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Abstract

Electrophoretic deposition of deagglomerated fine
stable powder suspensions in a ‘cleansed & closed’
deposition apparatus has been shown to be a suc-
cessful method to shape beta-alumina functional
ceramic tubes. The novel method increased the
strength and surface smoothness significantly com-
pared to dry pressing. Introduction of appropriate
dispersants helped to avoid drawbacks connected
with those electrophoretic deposition methods
hitherto tested for production of beta-alumina cera-
mics. A new multi-tube deposition apparatus was
designed and tested. It could make electrophoretic
deposition become competitive as an industrial-scale
manufacturing method. © 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

General background of the investigations within
this paper and the basic concept of direct wet
forming through electrophoretic deposition (EPD)
from stable colloidal suspensions under ‘cleansed &
closed’ conditions, are described in a preceding
paper dealing with deposition of zirconia func-
tional ceramic components from stabilized fine zir-
conia powder suspensions.! The present paper
demonstrates the application of this novel
approach to beta-alumina powder suspenstons and
beta-alumina functional ceramic components. It
concentrates on specifics of the powder processing
and EPD process due to the alkaline nature of
beta-alumina. Attention is given to the selection of
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appropriate dispersing systems. In addition, a
bench-lab scale industrial-type electrophoretic
manufacturing method is tested, which is based on
the usage of stable powder suspensions.

EPD is not a new forming method (cf. the pre-
ceding paper! and references therein). Also, the
application of EPD in the forming of beta-alumina
ceramics is not a new method; it has already been
followed towards industrial-scale manufacturing.?®
These latter developments, however, have suffered
from use of agglomerated powders or otherwise
non-stabilized suspensions. Their quality levels were
not significantly better than those from conven-
tional slip casting or dry-pressing approaches. The
resulting ceramic components suffered from
reduced reproducibility and reliability through
unsatisfactory broad strength distributions. Exten-
ded proof-testing of each component or reduction
of component sizes® are necessary to assure accep-
table strength levels meaning higher cost in any case.

The present paper presents a comparison of the
novel approach to the established dry pressing
procedure with strength testing following the prin-
ciple of testing of whole unmachined components
of comparable size.!

2 Experimental Methods

Only those experimental means and methods will
be presented in this section that have not been
described previously!' or where specifics regarding
beta-alumina are to be reported.

2.1 Powders and powder processing

2.1.1 Powders
The beta-alumina powders used were standard
reacted sodium magnesium  polyaluminate
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(magnesium-stabilized  beta-alumina) powders
from ABB Hochenergiebatterie GmbH, Heidel-
berg, Germany, that had been prepared from the
raw materials AL,O;, Na,CO; and MgO. The raw
materials had been mixed previously in the correct
ratio to yield the company’s proprietary composi-
tion after calcination and reaction close to 100%
B-Al,05 phase.” The calcined powder was jet mil-
led to obtain a mean particle size of about 1 um
and a maximum particle size of 10 um.

2.1.2 Suspending medium and dispersing aids

As in the case of zirconia,! beta alumina suspen-
sions may be stabilized best using polar-protic
solvents, such as alcohols like ethanol or 2-propa-
nol, in combination with appropriate dispersing
aids. Different oligomeric or polymeric ionic or
polar organic compounds, such as trioxadecanoic
acid, (acrylic ester/acrylamide) copolymer and
(acrylic acid/acrylic ester) copolymer, were tested
as dispersing and charging aids. These are referred
to as polyelectrolytes C, B and A, respectively, in
the following text. For standard deposition
experiments the suspensions were presedimented
for 2 to 5h to remove particles larger than about
S um.,

2.2 Forming

2.2.1 Reference method dry pressing
Some tubes were taken from the standard ABB
Hochenergiebatterie GmbH production process to
serve as an internal reference. They were fabricated
through dry-pressing of spray-dried powder; iso-
static pressing at 150 MPa was used.

