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This, however, would interfere with deposit accumulation
on the cathode. Coating weight of nickel hydroxide was re-
ported (13) to be unaffected by moderate agitation of the
concentrated solution. In this regard, coating weight is ex-
pected to be influenced when low-concentration solutions
and severe stirring conditions are used.

The time pattern of the pH level of the solution is shown
in Fig. 8. Below 40 mA/cm?, the pH varied little, but at
higher c.d.’s significant decreases were observed already
from the outset. It should be mentioned that the pH was
measured in the bulk of the unstirred solution; local read-
ings at the cathode may show an increase in pH due to the
OH- ions. The explanation may be that the pH as meas-
ured was governed by the H* ions generated at the anode,
since the OH" ions formed at the cathode were used up in
deposit formation without contributing to the resultant pH
of the bulk solution.

The present work demonstrated the potentialities of the
electrolytic method for producing ZrO, coatings, with rela-
tively easy control of their thickness. However, it is neces-
sary to control the drying stage in order to achieve sound
and crack-free coatings. Optimal conditions for the forma-
tion of ZrO, coatings are low current densities and short
coating times, in view of the nonconductive nature of this
oxide.
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Electrolytic ZrO, Coatings

Il. Microstructural Aspects
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ABSTRACT

Zirconia coatings were formed on graphite and titanium substrates by electrodeposition. The as-deposited coatings
were amorphous and cracked during the drying stage. Sintering of the coatings on the graphite substrates caused crystal-
lization, with formation of a variety of mixtures of the tetragonal and monoclinic ZrQ, polymorphs having nanosize crys-
tallites. Oxidation of the Ti substrate and reaction with zirconia during the heat-treatment resulted in addition to a micro-

structure resembling ceramic composite coatings.

Ceramic functional coatings on metallic and ceramic
substrates are currently under extensive investigations.
An electrochemical route based on an electrophoretic pro-
cess has been applied largely for ceramic coatings (1-4).
Since this technique makes use of a ceramic powder sus-
pension, the final microstructure of the coating is strongly
influenced by the powder characteristics. The thin-film
Sol-Gel technique (5) and electrolytic deposition of ce-
ramic coatings directly from an aqueous solution, de-
veloped recently (6-10), enable control of coating composi-
tion and microstructure through the chemical, elec-
trochemical, and firing process parameters.

The present paper deals with microstructural evolution
of the electrolytically formed zirconia coatings on two
types of substrates: graphite and titanium. Although from
the technological point of view these substrates were con-
sidered to be equally important, their chemical reactions
with the zirconia coating are expected to differ signifi-
cantly, and thus evolve various microstructures within the
fired coating.

Experimental Procedure
The details of the substrate materials, chemical solution,
and the electrochemical coating parameters were de-
scribed in Part I of this series (11).

The deposits formed on the substrates were dried in air
at room temperature. Firing was carried out at 400 and
600°C in air, and at 900°C in argon for 1 h for the graphite
substrates. The coated titanium substrates were fired at
780°C for 1 h in air.

The microstructure and composition of the zirconia
coatings were characterized after the different stages of
the process, using optical and scanning electron micros-
copy (SEM) (Model JSM-840), equipped with energy-
dispersive spectroscopy (EDS). The phase content and the
crystallite size were determined by x-ray diffraction (XRD)
with a diffractometer (Model PW-1820) operated at 40 kV
and 40 mA, using monochromatized Cu k-alpha radiation,
at a scanning speed of 0.4 [degree/min].

