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A B S T R A C T   

Oxy-combustion is one of the most promising technologies for carbon capture and sequestration. When CO2- 
neutral biomass is burned under oxy-combustion conditions, named “oxy-biomass combustion” a negative CO2 
emission can be achieved. However, the high content of potassium and chlorine in biomass results in sever ash 
deposition and corrosion in air fired furnaces, which are further aggravated in oxy-combustion mode due to the 
enrichment of corrosive species by flue gas recycle. In this paper, the hot corrosion behaviors and mechanism of 
two representative materials (TP347H, HR3C) used for superheaters in furnaces are studied. The effects of oxy- 
combustion atmosphere, KCl deposition, effect of SO2, effect of water vapor, and temperature on the corrosion 
kinetics at the starting stage are investigated. The corrosion severity of the materials was determined using the 
weight gain method, and the microstructures and chemical compositions of corrosion layers were characterized 
by the scanning electron microscopy with energy dispersive spectroscopy, and X-ray diffraction. The results show 
that the hot corrosion rate is significantly sped up by KCl deposition, more than five times the gas corrosion rate 
under the same gas composition and temperature. HR3C with higher Cr and Ni contents is more likely to form Cr 
enrichment on the interface between the corrosion layer and the substrate than TP347H, resulting in stronger 
resistance to the hot corrosion than TP347H. When the corrosion atmosphere is changed from air-combustion to 
oxy-combustion, the hot corrosion rate is reduced with a denser Cr oxide film and less metal sulfides. The in
crease of temperature in the presence of KCl deposition significantly affects the hot corrosion rate, e.g. the 
corrosion rate at 650 �C is 16 times higher than that at 450 �C. Water vapor and SO2 concentrations have 
opposite influences on the hot corrosion, respectively. Compared to the dry environment, a high-humidity 
environment decreases the hot corrosion rate; however, a higher SO2 concentration facilitates the sulfation of 
KCl deposits, leading to stronger damage to the chromium oxide film and thereby an increased hot corrosion rate.   

1. Introduction 

Biomass has a vital role to play in promoting renewable energy and 
in reducing the potential environmental impact of fossil fuel combustion 
(Smith et al., 2019). Oxy-biomass combustion coupled with carbon 
capture and sequestration (CCS) processes can lead to ‘carbon negative’ 
technology, i.e. not only avoiding additional CO2 emissions but also 
helping to reduce atmospheric CO2 emissions (Sher et al., 2018). How
ever, compared to coal, the significant characteristics of biomass is of 
high contents of potassium and chlorine. Potassium and chlorine in 

biomass aggravate the ash deposition, fouling, slagging, and corrosion in 
furnaces burning biomass (Blomberg et al., 2019). 

The degree of fouling and corrosion depends on the existing form and 
evolution of potassium and chlorine during biomass combustion (Cao 
et al., 2016). Potassium is found associated with the fuel moisture as 
water-soluble salts or reacted with the organic functional groups (car
boxylic, phenolic) of the lignocellulose matrix (Chen et al., 2017). 
During the thermochemical conversion of biomass, the potassium in 
biomass is released into flue gas at high temperatures. These potassium 
species can further react or undergo physical transformations to 
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condense and form aerosols, which can deposit on the heat exchanger 
surfaces. These deposits can react with the metals of the heat exchanger, 
resulting in severer hot corrosions (Cao et al., 2016). Pettersson et al. 
(2011) studied the effect of the chlorides, sulfates, and carbonates of 
potassium on hot corrosion of 304 stainless steel and concluded that 
K2CO3 and KCl are equally corrosive toward 304 stainless steel while 
K2SO4 is much less corrosive. K2CO3 and KCl can react with the 
chromium-rich oxide on metal surfaces, forming K2CrO4. The resulted 
chromium depletion of the protective oxide layer causes rapid corrosion 
in the O2–H2O atmosphere. Blomberg et al. (2019) studied the chemical 
reactions involved with furnace exposure of KCl and KOH with Cr2O3 
and concluded that the reaction of KCl with Cr2O3 involves an inter
mediate KOH generated before K2CrO4 is formed. Mahajan and Chhib
ber (2019) investigated the corrosion behavior of different power plant 
steels exposed to the different salt mixture at 950 �C and concluded that 
steel containing higher Cr content possesses better corrosion resistance 
to the molten salt mixture exposure. The presence of KCl in combination 
with Na2SO4 is the main corrosion enhancement factor in hot corrosion 
behavior. Meiβner et al. (2019) analyzed the effect of three coatings (Cr, 
Ni þ Cr, Ni–P þ Cr) on ferritic-martensitic X20CrMoV12-1 steel in a 
biomass-co-firing atmosphere and summarized that beneath the deposit 
of Na2SO4–K2SO4 the coatings proved to be highly resistant whereas 
addition of KCl drastically accelerated the corrosive attack. 

