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Research SummaryHigh-temperature alloys

How would you…

…describe the overall 
signifi cance of this paper?

Applying oxidation-resistant 
coatings to nickel-based 
superalloys is a technique for 
obtaining long lifetimes of turbine 
components in extreme high 
temperature. This paper proposes 
a novel concept in designing the 
coating material for advanced 
nickel-based single-crystal 
superalloys. The coating material 
described provides a durable and 
low-cost coating system without 
deterioration of high-temperature 
strength. 

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

To maintain the stability of 
interface between the coating and 
the substrate, interdiffusion is 
suppressed by using the equilibrium 
phase of the substrate as a coating 
material.

…describe this work to a 
layperson?

This work concerns a technique to 
use materials in long-time exposure 
to high temperatures over 1,000°C 
without resultant weakness and 
oxidation.

Nickel-based single-crystal superal-
loys with high concentrations of refrac-
tory elements are prone to generate a 
diffusion layer called a secondary re-
action zone (SRZ) beneath their bond 
coating during long exposure to high 
temperatures. The SRZ causes a reduc-
tion of the load-bearing cross section 
and it is detrimental to the creep prop-
erties of thin-walled turbine airfoils. In 
this study, a new bond coat system, 
“EQ coating,” which is thermodynami-
cally stable and suppresses SRZ has 
been proposed. Diffusion couples of 
coating materials and substrate alloys 
were made and heat treated at 1,100°C 
for 300 h and 1,000 h. Cyclic oxidation 
examinations were carried out at 
1,100°C in air and the oxidation prop-
erties of EQ coating materials were 
discussed. High-velocity frame-sprayed 
EQ coatings designed for second-gen-
eration nickel-based superalloys were 
deposited on fourth- and fi fth-genera-
tion nickel-based superalloys, and the 
stability of the microstructure at the in-
terface and creep property of the coat-
ing system were investigated. 

introduction

 Nickel-based superalloys, which 
have excellent high-temperature 
strength and oxidation resistance, are 
required for the high output and high 
effi ciency required of gas turbines and 
jet engines. Advanced-generation nick-
el-based superalloys, which contain 
large amounts of strengthening ele-
ments and platinum-group metals, pro-
vide excellent high-temperature 
strength and suppression of topologi-
cally close-packed (TCP) phase forma-
tion.1–3 However, an oxidation-resistant 
coating must be applied to the surface 
of these alloys because they are likely 
to have lower oxidation resistance than 
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the previous generations of superalloys 
due to the nature of the alloying ele-
ments.
 When conventional coatings such as 
Pt-Al or MCrAlY are applied to rheni-
um-containing advanced-generation 
single-crystal superalloys, a harmful 
layer called a secondary reaction zone 
(SRZ) is formed at the interface of the 
coating and substrate.4–6 The SRZ zone 
results from interdiffusion during the 
high-temperature exposure and oxida-
tion resistance of the coating layer, re-

sulting in degradation of the mechani-
cal properties of the substrates.7 Diffu-
sion barriers5,8–10 and carburization6 
have been employed to minimize inter-
diffusion between the bond coat and the 
substrate, but these techniques require 
a complicated manufacturing process 
and long-time exposure in high temper-
ature. 
 In previous research,11–17 a new coat-
ing system called an EQ coating was 
developed in which stable phases that 
are thermodynamically in equilibrium 
with the substrate, such as γ ′ phase, 
have been used as coating materials. 
With this coating, SRZ formation be-
tween the coating and the substrate is 
suppressed and interdiffusion is mini-
mized because chemical potentials of 
the alloying elements in the substrate 
and coating in equilibrium state are 
equal. The oxidation resistance of the 
γ  ′ phase was evaluated14 and its oxida-
tion behavior was proven to be superior 
to the substrate. β-phase EQ coating 
systems using β-phase coating material 
in equilibrium with γ/γ  ′ nickel-based 
superalloys were also examined15,16 to 
obtain higher oxidation resistance than 
γ/γ  ′ phase EQ coating. In this article, 
the concept of EQ coating is summa-
rized and the latest data are presented. 
 Nickel-based superalloys consist of 
a regularly arranged γ phase and γ  ′
phase. These two phases are in thermo-
dynamical equilibrium and so the 
chemical potential of alloying elements 
in each phase is equal. γ phase and γ  ′
phase alloys and γ/γ  ′ tie-line alloys, 
which have the same composition as 
the γ phase and γ  ′ phase of nickel-based 
superalloy substrates, can be used as 
EQ coating material. Figure 1 shows an 
(Ni, X)-(Al, Y) pseudo-binary phase 
diagram. The substrate S is a broken 
line, which means γ/γ  ′ tie-line consists 
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of  the γ phase of composition A and γ  ′ 
phase of composition B. In the micro-
structure, the γ phase of composition A 
and γ  ′ phase of composition B are in-

