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ABSTRACT

Yttrium is an attractive component for nickel base alloys to improve high-temperature oxidation resis-
tance. However, the application suffers from microstructure related problem, due to less unconscious
of Y-related oxidation behavior, especially interacting with other key components, such as aluminium.
This study introduces the discovery of microstructure depended external and internal oxidation behaviors
based on four simplified Ni-Al-Y alloys during isothermally exposing at 800°C/1000°C in air. Using mul-
tiscale microstructural characterizations and thermodynamic calculations, different oxidation layer thick-
nesses have been observed in the four alloys, especially varying with Y and Al concentrations. In the
three high-Y-content alloys, Y-related microstructures are found to strongly drive the oxidation process.
Original-NisY compound with strong tendency to precipitate secondary y-Ni strip is favorable to the
formation of inner oxidation layer containing mixed oxide particles, whereas original-y-Ni phase drives
the formation of outer scale of NiO. Dense and well-configured lamella-like phase boundaries (PBs) are
beneficial to inhibiting the development of the inner layer, compared to coarse and irregular PBs. The
resistance to inner oxidation of minor-Y-addition alloy has been significantly improved at 1000°C, bene-
fiting from the mixed oxides along grain boundaries (GBs) and front of inner oxidation layers. From the
thermodynamic basis, a type of modified diagram retrieved from ternary isothermal section is utilized to
exhibit the oxide evolution, which is consistent with experimental results, especially for those compli-
cated products.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

reliable during service [5-7]. However, the long-term and complex
high-temperature service environment still makes nickel-based su-

The development of high thrust aircraft engine and advanced
ultra-supercritical coal-fired power plant is inseparable from the
support of gas turbine and key components, e.g., combustion
chamber, turbine, and high-pressure compressor, as well as those
corresponding pieces of turbomachinery, e.g., rotors, blades, inner
and outer cases, and discs [1-4]. High-performance materials, es-
pecially nickel-based superalloys featured by an excellent combi-
nation of high-temperature strength, toughness, ductility, and ox-
idation resistance, play a vital role in keeping these components
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peralloys face great challenges, one of which is oxidation resis-
tance [8-10]. This life-limiting property drives the consumption of
alloy components and the formation of outer and/or inner oxides,
which consequently leads to the degradation of surface microstruc-
ture [6]. Typically, the formation of oxides depends strongly on the
inward and outward diffusion of oxygen anions (02~) and metal
cations, respectively, as well as the migration of electronics [11].
These diffusions and reactions make the chemical composition of
alloy surface deviate from the substrate, thusly leading to unde-
sirable microstructural problems, e.g., element depletion zone, ox-
idation pits, and isolated oxide particles [9-11]. Apparently, these
kinds of microstructural degradation destroy the continuity of the
matrix and facilitate the formation of strain localization, which
could predominantly affect the key properties of alloys, such as
stress rupture [12], creep [13-15], and fatigue [15-17].
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High-temperature oxidation behavior has been widely studied
from the aspects of thermodynamics and kinetics [6,8,18-25]. The
Gibbs free energy of formation (AGy) of an oxide is usually used
to understand the stability or oxygen affinity of a specific alloy
component [6,8]. Sometimes it is necessary to explain the migra-
tion of anions, cations and electrons, which involves distinguishing
the type of oxidation product (n-type or p-type semiconductors)
[6,18,26]. Moreover, special attention should be paid to the alloy
composition, considering its significant influence on formation of
continuous or protective oxide scale. The introduction of reactive
component (such as Y) has been proved to be effective in improv-
ing high-temperature oxidation resistance [27-32], due to the re-
ported mechanisms, e.g., reacting with sulphur [29], lower devel-
opment of inner oxidation [30], and improving adhesion of protec-
tive oxide scale [31,32]. Previous study demonstrated that the oxy-
gen activity at the scale/substrate interface of a Y-doping alloy (be-
ing Al,03-scale former) is lower than that of Y-free alloy (Cry0s3-
scale former), which indirectly proves that Y promotes the outward
diffusion of Al and selective formation of Al,03 scale [27]. How-
ever, due to the limited amount of Y, the exact theoretical and ex-
perimental basis concerning the effect of Y in nickel-based super-
alloys still remains inadequate, especially ignoring the existence of
Y-related microstructures. The Ni-Y compounds have been well dis-
cussed in nickel-based bond coat material, i.e., NiCoCrAlY [33-36],
and proved to be favorable to the formation of (Y, Al)-rich oxides,
e.g., YAIO3 (Y-Al perovskite, denoted as YAP) [35], Y4Al;09 (Y-Al
monoclinic oxide, YAM) [36], and Y3Al501, (Y-Al garnet, YAG) [37].
Affected by these oxides, the growth of Al,03 scale can be inhib-
ited or promoted, depending on the size of (Y, Al)-rich pegs within
Al,03 scale [24,35]. However, these excellent findings have not yet
been applied to explaining the oxidation behavior of Y-containing
nickel-based superalloy. Apart from this, the evolution of Y-related
microstructures during oxidation has not yet been well explained.
Except for these, the protective effect of other component (provid-
ing necessary ability to promote the external growth of Al,03) or
the classical oxidation theory [38-40], should also be considered,
especially under the influence of reactive element Y.

