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The effect of Y,0, addition to the oxidation resistance of
sol-gel-derived zirconia films coated on austenitic stainless
steel substrates was examined. The oxidation weight gain
measurement and XRD analyses of oxides showed that
addition of Y,0, reduces oxide formation. TEM observa-
tions revealed that the films are joined to the substrates via
an amorphous layer with concentrated Si, and the layer
grew thicker by adding Y,0, or elevating the firing temper-
ature. Lattice constants of the films were shown to be more
expanded than the zirconia powders prepared from the
coating liquids.

I. Introduction

ZIRCONIA is widely used for the surface modification of met-
als. Fabrication of zirconia (ZrO,) coatings for stainless
steels through sol-gel processing has been reported by several
authors. Using zirconium tetraoctylate, Izumi et al.' examined
the oxidation protectiveness of pure zirconia films coated on
SUS304 stainless steel. They showed that the oxidation weight
gain was reduced by increasing the coating thickness. Shane
and Mecartney” prepared a ZrO,—8 wt% Y,0, film on 446 stain-
less steel by using zirconium tetrabutoxide and showed that the
sol—gel-derived zirconia film worked effectively for protection
from acids.

From the viewpoint of high-temperature oxidation, the chem-
ical composition of the coated film is very important, because
Zr0,-Y,0; is a well-known solid electrolyte which transports
oxygen ions at a high temperature, and the conductivity of oxy-
gen ions is known to vary drastically, depending on the Y,0,
content.” As the high-temperature oxidation is caused by the
flow of oxygen ions and electrons through the oxide scales, the
oxidation resistance of ZrO,~Y,0, films is expected to change
with their chemical composition.

In this paper, the effect of yttria (Y,0,) addition on the oxida-
tion behavior of the stainless steel substrates coated with the
sol-gel-derived zirconia films is studied through the measure-
ment of oxidation weight gain and the X-ray diffraction (XRD)
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analysis of formed oxides. The films subjected to the oxidation
experiment are also investigated by XRD and compared with
the powders obtained from the same coating liquids in order to
reveal their microstructural characteristics that are caused by
the bonding and oxidation. In addition, the structure of the films
and film—substrate interfaces is examined in relation to the oxi-
dation resistance by using the high-resolution transmission
electron microscope (HRTEM), TEM-EDX, and XRD analyses
which are reported.

II.

Coating liquids were prepared using zirconium tetra n-prop-
oxide (Zr(O-n-C,H,),, Soekawa Chemicals, Japan), yttrium
acetate tetrahydrate (Y(CH,COO),-4H,0, Soekawa Chemicals)
and n-propy! alcohol (as-received, water content 0.3% max).
Zirconium tetra n-propoxide and yttrium acetate tetrahydrate
were separately dissolved in n-propyl alcohol in air and mixed
with a magnetic stirrer for several hours in a 100-mL beaker
with a plastic film seal until a transparent solution was obtained.
The liquid concentration was fixed to be 0.1M ZrO,—x mol%
YO, (x = 0to 30).

Austenitic stainless steel (SUS304) substrates (15 mm X 15
mm X 1 mm) were annealed under vacuum at 900°C for 2 h,
and both surfaces were mechanically polished with SiC paper
and mirror-polished using 1.0- and 0.3-pm alumina powders.
The zirconia sol was dip-coated on the substrates, with a with-
drawal speed of 1.0 mm-s~' at room temperature (20°-22°C) in
air. The relative humidity of the room was kept in the range of
40%—50%. The dip-coating was repeated 10 times in each sub-
strate for the oxidation experiment. After each dip, the sub-
strates were dried for 30 s. Next, the substrates dip-coated 10
times were dried in air at 110°C for 0.5 h, fired at 900°C for 2 h
under vacuum with a heating rate of 200°C-h~', and oxidized at
900°C for 1 h in air. The weight gain measurement was done
using two to four specimens for each composition 10 min after
the completion of substrate cooling.

The film thickness of the coatings was estimated by the step
height measurement with stylus method (Talystep, Rank Taylor
Hobson*) using silica (Si0,) glass substrates with pure zirconia
coatings. In preparing powders, the coating liquids were evapo-
rated at 70°C under vacuum and dried at 150°C. The dried gels
were pulverized in an alumina mortar and fired at 900°C for 3 h
in air with a heating rate of 200°C-h~' and then furnace-cooled.

