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Oxidation of Alumina-Forming Alloys
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hpan

1. Introduction

Thermal barrier coatings (TBCs) are widely used for hot section components of gas turbine
engines to protect the underlying metals from the high operating temperatures; they serve
to both increase the engine efficiency and improve the durability of components. TBC
systems typically consist of a Ni-based superalloy substrate, an alumina forming-alloy bond
coat and an yttria-stabilized zirconia topcoat. When TBCs are exposed to high temperatures
in oxidizing environments, a thermally grown oxide (TGO) develops on the bond coat
surface underneath the top coat. Fracture of TBCs progresses in the vicinity of the TGO,
which attains a critical thickness during thermal cycling operations (Evans et al., 2001).
Thus, suppressing oxidation of the bond coat is anticipated to enhance the durability of TBCs.
Alumina-forming alloys tend to form metastable Al,O3; polymorphs such as gamma- and
theta-phases in oxidizing environments at 1100-1450 K (Brumm et al., 1992, Tolpygo et al.,
2000). The thermodynamically stable alpha-Al;O3 typically forms at longer oxidation times
and/or higher temperatures. Metastable oxide scales consisting of the gamma- and theta-
phases contain lattice defects so that they hardly act as a protective layer to further oxidation
of the alloys compared with a alpha-Al;O3 scale (Brumm et al., 1992). It is also well known
that the transformation of the alpha-phase from metastable polymorphs involves large
changes in volume (~13%) and morphology.

Metastable oxides tend to form on the bond coat during coating with the topcoat in an
oxygen-containing atmosphere at high temperatures, so that they are present at the interface
between the bond coat and topcoat. The transformation of these oxides to the stable alpha-
phase at higher operating temperatures promotes topcoat spalling. Thus, in order to
enhance the durability of TBCs, the as-processed TBC microstructures should contain a thin
layer of alpha-Al;Os at the interface with no the metastable oxides. The standard grit-
blasting procedure that is used in practical applications to prepare the bond coat for topcoat
deposition promotes the formation of alpha-Al,Os. However, it also results in severe
contamination of the coating surface and accelerates oxidation of the bond coat (Tolpygo et
al., 2001). Some studies have revealed that a pre-oxidation step that forms a alpha-ALO;
TGO on the bond coat without grit blasting reduces further oxidation of the bond coat and
improves the durability of the TBC (Tolpygo et al., 2005, Nijdam et al., 2006, Matsumoto et
al., 2006, 2008). Although it is generally preferable to perform pre-oxidation above 1450 K to
produce a thin alpha-Al;O3 oxide and avoid producing metastable oxides, high temperature
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treatment degrades the bond coat or causes excessive oxidation. Thus, pre-oxidation should
be carried out at lower temperatures and with shorter oxidizing times to form a thin alpha-
Al>O3 layer. Matsumoto et al. (2006, 2008) reported that pre-oxidation of CoNiCrAlY under
a low oxygen partial pressure (Poz) and at lower temperature of 1323 K for 4 h, for which
thermodynamic calculations predict that only alpha-(Al,Cr),O; will be produced, resulted in
the formation of a dense alpha-AlO; scale with large grains, which functioned as an
excellent protective layer against further oxidation of the alloy. They also reported that the
theta-phase remained when (Co,Ni)(ALCr)>O4 was produced by oxidation under a higher
Poy, despite using the same oxidizing time as that under the lower Po,. These results suggest
that reducing the Por in pre-oxidized environments accelerates the polymorph
transformation to the alpha-phase, but the extent of this acceleration and its mechanism
remain unclear.

It is well known that adding chromium or iron to alumina-forming alloys accelerates the
transformation from metastable polymorphs to alpha-Al,O; (Brumm et al., 1992, Pint et al.,
1997, Peng et al., 2003). Because these isovalent ions, which are larger than Al3*, can dissolve
into both the metastable phases and the alpha-phase, they partially compensate for the
dilatational stress field of the dislocation and transformation (Clarke, 1998). This may be
why the transformation is accelerated by adding chromium or iron. By contrast, the
transformation is retarded when gamma-Al,O; powders are substituted with 0.1-0.5 mol%
of divalent cations such as Co?* or Ni2* (Odaka et al., 2008). Doping gamma-Al,O; with 5
mol% Ni2?* also increases the hydrothermal stability relative to non-doped gamma-AlOs
(Nagano et al, 2008). They may be due to their poor solvencies in the alpha-phase, although
the divalent cations are larger than Al3* ions. Thus, it is anticipated that the polymorphism
of the Al,Os scale can be controlled by controlling the Po, during the pre-oxidation step. In
other words, the transformation is accelerated under lower Pop, when both aluminum and
chromium in the alloy are simultaneously oxidized to form alpha-(AlLCr).Os;, but it may be
retarded under higher Po,, when cobalt and nickel in the alloy are oxidized in addition to
aluminum and chromium, resulting in the formation of (Co,Ni)(ALCr)>Os. In this chapter,
control of Al,O3 polymorph formation was verified by the oxidation of specific components
in CoNiCrAlY under a thermodynamically determined Pop, resulting in the rapid formation
of a dense, smooth alpha-AlOs; scale (Kitaoka et al., 2010).

Suppressing mass-transfer through the alpha-AlOs; scale is also anticipated to further
improve the durability of the TBCs. When oxidation of the alumina forming alloys takes
place through alumina scale under higher oxygen partial pressures (Po2), such as in air, an
oxygen potential gradient is generally induced in the direction opposite to the aluminum
potential gradient in accordance with the Gibbs-Duhem equation. Thus, the alumina scale is
grown on the alloys by the inward grain boundary diffusion of oxygen and the outward
grain boundary diffusion of aluminum, resulting in the development of the grain boundary
ridges on the scale surfaces. By contrast, ridges do not form when oxidation is carried out
through alumina scale in a low Po, environment, such as in a purified argon flow (Nychka
et al., 2005). The ridge formation mechanism (i.e., mass-transfer through the alumina scale)
is thus thought to depend on the Poy.

