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ABSTRACT: Severe corrosion to superheater tubes at high temperatures was gained virtually by gaseous corrosion media, such as
HCl and SO2, in the municipal solid waste incineration flue gas. To clarify the effect of varying concentrations of HCl and SO2 in the
oxidizing atmosphere on the corrosion of 12Cr1MoV, a commercial alloy used in superheaters, two series of corrosion tests under
simulated flue gas were performed. Both the corrosion kinetics and corrosion morphology were measured in this work. The results of
the present study demonstrated that the addition of HCl was more corrosive than that of SO2 under an oxidizing atmosphere. The
increased HCl concentration had an accelerating effect on the corrosion rate, but the relation between the two was not linear. In
contrast, SO2 exhibited a negligible or even inhibitory effect on corrosion. Both series of test results consistently proved that the
temperature had a significant influence on the corrosion of 12Cr1MoV alloy, in particular at 580 °C.

1. INTRODUCTION

Waste to energy (WTE) is playing a pivotal role in the
sustainable management of municipal solid waste (MSW).1

This approach can reduce the demand for landfills and also
result in negative CO2 emissions.2 In China, the production of
MSW is increasing with the rapid economic maturation and
large-scale urbanization.3 The Chinese MSW output grew to
235.12 million tons by 2020, and approximately 60% of MSW
was incinerated.4 Thus, WTE is expected to provide an
important strategy for the safe disposal of MSW in China.3

However, harsh environments generated during MSW
combustion, which is characterized by a combination of high
levels of NaCl together with HCl and low amounts of SO2,

5−7

frequently lead to severe corrosion of superheater tubes in
WTE boilers.8 As a consequence, the maintenance costs of
WTE plants increase, and the maximum achievable steam
temperature of the MSW incineration boilers is limited.7

Numerous investigations have examined the corrosive effect
of HCl or Cl2(g) on different superheater materials.9−15 The
corrosive action of gaseous Cl species has been understood to

be a specific phenomenon, commonly explained by the “active
oxidation” mechanism. In this theory, Cl2 derived from the
oxidation reaction of HCl diffuses through pores and cracks of
the oxide scale to the scale−metal interface; thus, metal
chlorides are formed.11,16 These volatile metal chlorides
decompose into nonprotective loose metal oxides and Cl2,
when evaporating outward to the scale surface. Then, the
regenerated Cl2 migrates either to the bulk gas or penetrates
the oxide scale again to continue a further attack.17 However,
the penetration of chlorine is not fully elucidated in this
mechanism.11

SO2 is a species mostly causing sulfidation and enhancing
corrosion of heating surfaces in coal, biomass-fired or WTE
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boilers.11,18−20 In WTE boilers, it is also considered as an
intermediate in chlorine corrosion by reacting with alkali metal
chlorides to generate Cl2.

21 Metal corrosion in pure SO2 or an
oxidizing atmosphere containing high concentrations of SO2
has been studied extensively over the last decades.22−26 In
earlier studies, a higher corrosion rate was usually observed in
gases containing SO2 than that in O2, which was attributed to
the formation of sulfide phases on the scale/metal inter-
face.18,27,28 However, the effect of SO2 is still ambiguous. SO2
has also been reported to inhibit the oxidation of pure Fe if it is
present in trace amounts.29−31

In the flue gas of the MSW incinerators, the oxygen content
is approximately 5−10%,10,32 and the HCl content is 300−900
ppm,33−35 while SO2 is relatively low (3.5−200 ppm).34,36

