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Abstract

To reveal the high-temperature corrosion mechanism of heating surfaces in the typical flue gas environment in the municipal
solid waste incineration (MSWI) system, samples of 310S alloy, a commonly used boiler superheater heating surface mate-
rial, were deposited with NaCl/50 wt.% K,SO, and exposed to a typical MSWI flue gas atmosphere of 7% O, + 600 ppm
HCl1+ 100 ppm SO, + N, at 460, 510, 550, and 580 °C for 168 h for corrosion test. The macroscopic morphology, corrosion
kinetics, phase composition of corrosion products, and the distribution and content of elements in the corrosion section were
analyzed. Our results showed that the NaCl/50 wt. % K,SO, salt mixture was an extremely corrosive reagent, and its cor-
rosiveness was enhanced with the increase in temperatures. At 460 °C, the salt mixture did not melt, and the corrosion was
induced by the reactions between alkali chlorides and alloy, plus the “active oxidation” catalyzed by chlorine. At 510-580 °C,
the salt mixtures were completely melted, considerable metal chlorides and some metal sulfides were detected in corrosion
products, and the corrosion was controlled by “electrochemical” reactions within the molten salt, coupled with the “active
oxidation”. These findings provide new insights into high-temperature corrosion phenomena in MSWI plants.
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Introduction

Waste-to-energy is considered to be an efficient and eco-
logical method of managing waste [1]. Such technologies
include thermal conversion (pyrolysis, gasification, and
incineration), biological conversion (anaerobic digestion),
and landfill [2]. Among them, municipal solid waste incin-
eration (MSWI) technology is the most widely used waste
thermal treatment technology because of its well-recognized
properties in volume reduction and energy recovery [3-5].
A major obstacle to the improvement of MSWI technology
is the severe corrosion of critical heating surfaces such as
superheaters or reheaters, which limits the development of
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boiler steam temperatures in MSWI plants to higher tem-
peratures [6, 7]. A variety of corrosive substances are con-
tained in the flue gas of MSWI boilers in actual operation.
The main corrosive substances produced in the process of
MSWI include chlorine- and sulfur-containing salt deposits
and corrosive gases, such as O,, SO,, HCI, NaCl, K,SO,,
etc. [8—-12]

Among these corrosive species, HCI, whose concentration
in MSWI flue gas is 300-900 ppm, is generally considered
the main contributor to corrosion in MSWI boilers [13—15].
It has been reported that HCI can be converted into Cl, in
an oxidizing atmosphere, and Cl, can penetrate the scale/
matrix interface and react with the metal to generate metal
chlorides [16, 17]. The metal chlorides are easy to evaporate
and diffuse outside through scales at high temperatures due
to their high equilibrium vapor pressure properties. When
they diffuse to the areas where a higher O, partial pressure is
established, they will be oxidized into loose non-protective
oxides and release Cl,. Part of the released Cl, will penetrate
the scale/matrix interface and attack the metal again [18,
19]. So, a cycle process of “permeation—chlorination—oxi-
dation—release” is formed, resulting in the continuous con-
sumption of metal materials. This process is called “active
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oxidation” [18]. In contrast, the impact of SO, on the heating
surface of the MSWI boiler is relatively small because of its
low concentration property (3.5-200 ppm in the MSWI flue
gas) [20-22]. In our previous study, it was found that the
effect of low concentration of SO, (50-200 ppm) on corro-
sion was negligible [13]. Furthermore, the salt deposits on
the heating surface are also highly corrosive, the common
ones are NaCl and K,SO, [23, 24]. NaCl was reported to be
more corrosive than gas-phase substances [14, 22]. It can not
only react directly with metals at high temperatures to gener-
ate chromate or ferrite to consume metals but also generate
Cl, to cause active oxidation, and the generated chromate
or ferrite can also react with the metal to further consume
alloy elements [22, 25]. K,SO, has been reported to be less
corrosive than alkali chlorides since it does not react with
metals to form chromates or ferrites [26-28].

However, although high-temperature corrosion in MSWI
systems has been extensively studied, studies on the corro-
sion mechanisms of metals in typical MSWI flue gas envi-
ronments where salt deposits and corrosive atmospheres
coexist are still relatively scarce [11, 22, 29]. Previous stud-
ies often only focused on the high-temperature corrosion
mechanism of heating surface materials under the influence
of a single factor. Such as under the influence of a corrosive
atmosphere [16, 17, 30] or the influence of salt deposits [31,
32], etc. Therefore, the high-temperature corrosion mecha-
nism of heating surface materials under the coupling influ-
ence of multiple corrosive media such as chlorine, sulfur,
and alkali metals has not yet been determined.

In this work, the high-temperature corrosion mechanism of
heating surface material in a typical MSWI flue gas environ-
ment where alkali salt deposits coexist with corrosive gases
such as HCI and SO, was investigated. 310S alloy, which is
an excellent heating surface candidate material widely adopted
in MSWI plants, was employed as the research object [22]. In
previous studies, high levels of sulfates and chlorides were
often detected in the ash deposits on the heating surfaces of
MSWTI boilers [33, 34], where the mass ratio of alkali sulfates
to alkali chlorides was about 1:1 [9]. Therefore, in this work,
for the simplification of laboratory research, two salts, NaCl
and K,SO,, were used as the representatives of alkali chlorides
and alkali sulfates, respectively, which were mixed in a mass
ratio of 1:1 and deposited on the surface of the 310S alloy
sample to simulate the actual salt deposition environment.
Four gases, N,, O,, HCI, and SO,, were used in this study
and were configured according to the typical proportions in
the actual MSWI flue gas to simulate the corrosive flue gas
environment [20, 35-37]. Additionally, the influence of tem-
perature was also considered in this study. As suggested by
our earlier research, the selection of temperature was based
on the principle of estimating the tube wall temperature as
the main steam temperature + 60 °C [13]. Four temperatures
of 460, 510, 550, and 580 °C were selected, corresponding to
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MSWI plants with main stream temperatures of 400, 450, 485,
and 520 °C, respectively. Similar temperatures have also been
used in studies by others [38]. In this way, the current research
can be conducted at temperatures closer to the heating surface
temperatures of operating MSWI boilers, thereby providing
practical recommendations.

