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A time-resolved study of PbCl2-induced corrosion of low-alloyed steel in the 
presence of water vapour at 400 ◦C 
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A B S T R A C T   

A laboratory study of a low-alloyed steel (T22) exposed to an 5% O2 + 20% H2O + N2 bal. gas in the presence of 
PbCl2(s) and PbO(s) at 400 ◦C is presented. The presence of PbCl2(s) strongly accelerates corrosion by promoting 
oxide delamination and crack formation. The corrosion attack is explained according to an electrochemical 
mechanism, involving the inward diffusion of chlorine ions and formation of metal chlorides at the metal/oxide 
interface. The role of Cl in PbCl2-indcued corrosion of low-alloyed steels is argued to be the major driving force 
while the role of Pb in the corrosion attack is minor.   

1. Introduction 

Replacing fossil fuel with waste in combined heat and power (CHP) 
plants has gained momentum in the European Union (EU) following 
more stringent waste management directives and ambitious climate 
goals [1]. By replacing conventional fossil fuel with waste, a reduction in 
net CO2 emissions is accomplished while simultaneously reducing the 
amount of waste in open landfills, which is harmful to both the envi
ronment and human health [2]. Furthermore, CHP plants combusting a 
high fraction of renewable waste fuels combined with bioenergy carbon 
capture and storage (BECCS) stand out as one of the more promising 
large-scale carbon-negative techniques, making it interesting for forth
coming developments [3]. However, compared to conventional fossil 
fuels, combustion of bio-and waste-derived fuels produces a highly 
corrosive flue gas containing elevated concentrations of alkali chlorides, 
hydrogen chloride, and heavy metal chlorides [4–6]. Studies have 
demonstrated that these components can significantly accelerate the 
corrosion rate of critical boiler equipment, including water walls [6–12] 
and superheater tubes [13–15]. Consequently, in order to decrease the 
corrosion rate, the tubes are operated at relatively low steam tempera
tures, which decrease the electrical efficiency of power plants [16]. 

Conventional low-alloyed steels are commonly employed for water- 
wall tubes as they possess good mechanical properties and low cost [17, 
18]. However, the low resistance towards corrosion in harsh environ
ments limits its maximum service temperature. Reducing the corrosion 
rate of the water wall tubes can be accomplished by introducing welded 
overlay coatings consisting of high-alloyed steels such as Ni-base alloys 

or austenitic stainless steels. However, the increased expenses for such 
coatings may outmatch the extended lifespan of the tubes, consequently 
leading to higher maintenance costs [19,20]. 

Analysis of deposits collected from heat transfer surfaces in waste- 
fired boilers utilizing fuel such as recycled waste wood (RWW) and 
municipal solid waste (MSW) has demonstrated an elevated presence of 
lead compounds such as lead chloride (PbCl2) compared to fossil fuel- 
and biomass-fired boilers. These PbCl2-rich deposits, when accumu
lating on heat exchange surfaces like water walls, may cause severe 
corrosion [21–23]. 

The literature on PbCl2-induced corrosion on low-alloyed steels in 
waste-fired boiler environment is summarized below. Although it is 
apparent that PbCl2 accelerates corrosion rate of this material type, the 
underlying mechanism remains elusive. 

In 1999, Spiegel presented a melt-driven mechanism to explain the 
corrosiveness of PbCl2 toward low-alloyed steel [22]. In the cited study, 
a low-alloyed steel (10CrMo910) was exposed to 15 mg/cm2 PbCl2 at 
500 ◦C and 600 ◦C in 5% O2 + He [22]. Since PbCl2 has a melting point 
of 501 ◦C [24] the deposited PbCl2 was assumed to be in liquid state. The 
corrosion morphology after exposure was characterized by a poorly 
adherent multilayered Fe-rich oxide scale with visible cracks. It was 
suggested that the PbCl2 melt dissolves the oxide scale under the for
mation of metal chlorides at the melt/scale interface, and that Fe was 
transported through the melt as dissolved FeClx to the melt/gas inter
face. At this interface, the higher partial pressure of oxygen (pO2), leads 
to the oxidation of metal chlorides, the reformation of Fe2O3 and the 
release of Cl2(g). It was further argued that the released Cl2(g) may act as 
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a corrosion catalyst re-entering the oxide scale, leading to the 
re-formation of metal chlorides and the continuation of the oxidation 
process, a mechanism referred to as “active oxidation”, initially pro
posed by McNallan et al. [25] and further developed by Grabke et al. 
[26]. 

Bankiewicz et al., on the other hand, argue that PbCl2 melt is not a 
prerequisite for accelerated corrosion attack on low-alloyed steel to 
occur in the presence of PbCl2 [27]. In the referred study, it was shown 
that a significant corrosion attack was observed at 450 ◦C, i.e., below the 
melting point of PbCl2, after 168 h of exposure. The corrosion product 
was reported to be similar at 450 ◦C and 550 ◦C showing a thick 
multilayered Fe-rich oxide scale with poor adhesion and formation of 
cracks and voids. Chlorine was detected primarily at the metal/scale 
interface, presumably in the form of iron chlorides, while Pb was 
detected further out in association with the iron-rich oxide. Regrettably, 
the study did not include any scanning electron microscopy (SEM) 
analysis of the corroded sample exposed to 450 ◦C, nor did it suggest any 
corrosion mechanisms [27]. 

Further strong support for the severe corrosive nature of PbCl2 was 
presented by Bankiewicz et al. [28] where it was demonstrated that at 
400 ◦C, the mixing of small amounts of PbCl2 in different salts deposited 
on low-alloyed steel significantly accelerated the corrosion rate of the 
material, reaching similar corrosion rates as samples exposed solely to 
PbCl2. The authors concluded that the rapid corrosion of the steel sub
strate was due to the presence of PbCl2. A mechanism was proposed 
where the high corrosion rate was attributed to the ability of PbCl2 to 
react with and destroy the protective chromium oxide (Cr2O3), which 
lead to an accelerated corrosion rate of the steel substrate. However, the 
suggested mechanism appears to be questionable as the steel compound 
only contains 2.2 wt% Cr, which is insufficient for the formation of 
Cr2O3 under the referred experimental conditions. A significant increase 
in the corrosion rate of pure PbCl2 and Pb-containing salts was observed 
at 500–600 ◦C, which was attributed to the formation of eutectic melts 
[28]. 