The inherent effectiveness of monolithic alumina as a barrier to oxygen permeation has been
estimated directly by measuring oxygen permeation through a polycrystalline alumina
wafer exposed to oxygen potential gradients at high temperatures, where the each surface of
the wafer is deliberately subjected to different P, values (Matsudaira et al., 2008, Wada et
al., 2008, Kitaoka et al., 2009, Volk et al., 1968, Courtright et al., 1992, Ogura et al., 2001).
When the potential gradients are produced by a combination of high Po, values, oxygen
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permeates mainly via grain boundary diffusion of aluminum through aluminum vacancies
from the lower to the higher Po; surface, resulting in the formation of grain boundary ridges
on the latter surface (Matsudaira et al., 2008, Wada et al., 2008, Kitaoka et al., 2009). In other
words, O, molecules are adsorbed onto the surface at higher Po, and subsequently
dissociate into oxygen ions (forming alumina), whereas oxygen ions on the opposite surface
at a lower Po; are desorbed by association into O, molecules (decomposition of alumina).
Conversely, under an oxygen potential gradient generated by a combination of low Po»
values, oxygen permeation occurs by grain boundary diffusion of oxygen through oxygen
vacancies from the higher to the lower Po; surface. In this case, very little ridge formation
occurs at grain boundaries because of the very low aluminum flux (Kitaoka et al., 2009).
Thus, the main diffusing species leading to oxygen permeation through the grain
boundaries depends on the Po, values producing the oxygen potential gradients. This
readily explains the absence of grain boundary ridges on alumina scale formed under low
Po2 conditions, such as in a purified argon flow (Nychka et al., 2005).

Many studies have focused on oxygen grain boundary diffusion in polycrystalline alumina
using either secondary ion mass spectroscopy (SIMS) (Plot et al., 1996, Nakagawa et al.,
2007, Messaoudi et al., 1998) or nuclear reaction analysis (NRA) (Heuer, 2008) to determine
180 depth profiles after high temperature exchange with 180-enriched oxygen. Messaoudi et
al. (1998) determined oxygen grain boundary diffusion coefficients during transport
through a growing alumina scale. This was done by oxidizing alumina-forming alloys in a
160, atmosphere, further oxidizing them in 180, and then determining the 180 distribution in
the alumina scale using SIMS. The oxygen grain boundary diffusion coefficients measured
by this procedure were larger than those determined from extrapolated diffusion data for
polycrystalline alumina annealed in a homogeneous environment without any oxygen
potential gradients (Plot et al., 1996, Nakagawa et al., 2007, Heuer, 2008). The corresponding
activation energies (Messaoudi et al., 1998) derived using the double oxidation technique
were smaller than those obtained by annealing (Plot et al., 1996, Nakagawa et al., 2007,
Heuer, 2008). Kitaoka et al. (2009) have reported that the oxygen grain boundary diffusion
coefficients, which were determined from the oxygen permeation coefficients of undoped
polycrystalline alumina wafers exposed to oxygen potential gradients at high temperatures,
decreased with increasing Po», and the corresponding activation energies were similar to
those for the actual alumina scales formed on the alloys (Messaoudi et al., 1998). Thus,
oxygen grain boundary diffusivity in polycrystalline alumina under oxygen potential
gradients is apparently different from that in a homogeneous environment.

On the other hand, there has been only two reports of aluminum lattice diffusion
coefficients determined using SIMS (Paladino et al., 1962, Le Gall et al., 1994). In this case,
the appropriate tracer, 20Al, has a very low specific activity and an extremely long half-life of
7.2x105 years, making it very difficult to perform radiotracer diffusion experiments. Recent
studies have used Cr3* instead of Al3* as the diffusion species because of the extremely long
half-life of the 26Al isotope. Cr3* is a suitable substitute for AI3* because it has a similar ionic
radius and is isovalent. For example, Bedu-Amissah et al. used a diffusion couple of
alumina and chromia to measure grain boundary diffusion coefficients from Cr3+
concentration profiles obtained using an X-ray microprobe (Amissah et al., 2007). Kitaoka et
al. (2009) have recently estimated aluminum grain boundary diffusion coefficients from the
oxygen permeation coefficients of undoped polycrystalline alumina wafers exposed to
oxygen potential gradients at high temperatures (Kitaoka et al., 2009). The aluminum grain
boundary diffusion coefficients were found to increase with increasing Pop, in an inverse
relationship to the Po, dependence of the oxygen grain boundary diffusion coefficients.
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Alumina-forming alloys contain small quantities of oxygen-reactive elements (REs) (e.g., Y,
La, Ti, Zr, and Hf) to improve the oxidation-resistance of the alloys. These REs segregate at
grain boundaries in growing alumina scales during oxidation of the alloys. The obvious
difficulty is that it is not known what the diffusing species along the grain boundaries in the
scales might be. Nevertheless, the REs are speculated to inhibit the scale growth by
effectively blocking the outward grain-boundary diffusion of aluminum due to an ionic size
misfit, since the ionic sizes of the REs are larger than A3+ (Nychka et al., 2005, Pint et al.,
1998). However, during long-duration, high-temperature oxidation, REs that segregated at
grain boundaries were found to diffuse toward the scale surfaces together with aluminum,
resulting in the precipitation of RE-rich particles on the surfaces (Pint et al., 1998). This casts
a doubt on the conjecture that the REs can effectively control the movement of aluminum.
The coexistence of various kinds of REs further complicates the interpretation of the
experimental results. On the other hand, rare earth doping can significantly increase the high-
temperature creep resistance of polycrystalline alumina (Matsunaga et al., 2003, Ikuhara et al.,
2001, Yoshida et al., 2002). Several studies have suggested that segregation of large dopant
elements changes the grain boundary environment by ‘site blocking’ critical oxygen diffusion
pathways (Amissah et al., 2007, Wang et al., 1999, Cho et al., 1999, Cheng et al., 2008, Priester,
1989, Korinek et al., 1994) and/or by strengthening grain boundaries by enhancing bond
strengths in the vicinity of dopant ions (Yoshida et al., 2002, Buban et al., 2006).

As mentioned above, when undoped polycrystalline alumina wafers were exposed to
oxygen potential gradients at high temperatures, the main diffusing species depended on
Poo. This phenomenon will be useful for elucidating how much the migration of oxygen and
aluminum is affected by REs segregated at the grain boundaries.

In this chapter, the effect of lutetium doping on oxygen permeability in polycrystalline
alumina wafers exposed to steep oxygen potential gradients was evaluated at high
temperatures to investigate the mass-transfer phenomena through the scale (Matsudaira et
al., 2010). It is well known that lutetium doping can significantly improve high-temperature
creep resistance in polycrystalline alumina (Matsunaga et al., 2003, Ikuhara et al., 2001,
Yoshida et al., 2002); therefore, it is also expected to retard mass-transfer in alumina under
oxygen potential gradients.

