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Oxidation behavior of single crystal TMS-82+ superalloy in air
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Abstract: The oxidation behavior of the single crystal Ni-based superalloy TMS-82+ was studied under cyclic condition at 900 and
1000 C for 200 h in air. The oxidation kinetics for the superalloy at both exposure temperatures was explained by the subparabolic
relationship. The results show that increasing the exposure temperature from 900 to 1 000 C, the amounts of a-Al,O;, (Ni,
Co)Al,04 and NiCr,0, increase, resulting in a higher mass gain. The oxides consist of (Ni, Co)O, CrTaO,4, AlTaO,, Cr,03, 6-, .
a-Al,05 and (Ni, Co)AL,O, in the specimen at 900 ‘C, but NiCr,O, spinel forms for the specimen exposed at 1 000 ‘C except the
above mentioned oxides. A continuous a-Al,O; layer is responsible for a slow growth rate of the scale after an initial rapid oxidation

of NiO.
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1 Introduction

Single crystal (SC) Ni-based superalloys for gas
turbine have been developed to improve the thermal
efficiency in industrial and jet engines due to their
superior strength and better oxidation resistance. Several
SC Ni-based superalloys have been developed by the
modification of chemical composition. Elements such as
Al, Ti and Ta are known to form a y'-precipitate in a y-Ni
matrix, while Mo, W and Ta are added to improve the
mechanical properties by solid-solution hardening[1—4].
The alloy contains refractory elements such as Mo, W, Ta,
Cr and Co to prevent local hot corrosion, and
Re-addition improves the oxidation resistance[5—6]. The
oxidation behavior of the SC Ni-based superalloys has
been studied by some researchers[7—11]. LI et al[7-8]
have reported that the oxidation resistance of a SC
Ni-based superalloy exposed at 900—1 150 ‘C is higher
than that at 800 ‘C because of the formation of a
protective a-Al,O; layer. LIU et al[11] have studied the
oxidation of the SC Ni-base superalloy DD32 with

Re-addition at 900 and 1 000 ‘C. They have reported
that two oxidation steps appear in the oxidation kinetics
and the first one is controlled by NiO growth and the
second by a-Al,O; growth in the scale. However, most
results are conflicting, especially on the oxidation
kinetics. It is important to study the high-temperature
oxidation resistance of SC superalloys because of their
actual working environments. In a previous paper, WU
and NARITA[12] have studied the effect of water vapor
on the oxidation behavior of the SC Ni-based superalloy
TMS-82+ at 900 “C. The purpose of the present work is,
therefore, to study the cyclic oxidation resistance of the
SC Ni-based superalloy TMS-82+ at 900 and 1 000 C
in air, focusing on the microstructural development of
the oxide scale.

2 Experimental

The chemical composition of the SC TMS-82+
superalloy was Al: 12.24, Co: 8.12, Cr: 5.42, Hf: 0.05,
Mo: 1.14, Re: 0.82, Ta: 2.20, W: 2.90, Y: 004, Zr: 0.01,
Ni: Bal(mole fraction, %). The specimens were prepared
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by cutting into d 12 mmX1 mm plates from the rods,
and the surface of the specimens was ground by SiC
papers up to No. 1200 mesh finish followed by ultrasonic
cleaning with acetone. Cyclic oxidation tests were
carried out in air at 900 and 1 000 ‘C for 200 h. The
specimens were suspended with a platinum wire in Al,O5
crucibles, and put into the furnace to expose and then
regularly removed from the furnace at intervals of 0—10
h, followed by air cooling to room temperature. The
mass change of specimens including exfoliated oxides
was measured using a balance with 0.01 mg accuracy.

Phase identification of the oxides was performed by
X-ray diffraction (XRD). Surface morphology was
observed using a JEOL field-emission gun scanning
electron microscope (SEM, JSM-6500). The -cross-
sectional morphology and the elemental concentration
profiles of the oxides were investigated quantitatively by
electron probe microanalysis (EPMA, JEOL JXA-8900M
WD/ED) at 15 kV and 3.0 X 10 * A.