In a more recent study by Larsson et al. in humid air at 400 ◦C, it was 
demonstrated that the presence of PbCl2 leads to a fast and localized 
corrosion attack on the low-alloyed steel 10CrMo910 after 24 h of 
exposure [29]. The author argued that this is due to the rapid decom
position of PbCl2, resulting in the localized release of chlorine species: 

PbCl2(s) + H2O(g)⇌PbO(s) + 2HCl(g)
ΔG = +120kJ (1) 

Chloride ions are then suggested to diffuse across the oxide scale to 
the metal/oxide interface, where high concentrations of metal chlorides 
were identified. No melt formation was detected, and severe localized 
spallation of a Fe-rich oxide in the vicinity of the original PbCl2 particles 
was reported, allowing rapid diffusion of corrosive species to the metal 
surface [29]. 

In the reported studies on PbCl2-induced corrosion of low-alloyed 
steel, the exposure time was fixed, and severe corrosion had already 
transpired [22,27,29]. The use of a fixed exposure time makes it chal
lenging to study and distinguish the initiating and propagating reaction 
mechanisms. Given that the initial corrosion process may substantially 
impact the corrosion behavior in later stages, improving knowledge of 
the initial corrosion mechanisms is important for furthering our un
derstanding of PbCl2-induced corrosion. Furthermore, previous studies 
have fully attributed the propagating corrosion mechanisms to 
Cl-induced corrosion and the formation of metal chlorides, either by 
melt formation or rapid release of Cl from the decomposition of PbCl2. 
While it has been reported that Pb in PbCl2 plays an important role in the 
corrosion attack of Cr-containing alloys by reacting with the protective 
chromia layer [22,27,30], its influence on low-alloyed steel has not been 
studied at length. This understanding is of importance to further develop 
corrosion-preventing strategies and improve our knowledge of the rapid 
degradation rates observed in water wall tubes of waste-fired boilers. 

The aim of this work is to improve the knowledge of the corrosion 

mechanism of PbCl2-induced corrosion on low-alloyed steel 
(10CrMo910) and elaborate on the role of both Pb and Cl. A well- 
controlled laboratory study was carried out where the samples were 
exposed isothermally with a continuous gas flow containing 5% O2 
+ 20% H2O + N2 bal. at 400 ± 2 ◦C. To monitor the temporal evolution 
of corrosion, a time-resolved study was conducted with a maximal 
exposure time of 168 h. Prior to exposure, the samples were deposited 
with 0.185 mg/cm2 PbCl2 or left without any deposition (reference 
sample). In addition, samples deposited with 0.185 mg/cm2 PbO were 
prepared in response to the findings from the PbCl2-deposited samples 
(Section 4.2). The morphology and microstructure of the corrosion 
products were analyzed using X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) coupled with an energy-dispersive X-ray 
(EDX) detector. 

2. Experimental 

2.1. Sample preparation 

The alloy studied was a low-alloyed steel, Fe-2.25Cr-1Mo (also 
referred as 10CrMo910 or T22), with the following nominal chemical 
composition, expressed in wt% and at%:Table 1). 

Before exposure, the samples were cut into 15 × 15 × 2 mm cou
pons, and the surface edges were mechanically ground in water using 
silicon carbide paper with a grit size of 1000. Subsequently, the samples 
were automatically ground in water using a Struers TegraPol-31 pol
ishing instrument with a grit size of 320 and polished with three dia
mond suspensions 9, 1 and 0.5 µm until a mirror-like appearance was 
achieved. The samples were then degreased and washed by immersing 
the samples in acetone during ultrasonic agitation for 15 min. PbCl2 was 
applied to the samples by spraying a PbCl2 di ionized-water solution on 
the sample for a total of 0.185 mg/cm2 while continuously drying the 
sample to ensure fast solvent evaporation. 

2.2. Exposure 

A schematic of the isothermal experimental setup is shown in Fig. 1. 
The exposures were carried out isothermally at 400 ± 2 ◦C using a 
horizontal silica tube of 80 mm in diameter. The samples were subjected 
to a continuous gas flow containing 5% O2 + 20% H2O + N2 bal. with a 
flow rate of 3 cm/s. The samples were positioned on an alumina sample 
holder parallel to the gas flow. The exposures were carried out for 1, 24 
and 168 h separately, and a total of three samples were exposed 
simultaneously. The gas flow was measured using a MesaLabs Bios 
DryCal Definer 220 calibrator. The H2O content in the gas was achieved 
by coupling a water bath, set to 60 ◦C, to the system, where water vapor 
was added to the gas via a Nafion membrane. The water vapor content 
was measured at the exit of the membrane just before the entrance to the 
horizontal tube furnace using a Mitchell instruments Optidew Vision™ 
chilled mirror humidity sensor. Following the exposure, the samples 
were placed inside a desiccator, with SICAPENT® (P2O5) employed as 
the desiccating agent. 

The samples were subjected to broad ion beam (BIB) milling after 
exposure to attain high-quality cross-sections. Prior to the milling pro
cess, a thin silica wafer was glued on top of the exposed samples and 
allowed to dry overnight. The sample was then cut in half and polished 
to a 0.5 µm surface finish using a Lecia EM TXP instrument operating at 
low speed and without lubricant. The samples were thereafter ion beam 
milled for 6 h using a Lecia TIC 3x instrument with triple Ar-ion guns 

Table 1 
Nominal composition (wt% and at%) of T22.  

Alloy Fe Cr Mo Si Mn C P S 

T22 (wt%) 96 2.2 0.9 0.3 0.5 0.08 0.01 0.01 
T22 (at%) 95.78 2.47 0.51 0.59 0.45 0.11 0.02 0.02  
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operating at 8 kV. 

