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Abstract: Microstructure evolution of Ni-based superalloy GH202 after oxidation from 800 °C to 1100 °C was investigated. The
results show that the hardness of GH202 decreases with the increase of oxidation temperature, and the hardness is decreased by 43.5%
after oxidation at 1100 °C for 100 h. The growth rate of the grains after oxidation at 800 and 900 °C is slower and the grains increase
slightly at 900 °C. The grain size increases significantly after oxidation at 1000 and 1100 °C, and many fine grains are annexed to
form large grains due to grain boundary migration and elemental diffusion during the recrystallization at high temperatures for above
100 h. The big block carbides (MC) decompose into a large number of carbon atoms which combine with Cr atoms to form a few Cr-
rich granular M,,C.. After oxidation at 900 °C for 150 h, the M,,C, evolves into Ti-rich M,C. With the increase of oxidation
temperature, the carbides almost melt into y phase. Moreover, the y' phase gradually grows up after oxidation at 800, 900 and 1000 °C,

and it is completely dissolved into the y phase after oxidation at 1100 °C for 100 h.
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Superalloys are widely used in the hot end components of
aero engines and various gas turbines, such as turbine blades,
guide blades, turbine disc, and combustion chambers!*. With
the increase of engine thrust and thrust-weight ratio, the
temperature of the turbine inlet continues to rise. The change
of microstructure and the decline of mechanical properties
caused by high temperature lead to the reduction of
component life®. This requires higher temperature bearing
capacity of superalloys. Therefore, many scholars have
designed the composition and process of the superalloy to
improve the high temperature bearing capacity of superalloys.

Hundreds of Ni-based superalloys have been developed in
the world, which rely mainly on Cr,O, or Al,O, films on the
surface to protect the substrate from oxygen penetrating at the
high temperature™®. Gao et al " found that the content of Ni in
y'-strengthened Co-based superalloys can promote the forma-
tion of protective spinel oxide scales and delay nodular
oxidation. Park et al'” revealed that the increase of Al content
and addition of Ta are conducive to the formation of

Received date: May 02, 2021

continuous Al,O, and improve the high temperature oxidation
resistance of superalloys. Yu et al® proposed the oxidation
mechanism of a novel cobalt-nickel-based superalloy due to
evaporation of Mo-containing oxides which result in the
formation of voids and roughening of oxides. An et al”
studied evolution of microstructures and properties of
GHA4169, and the y’, " phases and carbides dissolving in the
grains decrease the tensile strength and increase the ductility.
Hu et al" revealed the four-layer oxide film of a single
crystal nickel-based superalloy, in which the diffusion of Ni,
Cr and Ta through the alumina layer controls the oxidation. In
order to improve the resistance of high temperature oxidation,
the selective laser melting!"”, ion implantation”, electron
beam'", laser shock processing!"! etc are used to change the
microstructure and composition of the surface. However, more
attention has been paid to the microstructure changes of oxide
films on the surface rather than the microstructure evolution
of matrix.

In this work, the evolution of carbides, strengthening
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phases and grains in Ni-based superalloy GH202 after
oxidation from 800 °C to 1100 °C was investigated. The mic-
rostructures of the alloy before and after high temperature
oxidation were characterized by TEM (transmission electron
microscope), SEM (scanning electron microscope) and EBSD
The effect of high
temperature oxidation on the microstructures was discussed

(electron backscatter diffraction).

from the aspects of grain size, orientation distribution,
recrystallization and stress, which may provide an important
reference for the application and development of superalloys.

1 Experiment

1.1 Materials and the specimen preparation

Ni-based superalloy GH202 is usually used in the rotors
and stators of the large thrust liquid rocket engines. The
melting point of the alloy is 1317~1342 °C, and the hardness
is about 3560 MPa after the solution strengthening and aging
treatment.

The Ni-based superalloy GH202 was cut into a cuboid
specimen (10 mmx10 mmx5 mm) by a wire cut electric
discharge machine. The surface of the specimens was ground
to 1200# on the SiC sandpaper and polished on the machine
with nylon. The specimens were soaked in acetone, alcohol,
and deionized water successively, then cleaned by ultrasonic
wave, and finally they were dried by a blower.

