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Processing of porous zirconia by direct foaming of emulsified ceramic powder suspensions was examined. Surfactant stabilized
heptane droplets were homogeneously dispersed in the aqueous suspension with maximum solids loading of zirconia powder. The
porosity of the sintered porous parts increased with the amount of heptane in the emulsified suspensions. On the other hand, the
bending strength increased with the decreasing heptane content. Porous zirconia samples were used as a dielectric barrier in an
atmospheric pressure plasma system. The plasma system was powered by different applied voltages at 50 Hz using air as a working
gas. Filamentary discharge mode was observed in all samples at a limit value of the applied voltage (breakdown voltage). Samples
with high concentration of pores and suitable pore size exhibited a glow discharge mode beside the filamentary discharge mode.
The effect of the porosity of zirconia on the formation of the glow discharge mode was discussed.
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Introduction

Porosity is often considered as a problematic feature
of technical ceramics. It offers, on the other hand, a high
potential for innovative functions and a rising multitude
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of applications for high-performance ceramics, which
are functionalized by adjusted porosity parameters. In
particular, the opportunities to merge several advantages
inherent to the crystal structure with morphological fea-
tures realized in the microstructure are seized by mate-
rials scientists at present to develop new porous ceramic
components. Unique properties in terms of low density,
low thermal conductivity, high gas permeability, large
surface area, strong thermal shock resistance, refractor-
iness, and high mechanical stiffness offered by porous
ceramics are of technological interest. These properties
have the potential to be used in a wide range of appli-
cations such as filtration, catalysis, thermal insulation,
biomedical implants, gas burners, fuel-cell electrodes,
preform for metal—ceramic composites, impact-absorb-
ing structures, absorbents, photonic crystals, and gas
sensors.' ™

The capability of such porous components to per-
form successfully under the intended application con-
ditions depends often directly on the porosity, pore size
distribution, pore morphology, and orientation. There
is then a strong need to control these porosity param-
eters in order to achieve superior properties of the com-
ponents.””>* Several technologies were developed to
manufacture strong and reliable porous ceramics.
Among the various processing techniques for fabrica-
tion of porous ceramics, the four most common meth-
ods can be divided into two groups. The first two
approaches lead mainly to pore sizes in the range of
2-100 nm; they use the incorporation of organic phases,
which are then eliminated during firing”" and the partial
sintering of ceramics.”® These processes produce ceram-
ics with combinations of micro-, meso-, and macropo-
rosity. The other two approaches typically produce
cellular structures with pores varying from approxi-
mately 10 im to several millimeters; they apply the rep-
lication of polymer foams by impregnation®® or CVD
coating® and direct foaming of suspensions.** Po-
rous ceramic materials produced by the replication
method have poor mechanical properties due to highly
open pore structures and hollow struts left behind from
the burning of polyurethane. Although there are a num-
ber of routes for the processing of porous ceramics, as
mentioned above, direct foaming of emulsified inor-
ganic powder suspensions has been shown as an efficient
way to produce cellular ceramics presenting excellent
mechanical properties due to the defect free build-up of
the struts and particularly tailored microstructural fea-
tures as highly interconnected cells.** !

In this innovative process, an alkane phase is ho-
mogeneously emulsified in a stabilized aqueous ceramic
powder suspension giving rise to low-alkane-phase
emulsified suspensions38 or high-alkane-phase emulsi-
fied suspensions (HAPES)* depending on the dispersed
phase content. In contrast to the more conventional di-
rect foaming methods, foaming here is provided by the
evaporation of the emulsified alkane droplets. The
emulsified suspensions can be simply consolidated by
the expansion of the alkane droplets due to foaming and
concurrent drying. Alternatively, freeze casting/gelation
techniques can be applied as further means of consol-
idation (Soltmann et al., unpublished data). If the phys-
ical conditions are favorably adjusted, this new process
leads to a time-dependent expansion of the emerging
foam resulting in the controlled formation of macro-
and microstructures with interconnected cells ranging
from a low micrometer scale to 3000 pum.