3. Analytical techniques 

The surfaces and resulting cross-sections of the exposed samples 
were analyzed using an FEI QUANTA ESEM 200 scanning electron mi
croscope (SEM) operated in high vacuum mode. Backscattering electron 
(BSE) mode was utilized for imaging with an accelerated operating 
voltage ranging from 10–20 kV. Chemical elemental analysis was car
ried out using an Oxford Instruments X-MaxN 80 T EDX coupled to the 
SEM instrument and operated at 20 kV. The crystalline phases of the 
oxide scale were characterized using X-ray diffraction (XRD). The XRD 
analysis was performed on a Siemens Bruker 8 Discovery diffractometer 
equipped with a Cu source and with a measuring range of 
10 < 2Θ < 90◦. 

Oxide thickness measurements were carried out by combining SEM 
imaging with a vector graphic editor software (INKSCAPE). In total, four 
SEM BSE images were acquired within the prepared BIB cross-sectional 
area and combined in a panoramic fashion. Subsequently, the images 
were subjected to analysis with INKSCAPE, and the oxide thickness was 
measured by drawing vertical lines over the oxide scale, which each 
pixel converted to micrometers. A total of 9 measuring points were taken 
for each sample, and the average oxide thickness and standard deviation 
were recorded. A total of two samples for each exposure type were 
analyzed. 

4. Results 

4.1. Oxide growth rate 

Fig. 2 shows the average oxide thickness for T22 exposed to 1, 24 and 
168 h in 5% O2 + 20% H2O + PbCl2, 5% O2 + 20% H2O + PbO and 5% 
O2 + 20% H2O, respectively. In all cases, the samples show parabolic 
kinetics, indicating that oxide growth is diffusion-controlled. However, 
in the case of the PbCl2 exposed samples, a significant spread in oxide 
thickness was observed, making the parabolic kinetic less apparent. 

After 1 h of exposure in the presence of PbCl2, the oxide thickness 
was approximately 4 µm, a value roughly 40 times greater than the 
corresponding value for the reference samples and the samples exposed 
to PbO. The oxide thickness continued to increase over time, reaching 
about 6 µm and 15 µm after 24 and 168 h of exposure, respectively. 

The samples exposed to PbO obtained a significantly thinner oxide 
compared to the PbCl2 samples. The oxide thickness remained compa
rable with the samples exposed without any deposit after 24 h of 
exposure and was measured to about 0.1 and 0.6 µm after 1 h and 24 h 
of exposure, respectively. However, after 168 h, a notably lower oxide 
thickness was measured for the sample exposed to PbO, measuring 
roughly half the oxide thickness of the reference samples (0.8 and 
1.8 µm, respectively). Regardless of exposure time, the samples exposed 
to PbO and without deposit exhibited a homogenous oxide scale, as 

indicated by the lack of error bars for these data points. 

4.2. Oxide morphology 

4.2.1. O2 + H2O + PbCl2 
Fig. 3 shows plan view SEM images of samples exposed in the pres

ence of PbCl2 after 0, 1, 24 and 168 h. The PbCl2-exposed samples after 
1 h is characterized by a heterogeneous surface with two typical fea
tures: large Fe-rich oxide nodules growing in close vicinity to the orig
inal PbCl2 particles (bright areas in the SEM images) and a relatively 
homogenous Fe-rich oxide detected in regions with small amount of 
deposited PbCl2, referred to as “base oxide” (Fig. 3b). The base oxide 
was smooth with needle-shaped hematite whiskers growing on top of the 
surface (see highlighted area in Fig. 3b). In addition, XRD analysis 
revealed that the original PbCl2 particles on the surface had converted to 
Mendipite Pb3Cl2O2(s), an oxyhalide of lead after 1 h of exposure 
(Fig. 4). After 24 h of exposure, a considerable amount of the original 
PbCl2 particles were overgrown (Fig. 3c). XRD showed that Mendipite 
was no longer present on the surface, and instead, intense peaks corre
sponding to PbO (Litharge) were detected (Fig. 4). This was also 
confirmed by EDX analysis, where no Cl was detected at the bright Pb- 
containing areas. After 168 h of exposure, similar features were 
apparent as after 1 and 24 h of exposure, namely, the sample surface 
exhibited two regions: partly or completely overgrown original PbCl2 
particles and areas with base oxide having hematite needle-shaped 
whiskers growing on top (Fig. 3d-e). XRD analysis of the samples 

Fig. 1. Schematic of the furnace setup.  

Fig. 2. Average oxide thickness of T22 exposed for 1, 24 and 168 h at 400 ◦C in 
O2 + H2O + PbCl2, O2 + H2O + PbO, and O2 + H2O. 
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exposed for 168 h revealed that Pb3O4 had formed which is believed to 
originate from further oxidation of PbO on the scale surface (Fig. 4). 
Visible cracks were observed on the sample’s surface after 168 h of 
exposure. However, they may have developed post-exposure during 
cooling of the sample. 

4.2.2. O2 + H2O + PbO 
The XRD analysis of the T22 alloy exposed to PbCl2 revealed that 

within 24 h of exposure, the original PbCl2 particles had converted 
entirely to PbO. As such, to gain insights into the propagating mecha
nism of PbCl2-induced corrosion, it becomes crucial to explore the 
impact of PbO formation. To isolate the effect of PbO, T22 samples 
deposited with PbO were prepared and exposed under identical exper
imental conditions as the PbCl2 samples as described in Section 2.2. 

Fig. 5 shows plan view SEM images of the PbO-exposed samples after 
0, 1, 24 and 168 h. When comparing the distribution of PbO particles 
with PbCl2 before exposure, it may be noted that the deposited PbO 
exhibited two characteristics: small sheet-like PbO agglomerates and 
well-dispersed PbO particles that were seen across the entire sample, 
creating a more even coverage compared to PbCl2 (Fig. 5a). 