2. Control of polymorphism in Al,O; scale

2.1 Thermodynamic prediction of stable oxides

The Po, dependence of equilibrium amounts and components of stable condensed oxide
species are first estimated thermodynamically when CoNiCrAlY (Co-289%Ni-21%Cr-16% A-
0.3%Y (in atomic %)) is exposed to an oxidizing environment at a high temperature. The
equilibrium calculation was conducted using FactSage_free-energy minimization computer
code together with a database for the Co-Ni-Cr-Al-Y-O system that mainly consists of the
SGTE database and some solution models of condensed phases. The Redlich-Kister-
Muggianu polynomial model was applied to solid solution phases such as the gamma-phase
(alloy) and (Co,Ni)O, and multi-sublattice formalism to the beta-phase (alloy) and
(Co,Ni)(ALCr)20s. Subregular (Degterov et al., 1996) and sublattice (Ansara et al., 1997)
models were used for (Al,Cr),O3 and the gamma'-phase, respectively. Initial conditions for
the calculation were 1 mol of CoNiCrAlY, a total pressure of 10> Pa (equal to the sum of
partial pressures of O, and Ar), and a temperature of 1323 K.

Figure 1 shows the equilibrium amounts of the condensed species as a function of the
equilibrium Po, at 1323K. alpha-(AlLCr)2Os is thermodynamically stable under the
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equilibrium Po, below 109 Pa. On the contrary, (Co,Ni)(Al,Cr),O4 and (Co,Ni)O are stable
under the Po; above 10 Pa and 105 Pa, respectively. All the yttrium in the alloy is also
oxidized to produce about 10 mol of Al5Y30; in the Po, range shown in Fig. 1.
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Fig. 1. Equilibrium amount of species as a function of partial pressure of O, (Po2) at 1323 K
for Co-0.28Ni-0.21Cr-0.16A1-0.003Y (at %). y-phase represents a metallic phase.
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Fig. 2. Equilibrium concentration of each element in the solid solution phases of alpha-

(ALCr)203 and (Cr,Ni)(Al,Cr),04 as a function of Pop at 1323 K for Co-0.28Ni-0.21Cr-0.16Al-
0.003Y (at %).

The equilibrium concentration of each element in the solid solution phases of alpha-
(AlCr)203 and (Cr,Ni)(Al,Cr),04 as a function of Po; at 1323 K for the CoNiCrAlY alloy is
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shown in Fig. 2. For a Po, below 10 Pa, where alpha-(Al,Cr),O3 is thermodynamically
stable, the concentration of chromium dissolved in the oxide increases sharply with an
increase in Poy above 10-17 Pa, up to about 60 cation % for a Po, above 1013 Pa. By contrast,
for a Po2 above 10 Pa, at which (Co,Ni)(AlCr),Oy is stable, both cobalt and nickel dissolve
in the complex oxide in addition to aluminum and chromium.

In the actual system, it is speculated that initially amorphous and/or gamma-alumina,
which can dissolve in oxides consisting of other elements such as chromium, and/or cobalt
and nickel in the alloy, are produced at lower temperatures during heating in the oxidation
treatment. This is followed by transformation into the theta-phase, and finally conversion
into thermodynamically stable phases such as alpha-alumina and/or (Co,Ni)(AlCr);O4
while holding at a higher temperature. Thus, the oxidation of the alloy under a Po; at which
both aluminum and chromium are oxidized and at which neither cobalt nor nickel is
oxidized will accelerate transformation into the alpha-alumina phase. According to Figs. 1
and 2, a suitable Po, for promoting the polymorph transformation lies below 10 Pa at 1323
K. By contrast, the transformation will be retarded in a Po, above 10 Pa. In this chapter,
control of Al;O3 polymorph formation was verified by the oxidation of CoNiCrAlY under a
thermodynamically determined Po, of 10-14 Pa at 1323 K, compared with oxidation under
Pop of 1 and 105 Pa (Kitaoka et al., 2010).

2.2 Experimental procedures

CoNiCrAlY alloy (Co-28%Ni-21%Cr-16%Al1-0.3%Y (in atomic %)) was coated by vacuum
plasma spraying to a thickness of 150 micrometer on a 20 x 40 x 2.5-mm grit-blasted
substrate of Inconel 738LC and the alloy surface was then polished to Ra = 0.25 micrometer.
Each sample was introduced into a V-notch with a radius of curvature below 20 micrometer
on the substrate side to prepare the cross-section of the sample after the subsequent
oxidation treatment by brittle fracture in liquid Nj. The V-notched samples were
ultrasonically cleaned in acetone and dried at 393 K for 1 h. Each sample was set in a
furnace, the internal atmosphere of which was replaced with either O, commercial Ar, or
Po2 controlled Ar using a solid-state electrochemical oxygen pump system (Matsumoto et
al., 2006, 2008). The gas flow rate was 3 x 104 m3/min. The sample was heated to 1323 K at a
rate of 5 K/min, and then held at the temperature for 10, 200, and 600 min, where the Po,
values were 105 Pa for O,, 10 Pa for the commercial Ar, and 10-14 Pa for the controlled Ar.
After that, the samples were cooled to room temperature at a rate of 5 K/min.

Crystalline phases in the scale formed by oxidation were identified by X-ray diffraction
(XRD). Identification of Al,O3 polymorphs in the scale such as the theta- and alpha-phases
was also performed by photostimulated Cr3+ luminescence spectroscopy (PSLS). The surface
morphology and cross-sections of the scales were measured by scanning electron
microscopy (SEM). Elemental depth profiles of the scale were measured by secondary ion
mass spectrometry (SIMS).

2.3 Characteristics of oxide scales

The crystalline phases in the oxide scales, which were identified by XRD and PSLS, are
summarized in Table 1. The higher the Po, used for oxidation was, the longer the metastable
theta-phase survived. The Po, dependence for the formation of the oxide phases in the scale
on oxidation time is in good agreement with the thermodynamic predictions shown in Fig.
1. This demonstrates that the oxidation of the alloy under a precisely regulated Po, can be
used to control the polymorphism of the Al,O3 scale.
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Time/ Po,/ Pa
min 10-14 10 105
10 a-AIzOS 9 +. (X'Alzos 9 +. 0L-A|203
(Co,Ni)(Al,Cr),0, (Co,Ni)(Al,Cr),0,

200 J
600 ¢

(Co,Ni)(Al,Cr),0,

!

!

U,-A|2O3
(Co,Ni)(AL,Cr),O,

Table 1. Crystalline phases in the oxide scales.

Surface

Cross section

10Pa

P02=

P0,=105Pa

Fig. 3. SEM micrographs of the surfaces and cross-sections of the samples oxidized at 1323 K
for 600 min under Po, of 10-4, 10, and 105 Pa.