2.2.2 FElectrophoretic deposition (EPD)

For EPD tests and subsequent investigation, the
following standard suspensions were used: 2-pro-
panol with 50mass% powder and 1% triox-
adecanoic acid. EPD conditions were: voltage from
80 to 600V, electric field strength of 40 to
500 Vem™!, current of 5 to 40mA, current density
typically from 008 to 0-3mAcm 2, maximal
values tested up to 1-5mAcm~2, specific con-

ductivity of suspensions of 5 to 10 uScm™1.

2.3 Drying and sintering

As no dispersants with inherent binder functions
could be used in the case of beta-alumina, the dry-
ing process had to be more controlled than with
zirconia ceramics.! Long beta-alumina tubes
(300 mm) had to be dried in two steps: predried for
5 to 15min at ambient conditions inside the
deposition apparatus (opening downside, 1 to 2cm
above the table surface) until separation of the
bodies from the electrode occurred; final drying at

60°C in a controlled oven (explosion protected, no
ventilation) for 30 to 45 min.

Firing at ambient atmosphere in electrically
heated furnaces! was applied, with maximum tem-
peratures for densification ranging from 1620 to
1640°C (heating rate 5°Cmin~!, holding time
15min). In order to prevent sodium losses, the
beta-alumina components were covered by an
a-Al,O; crucible, the inside of which was clad with
platinum foil, or under comparably inert condi-
tions. All beta-alumina components, green or fired
ones, were stored at ambient temperature under
flowing dry nitrogen.

2.4 Quality assurance and characterization
methods

The surface roughness of sintered bodies was
measured with the help of a Hommel tester
(Hommel-Tester P1, Hommelwerke, VS-Schwen-
ningen, Germany) resulting in two-dimensional
surface profiles with a resolution of 10 nm.

Geometrical control of beta-alumina tubes was
performed using tools from ABB Hochenergie-
batteriec GmbH. Besides the wall-thickness, espe-
cially the diameter of the sintered tubes was
controlled circumferentially at three different posi-
tions, namely at the closed end, in the middle and
at the open end (using an automatic laser-based
system; the same used for the company’s standard
in-line process quality control procedure).

The ionic resistivity was measured with tube cut-
offs of 80mm length; end faces were graphite
coated; measuring frequency was 1MHz; test
measuring temperature was 350°C. These tests
were sufficient for the comparison of the resistivity
levels of dry-pressed and electrophoretically
formed components within the scope of this paper
(cf. Ref. 7 and references therein).

3 Results and Discussion
3.1 Powders and powder processing

3.1.1 Viscosity

The influence of different dispersing agents on the
viscosity of a beta-alumina suspension is given in
Fig. 1. With appropriate dispersing agents (elec-
trolyte C-3,6,9-trioxadecanoic acid), the addition
of such an agent can be kept as low as 0-2mass%
to assure a low viscosity. The viscosity remains low
over an extended range of contents of dispersing
agent. Polymer B [(acrylic ester/acrylamide) copo-
lymer] leads to suspensions with intermediate sta-
bility. The viscosity decreases with increasing
admixture of dispersing agent, but the decrease is
not nearly as fast as with electrolyte C and not as
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Fig. 1. Influence of three different dispersing agents (polyelec-

trolytes A, B, C; cf. text) on viscosity of a beta-alumina sus-

pension (70mass% of powder in 2-propanol; addition of

dispersing agents is given in mass% relative to powder mass in
a suspension; shear rate 200s~!).

effective. Polyelectrolyte A [(acrylic acid/acrylic
ester) copolymer] only shows reduced efficiency in
the very restricted range of contents of dispersing
agent between 1 and 1-5mass%.

Dispersing aids with an inherent binding effect
would have been preferred so that addition of spe-
cial binders for increased green strength of the
consolidated bodies could have been avoided.! But
for beta-alumina suspensions, dispersing aids with
very effective binding performance could not be
found due to the very basic nature of these sus-
pensions. It was found, however, that atmospheric
humidity had some strengthening effect through
the adherence of powder particles via sodium
hydroxide formation at powder particle surfaces.

With the most effective dispersant (electrolyte C),
the solids content may be increased to 75 mass%
(48 vol%) with still acceptable thinly flowing and
pourable suspensions (see Fig. 2).

