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Abstract As a first step in evaluating materials for a concentrated solar power
(CSP), supercritical CO, Brayton cycle, experiments are being conducted to sim-
ulate the daily operating cycle using 10-h thermal cycles in 1 bar CO, at
700-800 °C. After 1000-h exposures, the mass gains for commercial Ni-base alloys
740H, 282, 625 and Fe-base alloy 25 were relatively low with correspondingly thin
reaction products. At 800 °C, similar reaction products were obtained for thermal
cycling in CO, and dry air, which also could simulate the outside of the primary
heat exchanger. In addition, 500-h cycles were conducted at 750 °C, which showed
slightly higher mass gains than the 10-h cycles. In general, there were no indications
of internal carburization for these four alloys after 1000 h and the measured rate
constants are sufficiently low to meet the 30-year CSP lifetime goal.
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Introduction

There is considerable interest in the use of supercritical CO, (sCO,) for power
generation applications including nuclear, fossil and concentrated solar power
(CSP) [1-3]. The use of a sSCO, Brayton cycle operating at temperatures greater than
700 °C has the potential to create efficiencies greater than 50% [4]. Initial work
above 700 °C in sCO; has shown relatively low reaction rates for relevant Ni-base
structural alloys [5-8]. A significant concern is the possible internal carburization
that primarily has been seen for Fe-base alloys in CO, [9—13]. A unique aspect of
the CSP application is the daily thermal cycling, which has been briefly studied for
CSP air Brayton cycles [14, 15]. The current project has a goal of studying the long-
term behavior of four commercial candidate structural alloys (Inconel 740H, Haynes
282, Sanicro 25 and alloy 625) in CO,/sCO, in order to develop a CSP-relevant
lifetime model. Long-term testing at 700-800 °C is in progress at 1 and 300 bar.
The 1 bar work was included in order to conduct 10-h thermal cycling, which is not
feasible in a 300 bar autoclave. The current results are for the first set of specimens
removed after 1000 h (i.e., 100, 10-h cycles) at 700-800 °C. Comparisons are made
with similar specimens thermally cycled in dry air at 800 °C and 500-h cycles in
CO, at 750 °C.

Procedure

The chemical compositions of the four commercial alloys selected for testing in this
study are shown in Table 1. Coupons (~10 x 20 x 1.5 mm) were polished to a
600 grit finish and ultrasonically cleaned in acetone and methanol prior to exposure.
For 10-h cycles, samples were hung from alumina rods with platinum wire and
exposed in automated cyclic rigs [16] for 10 h in the hot zone followed by 10-min
cooling in laboratory air to <30 °C after being automatically pulled from the
furnace. Exposures at 700, 750 and 800 °C were conducted in industrial grade (IG)
CO,, with <50 ppm O, <32 ppm H,0, and at 800 °C in dry air. Gas flow rates were
~100 cc/min or ~0.1 cm/s flow rate. For 500-h cycles, the specimens were placed
in an alumina boat in an alumina reaction tube with end caps. The specimens were

Table 1 Alloy composition in mass% measured by inductively coupled plasma and combustion analyses

Alloy Fe Ni Cr Al Co Mo Nb Ti Mn  Si w Other

25 426 254 223 0.03 1.5 02 05 002 05 0.2 35 3.0Cu, 0.2N
282 02 571 196 1.6 106 86 < 2.2 0.02 0.04 0.01

740H 0.1 497 245 14 206 03 15 14 0.3 0.2 <

625 40 61.0 217 0.2 0.1 88 35 02 0.2 0.2 0.06  0.09Cu

< is less than 0.002%
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heated in argon to 750 °C over 4 h to minimize oxidation of the sample prior to
exposure to CO,, held for 500 h in industrial grade CO, and cooled in argon to room
temperature. Specimens were weighed using a Mettler Toledo XP205 balance with
an accuracy of ~=+0.04 mg or 0.01 mg/cm?® Mass change was measured every
160 h (16 cycles) in the cyclic tests. After exposure, samples were copper plated
before being sectioned and mounted for light microscopy. Specimens were etched
using aqua regia to measure internal oxidation. Both oxide thickness and internal
oxidation were measured using image analysis software with >50 measurements
taken for each specimen.