The SEM micrographs of the surfaces and cross-sections of the samples oxidized at 1323 K
for 600 min under Po; of 1014, 10, and 105 Pa, respectively, are shown in Fig. 3. The surface
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of the oxide scale formed under a Po; of 1014 Pa is relatively smooth and its thickness is
about 1 micrometer. On the other hand, the higher the Po;, for the oxidation is, the larger the
oxide crystals are which are exposed on the scales, increasing the density of surface
irregularities. The scale thickness increases with an increase in Po, for the oxidation: the
scale thickness for oxidation under a Py of 105 Pa is at least twice that under a Po, of 10-14
Pa. Some of the crystals grown on the oxide scales under the higher Po; are considered to be
(Co,Ni)(Al,Cr)20,, as shown in Fig. 1 and Table 1. It is well known that the morphology of
theta-Al,O3 consists of blade-like crystals (known as whiskers). In addition, when theta-
AlO3 survives for a long time at high temperatures, this oxide crystal grows outward about
an order of magnitude faster than alpha-Al,O3 (Tolpygo et al., 2000). Therefore, since the
theta-phase exists longer under a higher Poy, the oxide has longer whiskers than those
transformed earlier, resulting in the formation of an oxide scale with a rougher surface.
Figure 4 shows the SIMS depth profiles of selected elements through the CoNiCrAlY coats
of the samples oxidized at 1323 K for 600 min under Po, of 1014 and 105 Pa, respectively. For
the oxidation under a Po, of 104 Pa (Fig. 4(a)), chromium, cobalt, and nickel are
concentrated near the surface of the scale, which consists of only the crystalline alpha-AlOs
phase, and high-purity alpha-Al>Oj3 is formed near the scale side of the interface between the
scale and alloy. Chromium in the scale formed under a lower Po; should be oxidized to form
a solid solution of alpha-(Al,Cr),Os, whereas both cobalt and nickel detected in the
subsurface should segregate as metals, as shown in Figs. 1 and 2. For oxidation under a Po;
of 105 Pa (Fig. 4(b)), the concentrations of chromium, cobalt, and nickel in the scale are
considerably higher than those under a Po, of 101 Pa, and such a high-purity alpha-Al,O3
layer evidently does not exist at the interface between the scale and alloy.

Oxide sc‘::lle »  Metal Oxide scale i . Metal
(a) 102 (b) 102 ‘
Al
(o]
< 1o S 1o
© © Cr
- - / Co
[ [y
2 )
© 100 © 10
@ @
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o 101 o 101
(@] (&)
1z ‘ ‘ ‘ ‘ ‘ 102
0 05 10 15 20 25 30 0 05 10 15 20 25 30
Depth / pm Depth / um

Fig. 4. SIMS depth profiles of selected elements through the CoNiCrAlY coats of the samples
oxidized at 1323 K for 600 min under a Po; of (a) 10-14 and (b) 105 Pa.

We have evaluated the oxygen permeability of polycrystalline alpha-Al,Os; wafers exposed to
steep oxygen potential gradients at high temperatures to investigate complicated mass-transfer
phenomena through the alpha-AlO3 scale formed on the alloy, as discussed later (Matsudaira
et al., 2008, 2010, Wada et al., 2008, Kitaoka et al., 2009). Diffusion of aluminum and oxygen
species, which were responsible for the oxygen permeation along the grain boundaries of
alpha-Al,Os, was found to be strongly dependent on P, forming oxygen potential gradients.
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When the wafer was subjected to potential gradients caused by a combination of low Po
values, oxygen permeation primarily occurred by grain boundary diffusion of oxygen through
oxygen vacancies from the higher Po, surface to the lower Po, surface. Grain boundary ridges
were hardly formed on the surfaces under higher Po; because of the very low aluminum flux.
Thus, oxidation of CoNiCrAlY through the alpha-AlO; scale under a Po, of below 10-14 Pa is
thought to be mainly controlled by inward grain boundary diffusion of oxygen, because
oxidation progressed without grain boundary ridges in similar to oxidation under purified
argon (Nychka et al., 2005). Nevertheless, chromium, cobalt, and nickel are concentrated near
the scale surface formed by oxidation under a Po; of 1014 Pa, as shown in Fig. 4(a). The reason
for the segregation of these elements near the scale surface is discussed below.

Figure 5 shows the thermodynamic equilibrium phase boundary (solid line) between alpha-
(ALCr)203 and (Cr,Ni)(ALCr)204 as a function of T-1. Lower oxidation temperature results in a
larger stability region for (Co,Ni)(ALCr)204. Broken line (A) in Fig. 5 indicates the transition of
Poy in the furnace as the temperature increased during oxidation treatment under a Po, of 10-14
Pa at 1323 K, corresponding to the testing conditions of Fig. 4(a). The segregation of both
cobalt and nickel near the scale surface shown in Fig. 4(a) seems to be caused by initial
oxidation during temperature increase to produce (Co,Ni)(Al Cr),Os, followed by reduction
and decomposition to cobalt, nickel, and alpha-(Al,Cr),Os. According to Fig. 2, the surface
segregation of chromium may be thermodynamically promoted by reducing the solubility of
chromium ions in the alpha-phase with decreasing oxygen chemical potential in the scale from
the scale surface to the interface between the scale and the alloy.

In TBC systems, if a topcoat such as yttria-stabilized zirconia is coated on the pre-oxidized
bond coat of CoNiCrAlY, where metallic cobalt and nickel are segregated near the surface of
the alpha-(AlCr),0s scale on the alloy (Fig. 4(a)), these segregated metals will react with alpha-
(ALCr);03 in the scale to produce (Co,Ni)(Al,Cr);O4 in oxidizing environments at high
temperatures, promoting the spalling of TBCs. If the oxidation of the alloy is carried out under
a Pop exactly controlled according to broken line (B) in Fig. 5, which indicates the transition of
Poz in the furnace when the temperature is increasing, production of (Co,Ni)(Al,Cr),Oy at low
temperatures will be inhibited. In other words, although the thickness of the scale formed
along line (B) in Fig. 5 will be similar to that formed along line (A) in Fig. 5, the surface
segregation of cobalt and nickel in the alpha-(Al,Cr),Os scale will be suppressed.