3.1.2 Particle size distribution

Figure 3 shows the particle size distribution of
beta-alumina powder in 2-propanol (with 3,6,9-
trioxadecanoic acid as dispersant) as an unfrac-
tionated suspension and after two stages of
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Fig. 2. Influence of solids content on viscosity of beta-alumina
suspensions [solvent: 2-propanol, 1mass% 3,6,9-triox-
adecanoic acid (relative to powder mass); shear rate 200s™'].

dso/um
— unfractionated 0.97
wanrwe. Pre-sedimentation time Sh 0.89
—— pre-sedimentation time 24h  0.79

Relative frequency distribution

. - " o srun s P
0.1 1 10 um
Effective particle diameter (um)

Fig. 3. Particle size distribution of beta-alumina powder in 2-
propanol (dispersing aid 3,6,9-trioxadecanoic acid) as unfrac-
tionated suspension and after two stages of pre-sedimentation.

pre-sedimentation. Sedimentation and separation
of the coarser particles clearly reduce the ratio of
oversized powder particles without further affect-
ing the shape of the distribution curves.

3.2 FElectrophoretic deposition (EPD)

Figure 4 shows the deposition rate for the EPD of
beta-alumina against current density for different
solids contents. Deposition rates are 0-5 to
1-0mm min~! for typical experimental conditions
(50 mass% powder, 80 to 300 uAcm™2 current
density). Higher deposition rates of up to
10mmmin~! can be achieved easily for higher
solids contents and higher current densities.

3.3 Characterization of deposited, dried and
sintered bodies

Sizes of the deposited green tubes were 100 to
300mm length, 30 to 35mm diameter and 2mm
wall thickness. Sintered beta-alumina tubes are
shown in Fig. 5.

Deposition rate {mm/min]

0 400 800 1200 1600
Current density [HA / cm?]

Fig. 4. Deposition rate for the electrophoretic deposition of
beta-alumina powder in 2-propanol with 1mass% of 3,6,9-
trioxadecanoic acid as dispersant against current density for
three different solids contents (ll: 36-0 vol.%/70 mass%,; <:
19-5vol.%/50 mass%; A: 5-7vol.%/20 mass%).
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Fig. 5. Electrophoretically produced and sintered beta-alu-
mina tubes (sugar lump dimensions 34x10x16 mm?> length/
width/height).

3.3.1 Density, microstructure, phase content,
conductivity and surface quality

The green density of electrophoretically shaped
bodies is 56:5% (1-85gcm—3), fired densities are
99-4% (3-25gcm™3). The mean grain size of fired
components is 3 um, when fired at 1620°C—with-
out any exaggerated grain growth. The micro-
structure of electrophoretically shaped tubes is
more homogeneous than the microstructure of dry-
pressed tubes which show some tendency to
exaggerated grain growth. The phase content of
electrophoretically and dry-pressed samples is
identical, as the same powder source and firing
conditions were used.

The electrical conductivities of the samples tested
(3-7...44Qcm at 350°C) did not differ from the
conductivities of dry-pressed samples from the
same powder source when fired under identical con-
ditions. This is not surprising because they were of
the same chemical and phase composition, and gen-
eral microstructure after sintering was comparable.

Figure 6 shows the surface roughness of an elec-
trophoretically shaped beta-alumina tube in com-
parison to that of a dry-pressed tube. As the
achieved level of improvement of ceramic quality
cannot be quantified significantly by average
values, the surface roughness measurements have
been analysed as roughness dynamic or maximum
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Fig. 6. Surface roughness of an electrophoretically shaped
beta-alumina tube in comparison to that of a dry-pressed tube.

roughness rm, i.e. vertical distance between highest
and lowest point of the roughness profiles mea-
sured along a 25 mm length of the tube surfaces. In
the case of an electrophoretically shaped tube, rm
is 12 times smaller than in the case of a dry-pre-
sssed tube (0-53 um against 6-3 um).

