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ARTICLE INFO ABSTRACT
Keywords: This study investigated corrosion of T91 in supercritical carbon dioxide (sCO2) with impurity of 100 ppm O3, SO2
Supercritical carbon dioxide or H,S at 550 °C and 15 MPa. O, slightly increased mass gain of corroded T91, and the corrosion kinetics both in

High-temperature corrosion pure sCO5 and in sCO, with O, impurity followed parabolic law. Fe;03 was formed in outer corrosion layer due

g‘:{?;;;’gzl fides to enhanced partial pressure of oxygen. SO or HyS remarkably exacerbated T91 corrosion. For test in sCO5 with
Carburization SO, impurity, outer corrosion product was magnetite, and the inner was composed of Fe-Cr spinel and FeS,
different from that in pure sCO,. Addition of HS caused an external FeS layer and internal Fe-Cr spinel.

Introduction of all the three impurities reduced carburization in the underlying alloy substrate.
1. Introduction conversion efficiency [1,2]. In addition, sCO, Brayton cycle can be well
employed in many energy fields, including nuclear power [3,4], fossil
Supercritical carbon dioxide (sCO,) Brayton cycle power generation fuels energy [4-6] and concentrated solar power [4,7-9], etc. As an
system has been attracting increasing attention in recent decades, advanced energy conversion system, its technical feasibility has been
because of its simple cycle layout, compact structure and high energy demonstrated by many institutes across the world, such as Sandia
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Table 1
Chemical compositions of investigated material T91 (in wt%).
Materials C Mn P S Cr Mo Nb Ni Fe Others
T91 0.047 0.052 0.016 0.007 8.223 0.908 0.075 0.029 Bal. §i:0.304 v: 0.210

N : 0.050 Al : 0.010

National Laboratories [10,11], Bechtel Marine Propulsion Corporation
[12,13], Nuclear Power institute of China [14,15], etc. sCO Brayton
cycle shows great potential to be commercialized in the near future.

However, in the advanced sCO;, Brayton cycle, the operating tem-
perature and pressure of the key components such as heat exchanger and
turbine are at the range of 400-800 °C and 8-30 MPa, respectively [16].
Therefore, the stability of metallic materials exposed to sCO5 environ-
ment at high temperature and high pressure is very essential for the
long-term, safe and reliable operation of sCO, power generation system.
At present, many institutes have conducted experimental investigations
on corrosion behaviors of different types of potential steels and alloys
used in sCO; cycle, such as Korea Advanced Institute of Science and
Technology (KAIST), Oak Ridge National Laboratory (ORNL), Xi’an
Jiaotong University, etc. Previous studies indicated that metallic mate-
rials might cause oxidation and carburization damages when exposed to
sCO, environment [17,18]. Lee et al. [18] found that a thin and
continuous chromia (Cry03) layer was formed on the surface of all
investigated alloys (600, 690, 800HT), and they revealed that the
carburization resistance was dependent on whether the matrix is
Fe-based or Ni-based. They also investigated the effect of temperature
and pressure on corrosion behaviors of the three alloys in sCO2 [19].
Results showed that the corrosion rate increased with increasing tem-
perature, which is in agreement with Ref. [20], and as the test pressure
increased from 0.1 MPa to 20 MPa, the extent of an amorphous carbon
layer at the oxide/matrix interface increased, consistent with what
Bidabadi et al. [21], Pint et al. [22] and Rouillard et al. [23] found. In
addition, some key elements like Cr and Ni may seriously affect the
corrosion behaviors of metallic materials. Generally, high Cr content can
effectively enhance corrosion resistance of steels and alloys, because it is
easier to form protective CroO3 layer on the metal surface [22,24].
Fe-based alloys with lower Cr content are more likely to form external
Fe304 and internal Fe-Cr spinel oxidation layers [20-23], which can be
explained by void-induced duplex oxide growth model [25-27] or
available space model [28]. Chen et al. [29] investigated the corrosion
behaviors of four stainless steels with similar Cr content and different Ni
content in sCO, environment at 650 °C and 20 MPa. They found that Ni
element as austenite stabilizer might cause oxide spallation and further
exacerbate corrosion damages. Liang et al. [30-33] conducted a series of
experiments to investigate the corrosion (oxidation) and carburization
of different steels (T91, VM12, Super 304 H, Sanicro 25 and Inconel 617)
in high-temperature, high-pressure sCO, environment. They proposed a
method to determine the dominant process (oxidation or carburization)
according to the ratio of C and O elements uptakes, and they also pro-
posed a new defined parameter (corrosion degradation depth) to eval-
uate the corrosion resistance of heat-resistant steels and alloys.
Additionally, internal carburization zones were found underneath the
oxide scales, and VM12 showed a high amount of carburization (two
orders of magnitude higher than Sanicro 25 and Inconel 617). Gheno
et al. [34] proposed an effective thermodynamic model to describe
carburization behavior of Fe-9%Cr alloys based on the equilibrium
calculation, and Young et al. [35] found that carbon penetrated corro-
sion layer via oxide grain boundaries using an atom probe analysis
method. A model was proposed by Young et al. [36] to describe the
non-steady state carburization kinetics of martensitic 9-12%Cr steels in
CO;, rich gases at 550 °C. More relevant findings can be found in a
comparative reference [37].

