JOURNAL OF MATERIALS SCIENCE 32 (1997) 389-400

Electrochemical Al,O,-ZrO, composite coatings
on non-oxide ceramic substrates

R. CHAIM, |I. ZHITOMIRSKY*, L. GAL-OR*
Department of Materials Engineering and *Israel Institute of Metals, Technion-Israel

Institute of Technology, Haifa 32000, Israel
H. BESTGEN

Hoechst AG, ZF-Methodische Projekts, Elektronenmikroskopie, 65926 Frankfurt/Main,

Germany

Aqueous solutions of xAI(NO3); + (1 — X)ZrO(NOs), were used for electrodeposition of
ceramic Al,Os;-ZrO, composite coatings on TiC, TiB, and SiC substrates. The weight of the
deposit was studied versus the duration of deposition, the current density and the
temperature of the bath for Al-rich (x = 0.9), Zr-rich (x = 0.4) and eutectic (x = 0.75)
electrolyte compositions. Optimal current densities and durations of deposition were
determined to obtain maxima weights of deposits. Amorphous deposits with thicknesses up
to 10 um were formed. The microstructure and microchemical composition of the
as-deposited and sintered deposits were characterized. Increase in the temperature of the
bath inhibited microcracking due to shrinkage during drying. Coated TiC substrates
exhibited enhanced oxidation resistance in air at 1100 °C.

1. Introduction
Electrochemical deposition of ceramic oxide coatings
on semiconducting and ceramic substrates is a rela-
tively new technique. This technique was used for
deposition of monolithic zirconia [1-5], alumina
[5, 6], chromia [7], as well as multilayer and semicon-
ducting materials [8, 9]. For the formation of more
complex binary or ternary systems one may take ad-
vantage of the solubility of various metal salts that act
as precursors in an aqueous medium, in order to
electrodeposit oxide alloys as well as oxide composites
with homogeneously distributed oxide constituents.
Different compositions in the alumina—zirconia sys-
tem are developed as advanced engineering ceramics,
with improved toughness and strength. These include
Zr-rich alloys (alumina toughened zirconias, ATZs)
[10, 11], Al-rich alloys (zirconia toughened aluminas,
ZTAs) [11-13], as well as alloys with eutetic composi-
tion [14, 15]. In this work, these three types of oxides
are deposited as coatings on non-oxide substrates by
electrodeposition. The electrochemical parameters
and the microstructural evolution after sintering are
characterized and discussed.

2. Experimental procedure

Commercially pure zirconyl-nitrate-hydrate
[ZrO(NO3), -nH,O and aluminum-nitrate-hydrate
(AI(NO3);-9H,0O] were used as the precursor metal
salts. The electrolytes used were 0.05 M aqueous solu-
tions of XAI(NO3); + (1 — x)ZrO(NO3), with x = 0.4,
0.75 and 0.9. These electrolyte compositions aimed to
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represent the oxide compositions of ZrO,-20 wt%
Al,O5(ATZ), ZrO,-42.6 wt% Al,O3 (eutectic com-
position) and ZrO,—80 wt% Al,O5 (ZTA), respective-
ly. The equivalent mole per cent concentrations of
these alloys are presented in Table I. In the previous
stages of the research, it was found that the most
homogeneous and continuous deposits were obtained
with ethanol additions of 25-50vol % in water.
Therefore, the volume ratio of water to ethanol was
adjusted to 2:1 in the present electrolytes.

Coatings with different compositions were elec-
trodeposited on TiC, TiB, and SiC bars of 3 x 20 mm.
Prior to deposition, these substrates were mechan-
ically polished with 600 grit SiC abrasive paper, rinsed
with ethanol, washed with distilled water and dried in
air. The electrical resistivities of the TiC, TiB,
and SiC bars were 5x 107>, 2x 1073 and 7 Qcm ™1,
respectively.

The electrochemical setup has been described in
detail in a previous publication [10]. Basically, two
platinum anodes were used with a cathode centred
between them. A galvanostatic regime was applied,
and the temperature of the bath was kept at 10 °C,
except in some experiments during which the temper-
ature increased to 60 or 80 °C.

Electrodeposition was performed with no stirring at
current densities of 5, 10 and 20 mA c¢cm~ 2 and depos-
ition durations of up to 60 min. The deposits were
dried for 24 h in air at room temperature. Some of the
specimens were sintered for 2 h at 900 °C either in air
or within a closed graphite crucible (CO reducing
atmosphere). The coating weight was determined by
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TABLE I Comparative compositions within electrolytes and cor-
responding deposits

Composition of
deposit (mol %)°

Electrolyte composition

Actual Designated (wt %)

(mol %)*

Al Zr ALO;  ZrO, Al Zr

40 60 20.0 80.0 73 +3 27 +3
75 25 57.4 42.6 82 +4 18+4
90 10 80.0 20.0 80 +2 20 +2

2Standard deviation of + 2.
YEDX results.

weighing the bar specimens before and after elec-
trodeposition, within an accuracy of + 0.05 mg. The
thicknesses of the coatings were evaluated from scann-
ing electron microscope images.