A strong-beam X-ray diffractometer (MAC MXP-18, 40 kV,
200 mA, CuKa radiation) and transmission electron micro-
scopes (Hitachi H-9000 (300 kV), JEOL 2000 FX (200 kV)
with EDX systems (Tracor Northern)) were used in the micro-
structural analysis. Lattice constants measurement of the pow-
ders by XRD was done using 400 and 004 peaks as has been
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reported by Yoshimura ef al.’ The measurement of lattice con-
stants was done five to six times for each composition. The
(111) plane spacing of the films was measured for each compo-
sition, using five to six samples. Si was used as an internal stan-
dard. Integrated intensity measurement of 111 reflections from
monoclinic, tetragonal, and cubic phases of zirconia films was
done using four to seven samples in each composition. In the
peak intensity measurement of the oxidized specimens by
XRD, two to three samples for 111 reflections from the SUS304
substrates, three to seven samples for 104 reflections from
(Fey ¢Cry.4),0;5, and two to four samples for 400 and 711 reflec-
tions from FeCr,0, were analyzed in each composition.

Surface observation of the sepcimens was done by EPMA
(Shimadzu 8705). In the cross-sectional observation of coatings
by HRTEM, the specimens were sliced with a resinoid blade,
polished with diamond powders (0.25-9 pm) and ion-milled
(model 600, Gatan). In the TEM-EDX analysis, an electron
probe 10 nm in diameter was used. A program for the stan-
dardless quantitative analysis was used in the measurement of
film composition.

III. Results

(1) Estimation of the Thickness of ZrO,-Y,0, Films

Figure 1 shows the thickness of pure zirconia films on SiO,
substrates evaluated by the step height measurement. The film
thickness increases linearly by repeating the coating times. A
thickness of 6 nm is shown to be obtained by one coating pro-
cess. Figure 2 shows the integrated intensities of 111 reflections
from the films prepared on the stainless steel substrates after the
oxidation experiment. The intensity measurement of each sam-
ple was done using the same diffraction condition. According to
the theory of X-ray diffraction, intensity / from a specimen with
a thickness ¢ and crystal grains with a random orientation is
expressed as follows:®

I = const. fFF* exp (—2pz/sin 6)dz )

[

where F is the crystal structure factor, ¢ the film thickness, p. the
linear absorption coefficient, and 6 the angle of incidence.
According to Ingel and Lewis,” the density p (kg/m?) of cubic
Zr0,-Y,0, varies as

p = (818.435 — 137.023M/(100 + M))(1/d}) )

where M is the mole percentage of Y,O, and d, (nm) is the cubic
lattice constant. From this equation, the linear absorption coef-
ficient is calculated as 670.1 cm ™! (0 mol% YO, ) to 629 cm ™!
(30 mol% YO,;). Assuming the film thickness of 60 nm for a
film with 10 coating layers, the lattice constant of 0.5145 nm for
Zr0,~20 mol% YO,;,” and using A = 0.15405 nm for CuKa
radiation, the value (2u.z/sin ) in Eq. (1) is estimated at 0.03.

- [J
£ 100}
@
(]
[}
=4
=
RS
£ 50
E o
=
1 1 i 1
0 5 10 15 20

Number of dip-coatings

Fig. 1. Relationship between the thickness of pure zirconia films
coated on SiO, substrates and the coating times.
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This value is very small; then, for a thin film, Eq. (1) can be
approximated as

[ = const. FF*t 3)

i.c., the intensity varies in proportion to the film thickness.
Since the structure factor, 6, and the absorption coefficient
remain almost constant in the tetragonal and cubic zirconia of
this study, the intensity of 111 reflections is proportional to the
film thickness. Therefore, in Fig. 2, the film thickness is found
to vary with Y,0, content, taking the maximum value at 14
mol% YO, ; and decreasing with increasing Y,0; content. The
film thickness changes by a factor of approximately two in the
whole compositional range of the present study.

