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The oxidation behavior of superalloys has attracted more attention due to the increasing service temper-
ature of components in aero-engines. In this study, the isothermal oxidation behavior of a Ni-20Cr-18W
superalloy has been investigated at 900 and 1000 �C in air. The oxidation kinetics follows a parabolic
oxidation law at both temperatures. The outer layer of the oxide scales is mainly composed of mixed oxides
of Cr2O3 and NiCr2O4, and the inner layer is Cr2O3 at 900 �C. During oxidizing at 1000 �C, the oxide
scales evolve from dense Cr2O3 single-layer structure to double-layer structure which consists of inner
Cr2O3 layer and outer layer composed of lots of NiCr2O4, Cr2O3 and a small amount of NiO, and the size
and content of NiCr2O4 are relatively larger than that of 900 �C. The internal oxidation zone dispersed with
Al2O3 is formed under the oxide scales at both 900 and 1000 �C. The obvious cracks are observed at the
interface between the outer layer and the inner layer, which is ascribed to the generation of growth stress
and thermal stress. Compared with the oxidation behavior at 900 �C, the cracking and spalling in oxide
scales are much severer at 1000 �C due to the greater internal stress. The experimental Ni-20Cr-18W
superalloy is oxidized through the inward diffusion of oxygen and the outward diffusion of metal elements.
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1. Introduction

Ni-based superalloys are widely used in aero-engine turbine
blades, turbine disks, oil and electricity industries due to their
excellent mechanical strength, oxidation resistance and corro-
sion resistance at high temperature (Ref 1, 2). However, when
Ni-based superalloys are exposed to harsh service conditions,
high-temperature oxidation is a key factor for the failure of
components. During oxidation process, the integrity of alloy
surface is deteriorated, and Al, Cr and Ni elements on the
surface are depleted, which can lead to the loss of surface
strength, the initiation of cracks and premature failure of the
alloy (Ref 3-5). Meanwhile, the integrity of the oxide scales is
destroyed by cracking and spalling, which accelerate the further
oxidation of alloys. Alloying and protective coatings are
usually used to improve the oxidation resistance of superalloys
(Ref 6-9). However, for assessing the integrity of the oxide
scales on alloy as well as beneficial effects of alloying or
coatings, it is necessary to study the oxidation behavior of bare
superalloys.

In order to improve the mechanical properties of superal-
loys, the solid solution strengthening elements such as Co, Cr,
W, Re and Mo are often added, and precipitation strengthening
elements such as Al, Ti and Ta are also added to form c¢-

Ni3(Al,Ti,Ta) in c-matrix (Ref 1, 10). In particular, Al, Cr and
Si elements not only play a strengthening role, but provide
superior oxidation resistance at elevated temperatures (Ref 6,
11, 12). Combined with precipitation strengthening, the solid
solution strengthening is used to strengthen the Ni-20Cr-18W
superalloy. The addition of a large amount of solid solution
strengthening element Cr enhances mechanical properties of
Ni-Cr-W-based superalloys, and also improves the oxidation
resistance of the alloys. The oxidation resistance of superalloys
depends on the formation of continuous, stable and dense oxide
scales on the alloy surface. The oxide scale composed of Al2O3

or Cr2O3 has been proven to prevent the inward diffusion of
oxygen and the outward diffusion of alloy elements, which
significantly decrease the oxidation rate and improve the
oxidation resistance of superalloys (Ref 13-16).