Under oxy-combustion conditions, the flue gas recycle enriches the 
concentration of corrosive gas species in furnaces, e.g. the concentra
tions of sulfur oxide and hydrogen chlorine increase by 3–4 times 
compared with that in conventional air-combustion. Bordenet (2008) 
found that the flue gas composition was changed when the atmosphere 
was converted from conventional air-combustion to oxy-combustion, 
which also changed the chemical composition of the deposited layer. 
As a result, the corrosion was aggravated under oxy-combustion con
ditions. Paneru et al. (2013) studied the molten salt corrosion behaviors 
of Alloy310 and Alloy 314 in oxy-combustion and found that the 
corrosion rate in air combustion mode is faster. Holcomb et al. (2012) 
found that the corrosion rate of TP347H in air combustion mode was 
faster than that in oxy-combustion mode, while T91 showed the oppo
site trend. 

In summary, the high-temperature corrosion by gas and molten po
tassium salts from biomass combustion has been widely studied under 
conventional air-combustion conditions. However, only a few studies 
have been conducted on high-temperature corrosions under oxy- 
combustion conditions, especially for molten potassium-salt corrosion 
(hot corrosion). Depending on the complex gas compositions and metal 
materials, the conclusions on the effect of atmosphere change from air- 
combustion to oxy-combustion on hot corrosion of potassium salt are 
still not consistent, and the hot corrosion mechanism under oxy- 
combustion conditions is not well understood. 

This paper aims to demonstrate the hot corrosion mechanism and 
kinetics in biomass combustion when the atmosphere is changed from 
air-combustion to oxy-combustion. The hot corrosion behaviors of two 
representative materials (TP347H, HR3C) used for superheaters in fur
naces are studied. The effects of oxy-combustion atmosphere, KCl 
deposition, effect of SO2, effect of water vapor, and temperature on the 
corrosion kinetics at the starting stage are investigated. The corrosion 
severity of the materials was determined using the weight gain method, 
and the microstructures and chemical compositions of corrosion layers 
were characterized by the scanning electron microscopy with energy 
dispersive spectroscopy (SEM-EDS) and X-ray diffraction (XRF). 

2. Materials and methods 

2.1. Materials 

Two alloy materials, HR3C and TP347H were used in the test, which 
have been most commonly used in the superheater and reheater tubes in 
utility boilers. The compositions of the two samples are shown in 

Table 1. The samples with the dimension of 10 mm � 10 mm � 3 mm 
were cut from the actual superheater tubes by using a wire-cutter. After 
burnishing the surface of samples, the samples were cleaned for 1 h in 
acetone solution using an ultrasonic cleaning device. The sample was 
used in the test after being dried in the oven. 

2.2. Depositing method of KCl vapor on steel surfaces 

Many methods have been used to deposit the salt layer on the heating 
surface. McKee et al. (1978) immersed the alloy coupons in a crucible 
containing melting salt, and a thermo-balance system, i.e. temperature 
and pressure, was used to preserve the desired environment. Lin et al. 
(2007) just brushed the salt solution to make the salt film. Yu et al. 
(2019) immersed the alloy specimens in a concentrated salt solution and 
dried them at 100 �C to form a salt film. Mahobia et al. (2013) used the 
spray technique for salt coating on the sample surface. While in the 
actual combustion process, the salts present in the combusting fuel 
vaporized in a high-temperature area and then condensed on 
low-temperature surfaces (Hu et al., 2018). However, no method was 
able to achieve a real and uniform deposition of KCl vapor similar to the 
practical situation in industries. Therefore, in this study, we adopt a new 
KCl deposition approach that is more specific and very similar to the 
practical situation of the industry. The schematic of the depositing 
system is shown in Fig. 1. First, the temperature of the corundum boat 
containing KCl was increased up to 800 �C, at which the KCl evaporated 
and then carried by N2 to the cooled area at 300 �C (monitored by a 
K-type thermocouple), where it condensed on the surface of the metal 
sample fixed in the specimen deposition fixture. The sample metal sur
face before and after depositing with KCl is shown in Fig. 1(a) and (b). 
The micromorphology of the sample surface after KCl depositing was 
uniform and similar to the industries practical depositions. 

2.3. Method of corrosion test 

The schematic of the corrosion test system is shown in Fig. 2, con
sisting of gas feeding, heating furnace, and exhaust gas collecting part 
respectively. The corundum boat containing alloy samples was placed 
into the isothermal zone of the quartz tube with a diameter of 40 mm 
and a length of 1000 mm. The steam generated by the heater was carried 
by the balance gas and mixed with O2 and SO2 at the inlet of the reactor, 
and maintain a total flow rate of 500 ml min� 1. The temperature of the 
inner reaction zone was detected by using a K-type thermocouple. 