In the present study, isothermal oxidation in air at
800°C/1000°C has been conducted to investigate the oxidation
mechanisms and microstructural characterizations, coupled with
thermodynamic calculations, of four types of Ni-Al-Y alloys. Special
attention has been put on the effect of (Ni, Y)-rich compound, i.e.,
NisY, on the growth of both outer and inner oxides. The effect of
Y concentration on scale thickness or oxidation rate has been re-
vealed. It is interestingly found that excessive Y does not necessar-
ily mean the increase of oxidation rate. Detailed mechanism needs
to be discussed in combination with Y-related microstructural
features. We therefore show the importance of micro-morphology
in the oxidation process: coarse NisY phase (proeutectic phase)
does not improve oxidation resistance, while fine NisY compound
(nanoscale eutectic lamellae) do so apparently. By simplifying the
alloy components, we have successfully revealed the formation
process of YAM and «-Al,03 within original-NisY phase at 800°C,
based on the precipitation-related transport mechanism concern-
ing secondary y-Ni strips during isothermal exposure. The classical
criteria for the formation of Al,0; was also used to explain the
significantly improved resistance to inner oxidation of 22Al10Y
at 800°C, and minor-Y-addition 10Al0.5Y at 1000°C. Further, a
thermodynamic-based method coupled with post-processing for
predicting complex oxidation products has been utilized to ex-
hibit the oxide evolution. The predicted products are in excellent
agreement with experimental results, especially for the prediction
of YAM. The findings in the present investigation is effective to
predicting the steady-state oxidation products and to designing
multi-component and anti-oxidation nickel-based alloy or bond
coat material containing Al and Y.
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2. Materials and methods
2.1. Materials preparation and isothermal oxidation

Various Ni-Al-Y ingots were synthesized using vacuum arc-
melting of high purity (>99.99 wt.%) elemental constituents in a
titanium-getter argon atmosphere. A type of ingot with eutectic
microstructure, namely Ni-22.34AI-10.13Y (at.%, hereinafter simpli-
fied as 22AI10Y), was pre-determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES, Thermo Scientific
iCAP7600) and field-emission scanning electron microscope (SEM,
TESCAN MIRA3). The other two types of ingots with hypoeutectic
(Ni-10.25A1-3.38Y or 10AI3Y) and hypereutectic (Ni-10.36Al-10.27Y
or 10Al10Y) microstructures, respectively, were later acquired by
adjusting chemical compositions according to 22AI10Y and as-
sessed liquidus projection [41]. In addition, the fourth Ni-Al-Y al-
loy with minor Y content was also considered, i.e., Ni-10.13A1-0.52Y
(10AI0.5Y). The detected chemical compositions of the four alloys
are listed in Table 1.

Bulk samples with a uniform dimension of 10.5 x 10.5 x 2.5
mm were machined from the as-melted ingots. To ensure uniform
oxidation, all surfaces of the bulk samples were carefully ground
down to a P3000 SiC grit paper, followed by ultrasonic cleaning in
acetone. Isothermal oxidation tests were carried out at 800°C and
1000°C respectively in a chamber furnace under laboratory air for
a maximum duration of 200 h. Particularly, each sample was hung
in an alumina crucible with a platinum wire to expose all surfaces.
After a required exposure time, samples were air-cooled outside
the furnace and subsequently preserved in a laboratory oven at
70°C before further testing.

2.2. Microstructural and elemental characterization

To examine original microstructures, as-cast samples were ma-
chined from the prepared ingots. These samples were mechanically
ground down to a P3000 SiC grit paper, polished down to 1 um di-
amond solution, and finally vibration-polished in 50 nm silica sus-
pension for 2 h. After these, the phases within as-cast microstruc-
tures were examined by X-ray diffraction (XRD) measurements
using Bruker D8 ADVANCE X-ray diffractometer, and by electron
backscatter diffraction (EBSD, Oxford Instruments NordlysMax3),
equipped in the SEM, respectively. The EBSD maps were acquired
under a step size of 50~100 nm with an electron beam acceler-
ating voltage of 30 kV and current of tens of nA. Post-EBSD data
processing was mainly realized by AZtecCrystal software (version
1.1), and also referred to the open source toolbox MTEX (version
5.4.0) based on MATLAB (version 2020a) [42], and ATEX software
(version 2.16) [43]. The samples were chemically etched in a so-
lution of 5 g CuCl,, 100 ml HCl, and 100 ml absolute alcohol, for
5~10 s and finally analyzed using the SEM and energy dispersive
X-ray spectroscopy (EDS, Oxford Instruments X-MaxN).

After oxidation, species within oxide scales were detected by
XRD. To understand the morphologies and compositions of oxi-
dation products, oxidized surfaces and cross-sections of the sam-
ples were preliminarily analyzed using SEM and EDS. For transmis-
sion electron microscopy (TEM) analysis, thin foils were extracted
from specific locations of the cross-sectional samples using focused
ion beam (FIB) lift-out methods in a TESCAN GAIA3 ultra-high-
resolution SEM-FIB system equipped with a Ga+ focused ion beam
accelerating voltage of up to 30 kV and current of 1 pA~50 nA. At
the final stage of the sectioning, the foils with a thickness of ~100
nm were carefully cleaned at decreasing high voltages and cur-
rents ranging from 5 kV, 100 pA to 5 kV, 40 pA. TEM and scanning
transmission electron microscopy (STEM) analyses on oxidized mi-
crostructures were conducted on Schottky field-emission FEI Talos
F200X G2 (20-200KkV) equipped with Super-X four SDD enhanced
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Table 1
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Chemical compositions, phases, and corresponding elemental constitutions of the investigated alloys.

Alloy notation As-cast composition (at.%)

Microstructure description

Component in a phase (at.%)

NiAl/y-Ni NisY
Al Y Ni Ni Al Ni Y Al

22A110Y 22.34 10.13 bal. Eutectic (NiAl+NisY) 53.65 46.35 70.12 15.24 14.64

10AI3Y 10.25 3.38 bal. Proeutectic y-Ni 85.41 14.59 82.46 12.93 4.61
+
Eutectic (y-Ni+NisY)

10A110Y 10.36 10.27 bal. Proeutectic NisY 81.06 18.94 79.24 14.36 6.40
+
Eutectic (y-Ni+NisY)

10A10.5Y 10.13 0.52 bal. y-Ni (matrix)+ (y-Ni+NisY) 88.29 11.71 - - -

EDS detectors. High angle annular dark field (HAADF) STEM imag-
ing was performed using a convergence angle of 10.5mrad, an in-
ner angle of 58 mrad, and an outer angle of 200 mrad. STEM-
EDS spectral imaging was realized using a probe current of 800
pA. The FIB foils were also used for Transmission Kikuchi diffrac-
tion (TKD) analyses by using the same equipment as the aforemen-
tioned EBSD experiment (with a step size of ~30 nm).