It should be pointed out that most of the interesting findings above
are based on corrosion tests in pure sCO2 (>99.999%) environment.
More efforts should be devoted to exploring the impact of impurities on

corrosion of potential steels and alloys, because the CO, used for in-
dustry always contains certain amounts of aggressive impurities, such as
H0, O,, H,S, SO, etc., depending on CO5 sources and the capture/
separation technologies employed. Impurities may exacerbate the
corrosion process and even change the corrosion process in sCO5 envi-
ronment. For example, Mahaffey et al. [38,39] found that introduction
of 10 and 100 ppm O, impurity in sCO, environment noticeably
enhanced oxidation of Ni-based alloy Haynes 230 and 625 with the
evidence of oxide spallation and nodule formation. On the contrary, Li
et al. [40] concluded that presence of 100 ppm O could improve the
Cry03 layer stability formed on the surface of austenite stainless steel
310, Ni-based alloy 740 and inhibit the nodule formation. For Fe-based
alloys with low Cr concentration, the presence of SO; led to a decreased
extent of carburization for Fe-9%Cr steels but did not significantly affect
the oxidation rate [41], and the existence of H,O lowered the carbon
activity, probably by partially excluding the carbonaceous species from
the oxide scale [42]. Chandra et al. [43] found that oxidation rate of T92
is substantially increased when HyO is added to the oxyfuel environ-
ment, which was attributed to molecular gas transport. Oleksak et al.
[44-46] carried out systematic experimental studies on oxidation and
carburization behavior of Fe-based steels in CO, containing impurities,
and they found that SO, with additional H,O and O, impurities
exhibited little effect on oxidation from 550 °C to 600 °C and was
likewise beneficial in limiting carburization at lower temperatures. Up
to now, investigations on the effects of different impurities on corrosion
performance of steels and alloys in high-temperature and high-pressure
sCO;, are limited, especially for impurities with sulfur element like SO
and H»S. And the findings mentioned above are controversial in some
aspects. Therefore, more studies are needed for better understanding of
the effects of impurities on corrosion of metallic materials and for better
development of materials selection strategy and impurities control
standards.

Therefore, in this study, we investigated the corrosion behaviors of
heat-resistant steel T91 at 550 °C and 15 MPa for up to 500 h of exposure
to sCO2 environments with 100 ppm O, H,S or SO, impurity, respec-
tively. Corrosion data was obtained through corrosion mass gain mea-
surement. After exposure, X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) were used
to analyze the morphology, chemical compositions and structure of
corrosion products.

2. Experimental details
2.1. Test sample preparation

Experimental material T91 is a potential candidate used in sCO,
Brayton cycle system, which has been widely employed in superheater,
reheater and main steam pipes in coal-fired power plants, because of its
good thermal strength, excellent machine-ability and superior economy.
The chemical compositions of T91 are shown in Table 1.

