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ABSTRACT

Global power consumption is predicted to double by 2050, notably driven by the transporta-
tion and energy sectors necessitating limitations of emissions. Due to its compact turboma-
chinery, better thermal efficiency, and simpler layout, supercritical-CO, cycles have received
attention, with numerous variations proposed (either indirect-fired/closed cycles or direct-fired
-open cycles). One technical challenge is degradation pathway quantification of turbine
materials in sCO, as selection is crucial to successfully and economically operate new plants.
This requires degradation assessment in representative environments simulating the Allam
cycle. Laboratory tests were conducted on a first stage turbine blade alloy, CM247, with either
an environmentally resistant coating or bond coat/thermal barrier coat at one atmosphere and
800°C, with potential exposure including (O,, H,O, N, SO,) for up to 1000 h. Weight change
and metallographic measurements tracked scale development. Scanning electron microscopy/
energy dispersive X-ray spectroscopy studied scales and internal precipitates. Locations of
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contaminant element in the CO,-rich environment were investigated.

Introduction

The energy industry has acknowledged the need for
cleaner, and more sustainable energy as the increase in
population and economic activities over the past two
decades has driven global energy demand subsequently
resulting in environmental concerns. According to the
Department of Business, Energy and Industrial Strategy,
the UK’s energy demand has increased by 3.2 mega
tonnes (oil equivalent) since 2020 with the UK’s electri-
city demand in 2021 approximately 334 terawatt-hours
[1]. Improving power generation efficiency whilst con-
sidering its environmental impact can be achieved
through three areas - increasing the percentage of energy
from the heat source that can be collected for use in the
thermal power cycle; enhancing the thermal power cycle’s
inherent efficiency; and minimising the parasitic power
demand for plant balance [2].

Existing power conversion cycles, as shown in
Figure 1, include the Rankine cycle and Brayton cycle
which generally utilise water or combustion gases as their
working fluids. However, with the necessity of attaining
higher thermal efficiencies, alternative working fluids are
being brought to the limelight. Over the years, the interest
in carbon dioxide as working fluid for power generation
has grown. Utilization of supercritical carbon dioxide,
sCO,, has the potential to improve cycle efficiency in
comparison to the steam-based Rankine cycle [4]. To
achieve higher thermal efficiency, the sCO, Brayton

cycle has been postulated as a novel power conversion
cycle with a thermal efficiency reaching over 50%.

CO, has a critical temperature and pressure of 31°C
and 73.78 bar respectively and its unique features (stable
supercritical fluid, non-toxic, low cost, and low critical
point) have made it an ideal working fluid. sCO, power
cycles have been postulated as novel cycles, however, with
high thermal efficiencies and turbine inlet temperatures
>350°C [2] there are material challenges especially for the
heat exchangers and turbine blades, as both experience
the hottest region of the cycle. Exposure of materials at
high temperatures and pressures over long periods,
results in degradation of the metal.

Figure 2 shows the thermal efficiency vs turbine inlet
temperature of the different power generation systems
for sCO, cycles with different heat sources — nuclear,
solar thermal, coal, etc. Figure 2 shows that power con-
versions utilising sCO, have a high thermal efficiency in
comparison to other power generation means.

Angelino explored the practicality of utilising CO,
as a working fluid for power generation, with further
work considering supercritical cycles applied to differ-
ent cycle layouts [5-7]. CO, gas has been applied
widely for commercial and industrial use, refrigera-
tors, and air conditioning systems [8,9], heat pumps
[10], and in its supercritical state, supercritical Brayton
cycle, [11] etc. Utilization of supercritical CO, has
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Figure 1. Principles of a power conversion system [3].
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Figure 2. Various power conversion efficiencies [3].

been investigated for different applications — nuclear,
geothermal [12], and concentrated solar [13].
Turbine blades play a critical role in power plants
and typically operate in harsh conditions - high
pressure, high temperature, and complex dynamic
loading conditions, and as a result, the demand for
high-efficiency power conversions systems have dri-
ven the need for improvements in materials selec-
tion. Turbine blade failure can occur due to different
factors. Life-limiting mechanisms include high-
temperature oxidation, hot corrosion, and creep,
etc., while other degradation factors include fatigue,
erosion, and/or foreign object damage [14,15].
Failure of turbine blades results in unexpected and
economic repercussions so suitable alloys are

needed. Nickel-based alloys are extensively used for
severe environments in turbine engines, processing
plants, and nuclear power [16]. This paper focuses
on illustrating the failure mechanisms anticipated in
first-stage blade materials in a direct fired sCO,
power cycle. So far, research and development for
materials reliability of a sCO, power cycle has not
been fully explored; thus, the high-temperature cor-
rosion behaviour, oxidation behaviour and carburi-
sation of nickel-based alloys are addressed.