Resuits and Discussion

The as-deposited coatings appeared as a transparent vis-
cous fluid, especially at high current densities and long
coating durations, where thick deposits were visually ob-
servable. In situ microscopical observations showed de-
velopment of cracks within the coating layer on graphite
during the drying process. The wet deposit contained
many bubbles. During drying some of the bubbles coa-
lesced to form larger ones, while others were expelled
from the deposit and migrated to its surface. The bubbles
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Fig. 1. SEM images of dried zirconia coatings on graphite resemble a
“cracked-mud” morphology both for (a) thin coating (25 mA/cm? for
15 min) and (b) thick coating (25 mA/cm? for 75 min). Thick coatings
are often composed of two layers. (c) Cross section shows penetration
of the coating into pores of the graphite.

resulting from the drying process were observed only for
graphite substrates and presumably result from entrapped
gases within pores, which are not present in Ti substrates.
During the drying process discontinuities formed within
the coating, which became deep cracks toward the end of
the process. The resultant coating layer had a *“‘cracked-
mud” appearance (as shown in Fig. 1 and 2), irrespective of
the substrate material. In both systems, the nonuniform
contraction of the wet coating was attributed to these sur-
face microcracks.

The coating weight and thus its thickness was found to
increase with increase (up to certain values) of the current
density and the coating duration. Thicker coatings showed
larger islands in the cracked-mud morphology.

Thick coatings (over ~20 pm) on the graphite substrates
often consisted of two layers, the upper layer being thicker
and composed of coarser islands (Fig. 1b). These layers are
believed to form during different stages of the coating pro-

1943

Fig. 2. SEM images of dried zirconia coatings on Ti showing the
“cracked-mud” morphology. This featureless surface morphology is
characteristic of the amorphous nature of the coating. (b) At higher
magnifications, no drying pools are visible in coatings on Ti.

cess, as discussed in Ref. (11). SEM observation of the
coating cross sections have clearly shown the coating
build-up at the surface porosity (Fig. 1¢).

X-ray diffraction patterns of the dry as-deposited
coatings and of the fired coatings are shown in Fig. 3 and 4
for the graphite and titanium substrates, respectively. The
coating layers before firing have the typical pattern of
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Fig. 3. X-ray diffraction pattern of zirconia coatings on graphite, (a)
Amorphous-type broadened peak from the as-deposited coating and the
sharp peak from the graphite (gr) substrate. (b) Reflections from the te-
tragonal (t) and monoclinic (m) polymorphs are characteristic of the
ZrO, coatings, sintered at 600°C for 1 h.
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Fig. 4. X-ray diffraction pattern of zirconia coatings on Ti. (a) Ab-
sence of sharp reflections from a deposited coating indicates on its
amorphous nature. (b) Typical reflections from alpha-Ti, TiO, (vutile-
R), ZrO, (tetragonal-t and monoclinic-m) and various zirconium ti-
tanates (ZT) are seen for coatings sintered at 780°C for 1 h.

amorphous zirconia, in which a broadened amorphous-
type peak appears around the angle 20 ~ 30 degrees
(Fig. 3a and 4a), irrespective of the substrate material. This
finding is consistent with the relatively smooth and fea-
tureless morphology of the as-deposited coating surfaces
(Fig. 1 and 2).

Firing induced a different phase evolution and morphol-
ogy in these substrate/coating systems as was expected,
and the resulting fired coatings were opague. The micro-
structure of the coating on the graphite substrate was char-
acterized by fine equiaxed submicron particles (Fig. 5).
These particles were identified as a mixture of tetragonal
(t) and monoclinic (m) polymorphs of zirconia (Fig. 3b),
based on the {111} and {400}-type reflections. The line
broadening of the {111}-type reflections was used to calcu-
late the crystallite size of the polymorphs with the aid of
the Scherrer equation (12), assuming no strain effects due
to the substrates. (This assumption was based on the simi-
lar line broadenings in XRD, which have resulted from the
same zirconia coating before and after spallation from the
graphite substrates.) The volume fractions of the two
phases (t and m) were determined through the “poly-
morph” equation as corrected by Porter and Heuer (13).

The crystallite size was found to be 2 and 12 nm for the
400 and 600°C treatments, respectively, with the poly-
morphs indistinguishable. By contrast, treatment at 900°C
for 1 h in argon resulted in crystallite sizes of 25 and 20 nm
for the tetragonal and monoclinic phases, with volume
fractions of 15 and 85%, respectively. These size data indi-
cate that the SEM image (Fiig. 5) represents zirconia aggre-
gates.

