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Abstract Oxidation behavior of a Re-based diffusion barrier/Ni–Al coated single-

crystal (SC) Ni-based TMS-82? superalloy was studied to compare with those of

the base and Ni–Al coated superalloys under cyclic air at 1150 �C for 200 h. The

base superalloy showed a negative mass gain due to extensive oxide spallation, and

the Ni–Al coated superalloy without the diffusion barrier started to spall slightly

after about 90 h. The oxidation resistance of the Ni–Al coated superalloy with the

Re-based diffusion barrier was greatly improved due to the formation of a dense

a-Al2O3 layer in the scale. The Re-based alloy was an effective diffusion barrier

layer against inward diffusion of Al and outward diffusion of alloying elements in

the alloy substrate due to the reduced thickness of interdiffusion zone with small

amount of detrimental precipitates and higher content of Al in the Ni–Al coating

that supplied enough Al for formation of the a-Al2O3 layer.
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Introduction

Ni-based superalloys have been used for blades and vanes along with the thermal

barrier coatings (TBCs) in industrial gas turbine engines and aero-engines because

of their high creep strength and good temperature corrosion resistance [1]. The

TBCs are typically two-layered, metallic bond-coat layer consists of Al-pack

cementation, b-Ni(Pt)Al and MCrAlY (M = Co, Ni or NiCo) for preventing the

internal oxidation of substrate, and Y2O3 stabilized ZrO2 is used as a ceramic top-

coat material for insulating heat conduction [2]. The TBCs and its degradation

modes are usually divided into two groups. One is exfoliation of the ceramic top-

coat due to thermally grown oxide (TGO) and thermal stress, and the other is

changes in the microstructure of the alloy substrate due to mutual diffusion with the

bond-coat, resulting in precipitation of topologically close-packed (TCP) phases [3].

The life span of the TBCs is controlled by maintaining a reservoir of Al that forms a

protective a-Al2O3 scale on the surface. Loss of Al from the coatings occurs by

exfoliation of the a-Al2O3 scale due to thermal cycling and also by interdiffusion

between the coating and substrate. Moreover, the inward diffusion of Al to the alloy

substrate and outward diffusion of the alloying elements in the substrate could lead

to decreases in the mechanical properties of the alloy substrate [3]. Due to

acceleration of interdiffusion between the alloy substrate and the bond-coat, the

precipitation of detrimental phases from the substrate occurs, and the rapid growth

of a thermally grown oxide on the bond-coat results in enhancement of the top-coat

spallation [4].

Some studies on the oxidation behavior of both base and coated SC Ni-based

superalloys have been investigated by several researchers [5–31]. In previous papers

by some present authors [5, 6], a new Re-modified Ni-aluminide coating has been

adopted, in which a Re–Cr–Ni (r-phase) layer acts as a diffusion barrier to suppress

the outer-diffusion of Ni from the substrate. The oxidation behavior of the coated

TMS-82? superalloy exposed at 900 �C was studied by focusing on the

microstructural evolution of the diffusion barrier and its effect on the oxidation

resistance. Considering its actual application environment, the exposure temperature

of the Ni-based superalloy in the present study is increased to 1150 �C, and the

oxidation behavior of a SC Ni-based TMS-82? superalloy under cyclic air

environment is studied by analyzing the mass change and microstructural evolution

of the oxide scale as well as the role of the Re-based phase in the bond-coat between

the Ni–Al coating and alloy substrate.

Experimental Procedures

The experimental alloy used in the present study was prepared from the second-

generation SC TMS-82? superalloy (Al:12.24, Co:8.12, Cr:5.42, Hf:0.05, Mo:1.14,
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Re:0.82, Ta:2.20, W:2.90, Y:004, Zr:0.01, Ni:bal.) (at.%), which developed by

NIMS (National Institute for Materials Science) and Toshiba collaboration, Japan.