Experimental

Experimental exposures were carried out at high tem-
perature to study the chemical properties, i.e. the



Table 1. Composition based on EDX outputs (wt.%) [17].
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Wt% Ni C Co 0 w Ta Cr Ti Al Zr Y Hf
CM247 57 0.07 8.1 - 9.5 3.2 6.4 0.7 5.6 - - -
SC2464 Bal - 16.1 4.1 - - 10.9 6.4 - - -
ERC/
BC
8YZS Bal - - 18.6 - - 17 - 10 54.7 0.3 13
TBC

material systems’ oxidation behaviours as well as the
carburisation behaviours.

The materials systems

In this study, one nickel-based alloy, CM247, was
exposed. This was used bare or with a bond coat with
and without a thermal barrier coating. Such material
systems are used for current power generation because
of their high oxidation and corrosion resistance. The
nominal compositions of the alloy and coatings are
shown in Table 1 along with chemical composition of
coating layers.

Exposure procedure

The four stages include pre-exposure, testing, monitor-
ing, and analysis phase. The pre-exposure stage involves
separating the samples, which were machined from alloy
rods into cylinders between 8 and 10.9 mm long, with

Mass Flow
controllers

a diameter of 7.9 and 10.9 mm. After this, the samples
were ultrasonically cleaned in acetone and isopropanol
before the preliminary dimensional and mass measure-
ments were taken.

In the testing phase, a high-temperature corrosion
test chamber has been utilised to simulate an sCO,
corrosive environment. The schematic diagram is
shown in Figure 3 with the main parts being the
alumina corrosion vessel, a water pump, and mass
flow controllers. The gas input was CO, with
a vertical upward flow through the vessel with working
temperature and pressure, 800°C and 1 bar, respec-
tively. The gas flow rate was set at 88.74 sccm using
the mass flow controller with deionised water auto-
matically injected into the furnace at 0.002 ml/min.
The gas composition for tests 1 and 2 were CO, +
2.7 mol% H,0 + 0.17 mol% O, and CO, + 1.43 mol%
N, + 0.17mol% O, + 300 ppm SO,, respectively. The
samples were exposed for up to 1000 h, each cycle
lasting 200 h. As a real operating scenario contains
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Figure 3. Simple schematic of a furnace [18].
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contaminants, H,O, N,, O, and SO,, tests 1 and 2 can
thus be compared to illustrate the effects of contami-
nants and protective treatments on material corrosion.

In the monitoring and exposure stage, mass measure-
ments were taken between each cycle. After completing
their exposure time, samples were mounted in resin and
sections, cut, ground, and polished for analysis.

In the last phase, the analysis stage, the acquired mass
change data were plotted. An optical microscope ana-
lysed the sample surface to study the metal loss across the
sample surface — dimensional metrology. The last step of
the analysis phase was using the SEM/EDX to investigate
the surface morphology and oxide scale on the sample.

Results and discussion
Average weight change

The average weight change data for samples exposed in
both environments are shown in Figure 4. All test
samples exhibit an increase in average mass over the
exposure period. Figure 4a shows that after 1000 h of
exposure in test 1, CM247 + SC2464 + 8YSZ exhibited
the highest average mass change of 0.618 mg/cm?,
whilst CM247 exhibited the lowest average mass change
of 0.168 mg/cm®. This can be compared with the data
obtained after exposure in test 2 where CM247 had an
average mass change of 0.4921 mg/cm” whilst CM247 +
SC2464 and CM247 + SC2464 + 8YSZ had 0.494 mg/
cm” and 0.497 mg/cm?, respectively. These datasets
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indicate that the uncoated samples are affected by the
SO, (present in the test 2) environment, whereas the
coated samples were not influenced. The observed
increase in masses suggests the formation of corrosion
products, which are likely carbides or oxides.