Previous work regarding the gas phase corrosion mostly
focused on corrosion at a certain high HCl or SO2
concentration6,12,37 or a certain temperature.9,38−40 However,
the SO2 concentration levels were almost low in the Chinese
up-to-date operating the WTE plant, and the impact of
changes in certain HCl or low SO2 concentration levels under
MSW incineration environments on superheater metal
corrosion was poorly understood. Therefore, the objectives
of this work are to conduct a comprehensive experiment to
investigate the influence of certain HCl concentrations and
rather low SO2 concentrations on high-temperature corrosion
of superheater metals in oxidizing atmospheres. The test
concentrations of HCl or SO2 were based on the flue gas
environment typically operated in WTE plants in China. The
investigated alloy, 12Cr1MoV, is high-strength low-alloy steel
with an excellent corrosion resistance and mechanical proper-
ties, widely used in superheater tubes at temperatures below
600 °C in biomass boilers and coal-fired boilers.41 It is also an
economical material commonly used in some high superheater
and all low superheater tubes in WTE plants in China. In this
work, 12Cr1MoV alloy was chosen as the corrosion object to
reveal the role of HCl and SO2 played in MSW flue gas
corrosion. In addition, the four temperatures of the super-
heater tube were chosen to be close to the actual engineering
situation according to different steam parameters in the
Chinese national standard for WTE plants. Usually, a steam
temperature of 400 °C corresponds to a tube temperature of
425−450 °C.42 In this study, considering the safety margin and
simple estimation, we decided to add 60 °C to the steam
temperature as the tube wall temperature. Therefore, 460, 510,
545, and 580 °C are the corresponding tube wall temperatures
for WTE boilers with steam temperatures of 400, 450, 485, and
520 °C, respectively.

2. MATERIALS AND METHODS

2.1. Material Preparation. A low-alloy steel 12Cr1MoV
(nominal composition in wt.%; 1.2Cr-0.35Mo-0.7Mn-0.37Si-
0.3V-0.15C-Fe Bal.) was employed in this study. Specimens
with a dimension of 10 × 10 × 5 mm were prepared. Before
tests, all alloy specimens were ground with SiC grinding paper:
320, 600, and 1000 grit to achieve flat and smooth surfaces.
Afterward, the specimens were degreased and cleaned in
acetone by ultrasonic agitation. Then, the specimens were
dried by a blower, and their dimensions and initial masses were
measured and recorded. The dimensions were measured by a
vernier caliper with an accuracy of 0.02 mm, including the
information of length, width, and height, which were used to
calculate the total surface area of each specimen. The masses
were measured by a Sartorius electronic balance with an
accuracy of 0.0001 g.

2.2. Test Equipment and Process Conditions. The
corrosion exposure tests were carried out in a horizontal tube
furnace containing five quartz tubes. The furnace was
manufactured by Hangzhou LanTian Instrument Co., Ltd,
and its model was LT-5-5-10. The maximum heating
temperature of the furnace could reach 1000 °C, and the
fluctuation degree was only ±1 °C. As illustrated in Figure 1,
five quartz tubes can be simultaneously heated to the same
temperature, and each quartz tube was equipped with a gas
input device and an exhaust gas absorption device. During the
test, 12Cr1MoV alloy specimens were placed in each quartz
tube in sequence, and atmospheres of different compositions
were introduced into each quartz tube for research. Synthetic
gas was used in this study to simplify the test equipment. The
composition of the synthetic gas was 7% O2 + 0/300/600/
900/1200 ppm HCl + balanced N2, or 7% O2 + 0/50/100/
150/200 ppm SO2 + balanced N2.
In this study, the tests were organized into two series (Table

1). In the first series, the effects of different concentrations of
HCl on the high-temperature oxidation of 12Cr1MoV were
measured; in the second series, the effects of different low
concentrations of SO2 on corrosion were measured. Five kinds
of corrosive atmospheres for each temperature and four
temperatures in each series were tested, that is, 20 groups of
tests were done in each series. To ensure the consistency of the
internal control of each series, the 0%-HCl/SO2 (pure
oxidation) tests as control groups were conducted in both
series. In practice, these tests were performed in groups based
on different temperatures. For instance, at 460 °C, corrosion
tests under oxidizing atmospheres containing 0/300/600/900/
1200 ppm HCl can be carried out simultaneously, and

