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Introduction

As aero-engine turbine blades are used in harsh and
extreme environments such as high temperature and
high stress, high requirements are placed on the

Handling Editor: P. Nash.

ABSTRACT

The oxidation behavior of a nickel-based single crystal superalloy at 1100 °C
under three different oxygen concentrations (10%/21%/30%) was studied. The
results showed that the ambient oxygen concentrations had a significant effect
on the oxidation rate and oxide layered structures of the tested alloy. With the
increase of oxygen concentration, the oxidation rate of the test alloy increased
significantly, and the parabolic oxidation rate constants obtained by fitting had a
linear relationship with the oxygen concentrations. At 10% and 21% oxygen
concentration, Al,O; was formed on the sample surfaces with the increase of
oxidation time, while at 30% oxygen concentration, a typical three-layer oxide
layered structure—outer (Ni, Co)O, middle complex oxides with spinel phase
structure, and inner Al,Os—was formed. In addition, the causes of oxide scale
spalling, the influence of oxygen concentrations on different oxide layered
structures, and the oxidation mechanism based on ionic diffusion were dis-
cussed in detail.

performance of blade materials. Nickel-based single
crystal superalloys are widely used in aero-engine
turbine blades due to their excellent creep and fatigue
high-temperature mechanical properties [1-3]. How-
ever, compared with their excellent high-temperature
mechanical properties, their oxidation resistance is

Address correspondence to E-mail: peihaiqing@scut.edu.cn; zxwen@nwpu.edu.cn

@ Springer

https:/ /doi.org/10.1007 /s10853-022-06885-7


http://orcid.org/0000-0003-1728-4778
http://orcid.org/0000-0002-7176-3465
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-06885-7&amp;domain=pdf

J Mater Sci (2022) 57:3822-3841 .

not so ideal. At present, high-temperature thermal
barrier coating is mainly used to avoid oxidation and
corrosion damage of this kind of material [4, 5].
Under the actual service conditions, on the one hand,
the thermal barrier coating will crack, and peel off
due to thermal shock, thermomechanical fatigue, and
local stress overload, so that the turbine blade will
lose its protective barrier. On the other hand, due to
the complex structural design of turbine blades, such
as cavity structure and gas film holes, the protective
thermal barrier coating cannot be applied. These
factors above will lead to the alloy being directly
exposed to high-temperature environment and oxi-
dized, resulting in the degradation of material prop-
erties, and then affecting the service life of turbine
blades. Therefore, it is necessary to study the oxida-
tion behavior of nickel-based single crystal
superalloy.

Nickel-based single crystal superalloys contain
more than ten kinds of alloy elements, which will
interact with each other. In addition, the actual
working conditions in material engineering applica-
tions are complex and demanding, so the morpho-
logical structure and oxidation mechanism of high-
temperature oxidation products are complex. Given
the above reasons, many meaningful studies have
been carried out on the high-temperature oxidation
behavior of nickel-based single crystal superalloy.
The main factors affecting the high-temperature oxi-
dation behavior of the alloy are summarized as fol-
lows: (1) the content of solid solution elements in the
alloy, such as Al, Ti, Ta, W, Nb, Re, etc. [6-10]; (2)
surface treatment technology, such as surface
roughness, grit-blasting, shot peening, and pre-oxi-
dation [11-15]; (3) oxidation temperature [16, 17]; (4)
microstructure of the alloy, such as phases, dendrites,
and crystal orientations [18-21]; (5) self-generated
stress and external load in the oxide scale [22-24]; (6)
oxidation atmosphere environment, such as water
vapor, SO,, CO,, etc. [6, 25-28]. For the atmosphere
factors affecting the oxidation behavior of nickel-
based single crystal superalloy, the effect of water
vapor is mainly to introduce additional H element in
the oxidation reaction and promote the formation of
vacancies in the oxide scale. On the one hand, this
leads to an increase in the diffusion rate of alloy
elements, thereby increasing the oxidation rate, and
on the other hand, it reduces the adhesion of the
oxide scale [25, 26]. The effect of SO, is to introduce
the corrosive element S and react with the elements in
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the alloy to form sulfate, so as to change the oxidation
into more serious thermal corrosion [27]. Through
literature investigation, we did not find the effect of
ambient oxygen concentration on the oxidation
behavior of nickel-based single crystal superalloy. In
practical service, due to the special turbocharging
method and fuel combustion of aero-engine, its
internal hot components such as turbine blades will
experience atmosphere environment different from
normal atmospheric oxygen concentration. Therefore,
through the experimental design, this study simu-
lates the experimental environment of three different
oxygen concentration atmospheres and explores the
high-temperature oxidation behavior of nickel-based
single crystal superalloy under certain temperature
and different oxygen concentration environments, so
as to provide more oxidation data of this kind of
materials under special atmospheric conditions.