To investigate the mechanism of the hot corrosion at the early stage, 
we exposed the alloy samples in a simulated flue gas environment 
(SO2–O2–H2O–CO2/N2) for 8 h and measured the mass gain per 2 h. 
Although the fuel-sulfur conversion ratio is not changed significantly in 
oxy-combustion, but due to the recycled flue gas, the SO2 concentration 
increases significantly than air-fuel combustion (Chen et al., 2012). In 
this study, the concentration of SO2 is determined as 0.2 vol % in the 
simulated oxy-combustion environment. The detailed experimental 
conditions are provided in Table 2. 

A weight gain (mg/cm2) versus time plot was employed to investi
gate the kinetic analysis of hot corrosion, for 4 cycles. After each cycle, 
samples were weighted by using a microbalance with a sensitivity of 
�0.001 mg. The mass gain and average corrosion rate can be obtained 
by: 

y¼ðW2 � W1Þ=A (1)  

V ¼ y=t (2)  

where: y – mass gain per hectare (mg⋅cm� 2); W2 – mass of sample after 
corrosion (mg); W1 – mass of sample before corrosion (mg); A – sample 
surface area (cm2); t – corrosion time (h); V – average corrosion rate 
(mg⋅cm� 2⋅h� 1). 
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2.4. Methods of sample characterization and corrosion kinetics analysis 

Several expressions, like linear, parabolic and logarithmic law have 
been used to fit the corrosion mass gain as a function of exposure time 
(Little, 2008; Mahobia et al., 2013). In this study, the parabolic law is 
adopted stated by Equation (3), 

y¼ k⋅t2 (3)  

where k represents the oxidation rate constant regarding the ability of 
corrosion resistance of the alloy material. K depends upon the property 
of alloy material, reaction temperature, and reaction atmosphere. In this 
work, the weight gain plots agree very well the parabolic rate law. 

After obtaining the weight gain information, the Scanning Electron 
Microscope (SEM, JOEL JSM-6390 A) and X-ray Diffraction (XRD, 
X’Pert Pro) were used to examine the microstructure and chemical 
composition of the sample surface after corrosion. The samples were 

mounted by liquid epoxy resin to get the micro information of cross- 
section. The oxidation layer was scratched and milled to prepare for 
XRD analysis. 

3. Results and discussion 

3.1. Performance of KCl vapor deposition on sample surfaces 

First, the salt deposition rate is calibrated as shown in Fig. 3. In the 
time range of 0–0.5 h, the amount of salt deposition increases rapidly 
and also the deposition rate is higher as compared to the rate after 0.5 h. 
After 0.5 h, the deposition rate becomes constant and the salt weight 
gain increases linearly. Since the salt depositing process is related to the 
difference between the temperature of the fixture and the temperature of 
the incoming gas stream. At the start, the temperature of the fixture is 
comparatively lower in the quartz tube, resulting in a large temperature 
difference and thereby a high deposition rate. Following certain KCl 
deposition, the fixture gradually heats up, resulting in a reduction in the 
deposition rate to a constant level. 

Table 1 
Elemental compositions of TP347H and HR3C stainless steel samples.  

Material C Mn Si Cr S Ni P Nb N 

TP347H 0.04–0.10 �2.0 �0.75 17–20 �0.03 9–11 �0.04 0.6–0.8 / 
HR3C 0.04–0.10 �2.0 �0.75 24–26 �0.03 17–23 �0.03 0.02–0.60 0.15–0.35  

Fig. 1. Schematic of KCl vapor deposition on steel sample surfaces (a, before 
depositing; b, after depositing; c, fixture; d, system of salt vapor deposition on 
steel sample surface). 

Fig. 2. Schematic of high-temperature corrosion experimental system.  

Table 2 
Experiment conditions for hot corrosion tests.   

Temperature/oC Gas composition/vol. % KCl deposition 
/mg.cm� 2 

SO2 O2 H2O Balance 

TP347H 550 0.2 2 20 CO2 0 
550 0.2 2 0 N2 0.5 
550 0.3 2 20 N2 0.5 
450 0.2 2 20 CO2 0.5 
550 0.2 2 20 CO2 0.5 
650 0.2 2 20 CO2 0.5 
550 0.2 2 0 CO2 0.5 
550 0.2 2 20 CO2 1.0 
550 0.3 2 20 CO2 0.5 

HR3C 550 0.2 2 20 CO2 0 
550 0.2 2 0 N2 0.5 
450 0.2 2 20 CO2 0.5 
550 0.2 2 20 CO2 0.5 
650 0.2 2 20 CO2 0.5 
550 0.2 2 0 CO2 0.5 
550 0.2 2 20 CO2 1.0 
550 0.3 2 20 CO2 0.5  
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The micromorphology of the specimen surface after salt plating is 
shown in Fig. 4; it can be noticed that a uniform and continuous salt film 
is formed on the surface of the test component. A relatively loose salt 
layer is observed on the surface as compared with the untreated test 
piece. Further, there is no obvious corrosion problem, which shows that 
the salt plating used in this experiment is feasible and will not seriously 
interfere with the subsequent high-temperature corrosion experiment. 

