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Electrophoretic deposition of YSZ coatings on Ni-metalliz ed NiO YSZ
cermet substrates
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The possibility of electrophoretic depositiofEPD) of a yttria-stabilized zirconigYSZ) coatings onto non-
conducting NiO YSZ porous cermet substrates was shown. Pre-metallizatfoNiO-YSZ substrates by thermal
vacuum spraying of N{0.14 mg/cri) was used. For the first time, the possibility of effectivelyrrying out the
EPD process on thermal vacuum-coated metallized substrhgs been shown. The feasibility of the EPD process
at low voltages(40V) was shown, with YSZ coating thicknesses of 85 and #4 before and after sintering
(1400 C), respectively. The proposed combination of EPD and themwaalium spraying technologies is promising
in the field of forming ceramic coatings on porous non-cocitilte substrates and is relevant for applications in the
field of creating solid oxide fuel cells.
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Introduction accelerate processes of degradation of all components of
the SOFC cells, including reduction of conduction of the
Hydrogen power engineering is one of the actively electrolyte due to microstructure changfsj. Applying of a
developing fields among systems of power generation andthin-film electrolyte membrane on a bearing porous anode
conversion due to high specific mass energy capacity ofmakes it possible to reduce ohmic resistance of the solid
hydrogen, a capability of transition to renewable energy electrolyte, thereby enabling reduction of a SOFC opemtin
sources and arising environmental advantagéls Solid  temperature. Various methods are applied for forming
oxide fuel cells(SOFQ are designed to directly convert the thin-film layers, including electrophoretic depositi
chemical energy of hydrogen of hydrocarbon fuel into elec- (EPD [6,7], a method of dipping in combination with a
tric energy as a result of an electrochemical reaction with sol-gel technology8] and reactive magnetron sputteririg].
an qxidizer. SQFC batteries can be applied as i_ncluded in EPD is one of the promising methods due to simplic-
hybrid power units that comprise gas or vapor turbirj2s3. ity of technological implementation, scalability and high

It includes description of an approach to creating hybrid . ; : -
units that are highly-efficient in terms of power and combine performance both in laboratory and industrial conditions.
EPD of the film coating is performed to a conductive

the gas or vapor turbine, which functions to convert . ) e . .
thermal energy into mechanical one when afterburning fuel electrode that is placed in a liquid suspension of an applied
powder material when the main electrode and the counter

components supplied into a combustion chamber after being ) . : _
transmitted through the SOFC battery. electrode are energized with a difference of potentialse Th

Up to now, for a solid electrolyte of the SOFC cells the surface of the _particles .dispersed in the liquid medium
most widely used is yttrium-stabilized zirconium dioxide NaS @n excessive electric charge due to formation of a
(YS2). Advantages of this electrolyte material include high d0uble electric layer thereon, thereby resulting in an efife
resistance to an oxidative and a reducing atmosphere within®f €lectrophoresis of particles, i.e. their motion in the
a wide temperature range, mechanical strength, a very lowexternal electn(_: field and subseque.nt deposition to the
level of electron conduction. At the same time, SOFC €lectrode. During EPD, the charge is transferred from a
efficiency with the YSZ electrolyte is achieved at quitethig region of forming of the coating on the substrate surface
temperatures(800 C 1000 C), when a required level of 1O the electrode. The best conditions for charge transfer
ion conduction is provided 0:1S/cn). occur when the substrates have their own conduction,

