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a b s t r a c t

Model alloys Fe–9Cr, Fe–20Cr and Fe–20Cr–20Ni (wt.%) with 0.1% Ce or 2% Mn were exposed to
Ar–20CO2–20H2O gas at 818 �C, and the results compared with those of reaction with Ar–20CO2. Water
vapour accelerated the corrosion of all Fe–9Cr alloys, and hastened the onset of breakaway oxidation for
Fe–20Cr and Fe–20Cr–20Ni. Manganese additions prevented breakaway of the ferritic alloy, and retarded
it for the austenitic, but cerium had no effect. All alloys except Mn-bearing variants were simultaneously
carburised. Beneficial effects of manganese on high chromium content alloys are discussed in terms of
scale phase constitutions.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Reducing CO2 emission from coal-fired power plants can be
facilitated by the use of oxyfuel combustion, a process in which fuel
is burnt in a mixture of oxygen and recirculated flue gas. The result-
ing flue gas is enriched with both CO2 and H2O. Unfortunately, alloy
steels used in heat exchangers show accelerated corrosion in CO2.

The oxidation behaviour of chromium-containing alloys has
been studied in dry CO2 [1–6] and wet CO2 [5–8] at different tem-
peratures. Adding small amounts of alloying elements like Ce [9]
and Mn [4,10] to chromia-forming alloys has been shown to
improve their corrosion resistance in a number of environments.
However, adding Ce and Mn to Fe–9Cr and Fe–20Cr–20Ni (alloy
compositions in weight percent) provided no benefit during
exposure to dry CO2 at 818 �C [4]. In contrast, manganese additions
significantly improved the corrosion resistance of Fe–20Cr due to
formation of MnCr2O4 spinel layers in scales, although cerium
additions were not beneficial [4].

The aim of this paper was to compare the corrosion of
Fe–(9,20)Cr and Fe–20Cr–20Ni containing 0.1% Ce and 2% Mn at
818 �C in wet and dry CO2, and identify any beneficial effects of
the minority alloy additions in the wet gas.

2. Materials and experiments

Nine model alloys, Fe–(9,20)Cr and Fe–20Cr–20Ni with and
without 0.1% Ce or 2% Mn, were prepared by arc melting pure

metals Fe (99.97%), Cr (99.995%), Ni (99.95%), Mn (99.9%) and Ce
(99.9%) under a protective Ar–5%H2 gas atmosphere, using a
non-consumable electrode. The resulting buttons were annealed
at 1150 �C for 50 h in flowing Ar–5%H2 gas for homogenisation.
The alloy grain sizes after annealing were 210 ± 180 lm for 9Cr
alloys, 2.6 ± 2 mm for 20Cr alloys, and 2.4 ± 1.8 mm for 20Cr20Ni
alloys. Rectangular alloy coupons with sizes of (1.3 ± 0.3)
mm � (6.5 ± 1) mm � (8.4 ± 1.6) mm were surface ground to a
1200-grit finish and ultrasonically cleaned in alcohol prior to reac-
tion. Analysis by XRD confirmed that Fe–(9,20)Cr–(0.1Ce,2Mn)
alloys were ferritic and Fe–20Cr–20Ni–(0.1Ce,2Mn) alloys
austenitic.

All specimens were reacted at 818 �C in an Ar–20CO2–20H2O
(vol.%) mixture with a linear flow rate of 2 cm/s and a total pres-
sure of 1 atm. The water vapour content of the reaction gas was
confirmed by a precision dew-point meter (Michell, S8000).
Weight changes of oxidised samples were measured using an ana-
lytic balance (Precisa 180A) with an accuracy of 0.1 mg. In weight
gain kinetic plots shown here, each point represents a separate
sample. Corrosion samples were characterised by X-ray diffrac-
tometry (XRD; PANanalytical Xpert MPD) with Cu Ka radiation,
optical microscopy, scanning electron microscopy (SEM; Hitachi
S3400) with an energy dispersive X-ray spectrometer (EDX, Bru-
ker) and transmission electron microscopy (TEM; Philips
CM200). Etchants used to reveal carbides and martensite in
reacted samples were Murakami’s solution (2 g K3Fe(CN)6 + 2 g
KOH + 20 ml H2O) at 100 �C for Fe–9Cr–(Ce,Mn) alloys, and a mod-
ified glyceregia solution (10 ml Glycerine + 6 ml hydrochloric
acid + 3 ml HNO3) at room temperature for Fe–20Cr–(20Ni)–
(Ce,Mn) alloys.
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3. Results

