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ABSTRACT 

Combinations of materials and coatings were tested in supercritical CO2 (sCO2) to evaluate their 
reliability in an oxy-fuel turbine being designed to operate in the 150-300 MWe size range at inlet 
temperatures of 1,150 °C at 300 bar and exhaust temperatures in the 725-775 °C range. 

Nickel alloys and stainless steels were exposed to supercritical CO2 at 1,000 °C and 250 bar for 
a total of over 1,500 hours. The materials were tested bare, with a nanocrystalline MCrAlY bond 
coat only, or with one of two types of bond coat and a thermal barrier coating. A novel test facility 
using a localized heat zone generated by an induction heater inside an externally cooled 
autoclave was developed to perform those tests. The specimens were weighed before and after 
exposure to determine the oxidation rate. All specimens were inspected visually, and a smaller 
group of coated specimens were studied using secondary electron microscopy (SEM). The 
integrity of the coating, and the morphology and composition of the thermally grown oxide were 
especially of interest for the SEM investigation.  

This paper presents the up-to-date results of the testing coated and uncoated superalloys in 
sCO2 at up to 1150 °C and up to 300 bar performed at Southwest Research Institute. 

INTRODUCTION 

Project Background 

Competitive plant efficiencies may be achieved using direct-fired sCO2 power cycles featuring 
oxy-combustion, making it an attractive technology. These cycles may also be capable of near 
zero CO2 emissions. Past system studies on the Allam-Fetvedt cycle predicted a 53% LHV net 
efficiency for a plant utilizing natural gas,1 and a 42% LHV net efficiency for a plant utilizing coal 
syngas fuel.2  

The oxy-combustion systems rely on turbines with inlet temperatures exceeding 1,100 °C. The 
design undertaken as part of the project sponsored by the U.S. Department of Energy (FE-
0031929) includes a six-stage turbine with an input temperature of 1,150 °C at nearly 300 bar.3 
A schematic of the turbine and the design temperatures and pressures are presented in Figure 
1. As part of this project the various materials considered for the turbine are being evaluated in 
CO2 at up to 1,150 °C. The materials evaluation process includes thermal cycling at ambient 
pressure CO2 and long term autoclave testing in high pressure and high temperature sCO2. 
Oxidation and thermal management coatings are also included in the experimental matrix.  

The materials decision and presentation of the long term autoclave testing facility are presented 
in this paper along with some of the up-to-date achievements and design optimization.  



a.  b.  

Figure 1. a. Schematic of the six-stage turbine and b. design pressures and temperatures across 
the stages. 

 

RESULTS AND DISCUSSION 

Materials and Specimens 

A total of six alloys were included in this study. They included nickel alloys and stainless steels 
that have previously been considered for this application and include Inconel 625 as a baseline 
alloy that has been evaluated in supercritical CO2 in multiple studies.4–13 All alloys were exposed 
with or without a nanocrystalline MCrAlY bond coat. Three of the alloys (740H, 282, and 625) 
were also tested with nanocrystalline bond coat and thermal barrier coating (TBC) or with a 
thermal spray bond coat and TBC. The TBC was an yttria-stabilized zirconia-based coating. The 
list of materials, UNS number, description, and their treatments are summarized in Table 1.  

The specimens were machined to a dimension of approximately 1 cm × 1 cm × 0.15 cm, with 
two 1.5 mm holes. The specimens were coated after machining. Photographs of coated and 
uncoated 282 specimens are showed in Figure 2 as an example. The nanocrystalline bond coat 
was approximately 50 µm thick and thus difficult to visually observe. However, specimens with 
TBC were obviously thicker. The TBC was white and had a porous appearance. All specimens 
were measured (down to 10-4 inch), photographed, and weighed three times down to 0.01 mg.  
  