3.2. Corrosion kinetics at various environments 

3.2.1. Comparison of corrosion behaviors in pure gas phase and with KCl 
deposits 

Two samples of alloys, TP347H and HR3C were used to assess the 
corrosion impact of KCl deposits. As shown in Fig. 5, the weight gain 
curves of corrosion is an agreement with the parabolic law. In addition, 
without KCl deposition, the rate constant a and average corrosion rate V 
of TP347H were 0.040 and 0.0135 mg cm� 2⋅h� 1, whereas for HR3C 
were 0.035 and 0.0116 mg cm� 2⋅h� 1 respectively. After the salt depo
sition, the corrosion rate of the two materials TP347H and HR3C 
increased sharply by 5.32 and 5.17 times respectively. Especially in the 
first 2 h, the weight gain rate increased about 8 times. It is evident that 
the deposition of salt on metal surfaces has a very drastic effect on the 
corrosion behavior compared to the gas corrosion rate under the same 
gas composition and temperature (Zeng et al., 2014). According to the 
reaction (4) and (5), KCl directly react with the oxide scale, which 
severely aggravate the alloy corrosion (Grabke et al., 1995).  

Fe2O3 þ 2KCl þ1/2O2 ¼ K2Fe2O4 þ Cl2                                            (4)  

Cr2O3 þ 4KCl þ 5/2O2 ¼ 2K2CrO4þ 2Cl2                                         (5)  

Fe þ Cl2 ¼ FeCl2                                                                            (6) 

Accompany with the erosion of the dense oxide scale, molecular 
chlorine liberated in reaction (4) and (5) respectively, react with iron 
and formed iron chloride at the interface of the substrate and corrosion 
scale by reaction (6) which make more adverse the corrosion effect 
(Grabke et al., 1995). 

Meanwhile, the degree of sulphation of the injected KCl increases 
substantially in oxy-combustion compared to air combustion conditions 
(Ekvall et al., 2017), and the presence of high concentration water vapor 
especially in wet combustion, would dramatically enhance the 
destruction of protective oxide film (Ani et al., 2009), which can in
crease the carburization of CO2 into the alloy. Furthermore, the C 
element migrates into the alloy to form CrxCy, which speeds up the Cr 
element migration to the surface of the alloy to form Cr2O3. While the 
evaluation of corrosion behavior of KCl and oxy-combustion atmosphere 
still need more research. 

3.2.2. Effect of N2 or CO2 atmosphere as a balance gas 
Corrosion experiment was carried out under two equilibrium gases 

N2 and CO2 in air-combustion and oxy-combustion respectively, to 
compare the behavior of molten salt corrosion of two alloy samples. It 
can be noticed in Fig. 6, that the corrosion rate of both materials in air- 

Fig. 3. Deposition behavior of KCl by time.  

Fig. 4. Micromorphology of sample surface after being coated (a, 200 times; b, 
2000 times). 

Fig. 5. Comparison of high-temperature (black) and hot corrosion (red). （2% 
O2þ0.2%SO2þ20%H2O þ CO2, 550 �C）. 
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combustion is higher than oxy-combustions using CO2 as balance gas. 
The parabolic rate constant “k” and the average corrosion rate for 
TP347H are 0.29 and 0.086 mg cm� 2. h� 1, respectively, in air com
bustion, which is 19.4% higher than that of oxy-combustion. Similarly, 
the “k” and corrosion rate for HR3C are 0.24 and 0.071 mg cm� 2. h� 1 

respectively, in air-combustion which is 18.3% larger than that of oxy- 
combustion. 

There are different views about the hot corrosion in oxy-combustion. 
Bordenet (2008) noted that the chemistry of ash deposition is promptly 
changed in oxy-combustion as compared to air-combustion mode. This 
is due to the high concentration of CO2 produced by the recycled flue 
gas, which promotes the formation of carbonates that impairs corrosion. 
Paneru et al. (2013) used the coal-fired fly ash to study the hot corrosion 
behavior of Alloy310 and 314 in the simulated flue gas. The rate of 
corrosion in air combustion mode was found to be higher. While the 
study of Holcomb et al. (2013) revealed that TP347H had a faster rate of 
corrosion in air-combustion than oxy-combustion, although T91 had no 
significant difference between air combustion and oxy-combustion 
environment. In short, the degree of corrosion closely related to alloy 
material type, deposited ash, and flue gas composition respectively. This 
paper found that a high concentration of CO2 had a slight inhibitory 
effect on the process of molten salt corrosion of the two alloy materials 
(Ekvall et al., 2017). The Cr component of the alloy is expected to form a 
protective oxide layer under a high concentration of CO2, leading to 
slightly less corrosion. 