Doping zirconium dioxide with 8 mol.% of yttrium oxide ~for example, during EPD of the solid electrolyte layer to
makes it possible to achieve a maximum value of ion con-cathode substrateld0].
duction and to stabilize a high-temperature cubic phpe In order to deposit to non-conducting dense substrates,
At the same time, the high temperatures 1000 C) pre-formation of conductive layers, for example, plat-
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inum [11] is applied on their surface and a conductive order to improve deposition, since the effective charge of
polymer layer of polypyrrole is synthesized as wglR,13. the particles increased due to generation of protons in the
EPD can be performed to non-conducting anode cermetsuspension during a reaction of iodine with acetylacetone.
substrates when their open porosity is enough - when theOriginating protons specifically adsorbed on the particle
charge is transferred during EPD in a suspension-filledsurfaces, thereby contributing to an increase of theircfie
porous space of the substraf@4] under application of charge[11]. The suspensions were dispersed for 30 min in
quite high voltage| up to 200V [15]. In this case, an ultrasound bath TDRFORCE Ultrasonic cleaner at power
nonuniformity of distribution of pores over the substrate of 50W and an emitter frequency of 22kHz. EPD was
surface directly affects nonuniformity of the coating being performed in a deposition bath, which included a cassette
formed during EPD. In the studf16], Hosomi et al. applied with the cermet NiO YSZ substrate fixed therein, with

a method of spraying a graphite layer of the thicknessthe conductive nickel sublayer or with a nickel plate. The
of up to 1 m onto the surface of the cermet NiOYSzZ cathode was the cermet substrate and the anode was a
substrate. The authors applied graphite spraying both tostainless steel plate. A distance between the electrodes
a front and a reverse side of the cermet substrate withwas 10 mm, and the size of the electrodes was 100 mm.
subsequent formation of the YSZ layer by the EPD method. The anode porous NiOYSZ substrates were produced
Hosomi et al. noted nonuniformity of application of the YSZ by joint rolling with the NiO/YSZ content-1: 1 with addition
layer in case of the front graphite sublayer; when placingof 10 mass.% of starch. The thickness of the NNBZ

the graphite layer at the reverse side they could produce thesubstrates was 400 m. They were sintered at the
YSZ electrolyte layer of the 5m thickness with deposition different temperature$ 1400 C and 1500 C in order to
voltage of 400 V. The above-described methods of formingidentify influence of porosity of the anode substrates on a
surface electric conductivity of the substrates do not gisva morphology and the thickness of the applied YSZ layers.
allow achieving deposition of the solid-electrolyte umifo Two deposition methods were applied, i.e. direct
layer during subsequent EPD due to nonuniformity of the deposition of YSZ to the non-conducting porous Ni@SZ
conductive layers, their porosity, an insufficient or essie  substrate with arrangement of a Ni foil of the 10
thickness, low conduction. thickness at the reverse side of the substrate; deposition

The present study is aimed at searching solutions toby the second method included pre-application of the
EPD on the SOFC cermet porous anode substrates, whichconductive nickel layer of a specific weight 100 g/cn? by
are based on pre-formation of both surface and volumethermal vacuum spraying to the reverse side of the cermet
conduction of the porous substrates using the technologysubstrate. Thermal vacuum spraying of Ni was made in
of thermal vacuum spraying. The present study hasa vacuum chamber at residual pressure of1® ? Pa, the
investigated structural and morphological differences of spraying time of 1 min and a resistive tungsten evaporator’s
the electrophoretically-deposited YSZ layers on the non-current of 140 A. The thickness of the sprayed nickel films
conducting porous NiO YSZ substrates using the nickel was measured using a Linnik microinterferometer Mll-4M
sublayer and the metal nickel electrode. (,LOMOQO", Russian) on model Sitall substrates.

EPD of the YSZ layers to the NiOYSZ substrates was
performed in a mode of constant voltage of 40V for 5 min.
The produced samples were dried in a Petri dish for 24
hours. The deposited YSZ layers were sintered in a furnace
LHT-04/18 (Nabertherm, Germarly at the temperature
1300 C and 1400 C for 3h.