 
Table 1. List of alloys included in the study, with their UNS number and description. Quantity of each alloy either bare, 
with a nanocrystalline bond coat alone (NC BC), a nanocrystalline bond coat and thermal barrier coating (NC BC & 
TBC), or a thermal spray bond coat and thermal barrier coating (TS BC & TBC). Mass change analysis will be 
performed on all specimens. Additionally, SEM will be performed on the specimens with TBC. 

Alloy UNS Description Bare NC BC NC BC 
& TBC 

TS BC 
& TBC 

740H N07740 Age hardened chromia former nickel alloy 3 3 3 3 

625 N06625 Baseline nickel-chromium alloy 3 3 3 3 

282 N07208 Wrought, gamma-prime strengthened 
nickel superalloy 3 3 3 3 

APMT 
Kanthal n/a Dispersion strengthened ferritic iron-

chromium-aluminum alloy 3 3 - - 

353 MA S35315 Austenitic, chromium-nickel stainless 
steel 3 3 - - 

Sanicro 25 S31035 Austenitic 22Cr25NiWCoCu stainless 
steel 3 3 - - 

 

a.  

b.  

c.  

d.  
Figure 2. Photographs before exposure of alloy 282 specimens a. bare, b. with nanocrystalline MCrAlY bond coat, c. 
with nanocrystalline MCrAlY bond coat and TBC, and d. with thermal sprayed bond coat and TBC. 



Testing Facility 

A unique testing facility was designed using an induction heater to test materials at up to 
1,150 °C and 300 bar. High pressure and high temperature material tests are usually performed 
using autoclaves that are externally heated using electrical heaters or furnace. The autoclaves 
must be rated for the test pressure at the test temperature. The new test facility relies on putting 
the heating source inside the pressurized vessel. Temperatures exceeding 1,000 °C can be 
achieved locally while the pressure vessel remains below its 350 °C rating. This setup uses an 
induction heater in a 4-liter stainless steel autoclave. A schematic of the setup is presented in 
Figure 2. The induction coil was placed inside the autoclave to create a localized heat zone. The 
inner wall of the autoclave was isolated from the heat zone by using insulation wrapped in 
stainless steel. The specimens were located outside of the coil to avoid heating coated samples 
from the inside out. They were placed in a specimen holder made of stainless steel 310, shown 
in Figure 3. The middle part of the holder acted as a susceptor and was surrounded by the 
induction coil. The specimens were placed in holes on the top and bottom of the holder, which 
were outside of the induction coil. The material surrounding the specimens heated by heat 
diffusing from the susceptor. This created a very high temperature environment in the holes 
without heating the specimen by induction. Lids were added to the top and bottom to keep hot 
sCO2 in this enclosed environment. Vent holes were placed on the side of the specimen holder. 
They were used to maintain a pressure equilibrium and to place thermocouples in the 
environment near the specimens. 

The autoclave was placed upside down during the test in order to keep the densest and coolest 
sCO2 near the head of the autoclave where the most temperature-sensitive parts of the autoclave 
(e.g. fittings, seal, coil connection) were. This was done to reduce chances of failures. The power 
compression seal feedthroughs, used to pass the copper tube connected to the coil, had to be 
actively cooled using a custom-made chilling jacket (shown in the middle left photograph in 
Figure 2). The power of the induction heater was regulated using two thermocouples placed in 
and near the heat zone, which were connected to the induction heater. One thermocouple type 
S was placed nearest to the specimens and was the reference for test temperature (later referred 
as “high temperature”). A thermocouple type K was placed in the vent hole to measure the 
temperature of the specimen holder (later referred as “mid temperature”).  



 
Figure 2: Schematic of induction heater in autoclave used to test materials at temperature exceeding 1,000 °C and at 
pressure up to 300 bar 

 a) b)  
Figure 3. a) Cross sectional schematic and b) photograph of the optimized design of the specimen holder/susceptor 
assembly inside an induction coil (in orange). 



Test Description 

A total of 54 coupons, described in Table 1, were exposed to sCO2 for a total of 1,500 hours, 
during three 500 hours experiments. The coupons were weighed three times using a scale with 
0.01 mg accuracy before exposures. They were weighed once with the same scale after each 
exposures. The coupons were also photographed before and after exposures.  

