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ABSTRACT

The dense helium impermeable zirconia coating deposited on highly porous NiO-ZrO, substrate
with EB-PVD were studied with transmission and scanning electron microscopy. The plausible
condensation mechanisms of zirconia from its vapour phase onto zirconia and nickel oxide phases
of the substrate were established. The condensation of zirconia was identified as a two-stage
process with two mechanisms of growth, planar and cellular, similar to solidification from the liquid
phase. ZrO, condensation on ZrO, and NiO phases occurs with different routes. During the planar
growth on the ZrO,, the ZrO, film nucleates and grows up to ~0.3-0.5 um with no orientation
preference as continuous "layer by layer" defective film. The planar ZrO, film on the NiO of ~0.5-
0.7 um thickness is discontinuous and porous; it consists of oriented structurally perfect "islands".
The differences found are probably the result of differences in the melting temperature of ZrO, and
NiO, and Zr and Ni affinities to oxygen as well as their different behavior under high vacuum. The
deposition affected zone surrounding the ZrO, nucleation site is established.

Keywords: Zirconia Ceramic Coating; Helium Gas-Tightness; Nucleation Mechanism; Growth

Mechanism; Thin Structure; Electron Beam — Physical Vapor Deposition.

1. INTRODUCTION

The task of deposition of a dense gas-tight
coating on porous substrate does arise at
production of different protective coatings and thin
electrolytes in solid oxide fuel cells (SOFCs). The
very idea of a dense and helium-gas tight coating
to be deposited on highly porous (>30 %) substrate
with electron beam — physical vapor deposition
(EB-PVD) technigue looks as unbelievable and
impossible.

Indeed, the observed structures of zirconia
coatings allow a gas impermeability doubt about
EB-PVD coatings, especially those that are
deposited on rough porous substrates. The
reasons of insufficient gas-tightness are rooted in
coating nucleation and growth.
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The available literature deals mainly with the
nucleation and the growth of films deposited on
perfect dense substrates. A few models (Volmer-
Weber — "island" or 3-D nucleation; Frank-Van der
Merwe — ideal epitaxy or "layer by layer"; and
mixed model by Stranski-Krastanov, SK Growth) of
epitaxial film growth [1,2] and four stage
microstructural evolution (nucleation, islanding,
channel filling, and continuous film growth) based
on structural studies of film surfaces at different
stages of their growth are well developed [2,3], as
well as many theoretical models of these
processes. As to the structure of thick films,
thermal barrier coatings (TBCs) mainly, models
developed or their combinations [4,5] are usually
accepted.

Historically, the EB-PVD has been widely used
to fabricate ceramic TBCs. Now, this method is
well-developed. The major advantage of this
technique in the case of SOFC electrolyte
deposition is production of continuous zirconia
layer on highly porous substrate like NiO-ZrO,
anode composite. Electrolyte film must be
impermeable for gases (fuel and air) that is as the
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main  prerequisite reliable  SOFC

operation.

EB-PVD is a promising process that might
enhance the electrochemical performance of
SOFCs. EB-PVD deposited thin layers contribute to
the SOFC lifetime increase and their cost
reduction. It was found that SOFC based on
electrolyte made of 1Cel0ScSZ zirconia, cubic
structure of which is stabilized with 10-mol. %
Sc,0; and 1-mol. % CeO,, deposited by EB-PVD
have demonstrated an area specific resistance of
~0.6 ohm-cm® at 600 °C and a He leakage rate
below 10 mbar-l.cm™.s™ [6]. The conductivity of
EB-PVD deposited films on a NiO-8YSZ anode is
~50 % higher than that of layers made with
traditional SOFC technology [7].

For a long time, however, this technique could
not meet high SOFC requirements as to the gas
leakage after NiO-ZrO, reduction and transfor-
mation of NiO-ZrO, ceramic composite into its Ni-
ZrO, cermet. The fast electron beam evaporation
and subsequent vapor phase condensation on the
substrate result in creation of structure hetero-
geneity and porosity that may affect coating
properties. Porosity had an influence on electrical
conductivity and gas-tightness [8,9].