Materials and experimental method

The material used in this study is a nickel-based
single crystal superalloy used in aero-engine turbine
blades. The nominal element content is shown in
Table 1. First, the master alloy was melted in a vac-
uum induction melting furnace with pure raw
materials, and then a single crystal test bar with [001]
orientation was cast in a high-gradient directional
solidification vacuum furnace using a spiral crystal
selection method. The crystal orientation of the test
bar was determined by Laurie’s method. The devia-
tion between the [001] crystal orientation of the bar
and the stress principal axis was kept within 15
degrees, and the test bar with a deviation within 10
degrees was selected as the experimental material of
this study. All experimental materials had undergone
heat treatment (1290 °C x 1h + 1300 °C x 2 h +
1315 °C x 4 h/AC + 1120 °C x 4 h/AC + 870 °
C x 32 h/AC (AC: Air cooling)). The oxidation test
piece adopted an 8*6*3 mm cube sample, the direc-
tion of length 8 mm is parallel to the [001] orientation
of the material, as shown in the lower-right corner of
Fig. 1. All samples surfaces were carefully ground
with 12004SiC sandpaper to ensure the same surface
condition. After grinding, all samples were ultra-
sonically cleaned with acetone (CH3;COCHj;) and
alcohol (C;HO), respectively.

Corundum crucibles with covers were used to hold
samples, and all crucibles were repeatedly burned to
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Figure 1 Schematic diagram of the test process and experimental samples.

constant weight at a temperature 50 °C higher than
the experimental temperature before use. During the
test, the samples were placed obliquely in the
corundum crucible and a certain gap was left
between the crucible cover and the crucible so that to
ensure the sample was in only point contact with the
crucible and fully exposed to the test atmosphere.
The test equipment adopted a customized high-tem-
perature vacuum tube furnace equipped with a
2-way gas mixing device, and the temperature con-
trol accuracy of the vacuum high-temperature tube
furnace is + 5 °C. The gas mixing device used mass
flow meters to control the gas flow, and the flow error
is less than 1%. The experiment creates different
oxygen concentration environment by mixing high-
purity nitrogen (> 99.999%) and high-purity oxygen
(> 99.999%). Before the test, the tubular furnace was
vacuumized, and then the premixed gas was intro-
duced into the reaction chamber at a flow rate of 0.1
L/min. During the test, the mixed gas in the reaction
chamber was filled and discharged at the same time
to maintain a constant atmosphere environment.

@ Springer

Three different oxygen concentration atmospheres
(10% (oxygen deficient), 21% (simulated atmosphere),
and 30% (oxygen enriched) were set up. According to
the operating temperature range of aero-engine tur-
bine blades, the experimental temperature was set to
1100 °C. The oxidation time was set as 10 h, 50 h,
100 h, 200 h, 350 h, and 500 h. In engineering prac-
tice, the turbine blade surface is mostly parallel to the
[001] orientation of the material, so this surface was
taken as the main observation plane of this study,
that was, the 6*8 mm plane of the cube sample. The
schematic diagram of the test process is shown in
Fig. 1.

A precision electronic balance (OHAUS PX85ZH)
with an accuracy of 0.0001 g was used to measure the
oxidation weight gain of samples by the discontinu-
ous weight gain method (including the mass of
exfoliated oxide scale). Ultra-depth of field optical
microscope (OM) (VHX-6000) and high-resolution
scanning electron microscope (SEM) (ZEISS Gemi-
ni300) was used to observe the oxide morphology on
the surface and the oxides layered structure on the
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cross-section. Energy dispersive spectroscopy (EDS)
and X-ray diffraction (XRD) (BRUKER D8 DIS-
COVER A25) were used to detect the chemical com-
position and phase composition of oxides.

