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Surface morphology of scale on FeCrAl (Pd, Pt, Y) alloys
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bstract

The high temperature oxidation behavior of Fe–20Cr–4Al, floating zone refined (FZ) Fe–20Cr–4Al, Fe–20Cr–4Al–0.5Pd, Fe–20Cr–4Al–0.5Pt
nd Fe–20Cr–4Al–(0.01, 0.02, 0.05, 0.1, 0.2, 0.5)Y alloys was studied in oxygen for 0.6–18 ks at 1273–1673 K by mass gain measurements, X-ray
iffraction and scanning electron microscopy. The mass gains of FeCrAl, FZ FeCrAl, FeCrAlPd and FeCrAlPt alloys showed almost the same
alues. Those of FeCrAl–(0.01, 0.02, 0.05, 0.1, 0.2, 0.5)Y alloys decreased with increasing yttrium of up to 0.1% followed by an increase with
he yttrium content after oxidation for 18 ks at 1473 K. Needle-like oxide particles were partially observed on FeCrAl alloy after oxidation for
.2 ks at 1273 K. These oxide particles decreased in size with increasing oxidation time of more than 7.2 ks at 1473 K, and then disappeared after
xidation for 7.2 ks at 1573 K. It is suggested that a new oxide develops at the oxygen/scale interface. The scale surface of FeCrAl alloy showed
wavy morphology after oxidation for 7.2 ks at 1273 K which then changed to planar morphology after an oxidation time of more than 7.2 ks at

573 K. On the other hand, the scale surfaces of other alloys were planar after all oxidation conditions in this study. The scale surfaces of FeCrAl,
Z FeCrAl, FeCrAlPd and FeCrAlPt alloys were rough, however, those of FeCrAl–(0.1, 0.2, 0.5)Y alloys were smooth. The oxide scales formed
n FeCrAl–(0.1, 0.2, 0.5)Y alloys were found to be �-Al2O3 with small amounts of Y3Al5O12, and those of the other alloys were only �-Al2O3.

2007 Elsevier B.V. All rights reserved.
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. Introduction

An oxide scale of �-Al2O3 forms on the alloys when alumina-
orming heat-resistant alloys are exposed to high temperatures of
ore than 1273 K in oxidizing atmospheres. The �-Al2O3 scale

ften spalls during cooling after oxidation. Various hypotheses
ave been offered to explain the spalling of the oxide scale, and
nterest has been recently focused on the segregation of sulfur at
he oxide/alloy interface [1–12]. On the other hand, to improve
he oxide adherence, many studies have been conducted with
egard to the effect of small additions of reactive elements such
s rare earths, zirconium, and hafnium [13–23]. Recently, high
emperature oxidation studies of heat-resistant alloys containing
ontrolled levels of both sulfur and reactive elements have been

onducted, however, the oxidation behavior of such alloys is
omplicated [2–4,7,11,17–23]. On the other hand, the effects
f small noble metal (Pd, Rh, Pt) additions on the oxidation
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ehavior of the Al2O3-forming heat-resistant alloys have been
lso studied [24–27].

In the present study, the surface morphology of scale on
eCrAl (standard, FZ, Pd, Pt, Y) alloys was studied in oxy-
en at 1273–1673 K for oxidation times of 0.6–18 ks, in order
o clarify the relationship between oxide adherence and noble

etal or yttrium addition.

. Experimental

Buttons weighing 50 g were prepared by arc-melting in a water-cooled hearth
n an argon atmosphere. The base composition of the alloys was nominally
eCrAl with 4 ppm sulfur, to which palladium or platinum of 0.5% and yttrium
f 0.01, 0.02, 0.05, 0.1, 0.2 or 0.5% were added. The floating zone refined (FZ)
eCrAl alloy was made by floating zone melting of the alloy with 4 ppm S.
he compositions of the alloys are given in Table 1. The buttons were hot-
nd cold-rolled to a sheet of 0.5 mm thickness. The specimens were then cut
o dimensions of about 0.5 mm × 10 mm × 20 mm, and were polished through

500 grit SiC paper. The specimens (5 mm × 5 mm × 0.5 mm) used for the inves-
igation of oxide morphological change were mirror-polished with diamond
aste (3 �m) after initial polishing. Each specimen was cleaned ultrasonically
n alcohol before being tested. Oxidation tests were conducted in flowing oxygen
100 cm3/min) for 18 ks at 1473 K. The mass gain was measured after oxidation,

mailto:amano@mate.shonan-it.ac.jp
dx.doi.org/10.1016/j.jallcom.2007.01.170
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Table 1
Chemical compositions of alloys used for the investigations (mass%)