(2) Oxidation Behavior of Zirconia-Coated Specimens

The weight gain of the SUS304 substrates with ZrO,~Y,0,
films after oxidation at 900°C for 1 h is shown in Fig. 3. The
weight gain is found to change with the Y,0, content and has a
general trend of decreasing with increasing Y,0, content. This
result shows that the compositional factor must be considered in
order to obtain an excellent oxidation-resistant coating. Exam-
ples of surface observation of the specimens are shown in Fig. 4
for ZrO,~15 mol% YO, 5 thin films coated on the SUS304 sub-
strates. A uniformly coated surface can be seen in photo (a). In
photo (b), the film surface is seen to become granular from the
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Fig. 2. XRD integrated intensities of the 111 reflections from ZrO,—
Y,0, films. The values are the summation of the reflection intensities
from the monoclinic, tetragonal, and cubic phases (111,, + 111, +
111, + 11t,).
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Fig.3. Weight gains of the SUS304 substrates with ZrO,~Y,0, coat-
ings oxidized at 900°C for 1 h in air.
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Fig. 4. (a) SEM image of a ZrO,~15 mol% YO, ; film coated on a SUS304 substrate fired at 900°C for 2 h under vacuum. (b) SEM image of a ZrO,—
15 mol% YO, ; film coated on a SUS304 substrate fired at 900°C for 2 h under vacuum and oxidized at 900°C for 1 h in air. (¢) SEM image of a

SUS304 substrate without coating which was oxidized at 900°C for 1 h in air.

oxidation, but no exfoliation of film is seen. The granular fea-
ture of the coating is similar to the coating surface reported by
Shane and Mecartney.? Photo (c) is a SEM image of a SUS304
substrate without coating that was oxidized in air. The surface
was heavily attacked by oxygen, and the oxidized surface is
seen to be swollen.

Figure 5 shows XRD patterns of (a) the oxidized substrate,
(b) the substrate with a pure zirconia film that showed a large
oxidation weight gain, and (c) the substrate with a ZrO,-20
mol% YO, 5 film which showed a small oxidation weight gain.
Indexes of FeCr,0, and (Fe, (Cr,,),0, were assigned according
to Shane and Mecartney.” The peak intensities of oxides are
seen to become smaller by the addition of Y,0, as compared
with the substrates’ 111 peak intensities. The relative peak
intensities of oxides to the 111 peak intensities of the substrates
are plotted in Figs. 6 and 7 as a function of Y,0; content. The
400 and 711 relative peak intensities of FeCr,0, are seen to
decrease with increasing Y,0, content. Although the 104 rela-
tive peak intensities of (Fe,Cr,,),0, take especially high val-
ues at 28 and 30 mol% YO, , they are found to decrease
generally in the Y,0, composition less than 26 mol% YO, ;.
These results indicate the decrease of oxide scale thickness by
the Y,O, addition and agree with the result of the oxidation
weight gain measurement.

(3) XRD Analysis of the Powders Obtained from the
Coating Liquids

Figure 8 shows the X-ray diffraction patterns of zirconia
powders obtained from the coating liquids by firing at 900°C for

3 h in air. Peaks of monoclinic and tetragonal phases coexist
in Fig. 8(a), but the monoclinic phase decreases quickly with
increasing Y,0O; content.

Figures 9 and 10 show the lattice constants and cube roots of
the unit cell volumes of the tetragonal and cubic phases of the
powders as a function of Y,0; content, where the data of the
Zr0Q,~Y,0; specimens prepared by the rapid cooling from a
high temperature are also included.” The results of both studies
take almost the same values. Figure 11 shows the c/a ratios of
the sol—gel-derived powders and the data plotted according to
Yoshimura et al.’ The c¢/a ratios of both studies agree well.
These facts indicate that the unit cell structure of the sol-gel-
derived powders is very close to that of the specimens obtained
by the rapid cooling and also the compositional homogeneity of
the films prepared by the sol-gel processing. But it will be
shown later that the coated films contain a large amount of sub-
strate elements. The c/a ratio y of the present study was fitted by
the following second-order polynomial for ZrO,—x mol% YO, ;.

y = 1.019 — 0.0004873x — 0.00004723x> “

The composition that makes y = 1 is the boundary between
the tetragonal and cubic phases and is determined as 15.6 mol%
YO, (8.5 mol% Y,0,) by extrapolating the curve to y = 1
(solving Eq. (4)). This value is close to the reported c—¢ phase
boundary of 8 mol% Y,0, of rapidly cooled specimens.® How-
ever, the crossing point that is obtained by the linear extrapola-
tion of ¢ and a axes gives 19.3 mol% YO, 5 (10.7 mol% Y,0,,
Fig. 9), which is far beyond the above value.
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Fig. 5. XRD patterns of the specimens after the oxidation experiment
at 900°C for 1 h: (a) substrate without coating, (b) substrate with a pure
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Zr0, film, (c) substrate with a ZrO,—20 mol% YO, ; film.
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Fig. 6. Relative XRD peak intensities of FeCr,0, against the sub-
strates’ 111 peak intensities as a function of Y,0, content: (a) 400

1.0F . T T -

(a)

]

0.5

(b)

1 1 N 1 |
0% 10 20 30

mol% YO1_5

reflection, (b) 711 reflection.