Experimental
Materials preparation

An austenitic steel 310S alloy plate with the composition listed
in Table 1 was pre-machined into bulk samples with dimen-
sions of 10x 10x 5 mm®. These samples were ground with
320, 600, 1000, and 1500 grit SiC papers successively, and
polished with 0.45 pm alumina powder to obtain mirror-like
surfaces. During the polishing process, the edges and corners
of the samples were also ground to avoid the loss of corro-
sion products caused by local stress during the test. Subse-
quently, the samples were degreased and cleaned in acetone
by ultrasonic agitation. Finally, the exact dimensions and mass
of the samples were measured by a vernier caliper with an
accuracy of 0.02 mm and a Sartorius electronic balance with
an accuracy of 0.0001 g, respectively. All prepared samples
were stored in absolute ethanol before testing to avoid air con-
tamination or oxidation.

High-temperature corrosion test

High-temperature corrosion tests were performed in a horizon-
tal tube furnace equipped with a gas supply and exhaust gas
treatment, as illustrated in Fig. 1. In this study, 310S alloy sam-
ples were deposited with NaCl/50 wt.% K,SO, and exposed to
an atmosphere of 7% O, + 600 ppm HCI+ 100 ppm SO, +N,
at 460, 510, 550, and 580 °C for 168 h for corrosion tests. The
salt mixture deposits and the complex atmosphere were used
to simulate a typical MSWI flue gas environment. The tem-
peratures are selected within the typical temperature range of
superheaters in MSWI boilers [39]. The test duration of 168 h
was to observe the long-term corrosion behavior of materials,
which has been widely adopted in past high-temperature cor-
rosion test studies [19, 39, 40]. The detailed test procedure is
as follows:

Before each test, 0.05 g of NaCl and 0.05 g of K,SO,
were mixed thoroughly by grinding. Then this 0.1 g of salt
powder mixture was evenly deposited on the top surface

Table 1 EDS measured chemical composition (wt. %) of the 310S
alloy investigated

Element (wt. %) Ni Cr Mn Fe

3108 18.83 27.19 1.16 52.82
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Fig. 1 High-temperature corro-
sion test layout

N2 Oz HCI SO:

Gas Cylinders

of each sample. The amount of salt deposited was selected
based on the range recommended in the ISO 17224:2015
standard. The 0.1 g of deposited salt mixture in this study
corresponded to a salt deposition of 25-26 mg/cm? and
a salt film thickness of approximately 1.5 mm. Similar
salt ratios [41, 42] and amounts of salt deposition [25,
41, 43] have been used in many past studies. As a mixed
salt consisting of pure substances, the melting point of
the NaCl/50 wt.% K,SO, salt mixture can be found in the
previous literature [44], which is~510 °C.

Afterward, each salt-coated sample was placed in an
individual porcelain boat, weighed together, and put into
the furnace, which was preheated to the desired tempera-
ture. The furnace temperature was kept constant through-
out the test until the end of the test. The signal for the
start of the test was that the exhaust gas absorption device
started to bubble after the corrosive gas was introduced.
Three parallel samples were used for each test to ensure
test accuracy. To obtain the corrosion kinetics data of each
sample, the sample was taken out at 24 h, 72 h, and 168 h
of exposure. After cooling in air, the sample, the boat, and
the exfoliated scales (if any) were weighed together by the
Sartorius electronic balance. Then the samples were put
back into the furnace to continue the corrosion test until
the end of the test. In this way, the mass gain per unit sur-
face area of each sample after corrosion for a certain time
can be calculated without affecting the corrosion progress

(Eq. 1).

Am_my —my
A A (H

Where Am =the mass gain (mg), m; =the initial mass
of the sample (mg), m, =the mass of the sample after cor-
rosion for a certain time (mg), and A =the sum of six sur-
face areas of the sample (cm?).

Gas Mixing
Equipment

i

Exhaust Gas
Absorption

Horizontal Tube Electric
Heating Furnace

Characterization of corrosion products

The cross-section morphologies and element distribu-
tions of the corrosion products were investigated by a
scanning electron microscope with an energy dispersive
X-ray spectrometer (SEM/EDS: Hitachi S-3700N, Tokyo,
Japan). The phase composition of the corrosion products
was assessed by X-ray diffraction (XRD, Rigaku Rotaf-
lex, Tokyo, Japan) technique with CuKa over the range of
15° <20 < 80°. The procedures required for these charac-
terizations are as follows:

After each corrosion test, the macroscopic morphology
of the corroded samples was first photographed. For the
3 parallel samples in each test, different treatments were
employed. Specifically, one sample was used for XRD test-
ing, so the corrosion products on its surface were removed
with a brush or a tweezer, and then crushed into a fine
powder with an agate mortar. Another sample was used to
make a cross-section for SEM observation, so this sample
was hot-mounted in phenolic resin together with the cor-
rosion products on its surface, and cut with a high-speed
cutting machine to obtain a cross-section. The remaining
sample was used as a spare. It should be emphasized that
the cutting of the samples was carried out under com-
pletely dry conditions, which was to avoid the removal of
some water-soluble corrosion products. In addition, for
the corrosion samples obtained at 460 °C, the unreacted
salts on the surface of the samples were removed before
mounting to ensure a tight and firm mounting. The clean-
ing agent and lubricant used in the process of polishing
and cleaning the cross-sections of the samples were abso-
lute ethanol, which was also to avoid the dissolution of
some water-soluble corrosion products.
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Thermodynamic analysis

HSC Chemistry 9.1.1 software (Outotec) was used for ther-
modynamic equilibrium calculations.