The SIMS depth profiles of cobalt and nickel through the CoNiCrAlY coats of the samples
oxidized at a holding temperature of 1323 K under a Po; of 1014 Pa are shown in Fig. 6.
Lines (a) and (b) in Fig. 6 are when the temperature was increased to 1323 K according to the
P along line (A) in Fig. 5 and then held at 1323 K for 10 and 600 min, respectively. Line (c)
in Fig. 6 is when the temperature was increased up to 1323 K according to the Po, along line
(B) in Fig. 5 and then held for 600 min. When the samples were treated during oxidation
under the Po; along line (A) in Fig. 5, only varying the holding time at 1323 K, the
concentration depths of both cobalt and nickel near the scale surface are constant and
independent of the holding time, as shown by lines (a) and (b) of Fig. 6. Because the
oxidation treatments use the same Po; transition and heating rate when the temperature was
increased, the amount of (Co,Ni)(Al Cr)>O4 produced at lower temperature was thought to
be constant and did not depend on the holding time at 1323K. As shown in Fig. 6(c), when
Poz during the temperature increase in the oxidation treatment is reduced in the manner
indicated by line (B) in Fig. 5, concentrations of cobalt and nickel at the top surface of the
scale are decrease to about 1/10 those under the Po, indicated by line (A) in Fig. 5. The
lower Po; during the temperature increase in the oxidation treatment is, the lower surface

www.intechopen.com



352 Mass Transfer in Multiphase Systems and its Applications

concentrations of these elements are, and monolithic alpha-(Al,Cr)Os scale will certainly
form. It is expected that the adherence between the topcoat and bond coat will be
considerably improved by controlling the Po; transition during the temperature increase,
resulting in further improvement in the durability of TBC systems.
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Fig. 5. Thermodynamic equilibrium phase boundary line (solid line) between alpha-(Al Cr),0s
and (Cr,Ni)(Al,Cr)204 as a function of T-1. The broken lines A and B in Fig. 5 indicate the
transition of Po; in the furnace during the temperature increase in the oxidation treatment
under a Pos of 10-14 Pa at 1323 K.
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Fig. 6. SIMS depth profiles of Co and Ni through the CoNiCrAlY coats of the samples
oxidized at a holding temperature of 1323 K under a Po, of 10-14 Pa. Lines (a) and (b) in Fig. 8
are when the temperature was increased to 1323 K according to Poz along line A in Fig.5 and
then held for 10 and 600 min, respectively. Line (c) in Fig. 6 is when the temperature was
increased to 1323 K according to Po, along line B in Fig. 5 and then held for 600 min.
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3. Mass-transfer of Al,O; polycrystals under oxygen potential gradients

3.1 Experimental procedures

3.1.1 Materials

Commercial, high-purity alumina powder (TM-DAR, Taimei Chemicals Co., Ltd., Nagano,
Japan, purity > 99.99 wt%) was used for the undoped alumina. Lutetia-doped powders (0.2
mol% of LuxOs) were also prepared by mixing the alumina powder and an aqueous solution
of lutetium nitrate hydrate (Lu(NO)s-xH2O (>99.999%), Sigma-Aldrich Co., MO, USA) and
subsequent drying to remove the water solvent. Each powder was molded by a uniaxial
press at 20 MPa and then subjected to cold isostatic pressing at 600 MPa. The green
compacts were pressureless sintered in air at 1773 K for 5 h. Wafers with dimensions of
diameter 23.5%0.25 mm were cut from the sintered bodies and then polished so that their
surfaces had a mirror-like finish. The relative density of the wafers was 99.5% of the
theoretical density. All the wafers had similar microstructures with an average grain size of
about 10 micrometer.

3.1.2 Oxygen permeability constants

Figure 7 shows a schematic diagram of the oxygen permeability apparatus. A polycrystalline
alpha-Al203 wafer was set between two alumina tubes in a furnace. Platinum gaskets were
used to create a seal between the wafer and the AlOs tubes by loading a dead weight from
the top of the upper tube. A gas-tight seal was achieved by heating at 1893-1973 K under an
Ar gas flow for 3 hrs or more. After that, a Po, of oxygen included as an impurity in the Ar
gas was monitored at the outlets of the upper and lower chambers that enclosed the wafer
and the ALOs tubes using a zirconia oxygen sensor at 973K. The partial pressure of water
vapor (Pmo) was measured at room temperature using an optical dew point sensor. These
measured Po, and Pmo were regarded as backgrounds. Then, pure O, gas or Ar gas
containing either 1-10 vol% O or 0.01-1 vol% H> was introduced into the upper chamber at a
flow rate of 1.67x10¢ m3/s. A constant flux for oxygen permeation was judged to be achieved
when the values of the Po; and Proo monitored in the outlets became constant.

When either O; gas or the Ar/O, mixture was introduced into the upper chamber and Ar
was introduced into the lower chamber to create an oxygen gradient across the wafer,
oxygen permeated from the upper chamber to the lower chamber. The Po, values in the
lower chamber at the experimental temperatures were calculated thermodynamically from
the values measured at 973 K. The calculated values were almost the same as those at 973 K.
On the other hand, when the Ar/H, mixture was introduced into the upper chamber and Ar
was introduced into the lower chamber, a tiny amount of oxygen in the Ar permeated from
the lower chamber to the upper chamber and reacted with H» to produce water vapor. As a
result, the Pipo in the upper chamber increased while the H; partial pressure (Pi2), which
was measured at room temperature by gas chromatography, in the upper chamber
decreased. The increase of Pmyo in the upper chamber was comparable to the reduction of
Po2 in the lower chamber in terms of oxygen, and the Pipo in the lower chamber remained
constant during the permeation tests; thus, hydrogen permeation from the upper chamber
to the lower chamber was negligibly small in comparison with the oxygen permeation in the
opposite direction. The Po, values in the upper chamber at the experimental temperatures
were estimated thermodynamically from the Px20 and Px2 measured at room temperature.
The oxygen permeability constant, PL, was calculated from the difference between the Po;
estimated thermodynamically in one chamber (which had a lower Po; than that in another
chamber) and the background in the lower Po, chamber using 20). 22, 23)
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C -Q-L
PL:i, 1)
Vst'S

where C;, is the concentration of permeated oxygen (Po2/P1, where Pr = total pressure), Q is
the flow rate of the test gases, Vy is the standard molar volume of an ideal gas, S is the
permeation area of the wafer, and L is the wafer thickness.

The wafer surfaces exposed to oxygen potential gradients at 1923 K for 10 hrs were observed
by scanning electron microscopy (SEM) combined with energy dispersive spectroscopy
(EDS), and X-ray diffraction (XRD). The volume of the grain boundary ridges formed on the
surfaces by the oxygen potential gradients was measured by 3D laser scanning microscopy,
and was compared with the total amount of the oxygen permeated in the wafer.
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Fig. 7. Schematic diagram of the gas permeability apparatus.

3.1.3 Determination of grain boundary diffusion coefficients
(a) Fluxes of charged particles
The charged particle flux is described as

Iz (C_Dja_ﬂ )
RT ) ox
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where Z; is the charge of the diffusing particle, C; is the molar concentration per unit
volume, D; is the diffusion coefficient, R is the gas constant, T is the absolute temperature, x
is a space coordinate, and 1); is the electrochemical potential.

The flux of oxygen that permeates through the wafer is equal to the sum of Ja; and Jo,

e
Jro=Ja+Jo=- [Z

(t.. +ty)
CaDay + ZoCoDo]h— o 3)

o RT ox

where t; is the transport number and 4, is the oxygen chemical potential.
Integrating Eq. (3) from x = 0 to x = L gives

Py, (1)

t.+ta
[, Trodx = & {ZAI Cal [>"D,dIn P, + zocoj

o, ) DOd In P, J (4)
Equation (4) is applicable to the case of ideal oxygen permeation when there is no
interaction between electrons and holes, or when either electrons or holes exclusively
participate (Kitaoka et al., 2009, Matsudaira et al., 2010).