The microstructure of the as-deposited and the sin-
tered coatings was characterized using a scanning
electron microscope (SEM; Jeol, JSM-840) equipped
with X-ray energy dispersive spectroscopy (EDX,
model AN-10000). X-ray diffraction (XRD) was used
to determine the crystallinity as well as the phase
content in the deposits. A diffractometer (model APD-
1820) was operated at 40 kV and 40 mA, using mono-
chromatized CuK, radiation and a scanning speed of
0.4° min~ 1.

Oxidation experiments were performed on a se-
lected number of specimens, using a thermogravime-
tric analysis system (TGA model Setaram TGDTA92).
The specimens were heated in air to 1100 °C at a heat-
ing rate of 10°C min~! and isothermally held for up
to 24 h; weight changes being recorded during both
stages. The net weight change during oxidation was
determined by correcting the results relative to the
changes observed for a blank-test platinum crucible.
The exposed surface area of the coated test specimens
was 0.9 cm?.

3. Results

3.1. Electrodeposition on TiC substrates
The increase in the weight of the deposit versus the
duration of deposition for constant electrolyte com-
positions is shown in Fig. 1. The weight of the deposit
was found to increase with time up to ~ 15, ~ 6 and
~ 8 min for x = 0.4, x = 0.75 and x = 0.9, respective-
ly. At longer deposition durations, spallation resulted
in a decrease of the weight of the deposit. The max-
imum weight of the deposit was higher in the Zr-rich
solution (x = 0.4) relative to those in the “eutectic
composition” (x =0.75) or the Al-rich solutions
(x =0.9).

Corresponding cell voltages during electrodeposi-
tion experiments were recorded and shown in Fig. 2.
The cell voltage increased continuously in the Zr-rich
solution regardless of the maximum in the deposit
weight. However, in other solutions, the increase in
the cell voltage was more rapid, but reached a satura-
tion level. The time at which the cell voltage saturated
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Figure 1 Deposit weight versus duration of deposition at
5mA cm ™2 and 10 °C on TiC substrates: (O) x = 0.40, (A) x = 0.75,
(O) x = 0.90.
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Figure 2 Cell voltage versus duration of deposition at 5 mA cm ™2

and 10°C on TiC substrates: (O) x = 0.40, (W) x =0.75, ()
x = 0.90.

was comparable to the corresponding deposition
duration at which the maximum deposit weight was
recorded (Fig. 1). The cell voltages in the other solu-
tions were higher than those measured for the Zr-rich
solution (x = 0.4). These differences cannot be related
to the electrical resistivities of the electrolyte solutions
because comparable cell voltages were recorded for all
the electrolytes, especially at the beginning of the
electrodeposition. Therefore, the differences in the cell
voltages are associated with the electrical resistivities
of the growing deposits.

SEM observations (Fig. 3) show the smooth deposit
surfaces which are typical for amorphous coatings.
Microcracks are visible within the dried deposits as
shown in Fig. 3a. These microcracks are most prob-
ably due to the stresses caused by the shrinkage on
drying. According to the SEM observations, deposits
up to 10 um thick are formed. Experiments were con-
ducted at higher temperatures in order to increase the
green density of the deposit and thus inhibit micro-
cracking. Owing to the low deposit weights at a
current density of 5mA cm™?, the deposition ex-
periments at 60 and 80 °C were performed at higher
current densities. Fig. 4 shows the deposit weight
versus the duration of deposition at a constant tem-
perature of 80°C and at current densities of 10 and
20 mA cm ™2 It is visible that at lower current density



Figure 3 SEM images of green deposits on TiC substrates elec-
trodeposited from an electrolyte with x = 0.40 in a bath at (a) 10°C
current density, 5mA~'cm™?; duration, 7 min; deposit weight,
0.5 mg cm ™2, and (b) 80 °C; current density, 20 mA cm ™ ?; duration,

5 min; deposit weight, 0.5 mg cm 2.
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Figure 4 Deposit weight versus duration of deposition at 80 °C for
x = 0.40 on TiC substrates. (O) 20 mA cm 2, (H) 10 mA cm 2.

of 10 mA cm ™2, relatively low deposit weights are
recorded even for the very high deposition durations
of 60 min. Nevertheless, at the higher current density
of 20 mA cm 2, the deposit weights are comparable to
those measured for a current density of 5 mA cm ™2 at
10°C (compare with Fig. 1). Fig. 5 shows the deposit
weight versus duration of deposition at a constant
current density of 20 mA cm™~? at two different tem-
peratures of 60 and 80 °C. Both curves indicate the
formation of a continuous coating with no spallation.
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Figure 5 Deposit weight versus duration of deposition at
20 mA cm 2 and x = 0.40 on TiC substrates at (l) 60 °C and (Q)
80°C.