The oxidation resistance of Ni-based superalloys is affected
by these factors, including type and content of alloying
elements and subsequent surface treatment processes. During
the past decades, numerous scholars have performed a lot of
work on the oxidation behavior of Ni-based superalloys. The
addition of Al and Si elements can significantly improve the
oxidation resistance of alloy by inhibiting the formation of
transient oxides. Mn is detrimental to the oxidation resistance
by facilitating the formation of NiO, NiCr2O4 and NiWO4 (Ref
6). Wang et al. (Ref 17) have revealed that the addition of La
can obviously improve the bonding ability between the
substrate and the oxide scale, thus improving the oxidation
resistance of Ni-20Cr-18W-1Mo alloy at 1100 �C. Yun et al.
(Ref 18) have observed that the porosity of oxide scales
increases with sulfur content. The high porosity results in an
increase in spallation, which accelerates depletion of Cr and Al
elements. Wu et al. (Ref 19) have reported that sand blasting
pre-treatment cannot change significantly oxidation kinetics of
K38G superalloy, but can refine the crystalline size and change
the growing mode of oxide scales by changing the diffusion of
Cr, which subsequently results in the variation of surface
morphologies of oxide scales. The oxidation kinetics of IN-
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738LC alloy follows a parabolic rate law at 950 �C. The oxide
scales can be divided into three layers, the outer and mid layers
enriched by TiO2 and Cr2O3, NiCr2O4 oxides, respectively, and
the innermost layer consists of discontinuous Al2O3 and matrix
alloy (Ref 20). Although the addition of alloying elements and
the surface treatment of alloys can improve the oxidation
resistance of alloys, their effects are limited and may result in
the deterioration of the mechanical properties of alloys. Further
study on the oxidation behavior of superalloy substrate is
necessary for the subsequent development of alloys with
excellent oxidation resistance. At present, substantial studies on
Ni-Cr-W-based superalloys oxidation mainly concentrate on
phase composition and oxidation kinetics, but there are a few
studies on the cracking of oxide scales and oxidation mech-
anism.

The oxidation resistance of Ni-Cr-W-based superalloys
mainly depends on the formation of Cr2O3 oxide scale.
However, Cr2O3 reacts with oxygen at 1000 �C or above
(Ref 5, 21), so it is necessary to study the effects of critical
temperature (1000 �C) on the oxidation behavior of alloys.
Moreover, 900-1000 �C is a typical material surface tempera-
ture of gas turbine engines. In this study, the oxidation behavior
of a Ni-20Cr-18W superalloy is studied at both 900 and
1000 �C in static air. The oxidation kinetics of the Ni-20Cr-
18W superalloy at different temperatures is investigated. The
oxidation behavior of alloy and the microstructure of oxide
scale are discussed. Meanwhile, oxidation mechanism of the
Ni-20Cr-18W superalloy and the causes of cracking and
spalling in oxide scales during oxidation are analyzed in detail.
In particular, the study of the formation, evolution and cracking
of the oxide scale as well as the discussion of the oxidation
mechanism can provide more theoretical basis for the subse-
quent increase in oxidation resistance and service temperature
of Ni-Cr-W-based superalloys through the addition of alloying
elements.

2. Experimental Procedures

2.1 Materials

The chemical composition (wt.%) of the rolled-state Ni-
based superalloy used in this work is shown in Table 1. The
addition of Cr, W and Mo elements can play a solid solution
strengthening role, and the addition of a large amount of Cr
element can also improve the oxidation resistance of the alloy.
The alloy was first prepared by vacuum induction melting
(VIM), and then the alloy was re-melted twice by vacuum arc
re-melting (VAR). The alloy ingot was homogenized at
1200 �C for 24 h under vacuum condition. Finally, the ingot
was hot-rolled into a sheet with 3 mm in thickness at 1150 �C.

2.2 High-Temperature Oxidation

Specimens with the dimensions of 20 mm 9 10 mm 9 2
mm were cut from Ni-20Cr-18W alloy plate by wire electrical
discharge machine. All samples were ground to 2000 grade
with SiC paper, and ultrasonically cleaned in alcohol and
acetone. The isothermal oxidation test was conducted in the
atmospheric environment at 900 and 1000 �C for 5, 10, 20, 40,
60, 80 and 100 h to evaluate the oxidation resistance perfor-
mance of the Ni-20Cr-18W superalloy, and air can have free
access to all the surfaces of the samples. Each specimen was put
into an alumina crucible, and then placed in a muffle furnace.
The alumina crucibles were heated for 3 h before use in order
to eliminate the effect of moisture. The mass gains were
measured by an electronic balance with the precision of 10�5 g
after specimens were cooled to room temperature in air.

2.3 Characterization of Oxides

The oxidation behavior of the Ni-20Cr-18W superalloy was
characterized after the oxidation experiment. The phase com-
position of the oxide scales was identified by x-ray diffraction
(XRD-7000) using Cu Ka radiation with 2h, 20�-90�. The
surface microstructure and cross-sectional microstructure of the
oxide scales after oxidation were analyzed by scanning electron
microscopy (SEM) equipped with an energy-dispersive x-ray
spectrometer (EDS). The element distribution of the oxide
scales on the cross section of oxidized samples was analyzed by
the electron probe micro-analyzer (EPMA).

