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The isothermal oxidation behavior of a second generatichabk single crystal superalloy was
investigated i n0O0aAQ.mialstrettred 6f fhéxidemodpholbdy anthe cross

section area of the specimeafter oxidation were analyzed by XRD and SEM/EDX. Indeed, the
presentresults indicated that the ¥ase single crystal superalloy denoted the parabolic oxidation
ki netics, which are pri mar i | yAl,@; tayet in cdndlusiah, they t
scales formed on the surface of superall oy bc
classified into three different layers in general: an olatggr of NiO with a small amount of CoO, an
intermediate layer which predominantly composed of spinels (Ni,GO)Al NiCr,O4, and
accompanied with some other oxides such as CTANIO; as well as WOsg, and an inner
continuous layer otFAl,Os. Nevertleless, the poor Al zone was appeared between the oxide scales
and the substrate after oxidation 200 h and 50

Keywords: single crystal Nibased superalloy, oxidation behavior, microstructure, surface
morphology

1. INTRODUCTI ON

Ni-based single crystal superalloys have been widely used as turbine blade materials for
advanced aircraft engines. The materials with their superior performance both in mechanical strength
and oxidation resistance are required to be applied for higpetature applications {3]. Recently,
the surface operating temperatures of-tgasr bi ne bl ades coul d reach
However, high operating temperature motivates the degradation of superalloys during service with
respect to oxidationr corrosion behavior [4,5]. At high temperature, the oxidation resistance behavior
of the materials becomes one of the majorllifating factors.
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Poor oxidation resistance will constitute severe degradation to the service life of superalloy and
proposegreat threat to the service reliability of an engine [6,7]. Nowadays, several alloying elements
was added through the solid solution hardeni ng
in a 9 nickel matri x i n raoperiieg of supevalloysni® 9]. deealloy h e
contains refractory elements such as W, Ta, Cr and Co to prevent local hot corrosion, and Re additior
can improve the oxidation [10]. In some cases, carbon is also used to improve the grain boundary
properties [11 while Al and Cr are added to optimize the oxidation resistance. It is necessary to
identify the intrinsic behavior of the substrate in oxidizing atmosphere. Therefore, investigation on
oxidation behavior of single crystal superalloys becomes importantheé present study, the
isothermal oxidation behaviorof diased single crystal superall oy
investigated.

2. EXPERIMENTAL DETAILS

A second generation of Miase single crystal superalloy was used as a substrate mattrial
study. The nominal chemical composition of superalloy is 5.74 Al, 0.73 Ti, 6 Cr, 9.3 Co, 1.4 Hf, 3.4
Ta, 2.9 Re,8.3 W, 0.005 Zr, 0.016 B, 0.019 Fe, 0.07 C and balance Ni in mass%. For this intention, a
cylindrical rod of superalloy was directidnd y s ol i d idijeetidn. Tihen hedt Oeatingnt of
cylindrical rod was carried out according to f
871 AC for 20 h, both treatments foll owerdby ¢
along the (001) orientation with the dimension of 10 mm in length, 5 mm in width and 3.5 mm in
thickness by electro discharge machine (EDM).

Prior to isothermal oxidation testing, the specimens were mechanically polished down-to 1200
grit SiC paperdegreased in acetone, ultrasonically cleaned in alcohol and dried in air. Isothermal
oxidation Kkinetic tests were conducted at 10 (
oxidation kinetics was experimentally measured as a function of weight gaiimstoxidation time.

During oxidation, the mass gain of the specimens was quantified discontinuously. The sensitivity of
the electron balance (Shimadzu) used in this study was 0.1 mg.

The phase constitutions of oxidation layers after oxidation on ttiacsuof superalloy were
determined by ¥ ay di ffraction (Rigaku) using Cu KU
superalloy was observed by optical microscope (Olympus). Then, the surface morphology and cross
section of superalloy after oxidation weeanalyzed by a HITACHI scanning electron microscope
equipped with energglispersive Xray analysis (EDX).

3. RESULTS AND DISCUSSION

3.1. Oxidation kinetics

The isother mal oxidation kinetics of super.
Fig. 1 The results exhibited that the superall oy
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1100AC. It was apparent from the mass gain of
initial oxidation period of 25 h where the mass gain was hapitreased due to the free surface of
superalloy. This stage is named as formation period of the oxide film. With increasing oxidation time,
the mass gain of the specimens was gradually increased and the growth of oxidation film started during
this perial.
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Figure 1. Oxidation kineticscurveof dbase single crystal superallo
1100AC.

