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Abstract The isothermal oxidation behavior of a new Re-

free nickel-based single-crystal superalloy in air at 950 �C
for 200 h was studied by scanning electron microscopy

(SEM) with energy-dispersive spectroscopy (EDS) and

X-ray diffraction (XRD). The results indicate that oxida-

tion kinetics obeys parabolic law approximately, and the

mass gain increases rapidly during initial oxidation stage

and then gradually slows down. The oxidation scales are

composed of three layers: the outer layer mainly consists of

NiO with a small amount of CoO; the intermediate layer is

mainly composed of Cr2O3 with a small amount of spinel

compounds such as CrTaO4, NiCr2O4, CoCrAl2O4,

CoAl2O4, and NiAl2O4; and the inner layer is composed of

A12O3. Inner Al2O3 layer suppresses the diffusion of ele-

ments between oxygen and alloy elements, slows down the

alloy oxidation speed, and also suppresses the growth of

the oxide scale and reduces the oxidation rate, which is

agreeable with the oxidation kinetics.
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1 Introduction

Nickel-based single-crystal superalloys are extremely cru-

cial selection for advanced aero-engine turbine blades due

to their excellent creep and fatigue resistances [1–6].

Owing to the fact that nickel-based single-crystal superal-

loys are usually used at high temperature, oxidation resis-

tance is an important property for advanced high-

temperature structural material and becomes one of the

integral performance indicators for evaluating a new

nickel-based superalloy. To enhance oxidation resistance,

more Cr and Al are added so as to generate continuous

Cr2O3 or A12O3 oxide scales at high temperature [7–11]. In

addition, some studies showed that Re element can sig-

nificantly enhance creep resistance and improve oxidation

resistance of single-crystal superalloy [12, 13]. However,

the high cost, high density, and the precipitation tendency

of harmful topologically close-packed (TCP) phases

restrict the addition of Re [14–19]. Therefore, it is impor-

tant to design new Re-free nickel-based superalloys

[20–22] and investigate the high-temperature oxidation

behavior, which is close to the superalloy compositions.

The high oxidation resistance can be evaluated by studies

of isothermal oxidation behaviors for nickel-based single-

crystal superalloys through analyzing oxidation kinetics

and oxidation products [23–26].

The present work reported a new Re-free nickel-based

single-crystal superalloy which is comparable to the sec-

ond-generation Re-containing nickel-based single-crystal

superalloy from GE Company [27, 28]. Microstructures

and mechanical properties of the new Re-free nickel-based

single-crystal superalloy were characterized in previous

report [28]. The isothermal oxidation kinetic, oxidation

products, surface morphology, and scale formation mech-

anism at 950 �C were also investigated to evaluate the high
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oxidation resistance in this work. It is badly in need of

decreasing the manufacturing cost and significantly pro-

moting the commercial applications of new Re-free

superalloys.

2 Experimental

The compositions of new Re-free superalloy were

7.500 wt% Cr, 5.000 wt% Co, 2.000 wt% Mo, 6.100 wt%

Al, 8.000 wt% W, 6.500 wt% Ta, 0.150 wt% Hf,

0.050 wt% C, 0.004 wt% B, 0.015 wt% Y, and balance Ni.

The single-crystal rods with a diameter of 8 mm and a

length of 100 mm were prepared by seeded method using a

vacuum induction directional solidification technology

with withdraw velocities of 50 lm�s-1, at the holding

temperature of 1823 K, and the detail experiments were

shown elsewhere [28]. And then, the single-crystal rods

were heat-treated by 1300 �C/3 h/AC ? 1100 �C/4 h/

AC ? 870 �C/24 h/AC (AC: air cooling) and cut into a

diameter of 6 mm and a length of 10 mm perpendicular to

the growth direction. The specimens were placed into

Al2O3 crucibles and heated in an electrical resistance fur-

nace. The weight of specimens was measured by an elec-

tronic balance with a resolution of 0.1 mg after cooling to

room temperature. The oxidation kinetics was studied by

means of discontinuous thermogravimetric (including

flaking oxides) analysis. Scanning electron microscopy

(SEM) with energy-dispersive spectroscopy (EDS) and

X-ray diffraction (XRD) (using Cu Ka radiation and the

penetrating ability reaching *10 lm) were used to char-

acterize the morphology, composition, and phase structure

of oxide scale of the single-crystal superalloy, respectively.