termingled and the chemical potential 
of the alloying element i is equal at all 
points on the tie-line such as A, B, and 
S. One can conclude that alloys A, B, 

and other alloys on the tie-line are in 
equilibrium with the substrate and there 
is no driving force of interdiffusion be-
cause the difference of the chemical po-
tential of element i is zero between sub-
strate S and these alloys. In other words, 
using alloys A, B, and other alloys on 
the tie-line as a bond coat, SRZ forma-
tion due to the interdiffusion of alloy-
ing elements is expected to be sup-
pressed. 
 In previous research,12 oxidation re-
sistance of tie-line alloys for the sec-
ond-generation superalloy TMS-82+ 18 

was investigated. Results of the cyclic 
oxidation examination performed to 
evaluate the oxidation resistance of EQ 
coatings are shown in Figure 2. The ex-
amination was performed at 1,100°C in 
air, using TMS-82+, TMS-82+γ, and 
TMS-82+γ  ′. This result shows that al-
loys of TMS-82+γ show the largest 
mass increase in the first few cycles and 
decrease in the following cycles due to 
fast oxidation and spallation. TMS-
82+γ  ′ shows the most excellent oxida-
tion resistance in 50 cycles’ examina-
tion and it is obviously improved from 
that of TMS-82+. The difference of the 
oxidation property of the γ phase and γ  ′ 
phase is due to the structure of oxide.14 

Figure 1. An (Ni, X)-(Al, Y) pseudo-binary 
phase diagram.

Figure 2. The cyclic oxidation 
properties of TMS-82+ tie-line 
alloys at 1,100°C.
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Figure 3. Cross 
sections of diffu-
sion couples of (a) 
γ-EQ coating and 
(b) γ ′-EQ coating 
and concentration 
profiles (c, d) with 
TMS-82+ substrate 
heated at 1,100°C 
for 300 h. 
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ExpErimEntal procEdurE

 The concept of an EQ coating was confirmed in the diffusion couple experiment in 
which a second-generation nickel-based single-crystal superalloy TMS-82+ and fifth-
generation nickel-based single-crystal superalloy TMS-173 19 were used as substrates. 
The compositions of the γ phase and γ ′ phase at 1,100°C were calculated by the Alloy 
Design Program20 and these compositions were used for coating materials. Compositions 
of samples used in this study are shown in Table A. Samples of coating materials were 
arc melted and after homogenization, each sample was cut to 10 mm diameter and 5 mm 
thickness. Sample surfaces were polished by 0.05 µm-ϕ Al

2
O

3
 particles into a mirror sur-

face and cleaned. After cleaning, coating materials were coupled with the single-crystal 
superalloy substrates. Diffusion couples of a substrate alloy and a coating alloy were 
heated at 1,100°C for 300–1,000 h in air. Cross sections of each diffusion couple were 
observed by scanning electron microscope (SEM) and concentration profiles were ana-
lyzed by energy dispersive x-ray spectroscopy (EDX) and electron probe microanalyzer 
(EPMA). Oxides formed on the surface after the oxidation examinations were observed 
and oxidation mechanisms were discussed.
 High-velocity frame spray (HVOF spray) powder of the EQ coating (TMBC-1) de-
signed for the second-generation superalloy RenéN5 was prepared. The commercial Co-
Ni-Cr-Al-Y coating, Amdry 9954 (Sulzer Metco Ltd.) was also used for the comparison. 
The substrates were the fourth-generation nickel-based superalloy TMS-138A and the 
fifth-generation nickel-based superalloy TMS-196. Nominal compositions of coatings 
and substrates are shown in Table B. TMBC-1 is designed as a γ ′ phase of RenéN5 
and rhenium was removed, so improvement of the oxidation resistance and reduction of 
the material cost can be expected in this coating. A 100 µm-thick EQ and Amdry9954 
coating was applied to TMS-138A and TMS-196 by HVOF. Samples were heat treated 
at 1,100°C for 300 h in air. After heat treatment, cross sections of samples were ob-
served by SEM and compositions of phases precipitated at the interface were analyzed 
by EDX. 

Table A. Nominal Compositions of Specimens for Diffusion Couple Experiment  
(wt.%, Ni-bal.)

Sample Co Cr Mo W Al Ti Ta Hf Re Ru

TMS82+
 substrate 7.7  4.6  1.8  8.6  5.3  0.5  6.3  0.1  2.4  —
 γ 10.5  7.6  2.6  10.0  2.9  0.2  3.4  0.0  4.2  —
 γ ′ 4.7  1.4  0.9  7.2  7.9  0.7  9.5  0.2  0.5  —
TMS-173
 substrate 5.6  3.0  2.8  5.6  5.6  — 5.6  0.1  6.9  5.0 
 γ ′ 4.2  1.5  1.5  5.3  7.8  — 8.0  0.2  2.6  3.9 

Table B. Nominal Compositions of 4th and 5th Generation Superalloys and Coatings 
(wt.%, Ni-bal.)