3.2.3. Effect of temperature 
Three temperature points, 450 �C, 550 �C, and 650 �C were chosen to 

test the temperature effects on hot corrosion in oxy-combustion. As 
shown in Fig. 7, the increase in temperature has a significant effect on 
hot corrosion and the corrosion rate of both materials is increased 
drastically. At 650 �C, the average corrosion level is 16.45 times higher 
than that of 450 �C. Paul and Harvey (2013) performed different 
corrosion tests at high temperature environments for biomass applica
tions and found that alloy-625, Alloy-718 and Alloy-726 coated with 
K2SO4– KCl layer showed a severe corrosion at high temperature �700 
�C as compared to the corrosion gain at lower temperature �525 �C. 
Otsuka (2008) analyzed the flue gas vapor condensation of corrosive 
salts on heater tubes in incinerators and illustrated that when the tem
perature of flue gas become higher than the melting point of different 
salts like NaCl, KCl, and Na2SO4 it leads to a severe corrosion on the 
super heater tubes. This can be interpreted from the fact that 
high-temperature flue gases generally have high concentration of vapor 
NaCl and KCl, and hence have greater capability to vapor-condense 
these species on tube surfaces. 

In short as the temperature rises, the diffusion and mass transfer of 
the reaction gas to the alloy material oxide layer becomes severe and the 
material corrosion resistance decreases linearly under high-temperature 
conditions, thus intensifying the corrosion process (Pettersson et al., 
2011). 

3.2.4. Effect of wet or dry flue gas (moisture) 
To observe the effect of moisture on hot corrosion in oxy- 

combustion, two concentration levels of moisture were considered. It 
can be noticed from Fig. 8, that when the water vapor concentration 
increases from 0% to 20%, the average corrosion level of HR3C and 
TP347H is decreased by 93.1% and 71.7%, respectively. These results 
show a significant decrease in the corrosion rate for both materials in the 
moisture-rich condition. 

The effect of H2O vapor on the high temperature corrosion with the 
presence of alkali chloride has been discussed by many researchers 
(Asteman et al., 2002; Karlsson et al., 2014). Generally, H2O have both 
the probability of inhabiting or promoting effect on corrosion process. 
Some experimental results revealed that the water vapor accelerate the 
sulfation process of alkali salts in hot corrosion in the presence of high 
SO2 contents in the flue gas according to the reaction (7) and (8) 
respectively (Paneru et al., 2013).  

2KCl þ SO2 þO2 ¼ K2SO4 þ Cl2                                                     (7)  

2KCl þ SO2 þ H2O þ 1/2O2 ¼ K2SO4 þ 2HCl                                   (8) 

Fig. 6. Mass gain kinetic curves comparison in oxy-combustion and air atmo
sphere. （2%O2þ0.2%SO2þ20%H2O þ CO2/N2, 550 �C）. 

Fig. 7. Mass gain kinetic curves of two alloy materials in different temperature. 
（2%O2þ0.2%SO2þ20%H2O þ CO2, 450 �C, 550 �C, 650 �C）. 

Fig. 8. Mass gain kinetics behavior in high moisture atmosphere 2%O2þ0.2% 
SO2þ0%/20%H2O þ CO2，550 �C）. 
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The Cl2 and HCl released during the reaction reacts with the sub
strate and oxide scale of the alloy, further exacerbating the corrosion. In 
the presence of water vapor, reaction (8) is more competitive than the 
reaction (7). Lehmusto et al. (2012) suggested that the reduction of al
kali metal corrosion in a higher moisture concentration may due to the 
formation of denser and thus thinner oxide scale. Henriksson and 
Warnqvist. (1979) observed the inhibiting effect of water vapor to 
corrosion when it is present up to 10 vol % concentration. They 
explained that water concentration from 0 to 10% increase the sulfation 
reactions while above than 10% it show the opposite influence. Okoro 
et al. (2015) found the K2SO4 conversion fraction in the KCl was reduced 
significantly in the condition of 13 vol % H2O compared with 3 vol % 
H2O. They interpret that the water molecules compete the active sites 
existed in the deposit surface with SO2, due to which the heterogeneous 
sulfation reaction become inferior. In our research work, the average 
concentration of water vapor is up to 20 vol %, which has suppressed the 
sulfation reaction resulting in the reduction of both alloys corrosion. 

3.2.5. Effect of SO2 concentration 
To observe the effect of SO2 on hot corrosion in oxy-combustion, two 

concentration levels of SO2 for both alloy samples were considered. As 
shown in Fig. 9, an increase in SO2 concentration can significantly in
crease the corrosion rate of both alloys. For the HR3C, the resistant 
ability to the SO2 corrosion is better than the TP347H. The average 
corrosion rate for TP347H is increased by 32.7%. 