The previous work [12] reported where the increase of the mass gain and the thickness of oxide
layer follow a square power law for diffusi@ontrolled oxidation behavior. Thus, the parabolic rate
constantK, of superalloy can be assessed by a linear-kepsires algorithm from the following
equation [13]:

( &mf ).t 1)

w h e rmds thee mass change (md)js the specimen surface area ffris oxidation time (s)
andK, is the parabolic rate constant which can be directly estimated by plotting the square of the mass
gain (md/cm’®) over exposure time. The square of mass gain obtained had a nearly linear line as shown

in Fig. 2. The results indicated that t he ox]
parabolic oxidation law. Furthermore, the parabolic oxidation ratestants Kp) and thus the
oxidatonr at es of the superalloy in ai’nvstareé63x®t er n

mgfem?*s’at 1000 AC ®egfan?s3a ts5 1x1 0L0A C.
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Figure 2. Square of the mass gain per unit area vs oxidation time fbadé single crystal superaflo
after oxidation at 1000AC and 1100AC.

As previouslyreported, the oxidation kinetics of #dase single crystal superalloys obeys the
parabolic | aw between the temperatures of 800
kinetics of Nibase sigle crystal superalloy in this paper nearly follows the parabolic law [14,15]. It is
clear that the oxidation temperatures affected the oxidation rates of the superalloy as shown in Fig. 2
where theparabolic oxidation rate constanks,Y v al ue i &t high®ACt han that

3.2. Initial Microstructure

Fig. 3 shows the optical and SEM micrographs of superalloy. Aade single crystal
superalloy composed of /8 0 % v ol ume fraction of the oNj phas
distinguisted in which termed as dendritic and interdendritic as shown in Fig. 3a. Dendritic areas
consisted of ONj precipitates that are uniforn
areas generally contained o Nderadntid and interdeedritiov@s a
indicated by the white arrow in Fig. 3a) whi cl
[11]. The enlarged eutectic region (as indincated by white arrow in Fig. 3a) is shown in Fig. 3b. In
addition, thecbhoi d al ONj precipitates aligned along <0
i nteraction between precipitates and its conf
precipitates was varied between 0.5 to Eifb
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Figure 3. Optical and SEM micrographs of Niase single crystal superalloy: (a) dendrite structure, (b)
eutectic region and (c) o9Nj cuboi dal precipi

3.3. Xray diffraction

Fig. 4 and 5 present the XRD results of the surface diase single crystal samlloy after
oxidation at 1000AC and 1100AC, respectively.
formed on the surface of superalloy were maibhpl,O; accompanied with (Ni,Co)O and some
spinels NiCsO4, (Ni,C0)AlO,4, NiTiO3 and CrTaQ with a small amount of a complex oxide,¥Wsg
and HfGQ pr eci pi t at es. Whereas after 500 h oxidat:i
similar to that for 200 h, -Bl0t (NtCo)A,Oa eincredsedo f
as indicated ¥ the enhancement of peak intensity in XRD pattern as shown in Fig. 4. Meanwhile, after
oxidation at 1100AC, in comparison wihOsantie 0>
spinels such agNi,Co)Al,O,4, NiCr,0O, and CrTaQ, escalated with ineasing the temperature and
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oxidation time. Otherwise, the amount of (Ni,Co)O decreased with increasing the temperature due to
the cont i nuo uAs,Osto@radudeithe spinaelv(NifCh)ADLas shown in Fig. 5.
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Figure 5. XRD patternsof Nbase single crystal superall oy af:t
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3.4.Surface morphology of oxides

3um 3um

Figure 6. Surface morphologies of Miases i ngl e crystal superalloy af
and (b) at 1100AC.

Figure 7. Surface morphologiesofMiase singl e crystal superalloy
and (b) at 1100AC.

Surface morphology of oxide products formedtba surface of superalloy after oxidation at
1000AC and 1100 AGC9.iAker axithatiow for 25 h, th& dxide pro6ucts formed has
very fine particle size with a high oxidation rate at both temperatures. The oxides were fully covered
the surfae of the specimens as seen in Fig. 6. After 50 h oxidation, the oxide particles were being
coarsened at both temperatures as seen in Fig. 7. It can be readily recognized from the increase
oxide particles grain size with increasing the oxidation timergvtiee grain size of oxide particles was
about 200 nm to 400 nm at 100 0dxiGaticm fod20BhEMEONID m t
particles were apparent and randomly distributed on the surface of superalloy at both temperatures a
seen in Fig. 8However, the NiO particles grew become larger than previous condition and spread over
the surface of superall oy aft dig. 9.9Veverthdlessaitcanlbd 0 O /
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obvioudy seenthat NiO has a porous structure and blocky morpildhe grain size of NiO after
500h oxidation was varied between®4n t o 4.5 e&m at 1000AC and 0.5

Figure 8. Surface morphologies of Miase mgle crystal superalloy afterOR h oxidation: (a) at
1000AC and (b) at 1100AC.