The reasons of such the dual contradictive
behavior of EB-PVD coatings was unclear and
have required an additional research.

In present work, structure of very perspective
Ceria doped Scandia Stabilized Zirconia
(1Cel0ScSZ) electrolyte film deposited on highly
porous (>30 %) substrate by EB-PVD technique
has been studied. The purpose of the study was to
examine the structural features in the zone of the
transition from the porous NiO-8YSZ substrate to
the dense EB-PVD 1Cel10ScSZ film, or the zone of
the anode-electrolyte interface (AEl), in order to
establish the nucleation and growth mechanisms
and structural features of electrolyte films formed at
EB-PVD.

ensuring

2. EXPERIMENTAL

The 1-mol. % CeO, — 10-mol. % Sc,03 — ZrO,
co-deposited powder used in the experiments
described here was developed by Prof. Victor
Vereshchak and produced at Vil'nohirs'k Mining &
Metallurgical Plant, Ukraine. The doping of the
zirconia with ~0.5 wt. % SiO, and ~0.025-wt. %
Al,O3, as well as the nano size (10-20 nm) of the
initial particles are chemical and structural features
of the powder, which insures high electrical
conductivity at its SOFC electrolyte application [10].

Porous (20-25 %) 1Cel0ScSZ cylindrical
powder compacts of &12-15 mm and 10-15 mm
height were prepared with uniaxial pressing and
subsequent sintering at 1200 - 1300 °C for 1 hour
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in air and then used as ingots in the EB-PVD
process. For deposition, the VU-2M installation
(Smorgon, Belarus) operating under hydrocarbon
free vacuum (10'5 Pa) was used.

1Cel0ScSZ electrolyte films of 9, 20 and 65
pm thicknesses were deposited. The substrate
temperature during the deposition process was
either 700 or 900 °C. Samples were annealed for
1.5 hour in air at temperatures in range of 700 to
1200 °C.

Thick (1 to 1.5 mm) porous NiO-8YSZ pellets
containing ~30 um dense electrochemically active
NiO-8YSZ anode layer were used as substrates. It
could be reasonable to assume that during cooling
after the EB-PVD process of applying the
electrolyte film a mechanical stress develops in the
plane of the AEI due to differences in thermal
expansion of electrolyte layer and substrate. This
stress might lead to delamination of the electrolyte
film from the support. In fact, in-plane stresses are
larger for thin films, however, since the fracture is a
result of the elastically stored energy; thicker films
are more prone to fail due to delamination. The
available results suggest an optimum film thickness
of ~10 um, which is chosen mainly based on
electrochemical requirements along with the need
to obtain a gas-tight film.

The crystalline structure was studied with X-ray
diffraction (XRD) using DRON, Burevestnik, RF

The structural characterization of the samples
was carried out on cross-sections with scanning
electron microscopes (SEM, Carl Zeiss CMI SEM
LEO 460 and Hitachi SU-70, 2-10 kV). More
localized structural investigations were based on
scanning transmission electron microscope (STEM,
Hitachi HD-2700, 200 kV). The thin foils for STEM
investigations were prepared using the Focused
lon Beam (FIB, Hitachi FB 2100) technique.

Gas leakage of 60 x 60 mm? fuel cells was
tested with the single cell test facility at Jilich
Research Center, Germany, according to their
standard testing procedure using helium gas.

3. RESULTS AND DISCUSSION

3.1. Structure revealed at a micron level

A polished cross-section of the transitional
zone between the electrolyte film and its NiO-ZrO,
substrate (AEl zone) shows that the EB-PVD film
has a directional and laminar structure (Fig. 1).

