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Abstract
In order to study the effect of Cr and Y,0O3 addition on the oxidation behavior of
novel Co-20Cr-10A1 (wt.%) oxide dispersion strengthened (ODS) superalloys, an
isothermal oxidation test was carried out at 900 °C in air. The addition of Cr altered
the oxide scale from the multilayered scale with an external Co oxide / CoAl,O4 and
an inner Al,Os to a single Al,O3 scale. Y,03 addition increased oxidation mass gain

slightly but improved spallation resistance of the external Al,O; scale.
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1. Introduction

Although cobalt-based alloys show less strength than nickel-based alloys at higher
temperatures, they are still the first choice for use in some critical components, such
as gas turbines due to their outstanding hot corrosion resistance [1-3]. In order to
make full use of this advantage and broaden application prospects, the advanced
strengthening approaches for developing Co-based alloys are considered.
Conventional Co-based alloys are strengthened by W, Mo, Ta and Cr carbide
precipitates, but this strengthening method fails above 800 °C due to carbide
coarsening or dissolution [4]. Lately, although a 7y’-Cos(Al, W) precipitate
strengthened Co-Al-W system has been developed, this y’-phase is stable below the
temperature of around 900 °C [5-7]. Based on the superiority of oxide dispersion
strengthening (ODS) with stable oxide particles up to 1200 °C [8-12], the
development of Co-based ODS superalloys has recently been proposed [13-15].

As the operating temperature rises, the oxidation resistance approaches another
critically important point which should be concerned, as well. In general, a superior
high-temperature oxidation resistance can be achieved through developing an
outer/single Al,O; scale because of its higher stability and slow growth rate at
elevated temperatures. The alumina-former requires alloys with a composition high in
Al, which is unavailable in the conventional Co-based alloys due to their limited Al
content [5, 6, 16, 17]. Even though Klein et al. reported that several additional
elements like boron and silicon can improve the oxidation resistance of 7y’
strengthened Co-based alloys [18, 19], it is still impossible for the single alumina
formation. However, in the case of Co-based ODS superalloys, there is no limitation
on the alloys design and the composition can be controlled flexibly, which makes it
possible to form the alumina scale.

In order to develop Co-base ODS superalloys with excellent mechanical
properties and oxidation resistance at an elevated temperature, the
Co-20Cr-10A1-2.4Hf-1.5Y,05; (wt.%) ODS superalloys were proposed. The basic
Co-20Cr-10A1 (wt.%) system was designed based on a Co-Cr-Al phase diagram
computed with the thermodynamic software Pandat [20]. The composition contains
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the Co solid solution phase with fcc structure, and B2 phase with bce structure. This
offers the possibility of good ductility and favorable strength, respectively. It was
expected that the 20 wt.% Cr addition would retain favorable corrosion resistance and
enhance the formation of an external Al,O; scale, by analogy to the Cr effect on
Fe-(Cr, Al) and Ni-(Cr, Al) ODS superalloys [21-25]. The 10 wt.% Al addition
guarantees the formation of appropriate B2 phase and an abundant Al supply for
alumina-formation. The addition of 2.4Hf-1.5Y,03 (wt.%) is necessary for the Y-Hf-O
particles, which strengthened the alloys at elevated an temperature [15, 26].

It is well known that Cr and Y,Oj; affect the oxidation resistance of conventional
Co-based alloys and Fe-based ODS superalloys [25, 27, 28]. Irving et al. claimed that
the addition of Cr to Co-Al base alloys markedly reduced the level of Al required in
the ternary alloy below that required in the binary to form a continuous external scale
of Al,O5 [28]. Klein et al. proved that the Cr in the y’ strengthened Co-based alloys
possesses a deleterious influence on the y’ stability [18]. Quadakkers et al. reported
that the presence of the Y,0O; decreased oxide growth rates by reducing cation
diffusion in scales and causing the oxides on the Fe-based ODS alloys to grow mainly
by oxygen grain boundary transport [25]. However, since the Co-based ODS system
has received much less attention than the Ni-based ODS and Fe-based ODS
superalloys, and the study of high-temperature oxidation in Co-based ODS
superalloys has essentially not been conducted [29, 30], we have little information
regarding the influence on the Co-based ODS superalloys.