Results analysis
XRD analysis

The samples oxidized for 10 h, 100 h, and 350 h
under three oxygen concentrations were selected for
XRD test, so as to identify the phase of oxidation
products of the test alloy. The phase was calibrated
according to the position and intensity of the detected
diffraction peak compared with the standard phase.
The detection results are shown in Fig. 2. The types of
oxides obtained by analysis were as follows: a: Al,O5,
b: (Nl, CO)O, C: TaOz/NiTaZOG, d: CO304/COWO4/
Co0C0,04, e: Cr,O53/NiCr,04 f: NiAlL,Ou/CoAlOy,
and g: Matrix. Under the condition of 10% oxygen
concentration, the oxides detected at the initial stage
of oxidation were mainly simple oxides such as (Ni,
Co)O, ALL,O3, TaO, Co0304, and Cr,O;. As the oxida-
tion time further increased from 100 to 350 h, the
diffraction peak intensity corresponding to (Ni, Co)O
decreased continuously, the diffraction peak intensity
corresponding to Al,O; increased significantly, and a
small number of complex oxides such as NiTa,Og,
CoWOy,, CoC0,04, and NiCr,04 appeared. Under the
condition of 21% oxygen concentration, the type of
oxide was obviously more complex. The diffraction
patterns corresponding to oxidation for 10 h/100 h/
350 h were basically the same. The detected oxide
types were Al,O;, Co304/CoWO,4/C0C0,04, TaO,/
NiTa,O4, Cr,O3/NiCr,O4, and CoAl,O4 (Ni, Co)O
according to the decreasing order of diffraction
intensity. Under the condition of 30% oxygen con-
centration, the diffraction pattern was obviously
simpler than that of 10% and 21%, and the diffraction
peak changes obviously with the increase of oxida-
tion time. The types of oxides detected after oxidation
for 10 h were (Ni, Co)O, TaO,/NiTa,0q4, Al,O3, and
the spectral peaks of other oxides could not be
observed. After oxidation for 100 h, the diffraction
peak became relatively simple, and the detected
oxides were mainly (Ni, Co)O. After oxidation for
350 h, the diffraction peaks corresponding to the
matrix were very significant, and trace amounts of
(Ni, Co)O and Al,O; can also be detected.
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Figure 2 XRD results of oxides on the surfaces of oxidized
samples under 10% (a), 21% (b), and 30% (c) oxygen
concentration (a: AlL,O; b: (Ni, Co)O c: NiTa,O¢/TaO, d:
CoWO0,4/C0304/CoC0,04 e: Cr,03/NiCr,04 f: NiAl,04/CoAl,O4
g: Matrix).
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Morphologies analysis of oxides under 10%
oxygen concentration

The optical morphology of the sample at different
oxidation times under 10% oxygen concentration is
shown in Fig. 3a—f. It can be seen that the color of the
oxide scale changes from gray to blue, and the oxide
scale is relatively complete without serious large area
peeling at all oxidation times. It should be noted that
after oxidation for 350 h, some small areas of peeling
areas with annular characteristics appeared in some
areas.

After oxidation for 10 h, a gray oxide scale rich in
mixed Ni and Co elements formed on the sample’s
surfaces. Its composition was 19.050-8.29Co0-72.66Ni
(wt%), which was mainly identified as NiO and CoO.
Because their stability was similar, the two oxides can
form a solid solution single-phase oxide scale, which
was labeled as (Ni, Co)O in this paper. The oxide

J Mater Sci (2022) 57:3822-3841

scale of this layer was in the shape of “pebbles”, loose
and porous, and had poor compactness. When the
oxidation reached 50 h, there was already a lot of
blue Al,O; on the surface of the sample, at this time,
most of the early generated (Ni, Co)O had been
peeled off, and some white dotted complex oxides
with spinel phase rich in Cr, Co, Ta, and W would be
generated in the gaps of non-peeled loose (Ni, Co)O
oxide particles and between (Ni, Co)O and dense
Al,O5 inside, which were mainly NiTa;O4 CoWOy,,
NiCr,O4, and CoCoO;. Its composition was 20.780-
3.8A1-9.87Cr-7.11Co-18.16Ni-2.16Nb-2Mo-16.48Ta-

19.73 W (wt%). In addition, some small areas of
peeling areas with annular characteristics appeared
in some areas (Figs. 4, 5). The oxide layer structure
profile and EDS analysis results after oxidation for
50 h are shown in Fig. 6. After 100 h of oxidation, the
external generated blue Al,Oj; further increased, and
the outer (Ni, Co)O peeled off more. After 200 h of

Figure 3 Optical morphology of samples with different oxidation time at 10% oxygen concentration.
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oxidation, the previously generated (Ni, Co)O totally
peeled off, and the sample surface was completely
covered by blue Al,Os;. The oxide layer structure
profile and EDS analysis results after oxidation for
350 h are shown in Fig. 7. With the further increase of
oxidation time, a larger area of spalling area could be
observed after reaching 500 h, and some obvious
oxide fractures and bright white complex oxides with
spinel structure could be observed at the edge of the
spalling area. At the same time, the non-peeled outer
Al,O; was wrinkled under the action of internal
stress and produced some microcracks (Fig. 5).