Test samples were made from rod-shaped base material by wire
cutting method. The dimension of fabricated samples is 20mm x
10mm x 2mm with a hole of 4 mm diameter in the upper middle for
suspension. Before exposure, all samples were grounded to 1000 grit
surface finish. All polished samples were ultrasonically cleaned in
deionized water, ethanol and acetone for 5 min to remove surface im-
purities and then dried using a drying oven. After that, samples were
respectively dimensioned and weighted to obtain surface area and mass
using a micrometer and electronic balance before corrosion testing.
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Fig. 1. Corrosion test platform in sCO, at high temperature and high pressure.

2.2. Corrosion gas environments

To identify the influence on corrosion of impurity O3, SO5 and H,S in
sCO4 environments, four tests were conducted: (1) corrosion in pure
sCO2 (99.999%). (2) corrosion in pure sCO3 with 100 ppm Oz impurity.
(3) corrosion in pure sCO3 with 100 ppm SO, impurity. (4) corrosion in
pure sCOy with 100 ppm HjS impurity.

CO, gas mixtures containing 100 ppm O, 100 ppm H3S or 100 ppm
SO, were carefully prepared using pure CO, with addition of high-purity
02 (99.9%), HaS (99%), and SO (99.5%), respectively. Firstly, a gas
cylinder with a volume of 40 L was vacuumized to — 0.1 MPa. Secondly,
the density of O,, SO, or HoS was obtained according to the ambient
temperature and saturated vapor pressure, and then a calculated volume
of the impurity was charged into the vacuumized gas cylinder. After
that, pure CO, was purged into the gas cylinder until the pressure
reached its saturated vapor pressure. Finally, the concentration of im-
purity was determined using a gas analyzer (WOST-T1800). When the
detected concentration of impurity O, SO2 or H,S. was at the range of
80-120 ppm, the prepared CO, gas mixtures would be used in our

corrosion experiments. Moreover, electric heat tracing was used to
improve the homogeneity of gas mixture in the cylinder.

2.3. Corrosion experiments

Corrosion experiments were carried out using the sCO, corrosion
platform. The schematic of the corrosion test platform is shown in Fig. 1.
The test facility mainly includes a COy supply system, a CO2 booster
pump, an experimental autoclave, a heater, a cooling water system, a
back pressure regulator (BPR) and a vacuum pump. It is worth
mentioning that pressurization system is composed of a booster pump,
an air compressor and an electromagnetic valve, which can achieve
automatic supply of corrosion gas into the experimental autoclave when
its pressure is lower than a certain value. Also, it works in coordination
with BRP to control the pressure of the autoclave at the range of 15
+ 0.2 MPa. For our corrosion test system, the average gas supply in-
terval was about 40 min at 550 + 1 °C and 15 + 0.2 MPa so that the
sCO; in autoclave can be refreshed about every 30 h.

For each test, the exposure time was lasted up to 500 h, and the
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Fig. 2. Mass gains and kinetic curves of T91 exposed to different sCO, environments up to 500 h at 550 °C and 15 MPa.
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Fig. 3. XRD analysis results of T91 exposed to different sCO, environments for (a) 50 h and (b) 500 h of exposure at 550 °C and 15 MPa.

interval periods were chosen to be 50 h, 75h, 125h and 250 h. To
improve the accuracy of corrosion tests, three replicate specimens for
each corrosion period were prepared. After test sample preparation
process, freshly prepared specimens were hung on three disc-shaped
hangers, and then the autoclave was sealed. Prior to corrosion testing,
the residual air in the corrosion system were removed by alternatively
vacuuming and purging the pure CO, with/without impurity O, H,S or
SO, for three times. Then pure COy or a certified CO, mixture was
purged into the autoclave. After that, the experimental autoclave was
heated up to 550 °C. During the heating period, the autoclave pressure
was charged up to ~15 MPa in stages to ensure that the corrosion
conditions of 550 °C and 15 MPa were simultaneously achieved and also
to enhance the temperature uniformity in the autoclave. At the end of

each designed exposure period, the autoclave was powered off and
cooled down to room temperature, and then three corroded samples
after a certain exposure period were removed for characterizations.