TMS-82? superalloy provides creep strength 300 �C higher than CMSX-4 in

temperature capability at a stress level of approximately 137.2 MPa. TMS-82?

superalloy has very good high temperature corrosion resistance and is suitable for

turbine blades and vanes in industrial gas turbines and aero-engines [32]. Priors to

the coating, the specimens were cut into /12 9 1 mm plates from the alloy bars,

and the surface was ground to a mirror-like surface by SiC papers up to No. 1200

mesh finish followed by ultrasonic cleaning with acetone in an ultrasonic bath. The

coating was obtained by the following processes. One route was to obtain the coated

superalloy without the diffusion barrier. A Ni film of about 15 lm thickness was

electroplated on the specimen surface in a Watt’s solution at a bath temperature of

50 �C for 75 min with a current density of 20 mA/cm2 before Ni strike for 30 s with

a current density of 500 mA/cm2. The coating was obtained on the specimens by

electroplating of Ni followed by Al-pack cementation. The high Al activity pack

cementation was carried out in a vacuum of 10-3 Pa at 800 �C for 20 min by

burying the Ni-plated specimens into a mixture of Al metal powder (15 wt%),

NH4Cl (5 wt%) as an activator, and Al2O3 powder as an anti-sintering agent. The

compositions of the coating were determined to be (71–98) at.% Ni and

*40at.%Ni–60at.%Al from the substrate, namely, the coating consisted of an

internal Ni-rich layer and an external Ni2Al3 layer [6].

Another route was to obtain the coated superalloy with the Re–Cr–Ni diffusion

barrier. The specimen was firstly electroplated in a Re–Ni solution at a bath

temperature of 50 �C for 15 min with a current density of 20 mA/cm2, and then

Ni-electroplating was performed in a Watt’s solution at a bath temperature of 50 �C

for 75 min with a current density of 20 mA/cm2. The Cr-pack diffusion was carried

out in a vacuum of 10-6 Pa at 1280 �C for 10 h by embedding the Ni-plated

specimens into an Al2O3 container with a mixture of Cr vapor source of Ni–30Cr

powder as an activator and Ni2Al3 powder as an anti-sintering agent. After cleaning

Re–Cr–Ni coated specimen slightly Ni electroplating and Al-pack cementation was

performed. The constituents of the coating were in the order of Re–Cr–Ni diffusion

barrier layer, Ni–Cr–Al layer and Ni2Al3 layer from the substrate. The correspond-

ing compositions of above layer were *41at.%Re–21at.%Cr–17at.%Ni, 75at.%Ni–

11at.%Cr–9at.%Al, and 42at.%Ni–58at.%Al, respectively [6]. The details of the

forming process of the Re–Cr–Ni phase are described elsewhere [3, 5–7]. Apart

from the Ni–Al coated specimens, the uncoated base superalloy was used to

compare the oxidation behavior.

Oxidation tests were carried out in air at 1150 �C for 200 h under a thermal

cycling condition. The specimens were suspended with a platinum wire in Al2O3

crucibles, and were put into the furnace to expose in air. The specimens were

regularly removed from the furnace at intervals of 0–30 h followed by air cooling to

room temperature. The mass change of specimens was measured using a

balance (HR-202) with 0.01 mg accuracy at room temperature. Phase identification

of the oxide scales was performed by X-ray diffraction (XRD, D/Max 2500PC

Rigaku) using Cu (Ka) as a target. Surface and cross-sectional morphologies were

observed using a JEOL scanning electron microscope (SEM, JSM-6500) with
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energy-dispersive X-ray spectrometry (EDS). The elemental concentration profiles

in the cross-sectional layer of the oxides were measured quantitatively by electron

probe microanalysis (EPMA, JEOL JXA-81150M WD/ED) at 15 kV and

3.0 9 10-8 A.

Results and Discussion

The oxidation resistance of the SC Ni-based superalloy was greatly improved by the

Ni–Al coating with the Re-based diffusion barrier. Figure 1 shows the mass changes

per unit surface area for the base superalloy, Ni–Al coated and Re-based plus Ni–Al

coated superalloy after cyclic oxidation at 1150 �C for 200 h in air. The mass gain

for the Ni–Al coating with the Re-based diffusion barrier showed a gradual increase

with the exposure time, but the base superalloy showed a negative mass gain due to

extensive oxide spallation after 40 min, and the Ni–Al coated superalloy without the

diffusion barrier started to spall slightly after about 90 h. Since this spallation was

less dramatic, it was not very visible in the gravimetry data before 170 h. After

200 h exposure in air, the mass gains for the specimens with/without the diffusion

barrier were 48.5 and 23.6 g/m2, respectively, but, it was -50.4 g/m2 for the base

superalloy. The highest oxidation rate for the base superalloy was obtained at an

initial exposure period (0 cycle, namely, the samples were only heated up and

cooled down), for example, the mass gains for the base, the coated specimen with/

without the diffusion barrier were 5.3, 1.5 and 1.5 g/m2, respectively. The values for

the parabolic rate constant, Kp, of about 95.6, 14.1 and 11.1 g2/m4 h were obtained

for the base superalloy and the coated SC Ni-based superalloy with/without the

diffusion barrier exposed at an initial period, respectively, which indicates a rapid

growth rate of the oxides for the base superalloy than the coated ones. It is believed

that the oxidation kinetics of the base superalloy at an initial period was controlled

by the NiO growth due to fast diffusion of Ni.

