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Abstract
Several modern power production systems utilize supercritical  CO2  (sCO2), which 
can contain  O2 and  H2O as impurities. These impurities may degrade the compati-
bility of structural alloys through accelerated oxidation. However, it remains unclear 
which of these impurities plays a bigger role in high-temperature reactions taking 
place in  sCO2. In this study, various model and commercial Fe‐ and Ni‐based alloys 
were exposed in 300  bar  sCO2 at 750  °C to low levels (50  ppm) of  O2 and  H2O 
for 1,000  h. 18O-enriched water was used to enable the identification of the oxy-
gen source in the post-exposure characterization of the samples. However, oxygen 
from the water did not accumulate in the scale, which consisted of  Cr2O3 in the 
cases where a protective oxide formed. A 2wt.% Ti addition to a Ni-22%Cr model 
alloy resulted in the formation of thicker oxides in  sCO2, while a 1wt.% Al addition 
reduced the scale thickness. A synergistic effect of both Al and Ti additions resulted 
in an even thicker oxide than what was formed solely by Ti, similar to observations 
for Ni-based alloy 282.

Keywords Supercritical CO2 · Impurities · Internal oxidation · Cr-rich oxide scale · 
Ti addition

This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 
with the US Department of Energy. The United States Government retains and the publisher, by 
accepting the article for publication, acknowledges that the United States Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of 
this manuscript, or allow others to do so, for United States Government purposes. The Department 
of Energy will provide public access to these results of federally sponsored research in accordance 
with the DOE Public Access Plan (https://www.energy.gov/downloads/doe-public-access-plan).

 * Juho Lehmusto 
 juho.lehmusto@abo.fi

Extended author information available on the last page of the article

http://orcid.org/0000-0003-3495-4710
http://crossmark.crossref.org/dialog/?doi=10.1007/s11085-021-10071-6&domain=pdf


572 Oxidation of Metals (2021) 96:571–587

1 3

Introduction

Increasing electricity demand and reductions in  CO2 emissions are key considera-
tions when designing new power plants with higher production efficiencies. The so-
called Brayton cycle is a thermodynamic cycle used as the basis of constant-pressure 
heat engines in modern jet engines and gas turbines. The Brayton cycle can also be 
used with supercritical carbon dioxide  (sCO2) as a working fluid in modern power 
production systems regarding nuclear energy, concentrated solar power (CSP), and 
emission-free fossil energy [1–3]. When compared to the steam-based Rankine 
cycle, the thermophysical properties of  sCO2 allow higher cycle efficiencies, smaller 
environmental impact, and lower costs due to simpler power block design [4–6]. The 
use of  sCO2 could enable efficiencies over 50% with a  sCO2 Brayton cycle operating 
above 700 °C and 200–300 bar (20–30 MPa) [7].

So far, most of the studies addressing high-temperature oxidation of materials 
in  sCO2 have been performed in research-grade (RG)  sCO2 (purity 99.999%) [i.e., 
8–13]. Although various materials, especially higher-alloyed ones, perform satis-
factorily in RG  sCO2, it has been reported to initiate breakaway corrosion of Cr-
rich stainless steel through the growth of an Fe-rich oxide and rapid precipitation of 
internal Cr carbides [14] due to C ingress into the alloy [15]. Since Cr is bound to 
carbides, the bulk alloy becomes Cr-depleted and the repassivation of the alloy sur-
face through Cr diffusion is inhibited. Increasing the Cr content of the alloy results 
in a better resistance toward carburization after the formation of a thin and continu-
ous chromia scale [12]. However, it was reported that an amorphous carbon layer 
together with Cr-rich carbides  (M23C6) was found below the oxide, indicating that 
the chromia scale might be, to some extent, permeable to carbon. The low oxygen 
partial pressure p(O2) at the scale/alloy interface enables the following reactions to 
occur:

The reactions above result in a carbon activity high enough to initiate internal 
carburization [16, 17]. Alumina scales have been found to withstand carburiza-
tion better than chromia scales [18, 19]. However, the alumina scale is imperme-
able to carbon only when it is continuous and consists of α-alumina [20]. Interest-
ingly, Ni-based alloys appear to withstand carburization better than Fe-based alloys, 
most likely due to the reduced carbon solubility and Cr carbide stability in Ni-based 
alloys [14, 21]. Unfortunately, Ni-based materials are considered to be too expensive 
for many industrial applications.