Morphologies analysis of oxides under 21%
oxygen concentration

The optical morphology of oxide scale on the surface
of samples with different oxidation time under 21%
oxygen concentration is shown in Fig. 8a—f. It could
be seen that the surface was mainly blue oxide scale
under the condition of oxygen concentration. XRD
analysis and EDS elemental analysis showed that it
was mainly Al,Os. The oxide layer structure profile
and EDS analysis results after oxidation for 50 h
under 21% oxygen concentration is shown in Fig. 11.
With the increase of oxidation time, the peeling area
of oxide scale on the surface increased gradually.
Since the oxide scale and the peeling area had large
color contrast, the changing trend of the proportion of

Figure 4 Surfaces oxides
morphology of samples
oxidized for 50 h under 10%
oxygen concentration.
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the oxide scale peeling area with oxidation time
could be obtained by statistical analysis of the area of
the peeling area through image processing technol-
ogy, as shown in Fig. 9. It could be seen from the
figure that the proportion of oxide scale peeling area
basically increased linearly with oxidation time.
When oxidized to 350 h, obvious gray-black oxide
began to appear in the spalling area, which was
identified as (Ni, Co)O. The reason for its formation is
that, on the one hand, the surface roughness of the
matrix after spallation has increased, and the surface
roughness has an important impact on the type of
oxidation products [29, 30]. On the other hand, the
selective oxidation of Al consumes a large number of
Al elements near the surface of the alloy matrix,
resulting in a relatively high content of Ni and Co
elements, and then oxidation reaction to produce (Ni,
Co0)O. After oxidation for 500 h, a large amount of
gray-black (Ni, Co)O had been generated in the area
where the oxide scale peeled off, and a large amount
of peeled oxide scale appeared at the bottom of the
crucible(Fig. 8g), which was mainly blue Al,O; and
gray-black (Ni, Co)O.

Since the type of oxide scale on the sample surface
did not change significantly with the oxidation time
under 21% oxygen concentration, the sample after
oxidation for 350 h was selected to carefully observe
and analyze the oxides layered structure, as shown in
Fig. 10. According to different oxide scale types, the
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Figure 5 Surfaces oxides
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Figure 6 The oxide layer structure profile and EDS analysis results after oxidation for 50 h under 10% oxygen concentration.
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Figure 7 The oxide layer structure profile and EDS analysis results after oxidation for 350 h under 10% oxygen concentration.

sample surface could be divided into two types of
areas, one was the area where blue Al,O; was gen-
erated in the early stage (Fig. 10b I), and the other
was the area where gray-black (Ni, Co)O generated
after the early oxide scale peeled off (Fig. 10b II). The
micro-morphology of region I is shown in Fig. 10a. It
could be seen that the oxide scale here was composed
of two layers of Al,Os;. The external Al,O; mixed
with various oxides was relatively loose and had
peeled off discontinuously, and the internal Al,Oj
was relatively dense (Fig. 11). The profile and ele-
mental composition of this layered structure of dou-
ble-layer Al203 are shown in Fig. 12. And areas
where the oxide layer was completely exfoliated
became uneven (Fig. 10c), the surface roughness was
significantly increased. The micro-morphology of
region II is shown in Fig. 10d ~ i, which was mainly
the region where early generated Al,O3; peeled off,
and its formation reason had been explained above.
According to the element analysis, the oxide scale of
region II could be divided into three layers, the outer
layer was pebble-like (Ni, Co)O, the middle layer was

complex oxide rich in W, Cr, Ta, and other elements,
and the inner layer was Al,Os. Due to poor adhesion,
the outermost layer (Ni, Co)O peeled off in many
areas. Similarly, such a three-layer structure can also
be observed in the cross-sectional view of the sample,
its profile and EDS results are shown in Fig. 12. It
could be seen that it presented a convex nodule in the
cross-sectional direction, and the interface between
the oxide scale and the alloy matrix was uneven. In
addition, a y’ free layer was observed below the oxide
scale, that was, the area where the microstructure of
the alloy disappeared or was not obvious. Its com-
position was 2.04Al-3.5Cr-68.95Ni-8.49Co-2.38Mo-
5.8Ta-9.0 W (wt%), which was significantly smaller
than the content of Al in the original alloy (5.7%).
This was mainly due to the selective oxidation of Al,
which constitutes the strengthening phase of the
alloy 7" (NizAl).
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Figure 8 The optical morphology of oxide scale on the surface of samples with different oxidation time and oxide scale peeled off (500 h)

under 21% oxygen.
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Figure 9 Statistical diagram of the proportion of oxide scale
spalling area on the samples surfaces with oxidation time under
21% oxygen concentration.