3.3.2 Homogeneity and strength

Figure 7 shows strength data for beta-alumina
tubes, which had been either dry pressed from
spray-dried powder or electrophoretically shaped
from stable suspensions without sieving or electro-
phoretically shaped from stable suspensions with
additional sieving of the suspension prior to filling
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Fig. 7. Strength data (internal pressurization) for beta-alu-
mina tubes originating from different manufacturing processes
[A: dry pressed from spray-dried powder (o.=175MPa;
m=9); @: electrophoretically shaped from stable suspensions
in open vessel, unsieved (o.=200MPa; m=7); H: electro-
phoretically shaped from sieved stable suspensions in cleansed
& closed vessel (o.=260 MPa; m=7); P=probability of frac-
turej.
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it into the ‘cleansed & closed’ consolidation com-
partment. Highest strengths were achieved from
sieved stable suspensions filled into a ‘cleansed &
closed’ apparatus (o.=260MPa) versus 200 MPa
for electrophoretic shaping from stable suspensions
without further treatment and 175 MPa for con-
ventionally dry-pressed tubes.

For the wet-processed samples without addi-
tional sieving and cleansing, fracture origins of 10
(out of 11) samples were within the bulk. For those
samples processed with additional sieving and
cleansing, fracture origins of 8 (out of 10) samples
were at the outer surface (electrode side).

Fractographic analysis showed that sizes of the
fracture origins of the tested electrophoretically
shaped tubes, even when prepared under sieved
and cleansed conditions, are still substantially lar-
ger (60 um) than the mesh size of the sieve used
(20 um). In contrast to the results with zirconia
suspensions,! all cleansing efforts could not reduce
the fracture size closer to the mesh size.

Fracture origins larger than the mesh size could
have developed during drying or firing as a con-
sequence of reagglomeration after sieving or resi-
dual agglomerates,®® perhaps intensified by the
micaceous morphology of the beta-alumina pow-
der used. In order to check further whether the
typical fracture originating flaws had developed
during sintering, additional strength tests were
performed with ‘semi-fired’ tubes (fired at 1400°C).
The fracture origins of these tubes showed no sig-
nificant difference of size and appearance against
the fracture origins of fully fired tubes. Therefore it
can be concluded that firing (at least above
1400°C) had no significant influence on flaw size.
Fracture origins may still come from the powder
itself, e.g. from residual agglomerates or from re-
agglomeration. This was not tested further.

4 FElectrophoresis as an Industrial Deposition
Process

Before this novel electrophoretic deposition process
can be introduced into an industrial production
environment, three further quality criteria—
beyond materials quality—must be checked,
namely reproducibility, production time and cost.

4.1 Reproducibility

In order to be able to check the reproducibility of
the electrophoretic deposition conditions, deposi-
tion electrodes were manufactured with dimensions
that were based on the known shrinkage parameter
of 17-2% of the selected powder charge and sus-
pension. Target dimensions of beta-alumina tubes
are 25cm length and 25-64mm outer diameter

according to the standards for the electrolyte cera-
mics for the sodium-sulfur high-energy battery of
ABB Hochenergiebatterie GmbH. Fifteen tubes
were produced under standard conditions (see
above), from which 13 whole tubes were obtained
after firing. For 10 of these tubes, maximum and
minimum values of the diameter readings at the
selected three control positions are displayed in
Fig. 8. Except for three open end readings, all the
values are within the required tolerance width of
A= £0-18 mm.

4.2 Multiple apparatus

A basic process variable that is critical for any
process cost estimate is process time or through-
put time. Serial production of single tubes through
wet electrophoretic consolidation, as discussed
hitherto, can never be an economic process. But
the electrophoretic deposition process easily allows
parallel production.

The applicability of the colloidal electro-
phoretic deposition process to parallel or multiple
production, therefore, was checked in a first step
with a custom-made apparatus that allowed the
deposition of five long (25cm) tubes at a time. A
principal drawing of this apparatus is shown in
Fig. 9. The hollow electrodes have been mounted
into a rig that allows the electrodes to be turned
upside down as well as to be moved up and down.