2.3. Calculation of Gibbs free energy of formation

Instead of simply adopting standard Gibbs free energy of for-
mation (AG?) of potential oxides [40,44], the present investigation
calculated actual value of AGs by considering local element con-
centration within specific phases [6,8]:

2/y
a0,

2X/y
dy - Po,

AG; = AG{ + RTIn (1)

where T is absolute temperature, and R is the gas constant. M and
MOy represent metal reactant and oxidation product, respectively.
The x and y containing exponents are the stoichiometric coeffi-
cients of chemical equation relating to the product MyOy. There-
fore, a is the corresponding activity. Generally, ay,o, is taken to
be unity, and ay; is taken based on the local concentration and fi-
nally calculated using Thermo-Calc software. The partial pressure
of oxygen (po,), is determined based on the laboratory condition,

ie, 0.2 atm in 1 atm of air. Approximately, AG? can be calculated
according to:

AG] = AH9g — TASYg (2)

AHggs = ZPiAH?,z% - erAH_?.ng 3)
i J

ASYes = Zpis?.zgs - ersjo,zgs (4)
i j

where AHJgg and ASJeg are the standard enthalpy and entropy
of formation of the oxidation products at 298 K, respectively.
AHY o 208 and AS? | gg are the enthalpy and entropy of for-
mation of the substance from the stable states of the elements at
298 K, respectively. i and j respectively describe the situation of re-
actants and products in the oxidation reaction. Correspondingly, r;
and p; are the coefficients of reactants and products in the oxida-
tion reaction, respectively. Generally, only two reactants and one
oxidation product are considered in this study while calculating
AG{ and AGy. Data corresponding to AHY ;s and AS? 05
of a specific substance can be found elsewhere [45,46]. The com-
plete derivation process concerning AG? can refer to the relevant
literature [44-47].

2.4. Thermo-Calc calculation

The activity of a specific component, ie., ay, was calculated
using Thermo-Calc software and TCNI8 database (hereinafter TC)
[48,49] realized by PROPERTY-DIAGRAM module and the chemi-
cal concentration in a local phase. The calculated activity would be
later used in calculating AG;. Further, the ternary isothermal sec-
tions and corresponding modified diagrams were also calculated
using TC, realized by Console mode and TERNARY_DIAGRAM mod-
ule. The re-setting of reference state was realized by the command
SET_REFERENCE_STATE in POLY_3 module. The diffusion coefficient
of Al in y-Ni matrix at a specific temperature was also calcu-
lated using TC, supported by DICTRA module, and thermodynamic
database (TCNI8) and kinetic database (MOBNI4).

3. Results
3.1. Characterization of as-melted microstructures

Four Ni-Al-Y alloys are considered, ie., eutectic 22A110Y, hy-
poeutectic 10AI3Y, hypereutectic 10AI10Y, and minor-Y-doping
10AI10.5Y. A summary of the mentioned microstructures and cor-
responding chemical compositions is listed in Table 1. SEM, EBSD,
and XRD were performed to analyze the as-melted microstructures
of the four alloys. The results reveal that 22AI10Y typically pos-
sesses lamella-like eutectic structure, composed of NiAl and NisY
(Fig. 1a and Supplementary martials Fig. S1a). 10AI3Y possesses
y-Ni as proeutectic phase, and (y-Ni+NisY) as eutectic structure
(Fig. 1b and Fig. S1b). 10AI10Y possesses NisY as proeutectic phase,
and (y-Ni+NisY) as eutectic structure (Fig. 1c and Fig. S1c). Finally,
10Al0.5Y possesses y-Ni as matrix and minor (y-Ni+NisY) locating
mainly in GBs (Fig. 1d and Fig. S1d). According to these results, Al
has obvious solubility in NisY phase, which is in accordance with
our thermodynamic calculations using TC [48,49], as shown in Fig.
S2. It is critical to emphasize the solubility of Al in NisY, due to
the calculation of actual AGy later need the support of chemical
concentration of specific component. In contrast, there is almost
no solubility of Y in Ni. Therefore, the negligible Y content in y-Ni
is set to zero in the following thermodynamic calculations.

3.2. Oxidation products

After isothermal exposure at 800°C for 1~200 h, the morpholo-
gies and species of oxides on the sample surface were examined
by XRD, SEM, and EDS (Fig. 2 and 3, Fig. S3 and S4). The XRD pat-
terns indicate that various products present after one-hour expo-
sure, e.g., NiO, NiAl,04, YAM, and YAP. With the increase of expo-
sure time (up to 200 h), NiO and YAM still exist, while NiAl,04 and
YAP almost disappear (Fig. 2a). The surface morphologies of oxida-
tion products evolve from fine oxide particles to larger and denser
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Fig. 1. EBSD and XRD analyses concerning phase characterization of the as-cast Ni-Al-Y alloys: (a)-(d) EBSD band contrast (BC) maps with inserted XRD patterns, phase maps
with inserted Kikuchi patterns, inverse pole figures (IPF) along Z1 axis, and corresponding legends, of samples 22A110Y, 10AI3Y, 10A110Y, and 10AI0.5Y, respectively.

particles, as revealed in Fig. 2b. By combining the results of XRD
and SEM, the presented surface oxide particles can be inferred to
be NiO, which will be further determined by SEM-EDS and TEM
studies in the following sections.

Fig. 3 shows the cross-sectional SEM images and elemental
map of three 200-hour-exposed samples, indicating the strong de-
pendence of oxidation behavior on original microstructure, e.g.,
22A110Y exhibits lamella-like inner oxide layer, and 10AI3Y and
10AI10Y exhibit ones based on primary and eutectic phases. The
post-oxidation microstructures of all the three alloys show similar
continuous outer layer (probably NiO) but distinguished in thick-
ness (Fig. 3 and Fig. S3). According to these observations, Y-rich
and Al-rich or (Y, Al)-rich oxides are concentrated in the inner
layer, indicating very first formation of these oxides due to the
fast inward-flux of 02~ and high activity of Y and Al [24,50-52].
Particularly, some continuous dark-contrast oxides (rich in Al and
0) present along the PBs between primary and eutectic phases in
10AI3Y and 10AI10Y.