2.4. Corrosion product characterizations

After every period of the corrosion test, the mass gains of the
corroded specimens were measured using a JJ224BC balance with a
resolution of 10™* g, and then the mass gain per unit area of each
corroded sample was calculated. The specimen with the mass gain
closest to the average value from three replicates was chosen for further
characterizations. X-ray diffractometer (XRD model X-pert powder) was
employed to detect the corrosion product phases formed on material
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Fig. 4. Surface SEM images of T91 exposed to pure sCO- for (a) 50 h and (b) 500 h, and to sCO, with 100 ppm O, for (c) 50 h and (d) 500 h at 550 °C and 15 MPa.

surfaces. The surface and cross-sectional morphology of the corroded
samples were performed using field emission scanning electron micro-
scopy (FE-SEM model SU8010). The elements distributions on specimen
surfaces and cross sections were determined by an energy dispersive
spectrometer (EDS model Oxford X-max80).

3. Results and discussions
3.1. Mass gains and corrosion kinetics

The mass gains of metals in high temperature can be fitted by
oxidation laws [40,47], shown in Eq. (1).

Am

1 k" (€8]

Where, A,Tm represents the mass gain per unit area during corrosion time.
k is the oxidation constant, and n is the reaction order.

Mass gains and fitted kinetic curves of the investigated material after
corrosion tests in four different sCO, environments at 550 °C and
15 MPa are shown in Fig. 2. The addition of 100 ppm HsS obviously
increased the mass gains of the experimental alloys during exposure
periods. After 500 h exposure, the obtained mass gains were respectively
increased to ~2.5 and ~4.9 times with the addition of SO, and HyS
impurity when compared to that in pure sCO, environment. In contrast,
the effect of O, impurity on corrosion mass changes was slighter.
Furthermore, according to the findings that the mass gain was hardly
affected by the presence of SO, with additional impurities H,O and O3 in
Refer [44,45], we can conclude that the negative effects of SO, impurity
were more pronounced when impurities HoO and O, were absent, and
the influence of HyS was greater than that of SO,. Additionally, we can
also find that the test pressure for corrosion environments with

impurities such as HyO or O, exhibited little effect on corrosion behavior
of Fe-base materials with low Cr content, but improved experiment
temperature remarkably deteriorated material corrosion [44].

T91 exhibited a near parabolic behavior with n = 0.5 in pure sCO,
and with the addition of O, impurity, indicating that the oxidation
process was controlled by ion diffusion [20,47]. While the investigated
material showed lower corrosion reaction orders with the addition of
SOz (n=~0.17) and HyS (n~ 0.38) impurity, but higher k values,
implying that the addition of SOz or HyS impurity might change the
corrosion process of T91 as a result of an accelerated corrosion rate at
early stage of corrosion experiment, which is illustrated by following
analysis of XRD, SEM and EDS results.

3.2. Characterizations of corroded samples

XRD analysis results of T91 exposed to different sCO, environments
for 50 h and 500 h of exposure at 550 °C and 15 MPa are shown in
Fig. 3. The phases of corrosion products of T91 were quite different. The
surface oxide scales grown on T91 corroded in sCO, were composed of
Fe304 and Fe3_4CryO4 spinel after 500 h exposure. Previous studies have
confirmed the formation of FegO4 and Fes_xCryO4 spinel on Fe-based
alloys with low Cr content such as VM12 [33], T22 [48], T23 [49],
and T91 [20,30,31], etc. Different from corrosion products in sCOy
environment, Fe;03 and FeS were respectively detected on corroded T91
surface for exposure to sCO2 with Oz and to sCO3 with H,S impurity. The
different phases grown on corroded T91 surface imply that different
corrosion process occurred when T91 samples were exposed to the four
sCOy environments. Interestingly, the surface corrosion product of
corroded T91 in sCOy with SO, impurity was same as that in sCOs.
Following further characterizations would clarify this result well.