The complex oxide produces on the base superalloy after 200 h were determined.

Figure 2 shows the XRD spectra of the oxide scales formed on the base and Ni–Al

coated superalloy without/with the Re-based diffusion barrier at 1150 �C after

200 h cyclic exposure in air. On the base superalloy in Fig. 2a, the peaks of NiO

showed the strongest intensity. Complex oxide products including predominately

NiO, some CrTaO4, a-Al2O3, Cr2O3, a minor of spinels of (Ni, Co)Al2O4, NiCr2O4,

AlTaO4, h-Al2O3 and W20O58 were detected. On the contrary, for the Ni–Al coated

specimens in Fig. 2b, c, the oxide products were simple, the a-Al2O3, a minor of

NiAl2O4 and NiO were detected. Peaks of NiAl were detected in both Ni–Al coated

superalloy, particularly in the Ni–Al coating with the Re-based diffusion barrier, see

Fig. 2c, showing a thinner oxide scale. It seems that the ratios of peaks height of

Al2O3/NiO and Al2O3/NiAl2O4 on the Ni–Al coating with the Re-based diffusion

barrier are almost identical to the Ni–Al coated one without the Re-based diffusion

barrier, indicating a large amount of a-Al2O3 in both coatings. Thus, the formation

of non-protective scale mainly induced the poor oxidation resistance of the base

superalloy. It is expected that the oxidation resistance of the Ni–Al coated
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superalloy with/without the diffusion barrier is improved by the formation of a

dense a-Al2O3 scale.

The Ni–Al coating with the Re-based diffusion barrier on the SC Ni-based

superalloy supplied Al for the growth of a-Al2O3. Figure 3 shows SEM micrographs

of the surface morphology of the oxide scales of the base and Ni–Al coated SC

Ni-based superalloy without/with the diffusion barrier at 1150 �C after 200 h cyclic

exposure. As shown in Fig. 3a, the severe oxide spallation on the specimen surface

was observed due to non-protective scale. The unexfoliated oxides were typically

NiO. For the Ni–Al coating without the Re-based diffusion barrier in Fig. 3b, the

oxide spllation occurred in the some zones on the specimen surface, from

the unexfoliated areas inserted in this figure, the agglomerate-type oxides covered

the surface of the specimen were determined to be rich in oxygen and nickel with a

minor of aluminum. As for the Ni–Al coating with the Re-based diffusion barrier in

Fig. 3c, typical morphologies of blocky-type oxides were observed on the surface of

specimen, and they were determined to be a-Al2O3. An inserted micrograph at high

magnification demonstrated that almost no spallation occurred on the sample

surface in the present exposure condition.

The scale formed on the base superalloy showed a complex structure. Figure 4a

shows a SEM micrograph of the cross-sectional morphology on the base SC

Ni-based superalloy after 200 h cyclic oxidation at 1150 �C in air. The

corresponding concentration profiles of the elements by EPMA are shown in

Fig. 4b. The thickness of oxide scale was about 30 lm. Main elements Ni, O and Al

together with minor elements such as Cr, Ta, Co, Mo, Re and W were detected in

the scale. A total of three layers with different chemical compositions were

identified for the oxide scale. Starting from the substrate, the oxide scales consisted

of Al-rich layer, mixed layer and Ni-rich layer. The existence of the outer layer of
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NiO was common to the Ni-based alloys. The formation of (Ni,Co)O on the surface

of the specimen due to fast diffusion of Ni indicated that the oxidation kinetics of

the superalloy at the initial period was controlled by the NiO growth. The

intermediate layer contained main elements of Ni, Al, and O with trace elements of

Fig. 3 SEM micrographs of the
surface morphologies of the
oxide scales formed at 1150 �C
after 200 h cyclic oxidation in
(a) base alloy, (b) Ni–Al coated
(inserted a micrograph showing
unexfoliated zone) and
(c) Re–Ni–Cr and Ni–Al coated
alloy in air (inserted a
micrograph at high
magnification)
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Cr, Ta, Co, Mo, Re and W. The mixture oxides consisted mainly of CrTaO4,

AlTaO4, Cr2O3, spinels and Al2O3. According to the concentration of Cr and Al in

the Ni–Cr–Al alloy [33], the oxidation behavior in the present study was controlled

by transport through the NiO layer. The spinels of NiCr2O4 and (Ni,Co)Al2O4 were

produced by the reaction of NiO with Cr2O3 and (Ni,Co)O with Al2O3, respectively.