After 1 h of exposure, the PbO particles and PbO sheets were still 
present on the sample surface (Fig. 5b). There was no indication of 
accelerated corrosion in the vicinity of the PbO particles. After 24 h of 
exposure, two distinct features were observed on the surface: deposited 
PbO particles and a Fe-rich oxide containing traces of Pb (Fe-Pb-O) 
(Fig. 5c). The oxide scale remained homogenous throughout the sample, 
and there was no indication of spallation or crack formation. 

After 168 h of exposure, similar morphology was observed as after 
24 h, namely a homogenous and consistent Fe-Pb-O oxide with visible 
PbO particles (Fig. 5d). The XRD analysis after 168 h of exposure indi
cate the possible formation of Magnetoplumbite (PbFe12O19) (Fig. 6). In 
addition, both PbO and Pb3O4, were identified by XRD. Pb3O4 is 
believed to originate from oxidation of PbO. Lastly, in comparison to the 
PbCl2 exposed samples, no hematite whiskers were observed on the 
surface of samples exposed to PbO. This is consistent with the XRD 
analysis shown in Fig. 6 where no hematite was detected regardless of 
exposure time. 

Fig. 3. SEM-BSE plan view SEM images of T22 exposed to 5% O2 + 20% H2O 
+N2 bal. + PbCl2 at 400 ◦C for a) 0 h, b) 1 h, c) 24 h, d) 168 h, e) hematite 
whiskers observed on the sample after 168 h of exposure. 

Fig. 4.. a) XRD spectra of T22 exposed to 5% O2 + 20% H2O +N2 bal. + PbCl2 at 
400 ◦C for 0 h, 1 h, 24 h and 168 h, b) XRD spectra of highlighted area in (a). 

Fig. 5. SEM-BSE plan view images of T22 exposed to 5% O2 + 20% H2O +N2 
bal. + PbO at 400 ◦C for a) 0 h b) 1 h, c) 24 h and d) 168 h. 
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4.3. Oxide microstructure 

4.3.1. O2 + H2O + PbCl2 
Key features from the cross-section analysis of a sample exposed to 

PbCl2 after 1 h of exposure are shown in Fig. 7. The oxide scale is 
interpreted to consist of an outward-growing hematite and magnetite 
Fe2O3/Fe3O4 and a porous inward-growing chromium containing spinel 
(Fe,Cr)3O4 (Fig. 7b). The interface between the inward and outward- 
growing oxide was determined based on the presence of Cr from EDX 
point analysis. The oxide thickness throughout the cross-section varied 
between 2–6 µm, where the greatest thickness was observed in close 
proximity to the original PbCl2 particles. In addition, these areas were 
associated with frequent spallation of the oxide scale and crack forma
tion. However, even further away from the regions with high concen
trations of original PbCl2 particles, traces of void formation in the oxide 
could be found (Fig. 7b). Furthermore, the EDX map revealed Cl- 
containing compounds in two regions, namely on top of the oxide 
scale in correlation to Pb corresponding to Mendipite and at the vicinity 
of the metal/oxide interface, presumably in the form of iron chloride 
(FeCl2) (Fig. 7c). 

After 24 h of exposure, severe delamination and void formation was 
observed in close vicinity to the original PbCl2 particles (Fig. 8). The 
scale consisted of delaminated multilayered outward growing Fe-rich 

oxides and an inward-growing (Fe,Cr)3O4. In addition, a roughly 
0.5 µm bright contrast Fe-Pb-O oxide layer was observed on top the 
outward-growing hematite/magnetite layer (Fig. 8b). The Fe-Pb-O 
feature was rather unevenly distributed over the surface and observed 
in the vicinity of the original PbCl2 particles. According to EDX analysis, 
the Fe-Pb-O regions contained approximately 3 at% Pb. EDX map 
analysis revealed that Mendipite was no longer present on the oxide 
surface, as there was no longer any correlation between Pb and Cl 
(Fig. 8c). This agrees with the findings from the XRD analysis presented 
in the previous section. A high concentration of Cl was found close to the 
metal/oxide interface as with the sample exposed to 1 h, likely indi
cating the presence of FeCl2. 

After 168 h of exposure, the oxide scale thickness remained hetero
geneous, with increased thickness near the original PbCl2 particles 
(Fig. 9). The oxide scale was porous, being characterized by cracks, 
delamination, and voids. Severe scale spallation was observed for the 
oxide growing inside previous voids (Fig. 9b). The bright areas in the 
BSE images consisted of both PbO and Pb3O4 suggested by the XRD 
analysis (Fig. 9b). In addition, similar to the samples exposed for 24 h, a 
roughly 1–2 µm Fe-Pb-O oxide was observed at the oxide/air interface in 
the vicinity of the original PbCl2 particles. This oxide phase was not 
present continuously through the oxide scale. Below, an outward- 
growing oxide was observed that was concluded to consist of hematite 
and magnetite based on EDX and XRD results. The inward-growing 
oxide consisted of (Fe,Cr)3O4 spinel. The bright spots observed in the 
inward-growing oxide consisted of Mo precipitates. Lastly, the EDX 
maps revealed high concentrations of Cl at the metal/oxide interface 
(Fig. 9c). 

4.3.2. O2 + H2O + PbO 
After 1 h of exposure, both the reference sample and the sample 

exposed to PbO had formed an oxide layer with a thickness of < 0.1 µm, 
which was barely visible using the current SEM set-up. Consequently, 
these samples will not be presented in detail in this paper. 

Fig. 10c and d shows SEM cross-section images of the samples 
exposed to PbO after 24 and 168 h. After 24 h, the oxide scale was 
0.6 µm thick and strongly adherent to the alloy substrate, (Fig. 10c). Due 
to the relatively thin oxide, no comprehensive EDX analysis was carried 
out on this sample. However, based on the different contrast throughout 
the cross-section and results from the plan view analysis, it is suggested 
that the oxide was multilayered, consisting of an outward-growing oxide 
scale comprised of a Pb containing Fe-oxide (Fe-Pb-O) at the top layer 
and a Fe-rich oxide in the middle. A darker region was observed at the 

Fig. 6. XRD spectra of T22 exposed to 5% O2 + 20% H2O + N2 bal. + PbO at 
400 ◦C for 0 h, 1 h, 24 h and 168 h. 