The strengthening phases (y"), twins and dislocations of the
superalloy were characterized by TEM (transmission electron
microscope). Scanning electron microscope (SEM) with
energy dispersive spectrometer (EDS) was used to analyze the
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morphology and chemical composition of the superalloy
before and after high temperature oxidation. The grain
orientation, grain size distribution, recrystallization, and stress
were characterized by EBSD (electron backscatter
diffraction). Hardness tests were performed on a micro-
hardness tester (HV-1000), with a load of 200 g and dwelling
time of 15 s at room temperature.

1.2 High temperature oxidation experiment

The ALO, crucibles were put into the box-type furnace at
600 °C and impurities were removed. All the specimens were
placed in the ALO, crucibles and kept in linear contact with
side walls. The isothermal oxidation experiments of the
specimens were carried out in a box furnace at 800, 900, and
1000 °C for 150 h, and 1100 °C for 100 h. After high tempe-
rature oxidation, the specimens were taken out of the furnace
and cooled down to room temperature.

1.3 Microstructure analysis

The grain orientation distribution of Ni-based superalloy
GH202 is shown in Fig. la, and different colors represent
different orientations of the grains. There are a few small
grains below 10~20 pum among the boundaries of larger grains
with the size over 30 pum, as shown in Fig. 1b, and some
annealing twins exist in the grains. With the EDS test, the
chemical composition of the superalloy is shown in Fig. lc.
The carbides exist at the grain boundaries in the form of bulks
and chains, as shown in Fig.1d.

Fig. 2 shows the TEM images of Ni-based superalloy
GH202 treated by the solution strengthening. The streng-
thening phases (y') exist as a sphere or ellipsoid with a
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Fig.1 EBSD mapping of grains (a), grain size distribution (b), EDS spectrum analysis (c), and carbides at the grain boundaries (d) for Ni-based

superalloy GH202 treated by the solution strengthening before oxidation
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Fig.2 TEM images of Ni-based superalloy GH202: (a) y', (c) twins, and (d) dislocations; SAED pattern of y and y’ (b)

diameter of 20~50 nm in Fig.2a. From the SAED pattern in
Fig.2b, it can be seen that there are two sets of spots, one is a
NiCr solid solution and the other is precipitated phase Ni,(Ti,
Al). A few annealing twins exist in the superalloy according to
the double point diffracted spot in Fig.2c. A small amount of
sub-grains dislocation lines are produced due to heat treatment
in Fig.2d.

2 Results and Discussion

2.1 Surface morphology after oxidation

Fig. 3 shows the oxidation film morphology and selected
point EDS analysis of the Ni-based superalloys after oxidation
from 800 °C to 1100 °C. According to Ref.[15], the dense and
continuous oxidation film is mainly composed of Cr,0O; as
shown in Fig.3a and EDS results are shown in Fig.3e, which
can protect oxygen from penetrating into the superalloy. With
the increase of temperature, the oxides grow up obviously at
900 °C, and some small holes appear in the film in Fig.3b.
After oxidation at 1000 ° C for 150 h, the oxidation film is
peeled off in some zones in Fig.3c, and TiO, grows up to make
the oxide film loose due to Ti*" diffusing to the surface (as seen
in Fig.3f). The large spallation of the film occurs at 1100 °C for
100 h in Fig.3d, and a new oxidation film is formed.

2.2 Effect of high temperature oxidation on hardness of

the superalloy

Fig.4 shows the changes of the Vickers hardness before and
after oxidation from 800 °C to 1100 °C. The hardness of the
substrate shows a declining trend from the room temperature,

and it is 3560, 3230, 2720, 2550, and 2010 MPa from sample
1 to sample 5, respectively. It can be seen that the hardness
changes greatly after oxidation from 800 °C to 900 °C and
from 1000 °C to 1100 °C, and it is decreased by 43.5% after
oxidation for 100 h at 1100 °C. Therefore, high temperature
oxidation has a great influence on the mechanical properties
of the Ni-based superalloys.