3. Results and Discussion

3.1 Isothermal Oxidation Kinetics

The isothermal oxidation kinetics curves of Ni-20Cr-18W
superalloy at 900 and 1000 �C in air up to 100 h are presented
Fig. 1(a). It can be observed that the mass gain per unit area of
the Ni-20Cr-18W superalloy increases with oxidation time at
900 and 1000 �C, and the oxidation rate at 1000 �C is higher
than that at 900 �C. The total mass gain of Ni-20Cr-18W
superalloy is 3.838 9 10�4 and 10.050 9 10�4 g cm�2 after
oxidation at 900 and 1000 �C for 100 h, respectively. The mass
gain at 1000 �C is about three times of that at 900 �C, which
indicates that temperature has an important effect on the
oxidation behavior of Ni-20Cr-18W superalloy. According to
the oxidation rate at 900 and 1000 �C, the oxidation process
can be divided into two stages. In the first stage of 0-20 h, the
mass gain increases rapidly due to the relatively large surface
area of samples that are exposed to the oxidizing environment.
In addition, Cr2O3 has lower formation free energy than NiO
(Ref 23). Therefore, it can be considered that the early
oxidation stage of Ni-20Cr-18W alloy is mainly the rapid
formation and growth of Cr2O3 oxides accompanied by fast
increasing in mass. With increase in oxidation time from 20 to
100 h, the mass gain increases slowly because dense and
continuous oxide scales on the alloy surface can prevent the
diffusion of oxygen and alloy elements. Comparing with the
mass gain per unit area of the Rene95 and EP741NP Ni-based
superalloy at 900 and 1000 �C, Ni-20Cr-18W superalloy shows
a better oxidation resistance (Ref 5, 23).

In order to calculate the oxidation rate constants of the Ni-
20Cr-18W superalloy at 900 and 1000 �C, the mass gain of the

Table 1 Chemical composition of Ni-20Cr-18W
superalloy (wt.%) (Ref 22)

Ni Cr W Mo Al C La B

Bal. 19.820 18.480 1.240 0.460 0.110 0.026 0.0028
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superalloy during oxidation follows a relationship of the form
(Ref 23):

DWð Þn¼ Kt ðEq 1Þ

where DW is the mass gain per unit area, n is the oxidation
exponent, K is the oxidation rate constant and t is the oxidation
time. Linear, logarithmic, cubic and parabolic rate laws are four
oxidation kinetics models, which are used to characterize the
oxidation rate (Ref 20). In order to determine the oxidation
kinetics model of the Ni-20Cr-18W superalloy, the points in
Fig. 1(a) are fitted by Eq. (1), and the oxidation exponent n is
obtained to be 2.208 and 2.059 at 900 and 1000 �C,
respectively. Compared with the four oxidation laws mentioned
above, the values of n are both close to 2 at 900 and 1000 �C.
Therefore, the oxidation kinetics of Ni-20Cr-18W alloy follows
a parabolic oxidation law, indicating that the oxidation process
is controlled by the diffusion of elements. Besides, Zheng et al.
(Ref 23) and D. Saber et al. (Ref 24) have found that EP741NP
and Inconel 617 alloys also follow the parabolic oxidation law,
respectively. In order to be able to compare the magnitude of
the oxidation rate constant K at 900 and 1000 �C, n is taken as
2. The square mass gains as a function of time at 900 and
1000 �C are plotted in Fig. 1(b). According to the linear fitting
of the relationship between the square mass gains and the time,
the oxidation rate constant K obtained is 4.066 9 10�13 and
2.863 9 10�12 g2 cm�4 s�1 at 900 and 1000 �C, respectively.