This was confirmed by the SEM image of the deposits
formed at 80°C, as shown in Fig. 3b. Although the
80 °C coating also contained microcracks, their extent
and volume fraction were much lower than those in
the coatings formed at 10 °C. Although the thicknesses
of these specimens may differ, comparison of the two
deposits (Fig. 3a and b) formed at different temper-
atures and current densities (but with similar deposit
weights) reveals the effect of increasing bath temper-
ature on enhancement of the density of the green
deposit as well as on inhibition of microcracking with-
in the deposits.

Finally, X-ray diffraction spectra of the as-depos-
ited dried coatings have revealed two broadened
peaks, regardless of the composition, of the deposit,
which were typical for amorphous oxides.

3.2. Electrodeposition on TiB, substrates
Deposit weight and cell voltage versus duration of
deposition in this system are shown in Figs 6 and 7,
respectively. These dependencies are close to those
found for the TiC substrates for the same electrolyte
compositions. Similar differences exist between the
deposit durations at which the maximum deposit
weights are observed for the three different electrolyte
compositions. Deposit weights obtained in the three
different electrolytes using the TiB, substrates were
higher than those obtained in corresponding experi-
ments with TiC substrates; the differences were
20-30%. Higher cell voltages were also recorded on
the TiB, substrates relative to the TiC substrates. The
cell voltage steadily increased using the Zr-rich solu-
tion, but reached a saturation level for the other two
electrolyte compositions. These results indicate the
strong effect of electrolyte composition and hence of
the composition of the deposit on the electrical resist-
ance of the deposits.

3.3. Electrodeposition on SiC substrates

Owing to the lower electrical conductivity of the SiC
substrates, the deposition experiments were conducted
at a current density of 10 mA cm ™~ 2. Maxima in the
deposit weights were observed (Fig. 8) for deposition
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Figure 6 Deposit weight versus duration of deposition at
S5mAcm~2? and 10°C on TiB, substrates: (O) x = 0.40, (A)
x = 0.75, (J) x = 0.90.
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Figure 7 Cell voltage versus duration of deposition at 5 mA cm ™2

and 10°C on TiB, substrates: (O) x =0.40, (A) x =0.75, (O)
x = 0.90.
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Figure 8 Deposit weight versus duration of deposition at
10mAcm™2 and 10°C on SiC substrates: (O) x = 0.40, (A)
x = 0.75, (W) x = 0.90.

durations of 7, 4 and 3 min in solutions with x = 0.4,
0.75 and 0.9, respectively. These durations represent
the maximal durations below which deposit spallation
may be prevented. The deposit weights obtained on
SiC substrates were significantly lower than those
formed on TiC and TiB, substrates.

The cell voltage versus deposition duration depend-
encies (Fig. 9) were similar to those observed in the
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Figure 9 Cell voltage versus duration of deposition at 10 mA cm 2

and 10°C on SiC substrates: (O) x = 0.40, (A) x =0.75, ()
x = 0.90.

deposition experiments with TiC and TiB, substrates.
Nevertheless, higher voltages were recorded for SiC
substrates. In addition, the curves reached a satura-
tion level for all the electrolyte compositions, in
accordance with the time at which maxima were
observed in the deposition weight versus duration
curves (Fig. 8).

X-ray diffraction spectra of the as-deposited coat-
ings have again shown two broadened peaks charac-
teristic of the amorphous phase. Thus, the deposits
were amorphous, independent of the substrate mater-
ial and the electrolyte composition. The chemical
compositions of the as-deposited coatings were char-
acterized by EDX in SEM, using X-ray dot mapping
with appropriate statistical treatment. These analyses
were performed on islands of coating ~ 10 um in
diameter; the point step was corresponded to a spatial
resolution (probe size) of ~ 0.76 um with an acquisi-
tion time of 200 ms per point. Digitized mapping of Al
(Fig. 10a) and Zr (Fig. 10b) as the coating elements
and of Ti (Fig. 10c) as the substrate element revealed
the non-homogencous distribution of Al and Zr ele-
ments throughout the coating islands on the micro-
meter-size scale (Fig. 10). Quantitative compositional
analysis by EDX (Table I) indicated that the average
relative concentrations of Al and Zr in the deposits
deviated significantly from those in their correspond-
ing solutions. These results indicate that the depos-
ition rate of Al-rich deposits is much higher than that
of Zr-rich deposits.