Figure 1. Schematic diagram of the test equipment.
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meanwhile, the different kinds of mixed gas were, respectively,
injected into five quartz tubes, and other conditions remained
the same. 460/510/545/580 °C were chosen for the different
superheater tube temperatures for different superheater steam
parameters 400/450/485/520 °C accordingly. The exhaust gas
was absorbed by passing through a 1 mol/L NaOH solution.
2.3. Test Procedure. The prepared specimens were placed

in quartz boats (before the tests, all quartz boats were
weighed) since the corrosion products on the surface of the
specimens were easy to spall during the corrosion exposure.
Then, they were put together into the furnace, which was
preheated to a stable temperature. Until the specimens were
properly placed in the quartz tubes and the outlets were closed,
the tubes were vented with N2 to prevent the specimens from
being preoxidized by the air in the tubes. After that, the
corresponding corrosive gas entered each quartz tube
separately, with a flow rate of 25 mL/min controlled by a
gas rotameter [model LZB-3WB(F)]. The selection of the flow
rate referred to previous literatures.13,43,44 During the exposure,
the specimens were placed in the heated zone of the furnace,
that is, the middle of the quartz tube, where the temperature

fluctuations did not exceed 1 °C. To ensure the test
reproducibility, we used three parallel specimens for each
test. Tests were conducted for 168 h, and after 24, 72, and 168
h, the specimens were removed out and weighed in their
respective boats together with any corrosion products spalled
from the specimens. Therefore, the weight change of each
specimen after exposure for some time can be calculated
according to eq 1

m
A

m m
A

2 1Δ =
−

(1)

where Δm/A = the mass gain per unit surface area of the
specimen, which is the average of the three parallel specimens,
m1 = the initial mass of the specimen before exposure, and m2
= the mass of the specimen after exposure for some time.
In the analysis of the SO2 series test results, the parabolic

rate constant was used, the value of which is determined by eq
2
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2.4. Material Characterization. To explore the effect of
corrosion on metal surfaces, we characterized all corroded
specimens using a field emission scanning electron microscope
(SEM, S-3700N, Hitachi) at 10 keV of acceleration voltage.
The ISO 8407-2021 standard was considered for the corrosion
product removal, that is, 12Cr1MoV specimens were dipped in
a solution (20−25 °C) containing 50% hydrochloric acid and
0.35% hexamethylene tetramine for 10 min. Preliminary tests
have shown that this procedure did not result in the removal of
any base metal. To further understand the corrosion
mechanism, we also selected the corrosion products under
the conditions of 600 ppm HCl and 100 ppm SO2 for
microscopic observation at a high magnification, using an SEM

Table 1. High-Temperature Corrosion Test Conditions of
12Cr1MoV Alloy

series conditions temperature (°C)

1 0 HCl + 7 vol % O2 + Bal. N2 460/510/545/580
300 ppm HCl + 7 vol % O2 + Bal. N2

600 ppm HCl + 7 vol % O2 + Bal. N2

900 ppm HCl + 7 vol % O2 + Bal. N2

1200 ppm HCl + 7 vol %O2 + Bal. N2

2 0 SO2 + 7 vol % O2 + Bal. N2 460/510/545/580
50 ppm SO2 + 7 vol % O2 + Bal. N2

100 ppm SO2 + 7 vol % O2 + Bal. N2

150 ppm SO2 + 7 vol % O2 + Bal. N2

200 ppm SO2 + 7 vol % O2 + Bal. N2

Figure 2. Mass gain of 12Cr1MoV alloy exposed to oxidizing atmosphere containing different concentrations of HCl at (a) 460, (b) 510, (c) 545,
and (d) 580 °C for 168 h.
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microscope (Sigma 300, ZEISS) at 3 keV of acceleration
voltage.
2.5. Thermodynamic Analysis. In the corrosion mech-

anism analysis part, HSC Chemistry 9.1.1 software (Outotec)
was used for thermodynamic equilibrium calculations.

3. RESULTS
3.1. Corrosion Test in HCl. 3.1.1. Corrosion Kinetics.

Weight measurement was used to determine the corrosion
kinetics of 12Cr1MoV alloy, which revealed the evolution of
corrosion. The test conditions are named as the control group
for (7% O2 + N2), group 1 for (300 ppm HCl + 7%O2 + N2),
group 2 for (600 ppm HCl + 7% O2 + N2), group 3 for (900
ppm HCl + 7% O2 + N2), and group 4 for (1200 ppm HCl +
7% O2 + N2). As shown in Figure 2a, at 460 °C, all mass gain
curves almost overlapped in the first 72 h and bifurcated after
72 h. The corrosion rates of specimens in groups 2, 3, and 4
increased sharply after 72 h. Particularly, the higher the HCl
concentration, the higher the corrosion curve rose. The
maximum mass gain after 168 h was 2.70 mg/cm2, which
occurred in group 4. The mass gain curve of group 1
overlapped with that of the control group throughout, both
showing a parabolic law. These results suggested that the
increase in the HCl concentration could accelerate the high-
temperature oxidation of 12Cr1MoV at 460 °C when the HCl
concentration in the environment was higher than 300 ppm.
At 510 °C (Figure 2b), an acceleration effect of HCl on