Sample Co Cr Mo W Al Ta Hf Re Ru Y

TMS-138A  5.8 3.2 2.8 5.6 5.7 5.6 0.1 5.8 3.6 —
TMS-196 5.6 4.6 2.4 5.0 5.6 5.6 0.1 6.4 5.0 —
TMBC-1 (RenéN5γ′-Re+Y) 6.2 4.0 1.0 4.5 8.1 9.9 0.4 — — 0.1
Amdry 9954 38.5 21.0 — — 8.0 — — — — 0.5

While the γ  ′ phase forms a protective 
Al

2
O

3 
layer, the γ phase mainly forms a 

non-protective thick inner oxide layer 
of NiO and particles of Al

2
O

3
. Thus, it 

is concluded that the γ  ′ phase is a prom-
ising material for an oxidation-resistant 
coating. 
 In this study, γ  ′ phases of nickel-
based superalloys are designed as coat-
ing materials and thermal sprayed on 
the advanced-generation nickel-based 
superalloys. The γ  ′ phase of second-
generation nickel-based superalloys are 
used as coatings for fourth- and fifth-
generation superalloys in order to re-
duce the cost and obtain high oxidation 
resistance. The microstructure stability 
at the interface of the substrate and 
coating material is investigated. 
 See the sidebar for experimental pro-
cedures.

rEsults and discussion

 Cross sections of diffusion couples 
of TMS-82+ and two coating materials, 
TMS-82+γ and TMS-82+γ  ′, after diffu-
sion at 1,100°C for 300 h are shown in 
Figure 3. In both diffusion couples, 
SRZ was not found and only very thin 
diffusion layers were observed. In the 
γ  ′ phase alloy, a small amount of disk-
like TCP phase was found but these 
particles disperse uniformly through-
out the whole sample. It is estimated 
that this TCP formation is not due to 
diffusion but to the heat treatment con-
dition. From the concentration profile 
analysis of aluminum and cobalt in Fig-
ure 3c, TMS-82+γ/TMS-82+, and Fig-
ure 3d, TMS-82+γ′/TMS-82+, diffu-
sion couples were analyzed by using 
electron probe microanalysis (EPMA) 
and the thicknesses of diffusion layers 
were evaluated as 15 mm and 40 mm, 
respectively. In the conventional coat-
ing system, TMS-82+ is reported to 
form over 100 mm of the diffusion layer 
with the Ni-Cr-Al-Y coating.12 From 
these results, using the γ and γ ′ phase of 
TMS-82+ as a coating on a TMS-82+ 
substrate, it is concluded that the thick-
ness of the diffusion layer between the 
coating and the substrate will be sup-
pressed drastically.
 The effect of the γ ′ EQ coating on the 
fifth-generation superalloy was also in-
vestigated using the diffusion couple of 
fifth-generation superalloy TMS-173 
and its γ ′ phase. As shown in Figure 4b, 

a 15 mm thick diffusion layer was ob-
tained after the diffusion at 1,100°C for 
1,000 h. Thus, it is confirmed that the 
concept of EQ coating can be applied to 
a ruthenium-containing fifth-genera-
tion nickel-based superalloy. 
 Figure 5 shows cross sections of (a) 
Amdry9954 and (b) TMBC-1 coating 
with the fourth-generation nickel-based 

single-crystal superalloy TMS-138A. 
After the heat treatment at 1,100°C for 
300 h, a primary diffusion zone (PDZ) 
about 90 mm thick and an SRZ 140 mm 
thick were formed at the interface of 
Amdry 9954. The term “PDZ” can be 
defined as a diffusion layer between the 
coating and substrate containing TCP 
such as granular m, σ phase, or car-
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bides, and “SRZ” can be defined as a 
layer of γ′ matrix containing γ and P 
phase (TCP) needles formed beneath 
the PDZ derived from the diffusion.4 
On the contrary, TMBC-1 forms a  
40 mm thick diffusion zone but does not 
form SRZ. We can see from these re-
sults that the diffusion of cobalt, chro-
mium, and other elements does not 
form SRZ by suppressing the interdif-
fusion of aluminum. Also, the differ-
ence of chemical potential for elements 
with a low diffusion coefficient such as 
rhenium between the coating and sub-
strate does not affect the driving force 
of the interdiffusion. 
 Results of the conventional Co-Ni-
Cr-Al-Y coating, Amdry9954, and the 
EQ coating, TMBC-1, applied to the 
fifth-generation single-crystal nickel-
based superalloy TMS-196 are shown 
in Figure 6. Heat treatment at 1,100°C 
for 300 h leads to a PDZ of about 65 
mm and an SRZ of 80 mm in (a) Am-
dry 9954. TMS-196 has higher chro-
mium content so the chemical potential 
of aluminum and chromium is larger 
than those of TMS-138A; thus, the dif-
ferences of the chemical potential of 
aluminum and chromium from those 
of Amdry 9954 are smaller than TMS-
138A, so that the thickness of the diffu-
sion layer in TMS-196/Amdry 9954 is 
smaller than TMS-138A/Amdry 9954. 