In addition to studies in research-grade  sCO2, the impact of impurities such as 
 O2 and  H2O on high-temperature oxidation kinetics in  sCO2 has been addressed, 
although the amount of published information is very limited. Most of the studies 
were carried out at ambient pressure. It has been suggested that system pressure has 
a negligible effect on the oxidation rate of both Fe- and Ni-based alloys in  sCO2 
[13, 22]. However, this may not be the case with impurity effects [23–25]. Thus, 

(1)CO2(g) → CO(g) + 1∕2 O2(g)

(2)2CO(g) → CO2(g) + C(s)
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impurity studies at high pressures are of interest because, for example,  H2O and  O2 
might react with the protective chromia scale and form volatile Cr oxy-hydroxides 
such as  CrO2(OH)2, especially in open cycles with high  H2O levels [23, 26]. Chro-
mium volatilization depletes Cr in the scale and the alloy beneath it, accelerating 
the degradation of high-alloyed materials significantly. The effects of impurities on 
high-temperature oxidation in  sCO2 and specifically the reaction mechanisms are 
still not well defined. The effect of  O2 (0.15 vol.%) or  H2O (10 vol.%) additions 
to  CO2 (0.1 MPa) at 700 °C resulted in very similar mass changes than what was 
observed in pure  CO2 [27]. The thicknesses of the scales formed at 700 °C in air, 
 CO2, or in  CO2 +  H2O were also very close to one another. Interestingly, the addition 
of either  H2O or  O2 to  CO2 has also been reported to result in faster oxidation rates 
for both Fe- and Ni-based alloys [23, 24]. The detrimental effect of oxygen was sug-
gested to originate from accelerated Cr diffusion and void formation [24]. The pres-
ence of  H2O may result in an increased number of grain boundaries, which function 
as diffusion routes for carbon, leading to carburization of the alloy beneath the scale 
[28]. The different results above indicate the necessity of further studies addressing 
the role of impurities on oxidation reactions and material degradation in  sCO2.

The goal of the current study was to better understand the impurity-induced cor-
rosion taking place in  CO2 (300 bar) at 750 °C with low levels of impurities that 
might be found in closed cycles. For this, known amounts of  O2 and  H2O were 
added to the  sCO2 experiments, in which corrosion of model and commercial FeCr- 
and NiCr-alloys was studied. The effects of Al and Ti additions were investigated 
because of their importance in strengthening Ni-based alloys, like alloy 282 [29]. To 
differentiate the role of the two impurities, 18O isotope-enriched water was utilized. 
Thus, the additional focus lies on the applicability of tracer studies in high-tempera-
ture  CO2 environments.

Experimental

Two commercial and five model alloys (compositions in Table 1) were cut into rectan-
gular pieces (12 mm × 20 mm) with a thickness of ~ 1 mm and polished to a 600 grit fin-
ish. For each alloy, two samples were weighed before the experiments using a Mettler 

Table 1  The chemical compositions of the alloys, measured by inductively coupled plasma and combus-
tion analyses in weight%

Alloy Fe Ni Cr Al Other

Fe15Cr 85.1 – 14.9 – –
HR3C 51.0 20.4 25.7 – 1.2Mn, 0.5Nb, 0.4Si, 0.3Co
Ni22Cr – 78.0 21.9 – –
Ni22Cr + 1Al – 76.2 22.8 1.0 –
Ni22Cr + 2Ti – 76.2 21.8 – 2.0Ti
Ni22Cr + 1Al,2Ti – 75.1 21.8 1.1 1.9Ti
282 0.2 57.1 19.6 1.6 6Co, 6Mo, 2.2Ti
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Toledo XP205 balance with an accuracy of ~  ± 0.04 mg or 0.01 mg/cm2. The experi-
ments were carried out in a vertical autoclave in research-grade (purity 99.999%)  CO2 
under 300 bar at 750 °C. The autoclave (~ 266 mm × 83 mm inner diameter) was oper-
ated inside a three-zone furnace with an alloy 282 sample rack that sat on the bottom 
of the autoclave. The liquid  CO2 flow rate was around 0.1  kgh−1. In addition, known 
amounts (50 ppm) of impurities  (O2 and  H2O) were introduced into the autoclave with 
pumps specially designed for high-pressure environments. Molecular oxygen (purity 
99.999%) contained 99.8 vol% of the 16O isotope, whereas the water was 18O isotope-
enriched, containing almost exclusively the 18O isotope (18O content > 98%, GMP qual-
ity, Rotem Industries Ltd.). The specimens were heated to temperature ~ 3 °C  min−1 in 
 sCO2, held at temperature ± 2 °C, and then cooled in  sCO2 to room temperature by low-
ering the furnace. One sample of each alloy was removed after 500 h and the other one 
after 1,000 h, after which the samples were weighed.