Results
Macroscopic morphology

Figure 2 exhibits the macroscopic morphologies of 310S
samples after corrosion tests at different temperatures. At
460 °C (Fig. 2a), in addition to the disappearance of a small
amount of salt at the edge of the sample surface, most of
the white unreacted salt remained on the sample surface,
indicating the salt mixture was difficult to melt at this tem-
perature. In the salt-free area of the sample surface, cracked
products existed, showing a loose morphology. At 510 °C
(Fig. 2b), no salt was observed on the surface of the sample,
instead a complete scale. There were black contaminants in
the porcelain boat, which were likely to be the residues of
molten liquid salt on the inner wall of the porcelain boat. At
550 °C (Fig. 2c), a complete scale was also formed on the
surface of the sample, but there were a few black particles
on the scale. Black molten salt contamination in the por-
celain boat was also observed, and its contamination area
was larger than that at 510 °C. At 580 °C (Fig. 2d), a rough
scale was formed on the surface of the sample, and there
were small black nodules like coke on the film, implying that

L

Fig.2 Macroscopic morphologies of 310S samples after corrosion
tests conducted at (a) 460, (b) 510, (c) 545, and (d) 580 °C for 168 h
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catastrophic corrosion occurred. The interior of the porcelain
boat, including the bottom and the surrounding inner walls,
was stained with reddish-brown substances, indicating that
the substance may contain iron oxide. These results showed
that as the temperature increased from 460 °C to 580 °C, the
NaCl/50 wt.% K,SO, salt deposit was transformed from a
non-melting state to a completely molten state, and the cor-
rosion attack became more and more serious.

Corrosion kinetics

Figure 3 displays the mass change curves of the 310S alloy
exposed at 460—580 °C. From these curves, the corrosion
progress of the samples and the evaporation of molten salts
can be revealed. As clarified in Fig. 3, with the increase in
temperature, the corrosion rate of 310S increased signifi-
cantly. At 460 °C, the kinetic curve of 310S was parabolic,
suggesting that the corrosion process was controlled by
diffusion of the gas phase in the scales. The mass change
curve of 310S at 460 °C was the lowest position among all
the curves, indicating that the corrosion degree of 310S
was relatively light when the mixed salt was not melted.
Raising the temperature to 510 °C, the position of the
curve was elevated and approached a linear development
trend, suggesting that the degree of corrosion attack was
intensified after the mixed salt was melted. At 550 °C,
the curve position was further elevated. Specifically, from
0 to 72 h, the mass gained rapidly in a linear trend, but
after 72 h, the corrosion rate decreased slightly, making
the overall curve close to a parabola. This phenomenon
implied that at 550 °C the scale on the surface of 310S had
a certain protective effect, but it may also be related to the
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Fig.3 Mass gain per unit surface area vs exposure time for 310S
alloy corroded at different temperatures
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reduction of molten salt. At 580 °C, the corrosion rate of
310S did not increase further. The curve almost overlapped
with that at 550 °C in the first 72 h, but the slope of the
curve dropped sharply after 72 h, and the final mass gain
at 168 h was much lower than that at 550 °C. This may be
related to the lack of molten salt on the sample surface due
to the rapid evaporation of molten salt at 580 °C.

Phase composition of corrosion products

XRD analysis was performed to reveal the phase com-
position of the corrosion products. Unreacted salts on
the sample surface at 460 °C were also examined. As
reported in Fig. 4, four compounds including Fe,Os,
Cr,0;, Fe;0,, and NaCl were detected in the corrosion
products at 460-550 °C, while only two species, Fe,0;
and Cr,0;, were found at 580 °C. The absence of Fe;O, at
580 °C indicated that Fe was more fully oxidized at this
temperature. It appears that as the temperature increased
from 460 °C to 580 °C, the peak intensities of Fe,O; and
Cr,05 become more pronounced, in particular, Fe,0;.
Consistent with the macroscopic morphological observa-
tions (Fig. 2a), distinct NaCl, K,SO,, and KCI peaks were
detected in the unreacted salt at 460 °C. The presence of
KCI demonstrated that salt reorganization can occur at
temperatures close to the melting point of eutectic mixed
salts. NaCl was also found in the corrosion products at
510 °C and 550 °C, but its characteristic peak disappeared
when the temperature reached 580 °C, suggesting that the
evaporation of salts was more vigorous at 580 °C.

6 1-Fe,0;  4-NaCl
? 2-Cr,0, 5-KCl
3-Fe,0, 6-K,SO,

Intensity (a.u.)

26 (°)

Fig.4 XRD patterns of corrosion products on the surfaces of 310S
alloy corroded at different temperatures

Elemental distribution on cross-section

EDS elemental mapping was conducted to clarify the
detailed distribution of different corrosion products on
the sample cross-section. Figures 5, 6, 7 and 8 show the
cross-sectional element distribution results of 310S alloy
samples corroded at 460, 510, 550, and 580 °C for 168 h,
respectively.