When the concentration of SO2 is high, the deposition of salt chloride 
on the alloy surface undergoes a sulfation process, as shown in reaction 
(7) and (8), accompany with the oxide film depletion (Grabke et al., 
1995),  

Cr2O3 þ 3SO3 ¼ 2Cr3þ þ 3SO4
2� (9) 

Which destroys the alloy oxide film and sped up the reaction of 
composite sulfate which further degrade the alloy matrix, ultimately 
enhanced the corrosion (Okoro et al., 2017). Therefore, the increase in 
the concentration of SO2 in the experiment promote the degradation of 
protective chromium oxide film, which makes the molten salt corrosion 
more serious. 

3.3. Discussion based on micro-morphologies and chemical-identification 
of corrosion products 

3.3.1. 2%O2þ0.2%SO2þ20%H2O þ CO2，550 �C 
It can be seen from Fig. 10(a), that the relatively high Cr element is 

found in the HR3C corrosion layer, and the peak of the Cr element is 

located inside the corrosion layer, indicating that there is a clear diffu
sion of the Cr element from the bulk to the surface. The XRD analysis of 
the HR3C corrosion layer as shown in Fig. 11 (a) indicates that the main 
components of the corrosion surface are Fe2O3 and (Fe0.6Cr0.4)2O3. This 
depicts that the presence of KCl inhibits the Cr oxide formation on the 
surface of HR3C, causing S element to diffuse into the substrate through 
the corrosion layer which leads to the enhancement of corrosion 
behavior (Pettersson et al., 2008). 

Compared with Fig. 10 (a), it can be seen from Fig. 10(b) that the 
corrosion layer of TP347H has a small content of Cr and mainly 
composed of Fe–O–S elements. The corrosion layer is tightly bonded to 
the matrix, and a weak Cr element enrichment phenomenon appears at 
the junction. Unlike HR3C, a phenomenon of infiltration into the grain 
limit, i.e. intergranular corrosion is present in the TP347H corrosion 
layer product. There is an increasing trend in the content of S from the 
junction to the grain boundary, suggesting a more severe corrosion 
behavior. The XRD analysis of the corrosion layer in combination with 
Fig. 11(b) shows that the corrosion layer products are mainly Fe2O3 and 
(Fe0.6Cr0.4)2O3, and the sulfide Cr5S6 and carbide Fe5C2 are also 
observed, which further illustrates that the TP347H undergoes a more 
serious corrosion process. 

The above results show that HR3C is more resistant to KCl molten 
salt corrosion and is mainly due to higher Cr content in HR3C (Mlon
ka-Mędrala et al., 2019). On the other hand, the surface of TP347H did 
not form a Cr oxide layer but instead formed a Cr sulfide that increases 
its corrosion. 

3.3.2. 2%O2þ0.3%SO2 þ20%H2O þ N2, 550 �C 
It can be seen from Fig. 12 (a) that the coexistence of K and S ele

ments in the surface of sedimentary salt layer of HR3C, and it is evident 
that KCl has undergone a clear process of sulfation. The contents of Fe, 
O, and Cr in the outer edge of the corrosion layer are high, and there is 
an increasing trend of Ni element in the medium part of the corrosion 
surface. Meanwhile, the S element is high in the joint region with the 
matrix, and the S component penetrates deeply in the bulk of the sub
strate. From Fig. 12 (a), the XRD analysis of the HR3C corrosion layer 
shows that the main components are Fe2O3, (Fe0.6Cr0.4)2O3 and 
Fe2Cr2O4, and a small amount of NiFe2O4. 

It can be seen from Fig. 12 (b) that severe spalling of oxide corrosion 
scale occurred. The oxide layer of TP347H is mainly composed of Fe and 
a small amount of Cr element and the enrichment of Cr element is not 
significant. There is more Cr in the joint between the corrosion layer and 
the matrix, but the contents of the O element are lower, indicating that 
the protective Cr–O layer is destroyed by sulfate. The intergranular 
corrosion occurs at the junction of the corrosion layer and the substrate, 
and the S element diffuses along the grain boundary to the inside of the 
bulk. The corrosion layer is relatively broken and has a loose structure. 
The XRD analysis of TP347H corrosion shown in Fig. 13 (b) shows that 
the main components are Fe2O3, K2SO4 and a small amount of Fe9S10, 
Fe1-xS iron sulfide, which indicates the enhanced sulfation process and 
the erosion of S element to the bulk. 

In summary, comparing the corresponding results of corrosion 
weight gain mentioned above, it can be noticed that, degree of corrosion 
of the two materials becomes more severe when N2 is used as a balance 
gas (air-combustion) as compared to the oxy-combustion (Ekvall et al., 
2017); also among the two samples alloy, the TP347H is more prone to 
sulfate corrosion than HR3C. 