Time of flight secondary-ion mass spectrometry (ToF–SIMS) was used to iden-
tify the two oxygen isotopes, for elemental depth profiling of the oxide scales, and for 
chemical characterization of the bulk alloys. The measurements were performed using 
a TOF.SIMS.5 NSC instrument (IONTOF GmbH) with a  Bi3+ liquid metal ion gun 
(energy of 30  keV, current ~ 30 nA, and spot size ~ 5  μm) as the primary source for 
chemical analysis on the surface. In addition, a  Cs+ ion gun (energy of 2  keV, cur-
rent ~ 100 nA, and spot size ~ 20 μm) was used as a sputter source for depth profiling. 
Measurements were performed in non-interlaced mode, with each chemical imag-
ing over a 100 × 100 μm area followed by 25 s of the sputtering over a 200 × 200 μm 
area. Mass analysis of secondary ions was realized using a time-of-flight mass ana-
lyzer operating in positive ion detection mode and providing mass resolution m/
Δm = 5,000–10,000. Information from the analyzed area was averaged over X–Y coor-
dinates and further presented as depth profiles for chemical elements of interest.

The oxide phases in the scales were identified with X-ray diffraction (XRD) by a 
Panalytical X’pert diffractometer from nominally 5 to 92° 2θ using CuKα radiation 
(λ = 1.540598 Å). All scans used ¼° fixed slits, ½° anti-scatter slit, 0.04 soller slits 
coupled with a 10-mm mask (beam length). For the phase identification procedure, 
a search match was conducted using the Jade software [30] and the ICDD database 
[31]

After the abovementioned characterization, the samples were copper plated, sec-
tioned, and cast in epoxy to be studied with a light optical microscope (LOM) and 
scanning electron microscope (SEM). The SEM (Hitachi S4800) with an energy-
dispersive X-ray analysis system (EDAX Octane Elect EDS System) was used to 
study the chemical composition and structure of the formed oxides from cross-sec-
tional samples. The microscope was operated at an accelerating voltage of 20 kV 
and with the backscatter electron mode for the images and EDX analyses.

Results

The weight changes after 500 and 1,000 h are presented in Fig. 1. For compari-
son, the mass gains from exposure in industrial grade (IG)  sCO2 also are shown 
for several alloys. In Fig. 2, the thickness of each formed scale was calculated as 
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an average of twenty thickness measurements and the calculated parabolic rate 
constants in Table 2. Only the external oxide has been taken into account and any 
internal degradation has been excluded from the thickness measurements. Since 
similar alloys have been reported to follow parabolic oxidation kinetics [32, 33], 
Eq. 3 has been used to calculate parabolic rate constants presented in Table 2.

The cross-sectional images in Fig.  3 show a general trend of internal attack 
mainly along the grain boundaries in all the alloys containing Ti. The internal 
attack has formed cavities along the grain boundaries [35], most likely as a result 
of the outward migration of Ti. Additionally, minor signs of internal degradation 
were also observed in the Ni22Cr + 1Al model alloy.

(3)(Δm∕A)2 = 2kpt

Fig. 1  Specimen mass gain data for 500 and 1,000 h at 750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and 
 H2

18O compared to prior results in IG  sCO2 [23, 34]

Fig. 2  Measured oxide thicknesses after 1,000 h at 750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and  H2
18O
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The polished cross sections were also examined by SEM, which showed internal 
degradation of Ti-containing alloys and the Ni22Cr + 1Al model alloy even clearer 
(Fig. 4). Based on the SEM–EDX elemental maps, chromia is the main protective 
oxide with all presented alloys (examples in Figs.  5 and 6). In addition to Cr, Ti 
was identified in the surface scales of all Ti-containing alloys (282, Ni22Cr + 2Ti, 
and Ni22Cr + 1Al,2Ti). The presence of Ti in the surface oxides was also verified 
with XRD (Table 3). Based on the identified phases, Ti was presented as pure rutile 
 (TiO2) and in titanium-doped chromia with the chromia structure ((Cr,Ti)2O3) [36]. 
Unfortunately, the exact oxide compositions cannot be determined from the XRD 
patterns alone. The alloying elements in the bulk material may be embedded in the 
oxide structure, which leads to peak shifts compared to pure oxides. This origi-
nates from Fe or Ti atoms substituting Cr in the lattice and creating a slight distor-
tion in the peak positions, which results in the identification of additional phases. 
To avoid intricacy, notations (Cr,Fe)2O3 and (Cr,Ti)2O3 are presented in Table  3 
instead of exact phase stoichiometries. Based on the SEM images, Al did not form 