Fig. 4 shows the top-view SEM morphology of corroded T91 exposed
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Fig. 5. Cross-sectional EDS line scanning results of T91 for exposure 500 h at 550 °C and 15 MPa. (a) and (b), pure sCO,. (¢) and (d), sCO, with 100 ppm Os.

to pure sCO, and sCO5 with O impurity environments at 550 °C and
15 MPa for 50 h and 500 h. For corrosion test in pure sCO2, a great
number of pores were observed on the surface oxidation film. With the
exposure time prolonged, the pores were disappeared because the
growth or/and further formation of oxides. As a result, some oxides
nodules were formed after 500 h exposure in pure sCO,. The corrosion
mechanism of T91 exposed to pure sCOz is likely to be [20,50]:

3Fe+4 CO,=Fe304+4CO 2)
3Fe+4CO=Fe;04+4 C 3
(3-x)Fe+4CO,+xCr=Fe;_4Cry04+4CO 4

The formed oxides phases on T91 surfaces after exposed to sCO2 with
addition of Oy impurity is different from that in pure sCO3 seen in Fig. 4,
indicating that the corrosion process may be changed due to the exis-
tence of Oy impurity. Irregular, loose oxides phases were found after
50 h corrosion test, and the main oxides were composed of FesO3 and
Fe304 after 500 h exposure (can be seen from XRD results in Fig. 3.),
which shows a different surface morphology from Fe3O4.

To illustrate the effect of Oy impurity on T91 corrosion, we have
calculated the Gibbs free energy AG’ of possible reactions at 550 °C
using a commercial software HSC [51], shown in reaction (5)-(7). All the
three relevant corrosion process possibly occurred in the sCO, with
addition of Oy impurity. The corresponding equilibrium oxygen partial
pressures are respectively 0.19 x 1027 MPa, 0.3 x 10726 MPa and
0.12 x 10~1® MPa, according to poz = exp4S (R is the molar gas con-
stant, and T is the temperature in Kelvin) [47]. The oxygen partial

pressure in the corrosion environment with 100 ppm Oy impurity is
much higher than corresponding equilibrium oxygen partial pressures.
Therefore, the reaction (5) and (6) proceed to the formation of Fe oxides,
and the produced Fe304 would be further oxidized into Fe,O3 with the
exposure prolonged. The possible corrosion process of T91 in sCO, with
additional Og impurity was that Fe atoms would be mainly oxidized into
Fe304 at the early stage of exposure, as shown in Fig. 3(a). With the
corrosion prolonged, part of Fe3O4 formed on corroded T91 surface
would be further oxidized, leading to the formation of Fe;O3 after 500 h
exposure, as shown in Fig. 3(b).

3/2Fe + 0, = 1 /2Fe;04, AG® = —421.105k7 (5)
4/3Fe + 0, = 2 /3Fe;,05, AG® = —402.199k] (6)
4Fe;0, 4+ O, = 6Fe,0;, AG? = —250.956k] @

Fig. 5 shows the cross-sectional SEM images and EDS line scanning
results of T91 sample exposed to pure sCO, and sCO3 with 100 ppm Oy
at 550 °C and 15 MPa for 500 h. The micrographs of cross sections of
investigated material T91 showed that the thickness of oxidation film
increased with the addition of O, impurity. The oxidation thickness of
corroded T91 was respectively about 21ym and 30um in pure sCO2 and
sCO, with 100 ppm Oy environments. Typical duplex-layer oxide film
structures [25,29] were formed for the two types of corroded samples.
The difference was that the addition of O, impurity has a positive effect
on the formation of Fe;O3 oxide, resulting in that the outer oxide layer
was composed of Fe3O4 and Feo03, seen from EDS line scanning results
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Fig. 6. Surface SEM images of T91 exposed to sCO, with 100 ppm SO, for (a) 50 h and (b) 500 h, and to sCO, with 100 ppm HS for (c¢) 50 h and (d) 500 h at 550 °C

and 15 MPa.

in Fig. 5. In addition, Oy impurity promoted the formation of oxides,
leading to a thicker oxides layer, consistent with the mass gain results in
Fig. 2. Although the introduction of Oy impurity enhanced the partial
pressure of oxygen, low Cr content of T91 still could not form protective
Cr203 layer, in turn resulting in an accelerated corrosion rate for T91.