In this research, the high temperature oxidation of the novel Co-based ODS
superalloys in air was explored, along with the influence of Cr and Y,O; addition. A
temperature of 900 °C was chosen to be the target operating temperature. This
temperature is above the critical temperature of the Co-based alloys strengthened by
carbide, and close to the ultimate temperature of the one strengthened by v’

precipitates [4, 31].

2. Experimental procedure
The Co-based ODS superalloys were designed and fabricated by mechanical
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alloying (MA), spark plasma sintering (SPS), hot rolling and final annealing at 1200
°C. The detailed microstructure and the phases formed in the Co-based ODS
superalloys were investigated and interpreted elsewhere [14]. In order to evaluate the
effect of Cr and Y,0; on oxidation behavior at 900 °C, three kinds of compositions
were prepared, as shown in Table 1, in which abbreviations are used to define each
alloy. The detailed fabrication process was exhibited in our previous work [29]. Prior
to oxidation testing, all the surfaces of the samples were wet ground and polished
using 1 um diamond paste and then ultrasonically cleaned in ethanol. An isothermal
oxidation test was carried out at 900 °C in a muffle furnace in air, and the oxidation
weight gains for different exposure times were measured by a Sartorius precision
electronic balance (1 pg).

The crystalline structures of oxide layers were characterized using X-ray
diffraction (XRD, Philips X' Pert PRO), with a 3 © incident angle in order to obtain the
diffracted signals from thin oxide scales. The microstructures of the surface in oxide
scales were observed with a scanning electron microscope (SEM, Carl Zeiss Cross
Beam 1540 EsB). The elements distribution across an oxide scale was analyzed with
an electron probe micro-analyzer (EPMA, JEOL JXA-8530F). The distribution of
nano-sized oxide particles in oxide scales was analyzed using transmission electron
microscopy (TEM, JEM-2010), in which the cross-sections of a thickness near 100
nm were prepared by focused ion beam milling and FE-SEM imaging (FIB-SEM,
JEOL JIB-4600F/HKD).

3. Results
3.1 Effect of Cr-addition

Fig. 1 shows the Co-Cr-Al phase diagram computed by the thermodynamic
software Pandat [20], where the composition of Co-10Al (wt.%) and Co-20Cr-10Al
(wt.%) are marked with round and triangular symbols, respectively. The volume
fraction of B2 CoAl is almost equal to that in the fcc Co solid solution for
Co-20Cr-10Al (wt.%), but less for Co-10Al (wt.%). Fig. 2 shows the back scattered
electron (BSE) images of the fabricated 10AICrY and 10AlY alloys, where the grey
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and dark areas correspond to the fcc matrix and the B2 phase, respectively. The
10AICrY sample contains an almost equivalent volume fraction of the fcc phase and
B2 phase, whereas the 10AlY possesses only 39% B2 phase. This result is consistent
with the computed phase diagram shown in Fig. 1.

The measured weight changes for the 10AlY and 10AICrY as a function of
exposure time at 900 °C in air are shown in Fig. 3 (a). Both Co-based ODS
superalloys with and without Cr addition presented a low oxidation rate and a good
spalling resistance up to 225 h. However, the oxidation kinetics was affected
significantly by the Cr addition. Initially, the oxidation rate of 10AlY sample in the
incipient stage up to 1 h was much faster than the 10AICrY sample, resulting in a
mass gain of up to 0.34 mg/cm? in 1 h, which is more than half of the total mass gain
in the entire experiment. Subsequently, the rate of mass gain in 10AlY alloy decreased
much more quickly with time than the 10AICrY alloy. When the growth of oxide
scale is controlled by diffusion through the oxide scale, mass gain follows a parabolic
law [32, 33]:

AW = (kpt)l/z +C

(D

where AW is the weight gain of the sample taken for unit surface area, k, is the
parabolic rate constant, ¢ is the time of exposure, and C is a constant which showed
the deviations from the parabolic law during the initial stages of oxidation. Fig. 3 (b)
shows the mass gains as a function of the square root of time, in which the solid line
denotes the fitted results. According to the kinetic measurements, the oxidation of the
10AICrY sample complies with the parabolic law defined as Eq. (1) in 225 h, where
the values of k, and C are corresponding to 6.5x10" mg*cm™s™ and 0.01 mg/cm?,
respectively. However, one straight line cannot be drawn throughout the whole
oxidation of 225 h in 10AlY. The 10AlY seems to have gone through different
oxidation stages, i.e. a rapid mass gain in the initial stage (0-1 h), followed by reduced
oxidation rates in the subsequent oxidation (1-225 h).

Fig. 4 and Fig. 5 show the XRD patterns and surface morphologies of two



specimens oxidized at 900 °C. Based on the detected characteristic peaks in the X-ray
diffraction pattern, Co oxide (Co304/ CoO) in the 10AlY oxide scales and Al,O3 in
the 10AICrY oxide scales were determined, which correspond to the unique
granule-like shape of Co oxide and the typical blade-like structure of alumina in Fig.
5 (a) and (b), respectively.

The cross-sections of oxide scale formed on 10AlY and 10AICrY after different
exposure times (1h, 4h, 25h and 100h) at 900 °C were observed. Fig. 6 shows the
results of 1 h, in which the EPMA elemental mapping was conducted to investigate
the initial scales. Fig. 6 (a) shows an obvious grey oxide film (Co oxide) on the
surface of the 10AlY sample, which is much thicker than the scale formed in the
10AICrY sample. Additionally, Al,O; was confirmed as forming below the outer
cobalt oxide. In contrast, a thin oxide scale was found in the 10AICrY sample, as
shown in the Fig. 6 (b), an Al-containing scale developed near the dark area (B2) and
a Cr-containing scale formed on the grey area (fcc). Fig. 7 shows the cross-sections of
4h, 25h and 100h, based on a different contrast in the oxide layers with the BSE
images, the formation of a multilayered oxide scale on the 10AlY alloys and a single
scale on 10AICrY samples can be confirmed along with the oxidation time. In order
to make certain of the element distribution in each oxide scale, EPMA elemental
mappings of the cross-sections were conducted and the results are presented in Fig. 8.
Fig. 8 (a) proves that the oxide scales in the 10AlY alloy are composed of three layers,
1.e. in addition to an external scale containing Co and an inner scale including Al,
there is another intermediate layer of enriched Co and Al. Fig. 8 (b) shows that the
homogeneous oxide layer in the 10AICrY contains aluminum and oxygen elements,
which can be easily defined as alumina according to the results of XRD. Chromia was
not observed at 25 h oxidation. EPMA wavelength dispersive spectrometer (WDS)
point analysis was carried out to more accurately determine the complex scales in the
10AlY alloy after 225 h oxidation, as shown in Fig. 9. Results suggest that the atomic
percentages of all layers are correspondingly approximate to external Co oxide, inner
AlLO3 and intermediate layer of CoAl,O4. Additionally, the outer Co oxide was found
to be uneven with a different thickness as well as the inner Al,Os;, which was
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decorated with amounts of white particles, as shown in the Fig. 10 of the fractured

cross-sections.

3.2 Effect of Y,03-addition

Fig. 11 (a) shows the oxidation kinetics of 10AICr alloys without Y,0O3 addition
at 900 °C, in which the result of 10AICrY is also inserted to highlight the effect of
Y,0s3 addition. In contrast to the 10AICrY ODS superalloy, the 10A1Cr without yttria
addition seems to maintain a better oxidation resistance, characterized by a smaller
weight gain and a slower oxidation rate. The oxidation kinetics of 10AlICr does not
conform to parabolic behavior, showing a continuous decrease in the parabolic rate
with exposure time, as shown in Fig. 11 (b).