In order to study the compositional homogeneity
scale and level in these coatings, alumina-zirconia
deposits (x = 0.4) were peeled from the TiC substrate
and milled to powder for TEM observation. The pow-
der particles always appeared featureless (Fig. 11a),
characteristic of the amorphous phase. The amorph-
ous nature of the deposit was verified by the diffuse
ring on the electron diffraction pattern (Fig. 11b). This
is in agreement with the XRD results of the green
deposits. In addition, microchemical compositional
analyses of the different powder particles (Table II) at
very high magnification ( x 50 000) shows a wide range
of compositions, which verify compositional in-



Figure 10 EDX digimap of (a) Al, (b) Zr and (c) Ti from an as-
deposited coating (x = 0.40) on TiB, substrates.

homogeneities within the deposits. Nevertheless,
the low standard deviation of each composition,
which resulted from three to five point analyses at
different locations within the same powder par-
ticle, indicates that the chemical composition is
fairly homogeneous at a submicrometre scale and
below.

(b)

Figure 11 (a) Bright-field TEM image showing the featureless char-

acter of the amorphous deposit (x = 0.40). (b) Diffuse amorphous
ring in the electron diffraction pattern from the area in Fig. 11a.

3.4. Sintered coatings

3.4.1. The alumina-zirconia—TiC system
Preliminary studies on air-sintering of the coatings on
TiC substrates have shown significant oxidation and
sublimation of the substrates. Therefore, this system
was sintered within closed graphite crucibles. The
microstructure of the sintered zirconia-rich—alumina
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TABLE I1 EDX-TEM compositional results from powdered as-
deposited alumina—zirconia coatings

Particle Electrolyte Composition of deposit (wt %)
No. composition®
AL O; ZrO,

1 0.4 64.8 +1.2 352+12

2 0.4 387423 613 +23

3 0.4 28.5+09 71.5+£09

4 0.9 94.1+13 59413

5 0.9 899+ 73 10.1 £7.3

*x = 0.4 refers to the compositon of Al,05—80 wt % ZrO,; x = 0.9
refers to the composition of Al,03;-20 wt % ZrO,.

Figure 12 SEM images of the sintered Zr-rich deposits on a TiC
substrate: (a) low magnification, (b) islands of coating surrounded
by the growing polycrystalline titanium oxide (single arrows in Fig.
12 a) (c) whisker colonies at thin coating or deposit-free regions
(double arrows in Fig. 12a).
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coating (x = 0.4), shown by SEM, varied at different
locations within the same specimen, depending on the
thickness of the deposit (Fig. 12a). These microstruc-
tures were composed of either islands of deposit (in
thick deposit regions) (Fig. 12b) and single-arrowed
regions in Fig. 12a) or colonies of whiskers in thinner
or deposit-free regions (Fig. 12c) and double-arrowed
regions in Fig. 12a). The deposit islands were sur-
rounded by micrometre-sized polycrystalline phases,
most probably TiO, crystals that formed due to oxi-
dation of the substrate. Further observation at higher
magnifications showed the coating islands to have
chemically reacted with the substrate, especially in
their centres (Fig. 13a) (at sites where better contact
exists between the coating and the substrate). The
non-reacted regions of the deposit were composed of
clusters of ultrafine grains as shown in Fig. 13b. The
whiskers formed in the deposit-free or thin deposit
regions exhibited a morphology characteristic of
growth from the vapour phase (Fig. 13c). The exposed
substrates revealed a microstructure similar to the
polycrystalline phase that grew in the microcrack
spaces between the deposit islands (Fig. 13d).

The sintered deposits with alumina—zirconia eutec-
tic composition (x = 0.75) were found to be far more
stable. A typical microstructure of these coatings at
low magnification is shown in Fig. 14a and exhibits
a homogeneous distribution of the sintered coating.
Parts of the deposit islands were found to be debon-
ded at their peripheries with the substrate, most pos-
sibly due to differential shrinkage during sintering. An
SEM image at higher magnification (Fig. 14b) shows
the shrinkage of the coating islands relative to their
green states. Although the thermally etched surfaces of
the surrounding substrate around the deposit islands
exhibited a polycrystalline oxide, the islands did not
react and were not covered with these crystals (as in
the case of the Zr-rich deposits). For this coating
composition, no chemical reaction was observed be-
tween the deposit islands and the substrate and no
whiskers were formed even in very thin coating re-
gions (Fig. 14¢). The chemical compositions of the
different microstructural features in these coatings
were analysed by EDX-SEM and the results are sum-
marized in Table III. These results are analysed in
conjunction with the X-ray diffraction results from the
same specimens in order to determine the phase con-
tents and their relation to the microstructural features
listed in Table III. The main difference between the
Zr-rich and the eutectic deposits was the formation of
zirconium titanates in the latter. These results will be
discussed further.