@ Springer

Morphologies analysis of oxides under 30%
oxygen concentration

Catastrophic oxidation occurred at 30% oxygen con-
centration. The structure of the oxide scale was sig-
nificantly different from that of 10% and 21% and
showed the difference between dendrites and inter-
dendrites. After oxidation for 10 h, a layer of gray-
black (Ni, Co)O was rapidly formed on the surface.
After oxidation for 50 h, the surface of the sample has
been completely covered by this oxide scale. After
oxidation to 100 h, the oxide scale had peeled off in a
large area, and the peeling area presented black
stripes parallel to the orientation of alloy [001]
(Fig. 13a d). With the progress of oxidation, the oxide
scale formed earlier had completely peeled off after
oxidation for 350 h, and the sample surface presented
obvious black stripes (Fig. 13b e). It could be deter-
mined that it grew at the interdendritic of the alloy,
which would be explained below. After oxidation for
500 h, a mixed oxide scale of gray-green and blue
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Figure 10 Surfaces oxides micro-morphology oxidized for 350 h under 21% oxygen concentration.

was regenerated on the sample surface (Fig. 13c f),
which was mainly (Ni, Co)O and a small amount of
Al,Os. At this time, the size of the exfoliated oxide
scale collected at the bottom of the crucible (Fig. 13h)
was larger than that of the oxide scale exfoliated at
the same oxidation time at 21% oxygen concentration.
In addition, it could be seen that the edges of the
sample were seriously lost under the consumption of
oxidation after oxidation for 500 h.

After oxidation for 100 h at 30% oxygen concen-
tration, the surface of the sample was the same oxide
layer structure except for the sporadic area of Al,.
O;(Fig. 14a). The same oxide layer structure could be
clearly seen from the edges of the peeling and non-
peeling areas of the oxide scale, which was mainly
divided into three layers, the outer layer was pebble-
like (Ni, Co)O, and the middle layer was complex
oxide with spinel phase structure rich in W, Cr, Ta,
and other elements, and the inner layer was Al,O3
(Fig. 14b c). This was the same as the layered struc-
ture of the raised nodular oxide scale generated in the

peeling area at 21% oxygen concentration (Fig. 12).
The oxide scale with such a three-layer structure
could also be clearly identified in the sectional view,
as shown in Fig. 15, and it can be seen from Fig. 15
that after 100 h of oxidation, the oxide layer in the
selected analysis area is separated at the interface
between the matrix and the inner alumina layer. And
it could be seen from the observation of the optical
microscope that black stripes with orientation paral-
lel to alloy [001] were generated in the spalling area
of the sample after oxidation at 30% oxygen concen-
tration for 350 h, which was more significant under
the electron microscope (Fig. 14e). This phenomenon
was mainly due to the dendritic structure formed in
the casting process of the test alloy. The Al element of
the test alloy would be preferentially segregated
between interdendrites during casting solidification.
Under the condition of 30% oxygen concentration,
the oxide scale inside was mainly Al,Oz;. Due to the
large Al content between interdendrites, more reac-
tion elements could be provided to generate more
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Figure 11 The oxide layer structure profile and EDS analysis results after oxidation for 50 h under 21% oxygen concentration.

inner Al,O;, so as to form Al,Oz; embedded in the
matrix of the alloy (Fig. 14d). In addition, at this
oxygen concentration, a 7’ free layer was formed in
the alloy below the oxide scale due to the consump-
tion of AL

Discussion
Oxidation kinetics and characterization

Figure 16a shows the kinetic curve of the oxidation
weight gain per unit area of the test alloy with oxi-
dation time at 1100 °C under different oxygen con-
centrations. It can be seen from the figure that under
all oxygen concentration conditions, the oxidation
weight gain per unit area increases significantly with
the increase of oxidation time, and for the same oxi-
dation time, the oxidation weight gain per unit area

@ Springer

increases significantly with the increase of oxygen
concentration. The oxidation weight gain of the test
alloy basically conforms to the parabolic law, so the
parabolic oxidation rate constant can be fitted by
Eq. (1):

(AW/AP=kyt +a (1)

where AW/A is the weight gain per unit area of the
sample during oxidation (mg/cm?), k, is the oxida-
tion rate constant (mg®cm~*h™"), t is the oxidation
time (h), and a is the constant. The parabolic oxida-
tion rate constant of the test alloy under three oxygen
concentrations is shown in the marks in Fig. 16a.

Parabolic coefficient k, of the test alloy during
oxidation under normal atmospheric conditions can
be expressed as:
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Figure 12 The oxide layer structure profile and EDS analysis results after oxidation for 350 h under 21% oxygen concentration.