For the case of 10Al0.5Y, the observed inner layer structure is
quite different from the above three alloys. Without massive Y-

related microstructure, 10Al0.5Y exhibits obvious characteristics of
y-Ni oxidation, ie., granular and rod-like oxides (Fig. S4), con-
trolled by oxygen diffusion. Particularly, the front of inner oxide
propulsion was occupied by Al-rich oxides.

The layer structures of 22A110Y, 10AI3Y, and 10A110Y after ex-
posure at 1000°C for 200 h are similar to that of 800°C, except for
the increased layer thickness (Fig. S5). As to the minor-Y-addition
ones, 10Al0.5Y, its oxidation layer exhibits obvious changes after
exposure at 1000°C. At 1000°C, the inner layer thickness decreased
significantly, compared to that of 800°C (Fig. S4 and S6), indicat-
ing a better resistance to inner oxidation. The Al-rich oxides at the
front of inner layer at 1000°C massively grew and became thicker
and more continuous than that of 800°C. These changes found in
the 10AI10.5Y alloy demonstrate that the potential oxidation behav-
ior has obviously changed.

3.3. Oxidation kinetics

According to Fig. 3 and S4, the total oxide layer thickness of
the three samples after oxidation is quite different. Further statis-
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Fig. 2. XRD and SEM analyses of the 800°C-oxidized Ni-Al-Y alloys: (a) XRD patterns of the one-hour and 200-hour oxidized surfaces. (b) SEM secondary electron (SE)
images showing the morphologies of oxidation products of the four Ni-Al-Y alloys after oxidized for 1 h and 200 h.

tical results concerning total thickness of oxide layer is exhibited
in Fig. 4. It indicates 10A110Y has the thickest oxide layer at all ex-
perimental periods, followed successively by 10Al0.5Y, 10AI3Y, and
22A110Y at 800°C, and 22A110Y, 10AI3Y, and 10A10.5Y at 1000°C.
Although the power exponents of these curves deviate from the
exponent of classical parabolic law, the growth kinetics of oxide
layer can be described by power law. In the early stage of ox-
idation, 0%~ rapidly enter the subsurface of the alloys to react
with the high-activity alloy components, resulting in the rapid in-
crease of scale thickness (Fig. 4) and the formation of inner ox-
ides (Fig. 5). With the increase of scale thickness, the metal activi-
ties near scale/alloy interface gradually decrease (finally approach-
ing the equilibrium value of oxidation reactions), which means that
the metal activity gradients in the scale gradually decrease, result-
ing in the decrease of ion flux and reaction rate (Fig. 4) [40].

The most noticeable changes of oxidation kinetics are the two
alloys, 22A110Y and 10AI0.5Y, which respectively becomes the min-
imum oxide thickness at 800°C and 1000°C (Fig. 4). The potential
mechanisms corresponding to these changes will be analyzed and
discussed in detail in the following sections after more detailed
characterization.

3.4. Oxide evolution and thermodynamic determination at 800°C

Aforementioned results have partly explained the formation of
oxidation products. In this section, TEM study, based on FIB foils,
and thermodynamic calculations are performed to further clarify
the exact species of oxides, aiming to propose a general method
for predicting the oxide evolution. Fig. 6a shows the HAADF-STEM

image and STEM-EDS mapping result, indicating consistent layer
structure and oxide distribution in 22AI10Y after one-hour expo-
sure at 800°C with above analyses. It is confirmed that the outer-
most oxide scale is NiO (Fig. 6b). Due to the depletion of Al and O
in original-NiAl region (Fig. 6a), it could reasonably infer that with
the increase of exposure time, Ni* in the inner layer reacts with
02-, resulting in the thickening of NiO scale externally. In the inner
layer, the original-NisY region evolves into mixed phases contain-
ing YAM (grey contrast) and «-Al,05 (dark contrast) oxides, while
Ni almost exists alone (Fig. 6¢). k-Al;03 is a metastable alumina
with an orthorhombic structure and featured by Al vacancies pos-
sibly not forming a hexagonal network or independent A3+ occu-
pying a tetrahedral position, differing from that of stable «-Al,03
with a trigonal structure [53-57].

The oxidation products after exposure at 800°C for 200 h were
analyzed in detail by using the inner layer FIB foil of 10AI10Y,
considering the coarsen morphology of primary NisY and eutec-
tic phases facilitating micro-scale observations. Fig. 7a shows that
almost only Ni is left in the original-y-Ni region belonging to eu-
tectic microstructure, and O is not obviously enriched in same re-
gion, which means that y-Ni suffered lightly oxidation and trans-
ferred into Ni-O interdiffusion zone, differing from outer NiO scale.
The obvious change is that Al in y-Ni almost diffused to the corre-
sponding PBs, e.g., Al and O are enriched at the interface, which
is consistent with above descriptions. In contrast, the original-
NisY region belonging to eutectic microstructure suffered relatively
server oxidation, as the observed YAM and k-Al,03 (Fig. 7b). The
extensively presenting YAM in both one-hour and 200-hour oxi-
dation samples indicates that the high-activity Y and Al are indeed
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Fig. 3. Cross-sectional SEM backscattered electron (BSE) images and corresponding
EDS mapping results showing the structures and elemental distributions of oxida-
tion layers of the three high-Y-addition Ni-Al-Y alloys after 800°C-oxidized for 200
h.

reactive with O in the inner layer. Considering the existence of YAP
(Fig. 2a), the whole reaction can be reasonably summarized as fol-
lowing:

AI203 + Y203 = 2YAIO3 (5)

AI203 + 4Y203 + 4YAIO3 = 3Y4AI209 (6)

Therefore, the inner layer corresponding to original-primary-
NisY region is almost composed of YAM, k-Al,03 and non-oxidized
y-Ni. In addition, the PBs of both samples are almost occupied by
Al rich oxides, which are partly composed of «-Al,03 (Fig. S7).