Surface SEM micrographs of corroded T91 exposed to pure sCO5 with
100 ppm SO, or H,S impurity environments at 550 °C and 15 MPa was
shown in Fig. 6. It is worth noting that some cracks were observed on the
surface of corroded T91 exposed to pure sCO2 with 100 ppm SO,, which
may be attributed to the rapid growth of oxides (seen in Fig. 2) and the
generation of sulfur. These may cause defects and internal vulcanization
and seriously affects the mechanical strength of metal materials
[52-54]. In addition, additional stresses often formed during cooling or
heating process as a result of the differences in the thermal expansion
coefficients of the oxide layers. These stresses may also lead to cracks.
Yet further characterizations are needed to confirm this. According to
the XRD analysis results in Fig. 3 and SEM images in Fig. 6(a) and (b),
the surface oxide film was Fe3O4 for test in sCO5 with SOy impurity
environment. From the EDS line scanning results of cross section in
Fig. 7(b), the inner layer of T91 exposed to pure sCO, with SO, impurity
was composed of Fe-Cr spinel and FeS. As shown in Fig. 7(a), the total
thickness of corrosion layer was about 70um with 40um of inner layer.
Based on the characterization results and thermodynamic calculation of
relevant Gibbs free energy, the corrosion mechanism with SO, partici-
pation is likely to be:

3/2Fe + SO, = 1/2Fe;04 4 1/2S,, AG® = —112.987k] ®)

Fe + 1/2S, = FeS, AG’ = —104.599/ 9

SO, molecules similar to CO5 react with Fe atom to form Fe3O4
(reaction (8)) at the initial corrosion stage, and the reaction (2) would
occur at the same time to form Fe304. The CO,/CO and S5/SO, would
transport to the oxides-matrix interface, producing Fes_xCrxO4 (reaction
4) spinel and FeS (reaction 9) [43].

For corrosion test in pure sCO, with 100 ppm H,S, based on SEM
results in Fig. 6 and EDS line scanning of corrosion layer in Fig. 7(c) and
(d), FeS is the main phase in the outer corrosion layer with a thickness of
about 80um, very different from the corrosion products when exposed to
pure sCOy with/without 100 ppm SO, or Oy impurity. The corre-
sponding reaction (10) is shown as follows. Additionally, CO5 molecules
pass through the loose sulfide as well and participate in reaction (4),
forming inner Fe-Cr spinel. Considering thermodynamic stability, COy
with 100 ppm H,S at 550 °C and 15 MPa has an equilibrium pO, of
1.8 x 1072° MPa and pSz of 7.2 x 10~* MPa, calculated using thermo-
dynamic software. As shown in Fig. 8, the equilibrium gas composition
was close to the interface of iron sulfide and iron oxide in terms of the
thermodynamically stable reaction product. Hence, the observed two-
layer sulfide/oxide in our experiment was consistent with thermody-
namic considerations.

3Fe + H,S = FeS + H,, AG? = —58.529kJ (10)

In order to determine the effect of impurities on carburization be-
haviors of T91 exposed to sCO» environments at 550 °C and 15 MPa, we
etched the sample cross-sections using Murakami’s Reagent to reveal
carbides. The etchant preparation and etching process are consistent
with the method provided in reference [46] except that the samples
were immersed in the heated etchant for times ranging from 60 s to 90 s.
Metal carbides areas were measured using ImageJ software, and the
results are shown in Fig. 9. The decreased fractions of carburization area
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Fig. 10. Schematic illustrations of corrosion mechanisms for T91 when exposed to different sCO, environments at 550 °C and 15 MPa. (a) pure sCO,, and sCO, with

O, impurity, (b) sCO, with SO, or H,S impurity.

at 550 °C resulting from the presence of Oy, SO5 or HoS were observed
after the etching experiment. As shown in Fig. 9(b), little or no carbu-
rization occurred in pure sCO2 with Oz impurity for 250 h of exposure. It
can be proposed that the presence of O, could reduce the carbon activity
in the gas with a higher oxygen partial pressure, resulting in less inwards
penetration of CO/COx to form carbides in the alloy beneath the oxide.
According to the results in Fig. 9(c) and (d), we can find that both SOy
and H,S could improve carburization resistance of the alloy, consistent
with previous studies [44,46]. The explanation would be that sulfur
species in sCOy can inhibit carbon species from reaching the alloy,

probably through a competitive adsorption process.