3.2 Phase Constitutes and Surface Morphologies

The phase constitutes of the oxide scales on Ni-20Cr-18W
alloy surface after oxidation at 900 and 1000 �C for 100 h are
shown in Fig. 2, and the XRD patterns are directly from the
free surface of the oxidized samples. The results show that the
oxide scales on the alloy surface consist of Cr2O3, spinel
NiCr2O4 and a small amount of NiO at 900 and 1000 �C. With
the increase in temperature, the NiCr2O4 peak at 1000 �C is
relatively stronger than that at 900 �C. In addition, the intensity
of the matrix diffraction peak at 900 �C is obviously higher
than that at 1000 �C. Although Al element has a high affinity
with oxygen (Ref 25), Al2O3 is not observed in the oxide
scales. This is mainly ascribed to the fact that the content of Al
element is very low in the alloy. Also, two reasons can explain
that a little of NiO is observed in the oxide scales. Firstly, Ni
element has lower affinity with oxygen than Cr element, so the

content of NiO is relatively less. Secondly, a large amount of
NiO is consumed due to the formation of spinel NiCr2O4 (Ref
26). The oxides of W are not detected because the diffusion of
W element is slow in Ni, and WO3 oxides volatilize easily (Ref
27).

Surface morphologies of the Ni-20Cr-18W superalloy after
oxidation at 900 and 1000 �C for 100 h are displayed in Fig. 3.
The size and number of oxides on the alloy surface increase
with temperature increasing. The oxide scales of the surface are
dense after oxidation at 900 �C for 100 h in Fig. 3(a). There are
two types of oxides, compact protuberance-like oxide as
marked in area A, bright and loose floc-like oxide as marked
in area B. Compact protuberance-like oxide consists of fine
grains, while bright and loose floc-like oxide consists of
relatively larger grains in Fig. 3(b). Some particles with spinel
structure are distributed over loose floc-like oxide (red circle),
and there are also some particles with spinel structure under the
compact protuberance-like oxide (red rectangle). The results of
EDS (Table 2) show that the compact protuberance-like oxide
and loose floc-like oxide both consist of Cr, Ni and O elements.
Although EDS results are susceptible to the flatness of sample
surface and it has an inaccuracy analysis for low-Z elements, it
can effectively reflect the element composition of the product.
The areas A and B have different morphologies which attribute
to the different nucleation and growth stages of the oxides. EDS

Fig. 1 (a) Oxidation kinetics curves of Ni-20Cr-18W superalloy at 900 and 1000 �C for 100 h and (b) square mass gains as a function of
oxidation time

Fig. 2 XRD patterns of the oxide scales after oxidation at 900 and
1000 �C for 100 h
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and XRD results indicate that the particles with spinel structure
(point C) are NiCr2O4. As shown in Fig. 3(c), the surface is
completely covered by uniformly distributed oxides after
oxidation at 1000 �C for 100 h, and there is an obvious
spalling in the central region of the surface. The oxide particles
with a size of about 1- 2 lm exhibit semi-octahedral and spinel
structure in Fig. 3(d). XRD results (Fig. 2) show that spinel
NiCr2O4 is the dominant phase of the oxide scales after
oxidation at 1000 �C. The formation of NiCr2O4 follows a
reaction of Cr2O3 + NiO fi NiCr2O4 (Ref 28). A large
amount of spinel NiCr2O4 indicates the NiO and Cr2O3 are
not stable at high temperature. Compared with oxidation at
900 �C, severe oxidation and spalling are observed at 1000 �C.

3.3 Cross-Sectional Morphologies

Cross-sectional morphologies of the Ni-20Cr-18W superal-
loy after oxidation at 900 and 1000 �C for 100 h are presented
in Fig. 4. It can be seen that the oxide scales are divided into
two layers at both 900 and 1000 �C, and the increasing of

oxidation temperature results in the formation of a thicker oxide
layer. In Fig. 4(a), the thickness of the oxide layer is about
3.4 lm. The outer layer is loose, while the inner layer is dense
and continuous. The chemical composition of the outer layer
(point D) is (wt.%) 18.3 O, 71.9 Cr, 9.8 Ni, which corresponds
to the phase composition shown in the XRD analysis. The
continuous and dense inner layer consists of Cr2O3. In addition,
it can be seen that there is an obvious internal oxidation zone
under the oxide scales and some black oxides are dispersed in
this area. As shown in Fig. 4(b), a thicker oxide layer is formed
on the alloy surface, with a thickness of about 11.6 lm. The
cross-sectional morphology at 1000 �C is similar to that at
900 �C. The outer layer has severe spalling and cracking, but
the inner layer is very dense and continuous. According to the
analyses of surface morphologies and the XRD, the loose outer
layer contains a large amount of spinel NiCr2O4. Figure 4(c)
shows the image of the internal oxidation zone after oxidation
at 1000 �C for 100 h. A large number of black oxides are
formed in Fig. 4(c), and the EDS results of point E are (wt.%)
48.6 O, 51.4Al, indicating that the black oxides of the internal
oxidation zone are Al2O3. The formation of the internal Al2O3