Table 2  The measured mass gains and oxide thicknesses together with the calculated rate constants for 
alloys exposed to  sCO2 with 50 ppm 16O2 and  H2

18O at 750 °C for 1000 h

* The presented values are from the 500-h exposure

Alloy Mass gain  [mgcm−2] Average oxide 
thickness [µm]

Standard deviation kp  [g2cm−4  s−1]

500 h 1000 h 1000 h 1000 h 1000 h

Fe15Cr 3.12 0.42 1.41* 0.30* 2.7 ×  10–12*
HR3C 0.19 0.23 0.74 0.29 7.3 ×  10–15

Ni22Cr 0.34 0.41 1.91 0.68 2.3 ×  10–14

Ni22Cr + 1Al 0.25 0.23 0.95 0.43 7.3 ×  10–15

Ni22Cr + 2Ti 0.63 0.74 3.8 1.3 7.6 ×  10–14

Ni22Cr + 1Al,2Ti 1.06 1.33 6.0 0.56 2.5 ×  10–13

282 0.37 0.46 1.46 0.45 2.9 ×  10–14

Fig. 3  Light microscopy of polished cross sections of specimens exposed for 500 h (Fe15Cr) and 1,000 h 
(the rest) at 750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and  H2

18O
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Fig. 4  SEM-backscattered electron images of the specimens exposed for 500 h (Fe15Cr) and 1,000 h (the 
rest) at 750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and  H2

18O

Fig. 5  SEM–EDS elemental maps for commercial alloys HR3C and C282 exposed for 1,000 h at 750 °C 
in 30 MPa  sCO2 with 50 ppm 16O2 and  H2

18O

Fig. 6  SEM–EDS elemental maps for model alloys Ni22Cr + 1Al, Ni22Cr + 2Ti, and Ni22Cr + 1Al,2Ti 
exposed for 1,000 h at 750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and  H2

18O
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a continuous alumina scale below the chromia scale, thus failing to protect the alloy 
from further attack. The lack of a protective barrier explains the signs of incipient 
internal attack shown in Fig. 3.

Based on the ToF–SIMS depth profiles, the exposure time did not affect the 
chemical composition of the scales, only their thicknesses. The chemical composi-
tions obtained with sputtering agreed well with the other analyses. The only addi-
tional finding was the Mn-rich surface layer on the HR3C alloy (Figs.  7 and 8). 
The layer was so thin that it was not detected by XRD or SEM–EDS, but it con-
sisted most likely of a (Mn,Cr)3O4 spinel, typically found on Mn-containing alloys 
exposed to  sCO2 [37].

Discussion

Mass Change

The largest mass gain was observed with the Fe15Cr model alloy, peaking at around 
3.1  mgcm−2 after 500 h. Based on visual observation, heavy spallation occurred on 
the 1,000-h sample, explaining the notably lower mass gain. Both the high mass 
gain and spallation indicate that under the studied conditions, 15wt.% of Cr in the 
Fe-based model alloy is not enough to provide corrosion resistance, despite the 
Cr-rich oxide identified by XRD ((Cr,Fe)2O3). Even so, this mixed oxide scale was 
not protective and could not slow the rate of oxidation. Information addressing the 
scale composition after 1000 h was lost due to spallation and no further characteri-
zation was conducted on the spalled specimen. However, it has been reported with 

Table 3  The phases identified 
by XRD from the samples 
exposed for 1,000 h at 750 °C in 
30 MPa  sCO2 with 50 ppm 16O2 
and  H2

18O

*The presented values are from the 500-h exposure

Alloy Phase(s)

Fe15Cr (Cr,Fe)2O3*
HR3C (Cr,Fe)2O3

Ni22Cr Cr2O3

Ni22Cr + 1Al Cr2O3

Ni22Cr + 2Ti Cr2O3 and (Cr,Ti)2O3

Ni22Cr + 1Al,2Ti Cr2O3, (Cr,Ti)2O3, and  TiO2

282 Cr2O3, (Cr,Ti)2O3, and  TiO2

Fig. 7  ToF–SIMS intensities for elements in a depth projection of the HR3C alloy exposed for 1000 h at 
750 °C in 30 MPa  sCO2 with 50 ppm 16O2 and  H2

