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Abstract In this paper, the isothermal oxidation kinetics
and oxidation behavior of GH586 superalloy from 800 to
1000 °C were investigated. The oxide scale morphologies
of the surfaces and the cross sections after oxidation were
characterized by means of X-ray diffraction (XRD) and
scanning electron microscope (SEM) equipped with
energy-dispersive spectroscopy (EDS). The results show
that the growth of the oxide scales on the surface of
superalloy GH586 obeys a parabolic law with the activa-
tion energy of 241.4 kJ-mol~' from 800 to 1000 °C. The
dense oxide scale formed at 800 °C is mainly composed of
Cr,03, NiCr,0,4 and a small amount of TiO,. At 900 °C,
the oxide scale is divided into two layers: the outer layer
with multiple cracks is mainly composed of Cr,Oz and
TiO,, while the inner is a layer of dense Cr,O5. Under the
oxide scale, aluminum-rich oxides along the grain bound-
aries are generated by the internal oxidation. At 1000 °C
for 100 h, cracks throughout the whole oxide film accel-
erate the oxidation rate of Ni-based superalloy GH586 and
large blocks of TiO, in the oxide scale are generated,
resulting in the spallation of oxide scale.
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1 Introduction

Superalloys have been widely used in high temperature
environments, such as aircraft engine blades, nuclear
energy equipment and the petroleum industry, due to its
excellent resistance to hot corrosion [1], fatigue [2] and
oxidation [3, 4] at high temperatures. Among the various
superalloy systems, Ni-based superalloys have good com-
prehensive properties, so they are widely used in a variety
of high performance engine parts [5-7]. Ni-based super-
alloy GH586, when developed successfully, can serve
between 750 and 850 °C [8]. It is often used in engine
turbine disks of lox or kerosene rockets and the first stage
turbine rotors of several new intercontinental missiles in
China [9].

Oxidation resistance of superalloys depends on dense
oxidation films on the surface of materials, which grow
slowly and prevent oxygen from diffusing to the matrix
[10]. It is well known that Al,Os3, Cr,O3 and SiO, films
with good thermodynamics stability at high temperatures
are generated in the process of superalloys oxidation [11].
Owing to the different content of elements, the preparation
process and chemical composition in superalloys, the oxi-
dation behaviors of the superalloys are quite different. It is
reported that the oxidation behaviors of superalloys were
investigated by many scholars, such as Inconel 713 [12],
MAR-M247 [13], DZ40 M [14] and GTD-111 [15].
According to these studies, whatever oxide films of
superalloys will gradually spall with the increase of
working temperature and time, this results in accelerating
oxidation corrosion rate of superalloys significantly. In
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order to find out the reasons for spallation of oxide scales,
many researchers carried out plenty of work. It is well
accepted that internal oxidation will take place to form the
acicular morphology inner oxides during high temperature
oxidation, which may be the initiation sites of cracks that
result in the destruction of the oxide films with temperature
and time increasing [16, 17]. Some elements in Ni-based
superalloys, such as sulfur, carbon, titanium, etc., may
form the corresponding compounds in grain boundaries
[18, 19], the size of which can become larger with tem-
peratures increasing, reducing the bonding strength
between oxide scales and the matrix and destroying the
continuity of oxidation films [20, 21]. Although the oxi-
dation behaviors of a few superalloys were investigated,
there are very few literatures on oxidation resistance of Ni-
based superalloy GH586, and the further study on oxida-
tion mechanism is needed.

In this paper, the high temperature oxidation behavior of
Ni-based superalloy GH586 at 800, 900 and 1000 °C was
investigated. The oxidation kinetics, the oxide scale com-
position, the surface and cross-sectional morphologies
were elaborated. The growth and spallation mechanism of
oxidation scales were revealed, providing a theoretical
basis for practical engineering applications and failure
analyses.