Dimensional change in metal data presented in
terms of cumulative probability of metal loss excee-
dance is shown in Figure 5. Figure 5a (test 1) shows
that, after a 1000 h exposure time, CM247 had a good
metal loss of approximately 9 um at the lowest level of
probability, while in Figure 5b (test 2) CM247 for the
same exposure time had approximately 14 um of good
metal loss. Although there has been a loss of good
metal from the samples, the chart shows that the rate
at which metal was lost is small. Figure 5, dimensional
metrology data, shows that the second testing envir-
onment, although not a highly damaging environ-
ment, does accelerate corrosion. This indicates that
the presence of contaminants does not influence the
rate at which corrosion progresses.

Despite there being a significant but small metal
loss across 1000 h, corrosion rate could be fitted using
equation, X2 = Kyt + C. The K,, values were calculated
and shown in Table 2.

Figure 6 shows the backscattered micrographs of
the coated and uncoated CM247 alloys under the
two experimental conditions as well as unexposed
reference samples. Figure 6a shows that after expo-
sure in test environment 1, a continuous scale is
formed on the surface of the sample. This is a Cr-
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Figure 4. Averaged weight change plot showing mass change vs exposure time for test 1 and 2; (a) Metal change for 800 °C/1
bar/CO, + 2.7 mol% H,0 + 0.17 mol% O, and (b) Metal change for (b) 800 °C/1 bar/CO, + 1.43 mol% N, + 0.17 mol% O, + 300

ppm SO,
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Table 2. K, values where the exposure time was 1000 h. (Units are mg*/cm™*s™").

X? = Kot +C CM247 CM247 + SC2464 CM247 + SC2464 + 8YSZ
Test 1 0.004 0.00004 0.0001
Test 2 0.0003 0.0002 0.0002
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Figure 6. SEM micrographs of CM247. (1), (2) and (3) represent the unexposed samples of CM247, CM247+5C2464, and CM247
+5C2464+8YSZ. respectively. (a) and (b) CM247 at 1000 h for test 1 and 2. respectively, (c) and (d) CM247+5C2464 at 1000h for test
1 and 2. respectively. whilst (e) and (f) CM247+5C2464+8YSZ at 1000h for test 1 and 2. respectively.

rich oxide scale shown in Figure 7. Figure 6b shows
a continuous scale on the surface has also formed
after exposure in test environment 2. However, there
is also evidence of oxides within the alloy matrix
adjacent to the surface. These phases are further
examined in Figure 8.

Figure 6¢,d shows BSE images of CM247+SC2464
after 1000 h exposure in test environments 1 and 2
respectively. In comparison with the unexposed refer-
ence sample in Figure 6(2), both samples show little to
no change in surface morphology. Figure 6¢,d
exhibits a thin (approximately 2 um) oxide layer,
shown to be rich in Cr and Al based on the EDX
analysis shown in Figure 7. The formation of this
oxide layer may explain the increase in mass observed
in Figure 4.

Figure 6e,f depicts the BSE images of CM247 +
SC2464 + 8YSZ after 1000 h exposure in test environ-
ments 1 and 2, respectively. These images show little
change in morphology in either environment.

Figure 7 presents the EDX maps and point ana-
lysis of the tested materials exposed for 1000 h in test
environment 1. Figure 7a shows the element distri-
bution of CM247 revealing the formation of
a continuous oxide scale rich in Cr and Al The
point analysis in Table 3 indicates a higher wt.% of
Al O, Cr and depletion in the Ti, Ta, and Ni content
at the surface (point 5). The EDX analysis also indi-
cates that the carbide phase (point 6) is rich in Ta
and Ti.

Figure 7b, relating to CM247+SC2464, also shows
the formation of an oxide scale rich in Al and Co at the
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Figure 7. Backscattered and EDX maps for test 1 exposed for 1000 h. (a) CM247, (b) CM247 + SC2464, and (c) CM247 + SC2464 +

8YSZ.

surface of the coating. This indicates the formation of
a scale on the surface.