Results

Figure 1 shows the specific mass gain versus time for each of the four alloys
investigated in 10-h cycles in 1 bar CO, at 700, 750 and 800 °C. Two specimens of
each alloy were exposed at each temperature, and the mass changes were small at
700 and 750 °C with some scatter in behavior because of the low values. More
uniform parabolic-type behavior was observed at 800 °C. The mass gain was
unexpectedly low for the alloy 625 specimens, particularly at 800 °C. Higher mass
gain was expected for the alloy 282 specimens in this temperature range due to the
internal oxidation of Ti and Al [6, 8, 17]. Polished cross sections after 1000-h
exposures at each temperature are shown in Fig. 2. In general, thin protective scales
were observed in all cases. The internal oxidation for alloys 282 and 740 was clear
at 750 and, at 800 °C, the internal oxidation increased significantly for both alloys.
Alloys 625 and 25 contain much lower levels of Al and Ti (Table 1) and thus do not
show signs of internal oxidation. The scale was slightly thicker on alloy 25 at
800 °C.

Figure 3 shows box and whisker plots for the scale thickness of the specimens
shown in Fig. 2 with the box marking the 25%, median and 75% values measured
and the whiskers showing the minimum and maximum values measured. All of the
alloy specimens showed thin oxides with little variation in the median values at 700
and 750 °C. At 800 °C, 625 continued to form a very thin oxide, consistent with the
mass change data in Fig. 1. Figure 4 shows box and whisker plots for the internal
oxidation of the specimens after etching. Deeper internal oxidation can be seen in
740 and 282 specimens, especially at 750 and 800 °C.

In order to better understand the performance of these alloys in CO,, a 10-h
cyclic test was conducted in dry air at 800 °C and the mass change data are
compared to the CO, data in Fig. 5. The mass gains were similar in both
environments. Figure 6 shows that the oxide microstructures were similar in air with
the oxide thickness measurements shown in Fig. 3¢ and the internal oxidation
measurements in Fig. 4c. Particularly for the alloy 625 specimens, the oxide was
slightly thicker in dry air compared to CO, after 100, 10-h cycles. For the other
alloys, the oxide thickness and depth of internal oxidation were similar.

To better understand the effect of cycling, 500-h cycles also were conducted at
750 °C in 1 bar CO,. Figure 7 compares the mass change data at 750 °C in 10- and
500-h cycles. For the 500-h cycle exposures, the average of eight specimens being

@ Springer



634

Oxid Met (2017) 87:631-642

@ Springer

Specimen Mass Change (mg/cm?) Specimen Mass Change (mg/cm?)

Specimen Mass Change (mg/cm?)

020 b lo) e 4 a .
] ahzop C : : .
110-h Cycles o 5 . _ ¢
i I VA Ik T AP

0.15 ¢ : © 282
] P e s . _a®
1 - ~e- - "%~
4 % : :

010_/ ......................... ...............

/// : 25-SS 4
1 P
| A T —¢-==¢"" ! 740

005_---1/----’.:’..;,. \::__._, e
D et -
s aa BED SN,

- // : : % x
o

T
0 200 400 600 800 1000
Exposure Time (h)

b 750°C . _ee

0.20 10-h Cycles g = - SEy

0.15 :// W T
!/ 740 pm
/i =
0.10 Vi S P Lo —-“-'::v-./..f.—..k!
B VAN EEE SRk Skl S
I ! .
/
4 625 25- SS
0.05 l/’,‘~;"_" .................... f

0 — T T T
0 200 400 600 800 1000
Exposure Time (h)

1 ¢ 800°C 282 o®

0.6 10-h Cycles " ............. ....... ot - .,.

I I |
0 200 400 600 800 1000
Exposure Time (h)



Oxid Met (2017) 87:631-642 635

«Fig. 1 Specimen mass gain versus exposure time up to 1000 h for all four alloys at 700 °C (a), 750 °C
(b) and 800 °C (c)
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Fig. 2 Light microscopy of the four alloys after 10-h cycles for 1000 h in 1 bar industrial grade CO,

exposed is shown. The additional specimens are being continued to longer exposure
times. The mass gains were slightly higher in the 500-h cycle experiments, and these
experiments have included exposures up to 1500 h. One specimen of each alloy was
stopped after 1000 h, and Fig. 8 shows the oxides formed. The oxide measurements
are shown in Fig. 3b along with the internal oxidation measurements in Fig. 4b. The
median oxide thickness values were all slightly larger after 1000 h in the 500-h
cycles compared to the values in 10-h cycles. An oxide nodule on the alloy 25-SS
specimen skewed the maximum value for that specimen, Fig. 3b.