It is seen that the substrate is well covered by
zirconia film in spite of its rather big pores. With
respect to structural features, columns and
filaments, nano- and microlaminae, cracks between
filaments and groups thereof and pores can be
discerned. The interface line is discontinuous; it is
interrupted by pores as it is seen in areas
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highlighted by the white ellipses. Some less
structured layer with a lighter color can be

distinguished also in the electrolyte zone nearest to
the anode.
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Figure 1 - SEM image of polished cross-section of
the anode - electrolyte interface zone obtained with
backscattered electrons. In the anode part, white
areas are ZrO, (1Cel0ScSZ) phase; light grey
ones are NiO phase; black areas are pores. In the
electrolyte part, filaments (1), bushes of filaments
and nano- and microlaminae (2) are clearly
recognized. Black areas are interfilament cracks
and pores. A lighter stripe bordering the NiO-
1Cel1l0ScSZ composite can be clearly discerned.
Ellipses highlight areas with interface
discontinuities resulting from the nucleation in
groupings of cell/filaments (bushes) [11].

A § A/ B
\| JEB-PVD 1Ce10ScSZ

Figure 2 - SEM image of the anode-electrolyte
interface zone revealed in a fracture cross-section
of the NiO-8YSZ anode substrate — 1Cel10ScSZ
EB-PVD electrolyte film obtained with secondary
electrons [11].

Fig. 2 displays the SEM image of a fracture
cross-section of the ~65 pum thick film that has
been fractured in a bi-axial bending test. As it is
seen, the electrolyte film has a well-defined
columnar nano-structure and has failed at the
transcolumnar cleavage with some intercolumnar
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fracture that implies rather high adhesion between
the columns. It is remarkable, that the transition
from porous to visibly non-porous state occurs at a
film thickness of 2 to 3 um.

It is seen that the substrate is well covered by
zirconia film in spite of its rather big pores. With
respect to structural features, columns and
filaments, nano- and microlaminae, cracks between
filaments and groups thereof and pores can be
discerned. The interface line is discontinuous; it is
interrupted by pores as it is seen in areas high-
lighted by the white ellipses. Some less structured
layer with a lighter color can be distinguished also
in the electrolyte zone nearest to the anode.

Fig. 2 displays the SEM image of a fracture
cross-section of the ~65 pm thick film that has
been fractured in a bi-axial bending test. As it is
seen, the electrolyte film has a well-defined
columnar nano-structure and has failed at the
transcolumnar cleavage with some intercolumnar
fracture that implies rather high adhesion between
the columns. It is remarkable, that the transition
from porous to visibly non-porous state occurs at a
film thickness of 2 to 3 um.

It can also be seen that the porous structure of
the anode is well covered by the electrolyte layer.
There are no visible delamination cracks along the
interface between the film and its NiO — 8YSZ
substrate that might eventually lead to SOFC
failure. The EB-PVD film has no visible porosity. It
can be seen also that the EB-PVD electrolyte film
on the porous NiO-8YSZ substrate grows like
bushes consisting of long branches, which have
nano-sized diameter.

3.2. Structure revealed at a submicron level

The structure of the AEl area of the
1Ce10ScSZ film formed on 8YSZ grains of the
anode (ZrO,-ZrO, AEI) after annealing at 1100 °C
is shown in Figs 3a-3c. It is seen that zirconia grain
of the substrate is covered by a continuous,
smooth, porous layer of 300 — 500 nm thickness,
which has no any other visible structure. This layer
is covered by columns or filaments those are
almost perpendicular to the AEI along all the visible
(~7-8 um) part. For more expression, the deposited
columns / filaments surround the supporting 8YSZ
grain like petals of daisy or sunflower.

The porosity of the 1Cel0ScSZ layer is high
and has no any visible order. The size of pores
displays a large scatter of values in the 10-60 nm
range.
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Figure 3 - STEM micrographs of a zone around the anode — electrolyte interface between 1Cel0ScSZ
electrolyte film deposited on 8YSZ (a,b) and NiO (d,e) grains of the porous NiO — ZrO, anode composite with
EB-PVD in the state after annealing at 1100 °C taken at two magnifications, and schematical reconstructions of
the 1CE10SCSZ structures observed on the 8YSZ (c) and the NiO (f) substrates. W — protecting W film, 1 —
rudimentary 1Cel10ScSZ EB-PVD nucleus [11]

The line of the 1Ce10ScSZ — 8YSZ AEI looks pores of around 10 nm size, which makes the AEI
smoothly curved; it consists of an uniform chain of easy visible. It is possible to assume that the
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electrolyte layer was amorphous and very defective
initially and the facetted pores in the layer have
arisen during annealing (Fig. 3b).