Based on the XRD and EPMA characterization, as shown in Fig. 12 and Fig. 13,
the scale formed in the 10AICr alloys was also determined as alumina. However,
voids along the matrix/scale interface in the 10AlCr were found from the SEM image
in Fig. 14 (a). This is evidence of an inferior adherence of oxide scale in 10AICr than
that in 10AICrY, which contains no noticeable voids, as shown in Fig. 14(b).

In order to distinguish the difference between the two alumina scales formed on
10AICr and 10AICrY at 900 °C, TEM observation was performed, and the results are
shown in Fig. 15. This clearly indicates that the Al,O3 scale in 10AICrY has been
decorated with a mass of particles through comparing the TEM bright-field images of
Fig. 15 (a) and (b). Additionally, the alumina grains in the 10AICrY sample are
smaller than those in the 10AICr, as shown in the TEM dark-field images of Fig. 15 (c)
and (d). Based on the EPMA elemental mappings of Y and Hf in the alumina-scale
(Fig. 16), the particles were determined as being Y-Hf oxides in accordance with the

oxide characterization in reference [14].

4. Discussion
4.1 Effect of Cr-addition

In comparison with a smooth mass gain of the 10AICrY sample, the 10AlY
sample without Cr addition showed a complex oxidation process, i.e. an extremely
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rapid oxidation rate at the beginning of the oxidation in the first 1 h and a significantly
reduced oxidation rate during the late period. At the initial stage of oxidation, the
10AlY sample formed Co oxides and resulted in a continuous Co-oxide scale in an
external layer, as shown in the Fig. 6 (a). An obvious grey oxide film (Co oxide) was
found on the surface of the 10AlY sample at 1 h oxidation, which was much thicker
than the scale formed in the 10AICrY sample. Therefore, the rapid mass gain of the
10AlY sample during the initial oxidation stage (0-1 h) should be attributable to the
formation of the outer Co-oxide which had much higher growth rate [34]. In the
subsequent oxidation stage, growth of an inner scale with a darker contrast was
observed, which was determined to be alumina by EPMA elemental mapping in as in
the Fig. 8 (a). Since the alumina is less defective than the Co oxide, the oxidation
process would be slowed down by the inner alumina layer and resulted in a decrease
in the oxidation rate of the 10AlY sample. Additionally, the growth of the inner
alumina could be restricted with a limited oxygen supply due to the cover of outer Co
oxide and CoAl,O4 spinel. With the prolongation of exposure time, a noticeable
increase in the thickness of the intermediate CoAl,O4 layer was observed, as shown in
Fig. 7. The spinel structure of the CoAl,O4 layer was confirmed with a significant
blocking effect on the diffusion of cations and anions [35], which was responsible for
the oxidation kinetics with a slower rate during the oxidation process. The overall
oxidation was considered to be still controlled by oxygen and/or Al diffusion in the
inner Al,Os scale. However, multiple oxide scales formed in the 10AlY sample, and
such changes in the thickness of each layer may have resulted in a deviation in the
overall oxidation kinetics from the parabolic behavior, as shown in Fig 3 (b).

With the addition of Cr, the formation of Co-oxides was suppressed and a thin
oxide scale enriched Al and Cr was produced on the surface of the 10AICrY sample at
1 h, as shown in Fig. 6 (b). EPMA mapping indicated that an initial chromia (Cr,0Os3)
scale formed on 10AICrY particularly on the regions of the fcc matrix, which
contained more Cr. Subsequently, chromia could be dissolved into the alumina
because both phases underwent a complete solid solution at 900 °C. It is well known
that the presence of Cr in Fe- and Ni-based alloys can reduce the Al level needed to
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form a protective Al,O3 layer [36, 37], defined as the third-element effect (TEE) [38].
This indicates that the addition of a third-element B to binary A—C alloys can decrease
the critical C concentration needed to establish an external scale of the C oxide, in
which A is the most inert element and C is the most reactive one in the ternary system
[36]. The TEE seems to work in the Co-based ODS superalloys, since the Cr
possesses an oxygen affinity falling in between those of Co and Al, and also the
addition of Cr reduces the concentration of Al required to establish an external
alumina scale. This is shown in Fig. 7, where an exclusive alumina scale could be
formed by adding Cr to the 10AlY sample. The mechanism of TEE is not yet
completely clear, but based on the suggestion claimed by Wagner [38, 39], it is
supposed that an initial external Cr,O; scale promotes Al,O3 formation. In this study
we did not observe Cr,O3 formation at the very early stages of oxidation. However,
Cr,05 formation was expected since a Cr-containing scale was observed after 1 h
oxidation and Co-rich oxide scale formation was completely suppressed by Cr
addition.