/ (002), (200),

L

(d)

Intensity(arb.units)

(e)

(f)

1 4 i A A 'l

22242.6223303234363840
20(deg.)

Fig.8. X-ray diffraction patterns of the sol-gel-derived ZrO,~Y,0,
powders obtained from the coating liquids by firing at 900°C for 3 h in
air: (a) ZrO,-0 mol% YO, 5, (b) ZrO,-2 mol% YO, 5, (¢) ZrO,~4 mol%
YO,;, (d) ZrO,~6 mol% YO, 5, (e) ZrO,—8 mol% YO, (f) ZrO~10
mol% YO,.
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Fig. 9. Lattice constants of the tetragonal and cubic phases of the sol-
gel-derived ZrO,~Y,0, powders and the specimens obtained by rapid
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by Yoshimura et al.*
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(4) Comparison between the Films Subjected to the
Oxidation Experiment and the Sol-Gel-Derived Powders by
XRD Analysis

Figure 12 shows the X-ray diffraction patterns around 111
reflections of the films after the oxidation experiment. The
monoclinic phase is seen to decrease with increasing Y,O, con-
tent which is similar to Fig. 8. Figure 13 shows the ratios of the
integrated intensity of the monoclinic phase plotted against the
total intensity of the monoclinic and tetragonal phases of the
films and the powders. The ratios of the integrated intensity are
calculated for 111 reflections as (I,;;; + 1., /(7 + L +
L)) according to Kimura et al.’ Tetragonal phase is seen to dis-
appear more quickly in the films than in the powders with
decreasing Y,0, content. This result indicates that the tetrago-
nal phase of the films is less stable than in the powders. This is
considered to have been caused by the thermal stress that
occurred through the bonding and oxidation experiments.

The (111) plane spacings of the tetragonal and cubic phases
of the films and the powders are plotted as a function of Y,0,
content in Fig. 14. The plane spacings of the films take larger
values than the powders.
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Fig.12. X-ray diffraction pattemns around the 111 reflections of
the coatings after the oxidation experiment: (a) ZrO,-0 mol% YO, s,
(b) ZrO,-2 mol% YO, (¢) ZrO,4 mol% YO, , (d) ZrO,—6 mol%
YO, 5, (e) ZrO,—8 mol% YO, 5, (f) ZrO,~10 mol% YO, ;.
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Fig.13. Ratios of the 111 integrated intensities of the monoclinic
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tetragonal phases of the films and the powders obtained from the coat-
ing liquids.

(5) TEM Observation of the Films and Joint Interfaces

Figure 15 shows a cross-sectional observation of the inter-
face between the ZrO,~15 mol% YO, film and SUS304 sub-
strate which was prepared by firing at 900°C for 2 h under vac-
uum. An intermediate layer is seen to be formed in the dark-
field observation where the contrast of the layer is bright along
the interface. This bright contrast, which did not change by tilt-
ing the specimen in the observation, indicates that the inter-
mediate layer is amorphous. In order to confirm this point, a
high-resolution image (Fig. 16) around the marked place was
taken. The image clearly shows the existence of an amorphous
phase. The layer thickness was observed to be approximately 10
to 50 nm. Figure 17 shows a HRTEM image of a ZrO,~15
mol% YO, ; film prepared by firing at 600°C for 2 h. An inter-
mediate layer is shown to be formed at the marked place, but the
layer width is seen to be reduced. In Fig. 18, which is of a pure
zirconia film prepared at 900°C for 2 h in vacuum, the width of
the intermediate layer is seen to be reduced also and cannot be
seen clearly. These facts indicate that addition of Y,0, and ele-
vation of firing temperature help the formation of the intermedi-
ate layer. EDX analyses of the films, film—substrate interfaces,
and substrates are shown in Figs. 19, 20, and 21. These figures
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Fig. 14. (111) plane spacings of the tetragonal and cubic phases of
the coated films and the powders.

show that the elements of stainless steel, Fe, Ni, and Cr are con-
tained in the films. By using the program of standardless quanti-
tative analysis, the film composition was roughly estimated in
atomic percentage as Zr:Fe:Cr = 74.7:10.6:10.7 in the ZrO,~15
mol% YO, 5 (8 mol% YO, ) film (Fig. 15) and 72.1:20.1:7.8 in
the ZrO,~0 mol% Y,0, film (Fig. 18).