Figure 9. Surface morphologies of Miase single crystal superallojtex 500 h oxidation: (a) at
1000AC and (b) at 1100AC.

3.5. Crosssection microstructures after oxidation

The SEM micrographs of crosgction baciscattered electron image (BEI) with the
corresponding energy dispersiveray (EDX) of the scale formed dhe CM186LC superalloy after
200 h and 500 h oxidation at 10IB0rds@ctieely.drhelBEIO 0 A
image was used in this investigation in order to augment the atomic number contrast in the oxidation
products. The oxide scaleor med at 1000AC and 1100AC was com
can be divided into several layers. In addition, the detailed EDX results of the specimens after 200 h
and 500 h oxidation at 1000AC and fiveWOAC was s
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Figure 10. Crosssectional SEM image of Nvase single crystal superalloy: (a) after 200 h oxidation
at 1000 AC5f) reprasent theacsrrespdnding EDX profile analysis derived from points
1-5 for micrograph shown in (a).

Generally, thewi de scale formed on the surface at
layer was made of NiO layer with a small amount of CoO (point 1), an intermediate layer which can be
classified into two | ayers ( poi nAl®;cdtinaonsdayes ) |,
which appeared as dark areas at the bottom of oxide scale combined with a small amount of HfO
precipitate (point 4) as showninFig. 1@ 3. After 200 h oxidation at
scale formed was about 4 to &8B1. The first intermediate layer mainly composed of (Ni,Celh/
CrTaQ, NiCr,O4 with some small amounts of NiTiGand WsOsg, whereas the second intermediate
layer predominantly consisted of (Ni,Co)8k, NiCr,O4 with a small amount of CrTaas shown in
Fig. 10. After 500 h oxidation at 1000AC, the
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oxidation time to be about52m t o 10. 8 & m. Mor eover, the firs
of (Ni,Co)Al,O4, CrTaQ, NiCr,O4 with some small amounts of NiT#gand W0Oss, Whereas the
second intermediate layer predominantly consisted of (Ni,GOAVith a small amount of NiGO,as

shown in Fig. 11.
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Figure 11. Crosssectional SEM image of Nbase single crystal superalloy: (a) after 500 h oxidation
at 1000 AC5f)reprasent teeacsrrespdnding EDX profile analysis derived from points

1-5 for micrograph shown in (a).

At 1100AC for a duration of 200 h oxidati on

~

5.6 Om to 8.4 Om. The first int e0Om&hQaiCeO,l aye
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with a small amount of NiTi@and W,,Oss, Whereas the secondténmediate layer predominantly
consisted of (Ni,Co)AlO,, NiCr,O4 with some small amounts of CrTa@nd WxOsg as shown in Fig.

12. Additionally, the complex oxide scale forn
and 14.7 Ommedhatei tstyerntaér 1100AC after 500
at 1100AC for a duration of 200 h ,0NiCdQa and on
NiTiO3, a complex oxide CrTaPQand WOsg after 500 h was somewhat higher than a#é0 h
oxidation. Whereas the second intermediate layer predominantly consisted of (NiGLoMICr,O,

with a small amount of CrTaand NiTiO; as shown in Fig. 13. In addition, the poor Al zone was
found between the oxide scales and the substrate & A@® and 1100AC

after
oxidation as shown in Fig. 1013 (point 5).
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Figure 12. Crosssectional SEM image of Niase single crystal superalloy: (a) after 200 h oxidation

at 1100 AC;f reprasent teeacsrrespdnding EDX profileabysis derived from points
1-5 for micrograph shown in (a).
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Figure 13.Crosssectional SEM image of Nvase single crystal superalloy: (a) after 500 h oxidation
at 1100 AC;f)reprasent theacarrespdnding EDX profile analysis derived frontgoin
1-5 for micrograph shown in (a).

3.6. Formation of oxide scales

Throughout the initial stage of oxi dati on
dendritic area, the results obtained in this study are the same as reported by Giggins ané]Pettit [1
The oxide was grown to form a film consisting of NiO with a small amount of CoO, which thickened
by the solidstate diffusion due to a continuous reaction occurred during exposure. The simple oxides
such as NiO, CoO, AD; and others are also formedrohg the initial oxidation stage but the transient
oxidation period was quitshort because of the rapid buildp o f t -AlgOs. Thisrisedue tolAl
has a very high oxygen affinity compared to other elements as described in Rich@ldsgion