Fig. 7. a) BIB SEM-BSE cross-section images of T22 exposed at 400 ◦C in 5% O2 + 20% H2O + N2 bal. + PbCl2 for 1 h, b) higher magnification of selected area in (a), 
c) EDX mapping of highlighted area in (a). 
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interface between the metal and the oxide layer, indicating the forma
tion of an inward-growing (Fe,Cr)3O4 oxide (Fig. 10c). 

A similar oxide morphology was observed after 168 h (Fig. 10d), 
with the oxide scale having grown to about 0.8–1 µm. EDX analysis 
revealed that the bright top layer consisted of about 3 at% of Pb and 
further XRD analysis concluded that Magnetoplumbite (PbFe12O19) was 
present on the surface (Fig. 6). Bright spherical-shaped features were 
detected in the Magnetoplumbite containing an elevated concentration 
of Pb according to EDX point analysis. Below, a Fe3O4 oxide layer was 
present, and at the metal oxide interface, a rather porous inward- 
growing oxide was observed, suggested to be a spinel (Fe,Cr)3O4 

based on XRD data. Similar to the sample exposed to 24 h, there were no 
signs of spallation or formation of cracks along the oxide scale. 

4.3.3. O2 + H2O (reference) 
After 24 and 168 h of exposure, the reference samples had formed an 

adherent uniform oxide scale with a thickness of about 0.9 and 1.4 µm, 
respectively (Fig. 10a, b). The oxide scale was multilayered with he
matite whiskers growing on top of an outward-growing (Fe3O4) 
magnetite and a thinner inward-growing (Fe,Cr)3O4 spinel at the metal/ 
oxide interface. 

Fig. 8. a) BIB SEM-BSE cross-section images of T22 exposed at 400 ◦C in 5% O2 + 20% H2O +N2 bal. + PbCl2 for 24 h, b) higher magnification of selected dense 
area, c) EDX mapping of highlighted area in (a). 

Fig. 9. a) BIB SEM-BSE cross-section images of T22 exposed at 400 ◦C in 5% O2 + 20% H2O +N2 bal. + PbCl2 for 24 h, b) higher magnification of selected area in (a), 
c) EDX mapping of highlighted area in (a). 
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5. Discussion 

5.1. Oxidation of T22 in the absence of salt (reference) 

All exposures carried out on T22 in the absence of salt resulted in a 
slow-growing oxide exhibiting both similar thickness and microstruc
ture as reported in previous studies carried out on the same alloy type in 
humidified air [31–33]. Accordingly, the microstructure analysis 
revealed that the oxide scale remained uniform and with no indication 
of spallation or crack formations regardless of exposure time. After 
168 h, the oxide scale consisted of an inward growing spinel (Fe,Cr)3O4 
and an outward growing bi-layered Fe-rich oxide. Based on [31] and the 
analysis performed in this paper, the outward growing oxide is inter
preted to consist of hematite (Fe2O3) at the scale/gas interface and a 
magnetite (Fe3O4) growing beneath the hematite layer. This is further 
argued by observing the features shown at the oxide/air interface rep
resented by the highlighted area in Fig. 10a were the formation of needle 
shaped whiskers on the surface was observed. These features have been 
observed in previous studies upon exposing low-alloyed steels and pure 
iron in the presence of water vapor in relevant temperatures and is re
ported to primarily consist of hematite [34,35]. The interpretation of the 
microstructure where an outward and inward growing oxide layers are 

separated, is based on the relatively slow diffusion of Cr3+ in spinel 
oxides compared to Fe2+/Fe3+ [36,37]. Consequently, the rapid out
ward diffusion of Fe ions facilitates the formation of an outward growing 
Fe-oxide layer, while Cr is relatively immobile within the inward 
growing spinel oxide. 

T22 exposed in a O2 + H2O environment at 400 ◦C in the absence of 
salt have the ability to form a protective oxide scale. Furthermore, the 
oxidation process is clearly diffusion controlled and as indicated by 
Fig. 2, the growth rate of the scale decreases with time. 

5.2. The corrosivity of PbCl2 

The experiment shows that small amounts of PbCl2 greatly acceler
ates the corrosion rate of T22 exposed at 400 ◦C in a O2 + H2O envi
ronment. Already after one hour a roughly 4 µm thick oxide scale has 
formed (Fig. 2). Thus, the PbCl2 exposed samples exhibit 3-4 times 
thicker oxide scale after 1 h of exposure compared to the corresponding 
reference samples after 168 h (Fig. 2). Corrosion was especially rapid in 
the vicinity of PbCl2 particles. In areas near large PbCl2 particles, the 
oxide thickness was up to twice as thick as areas more distant from PbCl2 
particles. Still, these regions suffered from rapid corrosion, with the 
oxide scale being about 20 times thicker compared to the reference 

Fig. 10. BIB SEM-BSE cross-section images of T22 exposed at 400 ◦C. a) 5% O2 + 20% H2O +N2 bal. after 24 h, b) 5% O2 + 20% H2O + N2 bal. after 168 h, c) 5% O2 
+ 20% H2O + N2 bal. + PbO after 24 h, d) 5% O2 + 20% H2O + N2 bal. + PbO after 168 h, e) higher magnification image of the area highlighted in (d). 
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samples after 1 h. 