At the film—substrate interface of ZrO,~15 mol% YO, 5 film
(Fig. 19(b)), a strong peak of Si is seen. As shown in Fig. 19(c)
where a small peak of Si is detected in the substrate, the
SUS304 stainless steel on the market generally contains about 1
mass% Si as an impurity.'> The concentrated Si at the film—
substrate interface must have been accumulated from the inner
part of the substrate. The Si peak can be seen also in Fig. 20(b),
but is not so strong as compared with Fig. 19(b). This fact sup-
ports that addition of Y,0, enhances the segregation of Si and is
consistent with the HRTEM observations. In Fig. 21(b), the
peak of Si is much weaker than in Fig. 19(b). Elevation of firing
temperature is found to help the accumulation of Si.

IV. Discussion

The thermal expansion coefficient of zirconia is reported to
be (9.33-11.08) x 107%/°C for single-crystal ZrQ,—(3-20
wit%) Y,0, in the temperature range 20°-~1500°C, while that of
stainless steels is 14.7 X 107%/°C (20°C) — 20.2 X 107%/°C)

Fig. 15. Cross-sectional TEM images of the interface between the ZrO,~15 mol% YO, 5 film and SUS304 substrate prepared by firing at 900°C for
2 h under vacuum: (a) bright-field image, (b) dark-field image by the diffraction spots shown with an image of the aperture.
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SUBSTRATE

Fig. 16. Cross-sectional HRTEM image around the marked place of
Fig. 15. An amorphous intermediate layer is observed.

SUBSTRATE

Fig. 17. Cross-sectional HRTEM image of the interface between the
ZrO,~15 mol% YO, ; film and SUS304 substrate prepared by firing at
600°C for 2 h.
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f SUBSTRATE

Fig. 18. Cross-sectional HRTEM image of the interface between the
pure ZrO, film and substrate prepared by firing at 900°C for 2 h under
vacuum.

(527°C).**!" The thermal expansion coefficient of stainless steel
is fairly close to that of zirconia, but it does not exactly coin-
cide. Therefore, the thermal stress at the film—substrate inter-
face is inevitably generated by the heat treatment. This thermal
stress will make the film shrink, but the (111) plane spacings of
the films were found to be expanded, compared with those of
the powders. The TEM-EDX analyses showed that a large
amount of the substrate’s elements, Fe and Cr, were contained
in the films. Fe and Cr are considered to exist as Fe** or Cr’ ™ in
a thin film. The ion radii of Fe3*, Cr**, Zr**, Y>*, and O "2 are
reported to be 0.064-0.067 nm, 0.063-0.065 nm, 0.079-0.087
nm, 0.092-0.106 nm, and 0.132-0.14 nm, respectively." If the
cation sites are substituted by Fe** and Cr®* whose ion radii are
smaller than Zr** or Y**, the lattice constants must become
smaller according to the spherical ion packing model.” There-
fore, the expansion of a unit cell of the films is considered to
be explained by assuming the interstitial type solid solution of
iron or chromium oxides into the films. Shane and Mecartney?
reported that an interfacial reaction between the sol—gel-derived
Zr0,-8 wt% Y,0; film and the stainless steel substrate formed
iron chromates which led to the strong interfacial bonding and
that the amount of iron chromates increased by elevating heat
treatment temperature. But in the present experiment, though
the iron chromates were identified, ZrO,~Y,0, films were
joined to the stainless steel substrates via an amorphous oxide
layer with concentrated Si, and this oxide layer was found to
grow thicker by adding Y,0O, or by elevating the firing tempera-
ture. Presumably, this amorphous oxidation layer will behave as
a glass solder which helps the bonding by relaxing the thermal
stress during the heat treatment in addition to the strengthening
by the iron chromates. This glass layer is expected to improve
the oxidation resistance partly, since De Sanctis ef al.'* have
shown that a sol-gel-derived SiO, film with a thickness of
0.4 pm worked effectively to limit the oxidation of stainless
steel.