The investigated columns / filaments had about
100 to 300 nm diameters. They were separated by
discontinuous, longitudinal interfilament flaws of
100-200 nm width and a few um lengths.

Schematically, the structure of 1Cel0ScSZ film
on the 8YSZ substrate deposited with EB-PVD
described above is sketched in Fig. 3c.

With respect to the 1Cel0ScSZ — NiO part of
the AEI, the structural features are somewhat more
complicated as it is seen in Figs 3d-3f. In contrast
to the 1Cel0ScSZ — 8YSZ AEI, the 1Cel0ScSZ —
NiO AEI is not smooth. Moreover, it is discounti-
nuous and stepped. Its discrete parts or island are
dense, monocrystalline or polycrystalline (Figs 3d,
3e).

Fig.3d displays a few zirconia (1Cel0ScSZz)
dendrites, or bushes of columns / filaments, which
have nucleated on a NiO grain along ~3.5 um of its
boundary length. In contrast to the 1Cel0ScSZ —
8YSZ AEI, the zirconia dendrites have nucleated
here on some preferable crystallographic planes
like trees on a hill terrace. Zirconia dendrites seem
to nucleate and grow on the NiO substrate in one
direction, probably [100]. In full analogy with
bushes or trees, a trunk, branches / filaments, and
even some 1Cel0ScSZ root in the NiO substrate
may be distinguished. Moreover, the zirconia
trunks seem to root into the NiO grain (Fig. 3e).
The nucleation on preferable crystallographic
planes makes the 1Cel0ScSZ — NiO AEI line as
discontinuous and terraced. The area bordering to
the AEIl on the NIiO side has a different contrast
than the rest of the NiO grain, and contains a few
dislocations. The thickness of this area is around
0.5 um. It might be stated that the 1Cel10ScSZ-tree
was rooting into the modified part of the NiO grain.
Some 1Cel0ScSZ-trunks look as monocrystalline;
other trunks are polycrystalline, containing well-
visible facetted grains of ~100-300 nm size. Pores
between trunks along the line of their AEI as well
as other pores and cracks located between trunks
and their upper branch / filaments are observed.
Some underdeveloped nucleus is observed also on
the surface of the NiO grain inside the large pore
between two 1CelOScSZ trunks. The height of
trunks to their branching site is roughly around 0.5-
0.7 um. It is interesting that similar to usual trees,
the trunks of ZrO,-trees have also some well-visible
thickening near the NiO "ground”, i.e. at their very
base.

Schematically, the processes of nucleation and
growth of ZrO, film on the NiO substrate at the EB-
PVD process are sketched in Fig. 3f.

The presented data clearly show that vapors of
the 1Cel0ScSZ compound (later — just as
"zirconia" that also is meaning "cubic zirconia")
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produced with electron beam evaporation in a EB-
PVD process condense on the two solid phases of
the three phase substrate (two solid phases are
8YSZ and NiO, the third one is pores) with two
different mechanisms of the film nucleation and
growth. By other words, zirconia is depositing and
condensing on zirconium and nickel oxides in very
different ways.

With respect to the condensation of zirconia on
zirconia heated to 700-900 °C (that is around 0.3 to
0.4 of ZrO, melting temperature in absolute
temperatures) the following conclusions could be
drawn.

Initially, the zirconia condenses on the smooth
surface of zirconia grains presumably in terms of
the Frank — Van der Merwe's "layer by layer"
model. It might be assumed that these layers are
amorphous and have defects, i.e., the deposition of
a first zirconia portion occurs as the "amorphous
layer on an amorphous substrate” model. During
annealing this amorphous defective layer crystal-
lizes and pores are formed (Fig. 3b). The chain of
these pores makes the 1Cel0ScSZ — 8YSZ AEI
well visible. Pores are observed across the band of
0.3 to 0.5 um thickness where no other structural
features are visible by TEM. Moreover, there is no
visible order in the pore arrangement that could
indicate any 3D-island growth. The porous band
appears to be non-coherent defective material that
is not densified fully even during heat treatment at
1100 °C. In spite of the non-ideal structure of this
porous band, it is followed by cells/filaments, which
can be seen as evidence that the mechanism of
film growth was planar and it might be termed as
"defective layer by defective layer".