Here we attempt to thoroughly understand the species within
the oxide layers when the oxidation process become stable or lo-
cal reactions reach equilibrium. This means equilibrium diagram,
e.g., isothermal section of ternary system under particular temper-
ature, maybe useful in analyzing the species-related issue. Thus,
three isothermal sections at 800°C, ie., Ni-Al-O, Al-Y-O, and Ni-
Y-O, are calculated using TC (Fig. S8). Nevertheless, the accurate
chemical composition in local area during oxidation remains un-
known, which makes it difficult to link the actual oxides with the
stable phases exhibited in the isothermal sections. To this end, a
type of modified diagram is considered here, i.e., replacing oxy-
gen concentration with derived po,, and retrieving the data cor-
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Fig. 4. Dependence of the oxidation layer thickness on the exposure time and cor-
responding fitting curves at 800°C (a) and 1000°C (b) showing the good consistent
with power-law type equation.

responding to metal-component concentration verse po, with re-
setting the reference state to O in gas phase (Fig. 8 and S9). The
colored solid line indicates the solubility of the element indicated
by y-axis in a phase (depending on po,), and can also be regarded
as the monophasic line. The area between two monophasic lines
represents two-phase region.

Using the phase composition (Table 1) and some appropriate
assumptions, the evolution of oxidation products or the final sta-
ble products can be inferred. The assumptions involve: i) Initial
Do, is set to 0.2 atm (from 1 atm of air); ii) the equilibrium po,
of early reaction is iterated to later reactions; and iii) the evo-
lution of oxidation products tend to change firstly along tie lines
(perpendicular to two monophasic lines) or monophasic line. As to
the formation of outer oxides NiO, Al concentration in initial NiAl
phase of 22AI10Y is used, inferring the corresponding phases, i.e.,
NiAl,04+NiO (Fig. 8a). Apparently, either the formation of NiAl,04
(common transient oxide) externally or Al-rich oxides internally
leads to the decrease of Al concentration, which causes downward
evolution of oxides, and finally reach and along NiO monophasic
line, i.e., forming stable NiO (Fig. 8a). Similarly, these analyses can
be performed for the y-Ni phase region in 10AI3Y, 10Al10Y, and
10Al10.5Y (Fig. 8a). Another situation, when local Al concentration
stays supersaturation, the evolution path of products will deviate
from the vertical tie lines, as the curved dot lines in Fig. 8a. Sim-
ilarly, in NisY phase region, Y3+ reacts with 0%~ resulting in the
decrease of Y concentration and facilitating the formation of NiO
(Fig. S9).

As to the formation of inner YAM, «-Al,03, and «-Al,03, Al
concentration in initial NisY and po, (0.2 atm) is used. Note that Ni
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Fig. 5. (a)-(c) SEM-BSE images showing the microstructure-depended oxidation
morphologies within inner layer after 200-hour exposure at 800°C of samples
22A110Y, 10AI3Y, and 10AI10Y, respectively.

becomes very inactive while the existence of Al and Y. This means
that considering only Al-Y-O system and modifying Al concentra-
tion (by excluding Ni) in local area is reasonable after initial ox-
idation (Fig. 8b). Due to the rapid reaction, the evolution path of
oxidation products directly changes from the initial point to the
new concentration. Therefore, for 22AI10Y, initial products locate
in YAP+YAM. With the formation of Al-rich oxide, the oxidation
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products in 22A110Y evolve downward with the oxidation process,
i.e., regressing to the monophasic line of YAM. Similarly, the evo-
lution of oxidation products in 10AI3Y and 10Al10Y can also be
deduced. It should be noted that the Al concentrations in 10AI3Y
and 10AI10Y are below the YAM monophasic line (as highlighted
by circle in Fig. 8b) when Ni is excluded. It is impossible for the
oxidation products to evolve downward to generate more liquid
ions (ION_LIQ), so the products would be as close as possible to
the nearest stable phase, namely YAM. A similar analysis was not
undergoing in 10AI10.5Y, because of the limited NisY fraction.

3.5. Oxide evolution and thermodynamic determination at 1000°C

The aforementioned SEM and Kkinetics results have demon-
strated the main difference between the case of 1000°C and 800°C
lies in the alloy 10Al0.5Y and 22AI10Y. Here we checked the mi-
crostructure evolution of 10A10.5Y after exposure at 1000°C for 200
h in detail. The HAADF-STEM image and corresponding STEM-EDS
mapping results of inner layer demonstrate that Al-rich and Y-rich
oxides possess a large area at the GBs (Fig. 9a). The SAED pattern
of the Al-rich area demonstrates that two Al-O oxides present, i.e.,
o-Al,03 and k-Al,03 (Fig. 9b). According to the BF-STEM image,
there are two sizes of grains in the Al-O oxide area along GBs.
Moreover, the TKD analysis (Fig. S10) has additionally explained
that the coarse grains are mainly «-Al,03. Around the GBs, NiO
and YAP were determined (Fig. 9b). The oxide evolution at 1000°C
has also been analyzed by the thermodynamic method (Fig. S11).
Again, the predicted oxides evolution paths along the phase lines
are in good agreement with the experimental results, e.g., the outer
NiO layer and the inner YAP oxides.