Alloy Fe Cr Al S Pd Pt Y

Fe–20Cr–4Al (standard) Balance 20 4 0.0004 – – –
FZ Fe–20Cr–4Ala Balance 20 4 <0.0001 – – –
Fe–20Cr–4Al–0.5Pd Balance 20 4 0.0001 0.498 – –
Fe–20Cr–4Al–0.5Pt Balance 20 4 0.0001 – 0.499
Fe–20Cr–4Al–0.01Y Balance 20 4 0.0001 – – 0.0001
Fe–20Cr–4Al–0.02Y Balance 20 4 0.0001 – – 0.0002
Fe–20Cr–4Al–0.05Y Balance 20 4 0.0001 – – 0.0023
Fe–20Cr–4Al–0.1Y Balance 20 4 0.0001 – – 0.0382
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Fig. 3 shows typical surface views of the FeCrAl alloys
exposed to oxygen for 18 ks at 1473 K. The oxide surface on
the standard, FZ, 0.5Pd, 0.5Pt, 0.01Y, 0.02Y and 0.05Y alloys
e–20Cr–4Al–0.2Y Balance 20 4
e–20Cr–4Al–0.5Y Balance 20 4

a FZ Fe–20Cr4Al is purified by floating zone melting in hydrogen.

nd the appearance of samples was also observed. The oxide formed on the alloys
as identified by X-ray diffraction (XRD). The oxide morphology was observed
y scanning electron microscopy (SEM). Another experiment was then carried
ut in order to clarify the oxide morphology by the various times and tempera-
ures of oxidation. The oxide morphology was observed by SEM after oxidation,
nd then the alloys were again exposed to oxygen. This process was continued.
he alloys were exposed to oxygen for 7.2 and 18 ks at 1273 K, 1.8 and 18 ks at
373 K, 0.6, 7.2 and 18 ks at 1473 K, 1.8 and 7.2 ks at 1573 K and 18 ks at 1673 K.

. Results

.1. Mass gain

The mass gain of the FeCrAl (standard, FZ, 0.5Pd, 0.5Pt)
lloys exposed to oxygen for 18 ks at 1473 K. Mass gains of
ll the alloys were between 5.0 and 5.2 × 10−3 kg m−2. As is
entioned in the later part, spalling of the scale on the standard

lloy occurred from the entire surface. The mass of the spalled
xide is added in the mass gain of the alloy. Fig. 1 shows the
ass gain of the FeCrAlY alloys exposed to oxygen for 18 ks at

473 K. Mass gain of the alloys decreased up to 0.1% yttrium,
nd then increased with increasing yttrium content.
.2. Surface appearance and X-ray diffraction

Fig. 2 shows the surface appearance of the FeCrAl alloys
xposed to oxygen for 18 ks at 1473 K. The surface of all the

ig. 1. Mass gain of FeCrAl (0.01–0.5Y) alloys exposed to oxygen for 18 ks at
473 K.

F
1
0

0.0001 – – 0.0980
0.0001 – – 0.3449

lloys, except the standard alloy, was covered with oxide scale.
xide scale on the standard alloy spalled from the entire sur-

ace, and spalling of the oxide scale on the FZ, 0.5Pd and 0.5Pt
as scarcely found. The oxide scale on the 0.01Y alloy slightly

palled, and those on the 0.02Y and 0.05Y alloys faintly spalled,
owever, no spalling of those on the 0.1Y, 0.2Y and 0.5Y alloys
as found. Scale color of the 0.5Pd was brown, and those of the
.1Y, 0.2Y and 0.5Y alloys were glossy gray. On the other hand,
hose of the other alloys were gray.

Table 2 shows oxides determined by X-ray diffraction of the
eCrAl alloys exposed to oxygen for 18 ks at 1473 K. Oxide
cale on all the alloys was mainly found as �-Al2O3. Y3Al5O12
as recognized in 0.2Y and 0.5Y alloys, and its peak intensity

ncreased with increasing yttrium content.