The versatility of the method is reflected by the
possibility of processing various inorganic powder
surface chemistries into designed cellular structures
including gradients, required for specific technological
applications./*OJ*2

Zirconia presents high mechanical strength and
fracture toughness, excellent wear resistance as well as
a strong resistance against corrosion and chemicals. Fur-
ther more, it has good biocompatibility and provides
high efficiencies as a solid electrolyte for gas sensor and
other active functions in fuel cells and batteries. Con-
sequently, the development of highly porous zirconia is
very desirable for several technological applications in-
cluding environments at high temperatures. Particular
attention is given to the porous burners’ field where se-
vere thermal loadings including thermal gradients and
transients have to be f:nvisaged.43 In spite of this, only
few works on the processing of porous zirconia have
been published so far® and nondealing with direct
foaming techniques.

Recently, porous materials have been used in the
field of plasma physics as dielectric materials to realize
glow discharge at atmospheric pressure.*® Plasma
sources operating at atmospheric pressure have attracted
much attention in the field of application of plasma
technology in industry, environment, and medicine
because of their economical benefits of getting rid of
high-cost vacuum systems and low running costs.
Therefore, extensive studies are now devoted to atmo-
spheric pressure glow discharges (APGDs) using mostly
dielectric barrier discharge (DBD) schemes.*~°



Atmospheric pressure discharges controlled by
solid dielectrics known as DBD have been used for a
long time for various industrial applications: ozone
generator, excimer lamp, plasma display panel, and
surface treatment. The main problems of the usage of
DBD in different applications are the homogeneity
and the stability of the discharge. Recently, homoge-
neous and stable discharges at atmospheric pressure,
called glow dielectric barrier discharge or APGD
have been obtained in helium, argon, or nitrogen.5 1,52
The transition from one discharge to the other one
does not only depend on the type of gas and the
dielectric material but also on the slope of the excita-
tion and the power supply characteristics including
their intrinsic imperfections.51 Obtaining uniform
and stable discharges in open air is one of the most
remarkable achievements in the plasma field research.
Generally, to generate glow discharge in air, sufficient
numbers of seed electrons are needed. But in the
presence of electronegative gases, such as oxygen and
water vapor, atmospheric discharges exist as streamer
and nonuniform microdischarges (filamentary dis-
charge). Therefore, most of APGDs are generated in
other gases, such as He, Ar, and N,.>? In these dis-
charges, metastable species of each gas prevent an elec-
tron avalanche that induces streamer discharge. These
neutral metastable species with long lifetimes move
around unrelated to the applied electric field and trans-
fer their energies by collision with other atoms or mol-
ecules. Afterwards, every region of the plasma zone
becomes uniform and stable.’®> However, in the case
of air discharge, oxygen molecules (representing 21% of
air constituents) quench nitrogen metastable species,
and hence atmospheric discharges exist as filamentary
discharges. Successful efforts to minimize this quench-
ing effect, by modifying the reactor geometry,”* >
or applying fast gas flow were reported.”® The forma-
tion of APGD in air at 50 Hz has been obtained recently
using an alumina ceramic of a special configuration as a
dielectric.*®

Therefore, in this paper, open porous zirconia
presenting remarkable bending strength and controlled
porosity parameters is developed by the direct foam-
ing process based on the transition of emulsified
suspensions into cellular ceramics. For the first
time, the capability of porous zirconia ceramics
and the effects of pore concentration and dimensions
on the realization APGD in open air at 50Hz are
explored.
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Materials and Experimental Procedure

Materials

Zirconia powder (Zirconia-TZ-3Y) used in this
work was obtained from Tosoh Corporation (Tosoh,
Tokyo, Japan). The powder contains 5wt% yttria for
stabilization of the tetragonal phase. Chemical analysis
of the supplied powder (provided by supplier) revealed
the following composition (mass%): minimum 94.117
7rO,, 5.17 Y,03, maximum 0.005 Al,Oj, 0.002
Fe,O3, 0.005 SiO,, 0.021 Na,O, and 0.68 ignition
loss. The powder has a BET surface area of 15.4 m*/g
and allows a sintering density of 6.05 g/cm®. The initial
particle size distribution is characterized by ;¢ = 5 pm,
dso = 0.7 pm, and dop = 0.2 pm (as measured with using
an LS. particle size analyzer). Tri-ammonium citrate
(TAC, Aldrich, St. Louis, MO) was used as a dispersing
agent (supplied by Aldrich). Sodium lauryl sulfate, com-
mercially available as Lutensic 2230 (BASF) has been
used as an anionic surfactant.