3 Results and discussion

3.1 Oxidation kinetics

The isothermal oxidation curve of the superalloy at 950 �C
for 200-h oxidation is shown in Fig. 1. It can be seen that

the mass gain increases rapidly during the initial oxidation

stage, and then, the mass change gradually slows down and

keeps a relative smooth stage.

The oxidation kinetics of the superalloy approximately

agrees with parabolic law after oxidation at 950 �C for

200 h. At initial oxidation stage, the standard free energy

of all kinds of oxides is negative, and the oxidation process

of the alloy is mainly controlled by the formation and

growth of NiO with a small amount of CoO, resulting in a

quick mass change. With the exposure time increasing, the

diffusion of elements in the oxide scale dominates the

growth of oxide scale and stable Al2O3 is generated. This

oxidation process is controlled by the formation and

growth of Al2O3, and the mass changes slowly on the

performance of the oxidation kinetic. After 40-h oxidation,

the oxide scale is sufficiently thick to suppress the diffusion

of alloying elements and the growth of the oxide scale, thus

the oxidation of the alloy achieves a relatively stable stage.

However, as the oxidation prolongs, some oxides would

flake or volatilize, resulting in internal oxidation or nitri-

dation of alloying elements, eventually leading to that the

oxidation kinetics slightly deviates from the parabolic law.

3.2 Surface morphologies and XRD analysis

Figure 2 shows the morphologies of the superalloys after

oxidation for 1, 100, and 200 h. As shown, the oxides are

uniformly distributed on the alloy surface, and with the

exposure time increasing, the crystalline size of oxidation

scale increases significantly. No obvious spallation of the

oxide films is detected in the sample after 100-h oxidation,

but some spallations are clearly shown on the surface of the

superalloy after 200-h oxidation. The oxidation products

are mainly composed of NiO with a small amount of CoO

for the superalloy after 1-h oxidation, as shown in Fig. 3.

When the oxidation time increases to 100 h, a large num-

ber of Al2O3 and a small amount of Cr2O3 are formed,

accompanying with generating some spinel oxides such as

CrTaO4, NiCr2O4, CoCr2O4, NiAl2O4, and CoAl12O4. For

the sample with 200-h oxidation, the amount of Al2O3

continues to increase but that of CrTaO4 decreases.

The high-temperature oxidation behavior of nickel-

based single-crystal superalloy depends on the alloy com-

position. By addition of a certain amount of Al or Cr,

which induces the formation of a protective oxide scale of

Cr2O3 or Al2O3, the oxidation resistance of the superalloy

can be improved. At initial oxidation stage, oxygen is

absorbed rapidly on the alloy surface, and various oxides

such as Al2O3, NiO, CoO, and Cr2O3 are formed by the

Fig. 1 Oxidizing curve of superalloy at 950 �C
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reaction with the alloy elements. With the oxidation time

increasing, NiO scale grows relatively fast and a single

cover layer of NiO is formed on the surface of the alloy. As

the oxidation time prolongs, Cr2O3 and Al2O3 are formed

by reacting selectively between oxygen and matrix ele-

ments when oxygen diffuses through the NiO layer. Then,

the diffusion of Ni would be inhibited when the content of

Al or Cr exceeds the critical value that would form a

continuous Al2O3 or Cr2O3 oxide scale, and NiO growth

would be inhibited. Meanwhile, the spinels are formed by

two ways. The first way is by solid-state reaction of oxides

with nickel and dissolved oxygen in the scale according to:

Cr2O3 ? Ni ? 1/2O2 ? NiCr2O4, Al2O3 ?Ni ?1/2O2

? NiAl2O4 and 4NiO ? 2Ta2O5 ? O2 ? 4NiTaO4. The

second one is by oxide–oxide reaction to form spinels

according to Cr2O3 ? NiO ? NiCr2O4 and Al2O3 ?