4. Discussion
4.1. Oxygen affinity

In order to well understand the oxidation process of Ni, Al
and Y, it is necessary to evaluate the stability or formation abil-
ity of their respective oxides, which is usually realized by compar-
ing AG? or using Ellingham Diagrams [6,40,44]. However, for the
actual situation, it is necessary to consider the chemical compo-
sition in local area, due to the existence of micro-segregation or
various phases. Moreover, the actual value of pg, should be con-
sidered to calculate actual AG; or modified Ellingham Diagrams
[6]. By using the acquired chemical composition of various phases
Table 1) and the method described in Section 2.3 (Eq. (1)-((4)), the
present study calculated the AGy of three stable oxides, i.e., Y503,
Al,03, and NiO (Table 2 and 3, and Fig. S12). These results indi-
cate that the formation ability are ordered in: Y,03>Al,03>NiO,
or the oxygen affinity: Y>AI>Ni, which explains again the prefer-
entially formation of the Y-rich and Al-rich or (Y, Al)-rich oxides
beneath the alloy surface [40,50]. Note that, except for the contin-
uous Al-O films along PBs, there is little sign of continuous inner
oxide layer in the case of 800°C, but significantly found in the case
of 10A10.5Y after 1000°C exposure (Fig. S6). Owing to the limited
area of Y-related phases in 10Al10.5Y, the growing of internal con-
tinuous Al-rich oxides becomes gradually at 800°C, and extensively
at 1000°C (Fig. S4 and S6).

4.2. Oxidation mechanism corresponding to Y-related microstructure

The observed oxides and their formation area are partly con-
sistent with the thermodynamic theory (AGs, Fig. S12) as well as
transport feature in bulk and PBs regions [11]. However, further
explanation, especially concerning the formation of YAM, has not
yet been involved. As described above, the three high-Y-content al-
loys are similar in oxidation layer structure after isothermal oxi-
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Fig. 6. Elemental distribution and oxidation species determinations via TEM performed on the 800°C-oxidized 22Al110Y: (a) HAADF-STEM image and corresponding drift-
corrected STEM-EDS mapping result showing the layer structure and elemental distribution from outer to inner after one-hour exposure. (b) TEM bright-field (BF) image
and corresponding selected area electron diffraction (SAED) pattern of the region indicated in (a) indicating the outer existence of NiO. (c) Enlarged HAADF-STEM image of
the region indicated in (a) and STEM-EDS mapping result, and inverse fast Fourier transform (IFFT) images of the framed regions showing the elemental distribution and
oxidation products.

Fig. 7. Elemental distribution and oxidation species determinations via TEM performed on the 800°C-oxidized 10AI10Y: (a) HAADF-STEM image and corresponding drift-
corrected STEM-EDS mapping result showing the inner layer structure and elemental distribution after 200-hour exposure. (b) Enlarged HAADF-STEM image of the region
indicated in (a) and IFFT images of the framed regions showing the oxidation products.

Table 2
Relevant thermodynamic results (1073 K) calculated according to the phase constitution exhibited in Table 1.

Alloy notation  Situation in NiAl/y-Ni at 1073 K Situation in NisY at 1073 K

AC(Ni) AG{(Ni0)  AC(Al) AG;(ALOs)  AC(Ni) AG{(NiO)  AC(Al) AG{(AL,O3)  AC(Y) AG[(Y,03)
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
22A110Y 2.55 x 1074 -116.80 2.00 -694.94 5.98 x 104 -132.00 455 x 1078 -677.35 2.82 x 108 -836.52
10AI3Y 2.70 x 1073 -158.91 1.07 -632.70 1.45 x 1073 -147.80 6.75 x 10~ -599.87 2.34 x 108 -834.27
10A110Y 2.70 x 1073 -158.91 1.07 -632.70 1.41 x 103 -147.35 2.11 x 1010 -613.45 1.71 x 10-8 -830.54
10A10.5Y 291 x 1073 -160.23 6.33 x 10710 -626.51 - - - - - -
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Fig. 8. (a), (b) Modified diagrams with re-setting reference state retrieved from ternary isothermal sections (800°C) of Ni-Al-O and Al-Y-O systems, respectively, showing the
dependence of mole fraction of Al on partial pressure of oxygen.

Table 3

Relevant thermodynamic results (1273 K) calculated according to the phase constitution exhibited in Table 1.

Alloy notation

Situation in NiAl/y-Ni at 1273 K

Situation in NisY at 1273 K

AC(Ni) AG¢(NiO)  AC(Al) AGf(Al,03)  AC(Ni) AGy(NiO)  AC(Al) AGy(ALO3)  AC(Y) AG(Y,03)
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
22A110Y 2.03 x 107*  -44.08 1.04 x 1006 -639.58 521 x 107 -63.99 1.44 x 1077 -611.66 7.33 x 108 -769.15
10AI3Y 1.64 x 1073 -88.31 1.28 x 1078 -577.54 1.13 x 1073 -80.35 4.67 x 1071 -530.79 6.31 x 108 -767.02
10AI10Y 156 x 1073 -87.20 1.72 x 10°8  -581.67 1.10 x 1073 -79.87 1.30 x 107° -545.26 476 x 108 -763.06
10AI10.5Y 1.86 x 1073 -90.92 5.66 x 100  -566.02 - - - - - -
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Fig. 9. Elemental distribution and oxidation species determinations via TEM performed on the 1000°C-oxidized 10Al0.5Y: (a) HAADF-STEM image and corresponding drift-
corrected STEM-EDS mapping result showing the inner layer structure and elemental distribution after 200-hour exposure. (b) BF-STEM image and corresponding SAED
pattern, and IFFT images of the indicated regions showing Al,0; oxides along GBs, and the existence of NiO and YAP oxides.

dation at 800°C/1000°C, i.e., outer NiO scale, and the inner mixed
oxides/phases containing mainly YAM/YAP, Al,05, and Ni-O inter-
diffusion zone. In the early stage, 0%~ enters the substrate along
the fast diffusion channels and reacts with high-activity Y and Al
to form internal oxides [58,59]. However, due to the limited con-
tent of Al and Y in the alloys, a large number of regions containing
low oxygen affinity Ni interpenetrate between these internal ox-
ides, which hinders the formation of continuous oxide scale. With
the increase of oxidation time, Nit accumulates on the outer sur-
face and reacts with 0%~ to form NiO scale, which further hin-
ders the inward transport of 0%~ and thusly lowers oxidation rate
(Fig. 3 and 4). Huge difference between the three high-Y-content
alloys is that the morphology of the inner layer strongly depends
on the original microstructure due to the distribution and size of
NisY phase containing high-activity Y and Al In addition, the con-
tinuous oxide film is generally formed along PBs due to the more
favorable transport condition.