.3. Scanning electron microscopy
ig. 2. Surface appearance of FeCrAl alloys exposed to oxygen for 18 ks at
473 K. (a) Standard; (b) FZ; (c) 0.5Pd; (d) 0.5Pt; (e) 0.01Y; (f) 0.02Y; (g)
.05Y; (h) 0.1Y; (i) 0.2Y; (j) 0.5Y.
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Table 2
Oxides determined by X-ray diffraction of FeCrAl alloys exposed to oxygen for
18 ks at 1473 K (the peak intensities of the oxide are indicated in parentheses)

Standard �-Al2O3 (w)
FZ �-Al2O3 (s)
0.5Pd �-Al2O3 (s)
0.5Pt �-Al2O3 (s)
0.01Y �-Al2O3 (s)
0.05Y �-Al2O3 (s)
0.1Y �-Al2O3 (s)
0.2Y �-Al2O3 (s) Y3Al5O12 (vw)
0
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.5Y �-Al2O3 (s) Y3Al5O12 (w)

: strong, w: weak, wv: very weak.

as rough, and that on the 0.1Y, 0.2Y and 0.5Y alloys was
mooth. The oxide surface on the standard alloy showed a wavy
orphology, and that on the Y-added alloys changed to planar
ith increasing yttrium content. The surfaces of the standard,

Z, 0.5Pd, 0.5Pt, 0.01Y, 0.02Y and 0.05Y alloys showed retic-
lar microstructure, and many cavities were found in the scale
urface. Cavities in the scale surface of the standard, FZ, 0.5Pd,
.5Pt, 0.01Y, 0.02Y, 0.05Y, 0.1Y and 0.2Y alloys were 1.0, 1.0,

a
1
a
T

ig. 3. SEM micrographs of the oxide scale on FeCrAl alloys exposed to oxygen for
g) 0.05Y; (h) 0.1Y; (i) 0.2Y; (j) 0.5Y.

ig. 4. SEM micrographs of the oxide scale on FeCrAl (standard) alloy exposed to o
373 K, 1.8 ks; (d) 1373 K, 18 ks; (e) 1473 K, 0.6 ks; (f) 1473 K, 7.2 ks; (g) 1473 K, 1
Compounds 452 (2008) 16–22

.0, 1.0, 0.5, 0.5, 0.4, 0.13 and 0.07 �m in size from SEM obser-
ation by a factor of 1000 or 3000, however, cavities in the scale
urface of 0.5Y alloy were not detected. The granular oxide
3Al5O12 particles (as is mentioned in the later part) on the

cale of 0.1Y, 0.2Y and 0.5Y alloys were about 1, 2 and 4 �m
n size, respectively, and these oxide particles increased with
ncreasing yttrium content. Since amounts of Y3Al5O12 parti-
les were a trace as shown in Fig. 3(h), the Y3Al5O12 phase was
ot found by X-ray diffraction (Table 2).

.4. Scanning electron microscopy (change with time and
emperature of oxidation)

In order to clarify oxidation behavior of heat-resistant alloys,
he growth process of the oxide scale was studied by change with
ime and temperature of oxidation. As is mentioned in the later
art, main oxide scale �-Al2O3 is formed on the alloys when

lumina-forming heat-resistant alloys are exposed to oxygen at
273 K, however, the formation of transient alumina phase such
s needle-like �-Al2O3 is partially found on the oxide scale.
he oxidation experiment was carried out for 7.2 and 18 ks at

18 ks at 1473 K. (a) Standard; (b) FZ; (c) 0.5Pd; (d) 0.5Pt; (e) 0.01Y; (f) 0.02Y;

xygen for 0.6 ∼ 18 ks at 1273–1673 K. (a) 1273 K, 7.2 ks; (b) 1273K, 18 ks; (c)
8 ks; (h) 1573 K, 1.8 ks; (i) 1573 K, 7.2 ks; (j) 1673 K, 18 ks.
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Fig. 5. SEM micrographs of the oxide scale on F

273 K, 1.8 and 18 ks at 1373 K, 0.6, 7.2 and 18 ks at 1473 K, 1.8
nd 7.2 ks at 1573 K and 18 ks at 1673 K. Fig. 4 shows surface
orphologies of the standard alloy exposed to oxygen at high

emperatures. Needle-like oxide particles on the standard alloy
ere partially observed by SEM after oxidation at 1273 K for
.2 ks (Fig. 4(a)). After that the same sample was again exposed
o oxygen and the same place was observed in order to investigate
he change of needle-like oxide morphology. These needle-like
xide particles are thought to be �-Al2O3 as reported by Tolpygo
nd Clarke [28], and Hou et al. [29]. The experimental method

as repeated. The diameter of needle-like oxide �-Al2O3 par-

icle was 4.1 �m (Fig. 4(a)) which was almost the same in size
fter oxidation at 1473 K for 7.2 ks (Fig. 4(f)). However, the

t
t
d

Fig. 6. SEM micrographs of the oxide scale on FeCrAl (0.05Y
(FZ) alloys exposed to oxygen at 1273–1673 K.