As is obvious in Fig. 5, at 460 °C, O, Cr, and Fe were
the main elements distributed in corrosion products. Com-
pared with Cr, Fe was more enriched in external corrosion
products, confirming the abundant presence of Fe,O; or
Fe;0,. The simultaneous presence of Cr and O in the inter-
nal corrosion products indicated the presence of Cr,0;.
The elements of S, Cl, K, and Na in the entire corrosion
products were relatively less, indicating that these oxide
scales had a certain blocking effect on Cl and S. The dis-
tribution positions of S and K were generally consistent,
which could be determined to be K,SO,. The distribution
position of Cl overlapped more with that of Cr and Na,
implying the possible existence of NaCl and CrCl, in the
internal corrosion products. Besides, almost no Ni ele-
ment was detected in the corrosion products, implying the
preferential oxidation of Fe and Cr.

As presented in Fig. 6, at 510 °C, O, Fe, and Cr were
still the primary elements in the corrosion products. Simi-
lar to that at 460 °C, Cr,0O5 was the dominant specie in the
internal corrosion products, and Fe,O; or Fe;O, was the
dominant specie in the external corrosion products. A new
finding was that an obvious Ni-rich band appeared at the
edge of the matrix, which demonstrated that Fe and Cr in
the matrix were selectively corroded, leaving solely Ni in
metallic form. This phenomenon has also been reported pre-
viously [38, 45]. Specifically, at the positions corresponding
to several Cl-rich groups at the edge of the matrix, except
for Cr, these positions were replaced by black dots on the
Fe and Ni maps. Furthermore, the distribution positions of
Cr and Cl in the internal corrosion products near the matrix
were also consistent. Therefore, it is inferred that the main
species at the edge of the matrix should be CrCl,, in other
words, Cr in the metal matrix was preferentially chlorin-
ated. S was relatively enriched in the corrosion products
near the substrate/corrosion product interface, and the only
other element enriched there was Cr, so it is inferred that S
at this location may be in the form of a Cr sulfide. Several
overlaps of Cl and Na were observed in the outer region of
the corrosion products, which should be the residual NaCl
on the sample surface. Compared with 460 °C, the enrich-
ment of CI at the corrosion products and the edge of the
matrix became more remarked at 510 °C, suggesting that
the penetration mode of Cl may have changed.
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Fig.5 EDS element map of the cross-section of the 310S alloy sample after corrosion at 460 °C for 168 h

As the temperature increased further to 550 °C (Fig. 7),
the distribution positions of Cr, Fe, and Ni were also simi-
lar to those at 510 °C, that is, the external corrosion prod-
ucts were dominated by Fe,O; or Fe;O,, the internal cor-
rosion products were dominated by Cr,0;, and the edge
of the matrix was enriched with metallic Ni. Unlike at
460 and 510 °C, the Cl element was no longer distributed
over the entire cross-section of the corrosion products but
occurred in the corrosion products closer to the matrix/
scale interface, where the distribution points of Cl and
Cr elements coincided, implying the existence of CrCl,.
Regarding the Cl-enriched region displayed at the edge
of the matrix, considering that its distribution shape was
round and divergent, it should not be the penetration of Cl
in the matrix, but the chloride contamination overflowing
from the cracks at the matrix/scale interface. In addition,
there is a region in the corrosion product near the surface
of the substrate where S is particularly enriched, and the
only other element that coincides with this location is Cr.
This phenomenon reconfirms that sulfides of Cr are gen-
erated when molten sulfate occurs at temperatures higher
than 510 °C.

As can be seen in Fig. 8, after the temperature reached
580 °C, Na, K, and S elements almost disappeared in the
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corrosion products. This demonstrates faster evapora-
tion of molten salt at this temperature. The distribution
positions of Fe, Cr, and Ni elements were the same as
those at 510 and 550 °C. Likewise, selective corrosion
was observed. Ni was markedly enriched at the edge of
the matrix in a metallic state, Cr was enriched in the
internal corrosion products in the form of Cr,0;, and Fe
existed in the external corrosion products in the form of
Fe,0;. What’s more, at the metal matrix edge where ClI
was present, a distinct Cr-depleted region was observed,
while where Fe and Ni were still abundant. This result
indicated that the chlorination of Cr was more preferen-
tial and faster than that of Fe and Ni at the higher tem-
perature of 580 °C. Correspondingly, Cr-rich oxides were
formed near the edge of the metal matrix. In addition, it
is worth mentioning that the intrusion process of CI was
vividly displayed at 580 °C. As detailed in Fig. 8, Cl ele-
ments were distributed in two-layer regions on the cross-
section, that is, the corrosion products and the edge of the
matrix. The corrosion products containing relatively more
ClI have been separated from the matrix, and the edge of
the matrix containing less Cl was also about to fall off
since some pores appeared between it and the matrix. This
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Cl-rich groups

Fig.6 EDS element map of the cross-section of the 310S alloy sample after corrosion at 510 °C for 168h

phenomenon indicates that the attack of CI was carried out
layer by layer.

Cross-section morphology and composition

To further determine the composition of corrosion products
at each temperature, EDS spot scans were carried out and
the results are given in Fig. 9. Combined with the results of
the preceding qualitative analysis, reasonable compositions
at the corresponding locations on the cross-sections were
identified, and labeled in Fig. 10.

As observed in Fig. 10a, at 460 °C, a scale of ~200 pm
was formed on the surface of the metal matrix. Porosity
developed between the scale and the matrix, indicating a
tendency for the scale to detach from the matrix. 28.05 wt.%
Cr and 33.64 wt.% O elements were detected inside the scale
(marked at A,), verifying the presence of Cr,O5. The con-
tent of Ni element (6.16 wt.%) and Fe element (10.57 wt.%)
was less, which was consistent with the elemental mapping
results in Fig. 5. Only 4 wt.% Cl and 6.72 wt.% S elements
were detected at point A, confirming the protective effect
of the scale. On the outer edge of the scale (marked at A,),

43.97 wt.% Fe and 29.55 wt.% O elements were found,
which confirmed the existence of Fe,0;. Concerning the
large amount of unreacted salt mixture accumulated on the
outer surface of the scale observed in Fig. 2a, it was not
included in the cross-sectional morphology for the conveni-
ence of making the cross-section.