(b) Oxygen grain boundary diffusion

The flux of oxygen that permeates through the wafer is postulated to be equal only to Jo. It is
also assumed that oxygen permeates only through reactions between defects, in which both
oxygen vacancies and electrons participate. In these reactions, dissociative adsorption of O
molecules is assumed to progress on the surface exposed to the higher Po; (i.e., Po(Il)) as
follows.

1/20, +V§ +2e'— O (5)

Oxygen ions migrate through oxygen vacancies from the Poy(II) side to the lower Po; side
(i.e., Pox(I)), and oxygen vacancies and electrons diffuse in the opposite direction to the
oxygen flux. The inverse reaction to Eq. (5) proceeds on the Poy(I) surface, and oxygen ions
recombine to produce O, molecules.

If the diffusing species migrate mainly along the grain boundaries of polycrystalline ALLO;,
the grain boundary diffusion coefficient of oxygen related to Eq. (5), is written as

1/3

V7 1 A
Do d = —2 p.Ve___“20 p -1/6 6
Ogb ol 4K, © 6CopSep (6)

where D, is the grain boundary diffusion coefficient of oxygen, ¢ is the grain boundary

width, Cop is the molar concentration of oxygen per unit volume, Sgp, is the grain boundary
density, which is determined from the average grain size in the ALOs. Dy is the grain
¢4

boundary diffusion coefficient of an oxygen vacancy and Ky, is the equilibrium constant
8

of reaction (5) that occurs at grain boundaries. Assuming that tv =1 and Dy, >> Dy,

and inserting Zo = -2 and Eq. (6) into Eq. (4) gives
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IOL Jrodx = Aq (P, (I)"/° ~Py (1)) = 4PL 7)

If the constant Ao is determined experimentally using Eq. (7), Dyg0 for a certain Po, can be
estimated from Eq. (6).

(¢) Aluminum grain boundary diffusion

The flux of oxygen that permeates through the wafer is premised to be equal only to Jai.
Oxygen permeation is also assumed to occur by reactions in which both aluminum
vacancies and holes participate. O, molecules are absorbed on the surface exposed to Poo(II)
as follows.

1/20, - OF + 2/3V,, + 2h’ 8)

Aluminum vacancies move from the Poy(II) side to the Poy(I) side, and aluminum ions and
holes migrate in the opposite direction. Finally, the inverse reaction of (8) occurs on the
Poy(I) surface, and oxygen ions recombine to produce an O, molecule.

In a similar way to Section 3.1.3(b), the grain boundary diffusion coefficient of aluminum,
Dy\gp, 1s obtained as follows.

D. K. /8
DAlng _ = VAléb [ VgA]gb ] POZ3/16 _ o éAlS P023/16 (9)
Alb gb Alb g
Canp denotes the molar concentration of aluminum per unit volume, DVX[gb is the grain
boundary diffusion coefficient of aluminum vacancies, KVX’lgb is the equilibrium constant of
reaction (8) that occurs at the grain boundaries. If it is assumed that th+=1 and D, >>

Dy, then substituting Z1= +3 and Zo = -2 into Eq. (4) gives

L
[, Trodx = A (Po, ()1 ~Po, (/1) = 4PL (10)

If the experimental value of Ax is obtained using Eq. (10), Dy,;6 for a certain Po can be
calculated from Eq. (9).

3.2 Oxygen permeation

Figure 8 shows the temperature dependence of oxygen permeability constant of
polycrystalline Al,O3 (non-doped and doped with 0.2 mol% LuyOs) exposed to oxygen
potential gradients (APo2). The solid and open symbols indicate data for specimens exposed
under Pox(Il)/ Poz(I)= 1 Pa/108 Pa and 105 Pa/1 Pa, respectively. The other lines are data
from the literature under a similar APo; as that for the open symbols. The oxygen
permeability constants are found to increase with increasing temperature, such that they are
proportional to T-, in a similar manner as the data from the literature. The oxygen
permeability constants tend to decrease with increasing purity of Al,Os. For Pox(Il)/ Pox(I) =
105> Pa/1 Pa, the oxygen permeability constants of the lutetia-doped wafer are similar to
those of the undoped wafer. Although the slopes of the curves for Poy(I)/ Pox(I) =1 Pa/108
Pa are the same for both samples, they are markedly different from those for Poy(Il)/ Poz(I)=
105 Pa/1 Pa. Furthermore, the permeability constants obtained for Poo(II)/ Pox(I) =1 Pa/10% Pa
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are clearly reduced by lutetia doping. These results suggest that the effect of lutetia doping
on the oxygen permeation and the corresponding permeation mechanism vary depending
on the oxygen potential gradients.

Temperature, T /K
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Fig. 8. Temperature dependence of oxygen permeability constant of polycrystalline Al,O3
(non-doped and doped with 0.2 mol% LuxO3) exposed to oxygen potential gradients (APoy).
The solid and open symbols indicate data for specimens exposed under Po(II)/ Pox(I)=1
Pa/108 Pa and 105 Pa/1 Pa, respectively. The other lines are data from the literature under a
similar AP, as that for the open symbols.

Because the oxygen permeability constants of a single-crystal Al,O3; wafer were lower than
the measurable limit of this system (below 1x10-12 mol'm-s?! at 1773 K), the oxygen
permeation is thought to occur preferentially through the grain boundaries for the
polycrystalline Al,Os; (Matsudaira et al.,, 2008). Furthermore, the oxygen permeability
constants of the polycrystalline wafers were inversely proportional to the wafer thickness.
According to Eq.(2), therefore, the oxygen permeation is considered to be controlled by
diffusion in the wafer, not by interfacial reaction between the wafer surfaces and ambient
gases.