Firing of the zirconia coatings on graphite substrates at
the various temperatures led only to crystallization of the
amorphous coating. According to the Ellingham diagram
(14), graphite oxidizes under the present firing conditions
to form CO gas, but no reaction with the zirconia is ex-
pected to occur. Formation of undoped zirconia via solu-
tion by different techniques and crystallization of the low-
ternperature polymorphs of zirconia by firing at the rela-
tively low temperature are well documented in the litera-
ture (15-17). The presence of the t polymorph is related pri-
marily to the crystallite size effect (18, 19), by which the
tetragonal phase may be retained metastably at room tem-
perature. The crystallite sizes of the tetragonal phase pres-
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Fig. 5. SEM image of sintered (600°C/1 h) zirconia coating on graph-
ite. The submicron particles represent aggregates constituting a mix-
ture of tetragonal and monoclinic polymorphs of zirconia.

ent within the coating (12-25 nm) matched well with the re-
ported particle sizes for similar calcination treatments
(14-28 nm) (16), the range within which this polymorph
exists.

The zirconia coating on the Ti substrates exhibited a to-
tally different inner microstructure after firing. Oxidation
of the metallic titanium during firing resulted in the origi-
nal spaces between the cracks in the coating layer being
filled by the growing titanium oxide (F'ig. 6). Microchem-
ical EDS analyses of the various features of the coating
(see Table I), and elemental mapping for Ti (Fig. 6d) con-
firmed the Ti-rich nature of the polycrystalline phase be-
tween the zirconia islands. An appropriate x-ray diffrac-
tion pattern from this specimen (Fig.4b) contained
reflections of TiO, in the form of rutile, ZrO, with the te-
tragonal and monoclinic phases, and additional reflections
coincident with those of the Zr;sTi; 50019, Zr79Tig2500.28,
and Zry5Tiy50033 hexagonal phases (20). In this case at a
firing temperature of 780°C, stable titanium oxide grows
due to oxidation of a parabolic type (21, 22). Furthermore,
oxidation of Ti at this temperature occurs mainly by diffu-
sion of Ti rather than that of oxygen through the growing
oxide layer, a circumstance which favors formation of the
low-oxygen titanium zirconate phases. The volume frac-
tions of the tetragonal and monoclinic phases in these
coatings were calculated to be 37 and 63%, and their crys-
tallite sizes 26 and 25 nm, respectively.

Although the pH of the mother solution was inten-
tionally adjusted for work in the cathodic regime, it also af-
fects the relative stability of the zirconia polymorphs. In
this regard, the ratio of the t/m phase content after cal-
cination at 400-600°C was reported (23) to increase at pH
values above 10 and below 6 for the zirconyl nitrate solu-
tion from which the zirconia gel was precipitated. Again,

Table I. EDS composition results for ceramic coating on Ti
substrates.”

Chemical composition
(mole percent)

Microstructural
feature Zr Ti Remarks?
Zirconia 48.0 52.0 Plin
island center 59.0 41.0 Fig. 6e
(reacted regions) 65.0 35.0
69.0 31.0
76.0 24.0
Zirconia 73.0 27.0 P2in
island periphery 85.0 15.0 Fig. 6e
(nonreacted regions) 87.0 13.0
Oxidized regions 9.0 91.0 P3 in
between zirconia 0.0 100.0 Fig. 6e
islands 0.0 100.0

2 Fired at 780°C for 1 h in air.
b Examples for the analyzed regions.
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where comparison is possible, the measured t crystallite
size (26 nm) and the t/m phase ratio (37/63) have showed
good match to the reported values [22 nm and 40/60, re-
spectively (24)] in a similar solution (pH ~ 3.0) and cal-
cination condition (850°C). The effect of pH on stabilization
of the zirconia polymorphs was speculated to be both by
replacement of the incorporated anions by either OH™ or
0%, and pH-dependent transformations of hydroxyl l-
gands to bridging hydroxyl groups to bridging oxide ions
am7.