As the temperature increased to 510 °C (Fig. 10b), scales
of 300-500 pm were formed on the surface of the sample,
and there were obvious continuous cracks between the scales
and the matrix. The O content at the edge of the matrix
(marked at B,) was as low as 13.53 wt.%, indicating that
most of the metal elements at point B had not been oxidized
and still existed in a metallic state. Compared with the initial
composition of the alloy, the content of Fe and Cr at point
B, decreased, and the content of Ni increased. A reasonable
explanation was that Fe and Cr were consumed by selective
corrosion and diffused out, leaving Ni behind. In addition,
23.56 wt.% of Cl elements existed at point B, demonstrating
that CI could penetrate through the outer oxide scales to the
substrate surface. Combined with the element distribution
results in Fig. 6, it is determined that the substance at point
B, was CrCl,. This phenomenon is further addressed ther-
modynamically in Sect. 4.1. The internal corrosion products
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Fig.7 EDS element map of the cross-section of the 310S alloy sample after corrosion at 550 “C for 168h

contained various elements (marked at B,), the main sub-
stances were identified as Cr,S5, CrCl,, Cr,03, and Fe,0;.
The simultaneous existence of Cr,S;, CrCl,, and Cr,O; indi-
cated that Cr,0; was indeed transformed from Cr,S; and
CrCl,. Apart from Fe,0;, considerable NaCl (composed of
11.3 wt.% Na and 24.37 wt.% Cl) remained in the external
corrosion product (marked at B5), which suggested that some
salt mixtures had not been completely consumed after the
corrosion test at 510 °C for 168 h, which was consistent with
the XRD and EDS mapping results (Figs. 4 and 6).

After raising the temperature to 550 °C (Fig. 10c), scales
of ~500 pm were formed. The scales were internally strati-
fied, and recognizable (up to 200 pm at the widest) gaps
were observed between them and the matrix. There was
49.85 wt.% Fe, 13.24 wt.% Cr, and 29.24 wt.% O in the
outer scales (marked at C)), indicating that the substances
at point C; were Fe,O; and Cr,05.The element composi-
tion at the matrix/scale interface (marked at C,) was similar
to that at point C,, except that 11.28 wt.% Cl occurred at
point C,, demonstrating the presence of CrCl, at point C,
besides Fe,0; and Cr,05. At a particular location (marked
at C;) near the matrix/scale interface, high levels of the ele-
ments Cr (32.38 wt.%) and S (15.92 wt.%) were detected.
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In combination with the results of the elemental distribu-
tions (Fig. 7), it can be determined that sulfide of Cr (Cr,S;
maybe) is predominantly present at point C;. This result
proves that internal sulfidation occurred during the corro-
sion process. In addition, at the edge of the matrix (marked
at C,), 72.76 wt.% of Ni was detected, followed by 8.39 wt.%
of Fe and 5.57 wt.% of Cr. This shows that the Fe and Cr
contents in the matrix were greatly reduced due to selective
corrosion, leaving a large amount of Ni. The extremely low
O element content (7.54 wt.%) at point C, further demon-
strated that these Ni existed in a metallic state.

When the temperature was increased to 580 °C (Fig. 10d),
the corrosion attack further deteriorated, not only 400 pm
scales were formed, but also pores and cracks appeared
inside the matrix, which meant that further corrosion
attacks had started and were ongoing. The content of Fe
and Cr in the matrix (marked at D,) dropped to 35.14 wt.%
and 7.24 wt.%, respectively, while the content of Ni rose
to 41.09 wt.%. The content of the O element at point D,
was extremely low (8.9 wt.%), demonstrating that the alloy-
ing elements in the matrix still stayed metallic. These data
indicated that selective corrosion also existed at 580 °C. In
addition, the internal corrosion products near the matrix/
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Cr

Fig.8 EDS element map of the cross-section of the 310S alloy sample after corrosion at 580 °C for 168h
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Fig. 9 EDS results (wt. %) of cross-sections of 310S alloy corroded for 168h at different temperatures

scale interface (marked at D,) were primarily Cr,0;. The  small amount of FeCl,, as well as possibly a small amount
primary composition of the internal corrosion products at  of Cr,S;. The main component of the external corrosion
point D; was determined to be a large amount of Fe,05 and a
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Fig. 10 Cross-sectional mor-
phologies of corrosion products
of 3108 alloy corroded at differ-
ent temperatures for 168h: (a)
460 °C, (b) 510 °C, (¢) 550 °C
and (d) 580 °C

C1 (Fe,0;3, Cr,0;)

products (marked at D,) was identified as a significant
amount of Fe,0; along with a small amount of FeCl, and
K,SO,.

Discussion

In light of the results of the macro-morphologies, corrosion
kinetics, phase composition, cross-sectional microstructure,
and elemental distribution, the high-temperature corrosion
behaviors of 310S alloy samples were very different at vari-
ous temperatures. In this study, the corrosion was induced by
NaCl and K,SO, in the deposited molten salt and HCI, SO,,
and O, in the atmosphere. Considering that the melting point
of NaCl/50 wt.% K,SO, mixture is around 510 °C [44], the
corrosion mechanisms were discussed in two cases (460 °C
and 510-580 °C).