corrosion was observed under the exposure environment with
300 ppm HCl (group 1). Corrosion in group 1 started slowly
and then became faster. However, a more pronounced
acceleration effect appeared under environments with high

concentrations of HCl. In groups 2, 3, and 4, the corrosion
curves almost overlapped. Corrosion started fast and then
slightly slowed down, showing a parabolic shape. The mass
gains were significantly higher than those of the other two
groups from the early stage of corrosion. Ultimately, the
maximum mass gain of 6.76 mg/cm2 was reached in group 2,
which was 8 times that of the control group. Moreover, the
maximum mass gain at 510 °C was twice as much as that at
460 °C, which indicated that the corrosion was strongly
accelerated by the increase in temperature.
At 545 °C, compared with the control group without HCl,

the addition of HCl had a significant effect on the corrosion
rate of the specimens (Figure 2c). Although growing at the
same rate as group 1 during the first 72 h, groups 2, 3, and 4
experienced a sharp increase in mass gain after 72 h, while the
mass gain of group 1 always increased steadily and paraboli-
cally. The final maximum mass gain was 6.53 mg/cm2, which is
exceedingly close to that at 510 °C, indicating that the high-
temperature oxychloride corrosion of the specimens was not
enhanced by increasing the temperature from 510 to 545 °C.
Interestingly, at 580 °C (Figure 2d), in the control group

without HCl addition, the 12Cr1MoV alloy was not oxidized
more severely with the increase in temperature than at low
temperatures, whose mass gain at 168 h still did not exceed 2
mg/cm2. However, at 580 °C, an obvious severe corrosion was
displayed in all test groups with HCl-added. In groups 1, 2, 3,
and 4, corrosion developed in a similar trend. They all started
with a linear increase and then slightly slowed down. However,
at 168 h, the maximum mass gain they achieved was different.
Under environments containing 300, 600, 900, and 1200 ppm
HCl, the specimens reached 9.91, 12.38, 14.92, and 12.12 mg/

Figure 3. SEM images of the corroded surfaces of 12Cr1MoV alloy after removing corrosion products according to ISO 8407-2021; rows a, b, c,
and d represent tests at 460, 510, 545, and 580 °C, respectively. Columns correspond to different concentrations of HCl (as marked in the fgure).
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cm2 of mass gain, respectively, after 168 h of exposure. These
results showed that the detrimental effect of HCl, especially
high concentrations of HCl, on specimens was more significant
at 580 °C, but this effect was not further exacerbated when the
concentration of HCl exceeded 900 ppm.
3.1.2. Corrosion Morphology. After corrosion products

were removed, the corroded surfaces of all alloy specimens
were investigated by SEM. As illustrated in Figure 3, typical
morphologies of corrosion features such as pits, cracks, and
grain boundaries could be identified on the corroded surfaces.
In the control group, some small pits (1−5 μm in diameter)

were identifiable on the specimen surface at 460 °C, and by
510 °C, these pits tended to enlarge and interconnect. By 545
°C, these pits were fully connected, turning into a continuous
network of cracks. Finally, by 580 °C, there was no new change
on the surface of the specimen.
In group 1, larger pits (6−15 μm in diameter) appeared on

the specimen surface at 460 °C, compared with the control
group. As the temperature increased to 510 °C, the diameter of
the pits increased to 15−30 μm. However, by 545 °C, these
pits disappeared and were replaced by shallow cracks.
Furthermore, by 580 °C, these cracks have turned into deep
grain boundaries, and loose grains were visible. Similarly, in
group 2, the pits with diameters of 12.5−20 μm first existed on
the specimen surface at 460 °C, and then larger pits with a
diameter of 50 μm appeared at 510 °C. Then, at 545 °C,
shallow cracks replaced the pits, and finally, at 580 °C, the
surface of the specimen was covered by festering network-like
deep cracks.
In group 3, corrosion further deteriorated. The pits with