3.3.3. 2%O2þ0.2%SO2 þCO2, 550 �C 
It can be seen from Fig. 14 (a) that the corrosion layer of HR3C is 

mainly composed of Fe, Cr and O elements. High content of S, O was 
found in the sediment layer of the outermost surface, suggesting that 
there has been a clear sulfation phenomenon. The XRD analysis of the 
HR3C corrosion layer in Fig. 15 (a) shows that the main components are 
Fe2O3, Fe3O4 and Fe2Cr2O4. 

It can be observed in Fig. 14 (b) that the TP347H corrosion layer is 
Fig. 9. Mass gain kinetics behavior in different SO2 concentrations. （2% 
O2þ0.2/0.3%SO2þ20%H2O þ CO2/N2，550 �C）. 
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mainly composed of Fe, Cr, and O elements. The structure of the 
corrosion layer is relatively loose, and there are many holes in the 
interior. Fig. 15 (b) shows that the main components are Fe2O3 and 
Fe2Cr2O4 spinel, and a small amount of NiFe2O4. 

In summary, corresponding with the weight gain results, it can be 
noticed that in a dry environment the corrosion layer penetrates deeply 

into the substrate and the corrosion structure is more broken and porous 
than that of the wet environment which validates the inhibiting 
behavior of moisture in hot corrosion (Okoro et al., 2015). In addition, 
compared with other conditions with 20% water vapor, both alkali 
metal sulphates and sulfide are not found in oxide scale of the two alloys 
in this case, which indicate that the water vapor may contribute to the 

Fig. 10. SEM and EDS line analysis of the sample cross-sections of HR3C and TP347H after 8 h corrosion test (2%O2þ0.2%SO2þ20%H2O þ CO2).  

Fig. 11. XRD patterns of the corrosion layer at 550 �C（2%O2þ0.2%SO2þ20%H2O þ CO2）.  

Fig. 12. SEM and EDS line analysis of the sample cross-sections of HR3C and TP347H after 8 h.  

J. Zhang et al.                                                                                                                                                                                                                                   



Journal of Environmental Management 263 (2020) 110411

8

Fig. 13. XRD patterns of the corrosion layer at 550 �C （2%O2þ0.2%SO2þ20%H2O þ N2）.  

Fig. 14. SEM and EDS line analysis of the sample cross-sections of HR3C and TP347H after 8 h.  

Fig. 15. XRD patterns of the corrosion layer at 550 �C（2%O2þ0.2%SO2þCO2）.  
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transition of S element to the salt particle and bulk. 

3.3.4. 2%O2þ0.3%SO2 þ20%H2O þ CO2, 550 �C 
It could be seen from Fig. 16 (a) that the HR3C corrosion layer 

consists mainly of Fe, Cr, and O elements, and that the K, S and O 
contents are enriched in the deposited salt layer, indicating that KCl 
causes prominent sulfation. The corrosion surface and sedimentary salt 
layer contain a high content of S and O suggesting a high sulfate level on 
the outside of the corrosion sheet. The corrosion layer is firmly attached 
to the matrix and is intact and dense, while the S element penetration- 
erosion behavior is also found in the bulk. The XRD analysis of the 
HR3C corrosion layer in Fig. 17 (a) shows that the main components are 
Fe2O3 and K2SO4. As shown in Fig. 16 (b), the outer edge of the corrosion 
layer is mainly composed of Fe, K and S elements. While at the interface 
between the corrosion layer and the substrate, the content of Cr and O 
elements are high. The corrosion layer is tightly bonded to the matrix, 
and it exhibits the phenomenon of the penetration of the S element into 
the matrix. The XRD analysis of the TP347H corrosion layer in Fig. 17 
(b) shows that the main components are Fe2O3 and K2SO4, in addition, a 
kind of MnSO4 is also found, which further indicating that the sulfate has 
a strong molten salt corrosion effect on TP347H. 

In summary, compared with the results of corrosion weight gain at 
varied SO2 concentrations, it can be seen that the phenomenon of KCl 
sulfation with 0.3% SO2 is more significant than that with 0.2% SO2. In 
the corrosion layer of both alloy materials, a high sulfate layer was 
formed, indicating that the formation of sulfates can aggravate the 
extent of molten salt corrosion. 