The surface microstructure of the coating layer on Ti
substrates was dependent on the coating thickness prior to
firing. At locations with greater coating thicknesses (i.e., at
the bottom of the machining grooves), titanium oxide
growth was confined to the gaps between the zirconia is-
lands (Fig. 6¢). However, at locations with smaller coating
thicknesses (i.e., top of the machining grooves), the oxide
grew to the extent that it partially buried the zirconia is-
lands (Fig. 6e). In both cases, the centers of the islands ap-
peared to have reacted with the titanium substrate (see
also Fig. 9), and were most probably converted into the ti-
tanium zirconate phases. EDS results from such regions
(Table I) have revealed compositions similar to those of ti-
tanium zirconate phases, which were identified by XRD

Fig. 6. SEM images of sintered zirconia coatings on Ti, showing for-
mation of TiO, at the cracks between the zirconia islands. (a) At low
and (b) higher magnifications, the topography of the machining grooves
is visible. (c) At the bottom of groaves “BG,” the TiO, crystals grew
only between the zirconia islands. (d) Ti elemental mapping of (c). {e)
At the top of grooves “TG,"” TiO, crystals grow and bury the zirconia is-
lands (see text for further details).

(Fig. 4b). Thus, direct oxidation of the crack surfaces
together with crystallization and chemical reaction of the
coating with the metallic matrix at the island/substrate in-

Fig. 7. SEM image showing the line traces of the zirconia island con-
tours prior to (single arrows) and after sintering, from which the sinter-
ing shrinkage may be deduced.



Fig. 8. SEM image of the scratch trace, showing high density of mi-
crocracks at the smeared regions, perpendicular to the scratch di-
rection.

Fig. 9. SEM images showing: (a) Typical coating cross section where
fine TiO, crystals grew around the zirconia islands, accompanied by
shrinkage and bending. (b) Debonding at the coating/substrate inter-
face results in dimpled fracture surfaces.

terfaces, form the composite morphology of the zirconia is-
lands embedded in the TiO, matrix.

In many cases, traces parallel to the periphery of the zir-
conia islands were observed on the titanium oxide layer, as
shown by the single arrows in Fig. 7. [These traces could
be identified as the original contours of the zirconia islands
prior to firing, since some broken pieces from the edges of
the original islands were buried and left at these locations
(double arrows in Fig. 7).] By this means, the firing shrink-
age of the coating was estimated to be of the order of
~20%, assuming a similar percent shrinkage for the third
dimension of the coating thickness.

The diamond Vickers microhardness of the coating on
the Ti substrates has an average value of 520 kg/mm?.
Scratches were applied manually to the coating surface
with a diamond indentor in order to qualitatively charac-
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terize the adherence and brittleness of the composite
coating layer. A typical trace of one of these scratches is
shown in Fig. 8; it exhibits a high density of microcracks
perpendicular to the scratch direction. The presence of
these microcracks in the smeared region indicates heavy
deformation of the material by the indentor. Moreover,
some regions of the coating near the scratch trace were de-
bonded from the substrate (Fig. 9). This debonding oc-
curred by crack propagation either through the coating or
at the substrate/coating interface. In the latter case, the
fractured surface was composed of very fine dimples, indi-
cating some ductility at the interface.

Finally, the qualitative scratch test of the coating and its
debonding behavior indicate relatively good adhesion to
the Ti substrate. In this regard, the chemical reactions be-
tween substrate, coating, and atmosphere determine the
microstructural evolution within the coating. The charac-
teristic microstructure which resulted from these reac-
tions is similar to those of transformation toughened zirco-
nia composites, and may be considered for design of
wear-resistant, oxidation-resistant and thermal barrier
coating applications.
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