18O
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commercial Fe-based alloys with similar Cr contents that a thick  Fe3O4 scale formed 
in  sCO2 at 650  °C [37]. The spallation of the scale can be attributed to growth 
stresses within the scale due to volume changes during oxidation and to the dis-
crepancy between the thermal expansion coefficients of the alloy and the scale. The 
external chromia formation depletes the oxide scale/alloy interface in Cr, in addi-
tion to which chromium carbide  (Cr23C6) precipitation is reported to decrease the 
chromium level further [14]. After spallation, the regrowth of the chromia scale is 
hindered due to the Cr-depleted region, and iron oxide nodules may form instead.

Unfortunately, the amount of the stable 18O isotope found in all of the exposed 
samples was within the natural abundance of the isotope (0.2%). It remains unclear, 
whether  H2

18O reacted with the alloys at all. However, it did not accumulate within 
the scale during the 1,000  h exposure. This suggests that water might not have a 
major role in accelerated oxidation as an impurity in  sCO2. However, more research 
needs to be carried out to verify the relative effects of  O2 and  H2O. For example, 
repeating the current experiment with only 50 ppm  O2 or only 50 ppm  H2O addi-
tions. A summary of the various environments investigated is shown in Fig. 9. The 
emphasis has been on higher  O2 and  H2O levels in support of the planned Allam 
cycle [3] commercialization. For HR3C, the results suggested that 1%  O2 alone had 
a more detrimental effect than adding 0.25%  H2O [38]. The reactivity of  O2 was 
found higher also when compared to  CO2 when a mild steel was exposed to gas mix-
tures with different ratios of  O2 and  CO2 [39]. The initial oxidation of the steel was 
attributed almost exclusively to  O2 due to its faster dissociation rate. Once all  O2 has 
reacted and if no additional  O2 is available, the oxidation of the steel slows down 
and originates from the presence of  CO2. So,  O2 dominates the  pO2 when present, 
and under the studied conditions, the  pO2 was 0.015 bar. The  pO2 for pure  sCO2 has 
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been reported earlier in [22] and it was concluded to be almost as high as in steam, 
so all of the typical Fe and Ni oxides are stable, almost up to  pO2 of  10–5 bar.

The Effect of Al Addition in Ni–Cr Model Alloys

For the Ni22Cr model alloys, the oxide scale consisted mainly of chromia, and the 
oxide thickness increased in series Ni22Cr + 1Al < Ni22Cr < Ni22Cr + 2Ti < Ni22C
r + 1Al,2Ti. This is in good accordance with the general knowledge that when only 
aluminum is alloyed, it slows down the oxidation rate compared to a similar Al-free 
alloy [40, 41]. Usually, the positive effect of Al is attributed to the formation of a 
dense and protective α-alumina scale, mainly through inward-diffusion of oxygen 
along short-circuit paths such as grain boundaries [42]. The formation of α-alumina 
scale is dominant over transient aluminas at temperatures above 800 °C [43, 44]. In 
 sCO2, a continuous alumina scale can form already at 650 °C, but it requires higher 
Al contents (> 3wt.%) [45, 46]. Since neither XRD nor EDS could detect a subscale 
alumina layer, it appears that 1% Al was not sufficient to form an Al-rich layer at 
750 °C in agreement with the Ni–Cr-Al map of Giggins and Pettit [43].

In the present study, the oxygen potential at the chromia-alloy interface was 
higher than what is required to oxidize Al, and therefore, alumina precipitates 
formed beneath the chromia scale as can be seen in Figs. 5 and 6. Although 2% of 
Al in the alloy has been reported to be sufficient for the formation of a continuous 
alumina scale underneath the external chromia scale in air at 800 °C [47], 1% Al in 
the present study was not sufficient to form a continuous internal alumina scale at 
750 °C in  sCO2. The formation of a discontinuous alumina scale has been reported 
previously in air [43] and in  sCO2 at lower temperatures [48]. Interestingly, the pres-
ence of Al precipitates or a discontinuous subscale layer in the internal oxidation 
zone (IOZ) was sufficient to reduce the scale thickness. In NiCrAl alloys, the oxida-
tion of both Cr and Al at the scale-alloy surface results in an increased oxide vol-
ume fraction and promoted formation of a Cr-rich oxide at the scale-IOZ interface 
[48]. This uniform chromia scale in Fig. 6 reduces the oxygen activity at the scale-
IOZ interface, resulting in slower oxidation and outward diffusion of metal ions. 
This may explain the lower mass gain and thinner oxide of the Ni22Cr + 1Al model 
alloy compared to the undoped Ni22Cr model alloy. Since no Ni-rich scales were 