5.2.1. The role of Cl 
Cross-section analysis showed that chlorine was accumulated in the 

metal/oxide interface and in association with Fe already after 1 h of 
exposure. As Pb was absent in this area according to EDX analysis 
(Fig. 7c), Cl must have migrated from the PbCl2 particle. XRD analysis, 
revealed that Mendipite (Pb3Cl2O2) were present on the oxide surface 
after 1 h of exposure (Fig. 4). The occurrence of Mendipite on the top of 
the oxide scale at this early stage highlights the reactivity of PbCl2 in this 
environment. After 24 h of exposure, the Mendipite particles had in turn 
reacted to form PbO. Based on these observations, it is proposed that 
chlorine is released from PbCl2 in a two-step process, resulting in the 
formation of HCl(g) at the surface of the sample: 

3PbCl2(s)+ 2H2O(g)⇌Pb3Cl2O2(s)+ 4HCl(g) (2)  

Pb3Cl2O2(s)+H2O(g)⇌3PbO(s)+ 2HCl(g) (3) 

The release of chlorine from PbCl2 may also occur in dry air, leading 
to the formation Mendipite and Cl2(g). Many studies have demonstrated 
that chlorine containing compounds, e.g., HCl(g), accelerate the corro
sion of various steel types in an oxidizing environment at high temper
atures [22,26,28,29,38–40]. The acceleration of corrosion by 
chlorine-containing compounds has been suggested to occur according 
to the “active oxidation” mechanism where the diffusion of Cl2(g) and 
gaseous metal chlorides through the oxide scale in cyclic manner play an 
important part [26]. This mechanism is initiated by the oxidation of HCl 
(g) to form Cl2(g) and H2O(g), (i.e the Deacon reaction): 

4HCl(g)+O2(g)⇌2Cl2(g)+ 2H2O(g) (4) 

Cl2(g) is argued to diffuse through the oxide scale as gas molecules 
via cracks and pores, until it reaches and reacts with the metal substrate, 
forming metal chlorides MeClx(s/g). The high vapor pressure of metal 
chlorides allows rapid diffusion of gaseous metal chlorides towards the 
oxide/gas interface. The gaseous metal chlorides will eventually reach a 
region of sufficiently high pO2 to form corresponding metal oxides, 
resulting in the formation of a porous, poorly adherent oxide and the 
release of Cl2(g). Cl2(g) then re-enters the oxide scale and repeats the 
steps described above, acting as a corrosion catalyst [26]. 

A notable challenge with the "active oxidation" mechanism is that it 
postulates the gaseous transport of Cl2(g) and MeClx(g) through the 
scale, while disallowing gaseous transport of O2(g) through the same 
scale. The latter is a prerequisite in order to keep the oxygen gradient 
across the scale and consequently, to enable the transport of gaseous 
chlorine species through the scale without being oxidized. Since gas 
diffusion through an oxide scale requires the presence of cracks and/or 
connected voids, we first need to address the size of a crack. A crack 
within the oxide microstructure would be ranging from nanometer 
range when two separate surfaces has formed to several micrometers in 
width, see e.g., the crack in Fig. 7. Since the sizes of the gaseous mole
cules in question is in the sub-nanometer range, even the initial crack 
stage will easily fit all molecules. Consequently, the gas diffusion rate 
through a crack is primarily determined by the concentration gradient 
and the molecular weight (according to Graham’s law), given that other 
parameters such as e.g., temperature and pressure is fixed. From both 
these parameters, the diffusion of O2(g) molecules should be fastest. The 
molar mass of the O2(g) molecule is only 32 g/mol, compared to Cl2(g) 
(70.9 g/mol) and FeCl2(g) (126.8 g/mol). Furthermore, the concentra
tion gradient points in the favor of O2(g) having the fastest diffusion. In 
many systems, the partial pressure of O2(g) in the gas atmosphere is in 
the %-levels, typically 5–10% in a combustion environment [4]. The 
partial pressure of Cl2(g) is only in the ppb-range, for the same envi
ronment. This since the presence of water vapor, typically 10–20%, 
shifts the equilibrium of reaction (4) to the left [41]. Nevertheless, the 
mechanism stipulates that the oxidation of the gaseous metal chlorides is 
converted into their corresponding oxides subsequent to their diffusion 

through the oxide scale, reaching higher partial pressure of oxygen. The 
Cl2(g) formed from the resulting reaction is then suggested to repeat this 
cycle by inward gas diffusion through the scale, where O2(g) still being 
disallowed to do the same. To summarize, this mechanism requires that 
the oxide scale allows the passage of gaseous Cl2 and MeClx molecules 
through the oxide scale while the gas diffusion of O2 is limited. 

In light of this, Folkeson et al. [42] proposed an electrochemical 
approach to elucidate the diffusion of chlorine in high-temperature 
corrosion. In the paper referred to, the stainless steel AISI310 was 
exposed to 500 ppm HCl(g) in dry O2 conditions. In the "electrochemical 
mechanism”, HCl(g) is proposed to deprotonate cathodically on the 
oxide surface, forming Cl- ions that diffuses inwardly via oxide grain 
boundaries according to: 

1
4
O2(g)+HCl(g)+ e− ⇌

1
2
H2O(g)+Cl− (ads) (5) 

The corrosion acceleration induced by HCl was, according to the 
authors, due to the formation of FeCl2 that promotes an increased ion 
flux through the scale, as metal chlorides are expected to decorate the 
oxide grain boundaries that is argued to promote improved diffusion of 
corrosive species. In addition, the authors also stipulates that the loca
tion of metal chlorides may exist at several locations in the oxide scale, 
depending on the rate of the inward and outward diffusion of chlorine 
and metal ions, respectively. In a more recent paper, the corrosion ac
celeration of KCl(s) on the low-alloyed steel T22 was explained pri
marily by extensive crack formation and delamination of the oxide scale, 
leading to the formation of a multilayered scale [31]. Even though traces 
of metal chlorides were detected on the corroded sample, the authors 
could not determine if the cracks and delamination was due to the for
mation of metal chlorides or other aspects (such as e.g., the influence of 
K). However, a corrosion morphology showing delamination and/or 
cracks, when steels been exposed towards chlorine containing com
pounds have often been reported [17,41,43]. 