As shown in Figs. 6 and 7, the relative peak intensities of
FeCr,0, (400, 711) and (Fe,Cr,,),0; (104) against the 111
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Fig. 19. EDX analyses of (a) the film (109 nm apart from the film—
substrate interface), (b) the film—substrate interface, and (¢) the sub-
strate (50 nm inward from the interface) in the specimen of Fig. 15.

peak intensities of the SUS304 substraies were found to
decrease with increasing Y,0, content; i.e., addition of Y,0, to
the films prevented the formation of oxides. The 400 peaks of
FeCr,0, are especially high in Fig. 5. This fact suggests that
(400) planes of FeCr,0, crystals are oriented in parallel with the
substrate surface. In Fig. 6, the FeCr,0, 711 peaks seem to have
a correlation with 400 peaks in intensity. In order to examine
this, the 711 relative peak intensities were plotted against the
400 relative peak intensities, as shown in Fig. 22. Figure 22
shows the strong correlation between the 400 and 711 peak
intensities. This result supports the orientation of (400) planes
parallel to the substrate surface, because the (711) planes are the
lattice planes whose orientation is close to the (400) planes.
Since the (400) plane spacing of FeCr,0, (0.20943 nm) is simi-
lar to the (111) plane spacing of the substrate (0.21 nm), the
FeCr,0, (400) and SUS304 (111) planes are considered to have
an epitaxial relationship. Presumably, the stainless steel sub-
strates have a texture, and the (400) planes of FeCr,O, must
have nucleated in parallet with the substrates’ (111) planes.

It has been shown by [zumi et al.' that the oxidation weight
gain can be reduced by increasing ZrO, coating thickness.
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Fig. 20. EDX analyses of (a) the film (65 nm apart from the inter-
face), (b) the film—substrate interface, and (c) the substrate (8 nm
inward from the interface) in the specimen of Fig. 18.

Figure 2 indicates that the film thickness increases for Y,0,
content less than 14 mol% YO, ;. The reduction of oxidation
weight gain in the smaller Y,0; content region of the present
study may be explained by the increase of film thickness. The
oxidation weight gain, however, decreased generally with
increasing Y,0; content (Fig. 3), though the film thickness was
found to decrease in the higher Y,0; content region. This shows
that the reduction of oxidation weight gain by Y,0; addition
cannot be explained by the variation of film thickness. It is said
that Y,0, exhibits a strong affinity for oxygen and is very effec-
tive in trapping the impurity oxygen from the matrix of ceram-
ics such as AIN." Therefore, addition of Y,0, to zirconia films
is considered to have suppressed the oxidation of substrates by
trapping the oxygen ions around Y** ions. Since the addition of
yttrium is known to improve the oxidation resistance of Fe-Cr
base alloys,'® the diffusion of yttrium from the coating into the
substrate may contribute to the oxidation resistance. This factor
is to be investigated further.
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Fig.21. EDX analyses of (a) the film (64 nm apart from the inter-
face), (b) the film—substrate interface, and (c) the substrate (68 nm
inward from the interface) in the specimen of Fig. 17.

V. Conclusions

This study is summarized as follows.

(1) The oxidation resistance of stainless steel substrates
with sol-gel-derived ZrO,-Y,0, films can be improved by
increasing Y,O; content.

(2) At the film—substrate interface, a thin amorphous oxide
layer rich in Si is formed. The layer thickness increased by the
addition of Y,O;. The intermediate layer is considered to
behave as a glass solder which joins the film and the substrate.

(3) The (111) lattice plane spacings of the films take larger
values than those of the powders obtained from the coating lig-
uids, due to the diffusion of the substrate’s elements into the
films.

(4) More monoclinic phase was found to be formed in the
films than in the powders having the same Y,0, content. This
indicates that the tetragonal-to-monoclinic phase transforma-
tion of zirconia took place more easily in the films through the
bonding and oxidation process.
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Fig. 22. Relationship between the 400 and 711 XRD peak intensities
(1) of FeCr,0,. The intensities are shown as the relative values against
the 111 peak intensities of the SUS304 substrates.

(5) The lattice constants and ¢/a ratios of the tetragonal
phase and cube roots of the unit cell volumes of the tetragonal
and cubic phases of ZrO,~Y,0, powders obtained from the
coating liquids are very close to those of ZrO,—Y,0, specimens
rapidly cooled from a high temperature. This is an indication of
the close structural resemblance between the sol-gel-derived
powders and the specimens formed by the rapid cooling, and
the compositional homogeneity of the sol-gel-derived powders.
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