The oxidation kinetics were assumed to be parabolic, and the measured rate
constants are shown in Fig. 9, calculated by plotting the mass change versus the
square root of time, then squaring the linear fit of the data as described by Pieraggi
[18]. For alloy 625, both specimens at 700 °C and one at 750 °C showed a mass loss
after an initial mass gain and a rate was not fit. Tables 2 and 3 compare the rates
measured at 800 °C in CO, and air and at 750 °C in 10- and 500-h cycles,
respectively. The rates were slightly lower in air at 800 °C and higher in 500-h
cycles at 750 °C.
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Fig. 3 Box and whisker plots of oxide thickness of samples after 1000-h exposures in 10-h cycles in
1 bar CO, at a 700 °C, b 750 °C and ¢ 800 °C. At 750 °C, data are shown for 500-h cycles in CO, and at
800 °C in 10-h cycles in dry air

@ Springer



Oxid Met (2017) 87:631-642 637

a 700°C -

Oxide Thickness (um)

17 0.85 @ 0.86
0.17 0.19
282 625

25 740

8_

b 750°C Open: 10-h cycles

Shaded: 500-h

7_
cycles

6.
6] .
4]
3

24 21

1 1.2 1.2 Q O'Qi
= 01857018 0.19 5= 031
282

25 740 625

Internal Oxidation (um)

20

w]C T +800°C

Open: CO,

64T - _
Shaded: dry air

141
124
104
8
6-

44 3.8 3.6 3.4

2] zé é

041018 - 0.26 0.49 085
0 282 625

25 74

Internal Oxidation (um)

Fig. 4 Box and whisker plots of internal oxidation of etched cross sections after 1000-h exposures in
10-h cycles in 1 bar CO, at a 700 °C, b 750 °C and ¢ 800 °C. At 750 °C, data are shown for 500-h cycles
in CO, and at 800 °C in 10-h cycles in dry air
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Fig. 5 Specimen mass gain versus exposure time for samples tested in dry air (open symbols) and CO,
(closed symbols) at 800 °C
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Fig. 6 Light microscopy of the four alloys after 10-h cycles for 1000 h in dry air at 800 °C
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Fig. 7 Specimen mass gain of samples exposed in 1 bar CO, at 750 °C with 10-h (closed symbols) and
500-h cycles (open symbols). For the 500-h cycles, the average of eight specimens is shown including one
standard deviation
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Fig. 8 Light microscopy of the four alloys after two 500-h cycles in 1 bar industrial grade CO,
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Fig. 9 Arrhenius plot of the parabolic rate constants (kp) for each individual sample in the 10-h CO,
cycles. The rates for all four alloys are under the target metric for the CSP application of
5 % 107" g em™ s™'. For comparison, the rates in air at 800 °C and in 500-h cycles in CO, are shown

Table 2 Comparison of the average parabolic rate constant (g> cm™* s~

CO, using 10-h cycles at 800 °C

) after exposure in dry air, and

Alloy Air CO,

282 5.8 x 107 7.4 x 1074
740 2.5 x 107 3.8 x 10714
25-SS 2.8 x 107 52 x 10714
625 2.0 x 10716 1.5 x 1071°

Table 3 Comparison of the average parabolic rate constant (g* cm™* s™") after exposure in CO, at

750 °C using 10- and 500-h cycles

Alloy 500 h Cycles 10 h Cycles
282 24 x 107 26 x 10713
740 12 x 107 12 x 1071
25-SS 1.9 x 1071 3.1 x 10716
625 47 x 1071 1.0 x 107'¢
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Discussion

In general, the measured corrosion rates were low in these experiments, Fig. 9, well
below the rate constant goal of 5 x 10~"* g/cm®s, which would form <100 pm of
oxide scale in 100,000 h or ~30 years of CSP operation. Some of the scatter in
Fig. la, b can be associated with the low mass gains near the limit of the
measurement procedure. The 625 and Fe-base 25 specimens, while having low
overall growth rates, showed higher growth rates in CO, compared to air, Table 2.
The experiment in air was used to understand the effect of CO, but is also relevant
for the CSP application where the solar receiver (primary heat exchanger) could
have CO, on the inside of tubes and air on the outside at slightly higher
temperatures. Perhaps as high as 800 °C to have a turbine inlet temperature

>700 °C, particularly if thermal storage is employed. Comparing the growth rates
of the samples exposed in 10- and 500-h cycles at 750 °C showed that the growth
rates after exposure in 500-h cycles were higher, Table 3 and Fig. 9. These could be
attributed to scale spallation. However, these relatively thin scales are unlikely to
spall significantly and no evidence of scale spallation was observed. Longer
exposures to 4000 h that are currently in progress will help to differentiate the cycle
frequency differences and refine the kinetic rates measured. The difference could
also be due to the experiments being conducted in different furnaces. The
temperature is much easier to monitor and control in a horizontal three-zone furnace
than in the cyclic rigs, where each specimen is at a different location in a vertical
tube.