2 Experimental
2.1 Materials

The alloy used in this experiment was Ni-based superalloy
GH586 (nominal composition: 19.00 wt% Cr, 11.00 wt%
Co, 1.60 wt% Al, 3.20 wt% Ti, 8.00 wt% Mo, 3.00 wt%
W, 0.06 wt% C, balanced Ni). It was dealt with precipi-
tation strengthening and aging treatment. Figure 1 shows
the microstructure of the superalloy GH586. From Fig. 1a,
it can be seen that the superalloy grains have a fine
equiaxed structure and distribute uniformly. According to
Fig. 1d, e, the white chains in grain boundaries and blocks
in grain interior in Fig. 1b are carbides, and they are
respectively M»3Cq and MgC [8]. ¥’ phase which is the
main strengthening phase in the alloy in Fig. 1c is almost
50-60 nm in size, and the morphologies seem approxi-
mately cuboid [13].

2.2 Oxidation experiments

Rectangular specimens with dimensions of
10 mm x 10 mm x 5 mm were cut from Ni-based super-
alloy GH586 by electrical discharge machining (EDM). The
surfaces of these specimens were ground to 1200 mesh with
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Fig. 2 Square of weight gain per unit area (Am®) versus time for Ni-based superalloy GH586 oxidized at temperature ranging from 800 to
1000 °C a and temperature dependence of parabolic rate constant for oxidation of Ni-based superalloy GH586 b

SiC sandpaper and polished before examination. The
continuous-isothermal-mass-change measurements were
performed from 800 to 1000 °C in air for 100 h. The speci-
mens were suspended in a thermo balance with a Pt wire.

2.3 Microstructural analysis of oxide scale

After oxidation, the specimens were characterized. The
phase composition of the oxide scale was measured by
X-ray diffractometer (XRD, D8 Advance) with copper
target at 3 kW in 26 range of 10°-90°. The surface mor-
phology and chemical composition of the oxide scale were
investigated by scanning electron microscopy (SEM, JSM-
7001F) equipped with an energy dispersive spectroscopy
(EDS) system.

3 Results and discussion
3.1 Oxidation kinetics

Figure 2 shows the square of weight gain per unit area
(Am?) as a function of time in the temperature range of
800-1000 °C in air. After oxidation at 900 °C for 100 h
and 1000 °C for 50 h, the oxide scales on the surface just
begin to spall. From the linear fit in Fig. 2a, it can be
concluded that the oxidation of Ni-based superalloy GH586
from 800 tol000 °C is in excellent agreement with a
parabolic rate law. The parabolic rate constant (K,)
increases from 1.44 x 107> mg*cm *s~' at 800 °C to
4.81 x 107> mg®cm~*s~" at 1000 °C.

The following equation indicates the temperature
dependence of the parabolic rate constants.

K, = Koexp(—Q/RT) (1)

where O denotes oxidation activation energy which is
energy barrier crossed during oxidation, K, is a constant

@ Springer

which can be obtained by solving equations, R is gas
constant and 7 is temperature. According to the fitted line,
the oxidation activation energy of Ni-based superalloy
GH586 is 241.4 kJ-mol~" from 800 to 1000 °C, as shown
in Fig. 2b. It is close to the diffusion activation
(259 kJ-mol™") of Cr*" in oxide scale [22], indicating that
the oxidation behaviors of superalloy GH586 are controlled
by the diffusion of Cr’" in oxide scale. It is almost in
accordance with that of Ni-based superalloy K44 reported
in Ref. [22].