The compositional homogeneity of the sintered de-
posits was characterized by EDX-SEM digimaps as
described in Section 3.3. Fig. 15 shows the EDX digi-
map of the deposit island as well as part of the exposed
substrate at microcrack spaces. While Ti and Al were
found to be homogeneously distributed along the radius
of the island, Zr was depleted in the periphery of the
island. A similar trend was found in the other coating
islands. This finding was supported by point ana-
lyses along the radii of the islands, the results of which
are summarized in Table IV for two different islands.



Figure 13 SEM images of the sintered Zr-rich deposits on TiC substrate: (a) deposit islands chemically reacted with the substrate grains, (b)
ultrafine grained structure of the non-reacted deposit islands, (c) whisker morphology typical for growth from the vapour phase and (d) etched

surfaces of the substrate.

3.4.2. The alumina-zirconia—SiC system
Similar SEM observations were performed on
alumina-zirconia deposits (x = 0.4) on SiC substrates.
However, in this system, no reaction was observed
between the coating and the substrate; the deposit was
chemically stable and adhered to the substrate
(Fig. 16a). At high magnifications, the microstructure
of the deposit was composed of clusters of ultrafine
grains, especially in thicker coating regions (Fig. 16b).
At thinner coating regions, the deposit was smooth
and continuous, except for some fine microcracks at
thicker locations (arrowed in Fig. 16¢). EDX chemical
composition analysis of the coating showed a higher
alumina content (61.2 wt %) relative to those found in
the same deposits (34.3 wt %) on TiC substrates.
However, this fact may be attributed to the contribu-
tion of the X-ray yield of silicon (k line) from the
substrate to the aluminum (k line) peak.

The X-ray diffraction spectrum showed the pres-
ence of SiC, Si, SiO,, a-alumina and traces of mono-
clinic ZrO, in the specimen. This phase evolution is
consistent with the oxidation of SiC to SiO, at ex-
posed regions between the islands of deposit. In addi-
tion, limited solid solubility between zirconia and
alumina is expected to lead to phase separation into
pure oxide constituents during sintering.

3.5. Oxidation resistance

Two specimens each with a deposit weight of
~130mgcm?, were used for the oxidation
studies. The increase in weight during oxidation
at 1100°C for ATZ coatings (x =0.4) on TiC
and TiB, substrates is shown in Fig. 17a and Fig. 17b,
respectively. Both systems exhibit a parabolic
oxidation behaviour, which may be considered as
the passive oxidation regime (formation of
protecting TiO, layer). However, the oxidation
kinetics of the coated TiC substrate is signifi-
cantly lower relative to that of the non-coated
substrate (Fig. 17a). From the slope of the oxidation
curves it can be deduced that at longer oxida-
tion durations, the difference in the weight change
between coated and non-coated specimens may
only increase. This fact indicates efficient oxida-
tion protection of the TiC substrate by the
alumina-zirconia coating. On the other hand,
oxidation behaviours of the coated and non-coated
TiB, substrates are fairly similar (Fig. 17b). Thus,
no oxidation protection was achieved for the
TiB, substrates with alumina-zirconia coatings.
These results may be rationalized with respect to the
chemical reactions in each system as will be discussed
below.
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Figure 14 SEM images showing (a) partial debonding of the deposit
islands (x = 0.75) from the TiC substrate, (b) lack of reaction be-
tween the deposit and the substrate, and the (c) thin coating region.

4. Discussion

The equilibrium alumina-zirconia phase diagram is
known to exhibit negligible solid solubility between
alumina and zirconia. However, several workers
[16-21] reported formation of extended solid solu-
tions via liquid precursors. With respect to Zr-rich
compositions, Yamaguchi and coworkers [16, 17] re-
ported formation of amorphous solid solutions with
compositions of up to 45 mol % Al,O; by the alko-
xide route. They also reported partitioning of the solid
solutions into cubic zirconia at low temperatures and
to tetragonal and o-alumina above 970 °C. Balmer
et al. [18, 19] reported formation of amorphous solid
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solutions in Zr-rich compositions (up to 40 mol %
Al,03) by pyrolysis. They found that phase evolution
at high temperatures was associated with crystalliza-
tion of solid solutions into metastable phases, such as
tetragonal zirconia and y-alumina, which in turn
transformed into more stable phases, such as mono-
clinic zirconia and a-alumina.