diameters of 22.5∼45 μm were observed on the specimen
surface at 460 °C. Then, at 510 °C, the pits with a diameter of
55 μm and cylindrical grooves with a diameter of 25 μm
dominated. By 545 °C, a messy mesh of cracks spread all over
the metal surface. By 580 °C, the surface of the specimen was
eroded with interconnected holes, which means the metal
experienced severe corrosion. Interestingly, in group 4, the size
of pits at 460 and 510 °C did not increase compared with
those in group 3. Moreover, cracks were not found at 545 and
580 °C, and this phenomenon is in agreement with the kinetics
results that the corrosion rate decreased when the concen-
tration of HCl increased from 900 to 1200 ppm at 545 and 580
°C (Figure 2c,d).
The SEM results in Figure 3 indicated that both the

concentration of HCl and the temperature affected the
corrosion of 12Cr1MoV alloy. The effect of the concentration
of HCl was mainly reflected in the expansion or deepening of
the corrosion pits or cracks on the surfaces of the specimens
with the increase of the concentration of HCl. The influence of
temperature was primarily reflected in the types of corrosion
characteristics. At 460 and 510 °C, pits were formed on the
surfaces of the specimens, while at 545 and 580 °C, cracks
were formed, implying severe failure.
Figure 4 showed surface micromorphologies of corrosion

products of 12Cr1MoV alloy in an oxidizing atmosphere
containing 600 ppm HCl at different temperatures for 168 h.
The specimens were fully covered by a loose, disordered, and
rough grain structure at 460 and 510 °C (Figure 4a,b). With
the increase in temperature, the structure transformed into a
looser and porous network structure at 545 °C, accompanied
by fine cracks and bulges (Figure 4c). At 580 °C, the structure
became a significant crack and tended to spall (as shown in
Figure 4d). These results suggested that the corrosion products

of 12Cr1MoV alloy were loose and porous in the presence of
HCl, in particular, at 545 and 580 °C.

3.2. Corrosion Test in SO2. 3.2.1. Corrosion Kinetics.
Weight measurement was also conducted in SO2 series tests
(Figure 5). The test conditions are named as reference
condition (7% O2 + N2), condition 1 for (50 ppm SO2 + 7%
O2 + N2), condition 2 for (100 ppm SO2 + 7% O2 + N2),
condition 3 for (150 ppm SO2 + 7% O2 + N2), and condition 4
for (200 ppm SO2 + 7% O2 + N2). At 460 °C (Figure 5a), the
mass gain of specimens in each condition was generally low,
even the maximum mass gain at 168 h did not exceed 0.8 mg/
cm2. The mass gain curves of the conditions with added SO2
were all parabolic, but unexpectedly the curve in the reference
condition without SO2 showed a trend of first linear increase
and then a slight slowdown. As shown in Figure 5b, at 510 °C,
with the increase of exposure time, the mass gain curves of
each condition all exhibited a parabolic trend, but these curves
almost overlapped, so the effect of SO2 on corrosion was not
reflected. Likewise, at 545 °C (Figure 5c), the curves of
conditions 1, 2, 4, and the reference condition were parabolic
and corrosion was not accelerated with the addition of SO2,
even was mitigated under the environment containing 200
ppm SO2. However, one exception was that the curve of
condition 3 showed a steep rise after 72 h, deviating from the
parabolic trend and eventually surpassing all other curves. At
580 °C (Figure 5d), the corrosion curves of the five conditions
were also parabolic and almost staggered together, showing a
pattern independent of the SO2 concentration. The above
results suggested that the addition of SO2 concentrations as
low as 0−200 ppm to the oxidizing atmosphere did not lead to
a deleterious effect on the 12Cr1MoV alloy at 460−580 °C.