Corrosion mechanism analysis at 460 °C

At 460 °C, only a small part of the NaCl/K,SO, mixed salt
melted (seeing Fig. 2a), so it can be considered that the cor-
rosion occurred under the deposition of solid salt powder
and in an oxidizing atmosphere containing HCI and SO,.
In this case, the main corrosion reactions involved were
gas—solid and solid—solid reactions. Chemical corrosion
played a dominant role. Based on the presence of a small
amount of Cl inside the corrosion products, a mechanism of
“active oxidation” dominated by Cl, diffusion is plausible.

@ Springer
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As depicted in Fig. 11, corrosion began with the reac-
tion of NaCl with the metal at the matrix/salt interface
to form Na,CrO, or Na,Fe,0, [22], which consumed the
alloy elements and produced Cl,:

2NaCl + 2Cr + 20,(g) = Na,Cr,0, + Cl,(g) )

2NaCl + 2Fe + 20,(g) = 2NaFeO, + Cl,(g) 3)

The chromate, ferrite, and Cl, released by these reac-
tions would continue to consume the Fe and Cr elements
in the matrix and produce porous oxide scales [46]:

3.5Na,Cr,0, + Cr +3.5Cly(g) = 4Cr,0; + 7NaCl + O,(g)

)

7TNaFeO, + Fe + 3.5Cl,(g) = 4Fe,05; + 7NaCl + O,(g)

(5)

At the same time, Cl, could be also generated from the

reactions between O,, HCI, and SO, in the atmosphere and
the salts on the sample surfaces [47, 48]:

2NaCl + SO,(g) + O,(g) = Na,SO, + Cl,(g) (6)

4HCI(g) + O,(g) = 2H,0(g) + 2Cl,(g) (7

When the Cl, reached the salt/matrix interface, “active
oxidation” occurred. Cl, reacted with the alloy to form
metal chlorides (FeCl,, CrCl,, and NiCl,, of which Ni has
a less reactive behavior [19]) via reaction (6):
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(2) 2NaCl + 2Cr + 20,(g) = Na,Cr,0, + Cly(g)
(6) 2NaCl + SO,(g) + O,(g) = Na,SO, + Cly(g)
(8) Cr + Cly(g) = CrCly(s)

(9) CrCly(s) = CrClx(g)

(4) 3.5Na,Cr,0, + Cr + 3.5Cl,(g) = 4Cr,0, + 7NaCl + O,(g)

(7) 4HCI(g) + O5(g) = 2H,0(g) + 2Cl,(g)
(10) 4CrCly(g) + 30,(g) = 2Cr,05 + 4Cly(g)

Fig. 11 Schematic diagram of corrosion mechanism of 310S alloy at 460°C (taking Cr as an example)

M + Cl,(g) = MCLy(s) (M = Fe, Cr, Ni) ®)

Then the evaporation of FeCl,, CrCl,, and NiCl,
took place since these metal chlorides have a high vapor
pressure:

MCLy(s) = MCly(g) ©)

When they diffused to a place where the O, partial pres-
sure was sufficiently high, they were converted to oxides,
and Cl, was released again:

MCly(g) + 0,(g) = MOy + Cly(g) (10

Therefore, in a short time, loose and porous scales con-
taining Cr,03, Fe,0;, or Fe;0, were formed on the sample
surfaces (seeing Fig. 4), leading to an increase in the mass
of the samples. Part of the released Cl, could return to the
matrix surface and participate in the next attack.

As the corrosion was processed, more metal oxides and
chlorides were formed. Then the mixing of the metal chlo-
ride and the alkali salt took place, forming a lower melting
eutectic salt (e.g., the temperature of the eutectic point of
the binary NaCl-FeCl, system is 370 °C at 58:42 mol frac-
tion) [41]. As a consequence, the mixed salts at the edges
of the samples where the temperature was relatively higher
melted. Thus, the corrosion rates of the samples further

increased during 24—72 h due to the presence of local molten
salts. In the later stage of corrosion, thicker scales formed
on the surface of the sample, although they were not dense
enough, they still hindered the transportation of the corro-
sion medium to a certain extent. Therefore, within 72—168 h,
the corrosion rate decreased. The reactions mentioned above
are all thermodynamically spontaneous, and the Gibbs free
energy changes of these reactions at 460, 510, 550, and
580 °C calculated by HSC are shown in Table 2.

For the dislocation morphology of different types of
oxide distribution, it has been found that this phenomenon
is mainly related to the thermodynamic properties of the
metal chlorides. Among FeCl,, CrCl,, and NiCl,, the equi-
librium vapor pressure of CrCl, is the smallest, which can be
simply understood as CrCl, is the third to evaporate among
the three [38, 49]. And the O, partial pressure required for
the conversion of CrCl, to Cr,0O5 at the same temperature
is also much smaller than that of Fe and Ni [19]. Therefore,
these data demonstrate that CrCl, can only diffuse a short
distance before being oxidized. In contrast, FeCl,, which
has the highest equilibrium vapor pressure among the three
and can only be oxidized at a higher oxygen partial pressure
[50], needs to be transported a long distance before it can be
converted (Figs. 5, 6, 7, 8).
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Table 2 The reactions
involved in the proposed
corrosion mechanism and

their corresponding calculated
Gibbs free energy changes (AG
at 460, 510, 550, and 580 “C)
(calculated by HSC Chemistry
9.1.1)

Chemical reactions AG (kJ/mol)