A mixture of an aluminum oxy-hydroxide gel solid
solution and amorphous zirconia was reported to
exist in the Al-rich side (above 10 mol % ZrO,) [20].
Using the alkoxide route, Boulton et al. [21] have
prepared Al-rich solid solutions up to the ecutectic
composition. No crystalline phases of Al,O; were
detected below 1100 °C.

These results indicate that amorphous alumina—zir-
conia alloys may be formed by wet chemical processes.
Considering the role of anions in hydrolysis and con-
densation of the inorganic precursor, Zhang and
Glasser [22] have shown that nitrate ions (NOj3 ) can
co-ordinate with aluminum or zirconium atoms. On
the other hand, Livage et al. [23] found NO3 to be
a weakly complexing anion with zirconium. Thus,
NO;3 ions may be adsorbed on the surfaces of the
aluminum and zirconium ions formed by dissolution
of the nitrate salts. Nevertheless, at the high pH values
obtained at the cathodic surfaces, NO3 may be re-
leased resulting in condensation of amorphous hy-
drous zirconia—alumina deposits. Indira and Kamath
[24] claim that the compositions of the binary hy-
droxides electrodeposited from mixed nitrate solu-
tions were close to that of the solutions if the two
metal hydroxides had comparable solubility products.

Condensation—polymerization of aluminum-zirco-
nium oxy-hydroxides from their mixed nitrates under
conditions of decreasing acidity was investigated by
Zhang and Glasser [22]. Using the partial charge
model calculations, they found that in mixed Al-Zr gel
systems, AI** does not participate in the initial poly-
merization, but decomposes into low polymer species.
Zr*" was found to control the polymerization rate of
the mixture. Their nuclear magnetic resonance (NMR)
studies have shown that AI** does not copolymerize
with zirconium but, instead, higher molecular weight
polymers of aluminum decompose to lower molecular
weight units. The implications of these findings are
that such aluminum-zirconium oxy-hydroxide prod-
ucts may be composed of ultrafine Al- and Zr-rich
grains. The compositional characteristics of the as-
deposited coatings are in good agreement with these
models.

In order to estimate quantitatively the effect of the
electrolyte composition on the deposition rate, we will
consider the reactions occurring in the present system.
The hydroxyl may be formed by different reactions,
such as solvent reduction

H,O + 2¢~ =H, + (OH)~ (1)
or electrolyte reduction

H,O + NO; + 2¢~ =NOj; + 2(0H)~ (2)

6H,0 + NO; + 8¢~ =NH; + 9OH)~ (3)



TABLE III Chemical composition and phase content of sintered alumina-zirconia coatings on TiC substrates

Composition Microstructural feature Composition (wt %)
AL O, ZrO, TiO,
x =04 Deposit islands 343 4+32 65.7 +3.2 -
Whiskers - 213+ 3.6 787+ 3.6
Substrate - 273 +12 727 +12
x = 0.75° Deposit islands 59.7+9.5 40.3+9.5 -

* Phase content as determined by XRD: a-Al,03, TiO,, TiC, Al,TiOs.
®Phase content as determined by XRD: a-Al,O5, TiO,, TiC, Al, TiOs, ZrTiOy,, Zro sTig 5O 33-
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Figure 15 EDX digimap of (a) secondary electrons, (b) Al, (¢) Zr and (d) Ti from the periphery of an as-sintered coating island (x = 0.40) on

TiC substrate.

All the reactions between Equations (2) and (3) pro-
duce hydroxyl ions approximately in the ratio of 1:1
of e to (OH) ™. Thus, assuming that the reduction of
nitrate (Equation 3) is the main source for formation
of hydroxyls [23] and that all the hydroxyls are used
to form the hydroxide, Streinz et al. [25] calculate the
deposition rate of Ni(OH), from a nitrate solution
using Faraday’s law.

In order to apply this approach to the alumi-
num-zirconium hydroxide system, we assume that all

the available AI** and Zr** cations near the cathode
equally react (100% efficiency) with the hydroxyl
groups generated at the cathode, to form the hydrox-
ides. Another assumption is that the electrolyte com-
position does not change during electrodeposition.
These hydroxides form according to the following
reactions

AIP* 4+ 3(OH)” = Al(OH); 4)
Zr*t 4+ 4OH)” = Zr(OH), (5)
397



TABLE IV Chemical composition of sintered alumina—zirconia
coatings (x = 0.4) on TiC substrates

Island No. Point No.  Location Composition (wt %)
AL, O3 71O,
1? P, Periphery 75.6 24.4
P, Midway 70.7 29.3
P; Centre 69.7 30.3
2 P, Periphery 78.4 21.6
P, Midway 76.2 23.8
P; Midway 70.5 29.5
P, Centre 67.1 329
*See Fig. 15.