Fig. 9  Median mass gain of 
HR3C and 282 specimens in 
various environments after 
1000 h at 750 °C. The whiskers 
show one standard deviation
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identified by XRD in the present study and both mass gain and oxide thickness of 
the Ni22Cr + 1Al model alloy were smaller than those of the Ni22Cr model alloy, Al 
appears to have a beneficial effect on the oxidation behavior although the added 1% 
could not entirely prevent internal attack. So, as long as the Cr content of the alloy is 
high enough, a 1% Al addition provided further protection for the alloy.

The Effect of Cr Content in Commercial Alloys

Based on the mass gains and oxide thicknesses of HR3C and 282, it appears that in 
 sCO2 at 750 °C, the Cr content of the alloy has a bigger beneficial impact on corro-
sion resistance than a small Al addition. The effect of higher Cr content can also be 
observed when comparing the oxidation behavior of Fe-15Cr to that of HR3C. For 
the tracer study, it was hoped that the binary Fe-15Cr alloy would facilitate analy-
sis. Unfortunately, 15Cr was not sufficient to prevent rapid Fe-rich oxide formation. 
Regarding the two commercial alloys, HR3C and 282, the higher mass gain for 282 
is attributed to the oxidation of Al and Ti, which are not present in HR3C (Table 1). 
For HR3C, there was also Mn present in the scale as an Mn-rich (Mn,Cr)3O4 spi-
nel, which may be beneficial in terms of oxidation resistance [34, 49]. At low O 
partial pressure, which is expected in  sCO2, Mn additions reduce the oxidation rate 
remarkably by slowing metal and/or oxygen diffusion as well as blocking carbon 
penetration [50, 51]. This is explained by the  pO2-dependence of Mn solubility in 
 Cr2O3 and in the resulting Cr/Mn-spinel: at low  pO2 values, a stoichiometric spi-
nel  (MnCr2O4) forms, whereas at higher  pO2 values, Mn starts to occupy chromium 
sites in the oxide, forming a continuous solid solution of  (MnxCr1-x)3O4 [50, 52]. 
When compared to mass gains in IG  sCO2 after 1,000  h (Fig.  1), the differences 
were negligible for alloy 282 and small for alloys HR3C and NiCr22 in the current 
study.

The Effect of Ti Addition

Under these test conditions, the presence of Ti resulted in faster scale growth, which 
was further pronounced when both Al and Ti were present. All three Ti-containing 
alloys in the present study had high enough Ti contents to form an external  TiO2 
layer beneath the chromia scale [48], but since  TiO2 is soluble in  Cr2O3 [53], no 
such layer formed, and the Ti diffusion through the chromia scale formed an outer-
most  TiO2 layer instead. The fact that  TiO2 was detected in the scale supports the 
idea of Ti-enhanced sintering of the scale and the oxidation of the alloy due to alter-
ation of the defect structure of the oxide scale [54].