3.2.2. Corrosion Morphology. A larger magnification was
adopted in the SEM observation of the SO2 series test (Figure
6). Unlike the severe corrosion in the HCl series test, the
corroded surfaces of the specimens in oxidizing atmospheres
containing SO2 exhibited relatively minor damage. As can be
seen from Figure 6, regardless of the temperature, there was no
significant difference in the specimen surface between the
specimen surfaces of the conditions with SO2 and the reference
condition without SO2. This result again proves that the
presence of low-concentration SO2 in the oxidizing atmosphere
cannot affect the high-temperature oxidation of 12Cr1MoV. In
addition, the change brought by the increase in temperature

Figure 4. SEM images of the surfaces of 12Cr1MoV alloy exposed to
600 ppm HCl + 7% O2 + N2 for 168 h at (a) 460, (b) 510, (c) 545,
and (d) 580 °C (corrosion products retained).
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was the appearance of cracks or grain boundaries, which was
also observed in the SEM results of the HCl series.
Figure 7 showed SEM images of the corrosion product

morphology of the 12Cr1MoV alloy exposed under an

oxidizing environment containing 100 ppm SO2 at different
temperatures for 168 h. Compared to the SEM images in the
HCl series test (Figure 4), the surfaces of corrosion products
were smoother and denser in the SO2 series test. This result

Figure 5. Mass gain of 12Cr1MoV alloy exposed to oxidizing atmosphere containing different concentrations of SO2 at (a) 460, (b) 510, (c) 545,
and (d) 580 °C for 168 h.

Figure 6. SEM images of the corroded surfaces of 12Cr1MoV alloy specimens after removing the corrosion products according to ISO 8407-2021;
rows a, b, c, and d represent tests at 460, 510, 545, and 580 °C, respectively. Columns correspond to different concentrations of SO2 (as marked in
the figure).
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demonstrates the low corrosion rate of the 12Cr1MoV alloy in
the SO2 series test.

4. DISCUSSION
To clarify the effect of typical concentrations of corrosive
media (HCl and SO2) in MSW incineration flue gas on
corrosion rates of commercial alloy commonly used in WTE
superheaters, two series of corrosion tests were performed by
varying the HCl concentration from 0 to 1200 ppm, and the
SO2 concentration from 0 to 200 ppm, together with simulated
flue gas composition. The corrosion kinetics and corrosion
morphology formed in oxidizing atmospheres containing
varying HCl and SO2 exhibited very different laws, which
provided important evidence to discuss the harmfulness of
typical corrosion media in MSW incineration flue gas.
Therefore, there are three aspects of this problem that have
to be addressed.
4.1. Comparison of Corrosivity of HCl and SO2. The

first question discussed is comparing the corrosiveness of HCl
and SO2. Regarding the reason why HCl is more harmful than
SO2, in addition to the relatively higher concentration of HCl
in MSW incineration flue gas, the high activity of Cl is also a
major reason for its stronger corrosiveness, in other words,
once HCl is added to the oxidizing atmosphere, corrosion will
be aggravated immediately. As shown in Figure 8a, in the

absence of HCl, the corrosion mass gain after 168 h exposure
did not exceed 2 mg/cm2 even at 580 °C, whereas the addition
of merely 300 ppm HCl resulted in a corrosion mass gain of
9.91 mg/cm2, providing evidence of the high corrosiveness of
HCl, which was also been found in an earlier investigation.5

Remarkably, the effect of HCl was promoted by the increase in
temperature, especially when the metal temperature was 580
°C, which was in agreement with the findings reported by
Shang-Hsiu Lee et al.45 Another important finding was that
when the temperature was higher than 460 °C, the corrosion
rate no longer increased linearly with the increase of HCl
concentration but peaked at the point in which the HCl
concentration was 600 or 900 ppm and then decreased. This
finding implied that the effect of increasing the HCl
concentration on corrosion was limited at higher temperatures.
A possible explanation for this is that the oxidation film
formation rate of metal is too fast at higher temperatures,
which hinders the partial reaction between Cl and metal.
On the contrary, as illuminated in Figures 5 and 8b, the

acceleration effect of SO2 concentrations (0−200 ppm) on the
high-temperature corrosion of 12Cr1MoV alloy was insignif-
icant, and there may even be an inhibitory effect, which is
consistent with previous studies.29−31 The presence of trace
amounts of SO2 (0−1000 ppm) in O2 below 600 °C has been
reported to slow down the oxidation of pure iron.29 In the
present study, it was indeed observed at 460, 510, and 545 °C
that when the concentration of SO2 increased to 200 ppm, the
overall mass gain decreased to a lower level than that of the
reference condition. This inhibition phenomenon by sulfur was
generally explained by the formation of sulfate at the gas phase
and oxide interface.29