According to the SEM/EDX analysis in this study, Cl-containing 
compounds were detected at the metal/oxide interface (Figs. 7–9), 
presumable in the form of iron chloride (FeCl2). The stability of metal 
chlorides at a fixed temperature and pressure is correlated to the partial 
pressure of oxygen and chlorine. From the thermodynamic stability di
agram calculated with Factsage 7.3 (Fact Pure Substance Database, 
FactPS) shown in Fig. 11 it is evident that iron chlorides are stable at low 
partial pressures of oxygen, i.e., at the metal/oxide interface. Further
more, from these diagrams, it is argued that FeCl2(s) is the stable metal 
chloride that has formed in this study. The observation of FeCl2 at the 
metal/oxide interface are in accordance with previous studies on chlo
rine induced corrosion on low-alloyed steel [22,38,44]. 

Fig. 11. Thermodynamic stability diagram of the Fe-Cl-O system at 400 ◦C.  
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Furthermore, the results from this study showed that the area close to 
the PbCl2 particles have undergone substantial delamination as well as 
cracking of the oxide scale (Figs. 7–9). Further away from the original 
PbCl2 particles, only minor spallation and void formation was observed. 
It has been argued in previous studies that the formation of FeCl2 at the 
metal/oxide interface increases the corrosion attack on various steel 
substrates, including low-alloyed steels, by reducing the adhesion of the 
oxide scale leading to severe delamination of the oxide scale [34]. The 
substantial spallation observed in the vicinity of original PbCl2 particles 
could be attributed to the expected high concentration of metal chlo
rides formed by the local release of HCl(g) described in Eqs. (2) and (3). 

In light of this, a corrosion mechanism and the growth process of the 
oxide scale formed in presence of PbCl2 is proposed and illustrated in  
Fig. 12. In the first step, it is argued that the release of HCl(g) from Eqs. 
(2) and (3), is converted to chlorine ions, according to Eq. (5), and 
diffuse inwardly through the oxide scales. By deploying a transport 
mechanism based on ions, rather than gaseous species, it is argued that 
the inward diffusion of the monovalent Cl- is expected to be faster than 
the divalent O2-. The faster ion diffusion of Cl- compared to O2- would 
lead to an accumulation of FeCl2(s) at the metal/oxide interface, which 
was confirmed during SEM cross section analysis. The high concentra
tion of metal chlorides accumulated at the metal/oxide interface is 
suggested to facilitate spallation of the oxide scale as the adherence 
between the metal and the oxide scale is argued to decrease by the 
presence of FeCl2. Furthermore, the oxide scale is not completely de
tached from the metal, and it may continue to grow somewhat after 
delamination. In addition, FeCl2 may evaporate (the equilibrium pres
sure of FeCl2(g) is 4.16 * 10− 7 atm at 400 ◦C, calculated using FactSage 
7.3 FactPS database). Once the oxide scale becomes detached, its 
continued growth and the vapor pressure of FeCl2 introduces stresses 
and causes buckling and subsequently cracking of the scale. Once 
cracked, O2 and H2O may diffuse to the metal/oxide interface, resulting 
in rapid oxidation kinetics and the formation of a new oxide scale. As 

FeCl2 remained present after 24 and 168 h of exposure at the metal/ 
oxide interface, and the formation of multilayered oxide scales were 
observed it is argued the corrosion attack is primarily driven by a 
repeating crack-induced procedure, constantly forming new oxide layers 
as the gas environment get direct access to the metal surface through the 
formed cracks. This type of crack-induced corrosion mechanism was 
recently published for T22 when exposed to KCl(s) at 400 ◦C [31]. 

Further away from the PbCl2 particles, the oxide scale was well 
adherent and showed less signs of void formation (Fig. 8b). Instead, the 
corrosion attack is clearly diffusion controlled. However, even though 
these areas are located away from PbCl2 particles, the corrosion rate is 
considerably higher compared to the corresponding reference exposure 
without salt. Thus, the suggested crack-induced corrosion mechanism 
does not account for the observed increase in oxide thickness. The dense 
oxide scale reinforces the argument that the active oxidation mecha
nisms cannot account for the increased oxide thickness in these regions 
as this mechanism is dependent on the formation of a porous oxide scale 
for the transportation of Cl2(g) to the metal surface. Instead, it has been 
suggested in previous studies that an increase in corrosion rate on low- 
alloyed steel in the presence of alkali chlorides is facilitated by the 
formation and decoration of metal chlorides in the grain boundaries of 
the oxide scale that enhance outward and inward transport of iron and 
oxygen ions, respectively [32,42]. However, in this study, the relatively 
thin oxide scales together with the limit resolution of the SEM analysis 
made it challenging to study this effect in depth for PbCl2. 

5.2.2. The role of Pb 
While Cl in PbCl2 is argued to contribute to a significant increase of 

the corrosion rate on T22 according to the proposed mechanism 
described in Fig. 12, the role of Pb has yet been addressed. After 24 h of 
exposure to PbCl2, it was confirmed that the original PbCl2 particles had 
completely transformed to PbO, which was observed on top of the oxide 
scale. Besides being oxidized to PbO, Pb was also detected in the outer 
part of the outward growing oxide scale, together with Fe and O ac
cording to the cross-sectional SEM/EDX analysis (see Fig. 8 and 9). 

Considering these results, an approach was undertaken to isolate the 
effect of Pb on the corrosion rate, excluding the influence of Cl while 
maintaining a relevant environment, by exposing T22 in the presence of 
PbO(s). From these results it was shown that the presence of PbO on the 
sample surface significantly reduces the oxide growth rate compared to 
the PbCl2 exposed samples (Fig. 2). Furthermore, exposure in the pres
ence of PbO resulted in the formation of a thinner oxide scale compared 
to the reference exposures. By comparing the microstructure of the PbO 
and PbCl2 exposed samples, some differences and similarities can be 
seen. The top layer of the oxide scale appears similar consisting of Pb, Fe 
and O and with a similar Pb/Fe ratio. According to the XRD analysis on 
the samples exposed to PbO, this layer is suggested to consist of Mag
netoplumbite (PbFe12O19). This composition is further strengthened by 
EDX analyzes, for both PbCl2 and PbO exposed samples, which detect 
about 3 - 4 at% Pb (or around 7 - 9 at% based solely on cations, i.e., 
excluding the oxygen signal). Beyond this layer, the similarities between 
PbO and PbCl2 exposed samples stops. In the presence of PbCl2, the 
corrosion attack is rapid, leading to a multilayered oxide scale (as 
described in the previous section) whereas the presence of PbO leads to a 
dense, well-adherent and homogenous oxide scale like the reference 
case. Thus, it seems that corrosion acceleration of PbCl2 is primarily 
driven by chlorine, rather than Pb. 