With thickening of the oxide scale, the inward flux of oxygen was reduced further,

which is beneficial to the preferential oxidation of Al, leading to an innermost layer

of a-Al2O3 next to the substrate.

The Ni–Al coated superalloy without the Re-based diffusion barrier formed a

non-protective oxide scale although a large amount of Al2O3 was obtained. Figure 5

shows a SEM micrograph of the unexfoliated cross-sectional morphology and its
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element measured along the A–A line for the SC TMS-82? superalloy after 200 h cyclic oxidation at
1150 �C in air
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corresponding concentration profiles of the elements by EPMA of the Ni–Al coated

SC Ni-based superalloy without the diffusion barrier after 200 h cyclic oxidation at

1150 �C in air. Four different layers from the substrate were observed: interdif-

fusion zone, c0-Ni3Al, b-NiAl coating and TGO scale. From the results of EPMA,

the chemical composition in each layer was determined. The external oxide scale

grew thicker, contained Ni, Al and O, and was also accompanied by local spallation.

The TGO scale was composed of Al2O3, NiAl2O4 and NiO layer. The thickness of

the c0-Ni3Al, b-NiAl and TGO scale layer was approximately 40, 18 and 20 lm,

respectively. A thick TGO layer is mainly responsible for the oxide spallation. A

wide interdiffusion zone (about 80lm) contained large acicular precipitates was

(b)
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Fig. 5 SEM micrograph of the unexfoliated cross-sectional morphology (a) and concentration profiles
(b) of each element measured along the B–B line in the b-NiAl coated SC TMS-82? superalloy after
200 h cyclic oxidation at 1150 �C in air
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evident, which was particularly detrimental to the mechanical properties of the alloy

substrate. These phases are potentially damaging for crack initiators because of their

brittle nature [13, 14]. According to the oxidation map of the Ni–Al alloys reported

by Pettit [34], the Ni–(3–35 wt%)–Al alloys are oxidized from 900 to 1300 �C by

three different mechanisms which depend on the temperature of oxidation and the

alloy composition. The oxide map divided the constitution of the oxide scale into

three regions: (I) NiO scale with internal oxidation of Al, (II) Al2O3 formation

initially followed by duplex NiO and NiAl2O4, with internal oxidation of Al after

longer oxidation, and (III) exclusive Al2O3 scale formation. For the present case, the

mechanism located in the region II, which a thick external scale containing NiO,

NiAl2O4 and Al2O3 develops. Hence, this non-protective scale is liable to exfoliate

during oxidation.

The superalloy coated with a Re-based alloy layer and an Al reservoir layer formed

a protective a-Al2O3 scale on the coating during oxidation although a minor NiO,

NiAl2O4 was detected. The Al reservoir layer on the Re-based alloy layer contains

42Al, 4Cr and the remainder Ni. The thickness of the interdiffusion zone significantly

decreased for the superalloy containing the Re-based diffusion barrier layer, it was

much lower than that in the Ni–Al coated superalloy without the diffusion barrier, 10

lm, see acicular precipitates in white contrast in Fig. 6b, which means the precipitate

phases was remarkably reduced. It should be emphasized that there is little change in

the structure and concentration profiles of any of the elements in the alloy substrate

after oxidation at 1150 �C for 200 h. Comparing with the TGO thickness for the Ni–

Al coated superalloy without the diffusion barrier in Fig. 6a, the TGO thickness for

the Ni–Al coated superalloy with the diffusion barrier is much thinner, it was about 2

lm. Thus, a dense and thin a-Al2O3 layer is responsible for good oxidation resistance

in the Ni–Al coated superalloy with the Re-based diffusion barrier.