(b) TMBC-1 coating produces about 50 
mm of the diffusion layer but no SRZ. 
Therefore, the SRZ suppression effect 
of EQ coating is also confirmed in the 
fifth-generation nickel-based superal-
loy, which contains high ruthenium.
 The cross sections of oxides formed 
at the surface of (a) Amdry 9954 and 
(b) TMBC-1 after heat treatment at 
1,100°C for 300 h are shown in Figure 
7. The oxides of both coatings consist 
of a protective Al

2
O

3
 layer and NiAl

2
O

4
 

spinel layer; the total thickness of oxide 
was about 8 mm. From this result, it is 
estimated that the oxidation resistances 
of both coatings are almost equivalent. 
Small cracks are observed in the sur-
face of both coatings under the oxide. 
The delamination of the oxide from the 
coating surface may be due to low ad-
hesiveness of the oxide. However, there 
is a possibility that this delamination 
occurred in the sample-mounting proc-
ess for SEM observation, and further 
investigation is necessary. 
 The results of the cross-section ob-
servation clarified that SRZ formation is 
suppressed in a high-velocity oxy-fuel 
sprayed EQ coating, designed for the 
second-generation nickel-based super-
alloy, when applied to the fourth- and 
fifth-generation nickel-based superal-
loys. To minimize the diffusion layer, 
the design of an equilibrium γ ′ phase 

coating for each substrate is necessary. 
However, the γ ′ phase of the advanced-
generation superalloys may incur high 
production costs and provide oxidation 
resistance. As proved in this study, if 
the chemical potential of aluminum in 
the coating, which has a large diffusion 
coefficient in the superalloy and con-
tributes to SRZ formation, is brought 
closer to that in the substrate than the 
conventional coating system, it is pos-
sible to suppress the SRZ formation. 
However, the coating composition is 
not equal to the equilibrium composi-
tion. Therefore, it is concluded that 
the oxidation-resistant modified EQ 
coating can be applied to several gen-
erations of nickel-based superalloys 
without specifying the superalloy sub-
strate. 
 A. Sato et al. reported that, for the 
coating layers PDZ and SRZ, no load 
and creep rupture life decreases result 
from the decrease in load-bearing cross 
section of the substrate.21 The EQ coat-
ing does not form an SRZ; thus, this 
coating does not appear to degrade the 
creep strength. This expectation has 
been confirmed in recent work and the 
results will be published in the near fu-
ture. 

a

b

Figure 5. Cross sections of (a) Amdry 
9954/TMS-138A and (b) TMBC-1 /TMS-
138A after 300 h heat treatment at 
1,100°C.

a

b

Figure 4. (a) Cross sec-
tion and (b) concentra-
tion profiles of TMS-173γ′ 
/TMS-173 diffusion cou-
ple heated at 1,100°C for 
1,000 h.
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a

b

Figure 7. Cross sections of oxides 
formed on (a) Amdry 9954/TMS-138A 
and (b) TMBC-1/TMS-138A oxidized at 
1,100°C after 300 h.

a

b

Figure 6. Cross sections of (a) Amdry 
9954/TMS-196 and (b) TMBC-1/TMS-
196 after 300 h heat treatment at 
1,100°C.

conclusion

 The EQ coating on advanced-gener-
ation nickel-based superalloys does not 
degrade high-temperature strength by 
using equilibrium compositions. Third- 
and more-advanced-generation nickel-
based superalloys contain a high 
amount of rhenium, and SRZ formation 
is not avoidable. Recently, high-pres-
sure turbine blades have been getting 
thinner and thinner to improve cooling 
efficiency and decrease engine weight, 
and so this problem has been serious. 
The EQ coating provides a new, low-
cost technique to solve this problem, 
and this technique has a benefit in the 
repair of turbine blades. Usually, only a 
single re-coating is possible for reuse 
of turbine blades because the coating 
layer and the diffusion layer beneath 
the coating have to be removed before 
re-coating and the thickness of sound 
substrate becomes thinner. However, it 
is not necessary to remove the diffusion 
layer in the EQ coating system because 

it suppresses SRZ formation. The EQ 
coating enables cyclic re-coating and 
consequently could provide airlines 
significant cost savings in engine main-
tenance. It should be reasonably con-
cluded that the EQ coating is an inno-
vative technique for the practical use of 
the advanced nickel-based superalloys.
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