2.3 Microstructure

changes after high temperature

oxidation

Fig.5 shows the grain orientation and size of the Ni-based
superalloys after high temperature oxidation from 800 °C to
1100 °C. The grain orientation is not consistent in Fig.5a, 5c,
Se and 5g, indicating that the material is isotropic before and
after high temperature oxidation. There are a large number of
twins in all specimens. In Fig.5b and 5d, the grain size does not
increase significantly after oxidation from 800 °C to 900 °C,
and even some grains are refined. In Fig. 5f and 5h, the maxi-
mum grain size of the superalloy suffering oxidation at 1000
and 1100 °C is up to 93 and 182 pm, respectively, indicating
that the grain growth is very significant above 1000 °C.

Fig.6 shows recrystallization and deformation of the grains
after the high temperature oxidation from 800 °C to 1100 °C.
Most of the grains are recrystallized at high temperatures in
Fig. 6a~6d. The number of the sub-grains is the largest
compared with that after oxidation at 800, 1000 and 1100 °C.
There are many small sub-grains between the larger grains,
and they become larger with the increase of the oxidation
temperature. A small amount of grains are deformed after
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Fig.3 SEM surface morphologies and EDS results of point 1 in Fig.3a (e) and point 2 in Fig.3c (f) after oxidation under different conditions:
(2) 800 °C for 150 h, (b) 900 °C for 150 h, (¢) 1000 °C for 150 h, and (d) 1100 °C for 100 h
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Fig.4 Vickers hardness before and after oxidation

oxidation at 800, 900 and 1000 °C.

Fig. 7 shows the stress among the grains after oxidation
from 800 °C to 1100 °C. The red areas represent high stress,
and the green areas have relatively small stress. In Fig.7a and
7b, the high stress occurs at the adjacent edges of the multiple
grains, and there is also a relatively small stress in the center
of some large grains. It is clearly seen that the stressed grains
after oxidation at 900 °C are more than that at 800 °C. With
the increase of oxidation temperature, the stress of grain
decreases gradually.

2.4 Carbides at the grain boundaries after oxidation

Fig.8 shows the SEM images of the grains and carbides at
the grain boundaries after high temperature oxidation from
800 °C to 1100 °C. It can be clearly seen from Fig.8a that a
large amount of the white carbides are precipitated at grain
boundaries after oxidation at 800 °C for 150 h. With the
increase of oxidation temperature, the fine grains tend to

increase after oxidation at 900 °C for 150 h, and the carbides
continue to precipitate and form large lumps in Fig. 8b. The
carbides at the boundaries almost disappear due to the
dissolution of the carbides (M,C) in the y/y’ phase at 900 and
1000 °C in Fig.8c. After oxidation at 1100 °C, a few small
carbides precipitate in the middle of the grains in Fig.8d.

Fig. 9 shows the morphologies and EDS analysis of the
carbides in the grain boundaries after oxidation from 800 °C
to 1100 °C. It can be seen from Fig.9a that a few carbides at
the grain boundary still maintain a continuous chain, and a lot
of granular Cr-rich M,,C, form after oxidation at 800 °C, as
shown in Fig. 9e. After oxidation at 900 °C for 150 h, the
carbides are mainly M.C, and its chemical composition is
shown in Fig. 9f. When the oxidation temperature exceeds
1000 °C, the carbides completely disappear in Fig.9c. More-
over, a small number of inter-crystalline pores appear after
oxidation at 1100 °C for 100 h, as shown in Fig.9d.

2.5 Strengthening phase morphologies

Fig. 10 shows the strengthening phase (y) morphologies
after oxidation from 800 °C to 1100 °C. With the increase of
oxidation temperature, the strengthening phase grows
continuously. The diameter of the y’ phase after oxidation at
800, 900 and 1000 ° C is about 100, 330 and 480 um in
Fig.10a~10c, respectively. After oxidation at 1100 °C for 100
h, the y’ phase is completely dissolved into the y phase, and it
presents a lamellar structure in Fig.10d.