article size was 3.8 �m after oxidation at 1473 K for 18 ks
Fig. 4(g)). The particle after oxidation at 1573 K for 1.8 and
.2 ks was 3.5 and 2.9 �m in size, respectively (Fig. 4h and i).
he surrounding main oxide scale, �-Al2O3, of the oxide par-

icle grew by outward transport of aluminum. Its longitudinal
imension approached that of needle-like oxide after oxidation
t 1573 K for 7.2 ks (Fig. 4(i)). Scale surface (�-Al2O3) on the
tandard alloy (except �-Al2O3) was planar after oxidation at
273 K for 7.2 ks, and the scale surface changed to a wavy mor-
hology after oxidation at 1373 K for 18 ks (Fig. 4(d)). After

hat the scale surface tended to planar with increasing time and
emperature of oxidation and became definitely planar after oxi-
ation at 1573 K for 7.2 ks (Fig. 4(i)). A reticular structure on the

, 0.1Y, 0.5Y) alloys exposed to oxygen at 1473–1673 K.
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lloy was found on the scale surface after oxidation at 1473 K
or 7.2 ks. The formation of cavities was observed in the surface
xide, and the cavities increased in size with increasing time
nd temperature of oxidation. The size of the cavities was 0.3
nd 0.5 �m after oxidation at 1473 K for 7.2 and 18 ks which
ncreased to 0.6 and 1.0 �m after oxidation at 1573 K for 1.8
nd 7.2 ks, respectively. After oxidation at 1673 K for 18 ks the
ize of cavities was 3 �m. Fig. 5 shows the scale surface of the
Z alloy after oxidation at 1273 K for 7.2 ks, 1473 K for 7.2 ks,
573 K for 7.2 ks and 1673 K for 18 ks. The scale surface on
he alloy was planar after independent of the oxidation condi-
ions. A reticular structure on the alloy (except after oxidation at
273 K for 7.2 ks) was observed at all oxidation conditions, and
he cavities in the oxide surface increased with increasing oxida-
ion temperature. The size of the cavities was 0.2, 1.0 and 2.0 �m
fter oxidation at 1473 K for 7.2 ks, 1573 K for 7.2 ks and 1673 K
or 18 ks, respectively. The scale surface of the 0.5Pd and 0.5Pt
lloys observed at the same oxidation conditions was almost the
ame as that of the FZ alloy. Fig. 6 shows the scale surface of the
.05Y, 0.1Y and 0.5Y alloys after oxidation at 1473 K for 7.2 ks,
573 K for 7.2 ks and 1673 K for 18 ks. The scale surface of all
he alloys showed a planar morphology irrespective of the oxi-
ation conditions. Reticular structures on the 0.05Y alloy were
bserved at all oxidation conditions. Those on the 0.1Y and
.5Y alloy were found after oxidation at 1673 K for 18 ks. The
ize of the cavities on the 0.05Y alloy increased with increasing
xidation temperature. It was 0.5, 1.5 and 2.0 �m after oxida-
ion at 1473 K for 7.2 ks, 1573 K for 7.2 ks and 1673 K for 18ks,
espectively. The cavities on the 0.1Y and 0.5Y alloys were about
.0 �m in size. Y3Al5O12 particles on 0.1Y and 0.5Y alloys were
bserved at the grain boundaries and in the grains. The number
f Y3Al5O12 particles increased with increasing oxidation tem-
erature and yttrium content. The size of Y3Al5O12 particles on
he 0.1Y and 0.5Y alloys were the same (about 1 �m). The grain
ize of the 0.1Y and 0.5Y alloys was 100 and 25 �m, respec-
ively. Fig. 7 shows the same place on the oxide surface of the

tandard alloy after oxidation (a) at 1573 K for 7.2 ks and (b)
t 1673 K for 18 ks. The spalled area on the alloy (Fig. 7(a))
as covered with the oxide scale (Fig. 7(b)), and the oxide/alloy

nterface was not found after oxidation at 1673 K for 18 ks.
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Fig. 7. SEM micrographs of the oxide scale on FeCrAl (standard) alloy expo
Compounds 452 (2008) 16–22