3.2 Composition of oxide scale

Figure 3 shows XRD patterns of oxide scales of GH586
superalloy oxidized at 800, 900 and 1000 °C for 100 h.
After oxidation at 800, 900 and 1000 °C for 100 h, the
compositions of oxide scale on the surface are basically the
same, but the relative content of each constituent phase
changes. The oxide films at different temperatures consist
of Cr,0;, spinels NiCr,O4 and TiO,. The diffraction peak

¢ Cr,0; VNiCr,0,

1000°C Y o TiO, 0 Matrix

.V‘ 00 0‘ S 4 \%

Intensity (a.u.)
3
-

1 1 1 1 1 1 1

20 30 40 50 60 70 80
20/ (°)

Fig. 3 XRD patterns of oxide surfaces on Ni-based superalloy
GH586 samples oxidized from 800 to 1000 °C for 100 h
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of the matrix is stronger after oxidation at 800 °C for
100 h, illustrating that the formed oxide film is thin. The
base peak becomes weaker and the thickness of oxide film
increases with temperature increasing. The peak of TiO, is
not obvious, while Cr,O3 and NiCr,0, peaks are relatively
strong. It is shown that the film formed at 800 °C is mainly
composed of Cr,03, NiCr,04 and a small amount of TiO,.
At 900 °C, the peaks of all the constituent phases in the
film are significantly enhanced, and the TiO, peak is
strong. When the temperature rises to 900 °C, Cr,0O3 and
NiCr,O,4 in oxide film form a thicker oxide film which
contains a large amount of TiO,. The titanium oxide
coarsens and makes the oxide scale loose, reducing the
density of the outer layer of oxide film at the initial stage of
oxidation [14]. The weak TiO, peak at 1000 °C is caused
by the peeling of the bulk pre-formed TiO, oxidation layer,
and the inner Cr,Oj3 is exposed, resulting in further oxi-
dation of the alloy. Moreover, there are a small amount of
NiCr,0O,4 oxides which would consume a little Cr element
that can be supplied to oxide scale with temperature
increasing.

3.3 Surface and cross-sectional morphology of
oxide scale

Figure 4a—c shows surface morphologies of oxide scale at
800, 900 and 1000 °C, respectively. Different surface
morphologies could be observed, and the grain size of the
oxides increases with temperature increasing. A dense

oxide scale with well-shaped crystallites is observed for the
sample oxidized at 800 °C. EDS and XRD analyses show
that the oxide is mainly composed of Cr,O;, TiO, and
NiCr;04. As shown in Fig. 4a, the small white oxide is
TiO,. Ti content of oxide scale at 900 °C for 100 h is more
than that at 800 °C for 100 h (Fig. 4d, e), meanwhile, Cr
content decreases obviously. These titanium oxides would
agglomerate into coarse particles with time gradually
increasing, which makes the outer oxide film loose and
provides the channel for oxygen diffusing into substrate. In
Fig. 4c, f, it is found that a lot of holes in outer oxide film
are formed and Ti content was decreases greatly,
which results from the large oxide scale spalled. With time
increasing at 1000 °C, TiO, forms large particles and
destroys the continuity of the oxide film; moreover, the
spinels NiCr,O,4 generated in the process of oxidation
consume a great quantity of Cr elements in oxide film,
leading to less Cr,O; than that at 900 °C. In addition, from
Fig. 4d—f, it can be seen that a small amount of aluminum
oxides in oxidation scales are found, and Al content is
almost unchanged. Owing to its low content, a dense and
continuous aluminum oxide scale could not be formed.
Therefore, only the dense Cr,O5 layer protects the matrix
effectively in the process of oxidation rather than alu-
minum oxide.

With the increase of oxidation temperature for 100 h,
the diffusion rate of Ti*" in the alloy speeds up, leading to
the rapid growth of TiO,, and thicker grains of TiO, are
formed at 900 °C than at 800 °C. After oxidation at

5061 € “Elements v/at% . f “Elements x/at%
P o 59.24 o0l 7O 6249 | Ti 35 07 62.76
-3 [ oAl 0.65 2 | Al 048 | 2 [ Al 0.78
o' 240t | W 0.17 o | W 0.03 | o' 300- | W 0.11
2 < 240f ‘ = ‘ .
P | Mo 0.23 > | Mo 0.06 | > h Mo 006
G 180¢ Ti 471 Cr Z gl | W 18.06 i G 250 | Ti 10.82 |
8 | o 2594 | 8 o 21 e 8 Cr 204 15 |
E 120l | Co 232 E ol 228 | O E 150k | Co 102y |
| Ni : 562 || | | Ni 241 |||
601 |i ) 60F I'Ti | St | |
] Al,Mo I 7 Ni l il .
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Energy / keV