Figure 16b shows that there is a linear relationship
between oxygen concentration and In k,. With the
increase of oxygen concentration, the oxidation rate
constant of the test alloy increases significantly.

Therefore, k, considering the influence of oxygen
concentration is as follows:

k, = Ko exp (— %) exp(Car) (3)

Among o is the oxygen concentration, and C is the
correlation coefficient of oxygen concentration. The

@ Springer
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Figure 13 The optical morphology of oxide scale on the surface of samples with different oxidation time and oxide scale peeled off

(500 h) under 30% oxygen.

value of C can be obtained by linear fitting, as shown
in Fig. 16b.

Reasons for spallation of oxide scale

It can be seen from the test results that the peel
peeling phenomenon occurred in the samples under
the three oxygen concentrations, and the peeling
degree increases significantly with the increase of
oxygen concentration. The peeling of oxide scale is
caused by many factors. It mainly includes the fol-
lowing aspects:

Firstly, the thermal expansion coefficients are dif-
ferent between oxide scale and alloy matrix. For
example, the thermal expansion coefficients of NiO,
Al,O;, and alloy matrix are 17.1, 8.7, and
15.76 x 107° K™, respectively [31]. In this study, in

@ Springer

order to accurately control the oxidation time, the
samples were put into and taken out of the reaction
chamber at high temperature. After the sample was
taken out at high temperature, the larger temperature
gradient in the process of air cooling would lead to
greater thermal stress, which would lead to the
peeling of oxide scale. Secondly, it is due to oxide
scale growth stress. The oxidation process of the test
alloy is accompanied by the change of the volume of
the whole system. The PBR values of some corre-
sponding oxides NiO, CoO, Al,O;, and TayOs are
1.65, 1.86, 1.28, and 2.5 (PBR = V,/V), respectively
[32]. The difference of PBR value leads to a certain
degree of compressive stress in each oxide scale,
which promotes the cracking and spalling of oxide
scale. At the same time, the oxide layer analysis
shows that with the increase of oxygen concentration,
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Figure 15 The oxide layer structure profile and EDS analysis results after oxidation for 100 h under 30% oxygen concentration.
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Figure 16 a Kinetic curves of oxidation weight gain per unit area with oxidation time under different oxygen concentrations and
b relationship between oxygen concentrations and oxidation rate constants.

the oxide layer structure becomes more and more
complex, from single-layer alumina to double-layer
alumina, and then to the typical three-layer oxide
layer of this kind of alloy. The complexity of layer
structure will also cause more obvious stress mis-
match between layers, resulting in single-layer or
multi-layer peeling of oxide scale. Therefore, this is
one of the reasons why the oxide scale is easier to
peel off with the increase of oxygen concentration. In
addition, the oxidation kinetics shows that the oxi-
dation rate is greater and thicker oxide layer is
formed at higher oxygen concentration, which will
cause higher oxide scale growth stress, resulting in
more peeling failure of oxide scale at higher oxygen
concentration. Finally, it is due to the aggregation of
micropores. Under the action of the Kirkendall effect
and stress in oxide scale, some micropores will be
formed at the interface between oxide scale and alloy
matrix, which will reduce the adhesion of oxide scale
and promote the spalling of oxide scale [33, 34].

Effect of oxygen concentration on oxidation
progress

According to the test results, the oxygen concentra-
tion had a significant effect on the oxidation behavior
of the test alloy, mainly in two aspects: oxidation
reaction rate and oxides layered structures.

For the oxides layered structures, it could be seen
from the previous test results that the oxides layered
structure of the test alloy was obviously different
under different oxygen concentrations. The oxide on
the alloy surface was mainly Al,O5; at 10% and 21%

@ Springer

oxygen concentration, and the oxide on the surface
was mainly (Ni, Co)O at 30% oxygen concentration,
but the internal oxide scale was Al,Oz under all
oxygen concentrations. Therefore, it can be seen that
the change of oxides layered structures is closely
related to the internal and external oxidation trans-
formation of AL

The conditions of internal oxidation and external
oxidation transition are described by Wagner [35]. In
order to form an external Al,Oj layer on a Ni-based
alloy, the Al concentration of the alloy needs to

exceed a critical value (qull)), below which an internal

Al O; layer will be formed. The value of NSI) can be
calculated by Eq. (4) [35]:

* DoV \ /2
N > (31\1(5) —) 4
Al i 9 DayVox “)

where N g) is the partial pressure of oxygen in the test

environment, Dp and Dy, are the diffusion fluxes of
oxygen inward diffusion and solute outward diffu-
sion, respectively, Vi and Vpx are the molar vol-
umes of the metal and oxide, 2 is the valency of the
metal in the oxide, and ¢* represents a critical volume
fraction of internal alumina precipitates for transition
to external scale.