oxides is attributed to the fact that a small amount of Al element
(0.46 wt.%) is not able to diffuse to the surface of the alloy and
is selectively oxidized by oxygen diffused into the interior of
the alloy. Kim et al. (Ref 29) have found that the internal Al2O3

oxide is formed in the grains and grain boundaries under the
oxide scale at the early stage of oxidation. With the progress of
oxidation, Al2O3 islands become larger and preferentially grow
along the grain boundary, resulting in the intergranular

Table 2 EDS analysis of the regions in Fig. 3 (wt.%)

Region O Cr Ni

A 43.1 50.0 6.9
B 37.4 56.0 6.6
C 45.4 47.2 7.4

Fig. 3 The surface morphologies of the Ni-20Cr-18W superalloy after 100 h oxidation at (a) 900 �C, (b) magnification of (a), (c) 1000 �C and
(d) magnification of (c)
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oxidation. Grain boundaries are fast diffusion channels for
oxygen and can be easily oxidized due to the irregular
arrangement of atoms and high interface energy. In particular,
Ni-based alloys containing a small amount of Al or Cr elements
are more prone to internal oxidation and intergranular oxidation
(Ref 30). After oxidation at 900 and 1000 �C for 100 h, some
oxide pegs are formed at the oxide scales/substrate interface,
which can improve the adhesion strength of the oxide scales
(Ref 6, 31). In addition, the obvious cracks are observed at the
interface between the outer layer and the inner layer, which are
mainly related to the growth stress and thermal stress (Ref 3).

In previously published studies, the oxidation behavior of
some Ni-based superalloys has also been studied. Cao et al.
(Ref 13) have found that GH202 alloy exhibits good oxidation
resistance after oxidation at 800 and 900 �C due to the
formation of a dense Cr2O3 oxidation layer. However, after
oxidation at 1000 and 1100 �C, the outer layer shows obvious
spalling, which is mainly related to the formation of large and
loose NiCr2O4 and TiO2. Zheng et al. (Ref 23) have reported
that although spinel phases have a certain protective effect due
to its low diffusion coefficient to ions or atoms, the formation of
NiCr2O4 generates greater stress in the oxide scale and leads to
more serious oxidation effect. In a word, a dense Cr2O3 layer as
diffusion barrier can prevent the further oxidation of alloys,
while the formation and growth of NiCr2O4 are detrimental to
the oxidation resistance of alloys.

The oxidation kinetics and oxides morphologies indicate
that the oxidation degree at 1000 �C is much severer than that
at 900 �C. The increasing of oxidation temperature promotes
the diffusion of alloy elements and oxygen, thus leading to a

higher mass gain. Besides, the spinel NiCr2O4 is the main phase
in the oxide scales after oxidation at 1000 �C for 100 h. The
formation of NiCr2O4 consumes protective Cr2O3, which
accelerates the further oxidation of the superalloy (Ref 26). In
addition, the solid-state oxide Cr2O3 is oxidized into the
volatile CrO3 at 1000 �C or beyond 1000 �C because of the
high oxygen pressure (Ref 21, 32). The formation of gaseous
CrO3 damages the continuity of Cr2O3 oxide scale, and results
in a severe oxidation effect.