Porous Zirconia Preparation Process

An aqueous suspension containing 40 vol% powder
with 0.4 mass% (on powder basis) TAC (Aldrich) was
prepared. This quantity of the dispersant was proved to
be sufficient to reach a well-dispersed medium and high
solids loading (40 vol%) based on our previous work.?°
The suspension was prepared by mixing deionized wa-
ter, TAC, and zirconia powder in a laboratory mixer
(Dispermat LC, VMA Getzmann, Reichshof, Germany)
with a 30 mm dispersing tool operating at a mixing ve-
locity of 2800 rpm for 20 min. The pH of the suspen-
sion after preparation was measured as 8.7. Afterwards
the suspensions were subjected to deaeration to remove
undesired entrapped bubbles. This procedure was per-
formed in a container under reduced pressure (5 kPa).

In this work, 30, 50, and 70vol% heptane and
1.6vol% surfactant (based on heptane content) were
subsequently added to deaired zirconia suspensions
(40 vol% solids). Mixing was then achieved by mechan-
ical stirring for 2.5 min at 2500 rpm under reduced
pressure (10 kPa) to avoid air bubble incorporation dur-
ing emulsification. This pressure was chosen taking into
account the vapor pressure of heptane (4.6 kPa at 20°C)
to avoid its evaporation during this stage.

The composition was chosen so that even by
moderated heptane concentrations (30 vol%), minimal
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bubble growth occurs during foaming, which is typical
for HAPES.*

The emulsified suspensions were poured in plastic
round molds with diameters of 50 and 80 mm, respec-
tively, and a height of 15 mm and then left at ambient
temperature (20°C) for 24 h. After the consolidation,
the zirconia foams were preheated to 400°C with 0.5 K/min
and then sintered at 1450°C for 1 h. The heating (400—
1450°C) and cooling rates were 5 K/min.

Structural and Mechanical Characterization

Microstructural characterization of open porous
zirconia samples was performed using scanning electron
microscope (Model CAM SCAN, Cambridge Scanning,
Cambridge, U.K.). Cell sizes were measured from pla-
nar sections with the linear intercept method using the
software Lince (TU Darmstadt, Darmstadt, Germany).
The average cell size dsg, as well as djy and dyy were
determined from the cumulative cell size distribution
curves, corresponding to the cell diameter at a cumula-
tive percentage of 50%, 10%, and 90% (number dis-
tribution). The window size distribution was measured
using Hg-Intrusion (Pascal 140/440, CE Instruments,
Hotheim, Germany). The volumetric density p, of the
foams was determined from the mass and dimensions of
the sintered bodies. The volumetric porosity P was cal-
culated from P = 1—p,/p,, where p, is the theoretical
density of zirconia (6.05 g/cm3). Three-point bending
strength has been performed using zwick/roell instru-
ment with a span of 30 mm and at a constant cross-
head speed of 1 mm/min. The tests were performed
at room temperature. The size samples were 40 mm
x 5mm X 4.7 mm. The time of all sample failure was
8-10s. The three-point bending strength (S) was cal-
culated from S= 3PL/2b64%, where P is the maximum
force, L is span length, & is sample width, and 4 is the
sample thickness. An average value was obtained from
the four samples tested for each case.

Experimental Setup of APGD System

The discharge cell as shown in Fig. 1 consists of two
copper plane-parallel electrodes of 3 cm diameter. One
of the two electrodes was covered by a ceramic plate of
porous zirconia with a diameter of 1 cm, a thickness of
0.5 cm, pores concentration of 35%, 54%, and 70%,
and an average window diameter of 0.6, 1.4, and
1.2 um, respectively. The distance between the two di-
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Fig. 1. Schematic diagram of the discharge cell.

electric plates was 0.5 mm. The discharge was operated
in open air under atmospheric pressure.

The discharge cell was connected to an ac trans-
former (1-10kV) that generates sinusoidal voltage with
a frequency of 50 Hz. The applied potential (V) across
the electrodes, and the current (/) passing through the
system were recorded using a digital oscilloscope (HA-
MEG HM407—40 MHz). The current was measured
by the voltage drop across the resistance R; (= 100 Q)
connected in series with the discharge system to the
ground as shown in Fig. 1. The voltage across the two
electrodes was also measured using the potential divider
of the resistance system R,, R; where Ry/R; = 500. The
equivalent electric circuit in dielectric-controlled APGD
is shown in Fig. 2.