3.1. Corrosion of Fe–9Cr–(Ce,Mn) alloys

Weight gain kinetics for Fe–9Cr–(Ce,Mn) alloys in dry and wet
gases are shown in Fig. 1. Observed weight uptakes were large for
all alloys, and increased approximately parabolically with time in
both gases. Additions of Ce and Mn had no significant effect in
either gas, but water vapour increased oxidation rates of all alloys
significantly. Scale spallation was not observed for any alloy during
cooling. Parabolic rate constants, kp, were calculated by regression
on the equation:

DW
A

� �2

¼ 2kpt ð1Þ

where DW
A is the weight gain per unit surface area and t the exposure

time. Results are summarised in Table 1.
After reaction for 20 h in dry gas [4], Fe–9Cr formed an outer

scale layer of FeO, an inner scale layer of (FeO + FeCr2O4), and an
internal oxidation zone (IOZ). Cross-sections of Fe–9Cr–(Ce,Mn)
alloys after reaction for 70 h in wet gas are shown in Fig. 2(a–c).
The thick scales consisted of multiple oxide layers which were
identified by XRD analysis of the surface, removal of surface mate-
rial by grinding, and repeating the sequence until the underlying
alloy was reached. As seen in Fig. 2f, the scale contained an outer
layer of Fe3O4, an intermediate layer of (Fe3O4 + FeO), and an inner
layer of (FeO + FeCr2O4). A high magnification image of the inter-
mediate layer on Fe–9Cr in Fig. 2d confirms this layer as being
two-phase. Continuous oxide bands in the inner scales linking to
intergranular carbides in the underlying alloys were observed for
Fe–9Cr–(Ce) (Fig. 2a and b). EDX analysis (not shown) confirmed
these oxide bands were (Cr,Fe) rich. A shallow internal oxidation
zone (IOZ) developed beneath the scales. Analysis by EDX (not
shown) showed that the IOZ in Fe–9Cr–2Mn (Fig. 2e) contained
(Cr,Mn)-rich oxide precipitates.

Outer and inner scale thicknesses on Fe–9Cr are shown in Fig. 3
as a function of time in dry and wet gases. Both scale layers grew
faster in wet gas than in dry gas.

A high magnification image of the inner scale–alloy interface of
Fe–9Cr in Fig. 4a shows that carbides oxidised slower than the
alloy during recession of the scale–alloy interface. The remnant
intergranular carbide thickness in the inner scale was approxi-
mately half that in the adjacent alloy. Analysis by EDX (Fig. 4c)
confirmed the presence of intergranular carbides in the inner scale
(Fig. 4b).

Cross-sections of inner scales on Fe–9Cr–2Mn after reaction for
20 h in dry and wet gases are shown in Fig. 5. The inner scales con-
tained 2 layers, the outer layer 1 being more dense than the inner
layer 2. Coarse porosity was observed in the layer 2. Thicknesses of
this layer were about 23 lm in dry gas (Fig. 5a) and 13 lm in wet
gas (Fig. 5b). These layers were also observed for Fe–9Cr and
Fe–9Cr–0.1Ce. After 120 h reaction, layer 2 still existed and had
increased to a thickness of about 32 lm in dry gas (Fig. 6a), but
had decreased in wet gas (Fig. 6b). A high magnification image in
Fig. 6c shows the presence of grey precipitates and white matrix
in the inner scale. Compositional analysis (not shown) showed
18.9 Fe, 21.6 Cr, 4.1 Mn, 55.4 O (all at.%) for the grey precipitates
and 46.7 Fe, 2 Cr, 0.8 Mn, 50.5 O for the white matrix, correspond-
ing to (Fe,Cr) spinel precipitates in an FeO matrix.