4.2. HCl Corrosion Kinetics and the Proposed
Mechanism. The second problem is about the relation
between corrosion kinetics and the HCl concentration. It is
worth mentioning that the corrosion kinetics under different
HCl concentrations were not always the same at four
temperatures (Figure 2). For instance, in the test groups
with high concentrations of HCl (600−1200 ppm), the
corrosion rates suddenly increased after a 72 h incubation
period at 460 and 545 °C (Figure 2a,c), while at 510 and 580
°C (Figure 2b,d), the corrosion rates under these conditions
were initially high and then decreased slightly. This
phenomenon may be related to the random cracking of
corrosion products.

Figure 7. SEM images of the surfaces of 12Cr1MoV alloy exposed to
100 ppm SO2 + 7% O2 + N2 for 168 h at (a) 460, (b) 510, (c) 545,
and (d) 580 °C (corrosion products retained).

Figure 8. Overall mass gain at 168 h vs (a) HCl concentrations and (b) SO2 concentrations for 12Cr1MoV alloy at different temperatures.
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As shown in Figure 2a,c, it could be explained that the
corrosion product cracked or fell off at 72 h because of the
internal stress in corrosion product films, which led to the
exposure of the fresh substrate to the ambient atmosphere. In
this case, the surface of the substrate was more easily
penetrated by the chlorine due to the existence of cracks or
pits, resulting in a rapid increase in mass. Similarly, from Figure
2b,d, it could be explained that the corrosion products were
easy enough to fall off from the beginning of the corrosion, so
the corrosion mass gains increased linearly from 0 to 72 h and
then slowed down slightly. However, the slight decrease in the
corrosion rate from 72 to 168 h was solely a result of a
comparison with the initial high-speed corrosion. Therefore, it
is still high, and it cannot be assumed that the corrosion rate
will decrease with time. The shedding of corrosion products is
accidental and irregular, and the test operation and test
parameters may affect it, but it is certain that, as is obvious in
Figure 2, when the HCl concentration in the environment
increases, the corrosion curve is difficult to maintain the
parabolic trend, that is, corrosion products are more easily
sloughed off in such a circumstance. Moreover, evidence that
the corrosion rate is higher in the environment with a high
concentration of HCl is that relatively larger pits and deeper
cracks formed on the metal surface make the metal vulnerable
to attack (as shown in Figures 3 and 4). Therefore, the use of
steam soot blowing in WTE plants is likely to shorten the life
of the superheater tube bundles.
In light of the results obtained, the alloy experienced pitting

corrosion at 460−545 °C and severe failure at 580 °C. It is
important to analyze the possible corrosion mechanism of the
12Cr1MoV alloy in HCl + O2 + N2 at high temperatures.
According to the calculation results of the thermodynamic
software, the formation of Cl2 and H2O through reaction 3 is
thermodynamically favored. Therefore, the main aggressive
species in corrosion may be Cl2, O2, and H2O, not HCl and
O2.

4HCl(g) O (g) 2Cl (g) 2H O(g)2 2 2+ = + (3)

When these species come into contact with Fe at high
temperatures, the following reactions may occur

4Fe 3O (g) 2Fe O2 2 3+ = (4)

3Fe 4H O(g) Fe O 4H (g)2 3 4 2+ = + (5)

OH2Fe 3H O(g) 1.5O (g) 2Fe( )2 2 3+ + = (6)

2Fe(OH) Fe O 3H O(g)3 2 3 2= + (7)

Thus, during oxide formation, gases including H2 and H2O
generated by reactions 5 and 7 will lead to a porous oxide layer,
providing a channel for the inward diffusion of corrosive gases.
Then, Cl2 will easily enter the scale−metal interface through
the cracks or pores in the oxide layer and react with the metal
substrate