NiO ? NiAl2O4 [29].

3.3 Cross-sectional morphology

The cross-sectional backscattered electron (BSE) image of

the superalloy after 200-h oxidation at 950 �C is shown in

Fig. 4, and the oxide scale has a distinct, continuous, and

dense layer structure. Figure 5 shows elemental distribu-

tions. Ni, Co, and O are mainly concentrated in the outer

layer; Cr, Ni, Ta, and W are concentrated in the interme-

diate layer; and Al and O significantly are enriched in the

inner layer. According to the results of XRD, it can be

proposed that the outer, intermediate, and inner layers

consist of NiO layer, complex spinels such as CrTaO4,

NiCr2O4, CoCrAl2O4, CoAl2O4, NiAl2O4, and Al2O3 layer,

respectively.

The cross-sectional oxidation scale is relatively uniform,

and only some minor voids appear in the subsurface. This

is due to the different volume expansion produced by the

formation of Al2O3 and Cr2O3, which makes the oxide

scale and the substrate in a high stress state and results in

Fig. 2 SEM images of scale morphologies of superalloy oxidized for a, d 1 h, b, e 100 h and c, f 200 h at 950 �C

Fig. 3 Oxide phases detected by XRD after oxidation at 950 �C for

different time

Fig. 4 Cross-sectional BSE image of superalloy after oxidation at

950 �C for 200 h
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the oxides crack or even falling off, thus providing a dif-

fusion channel for O [29, 30]. Elements in the matrix

continue to diffuse toward outer driving by the different

concentrations, and the matrix will be oxidized to form

Al2O3, Cr2O3, and other oxides when they meet O.

Meanwhile, some Cr2O3 peels off due to the formation of

NiAl2O4 by the reaction of Al2O3 and NiO, leading to the

formation of an incompletely continuous and dense internal

Al2O3 scale. Oxygen in the air diffuses into the matrix

along the minor voids of the outer oxide layer, and an

internal Al2O3 scale is formed by the reaction between Al

and O, which lowers oxygen diffusion into the matrix.

Also, the formation of spinels scale decreases the oxygen

activity between the matrix and the scale, but the selective

oxidation of Al may still occur in spite of low concentra-

tion of Al in the alloy, leading to that Al is enriched in the

interface between the outer oxide layer and the substrate

and a straight and continuous intermediate Al2O3 layer is

formed. Inner Al2O3 layer suppresses the relative diffusion

between oxygen and alloy elements, slows down the alloy

oxidation speed, and also suppresses the growth of the

oxide scale and reduces the oxidation rate, which is

agreeable with the oxidation kinetic.

4 Conclusion

The oxidation mechanism in air of the new Re-free nickel-

based single-crystal superalloy was determined by both

oxidation kinetic and XRD–SEM studies. The oxidation

kinetics of the superalloy at 950 �C for 200 h obeys the

parabolic law, which is controlled by the formation of NiO

in initial oxidation stage, and then the element diffusion

depends on the growth and replacement of oxide scale with

exposure time increasing. The oxide scales consist of three

layers: the outer layer mainly consisting of NiO with a

small amount of CoO; the intermediate layer mainly con-

sisting of Cr2O3 with a small amount of spinel compounds

such as CrTaO4, NiCr2O4, CoCrAl2O4, CoAl2O4, and

NiAl2O4; and the inner layer consisting of Al2O3. Inner

Al2O3 layer suppresses the diffusion of elements between

oxygen and alloy elements, slows down the alloy oxidation

speed, and also suppresses the growth of the oxide scale

and reduces the oxidation rate.
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