The microstructure and the morphology of the YSZ

1. Experimental part

The YSZ coatings were formed by EPD by applying
powders of two types, namely, a commercial YSZ powder
of the DTsl-1 gradg(OJSC ChMZ, Russiadesignated as

YSZ-1 and a YSZ-2 powder produced by controlled two- . ) . .
jet deposition by ammonigthe powder material is proved coatings were studied by Scanning Electron Microscopy

by M.A. Mashkovtsev, UrF [17]. Particles of the initial (SEM) _in a micros_<_:0pe VEGA CompadiTESCAN, Czech
YSZ-1 powder had the average size of 8. The YSZ-1 Republig. A specific surface of the powders was measured

powder was ground in a planetary m{lFritsch Pulverisette in the BET method using a TriStar 3000 ur{iicromerit-

at the rotational speed of 500 rpm for 4 h. The average sizeics’ Germany.  X-ray diffraction analysis(XRD) was

of the particles of the initial YSZ-2 powder was 1/ and  Performed ina Miniflex 600 diffractometiRigaku, Japah
it was ground in the planetary mill at the rotational speed

of 500 rpm for 5h. An increased grinding time was applied 2. Discussion of results

for the YSZ-2 powder in order to increase its dispersity.

Suspensions of the powders YSZ-1 and YSZ-2 were Grinding of the initial commercial YSZ-1 powder in the
prepared using a mixture of acetylaceton@R) and planetary mill for 4 h makes it possible to reduced the
isopropanol(CP) in a ratio of 1:1. A concentration of the average particle size from 80 to:® m (Fig. 1,a). The
prepared suspensions was 65¢g/l. The suspensions YSZ-4pecific surface of the YSZ-1 powder after grinding was
and YSZ-2 were supplemented with 0.6 vol.% of an aqueous8.3n¥/g. The YSZ-2 powder was ground in the planetary
solution of molecular iodinéthe concentration of the iodine  mill for 5h. The increased grinding time and a finer average
solution was 0.1 mol)l Molecular iodine was introduced in particle size of the initial YSZ-2 powddl5 m) made it
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Figure 2. SEM images of the surface of the produced YSZ-1 layers on ti@ NYSZ substrate beforéa) and after sintering at the
temperature of 1300C, 3h (b) as well as a transverse cleavage of the samples with the Y&&afing on the cermet substrate after
sintering at the temperature of 130C (c).

possible to reduce the average particle size after grindingand the transverse cleavage of the YSZ-1 coating after
to 0:25 m (Fig. 1b). The specific surface of the YSZ-2 sintering. According to the SEM datéFig. 9, the YSZ
powder after grinding was 27.3%y. particles exhibit partial sintering with each other.

According to the XRD data, the initial commercial YSZ-1  According to the XRD data, the formed ceramic
powder contained three phases: 73weighi% a cubic  YSZ-1 coating consists of two phases. The main phase
structure of the solid solution(ZrO2)o.gs(Y203)0:12 With (96 mass% | zirconium dioxide stabilized by yttrium
the space group Fm3n{225 and the lattice parameter oxide has a tetragonal structures with the crystal lattice
a = 5:131A; 20weight%| a tetragonal structure of the parametersa = 3:624A and c = 5:127A. The secondary
solid solution(Zr0O3)o:972(Y203)0:028 With the space group phase(4 mass%/| zirconium dioxide; it has a cubic lattice
P42/nmc(137) and the lattice parametes= b = 3:607A, with the parameter = 5:152A.

c = 5:182A; 7weight% ZrQ | a monoclinic structure In order to prepare the second sample for EPD, the
with the space group P121/c(14) and the lattice parame- substrate was metallized by spraying Ni to the reverse side.
tersa = 5:143A, b= 5:213A andc = 5:300A. According  The nickel layer was sprayed in vacuufthe residual vapor

to the XRD data, the initial YSZ-2 powder was a single- pressure in the chamber was 10Pg) by thermal vacuum
phase one and characterized by the cubic structure withspraying. During spraying, the evaporated vapor of the
the space group Fm3n{225 and the lattice parameter metal condense on the substrate surface in the form of a
a = 5:138A. uniform layer, thereby providing electric conductivity tie