2Fe 3Cl (g) 2FeCl (g)2 3+ = (8)

Fe Cl (g) FeCl (s)2 2+ = (9)

3FeCl 2O (g) Fe O 4.5Cl (g)3 2 3 4 2+ = + (10)

3FeCl 2O (g) Fe O 3Cl (g)2 2 3 4 2+ = + (11)

In reactions 10 and 11, if Fe3O4 is replaced by Fe2O3, these
reactions are also thermodynamically spontaneous. The

presence of Cl2 reacted with Fe, forming metal chlorides
according to reactions 8−11. Therefore, “active oxidation”
occurs. The Cl2 produced in reactions 10 and 11 will continue
to participate in the next attack (reactions 8 and 9), acting as a
catalyst to accelerate corrosion.
It is the incomplete contact of Cl2 with the substrate,

entering the scale−metal interface through the cracks or pores
in the oxide layer, that lead to the formation of pitting pits
(Figure 3). As the loose oxide accumulates more and more, the
internal stress within the oxide increases, and bulging and
spalling (Figure 4c,d) are prone to occur, especially at high
temperatures. Once the oxide is exfoliated, the substrate will be
exposed, and then the corrosion will be accelerated again (as
shown in Figure 2).

4.3. SO2 Corrosion Kinetics and Proposed Mecha-
nism. The third aspect deals with the corrosion rates in the
SO2 series of tests. As presented in Figure 5, the kinetic curves
in the SO2 series of tests all showed a parabolic trend,
indicating that the corrosion products formed under these
conditions had protective effects and could retard the further
attack of external gas. In other words, the diffusion through the
growing corrosion products is the limiting process of the
corrosion process.46 For a parabolic corrosion mass gain curve,
the square of the mass gain per unit surface area of the
specimen is linearly related to the exposure time, so its slope kp
can be further used to study the corrosion rates of the
specimens. As clarified in Figure 9, the change in the SO2

concentration has little effect on the corrosion rate. On the
contrary, regardless of the SO2 concentration in the
atmosphere, the kp value increased obviously with the increase
of temperature, in particular at 545 and 580 °C increased
dramatically, demonstrating a strong temperature dependence
of corrosion. Besides, compared to the SEM results of the HCl
series, it can be seen from the microscopic morphology (seeing
Figure 6) that in the presence of SO2, the pitting pits formed
on the surface of the sample were only 2−3 μm, and no cracks
were formed at any temperature, and the surfaces of the
substrates were relatively smoother, which also proved the low
corrosion rate in this case.
Under the condition of SO2 + O2 + N2, there is no H

element in the system, so H2O will not be generated. In other
words, corrosion develops under completely high temperature
and dry conditions. From a thermodynamic point of view, only
metal oxidation and sulfation reactions (reactions 4 and 12)
can occur practically.

Figure 9. Parabolic rate constants for the SO2 series corrosion test.
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3SO (g) 2Fe 3O (g) Fe (SO )2 2 2 4 3+ + = (12)

In a previous investigation, it is hypothesized that the sulfate
formed on the metal surface blocked the surface sites where
oxide ions are generated, thereby slowing down the oxidation
rate of Fe.29 Although this inhibitive effect of traces of SO2 on
the oxidation behavior of 12Cr1MoV alloy was also
demonstrated in this study, this hypothesis could not be
effectively verified and still needed further exploration.

5. CONCLUSIONS
In conclusion, the results of this study demonstrated that the
addition of 300−1200 ppm HCl to the oxidizing atmosphere
increased the corrosion rate of 12Cr1MoV at all four test
temperatures, but the relation between the HCl concentration
and the corrosion rate was not always linear. On the other
hand, we also confirmed that the low concentration of SO2 in
the oxidizing gas did not cause accelerated corrosion but may
inhibit corrosion. Furthermore, both series of test results
consistently proved that the temperature had a pronounced
influence on the corrosion of 12Cr1MoV alloy, in particular, at
580 °C. Collectively, our data demonstrate that the addition of
HCl is more corrosive than that of SO2 under an oxidizing
atmosphere, and the effect of temperature on corrosion is
significant.
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