2.6 Discussion on mechanism of microstructure evolution
after oxidation
2.6.1

The content of Cr in the Ni-based superalloy GH202

Evolution of the oxidation film
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Fig.5 Grain orientation mappings (a, ¢, e, g) and grain size distribution (b, d, f, h) of Ni-based superalloys after high temperature oxidation: (a, b)
800 °C for 150 h, (c, d) 900 °C for 150 h, (e, f) 1000 °C for 150 h, and (g, h) 1100 °C for 100 h
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Fig.6 Recrystallization and deformation of the grains after oxidation: (a) 800 °C for 150 h, (b) 900 °C for 150 h, (c) 1000 °C for 150 h, and

(d) 1100 °C for 100 h

reaches the critical value, which is favorable for selective
oxidation to form a continuous Cr,0, oxidation film"®. The
element Cr in the alloy has a strong oxygen absorption ability,
which can reduce the partial pressure of the oxygen at the
alloy/film interface, which is beneficial to the stability of the
film. The oxidation rate constant (K)) of Cr,0, is several
orders of magnitude lower than that of NiO, which leads to
the replacement reaction of Eq. (1). With the increase of
oxidation temperature, the oxide grains grow up further and
Ti*" diffuses to the surface of the oxide film to form blocky
TiO,. Subsequently, the oxide film becomes sparse and

oxygen can penetrate the oxide film to generate the internal
oxidation.

3NiO+2Cr=3Ni+Cr,0, (1)
2.6.2 Evolution of the grains after oxidation

The austenite grains of Ni-based superalloys GH202 exhibit
polygonal equiaxed crystal with twins at the room
temperature. After oxidation at 800 °C for 150 h, the grains
are recrystallized and grow very slightly. There is a tendency
of grain refinement after oxidation at 800 °C for 150 h. The
grains do not grow up obviously, and the fine grains and sub-
grains increase due to the rapid cooling of the recrystallization
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Fig.7 Stress of the grains after oxidation: (a) 800 °C for 150 h, (b) 900 °C for 150 h, (c¢) 1000 °C for 150 h, and (d) 1100 °C for 100 h
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Fig.8 SEM images of the grains and carbides at grain boundaries after oxidation: (a) 800 °C for 150 h, (b) 900 °C for 150 h, (¢) 1000 °C for 150

h, and (d) 1100 °C for 100 h

at high temperatures. After oxidation at 1000 and 1100 °C, the
austenite grains grow significantly and the edges become
straight from bending. The grain size of Ni-based superalloy
GH202 before high temperature oxidation is not uniform, and
a few fine grains exist among the large grains, which lead to
the high interface energy and the instability of grain
boundaries according to thermodynamic theory. Under certain
conditions, the grain boundary area and interface energy

might decrease spontaneously. In Eq.(2), the driving force (F)
of austenite grains is related to the radius of the grain
boundary and interface energy. The greater driving force (F) is
produced due to the higher interface energy and the smaller
grain size. The grain boundary migration become easier, and
the grains grow up'”'”. When the temperature increases, the
grain boundaries with small radius of curvature move towards
the center of the curvature, which results in the flattening of
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Fig.9 Morphologies and EDS results of point 1 in Fig.9a (e) and point 2 in Fig.9b (f) of the carbides in the grain boundaries after oxidation: (a)
800 °C for 150 h, (b) 900 °C for 150 h, (c) 1000 °C for 150 h, and (d) 1100 °C for 100 h

Fig.10 Strengthening phase (y') morphologies after oxidation: (a) 800 °C for 150 h, (b) 900 °C for 150 h, (¢) 1000 °C for 150 h, and (d) 1100 °C

for 100 h
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in which F represent driving forces of grain boundary

@

migration, ¢ stands for grain boundary interface energy per

unit area, and R is radius of curvature of the grain boundary.

2.6.3 Evolution of the carbides

During the solidification of the Ni-based superalloy, a
variety of the carbides will be precipitated, such as MC,
M,,C,, M,C. Under the condition of high temperature for a

long time, the carbides can decompose and degrade™. A large
number of carbon atoms in the carbide (MC) are decomposed
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