The apparatus is filled through a central filling
tube with the tubular electrodes in their starting
position (closed end downwards). After electro-
phoretic deposition has then arrived at the desired
wall thickness, voltage is switched off and the
whole apparatus is turned by 180°, so that the
residual suspension may flow out of the deposition
compartments. The apparatus is turned backwards
and the filling head and the counter electrodes are
removed. The apparatus is turned again, so that
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Fig. 8. Maximum and minimum values of the diameter read-

ings of electrophoretically consolidated beta-alumina tubes at

three selected control positions (ll: closed cap; @: center; A:
open end).
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Fig. 9. Schematic drawing of the multiple deposition apparatus showing the three main production steps, filling/forming, emptying/
pre-drying, deforming.

the consolidated body may slip out of the electrode
compartment towards the table top (approximately
1 to 2cm below) while drying. The deposited green
bodies are allowed to dry at room temperature for
15min, then are dried at 60°C for another 30 min,
before the apparatus is slowly moved upwards,
with the dried green bodies gliding out of the hol-
low electrodes.

First tests of the multiple deposition apparatus
were done at deposition voltages between 400 and
500V (equivalent to electric field strengths between
400 and 500V cm™!; deposition currents of 70 to
80mA). The deposition time was 3 to 5 min. Fig. 10
shows the multiple deposition apparatus just
before the end of the deforming step and a first

series of deposited dried green bodies outside the
apparatus.

4.3 Cost

To check whether further investigations of this new
method are justified, a first rough cost comparison
was made. Assuming the production of 14 million
tubes over 12 years, the investment cost plus
material, energy and labor costs were estimated.
The estimate was done for three different shaping
methods: electrophoretic deposition from fine
stable suspensions (e.g. using 5 parallel 20-tube
multiple deposition apparatus), large-series iso-
static dry-pressing and slip casting. An 85% yield
of the production process were assumed for all

B R s

Fig. 10. Photography of the multiple deposition apparatus just before the end of the deforming step and a first series of deposited
dried green bodies outside the apparatus.



EPD from stable colloidal beta-alumina suspensions 691

three processes. This comparison showed'? that, in
addition to its quality advantages, EPD could also
become economically competitive.

EPD is semi-fast, but parallel multi-deposition is
easy to achieve. Energy requirements for electro-
phoretic deposition are low, as it is only 2 kWh per
1000 kg of solids for the above deposition rates and
current densities. This is substantially lower than
the energy requirement for pressure-assisted shap-
ing methods. Dry-pressing is fast and does not
need a drying step, but it requires expensive pres-
sure machinery. Slip casting is lengthy with
reduced lifetime of tools. At equal yield, the esti-
mated overall cost per electrophoretically produced
tube should, therefore, be equal to the cost per
tube for dry-pressing and lower than the cost per
tube for slip casting.

5 Summary and Conclusions

Functional ceramics such as beta-aluminas require
high microstructural homogeneity. For such cera-
mics, wet shaping from stabilized suspensions of
deagglomerated fine powders is an advantageous
means to overcome quality deficiencies inherently
connected with hitherto used dry powder pressing
or with conventional slip casting or with electro-
phoretic deposition using non-stabilized suspen-
sions of agglomerated powders.

Electrophoretic deposition (EPD) starting from
fine stable powder suspensions is a shaping method
which fits the above concept. Best results have been
achieved under controlled conditions comprising
preparation of deagglomerated and fractionated
stable powder suspensions and filtration into
closed cleaned deposition vessels.

After previous investigations of the consolida-
tion of alpha alumina components'! (and other
references in Ref. 1) and of zirconia components,’
the method has now been applied to tubes made
from beta-alumina powders, and a first step has
been taken to develop it further from a laboratory
to an industrial scale. Strengths achieved for beta-
alumina samples were less than those for alumina!!
and zirconia' samples prepared under comparable
conditions. The electrophoretically shaped beta-
alumina tubes produced from sieved suspensions
had a characteristic strength of 260 MPa and a
Weibull modulus m=7 (calculated from burst-
testing of whole tubes) against 175 MPa and m=9
for dry-pressed tubes.

A multiple deposition apparatus, which allows the
deposition of five tubes at a time, has been devel-
oped and was tested with beta-alumina. A rough
first-estimate cost comparison for EPD with other
forming methods was based on these results and

showed that the EPD from fine stable powder sus-
pensions has the potential to become competitive for
industrial-scale manufacturing at better quality.
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