According to formula (4), reduce the internal dif-

fusion flux of oxygen, that is, reduce N<os>(lower
oxygen partial pressure), or increase the external
diffusion flux D4 of Al, which will reduce the critical

concentration NS} of Al element required to form

AlL,O; external oxide scale. On the contrary,
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increasing the internal diffusion flux of oxygen will

increase the critical concentration Nf:} of Al element
required to form Al,Oj; external oxide scale. During
the test, the chemical composition, crystal structure,
and test temperature of the sample are the same, Dy
can be considered to be constant, so the main factor
affecting the internal and external oxidation of the

test alloy will be the oxygen partial pressure N g) in
the test environment. It can be seen from the test
results that the oxide on the surface at 10% and 21%
oxygen concentration is mainly continuous AL, O3. At
this time, the oxygen partial pressure of the experi-
mental environment is low, and the concentration
critical concentration required to form the outer
Al,O5 is low, which is not greater than the maximum
diffusion concentration of 5.7% (Al element content
of the test alloy) that the test alloy can provide. At
30% oxygen concentration, the oxide on the surface is
mainly (Ni, Co)O, at this time, the oxygen partial
pressure of the experimental environment is large,
and the required concentration critical concentration
for the formation of outer Al,O; is greater than 5.7%,
so the outer Al,O3 cannot be formed.

Despite the higher N Sl) can make the alloy form an
external Al,Oj layer in the initial oxidation stage, but
if samples want to continue to generate the external
Al,O5 layer in the next oxidation stage, the alloy
needs to provide enough Al to compensate for the
consumption of previous oxidation. The critical con-
centration of Al in the subsequent oxidation stage can
be calculated by Eq. (5) [36]:

N = Y (k) (5)
AL 327 \D g
where k, is a parabolic oxidation rate constant. From

the results of oxidation kinetics, k, increases with the
increase of oxygen concentration, which leads to the

increase of critical concentrationN 5421) . When it exceeds
the maximum concentration that the alloy can pro-
vide, the external Al,O; layer cannot be formed. This
can also explain why the surface oxide at 30% oxygen
concentration is significantly different from the other
two lower concentrations.

For the oxidation rate, the analysis of oxidation
kinetics shows that the oxidation rate of the test alloy
increases significantly with the increase of oxygen
concentration. This is directly related to the oxidant
content required for chemical reaction. When the
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oxygen concentration is high, the O*~ content in the
ambient atmosphere is sufficient, which can provide
a continuous oxidant source for the oxidation reac-
tion, so as to increase the oxidation rate. In addition,
the oxidation rate is also closely related to the type of
oxide formed. The protective Al,O3; formed on the
surface at 10% and 21% oxygen concentration not
only has slow growth rate, but also has good adhe-
sion, which can inhibit the diffusion of other reactive
elements and reduce the oxidation rate of the alloy
[37, 38].

Oxidation mechanism

The relative charge difference in oxide is the driving
force of oxidation and controls the power of oxida-
tion process [39]. According to the main oxidation
products of the test alloy, its elements can be divided
into two categories: One is Ni, Co, Cr, etc., its oxides
belong to metal deficient oxides (P-type), which are
mainly formed by the reaction of metal cations dif-
fused outward to the oxide scale/oxidation atmo-
sphere interface with the oxidation atmosphere and
grow to the outside of the alloy matrix [40]. The other
is Al, W, Ta, etc., their oxides belong to metal surplus
type (N-type) oxides, which are mainly generated by
the reaction of metal cation with oxygen anion dif-
fusion inward at the oxide scale/matrix interface,
and grow toward the alloy matrix [41].

Through the analysis of previous test results, the
oxidation mechanism of nickel-based single crystal
superalloy under different oxygen concentrations
was summarized, and the corresponding schematic
diagram is drawn, as shown in Fig. 17.

Under the condition of 10% oxygen concentration,
in the initial oxidation stage, oxygen rapidly attached
to the surface and reacted with Ni** and Co*" on the
alloy surface to form (Ni, Co)O. Oxygen ions passed
through the (Ni, Co)O oxide scale and formed inter-
nal ALO; with outward diffused AI’" in the lower
layer. The inward diffused O*~ and outward diffused
Crt, W, Ta®" generated TaO,, Cr,Os;, WOs, and
other oxides at the (Ni, Co)O/Al,O; interface. These
oxides would have solid solution reaction with the
outermost (Ni, Co0)O: NiO + Cr,O3 = NiCr,Oy,
NiO + Ta205 = NiTazO6, CoO + C0203 = COC0204,
4Ta0O, + O, = 2Ta,0s, CoO + WO3 = CoWQy,
forming some complex oxide particles with spinel
phase. In the subsequent oxidation process, the first
formed (Ni, Co)O and spinel oxide particles would

@ Springer
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Figure 17 Schematic diagram of oxidation mechanism of test
alloy at three different oxygen concentrations.

peel off rapidly due to looseness and poor adhesion.
AP continuously diffuses outward, gradually gen-
erated continuous Al,Osz on the outer surface, and
finally formed a uniform Al,O; protective film on the
sample surface.