According to the results, mixed inner phases containing
YAM/YAP (depending on the oxidation temperature), x-Al,03/a-
Al,03, and y-Ni form within the original-NisY region, while only
Ni-O interdiffusion zone remains within the original-y-Ni region.
Typically, 22A110Y has almost complete lamellar structure, com-
posed of NiAl and NisY lamellae, which provide numerous PBs and
facilitate the fast-inward flux of 02~ in early stage. However, de-
rived from the dense lamellae and plenty of high-activity Al and
Y around, further inward diffusion of 02~ could be probably in-
hibited by locally formed Y-rich and Al-rich or (Y, Al)-rich oxides.
As revealed in Fig. 5, oxides (with dark contrast) predominately
present along PBs. Due to the observed depletion of Al within
original-NiAl phase after oxidation (Fig. 6a), the formation of ox-
ides along PBs (mainly Al-O, Fig. 3 and S7a) could be reasonably
ascribed to the transport of Al within NiAl toward PBs and react-
ing with 0%-.

Moreover, Y-rich and Al-rich or (Y, Al)-rich oxides are observed
inside original-NisY phase (Fig. 3 and 6c). A large number of fine
oxide interfaces also facilitate transverse diffusion of 02~ under the
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attraction of high-activity Al and Y. These formed oxides further
weaken the possibility of oxygen’s inward diffusion. After the oxi-
dation of Al and Y, the remaining Ni would partly react with oxy-
gen (becoming outer NiO layer), and partly become island Ni-O in-
terdiffusion particles (denoted as y-Ni) within original-NisY phase.
Accordingly, the whole oxidation process can be simply summa-
rized, as schematically shown in Fig. 10. Similarly, the oxidation
processes of 10AI10Y and 10AI3Y can be described as same as
22A110Y, since the phases within the three alloys are quite sim-
ilar, only distinguished in size. According to the results of thick-
ness, 10AI3Y with smaller NisY-phase region (contained in eutectic
microstructure) exhibits slower oxidation rate than 10AI10Y with
larger one (proeutectic phase). It means that coarse and isolated
NisY particles may possess poorer oxidation resistance than mixed
microstructures, e.g., eutectic regions containing NisY and y-Ni

(Fig. 3).
4.3. Oxidation mechanism corresponding to the formation of Al,03

Above experimental results have indicated major changes of the
oxidation rate of 22AI10Y and 10Al0.5Y from 800°C to 1000°C. Ex-
cept for the benefits from Y-related microstructures, the high Al
content also deserves detailed discussion, because of the protective
effect provided by Al,03 oxides. According to the classical oxida-
tion theory, the formation of Al,03 can be qualitatively described.
Considering the situation of Al,05 oxides have a chance to convert
to external scale, it would bring most desirable oxidation resis-
tance. This process needs an atomic concentration condition, which
has been concluded by Wagner, as following [38]:

1/2
Al(min) — ¥ v /AL O
2bDAle2 3
Where Ngl(min) is the minimum concentration (atomic fraction)

of Al in the y-Ni matrix to originally develop an external Al,03
scale; g* is a critical volume fraction of the oxides within the inner
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Fig. 10. Schematic illustration indicating the potential oxidation mechanism from the aspect of microstructural features.

layer, and is usually taken as 0.3 [50,60]; Ng is solubility of oxygen
in the y-Ni matrix; Dg is the diffusion coefficient of oxygen in the
y-Ni matrix; N} D} is the oxygen permeability in y-Ni; V} and
Vﬁll203 is the molar volume of the y-Ni and Al,05, respectively;
b is the coefficient of the oxide in MOy, type, e.g., AlO3;; DXl is
diffusion coefficient of Al in y-Ni.

Even through the calculation of Ngl(min) faces some difficulties,
it is still of great significance to estimate reasonable values. The
most important procedure is to determine the unknown value of
N DE and D . According to the oxidation kinetics, the inner layer
thickness can be quantitatively derived by using Fick’s first law and
mass conservation [40]:

<2Nng )”2
Xp = ot
Where X; is the inner layer thickness after oxidation for time t;
Ngl is the initial concentration of Al in the y-Ni matrix. Eq. (8) can
also be represented using a classical parabolic type by introducing
a parabolic rate constant, kp:

(8)

Xe = ky*tV2or Xt = kpt

(9)

The dependence of X; with t can be measured by using the ex-
perimental results. Then, the value of kp can be estimated by fit-
ting the experimental data concerning X2~ t. So, the value of N} D}
can be reasonably estimated. DXI can be retrieved from DICTRA
(Fig. 11a). Due to the different and complicated microstructures,
the actual value of g* of the alloys described in the present inves-
tigation still remains unknown. However, it is possible to set some
numerical values for g* according to the experimental results, e.g.,
0.1~0.7, which will lead to a reasonable value of Ngl(min) not ex-
ceeding unity. Finally, a series of curves concerning the relation-
ship between [N and g* can be established, as shown in
Fig. 11b.