Figure 9 shows the effect of Po; under a steady state in the upper chamber on the oxygen
permeability constants of polycrystalline alumina (undoped and doped with 0.20 mol%
LuOs) at 1923 K, where the P, in the lower chamber is constant at about 1 Pa. For Po
values of less than 10 Pa, the oxygen permeability constants decrease with increasing Po>
for both the undoped and lutetia-doped wafers. The slopes of the curves correspond to a
power constant of n = -1/6, which is applicable to the defect reaction given in Eq. (5) and is
related to Poy(I) in accordance with Eq. (7), since Poy(II) >> Poy(I). O, molecules are assumed
to permeate mainly by grain boundary diffusion of oxygen through the oxygen vacancies
from the higher to the lower Po, surface. When the doping level is 0.2 mol%, the oxygen
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permeability constants are about three times smaller than for undoped alumina, although
the slopes of the curves are similar. Thus, lutetium doping seems to suppress the mobility of
oxygen without changing the oxygen diffusion mechanism. On the other hand, the oxygen
permeability constants for all the polycrystals for Po, values above 10° Pa in the upper
chamber are similar to each other and increase with increasing Po,, as shown in Fig. 9. Their
slopes correspond to a power constant of n = 3/16 that suggests participation in the defect
reaction given in Eq. (8) and Poo(Il) in accordance with Eq. (10), since Poy(II) >> Poo(I).
Under potential gradients generated by Po, values above approximately 10° Pa, O
molecules seem to permeate mainly by grain boundary diffusion of aluminum through
aluminum vacancies from the lower to the higher Po, surface. In this case, the lutetium
segregated at grain boundaries would be expected to have little effect on the diffusivity of
aluminum.

N
<
©

1010 ¢
n=3/16

1011 ¢

Po, (I1) / Poy(l) (Pa/Pa)
Additive

10°/ 108 10%/10°

Non-doped . O

0.20%Lu,0;4 [ | O

10-12 : : : : : : :
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Oxygen Permeability Constant, PL / molms-"

Po, in the upper chamber, P/ Pa

Fig. 9. Effect of Po in the upper chamber on the oxygen permeability constants of
polycrystalline alumina (non-doped and doped with 0.2 mol% Lu>O3) at 1923 K. The solid
symbols indicate data for specimens exposed to a AP0z between about Poy(II) = 1 Pa in the
lower chamber and a much lower Po, (Po2(I)) in the upper chamber. The open symbols
indicate data for specimens exposed to a AP, between Poy(I) = 1 Pa in the lower chamber
and a much higher Po; ( Po(II)) in the upper chamber.

Figure 10 shows SEM micrographs of the surfaces and cross-sections of non-doped
polycrystalline alumina exposed at 1923 K for 10 h under APo, with Poy(II)/ Pox(I)=1 Pa/10-
8 Pa and 105 Pa/1 Pa. For Poy(II)/ Pox(I)= 1 Pa/108 Pa, grain boundary grooves are observed
on both the surfaces, of which morphology is similar to that formed by ordinary thermal
etching. The oxygen potential gradients with combination of the lower Po, values hardly
affect the surface morphological change. The absence of the grain boundary ridges suggests
that the migration of aluminum was scarcely related to the oxygen permeation. This surface
morphology supports the oxygen permeation mechanism with n = -1/6 as shown in Fig. 9.
For Poo(Il)/ Poy(I)= 105 Pa/1 Pa, grain boundary ridges with heights of a few micrometers
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can be seen on the Poy(II) surface, while deep crevices are formed at the grain boundaries on
the Poy(I) surface. The total volume of the grain boundary ridges, measured by 3D laser
scanning microscopy, was consistent with the volume of alumina that should be produced
given the observed amount of oxygen permeation (Kitaoka et al., 2009). This result provides
adequate support for an oxygen permeation mechanism with n = 3/16, as shown in Fig. 9.

Po,(I1)/Poy(l) = 109/ 10°8 (Pa/Pa) 105/ 109 (Pa/Pa)

Po,(ll) side

Po,(l) side

Cross-section Cross-section

Fig. 10. shows SEM micrographs of the surfaces and cross-sections of non-doped
polycrystalline alumina exposed at 1923K for 10h under APo; with Poy(II) / Poa(I)=1 Pa/10-8 Pa
and 105 Pa/1 Pa.

Figure 11 shows SEM micrographs of the surfaces and cross-sections of polycrystalline
alumina doped with 0.2 mol% LuxO; exposed at 1923 K for 10 h under APo; with Poo(Il)/
Poz(I)=1 Pa/10% Pa and 105 Pa/1 Pa. Figure 12 shows top-view SEM images of the surfaces
corresponding to Fig. 11. In the case of Poy(II)/ Pox(I) = 1 Pa/108 Pa, as shown in Fig. 11,
shallow grain boundary grooves, similar to those produced by conventional thermal
etching, are observed on both surfaces, as in the case of undoped alumina. In addition, as
seen in Fig. 12, a large number of particles with diameters of about 1 micrometer are
uniformly distributed at the grain boundaries on both surfaces. The distribution of the
particles was maintained during exposure under the oxygen potential gradient at 1923 K.
These particles were identified as AlsLusO12 by XRD and EDS and had already precipitated
at the grain boundaries by reaction of alumina grains with excess lutetium during sintering
the sample. The remainder of the added lutetium should then become segregated at the
grain boundaries. This implies that the lutetium species scarcely migrates, remaining in the
wafer during oxygen permeation, and inhibiting the mobility of oxygen from the region of
higher Po; to the region of lower Po; (Fig. 9).
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Fig. 11. SEM micrographs of the surfaces and cross-sections of polycrystalline alumina
doped with 0.2 mol% Lu,O3 exposed at 1923 K for 10 h under APo; with Poy(I)/ Pox(I)=1
Pa/108 Pa and 105 Pa/1 Pa.

Po,(I1)/Poy(l) = 10°/ 108 (Pa/Pa) 105/10° (Pa/Pa)

Po,(ll) side
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Fig. 12. SEM micrographs of the surfaces of polycrystalline alumina doped with 0.2 mol%
LuyOs exposed at 1923K for 10h under AP, with Poo(I) /Pox(I)=1 Pa/10-8Pa and 105Pa/1Pa.
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For Poo(Il)/ Poo(I) = 105 Pa/1 Pa, Fig. 11 reveals that the grain boundaries on the higher Po»
surface are raised to a height of a few micrometer, while deep trenches are formed at the
grain boundaries on the lower Po, surface, similar to the case for undoped alumina.
Furthermore, as seen in Fig. 12, the higher Po, surface exhibits AlsLuzOq2 particles with
diameters of several micrometer, but such particles are not found on the opposite surface.
This can be explained by a migration of both lutetium and aluminum from the lower to the
higher Po, region.