The formation of cavities in the exposure to  sCO2 differs somewhat from the 
type of internal attack in air, where the grain boundaries are usually oxidized due 
to the very high oxygen affinity of Ti [55]. Signs of internal attack were visible 
in the model alloys containing Al and/or Ti. Both Al and Ti form more stable 
oxides than  Cr2O3 and thus can oxidize beneath the scale at O partial pressures 
below the Cr/Cr2O3 equilibrium established at the metal-scale interface. Without 
Al and Ti, the oxides formed on the samples HR3C, Fe15Cr, and Ni22Cr were 
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dense, well-adhered, and without significant internal oxidation as can be seen 
in Fig. 4. Titanium is known to be an oxygen active element [56], but its effect 
depends on prevailing conditions and the composition of the base alloy. At tem-
peratures above 900  °C, Ti additions have been reported to enhance oxidation 
resistance of Co–Ni-based superalloys [57] and FeAl intermetallics [58], whereas 
Ni-based model alloys typically show faster scale growth with Ti additions at 
800 °C [59–61]. The higher mass gain of the Ti-containing model alloys in the 
current study supports a  Ti4+ doping mechanism in  Cr2O3. The Ti ions detected 
in the chromia scale by XRD are occupying the regular chromium sites, because 
 Ti4+ and  Cr3+ have almost the same ionic radius. The Ti occupation results in a 
positive effective charge  (Ti4+ replacing  Cr3+), which needs to be compensated 
either by the formation of chromium vacancies or electrons [62, 63]. In a previous 
study, where the oxidation mechanism of Ti-containing FeCr alloys was studied, 
Ti was found within the chromia scale at the grain boundaries with high enough 
concentrations to generate bulk vacancies via the Wagner-Hauffe doping [64, 65]. 
The formation of cation vacancies contributes to the ionic mass transport, which 
results in accelerated outward cation diffusion along chromia grain boundaries 
and eventually, in increased oxidation rate as can be seen in Fig. 2. Another pos-
sible effect of the presence of Ti ions in the chromia scale is the grain refine-
ment of the chromia grains, which also increases the oxide growth [66, 67]. The 
EDS analyses in Fig. 6 indicated that the thick scales on the Ti-containing alloys 
consisted mainly of chromia, which can be seen as a positive effect, despite the 
higher mass gain. This is based on the observation that faster chromia formation 
suppresses the detrimental formation of a NiO scale [48]. Furthermore, Ti–rich 
precipitates in the IOZ have been reported to reduce the growth of IOZ remark-
ably [48]. However, this could not be verified in the present study. Instead, the 
rapid Ti and Cr diffusion resulted in a notable internal attack. Although outside 
the scope of this paper, it should be mentioned that the formation of a thick sur-
face oxide together with internal attack of Ti (and Al) may deteriorate the alloy’s 
capability to resist mechanical stress by dissolving the γ’ strengthening phase. 
This has been observed in cyclic tests, where both the surface oxide and inter-
nal voids led to crack initiation, subsequent propagation into the substrate, and 
ultimately, material failure [68]. This shows that on a general level, Ti additions 
affect negatively the defect structure and oxidation kinetics of the scale, depend-
ing on i) temperature, ii) Ti concentration, and iii) O partial pressure [53, 69]. 
Nevertheless, Ti is important for the formation of the γ’ strengthening phase and 
is necessary to achieve the exceptional creep strength in an alloy like 282 [29].

The mass gains and oxide thicknesses correlate quite well with one another 
and the calculated rate constants are in the same order of magnitude as those of 
commercial alloys studied under similar conditions [32, 38, 70]. Interestingly, 
the oxidation rate constant for 282 alloy  (kp = 2.9 ×  10–8   mg2cm−4   s−1) in  sCO2 
was close to that of a Ni-based alloy with similar Cr, Ti, and Al concentrations 
 (kp = 1.7 ×  10–8   mg2cm−4   s−1), when studied in air at 750 °C for 2000 h [63]. It 
might be that oxygen availability in  sCO2 was high enough to oxidize highly reac-
tive Ti and Al in alloy 282 at a similar rate than in air, which is also pointed out 
in Fig. 9.
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The Combined Effect of Ti and Al Additions

Interestingly, the addition of Al to the model alloy with Ti actually increased the 
scale thickness and the depth of internal attack. Less Ti in the form of  Ti0.24Cr1.76O3 
was identified in the oxide of the Ni22Cr + 2Ti model alloy, when compared with 
the Ni22Cr + 1Al,2Ti model alloy, where both  Ti0.24Cr1.76O3 and  TiO2 formed. This 
suggests that the presence of Al in the alloy enhanced the migration of Ti toward the 
surface, where it formed a mixed oxide, similarly to alloy 282. The impact of simul-
taneous Ti and Al additions is not frequently addressed in the literature, and there-
fore, the oxidation mechanism originating from the possible interaction between 
Al and Ti and the reason for this synergistic effect is not resolved. When a simi-
lar Ni22Cr + 2Al,1Ti model alloy was exposed in air at 800–950 °C, a higher mass 
gain was recorded than for a Ni22Cr + 2Al model alloy [47]. It was hypothesized 
that the alumina underlayer may hinder Cr diffusion and the growth of the chromia 
scale but is unable to prevent the transport of Ti through the oxide scale. This results 
in the incorporation of Ti in the scale (Fig. 6) and subsequent oxidation leading to 
the higher mass gain. When the high-temperature oxidation of high-entropy alloys 
(HEAs) was studied, Ti addition to an Al-containing alloy formed oxide phases with 
poor oxidation resistance [71]. However, the chemical compositions of the studied 
alloys differ so much from the alloys in the present study that no direct comparison 
can be made. Since alumina is more stable than  TiO2, one possibility is that the 
addition of Al results in more Al internal oxidation and a lower Al/Al2O3 oxygen 
partial pressure with less Ti internal oxidation. Internal oxidation of Ti still occurs 
but to a lesser extent. Rather than forming Ti internal oxides, more Ti is available 
to diffuse outward, increasing the doping of the scale (i.e., faster growth) and form-
ing more Ti–rich precipitates  (TiO2 and Ti-mixed oxides, Table 3) at the gas/scale 
interface.