According to Fig. 11b, 22A110Y, with a high Al content, possesses
a rather low value of [Ngl( min)]2 in the case of 800°C, compared to
10Al0.5Y and 10AI3Y. This demonstrates that the very low oxida-
tion rate of 22AI10Y at 800°C (Fig. 4) could be partly ascribed to
its high possibility to realizing the transition of Al,O3 to an exter-
nal scale or the growth of massive Al,03 oxides at PBs. While the
temperature increases to 1000°C, the value, [Ngl(min)]z, of 22A110Y
increases slightly. The increased inner layer of 22AI10Y indicates
that the advantages depicted in the case of 800°C are not enough
to prevent the alloy from further oxidation at 1000°C. This could
be ascribed to the high Y content and massive growth of Y-Al-
O oxides, which would consume the around Al, thusly leading to
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Fig. 11. (a) Calculated diffusion coefficient of Al in y-Ni. (b) Calculated minimum
concentration (square value) of Al in y-Ni to develop exclusive Al,05 scale.

a lower ability for the growth of Al,03. Then, the significantly
decreasing of [NE’\l(mm)]2 of 10Al10.5Y and 10AI3Y from 800°C to
1000°C deserves special discussion. Here we take 10AI0.5Y as an
example. A very low content of Y does not bring obvious advantage
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Fig. 12. (a) EBSD phase map of a specific area observed in 10Al10Y alloy after 200-hour exposure at 800°C showing the precipitation of secondary y-Ni strips within parent
NisY crystal. (b)-(e) Pole figure (PF) analysis of the region indicated in (a) showing the perfect orientation between the parent NisY and secondary y-Ni.

to the matrix during resisting oxidation at 800°C, but conversely
provides fast diffusion channel (Y-related phases at GBs) for oxy-
gen. Simultaneously, the solution Al provides little ability for the
growth of Al,05 at the relatively low D%, (6.19E-13 cm?/s at 800°C
verse 5.26E-11 cm?/s at 1000°C). So, the significantly increased DZI
at 1000°C consequently lowers the value of [Ngl(mi n)]2.

According to Fig. S6 and 9, massive Al,05 oxides have occupied
the front of the inner layer and PBs or GBs in 10Al0.5Y, indicat-
ing a better ability for inhibiting the inward diffusion of oxygen.
Particularly, the growth of Al,03 and YAP oxides along GBs or PBs
(Fig. 9) inhibit the inward diffusion of oxygen anion and outward
diffusion of metal cations [35,61]. Moreover, the continuous Al,03
along the front of the inner layer (Fig. S6) further inhibits the de-
velopment of oxidation toward the inner matrix, thusly resulting in
the internally nucleation and growth of NiO oxides (Fig. 9) under
the condition that Al and Y has been consumed. Finally, the over-
all effects make the alloy 10Al0.5Y possess a desirable oxidation
resistance at 1000°C compared to the other three alloys. Note that,
the calculation of [Ngl(mm) ]2 did not involve 10Al10Y, because of
its high fraction of NisY and limited fraction of y-Ni. Its oxidation
mechanism will be discussed in the following section.

4.4. Precipitation-induced oxidation

It should be noted that even if NisY phase is not pre-
oxidized, it is possible to form specific micro morphology af-
ter long-term thermal exposure to facilitate the transport of 0%,
e.g., strip-shaped y-Ni phase is obviously formed within pri-
mary NisY particle of 10AI10Y (Fig. 12). These newly formed y-
Ni strips are arranged in parallel within the parent NisY crystal
with an perfect orientation relationship as follow: < 1ﬁ>y_Ni|| <
1100>pi,y & {110}, _y;l1{1120}y;,y. The newly formed PBs lead
to simultaneous oxidation of eutectic region and primary phase,
which makes the thickness of inner layer of 10A110Y much higher
than that of the other two alloys.
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4.5, K-Aleg and CY-A1203

The k-Al,03 observed in TEM study is not predicted in the
modified diagram because the adopted thermodynamic database
does not contain such metastable phase. Nevertheless, by analyz-
ing the oxidation behavior of NisY phase, x-Al,03 may probably
exist, due to the very early reaction between O and Al/Y form-
ing Al,05/Y,03, and finally forming YAP and YAM, as exhibited in
Eq. (5) and (6). Among them, YAP and Al,03 may be transformed
into each other. Generally, the lattice potential of the position oc-
cupied by Y3* in YAP is higher than that of AI*+, which indicates
that Y3+ position is easier to be introduced into cation vacancy, or
the diffusion capability of Y3+ is stronger than that of AI** com-
monly [62]. Therefore, Y3+ can further react with newly introduced
02~ to form Y,03 or be combined with residual AI>* to form YAM.
k-Al,03 was reported stable when temperature below ~927°C [54].
This means that the transition from «-Al,03 to ®-Al,03 is unlikely
to extensively occur at 800°C, but it is possible to occur at 1000°C.
This is consistent with our findings in the present study.

5. Conclusions

In conclusion, the isothermal oxidation behavior of Ni-Al-Y
ternary alloys at 800°C/1000°C for 1~200 h has been investigated
in detail through SEM, XRD, EBSD, TKD, and TEM. Yttrium-related
microstructures, such as precipitation of y-Ni stripes within NisY
crystal, eutectic phases containing NisY, and nanoscale lamellae,
were found have strong effect on the oxide evolution and oxida-
tion layer development. These effects are also influenced strongly
by protective component, Al. The results and discussion lead to the
following conclusions concerning the oxide evolution over time.

(1) NisY and y-Ni phases are beneficial to the formation of in-
ner layer containing mixed YAM/YAP and «-Al,03/a-Al,03 (de-
pending on oxidation temperature), and NiO outer scale or Ni-O
interdiffusion zone, respectively.
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(2) 22A110Y alloy with lamellar structure exhibits significant resis-
tance to inner oxidation at 800°C due to its nanoscale lamellae
and high Al content (promoting the growth of Al,03). In 10AI3Y
alloy, the transport of 02~ along the eutectic PBs dominates
the development of inner oxidation. The minor-Y-addition alloy
10Al0.5Y exhibits better internal oxidation resistance at 1000°C
than that of 800°C, resulting from the mixed Al,03 and YAP
oxides along GBs or PBs and front of inner layers.

A precipitation-induced oxidation behavior has been revealed
in 10AI10Y alloy by examining the supersaturated NisY crystal
(precipitating secondary y-Ni strips), which promoted the inner
oxidation layer development.

From the aspect of thermodynamics, a type of modified dia-
gram retrieved from ternary isothermal section is effective to
predicted the oxide evolution, compared with experimental re-
sults.
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