In addition, based on the phase diagram (Fig. 1), due to the addition of 20Cr
(wt. %), the volume fraction of CoAl (B2) increased from 39% in the 10AlY to 50%
in the 10AICrY, which is consistent with the increase of the dark areas (B2) from Fig.
2 (a) to Fig. 2 (b). As mentioned above, the B2 phase contained a higher Al content
than the fcc phase, and so the alumina scale was more easily generated at the surface
of the B2 phase than at the fcc phase in the initial stages of oxidation. Due to the
higher volume fraction of CoAl in the 10AICrY alloy, the Al content in the fcc matrix
must have decreased. Although this decrease in Al content in the fcc matrix was not
favorable for Al,Os; scale formation, the fcc matrix contained higher Cr, which
promoted external Al,Os scale formation by the TEE, as mentioned above. The 10AlY
which does not contain Cr, formed Co oxides due to a high percentage of cobalt solid
solution regions, resulting in a continuous Co-oxide scale in an external layer. Even
though initially small amounts of alumina formed on the B2 phase region in 10AlY, it
was insufficient to evolve into a complete outer alumina scale. However, the
formation of Co oxide near the B2 phase was substantially suppressed, which lead to
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the uneven morphology of the outer Co oxide scale, as shown in Fig. 10.

4.2 Effect of Y,0;s-addition

Although both the samples with and without Y,0O3 maintained a single alumina
scale, the growth mechanism of the alumina in 10AICrY and 10AICr changed because
of the differences in oxidation kinetics and the microstructure. Namely, the 10AICrY
exhibited a larger weight gain and resulted in a thicker alumina scale than the 10AICr
alloy. The alumina scale in 10AICrY is decorated with abundant particles, and its
grain size is smaller than that of the 10AICr.

Based on reports that the dispersed particles can effectively decrease the alumina
grain size in Fe-ODS and Ni-ODS superalloys [40-42], the fine grain size of alumina
in 10AICrY alloys was attributed to the distribution of Y-Hf complex oxide particles
in the Al,O3 scale. Even though the alumina scale is composed of 6- and a-alumina,
the Al,O3 layer which contains Y-Hf oxide particles is presumed to be a-alumina
since it grows inwards [29]. Due to the pinning effect of such dense oxide particles
[43, 44], the grain enlargement of a-alumina scale can be effectively suppressed;
many particles are located within the alumina grains and disperse along the grain
boundaries, as shown in the TEM images (Fig. 15). Consequently, a high grain
boundary density exists in the alumina-scale of 10AICrY and it accelerates the
transport of Al outward and oxygen inward, which was considered to be a reason for
the enhanced oxidation rate in the 10AICrY.

By contrast, unlike the shape of the alumina grain in the 10AICrY which is more
close to equiaxed morphology, a noticeable columnar grain was observed in the
sample of 10AICr, as evidenced by the dark field images shown in Fig. 15. Based on
the reports regarding the alumina-forming scale on FeCrAl alloys [45, 46], the
columnar grains with a lateral size which increased linearly with depth beneath the
scale surface is responsible for the reduction of the k, value given the decreased
density of grain boundary along with the exposure time. Even an overall distribution
of the alumina grains was not exhibited in the TEM images, the coarsening of the
columnar grains with the direction towards the substrate was also supposed to occur
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in the 10AICr because of the restricted oxygen inward diffusion near the interface of
scale/substrate.