Figure 7c, relating to CM247 + SC2464 + 8YSZ,
does not show any significant changes in the composi-
tion of the ceramic coating through its thickness.
However, the maps indicate the formation of an Al-
rich layer at the interface of the SC2464 bond coat and
8YSZ TBC. This Al-rich layer, while in the location
expected for a thermally grown oxide, does not appear
to contain oxygen. This could be due to the presence
of oxygen in the TBC affecting the EDX map scale.

Figure 8 presents the EDX maps and point ana-
lysis of the exposed materials after 1000h in

environment 2. Figure 8a shows the elemental dis-
tribution of bare CM247, revealing the formation of
an oxide scale rich in Cr and Al (thicker than that in
Figure 7a). The maps also indicate the formation of
internal oxides which are also rich in Al, supported
by point analysis, Table 4. The EDX maps also
indicate that the alloy below the oxide scales is
depleted of Al, Ti and Ta, leaving a Ni-rich zone.
The depletion of oxide forming metals is believed to
be as a result of the protective scale being formed.
Comparing the composition with Figures 7a and 8a,
it can be postulated that exposing CM247 in envir-
onment 2 results in a more depleted alloy, with
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Figure 8. Backscattered and EDX maps for test 2 exposed for 1000 h (a) CM247, (b) CM247 + SC2464 and (c) CM247 + SC2464 +

8YSZ.

Table 3. EDX analysis composition (wt.%) of CM247 exposed for 1000 h in test environment 1 (C excluded from

analysis).

CMm247 Ni Cr Al 0] Co Ti W Ta

Point 1 61.8 9.1 53 0.9 9.9 0.6 2.0 34
2 64.9 6.2 6.1 1.2 7.7 0.9 8.4 4.5
3 61.8 8.9 53 1.2 9.7 0.7 9.4 3.0
4 62.4 8.1 5.1 1.7 9.6 0.6 9.1 33
5 46.1 9.2 134 13.6 8.6 0.2 6.9 2.0
6 25 0.6 - 34 03 8.0 11.6 73.5

a thicker oxide scale. Based on the SEM analysis of
these uncoated samples, the effect of oxidation is
more pronounced in environment 2, indicating the
importance of the change in contaminants; this is
supported by the average weight change data.

Figure 8b, relating to CM247+SC2464, also shows
the formation of an oxide scale rich in Al (and with
a slight Cr enrichment) at the surface of the coating.
However, this layer does not appear continuous,
which may account for the higher weight change as
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Table 4. Elemental composition of CM247 in test environment 2 (wt.%).

CM247 Ni Cr Al (0] Co Ti w Ta
Point 1 60.3 9.7 5.4 0.5 103 0.6 103 29
2 64.0 73 5.4 0.4 10.1 0.6 9.5 2.7
3 64.4 7.7 59 0.4 9.7 0.7 8.1 3.1
4 59.1 7.9 77 8.5 8.5 0.8 6.1 15
5 31.8 6.8 18.4 25.2 4.7 1.4 5.6 6.1
Note that this data has been corrected to exclude carbon from all spectra.
compared to the bare alloy. This effect may be exacer- ~ JOY Sumner () http://orcid.org/0000-0001-5435-200X

bated by the relatively rougher surface (and hence
greater surface area) of the coating, compared to the
bare alloy.

Figure 8c, relating to CM247 + SC2464 + 8YSZ, does
not show the significant change to the TBC’s composi-
tion. (Similar to environment 1; Figure 7c). However, the
maps do indicate the formation of an Al- and O-rich layer
at the interface of the SC2464 bond coat and 8YSZ TBC.
This Al-rich layer appears to contain oxygen unlike
Figure 7c.

Conclusion

In this study, a nickel-based superalloy, CM247,
either bare or with two different coating systems
(an environmentally resistant coating or a bond
coat/thermal barrier coating system), was tested,
simulating a sCO, cycle for a power plant scenario.
Testing was carried out at 800°C and 1 atmosphere.
Samples were studied to investigate the effects of
contaminants on the oxidation/carburisation pro-
cesses, finding that adding contaminants such as
SO, and N, to the gas lead to a more rapid oxida-
tion process in the bare alloy, although neither
S not N has been detected in the substrate alloy
using EDX. Coatings did not result in a lower rate
of oxidation (as observed from weight change mea-
surements); this may be due to the greater surface
area of the coating compared to the bare alloy.
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