Porosities of the inner scale layers grown on Fe–9Cr–2Mn were
assessed using image analysis of SEM cross-sectional images. Aver-
age results for the full width of this layer (Fig. 7) show an increase
in porosity with time in dry gas reaction, in contrast with a slight
decrease in wet gas reaction.

Internal oxidation depths reached in Fe–9Cr–(Ce,Mn) alloys in
dry and wet gases are shown in Fig. 8 as a function of time. The
IOZ depths in all alloys in both gases increased initially, and then
reached an approximately constant value. As seen from the error
bars, the small difference between IOZ thicknesses after oxidation
in dry and wet gases is of doubtful significance.

Carburisation products formed in Fe–9Cr–(Ce,Mn) after
reaction for 70 h in wet gas are shown in Fig. 9. The Fe–9Cr and
Fe–9Cr–0.1Ce alloys (Fig. 9a and b) formed scattered martensite
grains and chromium-rich carbides on cooling. Carbide precipitates
also formed at the centre (about 0.6 mm deep) of the samples of
Fe–9Cr–(Ce). The entire Fe–9Cr–2Mn specimen transformed to
martensite after cooling and its fine martensite laths are shown
in Fig. 9c. In dry gas, similar carburisation products were observed
for each alloy [4]. The volume fraction of intergranular carbides in
Fe–9Cr–(Ce) after reaction in dry and wet gases is shown in Table 3.
The values were measured in a specific rectangular area (0.23 mm
deep � 1.45 mm wide) immediately beneath the IOZ–alloy
interface.

3.2. Corrosion of Fe–20Cr–(Ce,Mn) alloys

Weight uptake kinetics for Fe–20Cr–(Ce,Mn) alloys in dry and
wet gases are shown in Fig. 10. For Fe–20Cr (Fig. 10a) and
Fe–20Cr–0.1Ce (Fig. 10b), weight gains in dry gas were smaller
than those in wet gas. Weight uptakes of Fe–20Cr and Fe–20Cr–
0.1Ce were approximately equal in wet gas. However, Fe–20Cr–
2Mn oxidised slower than the other alloys and had very similar
weight gains in both gases (Fig. 10a). No apparent scale spallation
was observed for any alloy in either gas. Weight uptake kinetics of
Fe–20Cr and Fe–20Cr–2Mn approximately followed the parabolic
rate law, and kp values are summarised in Table 1.

Fig. 1. Weight gain kinetics of Fe–9Cr–(0.1Ce, 2Mn) alloys in Ar–20CO2 and Ar–
20CO2–20H2O.

Table 1
Parabolic oxidation rate constant, kp, for alloys reacted in Ar–20CO2 and Ar–20CO2–
20H2O at 818 �C.

Alloy kp (g2 cm�4 s�1)

Ar–20CO2 Ar–20CO2–20H2O

Fe–9Cr 1.8 � 10�9 1.2 � 10�8

Fe–9Cr–0.1Ce 3.0 � 10�9 0.95 � 10�8

Fe–9Cr–2Mn 2.1 � 10�9 0.9 � 10�8

Fe–20Cr 1.2 � 10�12 9.7 � 10�12

Fe–20Cr–2Mn 0.39 � 10�12 0.16 � 10�12

Fe–20Cr–20Ni 2.4 � 10�10 1.3 � 10�10

Fe–20Cr–20Ni–0.1Ce 1.6 � 10�10 1.5 � 10�10

Fe–20Cr–20Ni–2Mn 0.08 � 10�10 0.03 � 10�10
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