The presence of PbO appears to promote the formation of PbFe12O19 
at the oxide scale surface (Figs. 5 and 10) while supressing the formation 
of hematite as confirmed by XRD and SEM imaging. Beneath the mag
netoplumbite layer the partial pressure of oxygen is argued to be below 
the dissociation pressure of hematite, thus leading to the formation of 
magnetite and an inward growing mixed spinel as supported by the 
results from the XRD analysis (Fig. 6). Despite the lack of hematite, 
which is considered to be the most protective of the iron oxides formed 
[45] the oxide scale thickness was considerably thinner for the PbO 

Fig. 12. Proposed corrosion mechanism. (1) PbCl2(s) reacts with the sur
rounding water vapor forming, Pb3Cl2O2(s) while simultaneously releasing HCl 
(g). HCl(g) is suggested to adsorb onto the oxide surface and undergo depro
tonation, producing Cl ions according to Folkeson et. al [42]. (2) Cl ions diffuse 
through the oxide scale, resulting in the formation of FeCl2(s/g) at the met
al/oxide interface. (3) The formation of FeCl2 promotes delamination and 
buckling of the oxide scale, leading to crack formation, which facilitates rapid 
diffusion of oxidizing species to the metal/oxide interface. (4) This process 
leads to the formation of a new oxide scale beneath the initial one. (5) It is 
suggested that a similar oxide growth mechanism continuous throughout the 
exposure, resulting in the formation of several delaminated oxide scales with 
poor protective properties. 
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exposed sample compared to the reference exposed sample (Fig. 10). 
Thus, the results show that the presence of PbFe12O19, instead of he
matite, reduced the oxide growth which suggests that this oxide phase 
exhibits good protective properties in this environment. The 
parabolic-like growth rate together with microstructure analysis 
strongly indicates that the growth rate is diffusion controlled and as such 
it appears that the PbFe12O19 oxide scale reduces the flux of ions through 
the oxide scale. 

The formation of PbO to PbFe12O19 when exposed to PbCl2 is argued 
to have minimal impact on the corrosion rate on T22. This is attributed 
to the significant crack formation associated with FeCl2 formation, 
which is considered to be a pivotal step governing the corrosion rate. 
The presence of hematite on these samples is proposed to be originating 
from the secondary oxide scales formed after initial cracking of the 
primary oxide scale or in surface regions exhibiting low concentration of 
deposited PbCl2. However, to definitively validate the origin of the he
matite peaks observed in XRD, further investigation using more 
advanced analytical methods such as TEM is required. 

In summary, the presence of Pb in PbCl2 does not appear to possess 
any corrosion-accelerating properties when exposed to T22 at 400 ◦C in 
a humid environment. Instead, the corrosive nature of PbCl2 is proposed 
to be primarily attributed to Cl. 

5.2.3. Melt formation 
Lastly, a brief discussion on potential melt-induced corrosion is 

presented. As mentioned in the introduction, PbCl2-induced corrosion 
has been correlated to the formation of melts that significantly enhance 
the corrosion rate of various steel types [14,22,30]. Based on previous 
studies, the current experimental set-up presents two potential sources 
of melt formation: either from pure PbCl2 or the formation of a low 
melting eutectic mixture by the PbCl2-FeCl2 system [29]. Since the 
exposure temperature was deliberately maintained well below the 
melting point of PbCl2 (501 ◦C) [22], the melt induced corrosion 
mechanism of pure PbCl2 initially proposed by [22] can be disregarded. 
Furthermore, the eutectic melting temperature of the PbCl2-FeCl2 
mixture have been reported in literature to vary between 420 - 450 ◦C 
and is therefore also disregarded in this study [29,46]. Regrettably, the 
potential melt mixture of Pb3Cl2O2-FeCl2 could not be confirmed as no 
thermodynamic data base was found for this system. Nevertheless, the 
microstructural analysis of the corrosion products presented in this 
study suggests minimal lateral spread of the PbCl2 particles across the 
sample surface. Based on these observations it is proposed that no melt 
formation occurred in this study. 

6. Conclusions 

The presence of PbCl2(s) strongly accelerates the corrosion attack of 
the low-alloyed steel T22 at 400 ◦C in a humid environment. The attack 
is direct and apparent after 1 h. The resulting corrosion product layer 
consists of thick oxide scales that are extensively delaminated in 
connection to the deposited PbCl2 particles.  

• The ex-situ deposited PbCl2(s) is within 1 h converted into Mendipite 
(Pb3Cl2O2(s)) and after 24 h further reacted to PbO(s). These re
actions lead to the release of HCl(g), locally, close to the sample 
surface. 

• The released HCl(g) is argued to accelerate the corrosion attack ac
cording to electrochemical mechanism, having inward diffusion of 
chlorine ions and subsequently the formation of FeCl2 at the metal/ 
oxide interface. The presence of FeCl2 is argued to facilitate oxide 
scale delamination, buckling and subsequently cracking. Through 
the crack, the gas atmosphere reaches the underlying metal, forming 
a new oxide scale. The role of Cl in PbCl2-indcued corrosion of low- 
alloyed steels is argued to be major driving force, through the 
delamination and cracking process.  

• The role of Pb in the corrosion attack is minor. PbO is reacting with 
iron oxide to form Magnetoplumbite (PbFe12O19) as a top layer of the 
oxide scale which leads to a decreased corrosion rate. The results 
indicate that Magnetoplumbite offers a better corrosion protection 
than hematite (Fe2O3) at 400 ◦C for low-alloyed steels, at least up to 
168 h. 
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