As reported by some of present authors [3, 5–7], a thick Al2Ni3 layer formed on

the surface of the SC Ni-based superalloy after the Ni–Al coating. Applying the

Re–Cr–Ni plus Ni–Al coating process, a diffusion barrier layer of the r-phase Re–

Cr–Ni and a Ni2Al3 layer were obtained. During exposure at 1150 �C, the phase

transformation from Ni2Al3 to b-NiAl occurred by the following equation under

assumptions of stoichiometric compounds.

Ni2Al3 ! 2NiAlþ Al

During oxidation Al was consumed by the formation of Al2O3 and Al diffusion

toward the inner layer. The formation of a thin and dense a-Al2O3 layer resulted in

an improvement of oxidation resistance of the Ni–Al coated superalloy with the

Re-based diffusion barrier. The coated superalloy with the Re-based diffusion

barrier showed gradual mass gains and the scale consisted mainly of a-Al2O3

oxides, indicating much better oxidation resistance. For the base superalloy and the

Ni–Al coated superalloy without the diffusion barrier, however, the mass change

curve showed negative increase due to severe spallation from thick oxide scales. A

fast growth rate of the oxides was observed at the initial period for the base

superalloy, which contains coarse grains of complex oxides. Therefore, the Ni–Al

coating with the Re-based diffusion barrier process is effective in obtaining a dense

a-Al2O3 layer, which is responsible for the improvement of the oxidation resistance.
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In order to improve the oxidation resistance of materials in gas turbine engines,

the oxidation-resistant coating on the high strength, SC Ni-base superalloy

components are applied. The coatings are based on the intermetallic compound

NiAl, which is oxidation resistant because under oxidizing conditions a protective

scale can be formed, which is composed principally of aluminum oxide. In the

present study, a diffusion barrier layer of the Re–Cr–Ni phase was stable after

exposure at 1150 �C. The role of the diffusion barrier layer was evident for blocking

the interdiffusion of the elements between the substrate and the bond-coat, as shown

in Fig. 6, the width of the distribution zone and the density of the precipitates was
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superalloy after 200 h cyclic oxidation at 1150 �C in air
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obviously reduced, indicating an effective barrier for interdiffusion of the alloying

elements. For the coated superalloy without the diffusion barrier, however, a wide

interdiffusion zone formed, which obviously damages the mechanical properties of

the substrate superalloy. During exposure at high temperature, the interdiffusion

zone was represented as containing precipitate phases of the Ni-based superalloy.

Extending the duration, further interdiffusion can occur as a result of solid-state

diffusion across the substrate/coating interface. This additional migration of

elements across the substrate-coating interface can sufficiently alter the chemical

composition and microstructure of both the bond coat and the substrate in the

vicinity of the interface to have deleterious results. Similar study on the effect of the

diffusion barrier on interdiffusion of the alloying elements was reported by Wu et al.

[35]. An Ir–Ta modified aluminide coating as an effective diffusion barrier on SC

Ni-based superalloy TMS-75 was developed. The Ir–Ta–Al coated TMS-75 had

better thermal cyclic oxidation resistance than simply aluminized TMS-75, which

was mainly due to a large decrease of detrimental TCP phases in the interdiffusion

of solute elements.

The increase in operating temperature for current turbine systems has brought

about serious problems, such as the acceleration of interdiffusion between the

substrate and the bond-coat, which may promote the precipitation of detrimental

phases in the substrate, and the rapid growth of a TGO on the bond-coat surface. In

the present study, the Re-based diffusion barrier layer of the r-phase was obtained

to block the interdiffusion of the alloying elements between the substrate and the

bond-coat, and reduce the precipitates of the detrimental phases. It is thus expected

to further enhance the adherence strength between the top-coat and the bond-coat,

and accordingly prolongs the service life of TBCs.

Conclusions

In summary, the oxidation resistance of the SC Ni-based TMS-82? superalloy was

effectively improved by Ni–Al coating with a Re-based diffusion barrier layer due

to the formation of a protective a-Al2O3 scale. The base and Ni–Al coated

superalloy were significantly oxidized, accompanied by severe oxide spallation and

slight spallation after 40 min and 90 h, respectively. After oxidation at 1150 �C for

200 h, the Re-based diffusion barrier layer was stable and effectively retarded the

inward diffusion of Al from the Ni–Al and outward diffusion of alloying elements in

the alloy substrate, resulting in a reduced thickness of interdiffusion zone with small

amount of detrimental precipitates in the bond-coat and higher content of Al in the

Ni–Al coating.
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