However, as shown the fracture surfaces in Fig. 14, in comparison with a superior
adherence of alumina scale in the 10AICrY, some voids were detected along the
alloy/scale interface of the 10AICr after the exposure at 900 °C. In the case of
conventional alloys, the voids can often be observed at the alloy/scale interface due to
the Kirkendall effect [47, 48]. But according to the suggestion by Arun et al. [49], the
interfaces between Y-Hf oxide particles in the 10AICrY were considered to act as
vacancy sinks at sites away from the alloy/oxide interface, hence significantly
suppressing the void formation and improving the oxide-scale adherence. Additionally,
the segregation of Y-Hf oxide particles along the grain boundary can play a role in the
reduction of voids by decreasing the cation outward diffusion with a blocking effect

[25, 40].

5. Conclusions

To investigate the effect of Cr and Y,0O3; on the oxidation behavior of a novel
Co-20Cr-10Al (wt.%) ODS superalloy, the isothermal oxidation test was carried out
at 900 °C in air. The addition of Cr into Co-based ODS superalloys effectively
improved high-temperature oxidation resistance by promoting the formation of an
exclusive alumina scale instead of the multilayered scale with an external Co oxide
/CoAl;O4 and an inner Al,O;. Although Y,0;3 addition accelerated the oxidation rate
by suppressing the grain growth of the alumina scale, the spallation resistance of this
external Al,O3 scale could be significantly improved with the distribution of fine Y-Hf
oxide particles. Based on the doping of Cr and Y,O3, a favorable single alumina scale
was generated and the Co-20Cr-10Al (wt.%) ODS superalloy was expected to be

available at an elevated temperature.
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Table & Figure captions list
Table 1 Nominal compositions of the investigated alloys and utilized abbreviations.
Fig. 1 The ternary Co-Cr-Al phase diagram calculated with Pandat software at 1100
°C.
Fig. 2 BSE images obtained from the samples prior to oxidation, (a) and (b)
represent the 10AlY and the 10AICrY alloys, respectively.
Fig. 3 (a) shows the weight gain curves for the 10AIY and the 10AICrY samples
oxidized at 900 °C in air for 225 h, (b) is the fitted parabolic curves for the both
samples.
Fig. 4 Grazing incidence XRD results obtained from the 10AlY and the 10AICrY
alloys oxidized at 900 °C in air for 225 h.
Fig. 5 Surface morphology of oxide scales oxidized at 900 °C for 25 h, (a) is 10AlY
sample and (b) is 10AICrY sample.
Fig. 6 EPMA eclemental mappings obtained from the oxidized 10AlY (a) and
10AICrY (b) samples at 900 °C for 1 h.
Fig. 7 Cross-sections of oxidized samples with different exposure time (4 h, 25 h,
100 h) at 900 °C, (a) is 10AlY sample and (b) is 10AICrY sample.
Fig. 8 EPMA elemental mappings obtained from 10AlY (a) and 10AICrY sample (b)
oxidized at 900 °C for 25 h.
Fig. 9 EPMA WDS point analysis on the metal atomic percent of the 10AlY sample
oxidized at 900 °C for 225 h.
Fig. 10 SEM images of the fractured surface obtained from the 10AIlY alloys
oxidized at 900 °C for 100 h.
Fig. 11 (a) shows the weight gain curves for the 10AICr and the 10AICrY alloys
oxidized at 900 °C for 225 h in air, (b) is the fitted parabolic curves for the both
samples.
Fig. 12 Grazing incidence XRD results obtained from the 10AICr sample oxidized
at 900 °C for 225 h in air.
Fig. 13 EPMA elemental mappings obtained from the 10AlICr sample oxidized at
900 °C for 4 h and 25 h.
Fig. 14 SEM images of the fracture surface obtained from the oxidized 10AICr (a)
and 10AICrY (b) alloys at 900 °C for 100 h.
Fig. 15 (a) and (b) exhibit the alumina scales of the 10AICr and the 10AICrY at 900
°C for 225 h with TEM bright-field pattern, (c) and (d) show the morphology of the
alumina grains of 10AICr and 10AICrY with TEM dark-field pattern.
Fig. 16 Distribution of Y/Hf oxides in alumina scale of the 10AICrY sample
oxidized at 900 °C for 100 h.
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Table 1 Nominal compositions of the investigated alloys and utilized