3.3 Grain boundary diffusion coefficients

The grain boundary diffusion coefficients of oxygen and aluminum (D0 ) are estimated
from the oxygen permeability constants shown in Fig.9 by the procedure described in
Section 3.1.3. Figure 13 shows D, 6 for oxygen and aluminum in polycrystalline alumina
(undoped and doped with 0.20 mol% LuyOs3) as a function of the equilibrium partial

pressure of oxygen in the upper chamber at 1923 K. Values of oxygen diffusion coefficients
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Fig. 13. D0 of oxygen and aluminum in polycrystalline alumina (non-doped and doped
with 0.2 mol% Luy0O3) as a function of the equilibrium partial pressures of oxygen in the
upper chamber at 1923 K. The solid and open symbols indicate the D0 of oxygen and
aluminum, respectively.

taken from the literature (Plot et al., 1996, Nakagawa et al., 2007, Heuer, 2008) are also
shown in Fig. 13. They were determined using an 180 isotopic tracer profiling technique for
bicrystalline or polycrystalline alumina annealed in a homogeneous environment in the
absence of an oxygen potential gradient, and their Po, values on the abscissa correspond to
those in the annealing environments. The data for refs. (Nakagawa et al., 2007, Heuer, 2008)
are estimated by extrapolating to 1923 K. For lutetia-doped polycrystalline alumina, there
are unfortunately no data for oxygen grain boundary diffusion coefficients determined by
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the tracer profiling technique, but some measurements have been carried out on yttria-
doped alumina. On the other hand, it has been reported that creep resistance in
polycrystalline alumina was improved remarkably by doping to only 0.05-0.1 mol% with
oxides such as LuxOs and Y203 in a similar effect on the creep resistance to each other
(Ikuhara et al., 2001). Thus, the grain boundary coefficients for oxygen in yttria-doped
alumina (polycrystal and bicrystal) are shown in Fig. 13 for reference.

The D6 value for oxygen is seen to decrease with increasing Pop, whereas the value for
aluminum increases for both undoped and lutetia-doped alumina. Increasing the doping
level to 0.2 mol% lutetia causes an approximately three times reduction in D6, while
maintaining the slope of the curve. In contrast, the ng5 value of aluminum is unaffected
by lutetia doping. Thus, lutetia doping has the effect of reducing the mobility of oxygen
along the grain boundaries, but has little influence on the diffusion of aluminum.

For the undoped alumina, the line extrapolated to higher Po, for Do of oxygen is
consistent with previous reported data obtained using SIMS (Plot et al., 1996, Nakagawa et
al., 2007), but deviates widely from data using NRA (Heuer, 2008). There is a thermal
equilibrium level of defects such as Schottky pairs (Buban et al., 2006) or Frenkel pairs
(Heuer, 2008) in alumina held in uniform environments at high temperatures. As shown in
Figs. 9-13, the oxygen potential gradients through the wafer seem to result in the formation
of new defects such as oxygen vacancies for lower Po; ranges and aluminum vacancies for
higher Po, ranges, in addition to the thermally induced defects. Because D6 for oxygen
and aluminum are proportional to the concentration of their respective vacancies, the
dominant defects in the wafer are probably oxygen vacancies for lower Po, values and
aluminum vacancies for higher Po, values. Therefore, the extrapolated line in Fig. 8 may
correspond to the SIMS data (Plot et al., 1996, Nakagawa et al.,, 2007), where the
concentration of oxygen vacancies induced by the oxygen potential gradient for the higher
Po; ranges is asymptotic to that under thermal equilibrium. Nevertheless, the reason why
the NRA result deviates so much cannot be ascertained based on the descriptions given in
the paper (Heuer, 2008).

As mentioned above, elements such as yttrium and lutetium that were segregated at the
grain boundaries of alumina by addition of only 0.05-0.1 mol% LnyOs effectively retarded
oxygen grain boundary diffusivity, creep deformation and final-stage sintering under
uniform environments (Nakagawa et al., 2007, Ikuhara et al., 2002, Yoshida et al., 2002, 2007,
Watanabe et al.,, 2003). Retardation of such mass transfer can be explained by a ‘site-
blocking’ mechanism (Amissah et al., 2007, Wang et al., 1999, Cho et al., 1999, Cheng et al.,
2008, Priester, 1989, Korinek et al., 1994) and/or grain boundary strengthening (Yoshida et
al., 2002, Buban et al., 2006). Under the oxygen potential gradients used in this study, it was
found that oxygen diffusitivity was unaffected by 0.05 mol% lutetia-doping (Matsudaira et
al., 2010), and even for 0.2 mol% doping, the retardation was small compared to the effect in
uniform environments. This may be related to the generation of a large number of oxygen
vacancies in the vicinity of the grain boundaries under an oxygen potential gradient, despite
the fact that Lu3* is isovalent with A3+

As mentioned in the Introduction, Bedu-Amissah et al. measured Cr3+ diffusion in alumina
under a Cr3* concentration gradient (Amissah et al., 2007). From the chromium diffusion
profile, they found that yttrium doping retards cation diffusion in the vicinity of the grain
boundary, reducing D6 by at least one order of magnitude (Amissah et al., 2007). In
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contrast, the D0 value of aluminum under oxygen potential gradients is unaffected by
lutetia doping. Thus, lutetia doping has little influence on the diffusion of aluminum along
grain boundaries. This may be related to the generation of a large number of aluminum
vacancies around grain boundaries under an oxygen potential gradient, which reduces the
effect of ‘site-blocking’” and/or grain boundary strengthening, resulting in outward
diffusion of both lutetium and aluminum, as shown in Figs. 11 and 12.

4. Conclusions

The oxidation of the CoNiCrAlY alloy under a Po; of 1014 Pa at 1323 K, during which both
aluminum and chromium in the alloy were oxidized and elements such as cobalt and nickel
were not oxidized, accelerated the transformation from metastable theta-AlLOs; to stable
alpha-ALO;, resulting in the formation of a dense, smooth alpha-(Al,Cr)>O; scale. The
surface concentrations of cobalt and nickel in the scale, which was evolved by formation of
(Co,Ni)(ALCr)204 during the temperature increase and subsequent reduction and
decomposition of the oxide at a higher temperature, could be effectively reduced by
decreasing the Po, during the temperature rise in the oxidation treatment. By contrast,
oxidation at a higher Po, required a longer time for the transformation and
(Co,Ni)(AlCr)204 was also produced in the scale with a rougher surface.

The oxygen permeability of undoped and lutetia-doped polycrystalline alpha-alumina
wafers that were exposed to oxygen potential gradients (APo2) was evaluated at high
temperatures to investigate the mass-transfer phenomena through the alumina scale. The
main diffusion species during oxygen permeation through the alumina grain boundaries
was found to depend on Po; values, which created APo,. Under APo, generated by low Po;
values, where oxygen permeation occurred by oxygen diffusion from regions of higher to
low Po, segregated lutetium at the grain boundaries suppressed only the mobility of
oxygen in the wafers, without affecting the oxygen permeation mechanism. By contrast,
under APo; generated by high Po, values, where oxygen permeation proceeded by
aluminum diffusion from regions of lower to higher Po,, lutetium had little effect on
aluminum diffusion and migrated together with aluminum, resulting in precipitation and
growth of AlsLuzOx; particles on the higher Po, surface.
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