Results 

The temperature and pressure data measured during the three 500 hours exposures are 
presented in Figure 4, Figure 5, and Figure 6.  

Test temperature and pressure quickly reached 1,000 °C and 4,000 psi during the first exposure. 
A small leak started at one of the induction heater fitting after 75 hours. The autoclave was 
regularly refilled with CO2 to maintain the pressure above the critical point. The induction heater 
shut off after nearly 90 hours for approximately 10 hours. During that time the temperature went 
down to less than 200 °C and the pressure reached 1,000 psi. The temperature and pressure 
increased again once the induction heater was restarted. The high temperature remained near 
1,000 °C during the whole test. Post mortem evaluation revealed that one of the compression 
seal feedthroughs was the cause of the slow leak. The feedthrough was replaced before starting 
the second test.  

Before the second test, the mid temperature thermocouple was also adjusted to better measure 
the temperature specimen holder. The temperature remained near 1,000 °C for the entirety of 
the second test. The pressure fluctuated around 3,500 psi. The frequency of the pressure 
oscillation was 24 hours and was due to daily temperature fluctuation. The induction heater was 
slowly cooled down to avoid thermal shocks that may damage the setup. The insert in Figure 5 
shows the 100 °C per hour controlled cooling at the end of the project. 

During the third test, the thermocouple for the high temperature stopped working at 500 °C, as 
can be seen in the insert of Figure 6. The mid temperature was therefore used to monitor the 
test conditions. In order to choose the mid temperature to be maintained during test 3, the high 
temperatures were plotted against the mid temperatures, see Figure 7. The measured 
temperatures were plotted and logarithmic fits were used to determine what the mid 
temperatures would be when the high temperatures were 1,000 °C. This method was validated 
by using the data from test 2. The calculated mid temperature for the second exposure was 
600 °C, as observed during the test. Using this method, it was decided to set the mid temperature 
to 650 °C during test 3, so the temperature of the specimens would be close to 1,000 °C.  

The average and standard deviation of the high and mid temperatures during the three tests are 
summarized in Table 2. It is notable that the standard deviations are smaller for tests 2 and 3 
than for test 1. This is because the maximum power of the induction heater had been reduced, 
which provided a more stable system. 



 
Figure 4. Measured temperature and pressure during the first 500 hours exposure.  

 
Figure 5. Measured temperature and pressure during the second 500 hours exposure. The insert shows the controlled 
cool down at 100 °C per hour. 



 

 
Figure 6. Measured temperature and pressure during the third and last 500 hours exposure. The insert shows the 
difference between the two thermocouples and when the high temperature thermocouple failed. 

 
Figure 7. Comparison of the measured and logarithmic fit of the high and mid temperatures for test 2 and 3.   

  



 
Table 2. Average and standard deviation of the high and mid temperatures collected during the three tests. Data when 
the induction heater stopped during the test was not included. 

Test High temperature Mid temperature 

Average 
(°C) 

Standard 
deviation 

Average 
(°C) 

Standard 
deviation 

1 1,031 41 882 46 

2 995 7 609 5 

3 - - 650 2 

 

The weight measurements were used to derive weight change per area, and oxidation rates. 
The mass change data as a function of the bare alloys are presented in Figure 8. Overall, mass 
changes were more significant for the nickel alloys than for the ferrous alloys and during the first 
two exposures. Mass changes were low for all alloys during the last exposure. Negative mass 
changes were observed during the second exposure on alloys 353 and APMT Kanthal, and 
during the third exposure on alloys 625 and APMT Kanthal. These mass losses indicate that the 
oxide was not stable. 