Under the condition of 21% oxygen concentration,
the outwardly diffused cations such as AI’*, Ni*™,
Co**, Cr’*, W°", and Ta’*" reacted with oxygen to
quickly form an oxide scale with the main component
of Al,O5 on the sample surface, and then O*~ passed
through the oxide scale and reacted with the out-
wardly diffused AI’" in the alloy/oxide scale inter-
face to form a dense layer of Al,Os. In the subsequent
oxidation process, the outer layer of the double-layer
Al,O5 oxides layered structure gradually peeled off
due to poor adhesion, and only a layer of uniform
and dense Al,O; was left on the sample surface. In
the later stage of oxidation, the dense inner layer
Al,O5; would gradually peel off due to the internal
stress of the film too. In the exfoliated area, due to the
change of surface state, some nodular oxides with
typical three-layer oxides layered structure were
generated: the outer layer was (Ni, Co)O, the middle
layer was a complex oxide with spinel phase struc-
ture rich in W, Cr, Ta, and other elements, and the
inner layer was Al,Os;, which was the same as the
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oxygenated structure at 30%
concentration.

At 30% oxygen concentration, Ni**, Co®" reacted
with oxygen to rapidly generate (Ni, Co)O on the
surface, O diffused inward and selectively oxidized
with outward diffused AI’* at the interface to form
Al,O;, and then complex oxygenates NiTa,Og,
CoCo0,04, and NiTa,Og with spinel phase were
formed by solid solution reaction at the (Ni, Co)O/
Al,Os interface. The formation reason was the same
as the initial oxidation stage of 10% oxygen concen-
tration. At this concentration, the oxide scale would
peel off quickly, and Al,O; embedded in the alloy
matrix was formed in the peeling area due to the
segregation of Al element between interdendrites. In
the later oxidation process, AI*", Ni**, and Co*"
reacted with oxygen in the peeling area to form a
mixed oxide scale composed of Al,O3 and (Ni, Co)O.

In addition, under the conditions of three kinds of
oxygen concentration, a 7' free layer was formed in
the matrix below the oxide scale due to the depletion
of Al element, which was the main component of Y
(NizAD.

layer oxygen

Conclusions

In this study, the oxidation behavior of a nickel-based
single crystal superalloy at 1100 °C under 10% (oxy-
gen deficient), 21% (simulated atmosphere), and 30%
(oxygen enriched) three different oxygen concentra-
tions was studied by means of microscope (OM), field
emission scanning electron microscope (SEM), X-ray
diffraction (XRD), energy dispersive spectrometer
(EDS), and customized high-temperature furnace.
The main conclusions were as follows:

1. The oxygen concentration had a significant effect
on the oxide layered structures of the test alloy.
At 10% oxygen concentration, the oxide scale was
mainly a layer of uniform and dense Al,O;. At
21% oxygen concentration, the oxide scale is
mainly a double layer of Al,Os;. At 30% oxygen
concentration, the generated oxides were mainly
divided into three layers: outer (Ni, Co)O, middle
complex oxide scale with spinel phase rich in W,
Ta, Cr, Ni, Co, and other elements, and inner
Al,O;. The increase of oxygen concentration
increased the critical concentration Ny; required
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to produce stable external alumina, resulting in
the change of oxide layered structures.

2. With the increase of oxygen concentration, not
only the oxidation rate increases significantly, but
also the oxide scale is easier to peel off. The
oxidation kinetics curve basically conformed to
the parabolic law, and there was a linear rela-
tionship between oxidation rate constant and
oxygen concentration at different oxygen concen-
trations. The higher oxygen concentration pro-
vided a continuous oxidant source for the
oxidation reaction, which increased the oxidation
rate of the test alloy. At higher oxygen concen-
tration, more complex layer structure and higher
internal stress mismatch lead to a significant
increase in the peeling degree of oxide scale.

3. Based on the diffusion of alloy metal cations and
reaction atmosphere anions, a mechanism model
of oxidation behavior of nickel-based single
crystal superalloy at 1100 °C under different
oxygen concentration was proposed.
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