3 Results and discussion

The cyclic oxidation tests demonstrate that the
oxidation rate is accelerated by increasing exposure
temperature from 900 to 1 000 C. Fig.1(a) shows the
mass gains per unit surface area for the SC Ni-based
superalloy after cyclic oxidation in air at 900 and 1 000
‘C for 200 h. The overall mass gain for the superalloy
exposed at 1 000 ‘C is about 7.5 g/m% which is a little
higher than that at 900 ‘C (6.9 g/m?. In an initial
exposure period, the oxidation rate is very fast. The mass
gains of the superalloy exposed at 900 and 1 000 C
under 0 cycle are 2.8 and 3.4 g/m’, respectively. After the
initial kinetics period, the rate of mass gain gradually
decrease with extended exposure times. As reported in
previous studies[7, 12—13], the kinetics can be described
by a subparabolic relationship. The logarithm plots of
mass gain per unit area (Ig Am) as a function of exposure
time (Ig ) for oxidation at 900 and 1 000 ‘C in air are
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shown in Fig.1(b). The slope of a lgAm—Igt plot gives the
n value, which provides an indication of the oxidation
mechanism. The n values of about 0.154 and 0.097 were
obtained for the superalloy exposed at 900 and 1 000 C
above 1 h, respectively, indicating a subparabolic time
dependence of growth rate. The result of present study is
not in agreement with the that of LIU et al[l1l], the
reason is probably due to higher Al content (6.0% mass
fraction) in the latter.

The constituents of oxides depend on the exposure
temperature. XRD patterns of the oxides formed in the
SC Ni-based superalloy at 900 and 1 000 °C after 200 h
cyclic exposure are shown in Figs.2(a) and (b),
respectively. At both exposure temperatures, complex
oxide products including predominately NiO, some
CrTa0,, AlTaQ,, Cr,03, a-Al,0O;3 and a minor of 6-Al,03
are detected. However, the amounts of a-Al,O3 and (Ni,
Co)Al,O4 spinel increase distinctly in the specimen
exposed at 1 000 ‘C, especially a new peak of NiCr,O,
spinel is observed, indicating an accelerated formation of
NiCr,04 and (Ni, Co)Al,O4 spinels as well as a-Al,O5 at
1 000 °C. Increasing exposure temperature, the inward
diffusion rate of oxygen and outward diffusion rate of
alloy elements are improved, the growth of all oxides is
thus enhanced. Although NiO and Cr,0j; also form at 900
‘C, the amount of these oxides is too small to form
NiCr,0, spinel. In the case of specimen at 1 000 ‘C, the
amounts of NiO and Cr,O; are enough to form NiCr,0,
spinel. From the values of AGY of reaction of NiO and
Cr,0; calculated by RUDNYI[14] and MULLER and
KLEPPA[15], the values of AGS at 900 and 1 000 C
are about —5.2 and —32 kJ/mol, respectively. The lower
value of AGS at 1 000 ‘C indicates the reaction of
NiO and Cr,0;is easier to form NiCr,0,. Therefore, a
subscale just below the outermost (Ni, Co)O layer of
predominatel NiCr,O,4 and (Ni, Co)Al,O, spinels forms,
while CrTaO,4 and AlTaO,4 and other oxides form mainly
further in the inner layer. Similar study was reported in
the Ni-Cr-Al alloy[16], various alloy constituents were
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Fig.1 Oxidation kinetics of SC TMS-82+ superalloy at 900 and 1 000 ‘C for 200 h under cyclic oxidation in air: (a) Mass gain vs
exposure time; (b) Logarithm of mass gain per unit area vs logarithm of exposure time
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Fig.2 X-ray diffraction patterns of oxide scales formed at 900 (a) and 1 000 C (b) after 200 h exposure for SC TMS-82+ superalloy

in air

oxidized to form the (Ni, Co)O and (Ni, Cr)ALO,
together with Cr,O; and Al,Os.

With increasing exposure temperature, the growth
rate of NiO is enhanced. Fig.3 shows SEM micrographs
of the surface morphology of the oxide scales of the SC
Ni-based superalloy at 900 and 1 000 C after 200 h
cyclic exposure. For the both cases, entire surfaces of the
specimens are covered by coarse-grained oxides. The
results of EDS analysis show that these blocky-type
oxides consist mainly of oxygen and Ni with some
amount of Co, which is a typical NiO blocky
morphology. The grain size of the oxides at 1 000 C is
about 2 times than that at 900 C (2—6 pum in diameter).
Some pores are observed in the specimen at 1 000 C
(see Fig.3(b)).