Direct EPD from the YSZ-1 suspension to the porous surface of the porous NiOYSZ cermet.
cermet NiO YSZ substrate during its arrangement onto  Preliminary experiments were performed to determine a
the electrode(Ni-foil) made it possible to produced the dependence of the thickness of the sprayed nickel coating
deposited YSZ layer of the 5m thickness(Fig. 2. The on the charge mass in the evaporator of the thermal
deposited YSZ-1 layer was sintered at the temperature ofvacuum spraying unif{Fig. 3. The obtained dependence
1300 C for 3h. Fig. 2 shows SEM images of the surface was linear, on its base we selected a value of the charge
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800 substrate for subsequent EPD of the main layer of the solid
o YSZ-2 electrolyte. Experiments were taken to determine

= 700r the dependence of the thickness of the YSZ coating on
g 600+ the EPD time (voltage of 40V on the nickel-metallized
@ NiO YSZ substrate that was pre-sintered at the temperature
% 500 ° of 1400 C (Fig. 5.
£ 400} For subsequent deposition of the YSZ-2 layer, the mode
o of constant voltage of 40V, 5min was selected. The
= 300r YSZ-2 layer was applied in the above-said method to the
3 200} anode substrates that were preliminarily heat-treated at th
zZ temperatures 1400C and 1500 C (2h). The YSZ-2 layer

100f was sintered at the temperature of 1400, 3h. An applied

0 ! experimental diagram with combination of the technology

1 1 1 1
0 0.02 004 0.06 0.08 0.10 0.12 of Ni-layer thermal vacuum spraying and EPD of the YSZ
Material hinge mass coating on the cermet NIOYSZ substrate is shown in

Figure 3. Dependence of the nickel coating thickness on a Fig. 6. ) . . )
material charge mass in the evaporator of the thermal vacuum Accordlng to the SEM datdFig. 7),_ th? particle size of
spraying unit. the deposited YSZ-2 layer before sintering was0:5 m,

while sintering at 1400C exhibited grain enlargement and
partial sintering of the coating that remained porous.

It was detected based on the XRD results that the
mass for Obtaining the minimum required thickness of the formed ceramic Coating had a Sing|e-phase structure of
coating in terms of obtaining a solid nickel layer on the zirconium dioxide stabilized with yttrium oxide, with the
model substrateSital), which provided conduction of the cubic structure and the lattice parametex = 5:146A.
substrate surface. It was determined that the requiredBased on the SEM results, the thickness of the ceramic
thickness of the nickel coating was 110 nm at the charge YSZ-2 coating was determined on the transverse cleavages
mass of 0.01g with the fixed spraying time of 1 min. It of the samples produced on the substrates with the pre-
was experimentally found that an increase of the sprayingsintering temperatures 140@ and 1500 C (Fig. §. It was
time resulted in formation of thicker conducting layers that detected that the thickness of the YSZ-2 coating signifigan
demonstrated susceptibility to delamination. depended on the pre-sintering temperature of the initial

The SEM data(Fig. 4 of the surface of the NiOYSZ cermet NiO YSZ substrate. With the increase of the
samples with the sprayed conducting nickel coating demon-substrate pre-sintering temperature, the thickness of the
strated that fine Ni particles with the average size200nm  deposited coating decreasésee Tablg
were formed on the surface of the substrates. It was found that the thickness of the YSZ-2 coating

The Ni particles form a coating on the surface of the produced by the EPD method was determined by the
NiO YSZ substrate and penetrate its volume via a poreCermet substrate pre-sintering temperature and a pore
system, thereby providing origination of conduction of the morphology within its volume, which is due to a different

1,2 po— Bt D R, Do,

Figure 4. SEM images of the sample of the NiOrSZ substrate with the sprayed conducting nickel coatiad: the substrate surface;
b | the map of Ni distribution over the substrate surfacd; the map of Ni distribution over the transverse cleavage & shibstrate.
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100 Thickness before and after sintering of the YSZ-2 coatingtion
Ni-pre-metallized NiO YSZ substrate

o
o
T

Thickness of the formed
Sintering temperature coating YSZ-2, m

of the cermet NiO YSZ, C

Before sintering After sintering

Coating thicknessmm
(o))
o

1400 85 44
1500 66 17
40
202 : ' . . : . . pre-sintering temperature of 150€ the thickness of the