In terms of the condensation developed for
solidification of the liquid phase, the planar growth
is realized as perfectly pure material, whose purity
is ensured by pushing outwards any alloying
elements or impurities at the front of the solid-liquid
interface (i.e. the phenomenon of zone refinement
[12].

The solid-liquid interface moves as a planar
surface in a direction opposite to the direction of
heat removal pushing impurities ahead its front
where they are accumulated afterwards.
Eventually, their segregated amount may become
critical, i.e. enough for the so-called constitutional
supercooling that means literally that the thermal
supercooling is reached locally for the portion of
liquid, which is enriched by the segregating
elements in comparison with the pure liquid.

As result, the growth mechanism will be
changed. A few new cells / branches / filaments will
be nucleated at the solidification front, which will
jump ahead due to quick solidification of the
enriched liquid portion. The latent heat of fusion will
be released at this moment that will result in some
stop of the solidification front and redistribution of a
new portion of impurities. The planar growth will be
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replaced by the cellular one since new nuclei will
be created and conditions for solidification are
changed chemically, or constitutionally. A superpo-
sition of at least three physical phenomena namely
the thermal supercooling, the fusion latent heat
release and the constitutional supercooling occur. It
results in structural and chemical heterogeneity, or
laminarity, which is well-visible at the micro level in
single crystals, metallic welds [13] and EB-PVD
films as we could observe here (Fig. 1). As an
aside, it is generally accepted that some technical
instabilities are reasons for the laminar growth.

In full analogy with the solidification of the liquid
phase, with the condensation of ZrO, on a mono-
crystalline zirconia substrate (locally, within one
ZrO, grain of porous NiO-ZrO, composite) heated
up to 700-900 °C, we indeed see that zirconia
initially condenses according to a planar mec-
hanism and the material grows by "layer by layer"
up to about 0.5 um thickness. The only visible
structural feature of the material condensed during
this stage is nanosized porosity that is revealed
after annealing.

It means that the conditions, which are able to
change the EB-PVD film growth mechanism, are
reached at the ~0.5 um film thickness. The planar
mechanism is replaced by a cellular one. New
nuclei are visible. These nuclei transform into cells,
which may grow, in our case, as long filaments
across all the film thickness. They were nucleated
like islands but not on the original ZrO, substrate
(zirconia grain) but the new zirconia film formed by
the planar mechanism on the original zirconia
substrate.

Beginning from this point, filaments grow in
competition with their neighbors as branches of
dendrites. The fact that filaments form as dendrite
branches is seen in the flaws between the large
bushes of filaments, tips of which have short
secondary branches [11].

It was observed also [11] that in planes of
cleavage, broken filaments have spherical nodules
on their tips, i.e. they look like “heads of matches”
instead of being facetted that might be at a brittle
fracture of zirconia. If this phenomenon could be
observed on free surface like in an interbush flaw,
these heads could evidence filament growth
cessation, accumulation of admixtures, latent heat
release and tip melting. But the "match heads" are
observed in a dense bush body. In this case, fritted
appearance of a broken filament tip may evidence
a release of energy localized in nano-sized filament
due to limited heat dissipation at its deformation
before fracture similar to observed spheroids in
metallic glasses [14].

In the course of their growth, the filaments
create their own condensation laminarity, a
collective picture of which is clearly seen on the
polished cross-sections of bulk samples (Fig. 1).
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The filaments bend to the vapor flow in order to
grow like plants, which bend and turn to the
sunlight in order to ensure their growth. As the fila-
ment is growing, conditions favoring supercooling
may arise again; as a result, secondary filaments
will nucleate on the tips of the primary ones.