Energy / keV

Energy / keV

Fig. 4 SEM images of surface morphologies of oxidation films after oxidation and corresponding EDS result of oxide scales at a, d 800 °C, b,

e 900 °C and ¢, f 1000 °C
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1000 °C for 100 h, TiO, particles are spalled and then
destroy the continuity of the protective Cr,O5; film,
resulting in the decrease in oxidation resistance of the
superalloy [15, 16].

Figure Sa—c show cross-sectional morphologies of
GH586 superalloy after oxidation at 800, 900 and
1000 °C for 100 h, Fig. 5d—f shows elemental profiles in a
cross section with distance from oxidation surface. It is
seen from Fig. 5a, d that a layer of dense oxide film with
3 pum in thickness is formed on the surface of superalloy
GHS586 oxidized at 800 °C for 100 h. According to XRD
analysis, the oxide film is mainly composed of Cr,03,
NiCr,04 and a small amount of TiO,. Meanwhile, a few
aluminum oxides are found at the bottom of the oxidation
scales, and a small amount of aluminum-rich oxides
(Al,0O3) exist in the grain boundaries due to the internal
oxidation of aluminum, and the depth of the internal
oxidation is about 3—4 pm. In Fig. 5b, e, the thickness of
the surface oxide film increases to 10 um after oxidation
at 900 °C for 100 h, and the film can be divided into two
layers. The outer layer with 5 um in thickness becomes
looser than the inner, and the depth of the internal oxi-
dation is up to 15-16 um according to the change of
aluminum oxides in cross section. In Fig. 5c, f, the oxide
scale develops into a layer structure after oxidation at
1000 °C for 100 h. It is seen that aluminum oxides exist at
the deeper locations caused by the severer internal oxi-
dation and the depth of the rich-aluminum oxides in the

grain boundaries reaches around 40 pm. But the thickness
of the oxide scale decreases to about 12 pm, this is
because of the outer oxide film spalled in multiple areas,
leading to the great decrease of Ti content in cross sec-
tion. Meanwhile, the element Cr in substrate diffuses
outward to generate a small amount of new Cry0s.
Moreover, it is easily seen that Ni content decreases
greatly after oxidation at 900 °C for 100 h, and it is
almost O after oxidation at 1000 °C for 100 h, as shown in
Fig. 5d—f, which is caused by the appalling spinels
NiCr,0;, in oxide scales.

Figure 6 shows EDS results of outer layer, inner layer
and internal oxidation region of GH586 superalloy after
oxidation at 900 °C for 100 h. As shown in Fig. 6a, many
cracks form in outer layer, which are caused by the large
blocks of TiO,. Through these cracks, oxygen is easily
propagated into the matrix and forms aluminum-rich oxi-
des (Al,O3) along grain boundaries. Meanwhile, Fig. 6b
shows that inner layer is a layer of dense Cr,03, including a
small amount of TiO,. The internal oxidation of aluminum
beneath the oxide scale is generated along grain bound-
aries, as its EDS is shown in Fig. 6c. Owing to the low
aluminum concentration in the alloy, it is not enough to
form a continuous oxide film on Al,O5. The internal oxide
along grain boundaries can help to connect oxide scale at
the interface with the matrix, and form a continuous oxide
zone at some locations to improve the adhesion of oxide
scale effectively [17, 18].
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Fig. 5 SEM images of cross-sectional morphologies of superalloy for 100 h and corresponding concentration profiles of elements from

oxidation surface oxidized at a, d 800 °C, b, e 900 °C and ¢, f 1000 °C
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3.4 Discussion