3 4Time5of degositiq?rmins 9 10 YSZ coating was 66 and 17m b(_efore and a}fter sintering
at 1400 C, thereby corresponding to shrinkage of the
Figure 5. Dependence of the thickness of the YSZ-2 layer on the coating in the thickness in 3.9 times. The noted difference
deposition time at constant voltage of 40V on the nickel-afieted of a shrinkage degree of the YSZ coating can be related
NiO YSZ substrate that was pl’e-sintered at the temperature Ofto more favorable conditions in case of the substrate with
1400 C. the pre-sintering temperature of 140C, for which the
more developed pore system improved both a deposition
rate as well as a packing density of the particles in the
nature of current-carrying paths within the substrate voki  coating, which was matched with reduction of shrinkage of
With the increase of the substrate pre-sintering tempeggtur the coating during sintering. We should note an advantage
its porosity decreases and a port shape changes, i.e. i@ terms of the deposition rate in the proposed method
predominantly spherical pore shape is replaced by a slit-0f EPD to the Ni-pre-metallized substrate as compared
like one, thereby complicating transfer of the electric gear t0 the method of direct EPD done without metallization.
during EPD. The more developed pore system in the For the metallized substrate, the deposition rate reached
substrate also contributes to better penetration of Ni wvapo 17 m/min, whereas during direct EPD the deposition rate
into the substrate volume when it is metallized by thermal was 1 m/min.
vacuum spraying. As can be seen from Table, the thickness
of the YSZ coating was 85 and 44n before and after Conclusion
sintering in case of deposition of the film to the substrate
with the pre-sintering temperature of 140C. The study has demonstrated that EPD of the YSZ coating
In this case, the film shrank in its thickness in 1.9 can be performed on the porous cermet Ni-metallized
times. On the other hand, for the substrate with the NiO YSZ substrate. The substrate was metallized by

4 )
Power supply
— NiO-YSZ substrate
— Ni layer - +

Steel counter

L electrode
Layer (anodg
YSZ
L Vacuum
chamber | Ysz
\_ /  suspension
Ni melt Electrode for
deposition
\_ ) (cathodé

Figure 6. Experimental diagram with combination of the technologyNiflayer thermal vacuum spraying and EPD of the YSZ coating
on the cermet NiO YSZ substrate.
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10mMm

10mMm

Figure 7. SEM images of the surface of the YSZ-2 coating deposited treémickel-metallized NiO YSZ substrate, beforéa) and after

sintering at 1400C, 3 h(b).

44 mm

100mMm

17 mm

50 nm

Figure 8. SEM images of the YSZ-2 layd400 C) on the Ni-
metallized NiO YSZ substrate with the pre-sintering temperature

of 1400 C (a) and 1500 C (b).
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thermal vacuum spraying of Ni, which contributed both
to surface and volume conduction of the porous substrate
due to deposition of Ni vapor and their penetration into
the substrate volume. It was demonstrated that the
process of EPD on the nickel-metallized substrate has
high performance, i.e. the YSZ coating of the 8B
thickness(before sinteriny was produced during deposition
in the mode of constant voltage of 40V, 5min on the
NiO YSZ substrate with the pre-sintering temperature of
1400 C. After sintering the YSZ electrolyte layer at the
temperature of 1400C the coating thickness was 44n.

It is demonstrated that the substrate pre-sintering mode
directly affects the thickness of the deposited YSZ layee du
to change of substrate porosity and the pore morphology
during heat treatment. In particular, an increase of the
substrate pre-sintering temperature to 15@ results in
change of the coating thickness, which was 66 and @v
before and after sintering, respectively. This is the first
time when a modification of the EPD method on the non-
conducting porous substrates is developed with applicatio
of the technology of metallization of their surface by thermal
vacuum spraying, which can be applied in a wide field of
applications, including the SOFC technology.
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