abbreviations.
Alloys Elements, wt.%
Co Cr Al Hf Y,03
10AICrY Bal. 20 10 2.4 1.5
10AlY Bal. 0 10 2.4 1.5
10A1CT Bal. 20 10 2.4 0
Al

a0

8]
A (C0-20Cr-10A1 40
0 Co-10Al

Q3EI
I

Co solid solution (fcc)
0 10 20 30 40 50
Cr

Co wt. % (Cr)

Fig. 1 The ternary Co-Cr-Al phase diagram calculated with Pandat software at 1100 °C
[20].
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Fig. 2 BSE images obtained from the samples prior to oxidation, (a) and (b) represent the
10AlY and the 10AICrY alloys, respectively.

08 08
(@) —=—10AICrY (D) = 10AiCrY
—— 10AlY o 10AlY
06 | . 06|
- L
L
=]
£ L
04 £ 04
© o
o -
£
5 L
< L
0.2 = 02}
0_0-....|....|...A|.A..1..A. o,o-.-'-l--'-l----l- .
0 50 100 150 200 250 0 4 8 12 16
Time (hours) Time'? (hm}

Fig. 3 (a) shows the weight gain curves for the 10AlY and the 10AICrY samples
oxidized at 900 °C in air for 225 h, (b) is the fitted parabolic curves for the both
samples.
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Fig. 4 Grazing incidence XRD results obtained from the 10AlY and the
10AICrY alloys oxidized at 900 °C in air for 225 h.

Fig. 5 Surface morphology of oxide scales oxidized at 900 °C for 25 h, (a) is
10AlY sample and (b) is I0AICrY sample.
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Fig. 6 EPMA elemental mappings obtained from the oxidized 10AlY (a) and 10AICrY (b)
samples at 900 °C for 1 h.
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Fig. 7 Cross-sections of oxidized samples with different exposure time (4 h, 25 h, 100 h) at 900 °C,
(a) is 10ALY sample and (b) is 10AICrY sample.
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Fig. 8 EPMA elemental mappings obtained from 10AlY (a) and 10AICrY sample (b)
oxidized at 900 °C for 25 h.
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Fig. 9 EPMA WDS point analysis on the metal atomic percent of the 10AlY sample
oxidized at 900 °C for 225 h.
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Fig. 10 SEM images of the fractured surface obtained from the 10AlY alloys oxidized at
900 °C for 100 h.
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Fig. 11 (a) shows the weight gain curves for the 10AICr and the 10AICrY alloys
oxidized at 900 °C for 225 h in air, (b) is the fitted parabolic curves for the both
samples.
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Fig. 12 Grazing incidence XRD results obtained from the 10AICr

sample oxidized at 900 °C for 225 h in air.

24



High Low High Low
L . L R

Fig. 13 EPMA elemental mappings obtained from the 10AICr sample oxidized at 900 °C
for 4 h (a) and 25 h (b).
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Fig. 14 SEM images of the fracture surface obtained from the oxidized 10AICr (a) and
10AICrY (b) alloys at 900 °C for 100 h.
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Fig. 15 (a) and (b) exhibit the alumina scales of the 10AICr and the 10AICrY at 900 °C for
225 h with TEM bright-field pattern, (c) and (d) show the morphology of the alumina grains
of 10AICr and 10AICrY with TEM dark-field pattern.
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Fig. 16 Distribution of Y/Hf oxides in alumina scale of the 10AICrY sample
oxidized at 900 °C for 100 h.
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