The effect of the nanocrystalline bond coat is presented in Figure 9. The data are plotted on 
linear and log scale. The benefits of the bond coat are evident. Mass changes decreased 
drastically even on materials that displayed the highest mass changes, such as the nickel alloys 
during the first and second exposures. Benefits were also noticeable when the mass change of 
the bare materials were below 0.5 mg/cm2 (the ferrous alloys during the second exposure and 
all alloys during the third exposure). It is also noticeable that some mass loss shifted to mass 
gain in the presence of the coating (alloy 353 during the second exposure and alloy APMT 
Kanthal during the second and third exposure). The coating only appeared to be detrimental for 
alloys 740H and 282 during the third exposure as their mass changes shifted from gains to 
losses. 

The oxidation rates were calculated for all specimens during each interim and are presented as 
a function of time in Figure 10. The data is separated into four graphs for the bare alloys, the 
alloys with the nanocrystalline bond coat, the alloys with the nanocrystalline bond coat and the 
TBC, and the alloys with thermal spray bond coat and the TBC. Oxidation rates were usually 
highest on the bare alloys, on the nickel alloys, and during the second exposure. It can also be 
noted that the oxidation rates of the nickel alloys with the nanocrystalline bond coat decreased 
when the TBC was added. Furthermore, oxidation rates in the presence of TBC were lower when 
the bond coat was nanocrystalline instead of thermal sprayed. The largest mass change was 
observed on the alloy 282 with the thermal spray bond coat and the TBC during the third 
exposure. Photographs of those specimens are showed in Figure 11 after each exposure. The 
TBC was heavily degraded during the third exposure, especially near the edges of the 
specimens. The bond coat can be visible on some of those edges. Therefore, the observed mass 
loss is due to the TBC disbondment. 

Results after the first exposure were compared to published data at 300 bar and 700 °C to 



800 °C, see Figure 12. The rankings of the alloys as well as the trend with increasing 
temperature were similar between the two studies. This indicates that the induction heater in the 
autoclave could successfully be used to test materials in environments such as those found in 
oxy-combustion turbines using sCO2. 

This study of materials considered for oxy-combustion turbines in sCO2 resulted in multiple 
findings: 

• An induction heater placed in an autoclave can be successfully used to evaluate 
materials oxidation at pressure and at temperature exceeding 1,000 °C. 

• Bare nickel alloys were more susceptible to oxidation than the ferrous alloys. However, 
the mechanical properties of the ferrous alloys are expected to be significantly worse at 
1,000 °C. 

• The addition of a nanocrystalline MCrAlY bond coat alone was beneficial to all alloys. 

• TBC was more susceptible to damages when a thermal spray MCrAlY bond coat was 
used instead of nanocrystalline MCrAlY bond coat. 

• Oxidation rates increased significantly from 800 °C to 1,000 °C.   

a)  b)  

c)  
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Figure 8. Mass change per area of the bare alloys during 500 hours after a) the first, b) second, and c) third exposure. 

  



 

a)  b)   

c)  d)  

e)  f)  
Figure 9. Mass change per area of the alloys with and without nanocrystalline MCrAlY coatings during 500 hours after 
a) and b) the first exposure, c) and d) the second exposure, and e) and f) the third exposure. Linear scales are used 
on the graphs a), c), and e). Logarithmic scales are used on graphs, b), d), and f). The percentage values indicate 
mass change variation between the bare and coated samples. 
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a)  b)  

c)  d)  
Figure 10. Interim oxidation rates as a function of time for a) the bare alloys, b) the alloys with the nanocrystalline 
MCrAlY coating, c) the alloys with nanocrystalline bond coat and TBC, and d) the alloys with thermal sprayed bond 
coat and TBC. 
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Figure 11. Photographs of the alloy 282 with thermal spray bond coat and TBC as received and after 500 hours, 1,000 
hours, and 1,500 hours of exposure. 

 
Figure 12. Comparison of average mass change after 500 hours at 1,000 °C and 150 bar in this study and at 700 °C 
to 800 °C at 300 bar measured during the DOE project CESL015 DE-EE0001556 performed at Oak Ridge National 
Laboratory. 
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