460 °C 510°C 550 °C 580 °C
2NaCl +2Cr +20,(g) =Na,Cr,0, + Cl,(g) —-653.33 —-64259 —-634.01 —627.58
2NaCl+ 2Fe +20,(g) =2NaFeO, + Cl,(g) —418.82 —40748 —398.32 —391.38
TNa,Cr,0,+2Cr+7Cly(g) =8Cr,05+ 14NaCl+20,(g)  —2969.75 —2943.62 —2922.97 —2907.63
14NaFeO, +2Fe + 7Cl,(g) =8Fe,0; + 14NaCl+20,(g)  —2091.04 —2068.92 —2052.44 —2040.80
2NaCl+ SO,(g) + O,(g) =Na,SO,+ Cl,(g) —109.69  —99.96 -92.22 —86.43
4HCI(g) + O,(g) =2H,0(g) + 2Cl,(g) —18.21 —11.46 —6.05 -1.99
Ni + Cl,(g) =NiCl, —-194.13 —-186.88 —181.11 —176.80
Cr+Cly(g)=CrCl, —295.78 —290.04 —-28551 —282.14
Fe + Cl,(g) =FeCl, —248.15 —-24228 —-237.61 —234.11
4FeCly(g) +30,(g) =2Fe,0;+4Cl,(g) —54729 —=51239 —-484.70 —464.07
4CrCly(g) +30,(g) =2Cr,05;+4Cl,(g) —1222.00 -1188.30 —1161.45 —1141.38
2NiCl,(g) + 0,(g) =2NiO +2Cl,(g) —-136.83 —12426 —-11424 —-106.75

Corrosion mechanism analysis at 510-580 °C

At 510-580 °C, we found the black pollutants on the inner
wall of the porcelain boat, the selective corrosion of Fe, Cr,
and Ni at the edge of the matrix, the layered precipitation of
more Fe,O; and Cr,0; on the metal surface, and especially
the presence of high levels of Cl and low levels of S ele-
ments in the corrosion products. From all these indications,
a mechanism involving both “electrochemistry” + “active
oxidation” is suggested.

At the initial stage of corrosion, the surfaces of the pol-
ished samples were free of oxides, so the Fe, Cr, and Ni
elements on the alloy surface were directly exposed to the
corrosion test conditions provided in this study. Shortly
afterward, molten salts were generated on the sample sur-
faces since the ambient temperature was higher than the
melting point of NaCl/K,SO,. Then, the metallic Fe, Cr,
and Ni were dissolved in the NaCl/K,SO, melt, and at the
same time, O,, HCI, and SO, in the ambient atmosphere
also dissolved into the melt and react with it.

Atmosphere e
y
© _.—e
Scales l - @ @ \39)
[2)] D / |
| ] P e @ @\
woten @) — (- &) O~ \/ @ i
Salts T - @ @ @—) @/ ()
an] (16)] — (Cr,S4(s)
Matrix T
Cr
© 4 @
(8) Cr + Cly(g) = CrCly(s) (9) CrCly(s) = CrCly(g) (10) 4CrCly(g) + 30,(g) = 2Cr,0; + 4Cly(g)
(11) Cr > Cr2(diss.) + 26" (12) O, + 4e- — 20%(diss.)  (13) 2Cr** + 302 - Cr,0;  (14) Cr2* + 2CI — CrCl,

(15) 2502~ = 202 + 30, + S

(16) 2Cr + 3S = Cr,S,

(17) Cr,S; + 4.50,(g) = Cr,03 + 3S0,(g)

Fig. 12 Schematic diagram of the electrochemical corrosion mechanism of 310S alloy at 510-580 °C (taking Cr as an example)
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Because of the limited solubility and diffusion coef-
ficient of oxygen in molten salt, the O, partial pressure
at the gas phase/melt interface was high, while that at the
melt/metal interface was low. Therefore, an oxygen con-
centration difference occurred between the gas phase/melt
interface and the melt/metal interface, forming an oxygen
concentration cell and initiating electrochemical corrosion
(seeing Fig. 12):

The anodic reaction (melt/metal interface):

M - M**(diss.) + 2¢"(M = Fe, Cr, Ni) (11)
The cathodic reaction (gas phase/melt interface):
0, + 4e” - 207 (diss.) (12)

Thus, in the molten salt, the combination of metal ions
and 0%~ occurred to form oxide particles.

M**+0*” - M,0, (13)

As the corroded metal cations in the matrix/melt inter-
face continued to accumulate and became excessive, Cl™ and
SO,*" in the melt were attracted to migrate to the matrix/
melt interface to maintain charge balance. This led to the
enrichment of CI~ or SO,>~ near the matrix/melt interface
(seeing Fig. 10b—d), and then two things happened.

First, metal chlorides were generated:

M** + CI~ - MCly (14)

When these metal chlorides were mixed with alkali salts,
new low-melting eutectic salts like NaCl-FeCl, could be
formed [51], which increased the volume of the melt on the
sample surface. As a result, the excess liquid phase over-
flowed from the sample surface, contaminating the inner
walls of the porcelain boats, as shown in Fig. 2b—d. Fur-
thermore, the dissolved metal chlorides diffused outward
through the melt along the concentration gradient towards
the gas phase/melt interface [52], along which path the oxy-
gen partial pressure gradually increased, and thus different
oxides were formed sequentially (Eq. (10)).

Likewise, in the corrosion tests at 510-580 °C, “active
oxidation” was also always presented. Once the Cl, origi-
nated from reactions (2), (3), (6), (7), and (10) permeated
to the matrix/melt interface, it facilitated the generation of
metal chlorides and accelerated corrosion (seeing Fig. 11).

Second, the internal sulfidation reactions took place.

Specifically, SO,>~ in the melt was consumed through the
following reaction [53]:

2S0;” =20 +30, +8S (15)

Thus, metal sulfides formed at the matrix/melt interface.
Due to the thermodynamically more negative Gibbs free

energy for the formation of Cr sulfides compared to Fe and
Ni sulfides, Cr sulfides were preferentially formed.