3.4. Different corrosion reduction methods 

3.4.1. Corrosion resistance coatings 
There are three familiar coating methods used for the reduction of 

hazardous corrosion, (1) thermal spray, (2) metal infiltration, and (3) 
laser cladding. In the thermal spray process, the spray sources are heated 
to their melting or semi-melting point so that they can be sprayed on the 
substrate surface. Ni based coating is often used against high tempera
ture corrosion due to its best corrosion resistance property and low 
porosity coating at high temperature environment (Oksa et al., 2013). 
Metal infiltration is subjected to high temperature diffusion and 
permeation process, reacts with the surface of the metal alloy, and forms 
alloying resistance to high temperature corrosion on the surface of the 
metal alloy. Kiamehr et al. (2017) conducts corrosion tests on FeAl, 
Fe2Al, and Ni2Al3 coatings to analyze the best corrosion resistance 
coating. They found that Ni2Al3 coating did not experience severe 
corrosion after the exposure to high temperature and high KCl salt 
deposition. Laser cladding simultaneously melt the coating material and 
a thin layer of the substrate surface, and rapidly solidify to form a sur
face coating that is metallurgically bonded to the substrate. Laser clad
ding provides good corrosion and oxidation resistance of the coating, 
which is dense and uniform. In addition, the newly developed 

high-entropy alloy coatings with attractive and unique properties are 
also a potential choice for the future coating development. 

In conclusion the coatings formed by thermal spray technology, 
metal infiltration, and laser cladding provide protection, increase the 
efficiency and life of the boiler. However, many problems still need to be 
faced e.g., coating is prone to cracking and flaking. 

3.4.2. Biomass co-firing with other fuels 
One of the major drawback of biomass combustion is the formation 

of severe fouling and harsh corrosion due to the high contents of alkali 
salts. To mitigate this severe effect, a short term solution is to co-fired 
biomass with other fuels having low corrosion risks (Wang et al., 
2011). In this regard, a remarkably progress in biomass co-firing has 
been reported in the past decades (Yin, 2013). Montgomery et al. (2008) 
showed that co-firing biomass with other solid fuel like coal can 
significantly reduce the corrosion by converting the high corrosive alkali 
salt into less harmful alkali sulfate. Hence it is necessary to optimize the 
biomass co-firing blending ratio with other fuels. In general, the ma
jority of co-firing biomass power plants use the ratio �40% to avoid the 
risks induced by co-firing (Montgomery et al., 2008). 

In addition, co-firing biomass with sewage sludge was also reported 
previously, due to its rich contents of aluminium and iron sulphte, which 
is able to capture the KCl and convert it into low corrosive deposits (Aho 
et al., 2010). 

3.4.3. In-situ corrosion prevention 
One way to reduce the corrosion is to built the in-situ monitoring and 

regulating system. The results from our experiment and other research 
works illustrated that the temperature is very sensitive to the alloy 
corrosion. So in-situ regulating system for combustion process is used to 
control the temperature of boiler heater tubes. In combination with in- 
situ method the KCl concentration is measured in the flue gas and 
then spray some sulfate solution which is a selective way to prevent the 
corrosion. An ammonium sulfate solution specially prepared by Hen
derson et al. (2006) for the reduction of corrosion is sprayed into the flue 
gas. As a result KCl is effectively converted into K2SO4 which is much 
less corrosive than the KCl. Many other materials like aluminium, iron 
sulfate, and Al2O3.SiO2 are also available for spraying into the furnace to 
effectively prevent the Cl from being deposited on the furnaces tube 
surfaces (Aho et al., 2010). 

4. Conclusions 

In this paper, the hot corrosion behaviors of two representative 
materials (TP347H, HR3C) used for superheaters in furnaces are studied. 
The effects of oxy-combustion atmosphere, KCl deposition, and tem
perature on the corrosion at the starting stage are investigated. The main 
conclusions are as follows: 

Fig. 16. SEM and EDS line analysis of the sample cross-sections of HR3C and TP347H after 8 h（2%O2þ0.3%SO2þ20%H2O þ CO2）.  
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(1) The hot corrosion rate is significantly sped up by KCl deposition, 
more than five times the gas corrosion rate under the same gas 
composition and temperature. HR3C with higher Cr and Ni con
tents is more likely to form Cr enrichment on the interface be
tween the corrosion layer and the substrate than TP347H, 
resulting in stronger resistance to the hot corrosion than TP347H.  

(2) When the corrosion atmosphere is changed from air-combustion 
to oxy-combustion, the hot corrosion rate is reduced with a 
denser Cr oxide film and less metal sulfides. The increase of 
temperature in the presence of KCl deposition significantly affects 
the hot corrosion rate, e.g. the corrosion rate at 650 �C is 16 times 
higher than that at 450 �C.  

(3) Water vapor and SO2 are interacted, and have opposite influences 
on the hot corrosion. Compared to the dry environment, a high- 
humidity environment decreases the hot corrosion rate, by form 
denser and more protective oxide scale, while it could also tranfer 
the S element to alkali metal and oxide scale, which are two 
competitive factor to the corrosion process; however, a higher 
SO2 concentration facilitates the sulfation of KCl deposits, leading 
to stronger damage to the chromium oxide film and thereby an 
increased hot corrosion rate. 
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