The oxides formed in air show a complex structure.
Fig.4(a) shows a SEM micrograph of the cross-sectional
morphology of the SC Ni-based superalloy after 200 h
cyclic oxidation at 900 ‘C in air. The corresponding
concentration profiles of the elements by EPMA are
shown in Fig.4 (b). The thickness of oxide scale is 5—9
um. Main elements of Ni, O and Al together with other
elements such as Cr, Ta, Co, Mo, Re and W are also
detected in the scale. Particularly a wide Al depletion
zone, approximately 10 um thickness, close to the
substrate is observed, indicating a great deal of Al
depletion on the substrate. A total of three layers with
different chemical compositions are identified for the
oxide scale. Starting from the substrate, the oxide scales
consist of Al-rich layer, mixed layer and Ni-rich layer.
The existence of the outermost layer of NiO is common
to the Ni-based alloys. The intermediate layer contains
main elements of Ni, Al and O with trace elements of Cr,
Ta, Co, Mo, Re and W. Together with the result of XRD,
the mixture oxides consist mainly of CrTaO,, AlTaO,,
Cr,0;, spinels and ALOs;. The innermost layer is
a-Al,O5-rich layer.

Fig.3 SEM micrographs of surface morphologies of oxide
scales formed at 900 ‘C (a) and 1 000 C (b) after 200 h
exposure for SC TMS-82+ superalloy in air

The structure of the scale in the specimen exposed
at 1 000 C is similar to that at 900 C although
NiCr,O, spinel in the intermediate layer and a
considerable amount of a-Al,O; in the innermost layer
forms in former. Fig.5(a) shows a SEM micrograph of
the cross-sectional morphology of the SC Ni-based
superalloy cyclically oxidized at 1 000 ‘C for 200 h.
The corresponding concentration profiles of the elements
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Fig.4 SEM micrograph of cross-sectional morphology (a) and
concentration profiles of elements (b) for SC TMS-82+
superalloy after 200 h cyclic oxidation at 900 ‘C in air

by EPMA are shown in Fig.5(b). The thickness of the
oxide scale is not much thicker than that at 900 ‘C due
to the overall low growth rate of the scale, which is in
accordance with the results of the mass gain. Main
elements of Ni, O and Al together with other elements
such as Cr, Ta, Co, Mo, Re and W are detected in the
scale. Co content of about mole fraction of 6% is
detected in NiO layer, indicating a small amount of CoO
in solution coexisting with NiO. The Al-depletion zone,
approximately 5 um thickness, is also observed. A strong
peak in the Al-content next to the substrate of the scale
layer indicates the formation of a continuous a-Al,Os
layer in the scale. Therefore, the outermost layer of the
scale is NiO, the intermediate layer consists of CrTaO,,
AlTaOy, Cr,03, Al,Os, (N1,Co)AL,O4 and NiCr,O4 spinels,
and the innermost layer is a-Al,Os-rich layer, which is
responsible for slow oxidation of the SC superalloy
exposed at 1 000 C.

The oxidation kinetics of the superalloy shows a
rapid oxidation during the initial exposure stage. (Ni,
Co)O formed on the surface of the specimen due to fast
diffusion of Ni indicates that the oxidation kinetics of the
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Fig.5 SEM micrograph of cross-sectional morphology (a) and
concentration profiles of elements (b) for SC TMS-82+
superalloy after 200 h cyclic oxidation at 1 000 C in air

superalloy at the initial period is controlled by the NiO
growth. With thickening of the oxide scale, the inward
flux of oxygen is reduced further, which is beneficial to
the preferential oxidation of Al, leading to a layer of
a-Al,O; formed next to the substrate. This protective
oxide of a-Al,O; provides a diffusion barrier to the
reactive species and, therefore, the overall growth rate is
stable. As shown in Fig.l, a low oxidation rate is
obtained.

4 Conclusions

1) Regardless of the exposure temperature, time-
dependence of the growth rate of the scale for the SC
Ni-based superalloy TMS-82+ is fitted by the
subparabolic relationship. Increasing the exposure
temperature from 900 to 1 000 C, the amounts of
a-ALLO;, (Ni,Co)ALL,O, and NiCr,O, spinels increase,
resulting in a higher mass gain.

2) The constituents of the oxides depend on the
exposure temperature. The outermost (Ni,Co)O layer is
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common. The intermediate mixed layer consists of
CrTaO4, AlTaO4, Cr203, 0—, OL-A1203 and (NI,CO)A1204 in
the specimen oxidized at 900 C, but NiCr,O4 spinel
forms in the specimen exposed at 1 000 ‘C except the
above oxides. A continuous a-Al,O; layer next to the
substrate is responsible for a slow growth rate of the
scale after an initial rapid oxidation of NiO.
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