2Cr + 38 = Cr,83AG, 5500 = —351.603 KJ (16)
INi + 3S = NiSAG, 550 = —165.910 kJ (18)

While sulfides could undergo oxidation to form oxides
and SO, in the presence of O,, the sulfides located at the
melt/matrix interface were difficult to be oxidized due to
the limited O, in the melt near the surface of the matrix.
Oxidation to metal oxides and SO, was only possible for
the outer sulfides near the melt/gas phase interface. The
SO, formed would escape into the atmosphere, which is
why no S element was detected in the outer corrosion
products.

Cr,S; +4.50,(g) = Cr,05 + 3S0,(2)AG, 55 = — 1462.882 kJ
(19)

In addition, in the melt, the O*~ decomposed in reaction
(15) can also combine with metal ions to form metal oxides.

2Cr**t + 30* = Cr,0, (20)

Reactions (16)—(20) result in the consumption of the three
products generated in reaction (15), promoting the continu-
ation of reaction (15) in the forward direction. This leads to
the rapid reduction and depletion of SO,*~. Consequently,
sulfate was not detected in the corrosion products upon com-
pletion of the test.

The difference in the content of S and Cl within the corro-
sion products arises from the fact that Cl, in the atmosphere
can penetrate into the melt again and react with the metal to
form metal chloride salts again. As a result, a large amount
of Cl elements remains detectable within the corrosion prod-
ucts. On the contrary, when SO, in the atmosphere returns
to the melt, it fails to induce the formation of metal sulfates
due to the low partial pressure of O, within the melt.

In the late stage of corrosion (72-168 h), it is speculated
that the salt on the surface of the metal sample at 550 and
580 °C was largely evaporated due to high temperatures,
resulting in a large reduction of liquid-phase molten salt on
the sample surfaces. Accordingly, the rapid migration and
diffusion of ions lost their path, and the electrochemical
reactions disappeared. Then the subsequent corrosion rate
was limited by chemical reactions which were similar to
those at 460 °C, so the corrosion rate exhibited a significant
relative decrease. This result showed that at higher tempera-
tures, the rapid evaporation of molten salts could also act to
slow down corrosion. However, in the actual site, the salt
substances in the MSWI flue gas will continuously deposit
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on the heating surfaces, so the corrosion will not stop due to
the evaporation of the salts.

In summary, compared with 460 °C, at 510-580 °C, under
the joint influence of C1™ and SO42_, the main elements Fe
and Cr in the 310S alloy were depleted at an accelerated rate,
thus leaving metallic Ni at the edge of the matrix, which was
consistent with previous research results [38].

The reason why NiO was not detected in the corrosion
products at 460-580 °C (seeing Fig. 10) can be described as
follows: i) The Gibbs free energy of forming NiCl, is much
higher than those of FeCl, and CrCl, at 460-580 °C (as
listed in Table 2), which means that it is relatively difficult
for Ni element to be chlorinated into NiCl, [54]. ii) Com-
pared with Cr and Fe elements, Ni element accounts for
less in 3108 alloy, so even if NiCl, was formed, its amount
was very small. iii) A much higher O, partial pressure is
required for the conversion of NiCl, to NiO, compared with
that of CrCl, and FeCl,. Therefore, even if a small amount
of NiCl, was generated at the matrix/scale interface with
limited oxygen partial pressure, it was difficult to be prefer-
entially oxidized [19].

Conclusion

In this work, the corrosion mechanism of 310S alloy
deposited with NaCl/50 wt.% K,SO, exposed to a typi-
cal MSWI flue gas atmosphere of 7 vol % O, + 600 ppm
HCI+ 100 ppm SO, + N, was studied. The effect of tem-
perature on its corrosion behavior was also compared by
testing at 460, 510, 550, and 580 °C. Through the measure-
ment of macroscopic morphology and corrosion kinetics,
as well as phase analysis of corrosion products by XRD
and elemental analysis of cross-sections of corrosion prod-
ucts by SEM/EDS, a clear corrosion process was gradually
revealed. The main conclusions can be drawn from this
work, as follows: Under the test conditions employed in
this study, 310S alloy suffered severe corrosion. NaCl/50
wt.%K,SO, was an extremely corrosive agent. Corrosion
became more severe as the temperature increased from
460 °C to 580 °C. The corrosion mechanism was different
at various temperatures. At 460 °C, NaCl/50 wt.%K,SO,
did not melt and mostly remained in a solid state, and the
precipitation of Fe, 03, Fe;0,, and Cr,0j; in the corrosion
products was observed. The degradation of the metal in
this case mainly came from the reactions between NaCl
and the metal matrix, the consumption of the metal by
chromate and ferrite, plus the “active oxidation” induced
by HCI, SO,, and O,. At 510-580 °C, NaCl/50 wt.%K,SO,

@ Springer

has completely melted, forming a melt on the metal sur-
face, and considerable metal chlorides and even metal sul-
fates were observed at the metal matrix/scale interface.
In this case, the corrosion mechanism is mainly “electro-
chemistry” + “active oxidation”. The presence of a dis-
crepancy in oxygen partial pressure between the melt/gas
phase interface and the matrix/melt interface created an
oxygen concentration battery that accelerated metal con-
sumption at the melt/matrix interface. Therefore, under
the combined action of C1~, SO,*~ in the melt, and Cl, in
the atmosphere, metal chlorides and metal sulfides were
generated. Oxidation of these chlorides caused the metal to
be consumed continuously until the molten salt evaporated
away and then corrosion slowed down.
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