Figure 16 SEM images of the sintered alumina-zirconia deposits
(x = 0.40) on SiC substrate: (a) low-magnification, (b) ultrafine grain
clusters of the deposit, and (c) thin coating region.
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Figure 17 Oxidation curves of (a) TiC and (b) TiB, substrates with
and without alumina-zirconia coatings (x = 0.40) at 1100 °C in air.

The deposition rate (gs~') of the alloy-composite
hydroxide may be written as (see the appendix)

dm/dt = (AI/F) x {(3x/8) X M a1om),
+ [9(1 — x)/32] x Mz, 0m), } (6a)

where A is the cathode area, I is the current density,
F is Faraday’s constant, x is the volume fraction and
M is the molecular weight. Neglecting the contribu-
tion of the absorbed water in the dried deposits to
their molecular weight, we use M 4 ;om), = 78 gmol ™!
and My, on), = 159.22 gmol ™! for our calculations.
Using the following values: A4 =25cm? and
F =96487 C, we have calculated the expected deposi-
tion rates for different electrolyte compositions and
current densities. These results together with their
corresponding experimental deposition rates are sum-
marized in Table V. The calculated results are higher,
but in the same order of magnitude as the experi-
mental data, and show a continuous decrease in the
deposition rate with increasing aluminum content of
the electrolyte. Nevertheless, comparison with the
measured data reveals that the deposition efficiency is
relatively low regardless of the substrate material. The
reason for the increase in the experimental deposition
rate for the eutectic composition on TiC (x = 0.75) is
not known. The effect of the substrate material on
deposition rate may be related to the degree of ad-



TABLE V Theoretical and experimental electrodeposition rates in codeposition of alumina—zirconia from their nitrate solutions

Calculated dm/dt (mgmin~1!)*

Measured dm/dt (mg min 1)

5mA cm™? 10 mA cm ™2 5mAcm” 5mAcm 2 10 mA cm ™2
X TiB, TiC SiC Remarks
0.00 0.35 0.70 — - 0.50° Al-free
0.40 0.30 0.60 0.12 0.17 0.14 -
0.75 0.26 0.51 0.20 0.32 0.30 -
0.90 0.24 0.48 0.20 0.21 0.17 -
1.00 0.23 0.45 — — 0.13° Zr-free

*Using Equation 6A.
YReference [5].

hesion between the deposit and the substrate. Substra-
tes with high electrical conductivity and inert to hy-
drogen bonds will exhibit poor adhesion with the
deposit, and will lead to sedimentation of a powdery
precipitate. Increase in the covalency of the substrate
material from TiC = SiC = TiB, is expected to lower
their tendencies to form hydrogen bonds with the
deposit. The relatively low deposition rates observed
at higher current densities may be due to evolution of
hydrogen gas, which disturbs the process of deposition
build-up.

Increase in the temperature of the bath was found to
decrease the extent of microcracking, probably by
increasing the density of the deposit. The temperature
effect should be considered through the behaviour of
the electrolyte and especially the change in the dielec-
tric constant of the solvent as well as the diffusivity of
the solute ions. The lower the dielectric constant of the
medium, the higher the electrostatic attraction between
the ions and thus the higher the tendency for precipita-
tion. The dielectric constant of the present solvent
(water:ethanol in 2:1 ratio) is ~59 at 25°C [26].
Increase in temperature is expected to lower this value
to 47 at 80°C, which is far above the critical value
(=~ 25) needed for precipitation [27]. This indicates
a negligible effect of the temperature via the electro-
lyte’s dielectric constant on the deposition rate. On the
other hand, the temperature increase is also expected
both to lower the electrolyte viscosity and increase the
diffusivity of the ionic species to the cathodic surfaces.
Formation of denser deposits at higher temperatures
may be a manifestation of the latter effects.

With respect to microstructural and compositional
evolution in these coating—substrate systems one can
point to the crucial effect of Zr on the formation of
both stoichiometric (ZrTiO,) and substoichiometric
zirconium titanates (Zry sTiy 5O 33) at coating—sub-
strate interfaces, which are associated with chemical
reaction between the coating and the substrate. In the
case of coatings with eutectic composition that are
richer in alumina content, the chemical reaction is less
favourable due to the need to form a stoichiometric
aluminum titanate compound (Al,TiOs). The
whiskers are most probably TiO, formed by an evap-
oration—condensation mechanism due to the high par-
tial pressure of TiO, at 900 °C.

The difference in the oxidation behaviour of the two
systems may be understood with respect to phase
evolution at high temperatures in these systems. In the

alumina-zirconia coating on TiB, substrates, oxida-
tion of TiB, is expected to form boric oxide (B,O3),
which is already a melt around 450°C. Such phase
evolution was observed in the chromia coating-TiB,
substrates [7]. The presence of the liquid phase is
expected to enhance the oxidation kinetics due to
much higher diffusion rates of the ionic species
through the oxide layer.