Fig. 10 shows the schematic illustrations of the corrosion behaviors
of T91 when exposed to four different sCO, environments at 550 °C and
15 MPa. For corrosion test in pure sCO3, shown in Fig. 10(a), the
corrosion process started with the adsorption of CO, molecules, formed
metal oxides by reaction (2 and 3). Part of the generated CO would
escape into the environment, forming carbon deposition on the surface
of material by Boudouard reaction [25]. Some CO molecules penetrated
into the matrix-oxides interface zone, produced carbon deposition area
by reaction (3). The CO, and generated CO reacted with a large amount
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of Fe atoms to form magnetite. As a result, a number of vacancies
formed, which provided channels for CO; to form inner Fe-Cr spinel
oxide, according to the reaction (4). As shown in Fig. 10(b), With the
addition of Oy impurity, O molecules react directly with Fe atoms to
form Fey,O3 and Fe3Oy4, and part of Fe3O4 would be further oxidized to
Fe;03. At the same time, some CO5 molecules passed through the oxides,
reached at the oxides-matrix interface and reacted with surrounding
elements to form Fe-Cr spinel inner oxide according to the reaction (4).
The presence of O, impurity would restrict the carbon activity in the gas
to improve carburization resistance as a result of the enhanced oxygen
partial pressure.

When the sCO4 environment contains impurities with sulfur element
like SO3 and H5S, based on the results of this study and the thermody-
namic calculation, SOz would react with Fe atoms to form Fe3O4 by
reaction (8), which was similar to CO, oxidation process. With the
corrosion test prolonged, the produced sulfurs ingress into the matrix-
oxides interface and react with Fe atoms forming internal FeS by reac-
tion (9). Rapid corrosion rate, internal sulfides growth and thermal
stresses in sCOy with SO impurity may lead to the formation of cracks
on the surface of the investigated material, as shown in Fig. 10(c). For
corrosion test in sCOy with introduction of HyS impurity, HaS (sulfur
mostly exists in the form of SO,) caused the formation of FeS according
to reaction (10), shown in Fig. 10(d). Similarly, CO, molecules passed
through the loose sulfide layer and participate in reaction (4), forming
inner Fe-Cr spinel. SO5 or H,S existed in sCO3 environment could reduce
the degree of carburization because of a competitive adsorption process
between carbon and sulfur species.

4. Conclusion

(1) The corrosion kinetics of heat resistant T91 in sCO, environment
and sCOy with 100 ppm Oy impurity at 550 °C and 15 MPa
exhibited a near parabolic behavior, indicating that the oxidation
process was controlled by ion diffusion. Addition of SO5 and H,S
impurity remarkably increased mass gains, while the effect of Oy
impurity on corrosion mass changes was slighter.

After 500 h exposure to different sCO; environments, a duplex-
layer oxide or sulfide scale was formed on the surface of experi-
ment material. For corrosion in pure sCO, environment, typical
external magnetite and internal Fe-Cr spinel layer were formed.
While Fe,O3 phase was generated in outer corrosion layer due to
enhanced partial pressure of oxygen. The oxidation thickness of
corroded T91 was respectively about 21ym and 30um after
exposure to pure sCO3 and sCO5 with 100 ppm O; environments
for 500 h.

With additional SOz or HS impurity, a new corrosion product,
FeS, were observed on T91 surface. Moreover, the thickness of
corrosion layer increased to about 70um and 120um for exposure
to sCO4 with SO, or H,S impurity, respectively. Rapid corrosion
rate, internal FeS growth and thermal stresses may lead to the
formation of cracks on material surface when exposed to pure
sCO5 with SO impurity. While different from SO, impurity, HoS
additions caused an outer FeS corrosion layer.

Introduction of all the three impurities can reduce the degree of
carburization of the alloy, as a result of a restricted carbon ac-
tivity in the gas or a competitive adsorption process between
carbon and sulfur species.

(2

—

3

(4

—
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