. Discussion

The mass gains of the standard, FZ, 0.5Pd and 0.5Pt alloys
ere similar in value. Those of the alloys with yttrium decreased
p to 0.1% yttrium and then increased with increasing yttrium
ontent after oxidation at 1473 K for 18 ks in oxygen. This result
uggested that the mass gains of the FeCrAl alloys are scarcely
ffected by small amounts of sulfur, Pd and Pt, and that the
ormation of a dense Al2O3 scale due to the addition of up to
% yttrium decreases the diffusion rate of oxygen and/or alu-
inum ions. On the other hand, the addition of yttrium also

ncreases the mass gain, since the free energy of formation of
2O3 is a little more negative than that of Al2O3 [30]. In this

tudy, most of the yttrium was present as a Y–Fe intermetallic
ompound precipitated at the grain boundaries and was proba-
ly active. Therefore, Y2O3 particles were selectively formed at
he grain boundaries and acted as nuclei and short circuit diffu-
ion paths of oxygen for the formation of Al2O3. Consequently
l2O3 grew surrounding the Y2O3 particles followed by the

ormation of Y3Al5O12 particles due to the reaction of Y2O3
ith Al2O3. Therefore, the additions of yttrium decreases the
ass gain because of the formation of dense oxide and reads to

ncrease because of the rapid oxidation rate of yttrium and the
ubsequent rapid diffusion rate of oxygen and yttrium through
he Y3Al5O12 particles. Total mass gain is obtained as a result
f both. Granular oxide particles of Y3Al5O12 were observed at
he scale surface of 0.1Y, 0.2Y and 0.5Y alloys. The Y3Al5O12
articles increased in number as the yttrium content increased
11,13,16,19,31].

Table 3 shows the oxide feature of the FeCrAl alloys exposed
o oxygen at 1473 K for 18 ks. As mentioned above, oxide scale
n the standard alloy spalled from the entire surface. Four parts
er million sulfur was contained in the standard alloy as impu-
ity. Forest and Davidson [32] suggested that the oxide/alloy
nterface in the FeCrAl alloys containing less than 2 ppm of sul-
ur resisted growth stresses in the oxide. The oxide remained

dherent and the alloys containing 4 ppm of sulfur caused con-
iderable spalling. The present authors [12] also suggested that
he FeCrAl alloys containing 1 and 3 ppm of sulfur shows good
xide adherence, and all of the alloys containing 4, 7, 35 and

sed to oxygen (a) for 7.2 ks at 1573 K and then (b) for 18 ks at 1673 K.
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Table 3
Summary of the scale feature on FeCrAl alloys exposed to oxygen for 18 ks at 1473 K

Alloy Scale feature

Fe–20Cr–4Al (standard) Entirely spalled, rough, wavy, facial cavity (1 �m), gray
FZ Fe–20Cr–4Al Faintly spalled, rough, facial cavity (1 �m), gray
Fe-20Cr–4Al–0.5Pd Faintly spalled, rough, facial cavity (1 �m), brown
Fe–20Cr–4Al–0.5Pt Faintly spalled, rough, facial cavity (1 �m), gray
Fe–20Cr–4Al–0.01Y Slightly spalled, rough, wavy, facial cavity (0.5 �m), gray
Fe–20Cr–4Al–0.02Y Faintly spalled, rough, slightly wavy, facial cavity (0.5 �m), gray
Fe–20Cr–4Al–0.05Y Faintry spalled, rough, slightly wavy, facial cavity (0.4 �m), gray
Fe–20Cr–4Al–0.1Y No spalled, smooth, facial cavity (0.13 �m, glossy gray, fine Y3Al5O12 particle (1 �m g.b.)
Fe–20Cr–4Al–0.2Y No spalled, smooth, facial cavity (0.07 �m, glossy gray, fine Y3Al5O12 particle (3 �m g.b.)
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e–20Cr–4Al–0.5Y No spa

o < faintly < slightly < entirely. g.b., gain boundary and g., grain.

3 ppm of sulfur caused considerable spalling after oxidation at
473 K for 18 ks in oxygen. Spalling of the oxide scale might
e caused by the segregation of sulfur at the oxide/alloy inter-
ace [1–12]. The wavy morphology on the scale surface was
ormed by the development of a new oxide in the scale and
his leads to the spalling of oxide scale. On the other hand,
he spalling of the oxide scale on the other alloys was scarcely
bserved. The good oxide adherence may be caused by these
ow sulfur contents less than 3 ppm [3,5,9–12,32]. The cavi-
ies in the scale surface of all the alloys, except the 0.5Y alloy,
ere found after oxidation at 1473 K for 18 ks. Cavity for-
ation may occur by grain growth of Al2O3 possibly by the

utward diffusion of aluminum ions [33]. The size of the cavities
ecreased with increasing yttrium content. This result suggested
hat yttrium additions decreased the outward diffusion of alu-

inum ion because of the formation of a dense oxide scale on the
lloys.