Appendix A

The electrochemical deposition rate of a monolithic
hydroxide from the electrolyte on the cathode substra-
te may be determined using Faraday’s law

dm/dt = (m/n)x (IAM/ZF) (A1)

where dm/dt is the deposition rate (gs~ '), I is the
applied current density (A cm™2), 4 is the electrode
area (cm?), M is the molecular weight of the deposit,
Z is the valency of the hydroxide’s cation, F is the
Faraday constant, and the m/n ratio indicates that
m moles of hydroxyl that are formed by n charges are
needed to produce (m/n) moles of the hydroxide.

Because the applied current density is often far
above the exchange current density, one should con-
sider the effect of the overvoltage on the current den-
sity using the Tafel equation

—1 = Iyexp[(—aZF/RT)n] (A2)

where [, is the exchange current density, o is the
transfer coefficient (0 < o < 1), n is the overvoltage,
R is the gas constant, and T is the temperature.

Thus using Equations (A1) and (A2), the deposition
rate may be written in the explicit form of

dm/dt = (m/n)x(AM/ZF)
x Iyexp[(— aZF/RT)n] (A3)

Electrodeposition of the alloy—composite hydroxides
was made possible using mixed electrolyte solutions of
their salts. Because the electrochemical behaviour of
the mixed system is an additive property of its original
constituents, the deposition rate in Equation (A3) may
be expanded as a summation over the j constituents in
the system

xIoexp[(— o;Z;F/RT)n;] (A4)
where X ; is the volume fraction of the j constituent.
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TABLE AT Ionic diffusion coefficients at 25 °C and infinite dilu-
tion, D

Ton NOj OH" 1/3A13* 1/4Zr*
Dx107° 1.902 5.273 0.541 0.45-0.78
(cm?s™1)

At this stage one should identify the rate-controlling
species in the electrodeposition process. With respect
to the cathodic polarization curves for zirconyl nitrate
and aluminum nitrate solutions with SiC electrodes
[5], one may conclude that the present applied current
densities (i.e. 5, 10 and 20 mA ¢cm ~?) are in the concen-
tration polarization regime, and above the limiting
(diffusion) current densities. Therefore, diffusion coef-
ficients of the different ionic species that exist in the
system were compiled [26] as listed in Table Al

Because most diffusion coefficients of the metal ca-
tions fall within the narrow range of 0.45x 107> to
0.78 x 1073 cm? s~ !, we will assume the diffusion coef-
ficient of Zr** to be within this range. It is visible from
Table Al that the diffusivities of Zr** and AlI®* are
lower by a factor of 2—4 from that of the nitrate ion,
and by an order of magnitude from that of the hy-
droxyl ions. Therefore, formation of the metal hydrox-
ide must possibly occur in the solution, outside the
concentration layer, by rapid diffusion of the hydroxyl
ions from the surfaces of the cathode. Once polynuc-
lear species of the hydroxide are formed, they migrate
towards the cathode by electrophoretic forces.

Thus formation of the aluminum and zirconium
hydroxides is not controlled by diffusion of their
cations through the double layer, but is directly pro-
portional to the applied current. Formation of a con-
tinuous hydroxide deposit having lower electrical con-
ductivity than that of the cathode over which it is
deposited, is expected to decrease the efficiency of the
current of formation of the hydroxyl ions at the cath-
ode. However, this will cause, simultaneously, an in-
crease in the voltage drop across the cell, and an
increase in the electrophoretic forces, i.e. the probabil-
ity of formation of hydroxide species deposited onto
the cathode. The net effect is the decrease in the
deposition rate to zero. In conclusion, the appropriate
electrodeposition rate for the conditions of the present
study may be written as

dmfdt = (AI/F)x (m/n) x {(x/3) x Mayom,
+[(1 — x)/4]1 %X Mz.0m),} (AS)

In order to apply this approach we assume that all the
available AI** and Zr** cations near the cathode
react equally (100% efficiency) with the hydroxyl
groups generated at the cathode, to form the hydrox-
ides. Another assumption is that the electrolyte com-
position does not change during the electrodeposition.
The m/n ratio is 9/8 for both hydroxides with respect
to Equation 3. Thus Equation A5 may be presented as

dm/dt = (AI/F)x {(3x/8) X Mayom,
+ [9(1 = x)/32] x Mz;0m\,}  (A6)
400

This equation is applicable to the linear portion of the
deposition weight versus the duration of deposition
curves (low current densities and durations) that exists
before the maxima at which spallation occurs.
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