So, the moment when the filament bush can be
formed is approaching. Nevertheless, it has to be
kept in mind, that in the very beginning, the cell-
filaments arise perpendicularly to the substrate
surface, which may result in the formation of a ‘fan’
around the substrate ZrO, grain as can be seen in
Fig. 3a and sketched in Fig. 3c.

The high nano-porosity formed at the stage of
planar growth of the ZrO, layer on the ZrO,
substrate and observed in samples annealed at
1100 °C (Fig. 3b) cannot yet be explained
consistently. This porosity might indicate the low
density of the initial portions of condensed zirconia
in high vacuum that act as reducing agent. The
evidence of this may be the well-known fact that
as-deposited zirconia coatings look grey, which is
always interpreted as a result of an oxygen
deficiency. Annealing in air eliminates this deficit;
the zirconia film becomes transparent and shines
brilliantly. As it can be seen in the TEM, though,
this procedure is not able to densify zirconia
produced at this stage. The initially deposited
zirconia is loose and probably amorphous. It has a
lot of crystallographic defects, which may promote
oxygen ionic conductivity. The reasons for this
condensation behavior could be the comparatively
low temperature of the substrate and, as a result, a
high condensation rate. However, the circumstance
that a vaporized zirconia deposits on the zirconia
substrate, which has some oxygen deficit due to
the deep vacuum conditions (we used ~10° Pa
vacuum free of hydrocarbons) and temperature of
700 °C, is sufficient for the deposited zirconia to
lose oxygen. Annealing just recrystallizes pores
and makes them visible (defect annealing). Indeed,
we see that annealed nanosized pores are well-
facetted (Fig. 3b).

In the case of heterogeneous condensation of
zirconia on the nickel oxide substrate, some
different microstructural features can be seen,
although the main conclusions on the growth of
zirconia films with two (planar and cellular)
mechanisms are confirmed here also.

The first distinction is that there is no initial
continuous ZrO, film that could grow with the
planar mechanism along the whole surface of the
NiO grain (Figs 3d, 3e) as it is observed at the ZrO,
— ZrO, deposition (Figs 3a-3c). Instead of "one"
wide nucleus where the whole zirconia grain serves
as the nucleus and zirconia condensates by "layer
by layer" at the stage of the planar mechanism, a
number of much smaller nuclei can be detected,
more than a dozen in our case. It is possible to
assume that these nuclei were initiated as "islands"
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but instead of lateral spreading in order to occupy
the entire NiO grain surface, they grow in height.
As a result, several separate crystals have been
nucleated and grown on each NiO grain.

The second distinction is that the initial part of
ZrO, film grown on the NiO substrate by the planar
mechanism has no any visible pores even after
annealing (Figs 3d, 3e). As a result, the ZrO,-NiO
AEI is hardly visible in comparison with the ZrO, —
ZrO, AEI.

Considering these features, the only might be
concluded that these zirconia crystals are bushes
of filaments, which have grown with two
mechanisms also — planar and cellular growth. The
very short trunk of the bush grows as the planar
structure, and the branching filaments grow with
the cellular mechanism. As result, no continuous
band of planar growth exists. Instead of a band,
islands of planar growth covered by a few cell /
filaments are observed (Figs 3d-3f). The cells /
filaments nucleate as a result of the constitutional
supercooling in the frame of each planar island,
thus, appearing as trunks of bushes. However, the
islands do not spread along the entire NiO grain
surface in order to occupy it completely. They had
no enough material and time.

Talking about the sites of nucleation and
orientation of the ZrO, bushes on NiO substrates,
we may say that they are sited on the curved
surface of the NiO grain as terrace (Figs 3 and 4).
They cover all the curved grain surface like trees
on terraces of a steep hill, i.e. all the bushes have
grown in one direction, likely [100], and on the
same crystallographic planes, probably the {100}
family.