Figure 7 shows the evolution of oxide scale on superalloy
GH586 exposed to air from 800 to 1000 °C for 100 h. At the
first stage of nucleation, mechanical failure of the initial
passive layer might take place, thus leading to the nucleation
and growth of initial Cr oxide encountering with O~
resulting from the decomposition of oxygen absorbed at the
surface of the superalloy. X = 0, which is slightly beneath
the initial chromium oxide, is the initial surface of the
superalloy as the chromium oxide layer grows by counter-
current diffusions of chromium and oxygen. The consis-
tency and integrity of the initial chromium oxide layer
depend on the content of the superalloy composition. The
slowest kinetic should be attributed to the formation of the
chromium oxide layer, which may hinder the diffusion of
cations and anions during the first stage of oxidation on the
superalloy. Meanwhile, some small titanium oxide particles
and Ni—Cr spinels in chromium oxide layer are formed near
interface. Owing to the diffusion of only a small amount of
oxygen atoms into substrate, the slight internal oxidation
along grain boundaries produces a little Al,Os.

Owing to that the diffusion rate of Ti™* is faster than
that of Cr’* under the same conditions [19], titanium
oxides (TiO,) transfer to outer layer of oxide film, and

@ TiO, M Ni-Cr spinel

Matrix

Matrix

titanium oxides grow up gradually with temperature
increasing, resulting in that the outer layer of oxide scale
becomes relatively loose at 900 °C. It provides the chan-
nels for the diffusion of oxygen and accelerates the inter-
nal oxidation along grain boundaries. Moreover, the
amount and size of Ni—Cr spinels (NiCr,0O,) in oxide film
increase with temperature increasing, and NiCr,O4 con-
sumes a part of Cr> " diffusing from the matrix, resulting in
that the oxidation layer is not able to obtain enough sup-
plement of Cr** [21-24]. The inner layer of oxidation film
is still compact and integrity, and continues to protect the
matrix. At 1000 °C, titanium oxides grow into plenty of
large blocks which destroy the continuity of the oxide film.
The oxide scales in multiple areas are spalled under the
action of thermal stress, it may provide the channels for
oxygen to diffuse into the matrix, accelerate the oxidation
process and reduce the resistance of high temperature
oxidation.

The high temperature oxidation resistance of superalloys
should be attributed to the chemical compositions of the
superalloy, especially the contents of chromium (18-20)
wt% [25], which has been studied quite extensively. When
chromium content is higher than 15 wt%, it can form thin
composite oxide films mainly containing Cr,O3, NiCr,Oy4
and TiO,, which can prevent further oxidation of alloys [4].
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Fig. 7 Oxide scale evolution on surfaces of superalloy GH586 exposure to air from 800 to 1000 °C for 100 h
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This evolution process of the oxide film is primarily con-
trolled by ion diffusion [26-28]. Although Cr,O; film
prevents the further oxidation of the elements in the alloy,
the grown up titanium oxide in the film with temperature
and time increasing makes the oxide film more loose; thus
it provides channels for oxygen to diffuse into the matrix
through oxide film and accelerates the internal oxidation of
the superalloy [29, 30].

4 Conclusion

The oxidation kinetics curves follow the parabolic law with
the activation energy of 241.4 kJ-mol~'. The oxide scale
on the surface of Ni-based superalloy GH586 is composed
of Cr,03, NiCr,O4 and a small mount of TiO,. With
temperature increasing, TiO, particles gradually grow up
and destroy the continuity of oxide film. Moreover, the
spinels NiCr,O,4 generated in the process of oxidation
greatly consume Cr element in oxide film, which cannot
obtain enough supplement of Cr element from the matrix
for the oxide scale. At 900 °C, the oxide scales display two
layer structures: the outer layer of the oxide films consists
of Cr,03, NiCr,O4 and TiO,, while the internal oxidation
occurs under the oxide film and generates rich-aluminum
oxides. At 1000 °C for 100 h, the cracks throughout the
oxide film accelerate the oxidation rate of Ni-based
superalloy GH586. Meanwhile, TiO, forms into large
blocks and accelerates the oxidation scale spalling.
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