Figure 9 also shows the Arrhenius fit of the parabolic rate constants. All of the
alloys had a similar activation energy, except for alloy 625, which formed thinner
scales, particularly at 800 °C. Longer experiments also will help to refine the rate
calculations, which were somewhat scattered due to the low mass gains at these
temperatures. In the 10-h cycle tests performed in CO,, the rate constants calculated
at 750 °C were lower than the values predicted by the Arrhenius fit. Since all three
experiments were conducted in different cyclic rigs, a possible explanation is that
the temperature in the 750 °C experiment was lower than expected resulting in the
low mass gains observed.

The oxygen partial pressure in IG CO, is likely dictated by any O, impurities but
even in pure CO, there is a sufficient oxygen partial pressure to form all of the
major Fe, Ni and Cr oxides. However, the formation of Cr-rich oxides is relatively
slow at these temperatures, Fig. 9. The main concern for the CO, environment is
internal carburization. However, it has been extremely difficult to identify any
internal carburization by scanning electron microscopy/energy-dispersive or wave
length-dispersive spectroscopy. The internal oxidation values in air and CO,
appeared quite similar at 800 °C, Fig. 4c. Again, longer exposures may help to
differentiate behavior. Furthermore, the specimens were measured after etching.
Figure 10 provides examples of the specimens after etching where the precipitates
were highlighted along with the Yy’ depletion zone in 740H and 282. Figure 11
shows examples where the median depth values typically increased after etching.
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Fig. 10 Light microscopy of each alloy from the 10-h cycle tests in CO, at 750 °C after being etched
with aqua regia
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Fig. 11 Comparison of internal attack measurements before and after being etched

Because of the thin reaction products, higher resolution characterization is
needed but currently there are no signs of any significant internal carburization after
1000 h in 1 bar IG CO,. Comparisons of Fe- and Ni-base alloys have indicated
more C ingress in Fe-base alloys [19], and it has been suggested that the lower C
solubility in Ni-base alloys makes internal carburization less likely [7]. There is
some concern about Fe-base alloy 25 being more susceptible to internal
carburization; however, Fe-base alloys represent a less expensive alternative to
Ni-base alloys for this application. For Fe-base alloy 25, very thin reaction products
were observed at 700 and 750 °C in 10-h cycles. However, an oxide nodule was
observed in the 500-h cycles (Fig. 3b) and the slightly thicker scale formed in CO,
at 800 °C will be further characterized to determine their composition. Higher
oxidation rates and deeper internal oxidation were observed for the precipitation-
strengthened alloys, 740H and 282, particularly at 800 °C. However, these alloys
are significantly stronger than conventional solid solution-strengthened Ni-base
alloys like 625 and are the most likely candidates for 750-800 °C applications
[20, 21].

Another reason to conduct the 500-h cycles in 1 bar CO, is that the next phase of
this testing will include 300 bar sCO, experiments at 700-800 °C using 500-h
cycles and the 500-h 1 bar experiment will help isolate the effects of cycling and
CO; pressure on performance. If CO, pressure does not strongly affect behavior, as
has been shown in other studies [8, 11], then there is less need to conduct high-
pressure autoclave experiments.
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Conclusions

Four commercial structural alloys were investigated for their use in a supercritical
CO, Brayton cycle CSP system. In this initial phase of the study, coupons were
exposed for 1000 h in 10- and 500-h cyclic exposures in 1 bar CO, at 700-800 °C.
The high-strength precipitation-strengthened alloys 740 and 282 showed increased
internal oxidation due to the higher Al and Ti contents in these alloys. A comparison
experiment at 800 °C in dry air showed similar mass gains and reaction products as
CO,. This initial characterization showed no indication of internal carburization
under these conditions. The reaction rates were slightly higher at 750 °C in 500-h
cycles. All of the measured reaction rates were low and suggest these alloys have a
good chance of meeting the 30-year CSP durability goal for this application based
on oxidation resistance. Longer exposures in these experiments at 1 bar and
complementary exposures at 300 bar will help to develop and verify a lifetime
model for this application.
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