In order to further determine the evolution process and
element distribution of the oxide scales, the elemental distri-
bution mappings of Ni-20Cr-18W alloy are shown in Fig. 5
after oxidation at 1000 �C for different time. Figure 5(a) shows
the cross-sectional morphology and element distribution of Ni-
20Cr-18W alloy oxidized at 1000 �C for 20 h. A dense and
continuous single-layer oxide scale is formed on the surface of
the alloy, and there is obvious internal oxidation zone under the
oxide scale. It can be seen that the dense single-layer oxide
scale mainly overlaps with Cr and O elements, so it can be
considered that the oxide scale is mainly composed of Cr2O3.
In addition, the black oxides in the internal oxidation zone are
mainly the oxides of Al and O elements, which is consistent
with the EDS results in Fig. 4(c). Moreover, it can be seen from
the distribution of Cr element that an obvious Cr-depleted
region is formed under the Cr2O3 layer, with a thickness of
about 11 lm. The cross-sectional morphology and element
distribution of Ni-20Cr-18W alloy oxidized at 1000 �C for
100 h are shown in Fig. 5(b). The loose outer layer is mainly
the oxides of Ni, Cr and O elements, while the dense inner layer
is mainly the oxides of Cr and O elements, which corresponds

Fig. 4 The cross-sectional morphologies after 100 h oxidation (a) at 900 �C, (b) at 1000 �C and (c) internal oxidation zone at 1000 �C
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to the above analysis. Besides, the black oxides Al2O3 are also
clearly observed in the internal oxidation zone at 1000 �C for
100 h. Based on the results of the EPMA, it can be concluded
that the formation of the oxide scales is a process of evolution
from single-layer to double-layer structure at 1000 �C.

3.4 Degradation of Oxide Scales

As shown in Fig. 4, obvious cracking occurs in the oxide
scales after oxidation at 900 and 1000 �C for 100 h. The
integrity of the oxide scales is very vital to prevent further
oxidation of the superalloy. The cracking and spalling of oxide
scales are mainly related to the internal stress (Ref 3, 23). The

growth stress and thermal stress are the two main internal
stresses in the oxide scales. Growth stress is generated during
oxidation, and thermal stress is generated in the cooling to
room temperature stage (Ref 33-35). Pilling–Bedworth ratio
(PBR) is usually used to determine the growth stress and the
integrity of oxide scales (Ref 23, 33-35). When PBR < 1, the
tensile stress develops in the oxide scales, and the oxide scales
cannot cover the alloy surface. When 1 < PBR < 2, dense
and protective oxide scales can be formed on the surface of
alloys. When PBR � 1, the excessive compressive stress in the
oxide scales leads to the cracking and spalling of the oxide
scales. According to the above analysis results, the outer layer

Fig. 5 The elemental transfer of Ni-20Cr-18W alloy after isothermal oxidation at 1000 �C for (a) 20 h and (b) 100 h
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mainly consists of mixed oxides of Cr2O3 and NiCr2O4, and the
inner layer is composed of dense Cr2O3 at 900 �C. The PBR of
Cr2O3 and NiCr2O4 are 1.29 and 2.05, respectively (Ref 33,
36). Therefore, small compressive stress develops in the inner
layer and large compressive stress develops in the outer layer at
900 �C. However, the outer layer consists of a large amount of
NiCr2O4, and the inner layer is composed of dense Cr2O3 at
1000 �C. Thus, the outer layer at 1000 �C has larger compres-
sive stress than that at 900 �C. In addition, thermal stress is
produced in the cooling stage due to the different coefficient of
thermal expansion (CTE) between oxide scales and alloy. The
CTE of Cr2O3 and NiCr2O4 is 9.6 9 10�6 K�1 (25-1400 �C),
7.6 9 10�6 K�1 (25-900 �C), respectively, while the CTE of
Ni-Cr-W-based superalloy (Haynes 230 alloy) is about
15.2 9 10�6 K�1 (25-800 �C) (Ref 3, 37). Therefore, it can
be considered that the thermal stress is also the compressive
stress in the outer and inner oxide scales. Also, the increasing of
the oxide layer thickness certainly results in the development of
larger internal stress in the oxide scales. After oxidation at 900
and 1000 �C, schematic diagram of the internal stress and
cracking in the oxide scales is shown in Fig. 6. Based on these
analyses, it can be concluded that cracking and spalling of
oxides scales are caused by growth stress and thermal stress.
The cracking and spalling of the oxide scales are more severe at
1000 �C than that at 900 �C because the outer layer has greater
internal stress at 1000 �C. The cracking and spalling of oxide
scales mean that the alloy suffers from serious oxidation. The
formation of cracks leads to more oxygen to diffuse into the
alloy, thus accelerating the further oxidation of the alloy. Weng
et al. (Ref 38) have found that the addition of Nb and Y
elements can promote the formation of a dense and thin oxide
scale, and the rare-earth element Y can also reduce the residual
stress in the oxide scale. Tawancy et al. (Ref 39) have revealed
that adding a small amount of La, Si and Mn can make the
high-temperature thermal stability of Cr2O3 be extended to
1150 �C. In general, the cracking and spalling of oxide scales