A voltage-controlled current source (Gy) provides
an increasing current as long as the applied voltage
across the cell gap exceeds the gas breakdown value, V4,
The current characteristic is a function of the applied
voltage vt (2).
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Fig. 2. Equivalent electric circuit of the dielectric barrier
discharge discharge.
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Fig. 3. Microstructure of sintered zirconia foams produced from emulsified suspensions containing 30 vol% (a), 50 vol% (b), and 70 vol% (c,

d) heptane as dispersed phase.

or(r) = va(r) + (1)

ir(r) = is(r) + iCd(t)

i) = 62D iy = ¢, 2110
i) = 210 4 ¢ 40

where v1(2) is the total applied voltage, Cy is the dielec-
tric capacitance, C, is the gas capacitance, 7,(#) is the
displacement current across the gas, C; is the stray
capacitance of the cell, and 74;,() is the discharge current.

Results and Discussion

Processing of Porous Zirconia with Controlled
Microstructures

In HAPES, the control of droplet size and concen-
tration is decisive for the control of the microstructural

parameters.””*! The transition of the stable emulsified
suspensions to stable green bodies is achieved by the
evaporation of the alkane phase due to minimum foam
growth.

The microstructures of the sintered zirconia foams
produced from emulsified suspensions composed of 30,
50, and 70vol% heptane are shown in Fig. 3. The
quantitative analysis of microstructural parameters and
bending strength is summarized in Table I. The heptane
content controls the droplet concentration in emulsified
suspensions and the cell concentration in the sintered
foams. Consequently, the porosity could be adjusted
between 35% and 70% by the adjustment of heptane
content between 30 and 70 vol%.

The connection between adjacent cells (windows) is
provided by the thin films between the evaporating hep-
tane droplets in the wet stage. The window number and
size constitute the interconnectivity between cells. With
the increase of cell density (number of cells per volume)
and decreasing film thickness, the number of windows
in the cell walls increases due to the higher specific sur-
face area to be covered by the solid particles. Highly
interconnected cells are then formed by 70vol% hep-

tane (Fig. 3¢ and d).

TableI. Zirconia Foams Microstructural Parameters and Bending Strength as a Function of Heptane Content in
Emulsified Suspensions

Decane content Porosity Window size dsq Bending strength
(vol%) (%) Cell size dy ¢, dso, doo (nm) (nm) (MPa)

30 35 1.2, 2.4, 4.0 0.6 105

50 54 1.9, 3.5,5.8 1.4 93

70 70 1.8, 2.5, 4.0 1.2 77
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In spite of the variation in heptane content, the
average cell size dsy was maintained between 2.4 and
3.5 um. Actually, the ratio between interfacial and shear
stresses during droplet break up will determine the
droplet and consequently the cell size in HAPES.””
Here, the constant stirring rate during emulsification
appears to act as a main influence on the droplet size.

In a previous work, the window size in highly con-
centrated emulsified suspensions (70 vol% alkane) was
reported to be proportional to the cell size.?! In our
studies, we have seen that the window size also depends
on the ratio between particles and the droplet surface
area to be covered by them. Emulsified suspensions
containing 30 vol% alkane resulted in a smaller average
window size dsy (0.6 um) than in the case of 50 and
70vol% alkane (1.4—1.2 um). This could be attributed
to the reduced contact between adjacent droplets be-
cause of the lower droplet packing as well as the lower
specific surface area, enabling a higher cover of particles
on the droplet surface. In the case of 50 and 70 vol%
alkane, the window size is proportional to the cell size.

The materials present a remarkable bending
strength between 77 and 105 MPa and a moderate in-
fluence of the porosity on strength (Table I).

Voltage and Current WaveForms

Voltage and current waveforms of the DBD were
recorded on the oscilloscope for three samples of zir-
conia (refer to Table I) as a dielectric material with air as
a working gas under atmospheric pressure. The results
are demonstrated in Figs 4-6 as voltage and current
oscillograms for air discharge under atmospheric pres-
sure and at applied voltages with a gap space of 0.5 mm.
The DBD performance under application of zirconia
plates with the lowest porosity (35%) and window size
(0.6 pm) as dielectric electrode is illustrated in Fig. 4 for
applied voltages of 2.5kV (a), 3kV (b), and 3.5kV (c).
From the figures, it can be seen that a streamer discharge
was formed, which is characterized by discrete current
spikes. These spikes were related to the formation of
microdischarges (filaments) of tens of nanosecond du-
ration in the gap space.®’ They start when the break-
down field is reached locally and extinguish (turn off)
when the field is reduced to such an extent that electron
attachment and recombination dominate over ioniza-
tion. These microdischarges are randomly distributed in
the discharge area. The peak of each individual spike is

related to the number of instantaneous microfilaments
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Fig. 4. Current voltage waveform for sample 1 (window size
0.6, porosity 35%) at different applied voltages.