The Effect of Mn and Si Additions

The original goal was to compare  sCO2 impurity effects on Fe- and Ni-based com-
mercial and model alloys. As already noted, the 50 ppm level impurities produced 
little effect on either commercial alloy (Fig. 1). The thinner scale formed on HR3C 
compared to 282 (Figs.  3 and 4) can be attributed to the Al and Ti in the latter. 
However, HR3C also contains Mn and Si that are not typically added to Ni-based 
alloys. The detected outer (Mn,Cr)3O4-type spinel layer was similar to what has pre-
viously been observed in steam oxidation of HR3C at 700 °C [72]. Silicon formed 
a continuous layer below the chromia scale in HR3C, which might partly explain 
the low mass gain of this alloy. When Ni-based model alloys were exposed to  CO2 
at 700 °C, Si additions improved the oxidation resistance of the alloys significantly 
[48]. The beneficial effect of Si originates from the formation of a  SiO2 layer at the 
scale–alloy interface, where it may inhibit transport in the chromia scale and thus 
reduce Cr depletion in the underlying alloy, which can be seen in the Cr maps in 
Fig. 5. The same effect applies to Fe-based model alloys and the oxidation rate was 
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suppressed as a function of Si content in the range of 0.1–0.5wt.% [73]. HR3C con-
tains 0.4wt.% of Si, which appears to be enough to form an Si-rich oxide sublayer. 
However, this sublayer is not always continuous at higher magnification [74]. When 
a Fe-20Cr-20Ni model alloy was doped with 0.2wt.% Si, the oxidation resistance 
in Ar-20CO2 at 818 °C enhanced through slower Cr depletion and chromia growth 
[75], which might have been the case with HR3C in the present study. Even if the 
silica layer would not be continuous, the presence of a discontinuous network of 
silica precipitates could slow down the oxidation rate. This takes place via the inhi-
bition of the counter flow of Cr vacancies from the chromia scale into the bulk alloy 
[76]. The silica precipitates act as sinks, reducing the number of Cr atoms entering 
the external scale. In addition to the lower oxidation rate, the silica layer between the 
oxide scale and the alloy has been reported to improve scale adhesion [77] although 
a high Si level (> 0.5%) usually increases scale spallation. A silica layer also could 
suppress internal carburization by blocking the inward diffusion of carbon [78]. An 
alternative explanation is that Si affects the Cr diffusion rate in the alloy [79]. Also, 
since HR3C does not contain any Al or Ti, it benefits from not forming internal 
oxides, which partly explains the low mass gain.

Conclusions

The oxidation behavior of five model and two commercial alloys was studied in 
 sCO2 at 750 °C for 1,000 h in the presence of 50 ppm of  O2 and 50 ppm  H2O as 
impurities. The used  H2O was enriched with the stable 18-O isotope so that the oxy-
gen atoms in water molecules could be separated from the 16-O atoms in molecular 
oxygen. Unfortunately, no 18O isotope could be detected after exposure, suggesting 
that  H2O did not play a major role in the reaction when added at the 50 ppm level.

The key findings of the study can be summarized as:

• Oxygen from the water did not accumulate in the forming oxide.
• Chromium oxide was the main protective barrier against accelerated oxidation at 

750 °C in  sCO2.
• The presence of Ti in the alloy resulted in the formation of thicker oxides on Ni-

22Cr model alloys in  sCO2.
• When 1% Al was added to Ni-22Cr, a thinner  Cr2O3 scale formed but this level 

of Al was not sufficient to form an alumina layer.
• A synergistic effect of a combined Al and Ti addition resulted in an even thicker 

oxide than what was formed solely by Ti, perhaps reducing internal Ti oxidation 
and enhancing the diffusion of Ti into the surface oxide.
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