For more expression using the botany
terminology, we might say that the ZrO, bush,
which has grown on the NiO substrate has its
"shoot and root systems" as a reconstruction
shows in Fig. 4. Its "shoot system" consists of a
short (~0.3 to 0.7 um) trunk like in shrub plants (1),
on which a few branches (2) in form of filaments
have nucleated and grown. As to the structure of
the crown, it can be stated that it may be both
monocrystalline (1) and polycrystalline (crowns in
the central part of the picture). In the grains of
polycrystalline zirconia trunks, structural domains
are observed. Looking at how our 'bush' is joined to
the ground, we see some "root system" according
to the botany terminology. Moreover, near the
interface surface, the trunk has some bulge like a
nodule on the tree trunk near its root. The bush's
“root" is probably "hidden" in some zone (3)
surrounding the site of joining of the ZrO, trunk with
the NiO substrate that has some contrast gradient.
The NiO twin area may be discerned (4).
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¢ %
cellular growth

Figure 4 - Schematic reconstruction of ZrO, bush
nucleation and growth on a NiO grain. The ZrO, bush
consists of a short trunk (1) grown in the course of
planar growth and followed by a few branches (2)
grown with the cellular mechanism as laminated
cells/filaments. The laminarity results from the
constitutional supercooling and technical instabilities
occurring during their growth. The bush is sited on its
deposition affected zone (3) of the NiO substrate and
is separated from it by the hardly visible anode-
electrolyte interface (4) is the NiO twin (5) is an
imaginary boundary of the deposition affected zone
stripe in the NiO substrate grain [11].

Hence, one more analogy with condensation of
a melt was found too.

The zone, surrounding the ZrO, bush base
(band 3 in Fig. 4), as a matter of fact, might be
called as some "deposition affected zone (DAZ)" in
full analogy with the "heat affected zone" (HAZ)
that is widely used in a structural description of
metallic welds. The HAZ is characterized by a
typical structure of metal subjected to heat
treatment by melted metal. As we can see, the
similar situation exists during the deposition of ZrO,
vapor on NiO where the DAZ may be identified.
The NIO zone adjacent to the crown of the ZrO,
bush has a structure that looks different from the
rest of the NIiO grain (Figs 3 and 4). This
conclusion is confirmed additionally by the way of
joining ZrO, with NiO. In the ZrO,-ZrO, case, ZrO,
is placed on ZrO, with no any indications of a
strong interaction. Both the first layers of ZrO, in
planar growth and following ZrO, cells / filaments of
the cellular growth grow independently on
orientation of the ZrO, substrate. As a result, a fan
of ZrO, filaments is created (Figs 3a and 3c). In the
ZrO,-NiO case, the ZrO, bush roots into the NiO
grain. Moreover, all the ZrO, bushes grow in one
direction (probably [100]) in spite of the curvature
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of the NiO grain surface but they sit on the same
planes, probably of the {100} family.

These observations indicate the strong
interaction between ZrO, vapor and NiO substrate
though an interaction between ZrO, and NiO in the
bulk is supposed to be weak. Conventional x-ray
study does not show any detectable interaction.

The study of these phenomena in more details
is still ahead, but now we might conclude that the
observed differences in deposition of ZrO, vapor on
ZrO, and NiO substrates are probably the result of
differences in their melting temperatures (T ) that
differ by almost 750 °C. The EB-PVD process takes
place at 0.32 T, for the ZrO,-ZrO, system while
for the ZrO,-NiO system it occurs at 0.42 T, FOr
the solidification / condensation from the vapor,
such differences are critical.

Another reason concerns their different
behavior in reducing (vacuum) atmosghee due to

72 -

a)

their large difference in oxygen affinity that causes
different morphological changes, which are seen in
the fracture surface of the NiO-ZrO, composite
(Figs 2 and 5a). Probably zirconia is also promoting
reduction of Ni when it is in contact with NiO at high
vacuum and temperature that results in both
faceting of NiO grains (cubic and hexagonal) and
their reduction with formation of a Ni sponge. It can
be seen that the surface of ZrO, grains is smooth
with no any sharp edges, which is especially
surprising in comparison with the appearance of
zirconia grains in pure zirconia ceramics without
NiO (Fig. 5b). NiO grains, in contrast to those of
ZrO,, are faceted revealing clearly outlined
hexagonal syngony of rather large size (dozen of
um). It is obvious that these morphological changes
are the result of adsorption of NiO's oxygen by the
zirconium. Amorphization of the zirconia grain
surface may also be as an additional reason of
their "as-fused" appearance.

b)

Figure 5 - SEM pictures of fracture of NiO-8YSZ composite (a) and 1Cel0ScSZ ceramics (b) [11]

4. CONCLUSIONS

The dense helium impermeable zirconia
coatings to be deposited on highly porous
substrate with EB-PVD is possible.

