107!, v 1.35x10!, 6 2.4x107*, ¢ -6.99x107!
and 6 -6.29x1073 for 2h.

Porosity(%) = a + BxT + yx(PMMA%) + SxT2+
dx(PMMA%)? + OXTx(PMMA %)
ey

According to eq. (1), after sintering at 1200°C as
PMMA content increases from 1 to 2.5 wt.%, the poros-
ity increases from 45% to 50.6%. These calculations
were also confirmed by experimental results. By using
the eq. (1), appropriate sintering parameters and PMMA
content could be calculated for a desired porosity.

The transfer function curves for barium titanate ce-
ramics (which contain PMMA) was given in Fig. 6 and
Fig. 7. In Fig. 6.a, transfer function of the sample is
an exponential curve. The maximum conductivity was
1072°S/m. and it was measured for BTLP-3 which was
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Fig. 4. Grain size vs. sintering temperature graphs for BTLP-1
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Fig. 5. Porosity vs. sintering temperature graphs for BTLP-1



sintered at 1200°C. Both BTLP-1 and BTLP-3 had a
saturation limit on their transfer functions. The electrical
conductivity vs. relative humidity for both of the sam-
ples were high. However, the existance of a saturation
limit and lack of linearity above a certain relative hu-
midity makes it difficult to use these samples for sensor
applications despite their high conductivity.

The maximum electrical conductivity was deter-
mined to be 1073#S/m for the samples which were sin-
tered at 1300°C for 2-6h. There is no saturation limit for
the samples which were sintered at 1300°C. This is ben-
eficial for humidity sensing. The linearity characteristic
is high and the highest correlation factor, R? is 0.9978
for BTLP-1 which was sintered at 1300°C. When the
sintering temperature was raised from 1300 to 1400°C,
linearity characteristic degraded. The maximum conduc-
tivity after sintering at 1400°C was 10™*73S/m. After
sintering at 1500°C, linearity characteristic of the trans-
fer functions degraded further and a dead band region
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was present. The maximum conductivity after sintering
at 1500°C was 107>2°S/m. The dead band region was
up to 40% of relative humidity for BTLP-1. BTLP-3
did not show a dead band region but electrical conduc-
tivitivies were low and linearity characteristic was poor.
The sintering temperature was the main parameter which
determined the characteristic of the transfer functions.
Humidity sensitivity vs. relative humidity graphs
were given in Fig. 8 and Fig. 9. Each value in the curves
represents a ratio of the electrical resistance measured
in air to the electrical resistance measured under hu-
mid environment. There was increase in the humidity
sensitivity up to 80% of relative humidity. After 80%,
increase in the humidity sensitivity was less for the sam-
ples which were sintered at 1200°C. For the samples
sintered at 1300°C, the maximum humidity sensitivity
was 1.9, which means sensitivity increased approximate-
ly in the order of 100 when sample exposed to a relative
humidity of 98%. The samples which were sintered at
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Fig. 6. Transfer function curves for barium titanate ceramics sintered at 1200°C
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Fig. 7. Transfer function curves for barium titanate ceramics sintered at 1500°C
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Fig. 8. Humidity sensitivity curves for barium titanate ceramics sintered at 1200°C
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Fig. 9. Humidity sensitivity curves for barium titanate ceramics sintered at 1500°C

1500°C had a dead band region where humidity sensi-
tivity is equal to 1.

4. Conclusion

The effects of PMMA (polymethyl metacrylate) ad-
ditions on the microstructure and humidity sensitivity of
barium titanate ceramics were examined. Porosity and
microstructural studies were done for the samples which
contain PMMA as the pore-forming agent. It was ob-
served that there is no evolution of a secondary phase
due to the existance of PMMA. As-sintered ceramics
studied showed a tetragonal perovskite structure. As
PMMA content increased, grain size values decreased
slightly. Porosity percentage changes depending on the
content of PMMA could be evaluated as the only para-
meter to affect electrical conductivity under humid en-
vironment. It was concluded that porous barium titanate
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ceramics can be used effectively for humidity sensing
applications.
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