that were formed at this instant, and hence a high cur-
rent spike indicates that a high number of microdis-
charges are initiated almost simultaneously. It can be
noticed that, when the external voltage rises, additional
microdischarges are formed at new positions because the
presence of residual charges on the dielectric has re-
duced the electric fields at positions where the micro-
discharges have already occurred. Because high voltages
at low frequency tend to spread the microdischarges and
increase the number of instantaneous filaments,®> the
peaks of the spikes increase by increasing the peak of the
applied voltage. Sample 1 shows no abnormal behavior
compared with any other dielectric material used in
DBD.

Increasing the porosity, the cell, and window size in
sample 2 leads to filamentary discharge superimposed on
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Fig. 5. Current voltage waveform for sample 2 (window size
1.4 wm, porosity 54%) at different applied voltages.

glow discharge as shown in Fig. 5b and c. This discharge
is characterized by a diffuse APGD discharge, which
spreads in the discharge gap between the two electrodes.
One requirement for establishing a volume-stabilized
glow discharge is that the preionization electron density
is large enough to cause an appreciable overlap and co-
alescence of primary avalanche heads and smoothing of
space-charge field gradients at the stage when streamer
formation would otherwise occur. The glow discharge
formed in sample 2 may be attributed to the existence of
a high concentration of pores (54%) filled with air that
undergo a discharge when the applied voltage reaches a
limit value (breakdown voltage). The dimension of the

91

window (1.4 pm) and pd value inside the window equals
about 0.1 torrcm, which is corresponding to a break-
down voltage of about 1.5kV. In sample 1, the pd value
inside the window equals about 0.04 torr cm, which is
corres()ponding to a breakdown voltage much higher than
2kV,% where p is the gas pressure inside the pores and
is the length of the discharge channel (in our case, it is
the diameter of the pore).

Figure 6a—c shows the current and voltage wave-
forms for sample 3 (porosity 70% and window
size 1.2 um). It can be observed that sample 3 exhibits
the same behavior as sample 2 where the glow discharge
mode appears beside the filamentary discharge mode.
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The formation of glow discharge mode in samples
2 and 3 can be referred to the high concentration of the
pores (54% and 70%) and relatively low breakdown
voltage inside the windows (1.5, 1.6kV). Because the
windows contain air, a discharge occurs in the micro-
windows and a current will flow inside these windows
when the voltage drop across a window reaches the gas
breakdown voltage. This current is very important in
sustaining the glow discharge mode through two ways*®:

(a) During the discharge inside the microwindows,
the electron current flows and approaches the zirconia
surface, which increases the probability of the electron
emission from the zirconia surface and in turn increases
the primary seed electrons. Seed electrons initiate the
growing up of the glow discharge mode.

(b) Discharging the gas inside the windows means
decreasing the voltage drop across the windows and
hence the voltage drop across the dielectric material,
which in turn increases the voltage applied to the gas in

the gap space.

Conclusions

Open porous zirconia foams with average cell sizes
between 2.4 and 3.5 pm and window sizes between 0.6
and 1.4 um have been produced by a versatile and sim-
ple route based on the direct foaming of stable emulsi-
fied powder suspensions. The porosity could be
controlled by the heptane content, between 35% and
70%. The materials yielded to a remarkable bending
strength between 77 and 105 MPa.

Furthermore, the developed materials have been
used as dielectric barriers to generate atmospheric pres-
sure plasma. The formation of APGD plasma has been
realized in open air at 50 Hz using porous zirconia with
high porosity between 54% and 70%. /~V waveforms of
the discharge have confirmed the presence of APGD. At
low porosity (35%), the APGD has not been formed
and the discharge appeared almost as a filamentary
discharge. The window size has been found to play

an important role in the formation of APGD via min-

imizing the breakdown voltage inside the pores. It
has been found that the discharges inside the porous
zirconia and on its surface provide sufficient seed elec-
trons for obtaining a uniform and stable glow discharge
mode.
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