The data obtained with transmission and scan-
ning electron microscopy of the transitional zone
between an EB-PVD zirconia film and its porous
NiO-ZrO, substrate (anode — electrolyte interface)
allow formulating plausible mechanisms of the ZrO,
condensation from its vapor phase on ZrO, and
NiO substrates during the EB-PVD process:

In general, the ZrO, condensation occurs in two
stages with two mechanisms of growth — planar
and cellular — by analogy with the solidification of
the liquid.

The nucleation of ZrO, coating is phase
dependent, and being deposited on ZrO, and NiO
phases of the NiO-ZrO, composite occurs with two
different routes, which, summarily, may be
determined as the "defective layer by defective
layer" for ZrO, case, and as isolated “islands” for
NiO case.

The structural features related to the ZrO, root
at the ZrO,-NiO interface may be responsible also
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for the high adhesion of zirconia films deposited on
porous NiO-ZrO, composites with EB-PVD.

High density of the planar growth layers and
the existence of the deposition affected zone as
well as doping it with Ni are probably responsible
for the increased elasticity modulus of the film
areas bordering the anode-electrolyte interface.

The lateral growth of secondary branches /
filaments and orientational independence of
zirconia-on-zirconia growth are the reasons of good
coverage of highly porous NiO-ZrO, composites by
the dense zirconia film meeting SOFC requirement
for He leakage. The orientational dependence of
zirconia-on-nickel oxide growth and rooting ZrO,
into NiO substrate is responsible for a high
adhesion of ZrO, to NiO phase and all ZrO, coating
on porous ZrO, — NiO substrate.

The deposition affected zone surrounding the
nucleation site of ZrO, on the NiO substrate is
clearly discerned. It is a result of the entire
phenomenon complex related to interaction of
atoms and their clusters with a substrate in analogy
with the heat affected zone in welding.
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EB - PVD HELIJUM - CIRKON KERAMICKI PREMAZ NA POROZNOJ

KERAMICKOJ PODLOZI

Gusti helijum cirkon nepropusni premaz deponovan je na visoko poroznu NiO-ZrO, podlogu na EB-PVD i
proucavan je putem elektronskog mikroskopa. Utvrdena je kondenzacija cirkonijuma iz parne faze na
cirkonijumoksid i nikloksid podlogu. Kondenzacija cirkonijuma je identifikovana kao dvostepeni postupak
sa dva mehanizma rasta, ravanski (planarni) i celularni, slicno oévr§¢avanju te¢ne faze. ZrO, kondenzuje
na podloge ZrO; i NiO razlicitim mehanizmima. Tokom ravanskog rasta na sloj ZrO , stvara se nukleus

filma ZrO; sloj na sloj, debljine oko 0.3-0.5 gm. Planarni rast filma ZrO-

na sloj NiO je nepovezan i

porozan, debljine od 0.5-0.7 um; sastoji se od orjentisanih strukturalno savrsenih "ostrva". UoCene razlike
pri kondenzaciji su verovatno posledica u razlici temperatura topljenja ZrO, i NiO i afiniteta Zr i Ni prema
kiseoniku, kao i zbog njihovih razli¢itih ponaSanja pod visokim vakuumom. Depozicija utiCe na zonu koja

je uspostavljena oko nukleusa ZrO.

Kljuéne reci: cirkon-keramicki premaz; gas helijum-zaptivenost; mehanizam nukleacije; mehanizam
rasta; tanki film; elektronski snop-depozicija parom.
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