A protective �-Al2O3 is formed during oxidation at tem-
eratures around 1473 K [3,6,9–16,18,19,21,22,31–33]. At low
emperatures, the scale may contain metastable (transient) alu-

inas, such as �-Al2O3 and �-Al2O3 [28,29,31]. The transient
luminas are often described as platelet- or needle-like mor-
hology [28,29] growing 1–2 orders of magnitude faster than
-Al2O3 [34] due to the growth dominated mainly by out-
ard transport of aluminum [35]. In this study, the change of

he needle-like oxide morphology was studied by varying time
nd temperature of oxidation. The oxide scale after oxidation at
273 K for 7.2 ks was mainly �-Al2O3 with some amount of �-
l2O3 oxide particles [28]. The �-Al2O3 particles transformed

o �-Al2O3 with increasing oxidation time and oxidation tem-
erature [28,29,31]. Since this transformation was accompanied
y a volume decrease of 12% voids were formed in the scale
28]. The void formation might also have been one of reason of
xide spallation. The size and morphology of the �-Al2O3 parti-
les was investigated during oxidation. One of �-Al2O3 particles
as about 4.1 �m in size after oxidation at 1273 K for 7.2 ks in
xygen and kept its the size after oxidation at 1473 K for 7.2 ks.
owever, after oxidation at 1473 K for 18 ks the size of the par-
icle was 3.8 �m, and after oxidation at 1573 K for 1.8 and 7.2 ks
as 3.5 and 2.9 �m. These results suggested that the size of this
eedle-like oxide particle decreased with increasing time and
emperature of oxidation. On the other hand, the surrounding

0
T
t

mooth, glossy gray, fine Y3Al5O12 particle (5 �m g.b., g.)

xide of the needle-like oxide grows towards scale surface with
ncreasing time and temperature of oxidation. The height of the
xide scale was the same as that of the needle-like oxide after
xidation at 1573 K for 7.2 ks. When the alloy substrate, which
as the spalled area of oxide scale after oxidation at 1573 K

or 7.2 ks, was again oxidized at 1673 K for 18 ks the area was
overed with a planar oxide scale as shown in Fig. 7. These
esults suggested that the growth of the oxide scale occurs at the
xygen/scale interface by outward diffusion of aluminum. How-
ver, this result never refers to the scale growth at the scale/alloy
nterface [36].

. Conclusions

The surface morphology of scales on the FeCrAl (standard:
ppm S), FeCrAl (FZ:<1 ppm S) purified by floating zone melt-

ng, FeCrAlPd, FeCrAlPt and FeCrAlY alloys was studied in
xygen after an exposure of 0.6–18 ks at 1273–1673 K.

After oxidation at 1473 K for 18 ks, the scale surface on
he standard alloy showed a wavy morphology while that
ith yttrium addition changed to a smooth morphology which

ncreased with the yttrium content. The scale surface on the
.1Y, 0.2Y, 0.5Y, FZ, 0.5Pd and 0.5Pt alloys was planar. On
he other hand, cavities were found on the scale surface of the
tandard, FZ, 0.5Pd, 0.5Pt, 0.01Y, 0.02Y, 0.05Y, 0.1Y and 0.2Y
lloys. Their sizes were 1.0, 1.0, 1.0, 1.0, 0.5, 0.5, 0.4, 0.13 and
.07 �m, respectively. No cavities on the alloy with 0.5Y were
ound.

From the changes with time and temperature of oxidation,
eedle-like oxide particles were partially found at scale surface
f the standard alloy after oxidation at 1273 K for 7.2 ks. The
ize of the particles decreased with increasing oxidation time of
ore than 7.2 ks at 1473 K, and then after oxidation at 1573 K

or 7.2 ks the particles disappeared. The scale surface on all the
lloys was planar and the size of cavities on the scale surface of
he standard, FZ, 0.5Pd, 0.5Pt, 0.05Y, 0.1Y, and 0.5Y alloys was
, 2, 2, 2, 2, 1 and 1 �m, respectively, after oxidation at 1673 K
or 18 ks.
Y3Al5O12 particles were observed on the scale surface of the
.1Y, 0.2Y and 0.5Y alloys after oxidation at 1673 K for 18 ks.
he sizes of these particles were about 2 �m. The amounts of

hese particles increased with increasing yttrium content.
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