can be improved by reducing the oxidation volatilization of
Cr2O3 at high temperature, decreasing the internal stress of
oxide scales and improving the compactness and adhesion of
oxide scales.

3.5 Oxidation Mechanism

The evolution of the oxide scales on Ni-20Cr-18W super-
alloy at 1000 �C is shown in Fig. 7. Based on the above results
and discussion, the oxidation behavior of the Ni-20Cr-18W
superalloy can be summarized as follows. At the beginning,
oxygen molecules are adsorbed on the alloy surface and
decomposed into oxygen atoms, while Cr element diffuses
outward from the substrate. Thus, Cr2O3 nucleate and grow on
the surface of the alloy (Fig. 7a). This reaction stage is
controlled by the inward diffusion of oxygen and the outward
diffusion of Cr. With the increasing of oxidation time, a large
amount of Cr diffuses outward due to its higher affinity to
oxygen than Ni (Ref 5). Therefore, a dense and continuous
Cr2O3 layer is formed on the surface of Ni-20Cr-18W
superalloy (Fig. 7b). At the same time, as shown in Fig. 4(c),
the internal oxidation zone is also formed under the oxide
scales, which is mainly attributed to the fact that a small amount
of Al element (0.46 wt.%) is selectively oxidized by oxygen
diffused into the interior of the alloy. The outward diffusion of
Ni element increases gradually due to the depletion of Cr
element in the substrate alloy. Meanwhile, the formed NiO
reacts with Cr2O3 to form spinel NiCr2O4 in the oxide scales
(Fig. 7c) (Ref 26, 40). As oxidation proceeds, the concentration
of Cr decreases below the critical value for the formation of
oxides. Therefore, a large amount of Ni begins to diffuse
outward through the oxide scales to form oxides. However,
NiO and Cr2O3 cannot exist stably at high temperature, so a
large amount of NiCr2O4 oxide is formed in the outer layer of
the oxide scales (Fig. 7d). Compared with oxidation at
1000 �C, the consumption of Cr and the outward diffusion of

Fig. 6 Schematic diagram of internal stress and cracking in oxide scales (a) internal stress of the oxide scales at 900 �C, (b) cracking of the
oxide scales at 900 �C, (c) internal stress of the oxide scales at 1000 �C and (d) cracking of the oxide scales at 1000 �C
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Ni are both slowed down at 900 �C, causing a light oxidation
attack at 900 �C.

4. Conclusion

(1) The mass gain of the Ni-20Cr-18W superalloy increases
with time and temperature, and the oxidation kinetics
follows a parabolic oxidation law at both 900 and
1000 �C. The oxidation rate constant K is
4.066 9 10�13 and 2.863 9 10�12 g2 cm�4 s�1 at 900
and 1000 �C, respectively.

(2) The outer layer of the oxide scales is mainly composed of
mixed oxides of Cr2O3 and NiCr2O4, and the inner layer
is Cr2O3 at 900 �C. During oxidizing at 1000 �C, the
oxide scales evolve from dense Cr2O3 single-layer struc-
ture to double-layer structure which consists of inner
Cr2O3 layer and outer layer composed of lots of NiCr2O4,
Cr2O3 and a small amount of NiO, and the size and con-
tent of NiCr2O4 are relatively larger than that of 900 �C.
The internal oxidation zone dispersed with Al2O3 is
formed under the oxide scales at both 900 and 1000 �C.

(3) The obvious cracks are observed at the interface be-
tween the outer layer and the inner layer after oxidation
at 900 and 1000 �C for 100 h, which is mainly related
to the growth stress during oxidation and thermal stress
in the cooling stage.
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